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ABSTRACT 

DRIVERS AND DIRECT IMPACTS OF LEAN MASS DYNAMICS ON THE STOPOVER 

ECOLOGY AND MIGRATORY PACE OF NEARCTIC-NEOTROPICAL MIGRANT SONGBIRDS 

IN SPRING  

 

 

FEBRUARY 2022 

 

MARIAMAR GUTIERREZ RAMIREZ, B.S., UNIVERSIDAD NACIONAL AUTONOMA DE 

NICARAGUA 

 

M.S., DELAWARE STATE UNIVERSITY 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by: Professor Alexander R. Gerson 

 

Annual migration in songbirds is one of the most demanding life-history stages. It 

represents a period of high mortality, yet there is still much unknown about the ecological 

correlates that influence its successful completion. After long non-stop migratory flights, 

birds require a stopover period to rest and replenish depleted energy reserves. Birds use fat 

as the primary fuel to power long-distance flights. However, birds also burn lean tissue, which 



xi 

results in significant reductions in muscle and organ masses. The discovery and 

quantification of lean mass catabolism represented a paradigm shift in migration ecology 

because non-fat components were thought to remain homeostatic. Because rebuilding 

protein is slow, muscle and organ breakdown during migration may dramatically prolong 

stopover periods and delay overall migration time, which in turn dramatically reduces 

breeding success. Therefore, the breakdown of lean tissue, the conditions that lead to it, and 

its consequences are important considerations in understanding the migration strategies of 

birds.  

Through this dissertation research, I aim to understand the impact of weather on 

body condition and how physiological condition impacts subsequent migratory performance. 

I investigate (1) how weather impacts the lean mass of songbirds after crossing an ecological 

barrier, and (2) how body condition after crossing an ecological barrier affects stopover 

duration, refueling rate, and habitat use. My predictions are that higher nightly temperatures 

or drier conditions experienced during migratory flight will correspond with lower lean body 

mass on arrival; and that birds with lower lean body mass will require longer stopovers, 

different habitat, or higher foraging effort to continue migration. 

I used an integrative approach, combining the field and lab, to better understand how 

weather experienced during flight can impact the body condition of migratory birds and how 

this can influence the entire migratory cycle. By using Quantitative Magnetic Resonance 

(QMR) technology in combination with a novel automated radio-telemetry system, my 

research provides unprecedented access to detailed physiological and movement data for 

small migratory songbirds. This research underlines that successfully crossing the Gulf of 

Mexico may be a key driver of physiological and morphological adaptations. My findings 

challenge the current paradigm that birds with low lean mass require longer stopover 
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and demonstrates that species under time constraints may shorten stopover even when 

in poor condition, departing in sub-optimal body condition.  
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CHAPTER 1 

 

INTRODUCTION 

 

 Annual migration in songbirds is a very demanding life-history stage. 

Mortality rates are high (Sillett and Holmes 2002; Newton 2006; Rushing et al. 2017) and 

the challenges encountered during migration can have important carryover effects, such as 

influencing arrival at breeding sites and subsequent reproductive performance (Lozano et 

al. 1996; Smith and Moore 2003; Lerche-Jørgensen et al. 2018; Bejarano and Jahn 2018). 

Yet, there is still much that remains unknown about the ecological correlates of successful 

migration. Birds adopt a variety of behaviors and strategies to minimize energy, time, or 

predation risk during migration (Alerstam 2011) while balancing the costs (i.e., risk of 

predation, starvation) and benefits (i.e., time- or energy-saving) of their decisions, which 

are informed by the individual’s body condition, weather conditions, and/or proximity to 

destination (Wojciechowski et al. 2014; Covino et al. 2015; Deppe et al. 2015). 

During their journeys, migrants must navigate many geographic and ecological 

barriers, and the decisions made en route can dramatically impact migration timing. 

Migratory songbirds travel thousands of kilometers, through several long, non-stop 

migratory flights followed by stopover periods. Although long-distance flights are 

characteristic of migration, most of the time and energy spent during migration is on 

stopover (Hedenström and Alerstam 1997; Wikelski et al. 2003). Stopover periods are 

critically important for birds because they are used to rest, seek refuge from inclement 

weather or predators, and rebuild energy reserves that will fuel the next leg of the journey. 

Adequate staging or stopover habitats are particularly important prior to and after crossing 



 

 

inhospitable habitat or ecological barriers (Karasov and Pinshow 1998; Mehlman et al. 

2005).  

Long-distance flight is fueled primarily by fat because of its high energy density 

(Klaassen 1996; Jenni and Jenni-Eiermann 1998). Thus, most of the mass gained during 

stopover is fat. Birds with depleted fat reserves generally stay longer at stopover sites 

(Loria and Moore 1990; Yong and Moore 1997; Bayly et al. 2012), and move further and 

faster to find food resources (Cohen et al. 2012) than birds in better energetic condition. On 

the other hand, if forced to stopover, birds with fat reserves will take refuge in dense 

habitats to conserve energy and avoid predators while waiting for favorable conditions to 

continue migration (Moore and Aborn 2000). Higher fuel deposition rates and surplus fat 

reserves are associated with shorter stopover duration and migratory departures in 

seasonally-appropriate directions (Goymann et al. 2010; Woodworth et al. 2014; Covino et 

al. 2015; Deppe et al. 2015; Stach et al. 2015; Gómez et al. 2017; Lindström et al. 2019).  

During migratory flights birds also burn lean mass, which can result in significant 

reductions in muscle and organ masses (Bauchinger and Biebach 1998). Rebuilding protein 

is slow and lean tissues must be replenished first before fat can be accumulated (Carpenter 

et al. 1993), so muscle and organ breakdown during migration may dramatically prolong 

stopover periods and delay overall migration time. Therefore, the breakdown of lean mass, 

the conditions that lead to it, and its consequences are important considerations in 

understanding the migration strategies of birds and the effects from one life stage into the 

rest of the life-cycle.  

The discovery that migratory birds catabolize protein represented a paradigm shift 

in migration ecology because, prior to 1990, non-fat components were thought to remain 

homeostatic during flight (Odum et al. 1964; Piersma 1990; Biebach 1998). Empirical and 

experimental studies have since confirmed lean mass breakdown in shorebirds (Battley et 



 

 

al. 2000; Lindström et al. 2000) and songbirds (Biebach 1998; Klaassen 2000; Bauchinger et 

al. 2011) during long-distance flights and after crossing ecological barriers. Lean mass 

depletions can account for up to 50% mass loss during migration, despite the persistence of 

unused fat reserves (Salewski et al. 2009). Protein is slow to rebuild, provides an eighth of 

the energy of fat, and constitutes the structure of muscles and organs (Jenni and Jenni-

Eiermann 1998), so its depletion during migration as an adaptation to long-distance flight 

has prompted several hypotheses.  

The proposed causes for the catabolism of lean mass include reducing body size for 

increased flight range (e.g. use-disuse hypothesis) and/or maintaining water balance (e.g. 

protein-for-water hypothesis). The hypothesis proposing protein catabolism to help 

maintain water balance may be a mechanism for liberating endogenous water during 

stressful conditions, such as long-distance migration. Indeed, water restriction increases the 

loss of lean mass and limits rates of lean mass gain in songbirds (Gerson and Guglielmo 

2011a; Mizrahy et al. 2011). In a long-distance migrant, the rate of lean mass loss was 

dramatically influenced by the conditions experienced during flight, with greater depletions 

recorded under a high-evaporative water loss environment (Gerson and Guglielmo 2011b; 

Groom et al. 2019; Gerson et al. 2020). Further, drought conditions have been reported to 

significantly prolong stopover, delay spring migration (Tøttrup et al. 2012), and have been 

associated with reduced energetic condition (Paxton et al. 2014). Climate change models 

predict higher temperatures, as well as increasingly unpredictable weather patterns, which 

may represent additional physiological challenges to long-distance migratory flights. 

However, causal links between environmental conditions, individual body condition 

(particularly lean mass), and migratory performance have not been investigated in wild 

migratory birds and represent an important and significant gap in our knowledge of 

migration and stopover ecology.  



 

 

To properly assess the consequences of lean mass catabolism during long-distance 

migration we need a more complete understanding of its causes and impacts on the full life-

cycle of migratory birds. Therefore, the objective of my dissertation is to investigate the 

drivers and impacts of lean mass dynamics on stopover ecology and migration speed in 

Nearctic-Neotropical passerine migratory birds after crossing an ecological barrier, the Gulf 

of Mexico. The central hypothesis of my research is that conditions encountered en route 

influence lean mass (Chapter 3) which subsequently impacts migratory performance 

(Chapter 4) and leads to delays that carryover beyond migratory stage. I used a 

combination of field and laboratory techniques to better understand how weather 

conditions experienced during flight can impact the body condition of migratory birds and 

how this can influence the entire migratory cycle. I conducted fieldwork on St. George 

Island, a barrier island 7 km off the panhandle of Florida, that offers a first landfall 

opportunity for songbirds after crossing the Gulf of Mexico (Lester et al. 2016; Gutierrez 

Ramirez et al. 2021).  

The novelty of this research is the link between individual physiological measures 

and the migratory performance of freely migrating songbirds after an ecologically relevant 

challenge. I used quantitative magnetic resonance body composition analysis (QMR) and 

plasma metabolite profiling to precisely determine body condition and refueling rates of 

migrants that had recently crossed the Gulf of Mexico. I continuously tracked individual 

migrants at the local and regional scale using the Motus Wildlife Tracking System, a 

collaborative automated radio-telemetry system, which allowed me to differentiate 

between landscape movements and migratory flights and determine stopover duration 

locally and regionally. I achieved the objective of my dissertation in three chapters. 

Barrier islands off the northern coast of the Gulf of Mexico provide the opportunity 

to study migrating birds on first landfall that have just completed a trans-Gulf migration. In 



 

 

Chapter 2, I examined the timing of migration and body condition of Nearctic-Neotropical 

migrants at a coastal stopover site in the northern Gulf of Mexico. I predicted that body 

condition would be related to overwintering range and that songbirds would increase lean 

mass at a greater rate than fat mass. I found that winter range did not influence fat or lean 

mass on arrival and that body mass increase during stopover comes from both lean and fat 

mass accumulation. These findings support the hypothesis that during stopover, initial slow 

increases in body mass are due to deposition of non-lipid body components (Carpenter et 

al. 1993). 

Flight experiments in controlled environments demonstrate that drier conditions 

lead to higher rates of lean mass loss in migratory songbirds. In Chapter 3, I used QMR 

scanning to measure the body composition of migratory birds that just completed a trans-

Gulf migration and collated temperature, humidity, and wind data over the Caribbean Sea to 

assess if weather conditions experienced by migrant birds impacts arrival body 

composition. I predicted that higher temperatures and/or drier conditions would 

correspond with lower lean mass of spring migrants on arrival. I found evidence that lower 

arrival lean mass was linked to drier conditions and to hotter overnight temperatures over 

the Caribbean Sea in some, but not all, species. These results suggest that environmental 

conditions, especially those that could lead to high rates of evaporative water loss, influence 

lean body mass of long-distance migratory songbirds in the wild. 

Long-distance non-stop migratory flights can push the physiological limits of 

migratory songbirds. In Chapter 4, I measured the body composition of migrating 

songbirds that had just crossed an ecological barrier and then tracked their movements to 

investigate if lean mass breakdown during flight limits migration timing by prolonging 

subsequent stopover. In this chapter I show that low lean body mass at arrival significantly 

increases stopover in some, but not all, species. These findings suggest that migratory birds 



 

 

can compensate for substantial lean mass losses by increasing refueling rate, relocating 

habitat, or consuming protein-rich diets. This study highlights the behavioral and 

physiological strategies used by different species to recover from a trans-Gulf flight and 

resume migration, with consequences for optimal migration strategies and the subsequent 

pace of migration. 
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CHAPTER 2 

 

SPRING TIMING, BODY CONDITION, AND GAIN IN FAT AND LEAN MASS OF MIGRANTS 

AT A STOPOVER SITE ON THE EASTERN GULF OF MEXICO COAST 

2.1 Abstract 

The Gulf of Mexico represents the largest ecological barrier between breeding and 

wintering grounds for long-distance migratory birds in the Nearctic-Neotropical system. 

Despite the importance of the Gulf of Mexico, we lack information on fundamental aspects of 

stopover of migrants in this region, including the role and relative importance of fat and 

lean mass depletion. We examined the timing of migration and body condition of Nearctic-

Neotropical migrants at a coastal stopover site on St. George Island, Florida in the northern 

Gulf of Mexico during spring migration 2016-2018. We hypothesized that birds with 

overwintering ranges in South America would arrive with lower fat and lean masses than 

birds that overwinter in the Caribbean or Central America. We also hypothesized that 

songbirds would increase lean mass at a greater rate than fat mass, as they rebuilt muscle 

and organ masses. We precisely determined lean body and fat masses on individual birds 

after a trans-Gulf migratory flight for the first time via quantitative magnetic resonance 

technology. We documented 44 Nearctic-Neotropical migratory bird species on St. George 

Island during spring stopover and closely examined phenology and body condition of 10 

transient focal species. We found that winter range did not influence the arrival fat mass or 

arrival lean mass. Our results from recaptured individuals indicate that body mass increase 

during stopover derives from both lean and fat mass accumulation. Our results provide the 

first quantitative assessment of songbird arrival body condition on the northern Gulf of 

Mexico and contribute to the understanding of the physiology of migratory songbirds after a 
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long-distance flight, which will help inform management decisions for stopover sites located 

around ecological barriers. 

2.2 Introduction 

Long-distance migration allows migratory birds to exploit predictable seasonal 

changes in resource availability throughout the annual cycle. During their journeys, 

migratory songbirds must navigate many geographic and ecological barriers, and the 

decisions made en route can dramatically impact migration timing and strategies (Deppe et 

al. 2015; Zenzal et al. 2021). In preparation for non-stop over-water flights, birds must 

adequately deposit sufficient fat (Marsh 1983; Ramenofsky 1990) and increase pectoral 

muscle size (Marsh 1984; Piersma 1990; Hua et al. 2013). Flight initiation depends on the 

individual’s body condition, fuel load, and departure timing (Smolinsky et al. 2013; Deppe et 

al. 2015; Loonstra et al. 2019), as well as making long-distance forecasts regarding weather, 

including wind, precipitation, and temperature (Able 1973; Haest et al. 2020). 

With 800-1,000 kilometers of open water, the Gulf of Mexico is the most 

conspicuous ecological barrier in the Nearctic-Neotropical migratory system (Cohen et al. 

2017), and successfully crossing this barrier may be a key driver of physiological and 

morphological adaptations. Over two billion birds pass over the Gulf of Mexico every spring 

en route to breeding areas across North America from the overwintering grounds in Mexico, 

the Caribbean, and Central and South America (Horton et al. 2019). A trans-Gulf of Mexico 

flight over open water represents a time-minimizing strategy compared to an overland 

circum-Gulf route. In autumn, a non-stop trans-Gulf of Mexico flight takes an average of 22 

hours (Deppe et al. 2015). In spring, weather patterns over the Gulf of Mexico are often 

favorable for migration (Clipp et al. 2020) and with the assistance of favorable winds, the 

journey can take an average of 15 hours of non-stop flight (Gauthreaux Jr 1999). A circum-
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Gulf flight can increase migration duration up to 21% (Abdulle and Fraser 2018). Though 

quicker than a circum-Gulf route, a trans-Gulf of Mexico flight is not without risk. Numerous 

studies have documented birds arriving with depleted fat reserves and concave pectoral 

muscles (Moore and Kerlinger 1987; Kuenzi et al. 1991; Yong and Moore 1997), in 

dehydrated state (Leberg et al. 1996), and being subjected to increased predation (Moore et 

al. 1990). Furthermore, many birds do not make it across the Gulf successfully, as there are 

reports of birds washing up on the coastlines (Moore et al. 1990) and found inside the 

stomach of tiger sharks (Drymon et al. 2019).  

Body condition after crossing an ecological barrier can have critical implications on 

the pace of migration because the rate of fuel deposition is affected by the physiological 

limitations (Carpenter et al. 1993; Karasov and Pinshow 2000; Gannes 2002) imposed by 

muscle and organ mass loss common after long distance non-stop flights (Kuenzi et al. 

1991; Karasov and Pinshow 1998; Lindström et al. 2000; Maggini and Bairlein 2011). A 

complete understanding of the exogenous and endogenous determinants of a successful 

trans-Gulf of Mexico flight are key to understanding the Nearctic-Neotropical migratory 

system. There are still gaps in our knowledge of the Nearctic-Neotropical migratory system, 

particularly in the eastern Gulf of Mexico, related to the stopover duration and fuel 

accumulations. The few studies in the eastern portion of the northern Gulf of Mexico 

describe birds in very poor body condition, with low refueling rates, long periods of 

inactivity, and short stopover duration (Kuenzi et al. 1991; Aborn and Moore 2004; 

Gutierrez Ramirez et al. 2021), suggesting this might not be an advantageous route for 

northward migrating birds. 

Numbers of migrants in spring in the eastern Gulf of Mexico is strongly influenced 

by northwest winds over the Caribbean Sea (Clipp et al. 2021), which may facilitate a direct 

flight from South America via a trans-Caribbean route (Lafleur et al. 2016; Cano et al. 2020). 
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Therefore, we expected that birds that overwinter in South America would arrive with 

lower fat and lean masses than birds that overwinter in the Caribbean or Central America, 

since birds that winter in the Caribbean and Central America traverse a shorter distance 

and do not have to cross the Caribbean, and are thus not subject to the challenges presented 

by the weather conditions in that region. We tested the hypothesis that body composition of 

en route migratory songbirds during spring migration on arrival across the Gulf of Mexico 

would reflect wintering origin. Stopover strategy is influenced by a bird’s energetic 

condition, time-schedule, distance remaining to breeding destination (Paxton and Moore 

2017) and sex (Seewagen et al. 2013; Morbey et al. 2018), therefore, we tested for 

differences in arrival condition among the sexes and by breeding latitude. Songbirds 

arriving in the eastern Gulf of Mexico in spring arrive in depleted body condition and tend 

to loose mass during stopover (Kuenzi et al. 1991; Gutierrez Ramirez et al. 2021). However, 

because birds must first rebuild lean mass to accumulate fat reserves (Carpenter et al. 

1993), we expected that individuals stopping over on the island would show increases in 

non-fat components with subsequent recaptures, since most birds arrive with depleted fat 

reserves. We hypothesized that songbirds increase lean mass at a greater rate than fat mass, 

which reflects rebuilding muscle and organ masses. To accomplish these goals, we captured 

songbirds during spring migration 2016-2018 and measured body composition using 

quantitative magnetic resonance technology. To address the hypothesis that body condition 

would reflect wintering origin we described the body condition of the diversity of migratory 

passerines alighting on St. George Island, Florida, a barrier island in the eastern Gulf of 

Mexico, during spring migration. To address the hypothesis that birds increase lean mass 

gain during stopover as they rebuild muscle and organ masses, we used Quantitative 

Magnetic Resonance to measure fat and lean deposition rates of spring migrants based on 

recaptured individuals.  
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2.3 Methods 

2.3.1 Study site 

The study was conducted on the northeastern Gulf of Mexico, on St. George Island, 

Florida (29.672679, -84.841423), a narrow 33 km long barrier island located on the 

southern edge of Apalachicola Bay (Figure 1). St. George Island is approximately 7 km from 

the mainland and is the first landfall opportunity for migrants crossing the Gulf of Mexico 

during spring migration (Lester et al. 2016; Gutierrez Ramirez et al. 2021). The vegetation 

on St. George Island consists of a narrow band of beaches and low-lying sand dunes that 

grade into mixed woodland grass, palmetto, and bayside marshes (Edmiston 2008). Field 

data were collected on public land managed by the Apalachicola National Estuarine 

Research Reserve and adjacent private property consisting of patches of coastal pine forest 

on the sound side of the island.  

 

 

Figure 1. Map of St. George Island, Apalachicola Bay, Florida. Banding location on St. George 

Island shown in red square. Inset map shows the location of the Apalachicola Bay, St. George 

Island in northern Florida, USA. 
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2.3.2 Bird capture, measurements, and body composition 

We operated a constant-effort mist-netting station from 6 April to 6 May 2016, 1 

April to 12 May 2017, and 2 April to 6 May 2018 consisting of ten to sixteen mist-nets (6 

and 12 m length x 2.6 m height and 38-mm mesh). Mist-nets were opened daily at sunrise, 

unless rain or steady winds (> 10 mph) prevented safe operation, and closed at ~12:00 EST 

to avoid high temperatures and decreased shade. In 2017 and 2018, mist-nets were also 

opened in the evening (~16:00 EST) and closed prior to sunset. Total effort was 1594 

net/hours in 2016, 2618 net/hours in 2017, and 1954 net/hours in 2018. Nets were 

checked every 10 minutes. Upon capture, birds were safely and quickly extracted from mist 

nets and transferred into a cloth bag. 

All captured birds were identified to species and banded with an individually-

numbered U.S. Geological Survey aluminum band. Birds were aged and sexed when possible 

as second year or after second year (Pyle 1997). We used a wing ruler to measure 

unflattened wing chord and tail length, and digital calipers (to the 0.01 mm) to measure 

tarsus, nares to tip, exposed culmen, bill width, and sternum length. We visually scored fat 

on a 9-point scale (Kaiser 1993) and pectoral muscle on a 4-point scale (Bairlein 1995). 

Quantitative magnetic resonance (QMR) is a non-lethal, non-invasive technique for 

measuring lean, lipid, and water mass (Guglielmo et al. 2011) that can be used under field 

conditions. We scanned birds at least twice for fat mass, lean mass, and total water using a 

QMR body composition analyzer (EchoMRI-B, Echo Medical Systems, Houston, USA) in the 

field, with a total scanning time of up to 180 seconds and used the average measurements. 

All birds upon initial capture were scanned in the QMR. All individuals were scanned upon 

recapture, except for a few species that were tagged for a separate, concurrent study. To 

account for the effect of body size, we adjusted lean mass to body size (wing chord) in each 

species with a scaled-mass model (Peig and Green 2009), unless an initial simple linear 
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regression of lean mass and body size was non-significant (P > 0.05). Fat mass was 

independent of size in each species (all P > 0.1), so we did not make corrections to fat mass 

measurements. 

2.3.3 Blood sample for sex determination 

Because stopover phenology and other aspects of stopover behavior are known to 

vary by sex (Seewagen et al. 2013; Hays et al. 2018; Morbey et al. 2018) a blood sample was 

collected (<1% of estimated blood volume, Fair et al. 2010) from each individual by brachial 

venipuncture to determine the sex of monomorphic species. Blood samples were 

centrifuged at 1,000 rpm for 10 min to separate plasma from red blood cells. Red blood cells 

were stored at -20°C until DNA was extracted (InstaGene Matrix, BioRad) in preparation for 

polymerase chain reaction using P2/P8 primers (Griffiths et al. 1998). We used gel 

electrophoresis (2% agarose gel, 120V for 60 minutes) to visualize PCR products and 

assigned individuals as male if one band developed or female if two bands developed.  

2.3.4 Feather sample for deuterium stable isotope analysis 

We collected the third retrix on the right for stable hydrogen isotope (δD) analysis 

to serve as a proxy for breeding latitude (Hobson and Wassenaar 1997). Feathers were 

rinsed 5 times in a 2:1 chloroform:methanol solvent rinse, allowed to air dry for 2 days, and 

stored in clean envelopes until analyzed. Reference materials and dried feather samples 

were weighed (to 0.1 mg) and sealed in 3x5 mm silver capsules and subjected to bench-top 

equilibration to local water vapor δD for at least three weeks prior to analysis to account for 

exchangeable hydrogen. δD values of the non-exchangeable portion of hydrogen were 

determined by comparative equilibration using four internal laboratory keratin reference 

materials (δD: −47‰, −54‰, −93‰, −174‰). δD values were determined using a 
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Thermo-Finnigan high-temperature conversion elemental analyzer (TCEA) coupled to a 

Thermo- Finnigan Delta Plus XL isotope ratio mass spectrometer at the University of New 

Mexico Center for Stable Isotopes (Albuquerque, NM). Isotopic results are expressed in 

standard delta (δ) notation in parts per thousand (‰) relative to Vienna Standard Mean 

Ocean Water (V-SMOW) for hydrogen. Precision for δD was determined by analysis of the 

four exchangeable (keratin) reference materials described above; within-run δD variation 

(SD) of these reference materials on the mass spectrometer system was ≤ 4‰. 

Bird capture, blood and feather sampling, and body composition analysis were 

conducted under appropriate permits from the Florida Fish and Wildlife Conservation 

Commission (Permit LSSC-16-00033) and the US Geological Survey, Bird Banding 

Laboratory (permit 23979), and approved by the Institutional Animal Care and Use 

Committee at the University of Massachusetts Amherst (2015-0019). 

2.3.5 Focal species and classification 

We classified species into five categories according to their migratory status on the 

island: year-long (no migratory population), overwintering (no breeding population), 

transient migrants (no wintering or breeding populations), transient and wintering 

populations (no breeding populations), or transient and breeding populations (no wintering 

population). Nearctic-Neotropical migrants were furthered classified based on the 

overwintering range as either primarily Caribbean-Central America, Central America-

northern South America, or South America regions (based on species ranges). 

We describe the seasonal and annual variation in the arrival dates and arrival body 

condition for a set of focal migrant species with no confirmed breeding or over-wintering 

population on the island that pass in high density through the stopover site (n > 20 

individuals over the three-year period). The focal species were: Blue Grosbeak (Passerina 
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caerulea; BLGR), Indigo Bunting (Passerina cyanea; INBU), Red-eyed Vireo (Vireo olivaceus; 

REVI), Summer Tanager (Piranga rubra; SUTA), Northern Waterthrush (Parkesia 

noveboracensis; NOWA), Ovenbird (Seiurus aurocapilla; OVEN), Hooded Warbler (Setophaga 

citrina; HOWA), Swainson’s Thrush (Catharus ustulatus; SWTH), Veery (C. fuscescens; 

VEER), and Wood Thrush (Hylocichla mustelina; WOTH) (see Table A1 for sample size per 

year). 

2.3.6 Weather data 

Local daily precipitation and temperature were interpolated using the Parameter-

elevation Regressions on Independent Slopes Model (PRISM Climate Group, Oregon State 

University, http://prism.oregonstate.edu; PRISM time series data for latitude: 29.7123, 

longitude: -84.7539, elevation: 0m). 

2.3.7 Data analysis 

We used quantile regression to examine migration phenology (Knudsen et al. 2007), 

fitting separate regression lines for each quantile to examine differences in passage timing 

between years. This allowed us to consider the entire period of migration, not just initiation 

of migration or measures of central tendency (usually the median passage date). We 

calculated the 10%, 25%, 50%, 75%, and 90% quantiles for each focal species each year, 

and weighted the regression by the total number of individuals captured (Cade and Noon 

2003). We computed bootstrapped standard errors using 10,000 replications.  

For all focal individuals, we analyzed arrival body composition using an information 

theoretic approach to determine which factors influence arrival body composition. We used 

an Akaike information criterion (AIC) approach to investigate the relative importance of 

covariates on the arrival fat and lean masses of the focal species. Candidate model sets 
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contained all combinations of average temperature (degrees Celsius) and average 

precipitation (millimeters) measured on the island on the day of capture, and year (2016, 

2017, or 2018), and were generated separately for each body component (fat mass, lean 

mass) and each species. We calculated AIC corrected for small sample sizes (AICc), used 

differences in AICc to rank candidate models, and selected models with ΔAICc < 2 as top 

supported models. We then calculated the relative importance of each variable by summing 

the Akaike weights (wi) across all top models in which a variable occurred (Burnham and 

Anderson 2002). To describe the effects of sex and breeding latitude on arrival timing and 

body condition, we built six separate models with arrival fat mass, arrival lean mass, and 

arrival day as a function of feather deuterium or sex, and included species and year as 

random factors. We restricted the analysis of breeding latitude to species with > 20 

individuals with feather deuterium values. Before the analysis of the effects of sex, we 

removed individuals with inconclusive or undetermined sex. To address our hypothesis of 

differential arrival body condition, we modelled arrival body condition (fat and lean 

masses) as a function of winter range (South America, Caribbean/Central America, or 

Central America/northern South America), ordinal day, year, sex, and local weather 

(temperature, precipitation); species was included as a random factor. 

To address the hypothesis that birds increase lean mass gain during stopover as 

they rebuild muscle and organ masses, we calculated the change in fat mass and lean mass 

in focal individuals recaptured > 1 day after initial capture. All analyses were conducted 

with the program R version 4.0.1 (R Core Team 2019). We used R packages ‘quantreg’ 

(Koenker 2011) for quantile regression, ‘lme4’ (Bates et al. 2015) for building mixed 

models, and ‘MuMIN’ (Barton 2020) for model selection and model-averaging. 
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2.4 Results 

We captured 68 species over the three spring seasons on St. George Island. Nearctic-

Neotropical migrants made up 65% of the species captured (44 species) and 51% were 

transient migrants (35 species), with no known breeding or wintering population on the 

island.  

Five focal species had a winter range primarily in Central America or the Caribbean: 

Blue Grosbeak, Hooded Warbler, Indigo Bunting, Ovenbird, and Wood Thrush. Two focal 

species had a wide wintering range extending from Central America into northern South 

America: Northern Waterthrush and Summer Tanager. Three focal species had a winter 

range primarily in South America: Red-eyed Vireo, Swainson’s Thrush, and Veery. Average 

body fat on arrival for every focal species was < 10% body mass (Figure 2). There was 

significant annual variability in arrival lean mass for Hooded Warbler (F2,25 = 8.325, p = 

0.002; Tukey HSD: 2016-2018, p = 0.001), Northern Waterthrush (F2,49 = 4.21, p = 0.02; 

Tukey HSD: 2016-2017, p = 0.017), Wood Thrush (F2,34 = 5.515, p = 0.008;Tukey HSD: 2016-

2018, p = 0.01), Indigo Bunting (F2,50 = 3.656, p = 0.03; p > 0.06 for all Tukey pairwise 

comparisons) and Blue Grosbeak (t34 = -3.85, p = 0.001) (Figure 3). Arrival fat mass did not 

vary significantly between years, except for Blue Grosbeak, which was lower in 2017 (t8 = -

3.2249, p = 0.01) (Table 1, Figure 4). 
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Figure 2. Body composition of 10 focal species during spring migration on the northern Gulf 

of Mexico. All birds arrived with body fat averaging <10% of body mass (dotted red line). 

Total mass (blue) represents whole animal mass as measured with digital scale, and includes 

all body components (bones, lean and fat mass, feathers); lean mass (green) was measured 

via QMR and represents lean wet mass (muscle and organ tissues); and fat mass (red) was 

measured via QMR and represents fat content. 

 



 

 20 

 

 

Figure 3. Boxplots of lean mass measured by quantitative magnetic resonance analysis for 

10 focal species during spring stopover on St. George Island, Florida from 2016-2018. 

Rectangles represent the interquartile range, the dividing line is the median, and whiskers 

represent ± 1.5x interquartile range. Dots represent outliers. For BLGR, HOWA, and SWTH 

we used scaled lean mass to account for the effect of body size on lean mass. 

 

The mean, median, and range of spring passage timing on St. George Island, Florida 

is presented in Table 2. Initiation of spring arrival (10% quantile) was consistent for most 

species. Timing of migration throughout all quantiles was consistent for Northern 

Waterthrush, Hooded Warbler, Veery, and Swainson’s Thrush. One the other hand, we 

found significant variability in each quantile for Wood Thrush and Indigo Bunting (Table 3, 

Figure 5). Median passage dates for each species are illustrated in Figure 6.  

There was no significant relationship between arrival fat mass and progression of 

season for any species, except for Blue Grosbeak which arrived with significantly lower fat 

mass as the season progressed in 2018 (-0.48 ± 0.06, t = -7.426, p < 0.001). Lean mass 
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decreased significantly as the season progressed in 2018 for Red-eyed Vireo (-0.22 ± 0.09, t 

= -2.35, p = 0.03) and Indigo Bunting (-1.34 ± 0.65, t = -2.069, p = 0.04). 

 

 

Figure 4. Boxplots of fat mass measured by quantitative magnetic resonance analysis for 10 

focal species during spring stopover on St. George Island, Florida from 2016-2018. 

Rectangles represent the interquartile range, the dividing line is the median, and whiskers 

represent ± 1.5x interquartile range. Dots represent outliers. 

 

Across species, males had significantly higher fat mass, higher lean mass, and 

arrived an average of 3.14 days earlier than females (Fat: ß = 0.55, SE = 0.2, t289 = 2.785, p = 

0.006; Lean: ß = 1.0162, SE = 0.2, t287 = 4.581, p < 0.0001; Ordinal: ß = -3.14, SE = 0.087, t287 

= -3.611, p < 0.0001). There was no main effect of breeding destination (δDf) on arrival body 

condition (Fat: ß = 0.002, SE = 0.004, t15 = 0.46, p = 0.7; Lean: ß = -0.004, SE=0.007, t195 = -

0.5, p = 0.6). Among species, more northerly breeders arrive as the season progresses (ß = -

0.06, SE = 0.02, t81 = -2.8, p = 0.007). Species-specific analyses of changes in δDf show 

significant daily decrease for Wood Thrush (ß = -0.34, SE = 0.07, t19 = -5.082, p = 0.00006), 



 

 22 

Ovenbird (ß = -0.21, SE = 0.04, t43 = -5.36, p = 0.000003), and Red-eyed Vireo (ß = -0.59, SE = 

0.21, t10 = -2.8, p = 0.02).  

 

 

Figure 5. Analysis of trends in the timing of bird migration for 10 focal species using St. 

George Island, Florida as a spring stopover site. Regression on sample quantiles on 10th (○), 

25th (△), 50th (□), 75th (+), and 90th (☒) percentiles. Significant trends are indicated with 

solid lines, non-significant trends with dashed lines. 
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Figure 6. Density plots for 10 focal species using St. George Island, Florida as a spring 

stopover site. Vertical line represents the median passage day for each year for of each focal 

species. 
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We estimated daily rates of fat and lean mass changes and stopover duration for 25 

individual birds that were recaptured > 1 day after initial capture (Table 4). Minimum 

stopover duration ranged from 1 – 8 days. Rates of lean mass change were generally 

positive (Figure 7). 

The AIC model selection results for both arrival fat mass and arrival lean mass 

displayed substantial variability because there were several plausible models identified for 

each species (Table 5). For each species, at least one of the top-ranked models for arrival 

lean mass and arrival fat mass included year. Relative importance values confirmed that 

year explained most of the variation in lean mass for 50% of our focal species, with local 

precipitation explaining the other half. There was less consistency in the relative 

importance of each variable explaining arrival fat mass across all focal species (Table 6). 

Model selection results for both arrival fat mass and arrival lean mass were straightforward 

for Summer Tanager and suggested that year and precipitation are important in explaining 

the variation in arrival body condition in this species (Table 5 and Table 6). We found 

considerable model selection uncertainty for arrival fat mass for Indigo Bunting and arrival 

lean mass for Red-eyed Vireo, each with four plausible models identified (Table 5). Winter 

range did not influence the arrival fat mass or arrival lean mass (fat: t = 0.02, p = 0.98; lean: 

t = 0.13, p = 0.89). This was regardless of size differences between species, as species was 

included in the model as a random effect.  

A complete list of species captured on St. George Island is presented in Table A1, and 

the average and range of body mass (g), fat mass (g) and lean mass (g) of all species 

captured are listed in Table A2. 
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2.5 Discussion 

Our field study is the first comprehensive description of arrival body condition 

using quantitative magnetic resonance on Nearctic-Neotropical migratory songbirds after a 

likely spring trans-Gulf flight. Body composition has been measured using QMR technology 

in actively migrating wild songbirds in previous studies (Seewagen and Guglielmo 2010, 

2011; Kennedy et al. 2017; Kelsey et al. 2021) but none along the Gulf of Mexico after a non-

stop long-distance migratory flight. We found that birds are arriving with lower fat-free 

mass than previously estimated or recorded for many of these species. For example, the 

average scaled lean mass for Northern Waterthrush on St. George Island (10.53 ± 1.8 g) is 

lower than the lean body mass estimated from individuals that had completed over-water 

flights in the autumn in Colombia (14.1 ± 0.49 g) (Cano et al. 2020), or directly measured 

from television tower causalities in Florida (13.95 ± 1.13 g) (Rogers and Odum 1966). 

Comparing our whole body mass measurements to “unusually light post-migrants” from 

Panama in autumn (Rogers and Odum 1966), we found lower values for Northern 

Waterthrush (12.42 g body mass); however, the lightest Veery, Swainson’s Thrush, and Red-

eyed Vireo in our study were heavier than those reported in Panama, though they had less 

fat mass. We recognize the difficulty of comparing QMR measurements of fat and lean 

masses with estimates of fat-free lean mass or lethal measures of body composition, mainly 

because QMR does not include water-free components (feather, bones, bill) in its lean mass 

measurement. However, our findings suggest that many migratory birds alighting in the 

eastern Gulf of Mexico are pushing their physiological limits, and these may be lower than 

previously seen. This highlights the significance of non-fat components (lean mass) in 

addressing the needs of migratory birds during stopover and in assessing the management 

of stopover sites. In fact, the true value of stopover habitats to migrants should be assessed 
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by the provision of water, sleep, protein, and not just increases in fat reserves (Linscott and 

Senner 2021).  

 

 

 

Figure 7. Rate of fat mass and lean mass change relative to minimum stopover duration of 

individual Neotropical migrants recaptured >1 day after first capture in St. George Island, 

Florida during spring migration 2016-2018. Fat and lean mass measured by Quantitative 

magnetic resonance in the field. The dashed horizontal line indicates no change in mass 

between first capture and subsequent recapture, so that below the line in red are birds with 

negative rate and above the line in black are birds with positive rate of mass change. 

 

Contrary to previous studies in eastern Gulf of Mexico barrier islands in spring 

(Kuenzi et al. 1991; Gutierrez Ramirez et al. 2021), we found that recaptured birds tended 

to gain mass. The increase in body mass prior to migration has been measured via QMR as 

primarily fat mass gain and not a change in dry lean mass (Seewagen and Guglielmo 2011; 
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Kelsey and Bairlein 2019). However, we show evidence that recaptured non-captive 

migratory birds increase lean body mass, in addition to fat mass. This relationship persists 

when we examined all recaptured transient migrants on St. George Island (S-Figure 1). 

Interestingly, Leberg et al. (1996) found that after a spring trans-Gulf flight, recaptured 

Wood Thrushes increased in body mass, but did not have significantly higher lipid levels, 

suggesting an increase in non-fat components. Our findings corroborate the hypothesis that 

during stopover, initial slow increases in body mass are due to deposition of non-lipid body 

components, mainly protein (Carpenter et al. 1993). 

After a trans-Gulf of Mexico flight in spring, birds use primarily inland forests and, if 

able, will overshoot coastal habitats (Buler et al. 2007). Coastal habitats and barrier islands 

of the northern Gulf of Mexico, especially in the eastern Gulf of Mexico, are often considered 

as stopover habitats of “last resort” or “fire escape” stopover sites (Mehlman et al. 2005). 

However, these sites will have high density of migrants during fallout conditions (Duncan 

1994), that use the habitats to rest, replenish reserves, and wait for good weather (Moore 

and Kerlinger 1987; Moore et al. 1990; Moore and Woodrey 1993); in this area of the Gulf of 

Mexico there is a high stopover-to-passage ratio, indicating almost all birds stopover (Cohen 

et al. 2021). Our result that migratory birds increase non-fat components during stopover 

after a trans-Gulf flight points to the importance of barrier island habitats to the Nearctic-

Neotropical migratory system.  

Migration at our site in the eastern Gulf of Mexico includes long-distance migrants 

from Central and South America and overwintering birds from peninsular Florida and the 

Caribbean (S-Table 1). We found evidence of inter-annual variability in the timing of spring 

migration in Indigo Bunting and Wood Thrush, which are species that originate primarily 

from the Caribbean or Central America, respectively. Birds originating closer to our site, 

from the Caribbean or southern Florida, are likely using local environmental cues to fine-
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tune their migratory departures (Calvert et al. 2012). Birds engaging in a non-stop trans-

Caribbean flight from northern South America to the northern Gulf of Mexico (Lafleur et al. 

2016; Gómez et al. 2017; Heckscher et al. 2017; Cano et al. 2020; Clipp et al. 2021) would be 

less flexible in departure date, relaying on photoperiod as the primary cue for initiation. If 

birds were using photoperiod as a cue for departure, the timing of all quantiles would be 

similar from year to year which is consistent with our observation for birds originating 

from Central America and South America (except for Red-eyed Vireo). Cohen et al. (2015) 

reported the passage timing of South American migrants in the northern Gulf of Mexico did 

not change over a 20-year period examined, further supporting our view that birds 

originating in South America use photoperiod as a cue for departure.  

Our findings for the relationship between passage timing in the eastern Gulf of 

Mexico and breeding latitude (based on δDf) suggest that Wood Thrush, Ovenbird, and Red-

eyed Vireo that arrive earlier in the season breed further south than those arriving later in 

the spring, which has also been described in the western Gulf of Mexico (Langin et al. 2009) 

and for Wood Thrush and Ovenbird in the eastern Gulf of Mexico (Cohen et al. 2019). We 

found no such relationship for Blue Grosbeak, Indigo Bunting, Summer Tanager, Veery, 

Swainson’s Thrush, or Northern Waterthrush. Possibly, the predominately southern 

breeding range of Blue Grosbeak, Summer Tanager, and Indigo Bunting obscure any such 

relationship because southern ranges are difficult to distinguish isotopically. Conversely, 

the absence of relationships between arrival date and breeding latitude for Swainson’s 

Thrush and Northern Waterthrush is because the coastal Gulf of Mexico is too far south in 

their journey for them to adjust their migratory arrival and reflect a difference in migratory 

strategy.  

We found no relationship between breeding latitude and arrival fat mass or arrival 

lean mass. Populations of migratory birds are not evenly dispersed in space and time 
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throughout the northern Gulf of Mexico during spring migration. American Redstart 

(Setophaga ruticilla) and Ovenbird that migrate farther west along the Gulf of Mexico, breed 

farther north than those that migrate through the eastern Gulf of Mexico (Cohen et al. 

2019). It is possible that the differences in breeding latitude between the individuals 

examined are not great enough or that winter origin, not breeding destination, drives 

arrival body condition. Recent evidence suggests that Swainson’s Thrushes maintain 

population-specific migration routes during autumn migration, even as individuals from 

different populations converge in peninsular Florida (Bégin-Marchand et al. 2021). Some 

species of warblers show spatial and/or temporal differentiation across the Gulf of Mexico 

during spring migration (Cohen et al. 2019). The migratory routes and wintering sites of the 

birds we tracked were unknown; clearly, migratory connectivity of different wintering, en 

route, and breeding populations is a key missing element for understanding the 

mechanisms of lean mass dynamics during stopover.   

Since we lack specific information about overwintering origin (migratory 

connectivity), we used wintering range to examine arrival body condition. Contrary to our 

expectations, wintering range did not influence arrival fat mass or arrival lean mass. Our 

approach of grouping species by continental range clearly did not provide the resolution for 

differing wintering populations or differing habitat quality. Swainson’s Thrushes 

overwintering in northern Colombia exhibit different migratory departure and pace 

depending on habitat quality (González et al. 2020), and Black-and-white Warblers 

(Mniotilta varia) that move through the Gulf of Mexico earlier overwinter in higher quality 

habitat than their conspecifics that move through later (Paxton and Moore 2015). Birds in 

higher quality wintering or staging habitat have higher departure fuel loads (Bayly et al. 

2016), and we would expect that the fat load a bird acquires before embarking across an 

ecological barrier and its body condition after crossing are inextricably linked. Migratory 
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connectivity is a key element lacking in our understanding of the carry over between 

stationary wintering and breeding periods. Studying the link between body condition post- 

trans-Gulf of Mexico flight and wintering/staging habitat, and its subsequent effects on 

migratory pace and reproductive fitness is an important future research priority to address 

conservation of Nearctic-Neotropical migrants. Linking migratory connectivity and 

physiological condition of birds during stopover may help inform the conservation and 

management of critical habitats and resources for trans-Gulf of Mexico migratory birds. 
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Table 1. The average (± SD) and range of body composition, wing chord, and feather deuterium (δDf), and the sex ratio of transient 

migratory birds during spring stopover on St. George Island, Florida from 2016-2018. Fat mass and lean mass (g) were obtained by QMR 

scanning, body mass (g) was obtained by digital scale, and wing chord (mm) was measured with a wing ruler. Sex was determined by 

plumage in dimorphic species and by molecular methods in monomorphic species. Some individuals remained unsexed. Sample sizes in 

parentheses. 

 
 

Fat (g) Lean (g) Body mass (g) Wing (mm) Deuterium (δDf) Sex ratio (M/F/U) 

Blue Grosbeak 

2016 0.03 ±NA (1)  

0.03-0.03 

19.38 ±NA (1) 

19.38-19.38 

26.27 ±NA (1)  

26.27-26.27 

91.0 ±NA (1)  

91 – 91 

-- 1/0/0 

2017 1.32 ±1.25 (30) 

0.07-4.23 

19.20 ±2.53 (30) 

10.31-23.47 

24.99 ±3.10 (30) 

20.42-32.65 

84.9 ±3.35 (30)  

79 - 92 

−44.04 ± 8.48 (30) 

 −70.40 - −32.30 

14/16/0 

2018 5.70 ±4.01 (9)  

0.00-10.33 

20.57 ±1.40 (9) 

18.02-21.95 

29.92 ±5.11 (9) 

21.61-34.83 

85.9 ±3.14 (9)  

80 – 88 

-- 7/2/0 

Hooded Warbler 

2016 
0.73 ±0.11 (3) 

0.62-0.84 

4.99 ±0.88 (3) 

4.11-5.86 

9.23 ±0.82 (3) 

8.67-10.17 

63.3 ±2.08 (3)  

61 - 65 
-- 1/2/0 

2017 
0.79 ±1.06 (3) 

 0.14-2.02 

7.23 ±0.56 (3) 

6.58-7.62 

9.61 ±1.22 (3) 

8.50-10.92 

62.3 ±2.52 (3)  

60 – 65 
-- 1/2/0 

2018 
0.45 ±0.45 (22) 

0.00-1.50 

7.43 ±0.53 (22) 

6.38-8.52 

9.50 ±0.85 (22) 

7.96-11.51 

64.9 ±3.27 (22)  

58 – 70 
-- 18/4/0 

Indigo Bunting 
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Fat (g) Lean (g) Body mass (g) Wing (mm) Deuterium (δDf) Sex ratio (M/F/U) 

2016 
0.97 ±0.56 (8) 

0.49-1.91 

8.72 ±1.06 (8)  

6.71-9.62 

13.25 ±1.09 (8) 

11.44-14.64 

65.5 ±2.62 (8)  

60 - 68 
-- 6/2/0 

2017 
1.01 ±1.00 (26) 

0.02-3.42 

9.09 ±1.26 (26)  

7.00-11.99 

12.84 ±1.46 (26) 

10.96-15.42 

65.3 ±2.79 (26) 

60 – 70 

−57.74 ± 12.18 (23) 

 −83.30 - −36.50 
16/10/0 

2018 
0.48 ±0.41 (19) 

0.04-1.66 

9.87 ±1.06 (19)  

7.12-11.75 

12.61 ±1.24 (19) 

10.84-15.34 

65.8 ±2.35 (19) 

63 – 70 
-- 12/7/0 

Ovenbird 

2016 
0.95 ±0.83 (20) 

0.00-3.71 

12.22 ±1.43 (20) 

8.89-15.47 

16.58 ±1.32 (20) 

14.83-19.86 

74.1 ±3.6 (20)  

68 - 82 

−54.91 ± 16.11 (19) 

 −93.90 - −35.10 
12/5/3 

2017 
1.09 ±1.54 (16) 

0.03-5.38 

12.18 ±2.28 (16) 

6.29-14.51 

16.70 ±2.30 (16) 

13.48-21.21 

76.4 ±4.3 (16)  

68 – 86 

−55.19 ± 19.57 (15) 

 −97.40 - −23.10 
10/2/4 

2018 
0.86 ±1.00 (13) 

0.00-3.22 

12.37 ±1.53 (13) 

9.09-14.58 

16.31 ±1.07 (13) 

14.55-18.16 

73.9 ±2.1 (13)  

71 - 77 

−63.51 ± 15.82 (12) 

 −91.90 - −42.10 
8/2/3 

Wood Thrush 

2016 
0.94 ±0.71 (9) 

0.16-2.10 

29.17 ±2.09 (9) 

26.75-32.59 

37.10 ±2.29 (9) 

33.81-40.56 

105.0 ±5.7 (9)  

94 – 113 

−29.53 ± 6.01 (8) 

−37.20 - −20.20 
1/0/8 

2017 
1.81 ±2.95 (7) 

0.25-8.21 

29.68 ±2.78 (7) 

23.75-32.49 

38.74 ±1.78 (7) 

37.10-41.71 

107.3 ±5.7 (7) 

101 - 118 

−57.23 ± 9.28 (7) 

 −72.70 - −47.10 
2/2/3 

2018 
3.58 ±3.66 (21) 

0.18-13.81 

31.93 ±2.26 (21) 

28.80-37.92 

42.37 ±4.33 (21) 

36.53-52.39 

105.3 ±3.9 (21) 

98 - 112 

−44.77 ± 13.70 (10) 

 −71.90 - −23.30 
4/3/14 
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Fat (g) Lean (g) Body mass (g) Wing (mm) Deuterium (δDf) Sex ratio (M/F/U) 

Summer Tanager 

2016 
0.89 ±0.22 (3) 

0.73-1.14 

20.57 ±0.50 (3) 

20.00-20.92 

26.49 ±0.79 (3) 

25.68-27.26 

94.0 ±2.0 (3)  

92 – 96 

−45.47 ± 13.38 (3) 

 −60.80 - −36.20 
2/1/0 

2017 
1.22 ±0.57 (8) 

0.40-2.42 

20.58 ±1.53 (8) 

18.62-23.19 

26.75 ±1.73 (8) 

23.78-28.79 

91.8 ±2.6 (8)  

87 – 96 

−50.54 ± 17.53 (8) 

−92.50 - −39.70 
5/3/0 

2018 
1.62 ±1.54 (15) 

0.01-4.96 

20.82 ±1.55 (15) 

18.45-23.24 

26.58 ±2.74 (15) 

23.48-32.59 

93.0 ±2.6 (15)  

89 – 99 
-- 13/3/0 

Northern Waterthrush 

2016 
1.38 ±1.35 (31) 

0.13-5.38 

10.07 ±1.98 (31) 

6.45-13.08 

15.00 ±1.97 (31) 

12.63-19.79 

74.0 ±2.7 (31)  

70 – 81 

−121.62 ± 26.66 (29) 

−158.80 - −66.20 
21/10/0 

2017 
1.54 ±1.40 (16) 

0.21-4.99 

11.54 ±1.13 (16) 

9.73-13.24 

15.28 ±1.81 (16) 

12.42-18.35 

74.8 ±3.3 (16)  

70 - 84 

−119.92 ± 25.33 (16) 

 −157.00 - −82.80 
14/1/1 

2018 
2.38 ±1.92 (5) 

0.72-5.33 

10.13 ±0.77 (5) 

9.12-11.14 

14.93 ±1.72 (5) 

13.25-17.39 

71.0 ±2.4 (5)  

69 – 74 

−118.14 ± 19.74 (5) 

−136.80 - −92.40 
4/0/1 

Red-eyed Vireo 

2016 
0.70 ±0.38 (9) 

0.23-1.24 

9.88 ±1.48 (9)  

7.43-11.56 

14.40 ±0.79 (9) 

13.23-15.85 

80.2 ±2.2 (9)  

76 – 83 

−27.71 ± 6.63 (8) 

 −34.80 - −13.50 
2/2/5 

2017 
1.53 ±1.84 (11) 

0.10-5.87 

11.33 ±1.77 (11) 

8.30-13.83 

15.80 ±2.63 (11) 

13.35-21.64 

78.5 ±2.8 (11)  

73 – 82 

−44.62 ± 11.03 (9) 

−61.10 - −30.80 
2/1/8 
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Fat (g) Lean (g) Body mass (g) Wing (mm) Deuterium (δDf) Sex ratio (M/F/U) 

2018 
1.53 ±1.47 (12) 

0.00-4.80 

11.09 ±1.25 (12) 

9.13-12.80 

15.02 ±1.85 (12) 

11.87-17.78 

77.9 ±3.4 (12)  

74 – 85 
-- 1/0/11 

Swainson's Thrush 

2016 
1.10 ±1.59 (4) 

0.00-3.42 

20.05 ±1.33 (4) 

18.23-21.23 

25.66 ±2.45 (4) 

22.75-28.36 

100.5 ±2.1 (4)  

98 – 103 

−94.27 ± 31.42 (3) 

−129.20 - −68.30 
3/1/0 

2017 
1.22 ±0.96 (15) 

0.00-3.37 

20.23 ±1.45 (15) 

17.30-22.67 

25.55 ±1.94 (15) 

21.63-28.64 

97.3 ±3.0 (15)  

92 -102 

−93.91 ± 23.81 (15) 

 −132.60 - −37.40 
9/5/1 

2018 
1.32 ±0.77 (9) 

0.00-2.54 

20.54 ±1.53 (9) 

18.16-22.46 

25.94 ±1.54 (9) 

23.61-27.92 

98.4 ±5.7 (9)  

90 - 106 

−90.56 ± 22.03 (9) 

 −130.50 - −64.90 
5/4/0 

Veery 

2016 
2.96 ±0.66 (3) 

2.54-3.72 

20.59 ±0.24 (3) 

20.36-20.84 

27.37 ±0.55 (3) 

26.84-27.93 

96.0 ±3.6 (3)  

92 -99 

−75.17 ± 13.36 (3) 

 −88.20 - −61.50 
2/1/0 

2017 
1.94 ±0.68 (4) 

1.14-2.79 

20.47 ±1.67 (4) 

18.30-22.16 

26.50 ±2.55 (4) 

23.38-29.34 

100.8 ±6.99 (4) 

94 - 110 

−78.10 ± 11.65 (4) 

−86.20 - −60.80 
2/2/0 

2018 1.39 ±1.35 (15) 

0.03-4.71 

19.26 ±1.24 (15) 

16.98-21.39 

24.70 ±2.21 (15) 

20.97-29.66 

96.2 ±3.7 (15)  

91 – 102 

-- 5/2/9 

 



 

 35 

Table 2. The mean, range, and median passage timing (sample size in parentheses) along 

the FL panhandle. Ordinal date of 100 corresponds to 10 April in non-leap years, and 9 April 

in leap-years (as was the case during this study). 

  
Mean ± SD Range Median 

Blue Grosbeak 

2016 101.00 ± NA (1) 101 – 101 101 

2017 116.87 ± 4.62 (31) 111 – 129 115 

2018 103.67 ± 10.16 (9) 97 – 120 97 

Hooded Warbler 

2016 108.67 ± 4.62 (3) 106 – 114 106 

2017 100.50 ± 9.33 (4) 91 – 109 101 

2018 103.97 ± 5.96 (29) 97 – 117 101 

Indigo Bunting 

2016 107.12 ± 0.64 (8) 106 – 108 107 

2017 117.11 ± 6.26 (28) 95 – 128 116 

2018 113.96 ± 8.46 (24) 95 – 126 116.5 

Ovenbird 

2016 109.05 ± 3.00 (22) 106 – 116 108 

2017 113.89 ± 10.30 (19) 91 – 132 114 

2018 111.56 ± 8.17 (18) 97 – 122 115 

Wood Thrush 

2016 100.11 ± 0.60 (9) 99 – 101 100 

2017 115.62 ± 1.92 (8) 114 – 120 115 

2018 109.05 ± 7.84 (22) 97 – 117 115 

Summer Tanager 

2016 112.00 ± 5.20 (3) 106 – 115 115 

2017 119.62 ± 6.63 (8) 114 – 128 116.5 

2018 108.94 ± 9.38 (16) 95 – 122 110 

Northern Waterthrush 

2016 109.16 ± 4.94 (32) 103 – 123 107 

2017 112.94 ± 11.17 (17) 91 – 129 112 

2018 114.80 ± 8.67 (5) 100 – 123 117 

Red-eyed Vireo 

2016 107.78 ± 6.20 (9) 100 - 116 106 

2017 111.42 ± 13.18 (12) 94 – 128 108 

2018 104.00 ± 8.89 (14) 95 – 120 100 

Swainson's Thrush 

2016 110.75 ± 8.50 (4) 98 – 115 115 

2017 124.13 ± 5.66 (15) 114 – 130 127 

2018 113.78 ± 4.82 (9) 105 – 118 115 

Veery 
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Mean ± SD Range Median 

2016 116.67 ± 2.89 (3) 115 – 120 115 

2017 119.50 ± 6.81 (4) 114 – 128 118 

2018 116.74 ± 2.26 (19) 110 – 120 117 
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Table 3. Slope estimates at five quantiles from quantile regression analysis of migratory 

passage dates, and the ordinary least square regression slope estimate. Blue Grosbeak was 

analyzed for 2017-2018 because of a single capture in 2016. Statistically significant 

regressions are indicated by bold in addition to * (P ≤ 0.05) or ** (P ≤ 0.01). 

 

   Quantile regression 

Species Year OLS 0.1 0.25 0.5 0.75 0.9 

BLGR 2018 -7.2 ± 4.59 -2 ± 8.6 2 ± 6.17 -1 ± 5.58 -7 ± 4.98 -9 ± 4.765 

HOWA 
2017 -9.5 ± 6.16 2 ± 8.61 2 ± 7.21 -6 ± 6.3 -5 ± 6.41 -5 ± 6.28 

2018 -4.39 ± 5.4 -6 ± 4.5 -4 ± 5.13 -4 ± 4.56 -2 ± 3.76 3 ± 4.63 

INBU 
2017 10.73 ± 5.26 8 ± 2.02** 10 ± 2.54** 14 ± 3.25** 17 ± 3.4** 20 ± 4.4** 

2018 5.71 ± 5.29 3 ± 2.92 9 ± 3.68* 13 ± 3.42** 14 ± 3.6** 18± 4.6** 

OVEN 
2017 2.46 ± 3.76 0 ± 3.58 5 ± 3.83 7 ± 3.45* 11 ± 4.6* 16 ± 4.0** 

2018 1.2 ± 3.98 4 ± 3.67 6 ± 3.18 4 ± 2.41 4 ± 2.38 6 ± 1.99** 

WOTH 
2017 16.3 ± 4.8** 15 ± 2.43** 15 ± 2.5** 16 ± 3.59** 19 ± 4.1** 19 ± 4.15** 

2018 6.67 ± 4.2 6 ± 3.99 6 ± 4.64 15 ± 4.81** 15 ± 3.9** 16 ± 4.05** 

SUTA 
2017 11.25 ± 7.89 8 ± 6.31 13 ± 6.36 11 ± 6.08 13 ± 5.1* 13 ± 6.26* 

2018 -1.2 ± 7.06 -1 ± 7.13 9 ± 6.93 3 ± 4.94 4 ± 4.45 7 ± 5.37 

NOWA 
2017 2.15 ± 3.66 0 ± 3.43 4 ± 4.9 9 ± 5.02 8 ± 4.5 6 ± 3.41 

2018 1.87 ± 5.99 10 ± 6.8 8 ± 5.8 10 ± 6.39 5 ± 6.74 0 ± 6.95 

REVI 
2017 5.63 ± 5.88 -1 ± 8.04 16 ± 7.52* 19 ± 5.99** 11 ± 4.8* 12 ± 4.77* 

2018 -1.75 ± 5.88 -4 ± 4.64 0 ± 6.0 6 ± 7.6 2 ± 5.1 4 ± 5.25 

SWTH 
2017 18 ± 5.39** 7 ± 9.36 11 ± 8.26 12 ± 6.84 13 ± 7.67 15 ± 8.36 

2018 6.33 ± 5.39 0 ± 9.54 0 ± 7.83 2 ± 6.64 3 ± 7.64 3 ± 8.39 

VEER 
2017 3.83 ± 4.05 7 ± 5.16 2 ± 4.51 2 ± 4.4 8 ± 4.98 8 ± 4.69 

2018 -1.07 ± 3.55 0 ± 2.74 -3 ± 2.45 -2 ± 2.34 -1 ± 2.25 0 ± 2.67 
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Table 4. Length of stay (mean ± SD; range), change in fat and lean masses between initial 

and final capture, and rate of mass change of individual Neotropical migrants recaptured >1 

day after first capture in St. George Island, Florida during spring migration 2016-2018. The 

rate of mass change (g/d) for each species obtained from individuals recaptured > 1 day 

from initial capture. Fat and lean mass measured by quantitative magnetic resonance in the 

field. 

 

Species N minimum 

stopover 

(days) 

change in  

fat (g) 

change in 

lean (g) 

rate of fat 

change (g/d) 

rate of lean 

change (g/d) 

BLGR 2 2.00 ± 1.41 

1.00 - 3.00 

0.88 ± 1.73  

−0.34 - 2.1 

1.62 ± 1.16  

0.80 - 2.45 

0.18 ± 0.74 

−0.34 - 0.70 

0.81 ± 0.01 

0.80 - 0.82 

HOWA 1 1.00 ± NA 

1.00 - 1.00 

0.04 ± NA  

0.04 - 0.04 

−0.02 ± NA 

−0.02 - 

−0.02 

0.04 ± NA 

0.04 - 0.04 

−0.02 ± NA 

−0.02 - −0.02 

INBU 5 1.20 ± 0.45 

1.00 - 2.00 

0.04 ± 0.2  

−0.19 - 0.26 

0.06 ± 0.91 

−1.40 - 0.88 

0.02 ± 0.17 

−0.19 - 0.24 

−0.01 ± 0.85 

−1.40 - 0.88 

OVEN 6 2.33 ± 1.03 

1.00 - 4.00 

−0.06 ± 0.26  

−0.51 - 0.20 

0.87 ± 0.68 

−0.08 - 1.74 

−0.02 ± 0.13 

−0.26 - 0.10 

0.48 ± 0.39  

−0.02 - 0.95 

WOTH 2 2.50 ± 2.12 

1.00 - 4.00 

0.96 ± 1.49  

−0.09 - 2.02 

2.81 ± 1.66 

1.64 - 3.98 

0.21 ± 0.42 

−0.09 - 0.51 

1.32 ± 0.45  

1.00 - 1.64 

SUTA 4 2.50 ± 1.73 

1.00 - 5.00 

0.18 ± 0.19  

−0.04 - 0.40 

0.75 ± 1.17 

 −0.28 - 2.41 

0.07 ± 0.07 

−0.02 - 0.12 

0.16 ± 0.33  

−0.28 - 0.48 

NOWA 2 1.00 ± 0.00 

1.00 - 1.00 

−0.04 ± 0.08 

 −0.10 - 0.02 

2.29 ± 1.01 

1.58 - 3.00 

−0.04 ± 0.08 

−0.10 - 0.02 

2.29 ± 1.01  

1.58 - 3.00 

REVI 3 4.00 ± 3.46 

2.00 - 8.00 

0.62 ± 1.45 

 −0.71 - 2.17 

0.75 ± 1.97 

−1.48 - 2.25 

0.04 ± 0.34 

−0.35 - 0.27 

0.09 ± 0.76  

−0.74 - 0.75 
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Table 5. Model selection results for the top-ranked models explaining arrival fat mass and 

arrival lean mass based on based on Akaike information criterion model weights for 10 

focal species. Models with ΔAICc < 2 are shown.  

 

 

 Model k logLik AICc delta weight 

Blue Grosbeak 

Lean mass 

Precipitation + Year 5 −87.55 186.85 0.00 0.36 

Precipitation 3 −90.62 187.91 1.05 0.21 

Fat mass 

Year 4 −86.16 181.46 0.00 0.57 

Precipitation 5 −85.82 183.40 1.94 0.22 

Hooded Warbler 

Lean mass 

Year 4 −32.22 74.19 0.00 0.48 

Temperature 5 −31.20 75.14 0.95 0.30 

Fat mass 

Precipitation + Year 3 −16.12 39.24 0.00 0.68 

Indigo Bunting 

Lean mass 

Year 4 -81.83 172.49 0.00 0.41 

Temperature 5 -81.52 174.32 1.82 0.16 

Precipitation + Year 5 -81.52 174.32 1.83 0.16 

Fat mass 

Year 4 −60.23 129.29 0.00 0.28 

Null 2 −63.06 130.36 1.07 0.16 

Temperature + Year 3 −62.04 130.58 1.29 0.15 

Precipitation 5 −59.86 130.99 1.70 0.12 

Ovenbird 

Lean mass 

Year 2 −96.18 196.63 0.00 0.52 

Fat mass 

Year 2 −74.86 153.98 0.00 0.39 

Temperature 3 −74.11 154.75 0.77 0.27 

Precipitation + Year 3 −74.61 155.75 1.77 0.16 

Wood Thrush 

Lean mass 

Year 4 −82.14 173.53 0.00 0.56 

Fat mass 

Precipitation + Temperature + Year 4 −87.36 183.97 0.00 0.56 
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 Model k logLik AICc delta weight 

Precipitation 3 −89.18 185.08 1.12 0.32 

Summer Tanager 

Lean mass 

Precipitation + Year 3 −44.15 95.35 0.00 0.56 

Fat mass 

Year 2 −42.88 90.27 0.00 0.53 

Northern Waterthrush 

Lean mass 

Temperature + Year 5 −95.90 203.11 0.00 0.54 

Fat mass 

Temperature+ Year 3 −86.67 179.83 0.00 0.45 

Precipitation + Temperature 4 −85.81 180.48 0.65 0.33 

Red-eyed Vireo 

Lean mass 

Year 4 −56.98 123.43 0.00 0.23 

Null 2 −59.57 123.56 0.12 0.21 

Temperature + Year 3 −58.53 123.91 0.48 0.18 

Temperature + Year 5 −55.86 124.03 0.60 0.17 

Fat mass 

Precipitation + Temperature + Year 4 −50.14 109.77 0.00 0.59 

Swainson's Thrush 

Lean mass 

Precipitation + Temperature + Year 4 −41.22 92.19 0.00 0.67 

Temperature 3 −43.63 93.98 1.79 0.27 

Fat mass 

Year 2 −38.41 81.31 0.00 0.56 

Veery 

Lean mass 

Year 2 −38.32 81.25 0.00 0.31 

Null 4 −35.79 81.79 0.55 0.24 

Temperature + Year 3 −37.40 82.05 0.81 0.21 

Fat mass 

Year 2 −37.20 79.00 0.00 0.34 

Null 4 −34.75 79.72 0.72 0.24 

Temperature + Year 3 −36.52 80.30 1.31 0.18 
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Table 6.Relative importance (∑wi) of predictor variables in Akaike information criterion 

models for ten focal species during spring migration.  

 

 Year Temperature Precipitation 

Blue Grosbeak 

Lean mass 0.59 0.22 0.74 

Fat mass 1.00 0.21 0.27 

Hooded Warbler 

Lean mass 0.99 0.38 0.21 

Fat mass 0.08 0.22 0.94 

Indigo Bunting 

Lean mass 0.79 0.27 0.29 

Fat mass 0.58 0.38 0.28 

Ovenbird 

Lean mass 0.09 0.24 0.24 

Fat mass 0.09 0.39 0.28 

Wood Thrush 

Lean mass 0.91 0.23 0.23 

Fat mass 0.12 0.62 0.99 

Summer Tanager 

Lean mass 0.12 0.24 0.81 

Fat mass 0.10 0.23 0.23 

Northern Waterthrush 

Lean mass 0.78 0.90 0.23 

Fat mass 0.20 0.98 0.41 

Red-eyed Vireo 

Lean mass 0.49 0.43 0.21 

Fat mass 0.20 0.91 0.80 

Swainson’s Thrush 

Lean mass 0.05 0.99 0.71 
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Fat mass 0.07 0.22 0.23 

Veery 

Lean mass 0.34 0.31 0.19 

Fat mass 0.34 0.28 0.19 
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CHAPTER 3 

 

HUMIDITY EXPERIENCED DURING LONG-DISTANCE FLIGHT HAS MIXED EFFECTS ON 

ARRIVAL BODY CONDITION OF MIGRATING SONGBIRDS 

 

3.1 Abstract 

During long migratory flights, birds use fat deposits for energy, but they also burn 

lean tissue resulting in significant reductions in muscle and organ masses which can impose 

physiological limitations that prolong stopover, increasing total migration time. In wind-

tunnel experiments, hotter or drier conditions lead to greater depletion of lean mass in 

flying birds. Therefore, warming temperatures experienced during flight may directly 

impact fuel use, and thus body condition at stopover, migration rate, and ultimately 

breeding success of migratory songbirds. Here we test the hypothesis that higher 

temperatures and/or drier conditions during over-water flight by spring migrants will 

result in reduced lean mass upon arrival to the Northern Gulf coast. We used quantitative 

magnetic resonance body composition analysis to accurately and non-invasively measure 

body condition of spring migrants on arrival after a trans-Gulf flight. We tested for a 

relationship with weather conditions aloft over the Caribbean Sea during the night prior to 

arrival and multiple measures of body condition. We found evidence that lower arrival lean 

mass was linked to drier conditions over the Caribbean Sea in Northern Waterthrush and 

Hooded Warbler, and to hotter overnight temperatures in Red-eyed Vireo in the 24h prior 

to first capture. These results support the hypothesis that environmental conditions, 

especially those that could lead to high rates of evaporative water loss, such as lower 

humidity or increase temperatures, influences lean body mass of long-distance migratory 
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songbirds in the wild. Our findings suggest that any positive effect on migration from 

increased wind assistance may be offset by the negative influence of hotter or drier 

conditions on lean and fat masses, especially since reduced body condition on arrival 

prolongs stopover. 

 

3.2 Introduction 

Migratory flights are fueled primarily by fat, but the lean mas that is comprised of 

muscles and organs has been shown to be significantly reduced after long duration flight  in 

shorebirds (Battley et al. 2000; Lindström et al. 2000) and songbirds (Biebach 1998; 

Klaassen 2000; Bauchinger et al. 2011). Lean mass reduction can account for up to 50% of 

total mass loss during migratory flight, despite the persistence of unused fat reserves 

(Salewski et al. 2009; Gerson and Guglielmo 2013). Lean mass is comprised of muscles and 

organs and is therefore slow to rebuild and must occur prior to fat deposition (Carpenter et 

al. 1993; Karasov and Pinshow 1998). Therefore, lean mass loss during flight may impact 

subsequent stopover duration, and ultimately impact migratory success. 

Environmental conditions experienced during flight may influence fuel use and body 

condition of actively migrating birds. ‘El Niño’ (warm state) years have been associated with 

spring migrants arriving in reduced energetic condition to the Gulf of Mexico (Paxton et al. 

2014) and drought conditions can prolong stopover (Tøttrup et al. 2012). In wind-tunnel 

experiments, birds flying in hotter or drier conditions show greater rates of lean mass loss 

(Gerson and Guglielmo 2011b; Groom et al. 2019; Gerson et al. 2020). Since protein 

catabolism yields more total endogenous water (bound and metabolic water), it has been 

proposed that increased protein breakdown during non-stop long duration flight can help 
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maintain water balance. Indeed, water restriction increases the loss of lean mass and limits 

rates of lean mass gain in songbirds (Gerson and Guglielmo 2011a; Mizrahy et al. 2011).  

Climate change models predict higher temperatures and increasingly unpredictable 

weather patterns in the Gulf of Mexico region, which may represent additional physiological 

challenges to long-distance migratory flights. However, causal links between environmental 

conditions, individual body condition (particularly lean mass), and migratory performance 

have not been investigated in wild migratory birds and represent an important and 

significant gap in our knowledge of migration and stopover ecology. Given that water loss 

increases lean mass loss in controlled wind tunnel experiments, we sought to test for these 

relationships with free-living migratory birds. To achieve this, we used quantitative 

magnetic resonance body composition analysis to measure arrival lean mass and fat mass of 

birds that had just completed a >1000 km flight across the Gulf of Mexico during spring 

migration, and we tested how temperature, humidity, wind speed and direction 

encountered during flight impact arrival body condition of songbirds. We predict that 

higher temperatures and/or lower humidity experienced during flight by long-distance 

Nearctic-Neotropical migrants in spring will result in reduced lean mass upon arrival in the 

Northern Gulf of Mexico coast (Gerson and Guglielmo 2011b; Groom et al. 2019; Gerson et 

al. 2020). We predict that headwinds and/or crosswinds experienced during flight will 

result in reduced lean mass upon arrival in the Northern Gulf of Mexico coast (Liechti 2006; 

La Sorte et al. 2019). 

 

3.3 Methods 
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3.3.1 Study site 

 The Gulf of Mexico is a conspicuous obstacle in the Nearctic-Neotropical migratory 

system, which at > 900 km wide, can take on average 22 hours of non-stop flight to cross 

(Deppe et al. 2015). Barrier islands off the northern coast of the Gulf of Mexico provide the 

opportunity to study migrating birds on first landfall; since spring stopover duration is very 

short on barrier islands (Kuenzi et al. 1991), there is a greater likelihood that birds on first 

capture have just completed a trans-Gulf migration.  

The study was conducted on the northeastern Gulf of Mexico, on St. George 

Island, Florida (29.672679, -84.841423), on the Apalachicola National Estuarine 

Research Reserve and adjacent private property. St. George Island is a narrow 33 km 

long barrier island located on the southern edge of Apalachicola Bay, approximately 7 

km from the mainland, where many migrant birds crossing the Gulf of Mexico make their 

first landfall (Lester et al., 2016; Gutierrez Ramirez et al., 2021). The vegetation on St. 

George Island consists of a narrow band of beaches and low-lying sand dunes that grade 

into mixed woodland grass, palmetto, and bayside marshes, with coastal pine forest on 

the sound side of the island (Edmiston, 2008).  

 

3.3.2 Bird capture and measurements 

This research was designed following the Ornithological Council Guidelines to the Use 

of Wild Birds in Research (Fair et al. 2010) and all animal related procedures were approved 

by the University of Massachusetts Amherst IACUC (2015-0019). Wild birds were caught with 

the approval of the US Bird Banding Laboratory (permit 23979) and the Florida Fish and 

Wildlife Conservation Commission (LSSC-16-00033).  
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We operated a constant-effort mist-netting station from 6 April to 6 May 2016, 1 

April to 12 May 2017, and 2 April to 6 May 2018 consisting of ten to sixteen mist-nets (6 

and 12 m length x 2.6 m height and 38-mm mesh). Mist-nets were opened daily at sunrise 

and closed at ~12:00 EST, unless rain or steady winds (>10 mph) prevented safe operation. 

In 2017 and 2018, mist-nets were also opened in the evening (~16:00 EST) and closed prior 

to sunset. Total effort was 1594 net/hours in 2016, 2618 net/hours in 2017, and 1954 

net/hours in 2018. Nets were checked every 10 minutes.  

All captured birds were identified to species and banded with an individually-

numbered U.S. Geological Survey aluminum band. Birds were aged and sexed when 

possible, as second year or after second year (Pyle, 1997). We measured body mass, 

unflattened wing chord, tail length, tarsus, nares to tip, exposed culmen, bill width, and 

sternum length. We visually scored fat on a 9-point scale (Kaiser, 1993) and pectoral 

muscle on a 4-point scale (Bairlein, 1995). Quantitative magnetic resonance (QMR) is a 

non-lethal, non-invasive technique for measuring lean, lipid, and water mass (Guglielmo 

et al., 2011) that can be used under field conditions. We measured fat mass, lean mass, 

and total water in grams using a QMR body composition analyzer (EchoMRI-B, Echo 

Medical Systems, Houston, USA) in the field, with a total scanning time of up to 180 

seconds (Guglielmo et al. 2011; Seewagen and Guglielmo 2011; Kennedy et al. 2017). 

The QMR was calibrated every morning using 1.0 g, 5.02 g, and 15.0 g of canola oil 

standards and was plugged into a stable power source with a signal stabilizer. Birds were 

scanned in duplicate or triplicate at 3 accumulations, to achieve a CV under 15%. All 

birds were scanned in the QMR upon initial capture.  

 



 

 48 

3.3.3 Focal species 

We selected focal species that do not breed or overwinter at the stopover site and 

have >15 or more captures over the 3 years. The purpose of this selection criteria is to 

evaluate birds that use St. George Island exclusively as a spring stopover site after a likely 

migratory flight. The 11 focal species selected for this study were: Blue Grosbeak (Passerina 

caerulea, n = 40), Indigo Bunting (Passerina cyanea, n = 53), Summer Tanager (Piranga 

rubra, n = 27), Hooded Warbler (Setophaga citrina, n = 28), Northern Waterthrush (Parkesia 

noveboracensis, n = 52), Ovenbird (Seiurus aurocapilla, n = 49), Red-eyed Vireo (Vireo 

olivaceus, n = 32), Swainson’s Thrush (Catharus ustulatus, n = 28), Veery (Catharus 

fuscescens, n = 23), Gray-cheeked Thrush (Catharus minimus, n = 17), and Wood Thrush 

(Hylocichla mustelina, n = 37).  

 

3.3.4 Weather data aloft 

Stopover density of migrating birds in the eastern Gulf of Mexico are directly 

affected by winds weather patterns encountered during flight (Clipp et al. 2020), including 

over the Caribbean Sea (Clipp et al. 2021). It has been previously suggested that migrant 

birds on stopover in the panhandle of Florida arrive via a trans-Caribbean route (Lafleur et 

al. 2016) and tracking studies indicate direct flights from South America to the northern 

Gulf of Mexico, crossing the Caribbean Sea (Heckscher et al. 2011; Gómez et al. 2017). 

Nearctic-Neotropical migrants can be on the wing between 15 and 35 hours while they 

cross the Gulf of Mexico (Deppe et al. 2015). Altitude during migrations is highly variable 

and the greatest density occurs at 1,000 m above sea level, though flights can reach up to 

4,000 m above sea level (Sjöberg et al. 2018; La Sorte et al. 2019; Lindström et al. 2021). 

Therefore, we retrieved data from the NOAA National Centers for Environmental Prediction 
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using the RNCEP package (Kemp et al. 2012) for the Caribbean Sea at 850 millibar 

(equivalent to 1,500 m above sea level). We obtained the temperature, specific humidity, V-

wind, and U-wind averaged across the Sea. NCEP Reanalysis data provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA. 

3.3.5 Data analyses 

To examine variation in arrival lean mass in the northern Gulf of Mexico, we 

constructed generalized linear models with a Gaussian distribution. For each focal 

species, we analyzed arrival lean mass using an information theoretic approach to 

determine which environmental variables influence arrival body composition. To validate 

our approach, we also constructed a separate model set with arrival fat mas as the 

response variable. We constructed candidate model sets containing all combinations of 

average temperature (degrees Celsius), specific humidity (kg/kg), U-wind component 

(m/s), and V-wind component (m/s) measured at 850 mb at two timeframes: (1) overnight 

prior to arrival (between 00:00 and 12:00 UTC) and (2) day prior to arrival. We included 

Julian day to account for migration timing and sex to account for variation in size; we 

used wing chord to control for body size for species where we had incomplete sex 

information for each individual (Red-eyed Vireo, Ovenbird, Veery, and Wood Thrush). 

Model candidate sets were generated separately for each species and timeframe. We 

calculated AIC corrected for small sample sizes (AICc), used differences in AICc to rank 

candidate models, and selected models with ΔAICc < 2 as top supported models. We then 

calculated the relative importance of each variable by summing the Akaike weights (wi) 

across all top models in which a variable occurred (Burnham and Anderson 2002). We 

used model averaging when more than one top model was supported and if the ‘best’ 
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model had a weight <0.9. We provide average estimates and the corresponding 95% 

confidence intervals of explanatory variables in the averaged model; we interpreted a 

variable as having a significant effect if the 95% confidence interval did not overlap one. 

We used R package ‘MuMIN’ (Barton 2020) for model selection and model-averaging. 

All analyses were conducted with the program R version 4.0.1 (R Core Team, 2019).  

 

3.4 Results 

We found support for the hypothesis that weather experienced during migratory 

flight influences arrival lean mass in some migratory songbirds (Table B1 and Table B2). 

Model selection of weather variables suggested sex and humidity were the most important 

variables influencing arrival lean mass (Table 7), and U-wind most strongly influenced 

arrival fat mass (Table 8).  

For most of the species examined, we found no influence of weather on arrival lean 

mass. However, we found strong support that lower relative humidity over the Caribbean 

Sea is associated with lower arrival lean mass in Northern Waterthrush and Hooded 

Warbler, and that higher temperature over the Caribbean Sea is associated with lower 

arrival lean mass in Red-eyed Vireo. Arrival lean mass increased between 0.2g - 0.9g for 

Northern Waterthrush and 0.04g - 0.5g for Hooded Warbler with every unit increase in 

overnight specific humidity over the Caribbean Sea; and arrival lean mass decreased 0.1 - 

0.87 g for Red-eyed Vireo for every degree increase in overnight ambient temperature over 

the Caribbean Sea. But, contrary to our prediction, we found decreased arrival lean mass 

associated with higher humidity for Blue Grosbeak (Table 9).  
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Winds from the south (tailwinds) overnight over the Caribbean Sea had a positive 

effect on arrival lean mass for Red-eyed Vireos. Eastward winds over the Caribbean Sea had 

a negative effect on arrival lean mass for Indigo Bunting.  

We used the same modelling approach to examine arrival fat mass in all focal 

species and found that lean mass and fat mass were influenced by different environmental 

factors. Arrival fat mass was negatively associated with eastward winds for Indigo Bunting, 

Ovenbird, and Red-eyed Vireo, and positively associated in Blue Grosbeak and Wood 

Thrush. Higher temperatures were negatively associated with arrival fat mass for Blue 

Grosbeak, Summer Tanager, and Wood Thrush (Table 10). Temperatures ranged from 

14.4 °C to 19.1°C. Specific humidity ranged from 0.00716 kg/kg to 0.01151 kg/kg.  

 

3.5 Discussion 

In this study we link environmental conditions experienced during over-water flight with 

multiple components of body composition in actively migrating songbirds. The relationship 

between lean mass and weather varied among species and may be driven by migration 

distance, route, or complex weather interactions. While we expected a decrease in arrival 

lean mass associated with drier conditions in flight, as we found in Northern Waterthrush 

and Hooded Warbler, we did not expect to find the opposite relationship in Blue Grosbeak. 

The exact weather conditions birds experienced during migratory flight are 

unknown and we used our best approximation to relate arrival body condition to a likely 

route and time used. Weather variables at different altitudes and from one day to the next 

can be highly correlated, so we expect that using weather data for a different altitude would 

yield similar results. However, birds will shift altitude during migration to compensate for 

undesirable conditions (Liechti 2006; Dokter et al. 2013; Lindström et al. 2021) or to take 
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advantage of favorable tailwinds (Schmaljohann et al. 2009). We recognize that using the 

mean values of the weather over such a large expanse (the Caribbean Sea) does not capture 

the variability of these conditions or the sustained exposure to extreme values, which may 

be more influential especially in the case of dehydration or water stress. Nevertheless, 

despite these potentially unaccounted for sources of uncertainty and variability, we were 

still able to detect influences of weather experienced during flight on the condition of 

migrants upon arrival, suggesting perhaps that our assessment of these influences is in fact 

conservative. 

Flight at higher altitude accompanies increases in water loss (Klaassen 1996); in 

autumn crossings of the Sahara desert it has been reported that birds will prioritize energy 

savings provided by wind assistance at lower altitudes at the expense of water balance by 

exposing themselves to higher ambient temperatures (Schmaljohann et al. 2009). Wind 

assistance is known to be an important determinant of stopover density, initiation of 

migration, migration speed, and body condition on arrival (Gauthreaux et al. 2006; Deppe et 

al. 2015; Lafleur et al. 2016; Clipp et al. 2021), and we confirm that wind is an important 

driver of both arrival fat mass and lean mass for many species. However, few studies have 

linked temperature or humidity experienced aloft and arrival body condition, and none to 

our knowledge have looked at the link with non-fat components. We show that humidity 

and temperature directly influence the fuel mixture in flight of migratory birds in the wild 

during long duration flight, as has been well documented in wind tunnel studies (Gerson 

and Guglielmo 2011b; Groom et al. 2019; Gerson et al. 2020).  

Long duration flights in wind tunnels with controlled environmental conditions 

show an increase in the rate of lean mass loss and lower ambient humidity, independent of 

flight duration or metabolic state (Gerson and Guglielmo 2011b; Groom et al. 2019; Gerson 

et al. 2020). Using a wind tunnel specifically designed for long duration flight in migratory 
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birds with precise climate control, these captive studies allow precise control of 

temperature and humidity, consistently finding that low humidity (13% at 18C) leads to 

increases in lean body mass loss in multiple species. In the present study, humidity 

experienced aloft was only as low as RH 50% at 17.5C, much higher than in the controlled 

flight experiments. Even so, we were able to detect positive relationship between humidity 

and arrival lean mass in two species.  

We do not know the time or place of migratory departure before arriving at our 

capture site in the northern Gulf of Mexico, nor is it known how long birds have been on the 

wing. However, given the known migratory routes of the species investigated, we are 

confident they have just completed a trans-Gulf flight.  Since the focal species of this study 

are nocturnal migrants, we assume they have been flying non-stop since sunset the day 

prior to capture (at least 10-12 hours) and are water-restricted in flight since they cannot 

stop and drink when over open water. Indeed, evidence confirms many migrants arriving in 

the northern Gulf of Mexico are water depleted (Leberg et al. 1996). Wind tunnel studies 

have consistently demonstrated that most loss of lean mass occurs early in flight (Gerson 

and Guglielmo 2013; Guglielmo et al. 2017), and therefore the environmental conditions 

experienced at the onset of flight may have the greatest impact on arrival lean body mass, 

and higher resolution weather data in conjunction with tracking studies and body 

composition analysis may aid in further investigation of this phenomenon. Weather 

conditions over the Caribbean Sea had an influence on arrival lean mass, this can be 

particularly significant for birds that make direct non-stop flights departing from northern 

South America (Cano et al. 2020).  

We found strong support that arrival lean mass was negatively associated with 

higher temperatures over the Caribbean Sea and positively associated with southerly winds 

in Red-eyed Vireo. Temperature and N/S-winds over the Caribbean Sea are positively 
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correlated; indeed, predicted increases in temperature are projected to increase the 

frequency and intensity of wind assistance (tailwinds) during spring which would have a 

positive effect on migratory efficiency (La Sorte et al. 2019). However, our findings suggest 

that any positive effect on migration from increased wind assistance may be offset by the 

negative influence of hotter or drier conditions on lean and fat masses, especially since 

reduced body condition on arrival prolongs stopover (Goymann et al. 2010). During 

stopover, birds must first rebuild any non-fat components consumed during flight before 

they are able to accumulate fat (Carpenter et al. 1993; Gannes 2002), which may 

consequently increase the time required for stopover. In a separate study, we show that 

Northern Waterthrush with lower arrival lean mass do have prolonged stopover duration, 

representing a potential causal link between weather during migration, body condition, and 

consequent stopover behavior that may influence overall migratory success. 

We unexpectedly found that hotter and drier conditions led to greater arrival lean 

mass and lower arrival fat mass in Blue Grosbeak. This unanticipated finding suggests 

differential metabolic responses to weather during migratory flights among species, 

possibly compounded by diet or migratory strategy. Omnivorous birds catabolize more 

lipids and less fat during migratory flights than insectivorous birds, which indicates 

different fuel-use strategies based on diet (Gannes 2001). The Blue Grosbeak is an 

opportunistic feeder eating a variety of insects and seeds (Lowther and Ingold 2020), in 

contrast with the strictly insectivorous Northern Waterthrush and Hooded Warbler (Chiver 

et al. 2020; Whitaker and Eaton 2020) that exhibited the expected relationship between 

lean mass and weather. If there are differential metabolic responses to weather during 

migratory flights, then differential responses to climate and climate change are also 

possible. As such, understanding species‐specific effects of climate on migratory physiology 

will provide unique insights into how these effects shape stopover decisions and overall 
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migratory success. These results have implications for understanding how events during 

active flight may influence subsequent migratory stopover and performance.  
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Table 7. Relative variable importance based on sum of Akaike weights (∑wi) of predictor 

variables for arrival lean mass in top-ranked models presented in Table B.1. Covariates with 

relative importance values ≥0.5 are in bold. 

 
 Day U-wind V-wind Humidity Temperature Sex / Wing 

Overnight weather 

N. Waterthrush 0.06 0.09 0.40 0.51 0.20 0.51 

GC Thrush* - - - - - 1.0 

Veery 0.184 - - - - - 

Red-eyed Vireo - 0.073 0.242 - 0.242 0.242 

Swainson’s Thrush 0.16 - 0.33 0.08 - 0.53 

Indigo Bunting 0.47 0.40 0.09 0.06 - 0.07 

Ovenbird - 0.194 0.199 0.034 0.069 0.098 

Summer Tanager - 0.08 0.49 0.09 0.09 - 

Wood Thrush 0.42 - 0.07 0.11 0.07 - 

Blue Grosbeak - 0.17 0.13 0.58 0.58 0.58 

Hooded Warbler 0.55 0.18 - 0.29 - 0.28 

24 hours prior to arrival  

N. Waterthrush 0.11 0.13 0.60 0.60 0.10 0.60 

GC Thrush* - - - - - 1.0 

Veery 0.183 - - - - - 

Red-eyed Vireo 0.157 - 0.261 - 0.213 0.273 

Swainson’s Thrush 0.16 - 0.23 - - 0.47 

Indigo Bunting 0.38 0.38 0.10 - - 0.09 

Ovenbird - 0.167 0.157 - 0.075 0.069 

Summer Tanager - - 0.43 0.09 0.12 - 

Wood Thrush 0.40 - 0.07 0.11 0.07 - 

Blue Grosbeak - 0.19 0.14 0.58 0.58 0.58 

Hooded Warbler 0.57 0.13 - 0.31 - 0.30 

*Only one model met the selection criterion, so we performed no averaging. Variables present in the 

single model.  
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Table 8. Relative variable importance based on sum of Akaike weights (∑wi) of predictor 

variables for arrival fat mass in top-ranked models presented in Table B.2. Covariates with 

relative importance values ≥0.5 are in bold. 

 
 Day U-wind V-wind Humidity Temperature Sex/Wing 

Overnight weather 

N. Waterthrush 0.06 0.04 0.26 0.33  0.14 

GC Thrush 0.07 0.116 - - 0.203 0.224 

Veery 0.38 - 0.08 0.14 - - 

Red-eyed Vireo - 0.40 0.32 0.06 - 0.09 

Swainson’s Thrush - - 0.148 - 0.064 - 

Indigo Bunting 0.28 0.36 - - - 0.10 

Ovenbird 0.08 0.48 0.24 - 0.48 0.07 

Summer Tanager* - - - - 1.0 - 

Wood Thrush 0.35 0.25 - - 0.35 - 

Blue Grosbeak - 0.39 0.18 0.46 0.46 - 

Hooded Warbler 0.174 0.05 0.043 0.046 - 0.170 

24 hours prior to arrival  

N. Waterthrush 0.08 0.11 0.26 0.36 - 0.13 

GC Thrush 0.094 0.209 - - 0.137 0.225 

Veery 0.38 - 0.07 0.14 - - 

Red-eyed Vireo - 0.47 0.41 0.06 0.07 0.10 

Swainson’s Thrush - - 0.17 - - - 

Indigo Bunting 0.34 0.51 0.06 0.06 - 0.17 

Ovenbird 0.19 0.59 0.22 0.09 0.59 - 

Summer Tanager* - - - - 1.0 - 

Wood Thrush 0.33 0.23 - - 0.33 - 

Blue Grosbeak - 0.21 0.13 0.44 0.39 - 

Hooded Warbler 0.173 0.053 - 0.047 - 0.169 
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Table 9. Average model estimates and 95% confidence intervals (CIs) of parameters included in the top-ranked models predicting arrival 

lean mass using weather over the Caribbean Sea (overnight and 24 hours prior to arrival) presented in Table B.1. P-values < 0.05 are 

given in bold font. 

 
Overnight (Intercept) Day Wing or 

Sex (M) 

Temp Humidity U-wind V-wind 

Northern Waterthrush 0 

0.00, 0.00 

0.10 

-0.15, 0.34 

0.29 

0.04, 0.53 

-0.22 

-0.50, 0.06 

0.54 

0.19, 0.89 

-0.13 

-0.37, 0.11 

-0.35 

-0.69, 0.01 

Gray-cheeked Thrush* 0 

0.00, 0.00 

0.02 

0.0, 0.05 

2.9 

1.3, 4.4 

-2.3 

-5.3, 0.64 

3.2 

-3.0, 9.3 

0.90 

-0.10, 1.9 

-0.60 

-2.7, 1.5 

Hooded Warbler 0 

0.00, 0.00 

0.70 

0.42, 1.0 

0.26 

-0.03, 0.54 

 
0.28 

0.01, 0.54 

-0.24 

-0.50, 0.03 

 

Indigo Bunting 0 

0.00, 0.00 

0.37 

0.11, 0.63 

0.11 

-0.18, 0.40 

 
-0.09 

-0.36, 0.18 

-0.26 

-0.53, 0.01 

-0.13 

-0.39, 0.13 

Blue Grosbeak 0 

0.00, 0.00 

 
0.57 

0.30, 0.85 

0.58 

0.15, 1.0 

-0.75 

-1.2, -0.29 

-0.17 

-0.44, 0.10 

0.25 

-0.23, 0.74 

Ovenbird 0 

0.00, 0.00 

 
0.12 

-0.18, 0.41 

0.13 

-0.18, 0.44 

-0.15 

-0.50, 0.21 

-0.21 

-0.51, 0.09 

0.23 

-0.08, 0.54 

Red-eyed Vireo 0 

0.00, 0.00 

 
0.34 

0.02, 0.66 

-0.47 

-0.87, -

0.06 

 
-0.17 

-0.50, 0.15 

0.67 

0.27, 1.1 

Summer Tanager 0 

0.00, 0.00 

  
0.19 

-0.22, 0.60 

0.17 

-0.23, 0.56 

0.15 

-0.22, 0.52 

-0.50 

-0.88, -0.11 

Swainson's Thrush 0 

0.00, 0.00 

0.20 

-0.14, 0.54 

0.54 

0.20, 0.87 

 
-0.20 

-0.55, 0.15 

 
0.29 

-0.05, 0.63 

Veery 0 

0.00, 0.00 

-0.42 

-0.84, -0.01 

     

Wood Thrush 0 

0.00, 0.00 

0.46 

0.12, 0.80 

 
-0.12 

-0.42, 0.18 

-0.22 

-0.56, 0.13 

 
-0.16 

-0.50, 0.19 

24 hr prior (Intercept) Day Wing or 

Sex (M) 

Temp Humidity U-wind V-wind 
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Northern Waterthrush 0 

0.00, 0.00 

0.1 

-0.13, 0.34 

0.28 

0.05, 0.51 

-0.11 

-0.39, 0.16 

0.69 

0.37, 1.1 

-0.12 

-0.35, 0.11 

-0.49 

-0.83, -0.16 

Gray-cheeked Thrush 0 

0.00, 0.00 

0.02 

0.01, 0.04 

3.0 

1.6, 4.4 

-1.6 

-3.9, 0.70 

3.3 

-1.4, 8.0 

0.73 

-0.03, 1.4 

-0.75 

-2.5, 1.0 

Hooded Warbler 0 

0.00, 0.00 

0.70 

0.42, 1.0 

0.24 

-0.05, 0.53 

 0.27 

0.00, 0.54 

-0.21 

-0.48, 0.05 

 

Indigo Bunting 0 

0.00, 0.00 

0.39 

0.13, 0.64 

0.13 

-0.16, 0.42 

 
 

-0.30 

-0.57, -0.03 

-0.13 

-0.38, 0.13 

Blue Grosbeak 0 

0.00, 0.00 

 
0.58 

0.31, 0.85 

0.56 

0.15, 1.0 

-0.71 

-1.2, -0.27 

-0.19 

-0.46, 0.08 

0.28 

-0.19, 0.74 

Ovenbird 0 

0.00, 0.00 

 
0.12 

-0.18, 0.42 

0.13 

-0.17, 0.44 

 
-0.21 

-0.51, 0.09 

0.2 

-0.09, 0.49 

Red-eyed Vireo 0 

0.00, 0.00 

0.31 

-0.09, 0.71 

0.36 

0.01, 0.70 

-0.42 

-0.86, 0.02 

  
0.54 

0.03, 1.1 

Summer Tanager 0 

0.00, 0.00 

 
 0.23 

-0.19, 0.65 

0.17 

-0.24, 0.57 

 
-0.51 

-0.91, -0.11 

Swainson's Thrush 0 

0.00, 0.00 

0.20 

-0.14, 0.54 

0.53 

0.19, 0.87 

 
  

0.26 

-0.07, 0.60 

Veery 0 

0.00, 0.00 

-0.42 

-0.84, -0.01 

  
   

Wood Thrush 0 

0.00, 0.00 

0.45 

0.11, 0.80 

 -0.14 

-0.44, 0.17 

-0.23 

-0.58, 0.12 

 
-0.15 

-0.48, 0.18 

*Only one model met the selection criterion, so we performed no averaging but provide estimates and 95% confidence intervals of the single model. 
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Table 10. Average model estimates and 95% confidence intervals (CIs) of parameters included in the top-ranked models predicting 

arrival fat mass using weather over the Caribbean Sea (overnight and 24 hours prior to arrival) presented in Table B.2. P-values < 0.05 are 

given in bold font. 

 

Overnight (Intercept) Day Sex (M) or 

Wing 

Temp Humidity U-wind V-wind 

Northern Waterthrush 0 

0.00, 0.00 

0.16 

-0.11, 0.44 

0.20 

-0.08, 0.48 

 
0.41 

0.02, 0.81 

-0.13 

-0.41, 0.14 

-0.35 

-0.71, 0.01 

Gray-cheeked Thrush 0 

0.00, 0.00 

-0.77 

-1.6, 0.03 

0.39 

-0.10, 0.89 

-0.42 

-0.91, 0.08 

 
-0.67 

-1.6, 0.23 

 

Hooded Warbler 0 

0.00, 0.00 

-0.34 

-0.77, 0.08 

0.34 

-0.09, 0.77 

 
-0.20 

-0.59, 0.20 

0.21 

-0.18, 0.61 

 

Indigo Bunting 0 

0.00, 0.00 

-0.23 

-0.48, 0.02 

0.15 

-0.13, 0.43 

  
-0.45 

-0.71, -0.19 

 

Blue Grosbeak 0 

0.00, 0.00 

  
-0.41 

-0.73, -0.09 

-0.64 

-1.0, -0.23 

0.23 

0.02, 0.43 

0.27 

-0.10, 0.64 

Ovenbird 0 

0.00, 0.00 

-0.14 

-0.42, 0.14 

0.11 

-0.17, 0.39 

0.48 

0.09, 0.87 

 
-0.42 

-0.74, -0.10 

-0.29 

-0.66, 0.07 

Red-eyed Vireo 0 

0.00, 0.00 

 
0.18 

-0.12, 0.48 

 
-0.16 

-0.52, 0.20 

-0.56 

-0.86, -0.25 

0.31 

-0.01, 0.63 

Summer Tanager* 0 

0.00, 0.00 

 
0.17 

-0.20, 0.55 

-0.43 

-0.80, -0.05 

   

Swainson's Thrush 0 

0.00, 0.00 

  
0.25 

-0.13, 0.64 

  
0.35 

-0.03, 0.72 

Veery 0 

0.00, 0.00 

-0.64 

-1.3, 0.08 

  
-0.57 

-1.3, 0.18 

 
-0.24 

-0.67, 0.20 

Wood Thrush 0 

0.00, 0.00 

0.38 

0.10, 0.66 

 
-0.52 

-0.81, -0.22 

 
0.3 

0.01, 0.58 

 

24 h prior (Intercept) Day Sex (M) or 

Wing 

Temp Humidity U-wind V-wind 
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Northern Waterthrush 0 

0.00, 0.00 

0.16 

-0.12, 0.44 

0.21 

-0.08, 0.49 

 
0.39 

-0.02, 0.81 

-0.17 

-0.44, 0.10 

-0.36 

-0.73, 0.02 

Gray-cheeked Thrush 0 

0.00, 0.00 

-0.71 

-1.4, 0.03 

0.40 

-0.10, 0.9 

-0.35 

-0.86, 0.16 

 
-0.56 

-1.4, 0.25 

 

Hooded Warbler 0 

0.00, 0.00 

-0.34 

-0.77, 0.08 

0.34 

-0.09, 0.77 

 
-0.2 

-0.60, 0.19 

0.22 

-0.17, 0.62 

 

Indigo Bunting 0 

0.00, 0.00 

-0.21 

-0.46, 0.03 

0.17 

-0.10, 0.45 

 
0.09 

-0.17, 0.35 

-0.48 

-0.75, -0.21 

0.09 

-0.16, 0.34 

Blue Grosbeak 0 

0.00, 0.00 

  
-0.33 

-0.64, -0.02 

-0.65 

-1.0, -0.28 

0.18 

-0.04, 0.40 

0.2 

-0.19, 0.59 

Ovenbird 0 

0.00, 0.00 

-0.17 

-0.44, 0.11 

 
0.47 

0.13, 0.82 

-0.15 

-0.43, 0.14 

-0.45 

-0.74, -0.15 

-0.24 

-0.59, 0.12 

Red-eyed Vireo 0 

0.00, 0.00 

 
0.19 

-0.11, 0.49 

-0.18 

-0.60, 0.23 

-0.16 

-0.53, 0.22 

-0.54 

-0.85, -0.23 

0.35 

0.01, 0.68 

Summer Tanager* 0 

0.00, 0.00 

 
0.2 

-0.18, 0.57 

-0.42 

-0.79, -0.04 

   

Swainson's Thrush 0 

0.00, 0.00 

     
0.35 

-0.03, 0.73 

Veery 0 

0.00, 0.00 

-0.62 

-1.3, 0.08 

  
-0.54 

-1.3, 0.20 

 
-0.21 

-0.65, 0.23 

Wood Thrush 0 

0.00, 0.00 

0.38 

0.09, 0.66 

 
-0.49 

-0.81, -0.18 

 
0.3 

0.00, 0.60 

 

*Only one model met the selection criterion, so we performed no averaging but provide estimates and 95% confidence intervals of the single model. 
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CHAPTER 4 

 

DEPLETED LEAN BODY MASS AFTER CROSSING AN ECOLOGICAL BARRIER 

DIFFERENTIALLY AFFECTS STOPOVER DURATION AND REFUELING RATE AMONG 

SPECIES OF LONG-DISTANCE MIGRATORY BIRDS 

4.1 Abstract 

During the long-distance migratory flights of songbirds, lean mass breakdown 

occurs in concert with fat catabolism and is expected to have repercussions on total 

stopover duration due to the time required to rebuild lean tissue before accumulating fat 

reserves. Despite this, little is known about the role of arrival lean mass on stopover 

duration because direct measurements of body composition components of free-living birds 

have been limited by the availability of non-destructive techniques. We used non-invasive 

quantitative magnetic resonance (QMR) technology to assess the body composition of free-

living songbirds captured at a migratory stopover site after flight across an ecological 

barrier, and an automated radiotelemetry array covering ~5000 km2 to track stopover 

duration and regional movements. We tested whether stopover duration is prolonged in 

individuals arriving with lower lean mass and investigated how arrival lean mass affects 

departure timing and regional movements. Low lean mass at arrival prolonged stopover 

duration for Northern Waterthrush (Parkesia noveboracensis), but this relationship was not 

apparent in Swainson’s Thrush (Catharus ustulatus), Gray-cheeked Thrush (Catharus 

minimus), or Yellow-billed Cuckoo (Coccyzus americanus), even though these species also 

arrived with depleted lean mass. We show that long-distance migratory songbirds may 

mitigate depleted lean body mass at arrival through varying species-specific strategies, such 

as increasing refueling rate by increasing protein consumption. Alternatively, birds may 
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continue migration in sub-optimal body condition, or may be able to rebuild lean mass 

rapidly regardless of diet, thus not incurring a time-cost. Our results highlight the 

importance of considering body condition measurements within the context of other 

pressures that may constrain migration phenology, distance, or route.  

 

4.2 Introduction 

Optimal migration theory provides a framework for understanding the drivers and 

pressures faced by migratory birds, particularly the balance between time, energy, and 

predation risk (Alerstam and Lindström 1990; Alerstam 2011). During spring, most 

migratory birds will adopt a time-minimizing strategy (Nilsson et al. 2013), decreasing the 

time spent on stopover by increasing fuel deposition rate (Lindström et al. 2019). These 

factors are especially important when negotiating ecological barriers – such as the Sahara 

Desert or the Gulf of Mexico. Consequently, prior to embarking on non-stop long-distance 

flights, birds increase both fat mass (Marsh 1983; Bayly et al. 2013; Gómez et al. 2017) and 

muscle mass (Marsh 1984; Piersma 1990). After a non-stop flight across an ecological 

barrier, birds will land with depleted fat reserves having used it to fuel their migratory 

flight. The importance of fat during migration has been extensively studied (reviewed in 

Ramenofsky 1990; Guglielmo 2018), as stopover duration is significantly shorter for fat 

birds than for lean birds (Goymann et al. 2010). However, migratory songbirds also arrive 

after long flights with depleted lean mass, evidenced by concave pectoral muscles and 

reduced organ masses (Kuenzi et al. 1991; Maggini and Bairlein 2011; Gutierrez Ramirez et 

al. 2021). This breakdown of lean mass during flight is supplemental to fat catabolism 

(Salewski et al. 2009; Gerson and Guglielmo 2013; Groom et al. 2019) and leads to 

reductions in muscle and organ masses (Battley et al. 2000; Bauchinger et al. 2005), 
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resulting in lower performance (Jenni and Jenni-Eiermann 1998) and may explain why 

some birds initially continue to lose body mass and have low fuel deposition rates upon first 

arrival to a stopover site (Schwilch and Jenni 2001). Low initial mass gain is due to 

deposition of non-fat components prior to fat accumulation, as rebuilding muscles and 

organs consumed during the preceding flight occurs slowly (Carpenter et al. 1993; Gannes 

2002). Rapid mass gain from large deposits of lipids, needed for continuation of migration, 

can only be acquired after lean mass components of the digestive tract are rebuilt. 

Therefore, rebuilding lean mass lost during flight is expected to be a constraint to migrating 

birds since it is a time consuming process, and may consequently increase the time required 

for stopover (Carpenter et al. 1993; Gannes 2002), yet direct measures of the influence of 

lean mass on stopover duration and migration time are limited (Seewagen and Guglielmo 

2010) and have not been conducted after non-stop flights when birds are potentially at 

their leanest. 

To understand the importance of lean body mass dynamics to stopover after 

crossing an ecological barrier, we established an automated radio telemetry array in the 

northern Gulf of Mexico to record spring stopover duration of migratory songbirds that had 

just completed a trans-Gulf flight and arrived on a barrier island (St. George Island, Florida, 

USA, 29.672679, -84.841423). Using this automated radio telemetry array, we were able to 

precisely determine the stopover duration of spring migratory songbirds at the local 

(island) and regional level (~5000km2), and we used quantitative magnetic resonance 

(QMR) technology to accurately and non-destructively measure fat and lean mass 

(Guglielmo et al. 2011) and used plasma metabolite profiling to assess refueling rate and 

lean mass breakdown (Jenni-Eiermann and Jenni 1991; Guglielmo et al. 2005).  

We test the hypothesis that lean mass breakdown during flight increases stopover 

duration because birds will require time to rebuild lean tissue before accumulating fat 
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reserves needed to resume migration (Carpenter et al. 1993; Karasov and Pinshow 1998; 

Wojciechowski et al. 2014). Thus, we predict that birds with lower lean mass upon arrival 

will require longer stopover to regain reserves needed to resume migration. Alternatively, 

birds may compensate for the loss of lean mass during migratory flight by increasing 

refueling rate, foraging at higher trophic levels, or relocating to higher quality habitats 

(Muñoz-Garcia et al. 2012; Cohen et al. 2014; Griego et al. 2021). We predict that birds with 

higher refueling rates will have shorter stopover and resume migration sooner.  

Coastal habitats and barrier islands of the northern Gulf of Mexico are regarded as 

poorer quality sites for refueling migratory songbirds (Kuenzi et al. 1991; Mehlman et al. 

2005; Buler and Moore 2011) compared to inland forests which are higher quality sites 

(Buler et al. 2007). Birds that leave the island and relocate to the mainland to continue 

stopover could potentially access better quality habitat allowing them to resume migration 

sooner. Therefore, we predict that birds with an island-only stopover strategy will have 

longer stopovers than birds with an island-mainland stopover strategy. As the season 

progresses, birds will be time-limited and may take greater risks to reach the breeding 

grounds (Alerstam and Lindström 1990). We predict that birds arriving in late spring will 

have shorter stopovers and/or higher refueling rates, and body condition may influence 

departure decisions less. It is also possible that birds in low condition prioritize maintaining 

migratory schedule over rebuilding lean body mass, and resume migration in sub-optimal 

condition (Domer et al. 2021). 
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4.3 Methods 

4.3.1 Study site description 

Unit 4 of the ANERR (29.672679, -84.841423) is located on St. George Island, a 

narrow 33 km long barrier island on the southern edge of Apalachicola Bay. St. George 

Island is approximately 7 kilometers from the mainland and is the first landfall opportunity 

for migrants crossing the Gulf of Mexico during spring migration (Lester et al. 2016; 

Gutierrez Ramirez et al. 2021). The vegetation on St. George Island consists of a narrow 

band of beaches and low-lying sand dunes that grade into mixed woodland grass, palmetto, 

and bayside marshes (Edmiston 2008). 

 

4.3.2 Bird capture and measurements 

We captured migrating Northern Waterthrush (Parkesia noveboracensis), 

Swainson’s Thrush (Catharus ustulatus), Gray-cheeked Thrush (Catharus minimus), and 

Yellow-billed Cuckoo (Coccyzus americanus) at Unit 4 of the Apalachicola National Estuarine 

Research Reserve (ANERR) in Florida, USA (Figure 1) from April – May of 2016-2018. 

Individuals of these species were captured, banded, blood and feather sampled, scanned, 

radio-tagged, and tracked. To accomplish this, we operated a constant-effort banding 

station consisting of 10-16 mist-nets (6 and 12 m length x 2.6 m height and 38-mm mesh) 

from 6 April to 6 May 2016, 1 April to 12 May 2017, and from 2 April to 6 May 2018. Mist-

nets were opened every day at sunrise and closed at ~12:00 EST, unless rain, steady winds 

(>10 mph), or migrant activity prevented safe operation. In 2017 and 2018, mist-nets were 

also opened in the evening (~16:00 EST) and closed prior to sunset. Nets were checked 

every 10 minutes and the time of each net check was recorded to ensure time of capture 
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was estimated correctly. We calculated maximum bleed time as the time elapsed between 

blood sample collection and the last time the net was checked. We calculated minimum 

bleed time as the time elapsed between blood sample collection and the time the bird was 

removed from the net. 

All captured birds were identified to species and banded with an individually-

numbered U.S. Geological Survey aluminum band. Birds were aged as second-year (SY) or 

after second year (ASY) using plumage characteristics (Pyle 1997). Unflattened wing chord 

and tail length were measured using a wing ruler (to 1 mm) and tarsus, nares to tip, 

exposed culmen, bill width, and sternum length were measured using digital calipers (to the 

0.01 mm). Fat deposits were visually scored on a 9-point scale (Kaiser 1993) and pectoral 

muscle was scored on a 4-point scale (Bairlein 1995). Body mass was measured with a 

digital balance (to the 0.01 g; Ohaus, Scout Pro SP402, Parsippany, New Jersey, USA). Fat 

mass, lean mass, and total water were measured in grams using a quantitative magnetic 

resonance (QMR) body composition analyzer (EchoMRI-B, Echo Medical Systems, Houston, 

USA) in the field, with a total scanning time of up to 180 seconds (Guglielmo et al. 2011; 

Seewagen and Guglielmo 2011; Kennedy et al. 2017). The QMR was calibrated every 

morning using 1.0 g, 5.02 g, and 15.0 g of canola oil standards and was plugged into a stable 

power source with a signal stabilizer. Birds were scanned in duplicate or triplicate at 3 

accumulations, to achieve a CV under 15%.  

4.3.3 Size-correction of lean mass 

Lean body mass was highly correlated with body size (Northern Waterthrush 

(tarsus): F1,27 = 4.8, P = 0.037; Swainson’s Thrush (wing): F1,25 = 10.14, P = 0.003; Yellow-

billed Cuckoo (tarsus): F1,8 = 5.8, P = 0.042). Therefore, for each species we calculated scaled 

lean mass (g) as a measure of lean mass corrected for size (following 17). We found no 
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relationship between wing chord and lean mass in Gray-cheeked Thrush after accounting 

for sex (Gray-cheeked Thrush (wing x sex(M)): t = 1.34, P = 0.2), so we used uncorrected 

lean mass measurements for this species. Fat mass was independent of size in each species, 

so we did not make corrections to fat mass measurements. As an alternate approach to 

characterize lean mass, we used residuals of lean mass against size (wing or tarsus as 

above) to classify birds as either high or low lean mass. Individuals with negative residuals 

were classified as “low” and those with positive residuals were “high”. 

 

4.3.4 Blood sample collection and handling 

A blood sample was collected, <1% of estimated blood volume (Fair et al. 2010), 

from each individual by brachial venipuncture using a 26-gauge needle (BD Medical 

PrecisionGlide) and capillary tube. Blood was transferred from the capillary tube to a micro-

centrifuge tube and stored on ice or refrigerated until nets were closed (up to 6 h). Time of 

blood sample collection was recorded to ensure samples were taken within 20 min of first 

capture in a mist-net (Guglielmo et al. 2005; Zajac et al. 2006). Blood samples were 

centrifuged at 1000 rpm for 10 min to separate plasma from red blood cells. Plasma was 

carefully separated using a pipette and transferred to a cryogenic vial and stored in liquid 

nitrogen for the remainder of the field season. Upon return to UMass Amherst, plasma 

samples were transferred to a -80°C freezer until assays were performed. Red blood cells 

were stored at -20°C.  
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4.3.5 Metabolite assays 

Plasma was diluted three-fold with 0.9% NaCl to increase sample volume. Plasma 

triglyceride concentrations were measured to assess instantaneous refueling rate 

(Guglielmo et al. 2005). Glycerol (Sigma Aldrich F6428) and total triglycerides (Sigma 

Aldrich T2449) were measured sequentially by quantitative determination. Triglyceride 

assays were run in duplicate in 400µL flat-bottom 96-well microplates and read at 540 nm 

in a microplate spectrophotometer (BioTek Synergy H1 Hybrid Multi-Mode Reader), with 

CV < 15 % (Guglielmo et al. 2005). Uric acid was measured in duplicate by fluorescence 

endpoint (Molecular probes, Amplex Red Uric Acid Kit No. A22181).  

 

4.3.6 Molecular sex determination 

We extracted DNA from red blood cells using chelex-based extraction (Bio-Rad 

Laboratories, Inc., InstaGene Matrix). We used the P2 (5’- TCTGCATCGCTAAATCCTTT-3’) 

and P8 (5’ - CTCCCAAGGATGAGRAAYTG – 3’) primers (Griffiths et al. 1998) to amplify the 

CHD binding gene found on the W and Z chromosomes. Samples were processed using 5 μL 

of DNA template, 12.5 µL of RedTaq Ready mix (Sigma, R2523) or OneTaq® Quick-Load® 

2X Master Mix with Standard Buffer (New England BioLab M0486S), 2.5 μL of each primer, 

and 2.5 μL of DNA-free water. Samples were run in a thermocycler (BioRad, T100 Thermal 

Cycler, Hercules, California, USA) for the following PCR cycles: (2 cycles at 94°C for 3 min 

and 48°C for 3 min, 4 min 45 s at 94°C, 34 cycles at 94°C for 45s, 48°C for 2 min, 72°C for 3 

min, 5 min at 72°C, held at 5°C until run in gel). PCR products were run in a 2% gel (stained 

with Invitrogen SYBR Safe DNA Gel Stain) for 1 hour at 120V and visualized under UV light. 
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Samples with one band were determined to be male and those with two bands were 

determined to be female and all samples were run in duplicate. 

 

4.3.7 Stable isotope analysis 

We collected the third retrix on the right for stable hydrogen isotope (δD) analysis 

to serve as a proxy for breeding latitude (Hobson and Wassenaar 1997). Feathers were 

rinsed 5 times in a 2:1 chloroform:methanol solvent rinse, allowed to air dry for 2 days, and 

stored in clean envelopes until analyzed. Reference materials and dried feather samples 

were weighed (to 0.1 mg) and sealed in 3x5 mm silver capsules and subjected to bench-top 

equilibration to local water vapor δD for at least three weeks prior to analysis to account for 

exchangeable hydrogen. δD values of the non-exchangeable portion of hydrogen were 

determined by comparative equilibration using four internal laboratory keratin reference 

materials (δD: −47‰, −54‰, −93‰, −174‰). δD values were determined using a 

Thermo-Finnigan high-temperature conversion elemental analyzer (TCEA) coupled to a 

Thermo- Finnigan Delta Plus XL isotope ratio mass spectrometer at the University of New 

Mexico Center for Stable Isotopes (Albuquerque, NM). Isotopic results are expressed in 

standard delta (δ) notation in parts per thousand (‰) relative to Vienna Standard Mean 

Ocean Water (V-SMOW) for hydrogen. Precision for δD was determined by analysis of the 

four exchangeable (keratin) reference materials described above; within-run δD variation 

(SD) of these reference materials on the mass spectrometer system described above was 

≤4‰. 
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4.3.8 Radio telemetry 

4.3.8.1 Transmitter attachment 

Coded nano-tags transmitters (Lotek Wireless, Newmarket, Ontario, Canada; NTBQ-

2, NTBQ-3, NTBQ-4-2) were programmed to a frequency of 166.380 MHz, with varying 

pulse intervals and estimated lifespans (Table C10). Nano-tags weighed < 3% of body mass 

and were attached using a loop harness secured around the legs (Rappole and Tipton 1991). 

All birds were released at site of capture.  

4.3.8.2 Automated tracking in northern Florida 

To record movements of tagged birds, we deployed and operated an automated 

radio-telemetry array consisting of 8-14 towers situated along the Apalachicola floodplain 

and bay, each with either three 8-element Yagi, three 5-element Yagi, or three stacked six-

element Yagi antennas connected to a receiver (SensorGnome, CompuData, Inc. Canada) 

and powered with solar panels. The array had a total coverage of ~1500 km2 in 2016 to 

~5000 km2 in 2017-2018 (Figure 8) and was part of the Motus Wildlife Tracking System, 

which allowed for continuous detection of tags.(Taylor et al. 2017). Receiving stations had a 

detection radius of approximately 15 km (Taylor et al. 2017), and continuously monitored 

for deployed tags and for every tag detection, it recorded tag identity, signal strength, 

timestamp, and antennas the signal was detected on. We filtered and cleaned detection data 

following the steps in Crewe et al. (2018) and removed false-positive detections (detections 

prior to tag deployment, detections with run length <2, etc.).  
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4.3.8.3 Estimating local and regional stopover duration 

We established “telemetry fences” along the island and coast to determine 

departure from the island (receivers 1-6 in Fig. 8A), and within the Apalachicola National 

Forest to determine regional departure (receivers 7-19 in Fig. 8A). The local array coverage 

was consistent throughout the three years of the study, but the regional array coverage 

increased in 2017-2018. Local stopover duration was estimated from the time of initial 

capture to the final detection at any local receiver (see Fig 8). Total stopover duration was 

estimated from the time of initial capture to the final detection from any receiver in the 

array. We used graphs of signal strength and time of day from the island receiver to 

determine departure time from the island. A true migratory flight departing the island was 

confirmed as a nocturnal flight indicated by a peak in signal strength, immediately followed 

by subsequent detections as the bird moved north through the array until the signal 

vanished that same night. If a bird departed the island during daylight hours (or at night) 

and was redetected days later within the array, we considered there had been a landscape 

relocation and the bird had not continued migration (regional stopover). However, if the 

signal was detected within the array and disappeared < 24 h after departing the island, we 

considered it a transient flight across the mainland of an individual in true migratory 

movement. If a signal was detected within the array > 24 h after departing the island, we 

considered it was a relocation and the bird was on still in regional stopover (Fig C3). 

Because our telemetry array was considerably smaller in 2016, we could only examine 

regional stopover in 2017 and 2018 (Table C11). We could only accurately test island 

stopover duration (and not regional stopover) for Yellow-billed Cuckoo, because our 

custom pulse rate interval (25 s) did not get picked up in any other towers outside the local 

receivers.  
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 If a clear nocturnal departure flight was not evident, or if the signal on the island 

was lost during the day and was not redetected in any regional array receivers, or the signal 

was continuously detected as stationary (no increase/decrease in signal) the bird was 

excluded from analysis as we could not reliably determine its stopover duration. Using this 

approach, 4 birds were excluded from the analysis. We estimated total stopover duration as 

the time from initial capture to the final detection from any receiver in the array. As an 

alternate approach to characterize stopover strategy, we classified birds as either having an 

“island only” stopover or an “island and mainland” stopover.  

 

 

Figure 8. Location of the study site in the northern Gulf of Mexico. (A) Automated radio 

telemetry array in coastal northwest Florida. Receivers were operated between 2016-2018 

every season (black circles) or for one or two seasons (open circles). (B) Location of our 

capture site (red arrow) and local receivers on St. George Island (black circles). The distance 

between the capture site and the northernmost receivers is approximately 75 km. 
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4.3.9 Data analyses 

We ran generalized linear model with a negative binomial distribution and a log-link 

function to examine the drivers of local and regional stopover duration for each species 

(glm.nb function from the MASS package). To meet the assumptions of a negative binomial 

model, we rounded our response variables, local and regional stopover duration, to the 

nearest integer in hours. We used the negative binomial error distribution because of 

overdispersion in our dataset caused by large variation in the count (not by excessive zeros) 

and because it is only possible to have positive values, as no bird can have a stopover of 0 

hours (the lowest possible value is 1 hour) (Zuur et al. 2009). We used generalized linear 

models to relate covariates to island stopover duration for the four focal species over the 3 

years of study and to regional stopover for the focal species (excluding Yellow-billed 

Cuckoo) from 2017 and 2018. We evaluated fit and overdispersion of all models using the 

DHARMa package (Hartig and Lohse 2020) to visually inspect residual versus predicted fit 

plots.  

To test our first prediction that birds with lower lean mass upon arrival will have 

longer stopover duration, we fit separate negative binomial models for each species with 

stopover duration as the response variable, scaled lean mass and fat mass as the predictor 

variables, and controlling for ordinal day and migration distance (deuterium). We 

transformed date to number of days since the start of the field season (April 1 = Day 1). 

To test our second prediction that birds with higher refueling rates will have shorter 

stopover and resume migration sooner, we fit separate models for each species with 

stopover duration as the response variable, residual triglyceride as the predictor variable, 

and controlled for scaled lean mass, fat mass, and ordinal day. We transformed triglyceride 

as log10+1 to fit the assumptions of normality. Trig log10+1 was highly correlated with fat 
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mass. Therefore, we used the residuals of Trig log10+1 and fat mass as the predictor variable 

in our models to account for the effect of fat mass.  

To evaluate the influence of sex on stopover duration, we fit a separate set of models 

for Swainson’s Thrush and Gray-cheeked Thrush (Northern Waterthrush were majority 

male, and Yellow-billed Cuckoo were not sexed), with stopover duration as the response 

variable, sex as a predictor variable, and controlling for scaled lean mass, fat mass, and 

ordinal day. 

To evaluate the influence of lean mass breakdown on stopover duration, we fit a 

separate set of models for Swainson’s Thrush, Northern Waterthrush, and Gray-cheeked 

Thrush with stopover duration as the response variable, uric acid as the predictor variable, 

and controlled for scaled lean mass, fat mass, refueling rate, and ordinal day. We log-

transformed uric acid to fit assumptions of normality. Yellow-billed Cuckoo were not 

modelled due to limited sample size (only 6 birds sampled for uric acid).  

To evaluate the influence of habitat use on stopover duration, we ran a generalized 

linear model with a negative binomial distribution and a log-link function (glm.nb function 

from the MASS package), with total stopover duration as the response variable, and 

stopover strategy (categorical: island only or island-mainland) as the predictor variable, 

and controlled for species. 

 

4.4 Results 

4.4.1 Stopover duration 

We measured the stopover duration and body condition of 27 Swainson’s Thrush 28 

Northern Waterthrush, 15 Gray-cheeked Thrush, and 8 Yellow-billed Cuckoo after a trans-
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Gulf spring migratory flight (Table 11, Table C1). Across species, birds that used an island-

mainland strategy had longer total stopover duration than those with an island-only 

strategy (F1,54 = 4.332, P < 0.001; Table 11, Fig. 9). Total stopover duration was unrelated to 

species after controlling for stopover strategy (F2,54 = 0.057, P = 0.9). 

 

Figure 9. Total stopover duration for birds using different stopover strategies (island only 

or island-mainland). 
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4.4.2 Influence of body condition on stopover duration 

Birds arrived in depleted body condition (described in Chapter 2, Fig. 2). Across 

species, we found a significant effect of fat mass on island and total stopover durations 

(island: F2,77 = -3.89, P < 0.01; total: F2,69 = -3.22, P = 0.002), and an effect of lean mass only 

on total stopover (island: F2,77 = -1.23, P = 0.2; total: F2,69 = -2.81, P = 0.006). However, 

examining species separately we found that fat and lean masses significantly influenced 

stopover duration in Northern Waterthrush (island: lean: F1,23 = -3.52, P < 0.001; fat: F1,23 = -

2.465, P = 0.014; regional: lean: F1,16 = -3.943, P < 0.001; fat: F1,16 = -3.788, P < 0.001; Table 

C5, Table C6, Fig. 10). For Northern Waterthrush, island stopover decreased by 25% for 

each additional gram of fat and decreased by 41% for each gram of lean body mass. Only 

three Northern Waterthrush (14%) relocated to the mainland to continue stopover. 

Regional stopover decreased by 36% for each gram of fat and decreased by 43% for each 

gram of lean body mass. Ordinal day and breeding latitude did not influence stopover 

duration. 

For Swainson’s Thrush, Gray-cheeked Thrush, and Yellow-billed Cuckoo, island 

stopover was negatively related to fat mass and ordinal day (SWTH: fat: F1,22 = -3.154, P = 

0.002; day: F1,22 = -2.811, P = 0.005; Gray-cheeked Thrush: fat: F1,10 = -4.202, P < 0.001; day: 

F1,10 = -2.543, P = 0.01; YBCU: fat: F1,3 = -3.232, P = 0.0012; day: F1,3 = -2.467, P = 0.013). For 

each additional gram of fat, island stopover decreased by 46% for Swainson’s Thrush and 

Gray-cheeked Thrush, and by 48% for Yellow-billed Cuckoo. For each day spring 

progressed, island stopover decreased by 7% for Swainson’s Thrush, and by 10% for Gray-

cheeked Thrush and Yellow-billed Cuckoo. Lean mass and deuterium did not influence 

island stopover in Swainson’s Thrush, Gray-cheeked Thrush, or Yellow-billed Cuckoo (Table 

C3; Table C7; Table C9). Although we did not find that arrival lean mass influenced island or 
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regional stopover duration, our estimates indicate an 18% decrease in island stopover 

duration for each additional gram of lean mass in Yellow-billed Cuckoo.  

Fat mass, lean mass, ordinal day, and breeding latitude did not explain regional 

stopover duration for Swainson’s Thrush (Table C4). Fat mass influenced regional stopover 

for Gray-cheeked Thrush, decreasing by 27% for each additional gram of fat (F1,10 = -2.950, 

P = 0.003; Table C8). We were unable to determine regional stopover in Yellow-billed 

Cuckoo, so its relationship with body condition was not examined. 
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Figure 10. Relationship between arrival body composition (fat mass and lean mass) and 

stopover duration on (A) St. George Island and (B) northern Florida for Swainson’s Thrush 

(black), Northern Waterthrush (blue), Gray-cheeked thrush (orange), and Yellow-billed 

Cuckoo (red). We were unable to estimate regional stopover duration for YBCU. Fat mass 

(g) and lean mass (g) measured via quantitative magnetic resonance and stopover duration 

determined via automated radio telemetry. Lean mass was corrected for body size 

separately for each species. Solid lines represent statistically significant relationship and 

dashed lines represent non-significant trends. Model means and relationships were 

estimated from generalized linear models fitted with a negative binomial distribution. 
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Figure 11. Relationship between residual triglycerides and stopover duration on (A) St. 

George Island and (B) northern Florida for Swainson’s Thrush (black), Northern 

Waterthrush (blue), Gray-cheeked thrush (orange), and Yellow-billed Cuckoo (red). We 

were unable to estimate regional stopover duration for YBCU. Solid lines represent 

statistically significant relationship and dashed lines represent non-significant trends. 

Model relationships were estimated from generalized linear models fitted with a negative 

binomial distribution, using the residuals of triglycerides (log10+1) and fat mass as the 

predictor variable in the models to account for the effect of fat mass.  

4.4.3 Influence of refueling rate on stopover duration 

Stopover duration was positively related to fat mass and residual triglyceride in 

Swainson’s Thrush (island: trig: F1,22 = 2.188, P = 0.029; fat: F1,22 = -3.52, P < 0.001; regional: 

trig: F1,19 = 3.292, P < 0.001; fat: F1,19 = -2.05, P = 0.04). For each unit increase of residual 

triglyceride, island stopover increased by 66% and regional stopover increased by 85%. 

There was no effect of residual triglycerides on stopover for the other species (Fig. 11; 

island; NOWA: F1,21 = 0.698, P = 0.5; GCTH: F1,10 = -0.231, P = 0.82; YBCU: F1,3 = -0.581, P = 

0.56; regional; NOWA: F1,14 = 0.727, P = 0.5; GCTH: F1,10 = 0.056, P = 0.96). 

4.4.4 Influence of sex on stopover duration 

Swainson’s Thrush males had 61% shorter island stopovers than females (F1,21 = -

2.51, P = 0.01), though sex did not influence regional stopover (F1,21 = -1.8, P = 0.08). Sex did 

not influence stopover for Gray-cheeked Thrush (island: F1,10 = -1.562, P = 0.12; regional: 

F1,10 = -1.22, P = 0.22) or Northern Waterthrush (island: F1,21 = 0.573, P = 0.57; regional: F1,21 

= 0.8, P = 0.42) (Fig. 12). We were unable to determine sex in Yellow-billed Cuckoo. 
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Figure 12. Boxplots comparing stopover duration by sex and species during spring migration on St. 

George Island, Florida and in northern Florida. Sample sizes in parenthesis. 

 

4.4.5 Influence of lean mass breakdown on stopover duration 

Plasma uric acid was unrelated to island stopover (SWTH: F1,17 = 1.261, P = 0.21; 

NOWA: F1,13 = 1.764, P = 0.08; GCTH: F1,9 = -1.272, P = 0.2), but was significantly related to 

regional stopover (SWTH: F1,17 = 2.265, P = 0.02; NOWA: F1,13 = 2.495, P = 0.0126; GCTH: F1,9 

= -2.188, P = 0.03). For each unit increase of log uric acid, average regional stopover 

increased by 79% for Swainson’s Thrush, increased by 135% for Northern Waterthrush, 
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and decreased by 43% for Gray-cheeked Thrush (Fig. 13). Limited sample size precluded 

analysis of lean mass breakdown for Yellow-billed Cuckoo. 

4.5 Discussion 

Using an extensive automated telemetry array, QMR body composition analysis, and 

plasma metabolite profiling, we link individual measures of physiological condition to 

stopover behavior in free-living migrant songbirds after a non-stop long-distance migratory 

flight. We found species-specific relationships between multiple components of precisely 

measured arrival body condition and subsequent stopover duration, refueling rate, and 

stopover relocation. While lean mass was important for one species, the amount of fat mass 

negatively predicted stopover duration across all species. Fat is the primary fuel of 

migration and is the main determinant of stopover duration independent of weather 

conditions (Goymann et al. 2010), and our results confirm its importance to stopover 

duration and the continuation of migration. Although universally influential, fat mass alone 

did not explain stopover behavior.  
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Figure 13. Relationship between (log) plasma uric acid concentration and stopover 

duration on (A) St. George Island and (B) northern Florida for Swainson’s Thrush (black), 

Northern Waterthrush (blue), and Gray-cheeked thrush (orange). We did not examine uric 

acid concentration in Yellow-billed Cuckoo. Solid lines represent statistically significant 

relationships and dashed lines represent non-significant trends. Model relationships were 

estimated from generalized linear models fitted with a negative binomial distribution. 

 

 

We found strong evidence that lower lean mass leads to longer stopovers in 

Northern Waterthrush, presumably to rebuild muscle or organ masses, as has been shown 

in other species (Carpenter et al. 1993; Biebach 1998; Karasov and Pinshow 1998). Average 
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lean mass of Northern Waterthrush on arrival was nearly 3 g lower than previously 

estimated (Rogers and Odum 1966; Cano et al. 2020), and the large range in lean mass (9.05 

g – 13.98 g) may indicate that Northern Waterthrush that arrive at our site have varying 

winter origins. Though wintering populations are most common throughout the Greater 

Antilles, they also winter from Mexico through Colombia and Venezuela (Whitaker and 

Eaton 2020). Northern Waterthrush can acquire sufficient fuel loads to complete a non-stop 

flight from northern Colombia to the Gulf of Mexico (Cano et al. 2020), so it is plausible 

some of the very depleted birds we captured departed directly from South America. The 

quality of overwintering and/or staging habitat influences the body condition and fuel load 

of birds prior to departing across an ecological barrier (Gómez et al. 2017) and has 

repercussions to subsequent phases of the annual cycle (Smith et al. 2010; González-Prieto 

and Hobson 2013). So, we cannot reject that very depleted individuals had relatively short 

flights but originated from poorer quality habitat. The rate of fat and lean mass breakdown 

during migration is also dependent on environmental conditions (Gerson and Guglielmo 

2011b; Groom et al. 2019) or relative exercise intensity (McWilliams et al. 2004). Lean mass 

influenced stopover duration for Northern Waterthrush, as expected, but this relationship 

was not apparent in Swainson’s Thrush, Gray-cheeked Thrush, or Yellow-billed Cuckoo, 

even though these species also arrived with depleted lean body mass. A possible 

explanation for this differential response to lean mass could be the constraints imposed by 

body size on migration (i.e., refueling, flight speed, fuel load), as larger migrants are more 

time-constrained than smaller birds (Hedenström 2006). In migrating shorebirds, body size 

plays an important role in shaping migratory behavior, with large sized species being more 

time-constrained during both fall and spring migration (Zhao et al. 2017). Northern 

Waterthrush is the smallest species examined in this study and its increase in stopover 

duration in response to lower lean mass may be indicative of an energy-minimizing 
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strategy. The lack of relationship in Swainson’s Thrush, Gray-cheeked Thrush, or Yellow-

billed Cuckoo may therefore point to a time-minimizing strategy. 

As with other species, Yellow-billed Cuckoo captured on St. George Island during 

stopover may have just completed a non-stop transoceanic flight, departing northern South 

America, across the Caribbean Sea and arriving in the northern Gulf of Mexico coast (Gómez 

et al. 2017; Cano et al. 2020; Clipp et al. 2021). The average lean mass of Yellow-billed 

Cuckoo on arrival on St. George Island was 13-16 g lower than previously estimated for 

post-flight individuals (Cano et al. 2020). Many Yellow-billed Cuckoo acquire sufficient fuel 

loads for non-stop flights from northern Colombia to the northern Gulf of Mexico (Cano et 

al. 2020), and most individuals likely overwintered in South America (Sechrist et al. 2012; 

McNeil et al. 2015; Hughes 2020). Gray-cheeked Thrush acquire sufficient fuel load to 

complete a long-distance flight from northern South America to the northern Gulf of Mexico 

(Bayly et al. 2013; Gómez et al. 2017), and it is estimated they reach the US Midwest without 

much time to stop to refuel (Gómez et al. 2017). Though we recorded a large range of 

stopover duration for Gray-cheeked Thrush (25.36 – 241.3 h), the median total stopover 

was 126.5 h (~5 d) after crossing an ecological barrier.  

Stopover decreased with advancing ordinal day in three species, suggesting there 

are tighter time constraints during late spring to rapidly reach the breeding grounds in a 

timely manner, leading to decreased stopover duration (Cohen et al. 2014). With a 

minimum ~1500 km yet to travel, boreal breeders may choose to depart in sub-optimal 

body condition to minimize the time required to arrive at their destination. Given that the 

Gulf of Mexico is the only ecological barrier for these species, departing our site in Florida 

with sub-optimal body condition may carry minimal risk, and may represent a transition to 

single night (6-12 h) flights which are much less demanding than their prior trans-oceanic 

flights from South America. For Northern Waterthrush, stopover duration did not change as 
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the spring progressed, possibly because this species moves through earlier in the season 

when there is less time pressure. Northern Waterthrush are territorial during stopover, 

defending areas for up to 7 days (Rappole and Warner 1976), further pointing to an energy-

minimizing strategy. Northern Waterthrush decrease stopover duration over the course of 

the migratory season when they are closer to the breeding range, when it is more likely that 

individuals are under a time constraint (Slager et al. 2015). This indicates birds can switch 

between time- or energy-minimizing strategies within a single migration, and must consider 

remaining migration distance, time, and physiological condition to inform decisions. 

Migration distance was unrelated to stopover duration or refueling rate. Feather 

deuterium confirmed the individuals we studied are long-distance migrants with breeding 

ranges in the boreal forests and it is possible that the variation in migratory distance among 

individuals was not great enough or that the coastal Gulf of Mexico is too far south in the 

journey to reflect a difference in migratory strategy (Chapter 3). The migratory routes and 

wintering sites of the birds we tracked were unknown; clearly, migratory connectivity is a 

key missing element for understanding the mechanisms of lean mass dynamics during 

stopover. 

Northern Waterthrush will relocate if a site is inadequate and will actively move in 

response to changing resources during the non-breeding season (Smith et al. 2010). During 

stopover, Northern Waterthrush primarily used the barrier island and resumed migration 

from there, passing over the inland habitat, suggesting they met the energetic needs of 

preparing for a migratory flight there. This differed from the Catharus thrushes, where ~ 

50% used an island-mainland strategy. On the mainland, birds likely concentrated along the 

Apalachicola River bottomlands as the surrounding matrix is predominately open pine 

savanna, and migrants prefer taller, more structurally diverse vegetation types (Petit 2000). 

It is possible some birds left the island for the mainland, but went undetected by our 
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receivers, either by tag failure or using habitat outside our detection range. Total stopover 

was significantly longer for birds that used an island-mainland strategy. Swainson’s Thrush 

that used an island-mainland strategy stayed an additional 121 h (5 d) on average, 

compared to an island-only strategy. This extra stopover time may result in improved body 

condition, allowing birds to make up for “lost” time by minimizing time at subsequent 

stopovers. While we use total time spent on stopover as the metric of migratory 

performance, the most important outcome is arriving at the breeding destination and 

successful reproduction. Whether body condition on departure varies between individuals 

using either strategy is an important question in determining the contribution of stopover 

habitat to subsequent migratory performance. 

Our data show distinct species-specific strategies regarding lean mass breakdown 

and stopover duration. As expected, Swainson’s Thrush and Northern Waterthrush with 

higher levels of uric acid concentration had longer stopover duration, indicating that birds 

that burned more lean mass in flight stayed significantly longer. However, plasma uric acid 

is not necessarily from endogenous sources and could indicate a high-protein diet during 

stopover. Northern Waterthrush with lower lean mass and more uric acid had longer 

stopovers; and regional stopover had a significant positive relationship with uric acid and a 

negative relationship with residual triglyceride implying a penalty for non-dietary uric acid. 

Significant positive relationships between regional stopover duration, uric acid, and 

residual triglyceride for Swainson’s Thrush suggest longer total stopovers for individuals 

breaking down dietary protein (e.g., consuming protein-rich diets). For Gray-cheeked 

Thrush, regional stopover duration had a negative relationship with uric acid and a positive 

relationship with lean mass. A plausible mechanism for this observation is that individuals 

with greater lean mass that consume a high-protein diet on arrival can depart quickly. 

Individuals in poor condition, unable to secure the dietary protein they require, must stay 
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longer. Unfortunately, residual triglycerides did not help to disentangle this relationship 

and we recommend measuring beta-hydroxybuytrate, an indicator of fasting, to better 

understand the mechanism in Gray-cheeked Thrush.  

We recognize that attributing total stopover duration to measurements collected 

from birds on arrival is complicated by the variable nature of these measurements. 

Undoubtedly, the fat mass, lean mass, and metabolite levels of individuals changes the 

longer they stopover. Since we did not recapture and remeasure these individuals outside of 

the island, we assume that body condition on arrival reflects body condition further into the 

stopover or of when they decide to continue migration. 

Our observations of the effect of body composition on stopover duration of 

songbirds after crossing an ecological barrier represent a major advance in understanding 

the unique pressures affecting migratory populations in the Nearctic-Neotropical system, 

particularly those that likely take a trans-Caribbean route in spring. A major finding of this 

study is that long-distance migratory songbirds appear to mitigate lean mass breakdown 

through varying strategies that are species-specific (e.g., increased refueling rate, higher 

protein consumption, or continuation of migration in sub-optimal body condition). When 

analyzing all migratory birds together, we fail to realize species-specific differences and the 

strategies to cope with the physiological pressures of migration. Studies like ours may 

inform research focused on understanding the impacts of shifting phenology due to climate 

change on the physiology and migration of long-distance migratory songbirds. Our finding 

of species-specific impacts of lean mass on stopover has implications on the study of the 

evolution of migratory strategies; physiological studies of the unique metabolism of 

migratory birds should continue to explore differences among species that may be shaped 

by these differing ecological and evolutionary pressures. Despite arriving with very low lean 

mass, stopover duration did not increase in the ultra-long-distance transoceanic migrants, 
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Yellow-billed Cuckoo and Gray-cheeked Thrush. Rapid recovery of lean mass may be an 

adaptation in species that use a transoceanic strategy when departing the wintering range. 

Our findings also highlight the value of staging and stopover habitats birds rely on for fuel 

deposition prior to crossing ecological barriers as well as the habitats available after the 

crossing, especially considering evidence that birds are burning their lean body mass to 

physiological limits beyond what was previously estimated possible. The loss of stopover 

habitats in the northern Gulf of Mexico could affect landing opportunities (Lester et al. 

2016), with potentially fatal results if birds attempted to make long over-water flights with 

insufficient energy reserves.  
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Table 11. Average island stopover duration and average regional stopover duration (h) ± 

SD for 3 species of migratory birds using either and island-only or island-mainland stopover 

strategy during stopover on St. George Island, Florida for springs 2016-2018. Percent of 

total birds in parenthesis. We were unable to estimate regional stopover duration for YBCU. 

 

 Island stopover Regional stopover Total stopover 

Swainson’s Thrush    

All  73.81 ± 91.43 66.67 ± 63.55 141.87 ± 98.62 

Island only (45.83%) 106.82 ± 115.56 -- 108.45 ± 115.50 

Island-Mainland (54.17%) 48.38 ± 64.24 121.6 ± 24.42 169.9 ± 74.68 

Northern Waterthrush    

All 81.67 ± 105.91 20.8 ± 50.7 122.1 ± 119.6 

Island only (92.3%) 107.56 ± 119.87 -- 108.22 ± 119.75 

Island-Mainland (7.69%) 63.67 ± 97.28 141.97 ± 4.43 205.67 ± 92.95 

Gray-cheeked Thrush    

All 88.30 ± 53.17 30.8 ± 47.5 119.1 ± 57.1 

Island only (66.67%) 97.6 ± 45.25 -- 98.3 ± 45.47 

Island-Mainland (33.33%) 69.6 ± 68.04 90.87 ± 33.42 160.6 ± 59.48 

Yellow-billed Cuckoo    

All 142.1 ± 167.23 NA NA 
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APPENDICES 

 

APPENDIX A 

 

A. SUPPLEMENTAL MATERIALS FOR CHAPTER 2 

A.1 Supplemental tables 

Table A 1. Migratory status and total per year for each species captured during spring 

migration on St. George Island, Florida. 

 

  Year  

Species Migratory Status 2016 2017 2018 total 

Acadian Flycatcher Nearctic-Neotropical Migrant 0 2 1 3 

American Redstart Nearctic-Neotropical Migrant 0 7 1 8 

American Robin Winter Resident 0 1 0 1 

Baltimore Oriole Nearctic-Neotropical Migrant 0 1 0 1 

Bay-breasted Warbler Nearctic-Neotropical Migrant 0 1 0 1 

Black-and-white Warbler Nearctic-Neotropical Migrant 3 3 4 10 

Black-throated Blue Warbler Nearctic-Neotropical Migrant 0 3 3 6 

Blackpoll Warbler Nearctic-Neotropical Migrant 1 1 1 3 

Blue Grosbeak Nearctic-Neotropical Migrant 1 31 9 41 

Blue-headed Vireo Nearctic-Neotropical Migrant 1 0 0 1 

Blue-winged Warbler Nearctic-Neotropical Migrant 1 0 0 1 

Brown Thrasher Year-round resident 3 3 1 7 

Brown-headed Cowbird Year-round resident 1 8 0 9 

Brown-headed Nuthatch Year-round resident 3 1 0 4 

Cape May Warbler Nearctic-Neotropical Migrant 1 0 2 3 

Carolina Wren Year-round resident 8 7 3 18 

Cliff Swallow Nearctic-Neotropical Migrant 0 1 0 1 

Common Grackle Year-round resident 7 9 0 16 

Common Ground-dove Year-round resident 1 3 0 4 
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Common Yellowthroat Nearctic-Neotropical Migrant 3 7 4 14 

Cooper's Hawk Winter Resident 0 1 0 1 

Downy Woodpecker Year-round resident 0 2 2 4 

Eastern Towhee Year-round resident 6 0 2 8 

Eurasian Collard-Dove Year-round resident 0 1 0 1 

Gray Catbird Nearctic-Neotropical Migrant 95 122 96 313 

Gray Kingbird Year-round resident 1 0 0 1 

Gray-cheeked Thrush Nearctic-Neotropical Migrant 0 2 15 17 

Great-crested Flycatcher Nearctic-Neotropical Migrant 3 2 4 9 

Hermit Thrush Winter Resident 1 0 0 1 

Hooded Warbler Nearctic-Neotropical Migrant 3 4 29 36 

House Finch Year-round resident 0 1 0 1 

Indigo Bunting Nearctic-Neotropical Migrant 8 28 24 60 

Kentucky Warbler Nearctic-Neotropical Migrant 0 1 6 7 

Louisiana Waterthrush Nearctic-Neotropical Migrant 0 1 0 1 

Mourning Dove Year-round resident 1 1 0 2 

Northern Cardinal Year-round resident 29 16 2 47 

Northern Mockingbird Year-round resident 3 7 0 10 

Northern Parula Nearctic-Neotropical Migrant 0 1 0 1 

Northern Waterthrush Nearctic-Neotropical Migrant 32 17 5 54 

Orchard Oriole Nearctic-Neotropical Migrant 0 0 1 1 

Ovenbird Nearctic-Neotropical Migrant 22 19 18 59 

Painted Bunting Nearctic-Neotropical Migrant 0 3 8 11 

Prairie Warbler Nearctic-Neotropical Migrant 2 1 0 3 

Prothonotary Warbler Nearctic-Neotropical Migrant 12 2 4 18 

Red-bellied Woodpecker Year-round resident 5 1 0 6 

Red-eyed Vireo Nearctic-Neotropical Migrant 9 12 14 35 

Red-winged Blackbird Year-round resident 1 9 0 10 

Rose-breasted Grosbeak Nearctic-Neotropical Migrant 0 7 1 8 

Ruby-crowned kinglet Winter Resident 0 1 1 2 

Ruby-throated Hummingbird Nearctic-Neotropical Migrant 4 7 0 11 

Scarlet Tanager Nearctic-Neotropical Migrant 4 3 4 11 

Summer Tanager Nearctic-Neotropical Migrant 3 8 16 27 
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Swainson's Thrush Nearctic-Neotropical Migrant 4 15 9 28 

Swainson's Warbler Nearctic-Neotropical Migrant 3 5 1 9 

Swamp Sparrow Winter Resident 0 1 0 1 

Tennessee Warbler Nearctic-Neotropical Migrant 0 0 1 1 

Veery Nearctic-Neotropical Migrant 3 4 19 26 

Western Palm Warbler Winter Resident 8 2 0 10 

White-eyed Vireo Nearctic-Neotropical Migrant 5 2 18 25 

Wood Thrush Nearctic-Neotropical Migrant 9 8 22 39 

Worm-eating Warbler Nearctic-Neotropical Migrant 4 6 6 16 

Yellow Warbler Nearctic-Neotropical Migrant 0 2 0 2 

Yellow-bellied Sapsucker Winter Resident 0 0 1 1 

Yellow-billed Cuckoo Nearctic-Neotropical Migrant 7 4 3 14 

Yellow-breasted Chat Nearctic-Neotropical Migrant 1 0 1 2 

Yellow-rumped Warbler Winter Resident 0 1 4 5 

Yellow-throated Vireo Nearctic-Neotropical Migrant 1 2 1 4 

Yellow-throated Warbler Nearctic-Neotropical Migrant 1 0 1 2 

  324 421 368 1113 

     1113 
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Table A 2. Average (± SD) and range of fat mass, lean mass, and body mass of songbirds 

captured in spring on St. George Island, Florida. Fat mass and lean mass measurements 

taken by quantitative magnetic resonance technology and are uncorrected for body size. 

 

Species N Fat (g) Lean (g) Body mass (g) 

Acadian Flycatcher 
2 

0.42 ± 0.24 

0.26-0.59 

8.91 ± 1.98 

7.51-10.31 

11.72 ±2.19 

10.17-13.27 

American Redstart 
7 

0.49 ±0.36 

0.00-0.95 

5.83 ±0.35 

5.25-6.39 

7.53 ±0.63 

6.68-8.21 

American Robin 
1 

7.42 ±NA 

7.42-7.42 

60.38 ±NA 

60.38-60.38 

78.62 ±NA 

78.62-78.62 

Baltimore Oriole 
1 

2.56 ±NA 

2.56-2.56 

24.14 ±NA 

24.14-24.14 

31.50 ±NA 

31.50-31.50 

Bay-breasted 

Warbler 
1 

0.34 ±NA 

0.34-0.34 

7.56 ±NA 

7.56-7.56 

9.75 ±NA 

9.75-9.75 

Black-and-white 

Warbler 
9 

0.47 ±0.45 

0.01-1.44 

6.91 ±0.98 

4.72-8.01 

9.22 ±0.94 

7.74-10.63 

Black-throated Blue 

Warbler 
5 

0.35 ±0.45 

0.00-1.07 

6.18 ±0.53 

5.62-6.71 

7.91 ±0.62 

7.15-8.74 

Blackpoll Warbler 
3 

0.17 ±0.19 

0.00-0.38 

5.75 ±3.57 

1.71-8.45 

11.04 ±1.70 

10.03-13.00 

Blue Grosbeak 
40 

2.27 ±2.83 

0.00-10.33 

19.51 ±2.34 

10.31-23.47 

26.13 ±4.10 

20.42-34.83 

Blue-headed Vireo 
1 

0.56 ±NA 

0.56-0.56 

13.74 ±NA 

13.74-13.74 

16.74 ±NA 

16.74-16.74 

Blue-winged Warbler 
1 

0.55 ±NA 

0.55-0.55 

5.23 ±NA 

5.23-5.23 

7.17 ±NA 

7.17-7.17 

Brown Thrasher 
3 

2.54 ±1.28 

1.06-3.35 

55.45 ±4.70 

50.66-60.05 

67.41 ±5.76 

61.17-72.52 

Brown-headed 

Cowbird 
4 

2.30 ±0.65 

1.49-3.02 

30.68 ±2.95 

27.70-34.76 

38.44 ±2.93 

34.90-41.90 

Brown-headed 

Nuthatch 
1 

2.51 ±NA 

2.51-2.51 

6.47 ±NA 

6.47-6.47 

9.83 ±NA 

9.83-9.83 

Cape May Warbler 
3 

1.05 ±1.01 

0.14-2.14 

6.82 ±0.43 

6.34-7.17 

9.55 ±1.10 

8.45-10.65 

Carolina Wren 
9 

0.19 ±0.21 

0.00-0.57 

16.12 ±1.60 

13.14-17.93 

19.45 ±2.47 

16.17-24.72 

Common Grackle 
7 

1.63 ±1.36 

0.28-3.96 

79.56 ±15.17 

63.70-101.44 

95.30 ±17.33 

77.50-119.59 

Common 

Yellowthroat 
11 

0.47 ±0.36 

0.04-1.18 

7.11 ±0.50 

6.43-8.02 

9.25 ±0.90 

8.12-11.13 

Eastern Towhee 7 1.31 ±1.80 33.04 ±4.45 41.63 ±2.87 
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Species N Fat (g) Lean (g) Body mass (g) 

0.00-4.82 24.03-36.96 37.39-44.96 

Gray Catbird 
288 

3.00 ±2.79 

0.00-15.82 

26.21 ±2.98 

21.3-36.19 

34.46 ±3.72 

26.93-46.85 

Gray Kingbird 
1 

1.59 ±NA 

1.59-1.59 

37.44 ±NA 

37.44-37.44 

45.63 ±NA 

45.63-45.63 

Gray-cheeked 

Thrush 
17 

1.35 ±1.00 

0.04-2.90 

18.81 ±1.74 

15.95-22.50 

24.50 ±2.39 

20.03-29.64 

Great-crested 

Flycatcher 
7 

0.69 ±0.70 

0.03-1.95 

30.56 ±2.19 

27.33-33.37 

31.80 ±12.06 

5.09-39.04 

Hooded Warbler 
28 

0.52 ±0.51 

0.00-2.02 

7.14 ±0.94 

4.11-8.52 

9.48 ±0.86 

7.96-11.51 

House Finch 
1 

0.76 ±NA 

0.76-0.76 

15.66 ±NA 

15.66-15.66 

18.78 ±NA 

18.78-18.78 

Indigo Bunting 
53 

0.81 ±0.80 

0.02-3.42 

9.31 ±1.22 

6.71-11.99 

12.82 ±1.33 

10.84-15.42 

Kentucky Warbler 
4 

0.17 ±0.14 

0.00-0.29 

9.26 ±0.77 

8.16-9.82 

11.30 ±0.61 

10.60-12.05 

Louisiana 

Waterthrush 
1 

0.10 ±NA 

0.10-0.10 

9.16 ±NA 

9.16-9.16 

15.81 ±NA 

15.81-15.81 

Mourning Dove 
1 

2.88 ±NA 

2.88-2.88 

102.97 ±NA 

102.97-102.97 

122.74 ±NA 

122.74-122.74 

Northern Cardinal 
37 

0.91 ±0.54 

0.01-2.12 

30.22 ±5.54 

0.06-35.56 

38.44 ±2.20 

33.66-44.44 

Northern 

Mockingbird 
7 

1.99 ±1.61 

0.00-4.41 

39.48 ±3.11 

36.68-45.67 

48.85 ±3.71 

44.56-55.55 

Northern Parula 
1 

0.44 ±NA 

0.44-0.44 

5.82 ±NA 

5.82-5.82 

7.39 ±NA 

7.39-7.39 

Northern 

Waterthrush 
52 

1.52 ±1.42 

0.13-5.38 

10.53 ±1.78 

6.45-13.24 

15.08 ±1.87 

12.42-19.79 

Orchard Oriole 
1 

4.08 ±NA 

4.08-4.08 

15.64 ±NA 

15.64-15.64 

22.42 ±NA 

22.42-22.42 

Ovenbird 
49 

0.97 ±1.13 

0.00-5.38 

12.25 ±1.74 

6.29-15.47 

16.54 ±1.63 

13.48-21.21 

Painted Bunting 
11 

0.87 ±0.62 

0.00-1.86 

11.53 ±0.90 

10.66-13.02 

14.94 ±1.12 

13.56-16.59 

Prairie Warbler 
2 

0.84 ±0.51 

0.48-1.20 

4.62 ±0.30 

4.41-4.83 

7.08 ±0.37 

6.82-7.34 

Prothonotary 

Warbler 
17 

1.13 ±0.83 

0.23-3.56 

8.03 ±2.00 

4.43-11.17 

13.19 ±1.70 

11.18-17.31 

Red-bellied 

Woodpecker 
1 

1.87 ±NA 

1.87-1.87 

56.87 ±NA 

56.87-56.87 

63.51 ±NA 

63.51-63.51 

Red-eyed Vireo 
32 

1.30 ±1.43 

0.00-5.87 

10.83 ±1.58 

7.43-13.83 

15.11 ±1.98 

11.87-21.64 
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Species N Fat (g) Lean (g) Body mass (g) 

Red-winged 

Blackbird 
1 

0.92 ±NA 

0.92-0.92 

52.37 ±NA 

52.37-52.37 

61.47 ±NA 

61.47-61.47 

Rose-breasted 

Grosbeak 
8 

2.25 ±1.53 

0.08-4.39 

30.48 ±2.31 

26.48-33.09 

39.02 ±3.65 

32.58-43.88 

Ruby-crowned 

Kinglet 
1 

0.18 ±NA 

0.18-0.18 

4.61 ±NA 

4.61-4.61 

5.71 ±NA 

5.71-5.71 

Ruby-throated 

Hummingbird 
1 

0.48 ±NA 

0.48-0.48 

2.48 ±NA 

2.48-2.48 

3.29 ±NA 

3.29-3.29 

Scarlet Tanager 
10 

1.89 ±2.20 

0.00-5.95 

19.40 ±1.52 

16.40-21.37 

25.68 ±2.95 

20.75-30.81 

Summer Tanager 
26 

1.42 ±1.22 

0.01-4.96 

20.72 ±1.43 

18.45-23.24 

26.62 ±2.26 

23.48-32.59 

Swainson's Thrush 
28 

1.24 ±0.97 

0.00-3.42 

20.31 ±1.42 

17.30-22.67 

25.69 ±1.83 

21.63-28.64 

Swainson's Warbler 
9 

0.75 ±0.53 

0.17-1.51 

9.32 ±1.99 

6.45-12.41 

13.13 ±1.09 

11.37-14.65 

Tennessee Warbler 
1 

1.41 ±NA 

1.41-1.41 

6.74 ±NA 

6.74-6.74 

8.88 ±NA 

8.88-8.88 

Veery 
22 

1.70 ±1.27 

0.03-4.71 

19.66 ±1.34 

16.98-22.16 

25.39 ±2.31 

20.97-29.66 

Western Palm 

Warbler 
8 

0.36 ±0.26 

0.00-0.81 

6.43 ±1.27 

4.48-8.07 

9.01 ±0.66 

8.32-10.24 

White-eyed Vireo 
22 

1.09 ±0.74 

0.04-2.52 

7.75 ±1.15 

5.09-10.09 

10.93 ±1.02 

8.95-12.90 

Wood Thrush 
37 

2.60 ±3.22 

0.16-13.81 

30.83 ±2.60 

23.75-37.92 

40.40 ±4.20 

33.81-52.39 

Worm-eating 

Warbler 
13 

0.47 ±0.31 

0.00-1.00 

8.93 ±0.77 

7.76-10.06 

11.30 ±1.00 

8.78-12.32 

Yellow Warbler 
2 

0.41 ±0.46 

0.09-0.74 

6.53 ±0.10 

6.46-6.60 

8.64 ±0.71 

8.14-9.14 

Yellow-billed Cuckoo 
14 

1.02 ±1.37 

0.00-4.07 

32.20 ±1.91 

28.32-34.77 

42.23 ±2.78 

36.65-45.78 

Yellow-breasted Chat 
1 

0.97 ±NA 

0.97-0.97 

16.79 ±NA 

16.79-16.79 

21.23 ±NA 

21.23-21.23 

Yellow-rumped 

Warbler 
3 

0.92 ±0.17 

0.77-1.11 

8.98 ±0.78 

8.12-9.64 

12.11 ±0.15 

11.97-12.27 

Yellow-throated 

Vireo 
4 

2.06 ±2.04 

0.45-5.04 

10.64 ±2.79 

7.86-13.66 

16.93 ±2.83 

14.89-21.04 

Yellow-throated 

Warbler 
2 

1.40 ±0.19 

1.26-1.53 

7.56 ±0.33 

7.33-7.79 

10.59 ±0.43 

10.29-10.90 
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A.2 Supplemental figures 

 

 
 

Figure A 1. Rate of fat mass and lean mass change relative to minimum stopover duration 

of 15 transient Neotropical migrant species (N = 34) recaptured >1 day after first capture in 

St. George Island, Florida during spring migration 2016-2018. Fat and lean mass measured 

by Quantitative magnetic resonance in the field. The dashed horizontal line indicates no 

change in mass between first capture and subsequent recapture, so that below the line in 

red are birds with negative rate and above the line in black are birds with positive rate of 

mass change. 
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APPENDIX B 

 

B. SUPPLEMENTAL MATERIALS FOR CHAPTER 3 

B.1 Supplemental tables 

 

Table B 1. Model selection results for the top-ranked models explaining arrival lean mass 

based on Akaike information criterion model weights for eleven species of long-distance 

Nearctic-Neotropical migratory birds. Models with ΔAICc <2.0 and the null model are 

provided. 

 

 model df logLik AICc delta weight 

Northern Waterthrush 

 Overnight Caribbean - NOWA 

 Sex + Humidity + V-wind 5 −91.92 195.14 0.00 0.16 

 Temperature + Sex + Humidity 5 −92.28 195.87 0.73 0.11 

 Sex + Humidity + U-wind + V-wind 6 −91.27 196.41 1.26 0.09 

 Temperature + Sex + Humidity + V-wind 6 −91.29 196.45 1.31 0.08 

 Day + Sex + Humidity + V-wind 6 −91.57 197.00 1.86 0.06 

 Null model 2 −103.40 211.04 15.89 0.00 

 24 h prior Caribbean - NOWA 

 Sex + Humidity + V-wind 5 −89.77 190.84 0.00 0.26 

 Sex + Humidity + U-wind + V-wind 6 −89.17 192.20 1.36 0.13 

 Day + Sex + Humidity + V-wind 6 −89.35 192.58 1.74 0.11 

 Temperature + Sex + Humidity + V-wind 6 −89.39 192.65 1.81 0.10 

 Null model 2 −103.40 211.04 20.20 0.00 

Gray-cheeked Thrush 

 Overnight Caribbean - GCTH 

 Sex 3 −28.88 65.61 0.00 0.30 

 Null model 2 −32.98 70.82 5.21 0.02 

 24 h prior Caribbean - GCTH 

 Sex 3 −28.88 65.61 0.00 0.31 

 Null model 2 −32.98 70.82 5.21 0.02 

Red-eyed Vireo 

 Overnight Caribbean - REVI 

 Temperature + V-wind +Wing 5 −53.01 118.33 0.00 0.17 
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 model df logLik AICc delta weight 

 Temperature + U-wind + V-wind +Wing 6 −52.33 120.02 1.68 0.07 

 Null model 2 −59.57 123.56 5.22 0.01 

 24 h prior Caribbean - REVI 

 Temperature + V-wind +Wing 5 −53.90 120.12 0.00 0.12 

 Day + Wing 4 −56.03 121.55 1.43 0.06 

 Temperature + Day + V-wind +Wing 6 −53.18 121.72 1.60 0.05 

 Day + V-wind +Wing 5 −54.78 121.88 1.76 0.05 

 Temperature + V-wind 4 −56.26 122.01 1.89 0.05 

 Null model 2 −59.57 123.56 3.44 0.02 

Veery 

 Overnight Caribbean - VEER 

 Day 3 −36.03 79.33 0.00 0.18 

 Null model 2 −38.32 81.25 1.92 0.07 

 24 h prior Caribbean - VEER 

 Day 3 −36.03 79.33 0.00 0.18 

 Null model 2 −38.32 81.25 1.92 0.07 

Swainson’s Thrush 

 Overnight Caribbean - SWTH 

 Sex + V-wind 4 −43.07 95.88 0.00 0.16 

 Sex 3 −44.60 96.21 0.33 0.13 

 Day + Sex + V-wind 5 −42.12 96.97 1.10 0.09 

 Sex + Humidity + V-wind 5 −42.28 97.29 1.41 0.08 

 Day + Sex 4 −43.93 97.59 1.72 0.07 

 Null model 2 −49.02 102.52 6.64 0.01 

 24 h prior Caribbean - SWTH 

 Sex 3 −44.60 96.21 0.00 0.16 

 Sex + V-wind 4 −43.29 96.32 0.11 0.15 

 Day + Sex + V-wind 5 −42.35 97.43 1.22 0.08 

 Day + Sex 4 −43.93 97.59 1.39 0.08 

 Null model 2 −49.02 102.52 6.31 0.01 

Indigo Bunting 

 Overnight Caribbean - INBU 

 Day + U-wind 4 −80.01 168.85 0.00 0.17 

 Day + U-wind + V-wind 5 −79.50 170.27 1.42 0.09 

 Day 3 −82.03 170.54 1.69 0.08 

 Day + Sex + U-wind 5 −79.70 170.67 1.82 0.07 

 Day + Humidity + U-wind 5 −79.78 170.84 1.99 0.06 

 Null model 2 −85.45 175.13 6.28 0.01 
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 model df logLik AICc delta weight 

 24 h prior Caribbean - INBU 

 Day + U-wind 4 −79.45 167.73 0.00 0.19 

 Day + U-wind + V-wind 5 −78.91 169.10 1.37 0.10 

 Day + Sex + U-wind 5 −79.00 169.28 1.55 0.09 

 Null model 2 −85.45 175.13 7.41 0.00 

Ovenbird 

 Overnight Caribbean - OVEN 

 V-wind 3 −86.66 179.86 0.00 0.08 

 Null model 2 −87.82 179.90 0.04 0.08 

 U-wind 3 −86.72 179.98 0.12 0.07 

 U-wind + V-wind 4 −85.87 180.67 0.81 0.05 

 Temperature + U-wind 4 −86.10 181.14 1.28 0.04 

 V-wind +Wing 4 −86.18 181.29 1.43 0.04 

 Humidity + V-wind 4 −86.29 181.50 1.64 0.03 

 Wing 3 −87.56 181.67 1.81 0.03 

 U-wind + Wing 4 −86.42 181.77 1.91 0.03 

 Temperature 3 −87.63 181.81 1.95 0.03 

 24 h prior Caribbean - OVEN 

 Null model 2 −87.82 179.90 0.00 0.08 

 U-wind 3 −86.79 180.13 0.23 0.07 

 V-wind 3 −86.83 180.20 0.29 0.07 

 U-wind + V-wind 4 −85.98 180.90 0.99 0.05 

 Temperature + U-wind 4 −86.16 181.24 1.34 0.04 

 V-wind +Wing 4 −86.35 181.63 1.72 0.03 

 Wing 3 −87.56 181.67 1.77 0.03 

 Temperature 3 −87.60 181.75 1.85 0.03 

Summer Tanager 

 Overnight Caribbean - SUTA 

 V-wind 3 −43.70 94.44 0.00 0.23 

 Temperature + V-wind 4 −43.21 96.23 1.79 0.09 

 Humidity + V-wind 4 −43.29 96.39 1.95 0.09 

 U-wind + V-wind 4 −43.29 96.41 1.96 0.08 

 Null model 2 −47.07 98.64 4.20 0.03 

 24 h prior Caribbean - SUTA 

 V-wind 3 −43.81 94.66 0.00 0.23 

 Temperature + V-wind 4 −43.10 96.02 1.36 0.12 

 Humidity + V-wind 4 −43.40 96.63 1.97 0.09 

 Null model 2 −47.07 98.64 3.98 0.03 
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 model df logLik AICc delta weight 

Wood Thrush 

 Overnight Caribbean - WOTH 

 Day 3 −82.61 171.95 0.00 0.17 

 Day + Humidity 4 −81.74 172.74 0.79 0.11 

 Day + V-wind 4 −82.15 173.55 1.60 0.07 

 Temperature + Day 4 −82.26 173.77 1.83 0.07 

 Null model 2 −87.34 179.03 7.09 0.00 

 24 h prior Caribbean - WOTH 

 Day 3 −82.61 171.95 0.00 0.15 

 Day + Humidity 4 −81.65 172.54 0.60 0.11 

 Temperature + Day 4 −82.16 173.57 1.62 0.07 

 Day + V-wind 4 −82.17 173.59 1.64 0.07 

 Null model 2 −87.34 179.03 7.09 0.00 

Blue Grosbeak 

 Overnight Caribbean - BLGR 

 Temperature + Sex + Humidity 5 −76.84 165.45 0.00 0.28 

 Temperature + Sex + Humidity + U-wind 6 −75.94 166.43 0.98 0.17 

 Temperature + Sex + Humidity + V-wind 6 −76.20 166.95 1.50 0.13 

 Null model 2 −90.27 184.86 19.41 0.00 

 24 h prior Caribbean - BLGR 

 Temperature + Sex + Humidity 5 −76.58 164.93 0.00 0.25 

 Temperature + Sex + Humidity + U-wind 6 −75.43 165.40 0.47 0.19 

 Temperature + Sex + Humidity + V-wind 6 −75.77 166.08 1.15 0.14 

 Null model 2 −90.27 184.86 19.94 0.00 

 Temperature + Sex + Humidity 5 −76.58 164.93 0.00 0.25 

Hooded Warbler 

 Overnight Caribbean - HOWA 

 Day + Sex + Humidity 5 −22.21 57.16 0.00 0.19 

 Day + Humidity 4 −24.34 58.42 1.26 0.10 

 Day + Sex + U-wind 5 −22.96 58.64 1.48 0.09 

 Day + U-wind 4 −24.52 58.79 1.63 0.09 

 Day 3 −26.01 59.02 1.86 0.08 

 Null model 2 −37.48 79.44 22.28 0.00 

 24 h prior Caribbean - HOWA 

 Day + Sex + Humidity 5 −22.30 57.32 0.00 0.20 

 Day + Humidity 4 −24.32 58.37 1.05 0.12 

 Day 3 −26.01 59.02 1.70 0.08 

 Null model 2 −37.48 79.44 22.12 0.00 
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Table B 2. Model selection results for the top-ranked models explaining arrival fat mass 

based on Akaike information criterion model weights for eleven species of long-distance 

Nearctic-Neotropical migratory birds. Models with ΔAICc <2.0 and the null model are 

provided. 

 

 model df logLik AICc delta weight 

Northern Waterthrush 

 Overnight Caribbean - NOWA 

 Humidity + V-wind 4 −87.79 184.44 0.00 0.09 

 Sex + Humidity + V-wind 5 −86.87 185.03 0.60 0.07 

 Day + Humidity + V-wind 5 −87.03 185.36 0.92 0.06 

 Humidity + U-wind + V-wind 5 −87.29 185.88 1.44 0.04 

 Humidity 3 −89.79 186.08 1.64 0.04 

 Sex 3 −89.86 186.23 1.79 0.04 

 Sex + Humidity 4 −88.77 186.40 1.96 0.03 

 Null model 2 −91.52 187.28 2.85 0.02 

 24 h prior Caribbean - NOWA 

 Humidity + V-wind 4 −88.07 184.99 0.00 0.08 

 Sex + Humidity + V-wind 5 −87.17 185.64 0.66 0.06 

 Humidity + U-wind + V-wind 5 −87.24 185.79 0.81 0.05 

 Day + Humidity + V-wind 5 −87.36 186.03 1.05 0.05 

 Sex 3 −89.86 186.23 1.24 0.04 

 Humidity 3 −89.92 186.35 1.36 0.04 

 Sex + Humidity 4 −88.88 186.61 1.63 0.03 

 Day + Humidity + U-wind + V-wind 6 −86.45 186.77 1.79 0.03 

 Humidity + U-wind 4 −89.01 186.86 1.88 0.03 

 Null model 2 −91.52 187.28 2.30 0.02 

Gray-cheeked Thrush 

 Overnight Caribbean - GCTH 

 Temperature 3 −21.82 51.49 0.00 0.12 

 Sex 3 −22.05 51.95 0.46 0.10 

 Null model 2 −23.64 52.14 0.65 0.09 

 Temperature + Sex 4 −20.47 52.27 0.78 0.08 

 Day + U-wind 4 −20.62 52.57 1.08 0.07 

 Sex + U-wind 4 −21.06 53.45 1.96 0.05 

 24 h prior Caribbean - GCTH 

 Sex 3 −22.05 51.95 0.00 0.11 

 Null model 2 −23.64 52.14 0.19 0.10 

 Day + U-wind 4 −20.48 52.30 0.35 0.09 
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 model df logLik AICc delta weight 

 Temperature 3 −22.34 52.53 0.59 0.08 

 Sex + U-wind 4 −20.95 53.23 1.28 0.06 

 U-wind 3 −22.72 53.29 1.35 0.06 

 Temperature + Sex 4 −21.02 53.38 1.44 0.05 

Red-eyed Vireo 

 Overnight Caribbean - REVI 

 U-wind + V-wind 4 −48.75 106.98 0.00 0.16 

 U-wind + V-wind + Wing 5 −47.92 108.15 1.17 0.09 

 U-wind 3 −50.76 108.37 1.39 0.08 

 Humidity + U-wind + V-wind 5 −48.28 108.87 1.89 0.06 

 Null model 2 −56.35 117.11 10.13 0.00 

 24 h prior Caribbean - REVI 

 U-wind + V-wind 4 −48.65 106.78 0.00 0.17 

 U-wind + V-wind + Wing 5 −47.73 107.78 1.00 0.10 

 Temperature + U-wind + V-wind 5 −48.19 108.68 1.90 0.07 

 U-wind 3 −50.95 108.76 1.98 0.06 

 Humidity + U-wind + V-wind 5 −48.23 108.76 1.98 0.06 

 Null model 2 −56.35 117.11 10.33 0.00 

Veery 

 Overnight Caribbean - VEER 

 Day 3 −34.77 76.80 0.00 0.16 

 Day + Humidity 4 −33.39 77.01 0.21 0.14 

 Day + V-wind 4 −34.05 78.31 1.51 0.08 

 Null model 2 −37.20 79.00 2.19 0.05 

 24 h prior Caribbean - VEER 

 Day 3 −34.77 76.80 0.00 0.17 

 Day + Humidity 4 −33.50 77.23 0.42 0.14 

 Day + V-wind 4 −34.20 78.62 1.82 0.07 

 Null model 2 −37.20 79.00 2.19 0.06 

Swainson’s Thrush 

 Overnight Caribbean - SWTH 

 V-wind 3 −36.63 80.26 0.00 0.15 

 Null model 2 −38.41 81.31 1.05 0.09 

 Temperature 3 −37.47 81.94 1.69 0.06 

 24 h prior Caribbean - SWTH 

 V-wind 3 −36.59 80.19 0.00 0.17 

 Null model 2 −38.41 81.31 1.12 0.10 

Indigo Bunting 
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 model df logLik AICc delta weight 

 Overnight Caribbean - INBU 

 Day + U-wind 4 −55.35 119.54 0.00 0.18 

 Day + Sex + U-wind 5 −54.72 120.73 1.18 0.10 

 U-wind 3 −57.26 121.00 1.46 0.09 

 Null model 2 −63.06 130.36 10.82 0.00 

 24 h prior Caribbean - INBU 

 Day + U-wind 4 −54.93 118.70 0.00 0.14 

 U-wind 3 −56.54 119.56 0.86 0.09 

 Day + Sex + U-wind 5 −54.21 119.70 1.00 0.09 

 Sex + U-wind 4 −55.55 119.93 1.23 0.08 

 Day + U-wind + V-wind 5 −54.64 120.56 1.86 0.06 

 Day + Humidity + U-wind 5 −54.67 120.62 1.92 0.06 

 Null model 2 −63.06 130.36 11.66 0.00 

Ovenbird 

 Overnight Caribbean - OVEN 

 Temperature + U-wind + V-wind 5 −67.27 145.97 0.00 0.18 

 Temperature + U-wind 4 −68.63 146.18 0.21 0.16 

 Temperature + Day + U-wind 5 −68.10 147.63 1.66 0.08 

 Temperature + U-wind + V-wind + Wing 6 −66.95 147.94 1.97 0.07 

 Null model 2 −73.56 151.39 5.42 0.01 

 24 h prior Caribbean - OVEN 

 Temperature + U-wind 4 −67.32 143.58 0.00 0.17 

 Temperature + U-wind + V-wind 5 −66.24 143.91 0.34 0.14 

 Temperature + Day + U-wind 5 −66.43 144.28 0.70 0.12 

 Temperature + Humidity + U-wind 5 −66.74 144.91 1.33 0.09 

 Temperature + Day + U-wind + V-wind 6 −65.60 145.24 1.66 0.07 

 Null model 2 −73.56 151.39 7.81 0.00 

Summer Tanager 

 Overnight Caribbean - SUTA 

 Temperature 3 −40.10 87.24 0.00 0.22 

 Null model 2 −42.88 90.27 3.03 0.05 

 24 h prior Caribbean - SUTA 

 Temperature 3 −40.25 87.54 0.00 0.20 

 Null model 2 −42.88 90.27 2.73 0.05 

Wood Thrush 

 Overnight Caribbean - WOTH 

 Temperature + Day + U-wind 5 −85.61 183.15 0.00 0.25 

 Temperature + Day 4 −87.90 185.04 1.89 0.10 
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 model df logLik AICc delta weight 

 Null model 2 −95.25 194.86 11.71 0.00 

 24 h prior Caribbean - WOTH 

 Temperature + Day + U-wind 5 −86.62 185.17 0.00 0.23 

 Temperature + Day 4 −88.81 186.87 1.70 0.10 

 Null model 2 −95.25 194.86 9.69 0.00 

Blue Grosbeak 

 Overnight Caribbean - BLGR 

 Temperature + Humidity + U-wind 5 −73.23 158.23 0.00 0.21 

 Temperature + Humidity + U-wind + V-wind 6 −71.99 158.52 0.29 0.18 

 Temperature + Humidity 4 −75.53 160.20 1.97 0.08 

 Null model 2 −97.82 199.97 41.74 0.00 

 24 h prior Caribbean - BLGR 

 Temperature + Humidity + U-wind 5 −74.91 161.58 0.00 0.13 

 Temperature + Humidity 4 −76.24 161.62 0.04 0.13 

 Temperature + Humidity + U-wind + V-wind 6 −74.06 162.67 1.09 0.08 

 Humidity 3 −78.37 163.40 1.82 0.05 

 Temperature + Humidity + V-wind 5 −75.89 163.54 1.95 0.05 

 Null model 2 −97.82 199.97 38.39 0.00 

Hooded Warbler 

 Overnight Caribbean - HOWA 

 Day + Sex 4 −17.51 44.76 0.00 0.11 

 Null model 2 −20.36 45.21 0.45 0.07 

 Day 3 −19.54 46.08 1.32 0.06 

 Sex 3 −19.61 46.22 1.46 0.06 

 U-wind 3 −19.72 46.44 1.68 0.06 

 Humidity 3 −19.80 46.60 1.84 0.05 

 V-wind 3 −19.87 46.75 1.99 0.05 

 24 h prior Caribbean - HOWA 

 Day + Sex 4 −17.51 44.76 0.00 0.11 

 Null model 2 −20.36 45.21 0.45 0.09 

 Day 3 −19.54 46.08 1.32 0.06 

 Sex 3 −19.61 46.22 1.46 0.06 

 U-wind 3 −19.65 46.30 1.54 0.05 

 Humidity 3 −19.78 46.55 1.79 0.05 
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APPENDIX C 

 

C. SUPPLEMENTAL MATERIALS FOR CHAPTER 4 

 

C.1 Supplemental results 

C.1.1. Capture dates 

The average dates of capture and departure from the island are listed in Table C1.  

 

C.1.2. Initiation of migratory flight 

Swainson’s Thrush initiated migratory flight on average at 11:34 pm EST, Northern 

Waterthrush at 10:37 pm EST, Gray-cheeked Thrush at 10:50 pm EST, and Yellow-billed 

Cuckoo at 4:50 am EST (Figure C2). 

 

C.1.3. Arrival body condition 

The average and range of body mass, fat mass, lean mass, and body measurements 

of all species are listed in Table C2. There were no annual differences in fat mass (SWTH: F2, 

24 = 0.06, P = 0.9; NOWA: F2, 25 = 1.32, P = 0.3; YBCU: F2, 5 = 4.07, P = 0.09). Scaled lean mass 

was significantly different among years for Northern Waterthrush (F2,25 = 4.17, P = 0.03). A 

post hoc Tukey test showed that scaled lean mass was greater in 2016 than in 2018. There 

were no annual differences in lean mass for Swainson’s Thrush (F2, 24 = 0.62, P = 0.55) or 

Yellow-billed Cuckoo (F2, 5 = 0.69, P = 0.54). Birds with low lean mass had similar island and 

total stopover durations as birds with high lean mass (island: F1,54 = 2.7409, P = 0.1; total: 

F1,61 = 1.9255, P = 0.17). 
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C.1.4. Plasma metabolites 

We obtained triglyceride concentration from 76 tagged individuals. The average 

maximum bleed time was 15.63 minutes (range: 1 - 32 minutes); the average minimum 

bleed time was 3.93 min (range: 1 - 14 minutes). Bleed times did not influence plasma 

triglyceride concentration in any species (SWTH: F1,25 = 1.01, P = 0.33; NOWA: F1,24 = 0.015, 

P = 0.9; GCTH: F1,13 = 0.23, P = 0.64; YBCU: F1,6 = 5.56, P = 0.06).  

The average triglyceride concentration for each species is listed in Table C2. 

Triglyceride concentration was not different among years (SWTH: F2, 24 = 0.5, P = 0.62; 

NOWA: F2, 23 = 0.5, P = 0.62; YBCU: F2,5 = 1.76, P = 0.26) or between sexes (SWTH: F1,24 = 

1.23, P = 0.27; GCTH: F1, 13 = 0.14, P = 0.72). Triglyceride concentration did not change as a 

function of ordinal day (SWTH: F1,25 = 0.31, P = 0.58; NOWA: F1, 24 = 0.47, P = 0.5; GCTH: F1, 13 

= 0.78, P = 0.39; YBCU: F1,6 = 0.003, P = 0.96). 

Plasma triglycerides were positively related to fat mass (SWTH: F1,25 = 7.9, P = 0.009; 

NOWA: F1, 24 = 5.133, P = 0.03; YBCU: F1,6 = 20.78, P = 0.004), except in Gray-cheeked Thrush 

(F1, 13 = 0.07, P = 0.78). Thus, we used residual triglyceride to remove the impact of fat mass 

on triglycerides to investigate refueling rates (Zajac et al. 2006). There was no relationship 

between triglyceride concentration and scaled lean mass in any species (SWTH: F1,25 = 0.75, 

P = 0.4; NOWA: F1, 24 = 0.06, P = 0.8; GCTH: F1, 13 = -1.526, P = 0.15; YBCU: F1,6 = 0.43, P = 

0.54). 

We obtained uric acid concentration from 63 tagged individuals. The average uric 

acid concentration for each species is listed in Table C2. There were no annual (SWTH: F2,20 

= 0.5, P = 0.63; NOWA: F2, 16 = 0.64, P = 0.54; YBCU: F2,3 = 0.37, P = 0.72) or sex (SWTH: F1,20 = 

0.34, P = 0.57; GCTH: F1, 13 = 1.08, P = 0.32) differences in uric acid concentration. Uric acid 

concentration did not change as a function of ordinal day (SWTH: F1,21 = 1.01, P = 0.33; 

NOWA: F1, 17 = 0.77, P = 0.39; GCTH: F1, 13 = 0.19, P = 0.67; YBCU: F1,4 = 0.9, P = 0.4). Uric acid 
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concentration was not correlated with triglyceride concentration (SWTH: F1,21 = 1.75, P = 

0.2; NOWA: F1, 17 = 2.0, P = 0.18; GCTH: F1, 13 = 0.28, P = 0.61; YBCU: F1,4 = 2.6, P = 0.18).  

There was no relationship between uric acid concentration and fat mass (NOWA: F1, 

17 = 0.7, P = 0.41, r2 = -0.02; GCTH: F1, 13 = 1.95, P = 0.19, r2 = 0.06; YBCU: F1,4 = 5.7, P = 0.08, 

r2 = 0.48), except in Swainson’s Thrush (F1,21 = 4.61, P = 0.04, r2 = 0.14). There was no 

relationship between uric acid concentration and scaled lean mass (SWTH: F1,21 = 0.01, P = 

0.9, r2 = -0.05; NOWA: F1, 17 = 2.26, P = 0.15, r2 = 0.07; GCTH: F1, 13 = -1.058, P = 0.3, r2 = 

0.008; YBCU: F1,4 = 2.06, P = 0.23, r2 = 0.17).  

 

C.1.5. Deuterium 

The average feather deuterium for each species is presented in Table C2. There was 

no difference in deuterium between sexes (SWTH: F1,24 = 1.51, P = 0.23; GCTH: F1, 13 = 2.17, P 

= 0.16). Deuterium did not change as a function of ordinal day (SWTH: F1,25 = 0.02, P = 0.9; 

NOWA: F1, 24 = 0.07, P = 0.8; GCTH: F1, 13 = 0.003, P = 0.96; YBCU: F1,6 = 0.34, P = 0.58). 

Deuterium was significantly more depleted in 2018 for Yellow-billed Cuckoo (F2,5 = 17.3, P = 

0.006). There were no annual differences in deuterium for Swainson’s Thrush (F2, 24 = 0.06, 

P = 0.94) or Northern Waterthrush (F2, 25 = 0.01, P = 0.98). 

 

 

C.2 Supplemental tables 

Table C 1. Average capture/tagging date ± SD and average date of departure from the 

island ± SD for 4 species of migratory birds during spring stopover on St. George Island, 

Florida from 2016-2018. Sample sizes in parenthesis. 
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Swainson’s Thrush 

 2016 2017 2018 

Capture day 25 April (n = 3) 24 April – 10 May 

(mean 4 May ± 5.65, n 

= 15) 

15 – 28 April (mean 24 

April ± 4.82, n = 9) 

Departure 

from island 

25 – 28 April 

(mean 26 April ± 

1.73 days, n = 3)  

25 April - 17 May 

(mean 6 May ± 7.23 

days, n = 15) 

22 April - 3 May (mean 

27 April ± 8.13 days, n = 

9) 

Northern Waterthrush 

 2016 2017 2018 

Capture day 21 April – 2 May 

(mean 25 April ± 

4.14, n = 8) 

14 April – 9 May 

(mean 24 April ± 9.77, 

n = 16) 

10 April – 3 May (mean 

25 April ± 8.67, n = 5) 

Departure 

from island 

23 April - 3 May 

(mean 26 April ± 

11.32 days, n = 7) 

15 April - 16 May 

(mean 28 April ± 7.99 

days, n = 16) 

11 April - 8 May (mean 

28 April ± 10.41 days, n 

= 5) 

Gray-cheeked Thrush 

 2016 2017 2018 

Capture day -- 7 May (n = 1) 20 - 29 April (mean 26 

April ± 2.2, n = 15) 

Departure 

from island 

-- 8 May (n = 1) 21 April - 5 May (mean 

29 April ± 11.89 days, n 

= 14) 

Yellow-billed Cuckoo 

 2016 2017 2018 

Capture day 17 – 28 April 

(mean 21 April ± 

6.08, n = 3) 

24 April (mean 24 

April ± 0, n = 4) 

10 – 28 April (mean 22 

April ± 10.12, n = 3) 

Departure 

from island 

19 April - 1 May 

(mean 25 April ± 

12.89 days, n = 3) 

24 April - 25 April 

(mean 25 April ± 0.58 

days, n = 3) 

28 April - 30 April 

(mean 29 April ± 1.41, n 

= 2) 
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Table C 2. Summary of means ± SD and ranges of masses, plasma metabolite concentrations, size measurements (wing chord and tarsus), 

feather deuterium, and arrival and departure dates of 4 species of migratory birds during spring stopover on St. George Island, Florida 

from 2016-2018. Fat and lean mass collected by QMR. Sample sizes in parenthesis. 

 

 Swainson’s Thrush Northern Waterthrush Gray-cheeked Thrush Yellow-billed Cuckoo 

 mean range mean range mean range mean range 

Body mass (g) 25.73 ± 

1.86 

21.63 – 28.64 

(n = 27) 

15.39 ± 

1.96 

12.42 – 19.79 

(n = 28) 

24.90 ± 

2.17 

21.15 – 29.64 

(n = 15) 

41.66 ± 

3.47 

36.65 – 45.78 

(n = 8) 

Fat mass (g) 1.28 ± 

0.97 

0 – 3.42 

(n = 27) 

1.95 ± 

1.58 

0.21 – 5.38 

(n = 28) 

1.45 ± 

1.01 

0.04 – 2.9 

(n = 15) 

1.09 ± 

1.43 

0 – 4.07 

(n = 8) 

Lean mass (g) 20.32 ± 

1.44 

17.3 – 22.67 

(n = 27) 

11.2 ± 

1.16 

9.12 – 13.24 

(n = 28) 

19.08 ± 

1.63 

16.17 – 22.50 

(n = 15) 

31.69 ± 

2.22 

28.32 – 34.0 

(n = 8) 

Wing (mm) 97.9 ± 

3.97 

90 – 106 

(n = 27) 

74.1 ± 

3.39 

69 – 84 

(n = 28) 

99.8 ± 4.1 94 – 110 

(n = 15) 

142.9 ± 

3.68 

138 – 149 

(n = 8) 

Tarsus (mm) 28.98 ± 

0.88 

26.94 – 30.73 

(n = 27) 

22.17 ± 

0.95 

20.2 – 23.72 

(n = 28) 

31.25 ± 

1.29 

28.69 – 33.29 

(n = 15) 

29.12 ± 

1.67 

27.43 – 32.04 

(n = 8) 

Triglyceride 

(mmol/L) 

1.63 ± 

0.82 

0.57 – 4.51 

(n = 27) 

1.25 ± 

0.37 

0.567 – 1.885 

(n = 26) 

1.56 ± 

0.95 

0 – 3.731 

(n = 15) 

1.1 ± 

0.65 

0.21 – 2.043 

(n = 8) 

Uric acid 

(mmol/L) 

2.77 ± 

1.48 

0.96 – 6.32 

(n = 23) 

1.91 ± 

0.84 

0.45 – 3.38 

(n = 19) 

1.67 ± 

0.88 

0.79 – 4.25 

(n = 15) 

1.40 ± 

0.53 

0.51 – 1.91 

(n = 6) 

Deuterium ‰ -92.83 ± 

23.09 

-132.6 – -37.4 

(n = 27) 

-119.74 ± 

23.57 

-157 – -81.4 

(n = 28) 

-122.27 ± 

25.25 

-144 – -44 

(n = 15) 

-27.93 ± 

16.08 

-55.7 – -11.3 

(n = 8) 

Island arrive 

(ordinal) 

28.56 ± 

7.18 

14 – 39 

(n = 27) 

23.64 ± 

8.4 

9 – 38 

(n = 28) 

25.53 ± 

3.6 

19 – 36 

(n = 15) 

20.38 ± 

6.44 

9 – 27 

(n = 8) 

Island depart 

(ordinal) 

31.15 ± 

7.2 

21 – 46 

(n = 27) 

27.21 ± 

9.0 

10 – 45 

(n = 28) 

28.67 ± 

4.54 

20 – 37 

(n = 15) 

25 ± 3.78 18 – 30 

(n = 8) 
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Table C 3. Exponentiated coefficients of the model predicting the island stopover duration 

of Swainson’s Thrush during spring stopover on St. George Island, Florida, USA, 2016-2018 

(n = 27). A generalized linear model was fitted with a negative binomial distribution and a 

log link function. All continuous predictors are mean-centered and scaled by 1 standard 

deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 451.34 * 1.83 111534.15 22.89 0.00 

Lean mass 0.99  0.76 1.30 -0.04 0.969 

Fat mass 0.54 **  0.36 0.79 -3.15 0.002 

Ordinal day 0.93 **  0.88 0.98 -2.81 0.005 

Deuterium 0.99 0.97 1.00 -1.40 0.162 

 

 

Table C 4. Exponentiated coefficients of the model predicting the regional stopover 

duration of Swainson’s Thrush during spring stopover in Apalachicola Bay, Florida, USA, 

2017-2018 (n = 24). A generalized linear model was fitted with a negative binomial 

distribution and a log link function. All continuous predictors are mean-centered and scaled 

by 1 standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 330.34 * 2.71 40306.5 31.54 0.00 

Lean mass 0.98 0.78 1.24 -0.14 0.89 

Fat mass 0.74 0.51 1.07 -1.61 0.11 

Ordinal day 0.98 0.94 1.02 -0.96 0.34 

Deuterium 0.99 0.98 1.01 -0.73 0.46 

 

 

Table C 5. Exponentiated coefficients of the model predicting the island stopover duration 

of Northern Waterthrush during spring stopover on St. George Island, Florida, USA, 2016-

2018 (n = 28). A generalized linear model was fitted with a negative binomial distribution 

and a log link function. All continuous predictors are mean-centered and scaled by 1 

standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 
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 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 17040.8 *** 384.94 754380.82 23.529 0.000 

Lean mass 0.59 *** 0.44 0.79 -3.520    0.000 

Fat mass 0.75 *   0.60 0.94 -2.465    0.014 

Ordinal day 0.99     0.95 1.04 -0.358    0.721 

Deuterium 0.99     0.98 1.01 -0.954    0.340 

 

 

Table C 6. Exponentiated coefficients of the model predicting the regional stopover 

duration of Northern Waterthrush during spring stopover in Apalachicola Bay, Florida, USA, 

2017-2018 (n = 21). A generalized linear model was fitted with a negative binomial 

distribution and a log link function. All continuous predictors are mean-centered and scaled 

by 1 standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 73193.0 *** 1616.32 3314462.5 26.829 0.000 

Lean mass 0.57*** 0.43 0.75 -3.943    0.000 

Fat mass 0.64 *** 0.51 0.81 -3.788    0.000 

Ordinal day 1.02    0.98 1.06 0.947    0.344 

Deuterium 1.00     0.99 1.02 0.292    0.770 

 

 

Table C 7. Exponentiated coefficients of the model predicting the island stopover duration 

of Gray-cheeked Thrush during spring stopover on St. George Island, Florida, USA, 2017-

2018 (n = 15). A generalized linear model was fitted with a negative binomial distribution 

and a log link function. All continuous predictors are mean-centered and scaled by 1 

standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 742.36 *** 15.57 35385.03 32.892    0.000 

Lean mass 1.04     0.87 1.25 0.430    0.667 

Fat mass 0.54 *** 0.40 0.72 -4.202    0.000 
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Ordinal day 0.90 *   0.83 0.98 -2.543    0.011 

Deuterium 1.00  0.98 1.01 -0.878    0.380 

 

 

Table C 8. Exponentiated coefficients of the model predicting the regional stopover 

duration of Gray-cheeked Thrush during spring stopover in Apalachicola Bay, Florida, USA, 

2017-2018 (n = 15). A generalized linear model was fitted with a negative binomial 
distribution and a log link function. All continuous predictors are mean-centered and scaled 

by 1 standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 321.11 *** 12.39 8320.26 42.309    0.000 

Lean mass 0.94 0.81 1.10 0.672    0.501 

Fat mass 0.73 * 0.57 0.93 -2.950    0.003 

Ordinal day 1.01    0.94 1.08 -0.044    0.965 

Deuterium 1.00    0.99 1.01 -1.053    0.293 

 

 

Table C 9. Exponentiated coefficients of the model predicting the island stopover duration 

of Yellow-billed Cuckoo during spring stopover on St. George Island, Florida, USA, 2016-

2018 (n = 8). A generalized linear model was fitted with a negative binomial distribution 

and a log link function. All continuous predictors are mean-centered and scaled by 1 

standard deviation. *** p < 0.001; ** p < 0.01; * p < 0.05. 

 

 Estimate CI 25% CI 95% z-value p-value 

(Intercept) 345883.7* 1.22 97904924759.3 24.755    0.000 

Lean mass 0.82     0.58 1.16 -1.146    0.252 

Fat mass 0.52 **  0.35 0.77 -3.242    0.001 

Ordinal day 0.90 *   0.84 0.98 -2.467    0.014 

Deuterium 0.98    0.95 1.01 -1.120    0.263 
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Table C 10. Lotek nano-tag radio transmitter model numbers, estimated weights, and 

estimated radio-tag lifespan according to custom pulse rate intervals.  

 

Model Pulse rate Estimated battery 

lifespan 

2016 2017 2018 

NTQB-2 (0.35 g) 9.69 s 50 – 76 d 8 13 0 

NTQB-2 (0.35 g) 12.7 s 58 – 187 d 0 3 10 

NTQB-3-2 (0.67 g) 14.9 s 150 – 226 d 0 0 10 

NTQB-3-2 (0.67 g) 19.9 s 169 – 254 d 3 17 1 

NTQB-2-3-2 (0.62 g) 14.9 s 246 – 369 d 0 0 9 

NTQBW-3-2 (1.1 g) 25.1 s 184 – 276 d 4 4 1 
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Table C 11. Location and operating status of automated radio receiving towers within 

Apalachicola, Florida USA in spring 2016-2018. Map number refers to Figure 8A. 

 

Receiver Name Map # latitude longitude 2016 2017 2018 

St. George Island ANERR  

Unit 4 

1 29.6734 -84.8408 Y Y Y 

St. George Island 

Private property, banding site 

2 29.6721 -84.8414 N N Y 

St. George Island 

Private property 

3 29.6555 -84.8832 Y N N 

St. George Island ANERR  

Nick's Hole 

4 29.6413 -84.9135 N Y Y 

St. Vincent National Wildlife 

Refuge 

5 29.6343 -85.1424 Y N N 

Eastpoint ANERR Dock 6 29.7694 -84.8815 Y Y Y 

Box R Wildlife Management 

Area 

7 29.7275 -85.0935 Y Y Y 

East Bay Fire Tower Station 8 29.8285 -84.889 Y Y Y 

Carrabelle Tate’s Hell State 

Forest Headquarters 

9 29.8428 -84.6949 Y Y Y 

Florida State University 

Marine Lab 

10 29.9158 -84.511 N Y N 

Tate's Hell State Forest, Deep 

Creek 

11 29.8592 -84.9123 N Y Y 

Howard's Creek 12 29.891 -85.0687 Y N Y 

Sumatra Weather Station 

Apalachicola National Forest 

13 30.0204 -84.9859 N Y Y 

Wilma Work Station 

Apalachicola National Forest 

14 30.1635 -84.9696 N Y Y 

Apalachicola Work Station 

Apalachicola National Forest 

15 30.2895 -85.0176 N Y N 

Telogia Creek 16 30.3549 -84.948 N Y Y 
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Bradwell Game Farm 

Apalachicola National Forest 

17 30.3867 -84.6769 N Y Y 

Wakulla Work Station 

Apalachicola National Forest 

18 30.3058 -84.4248 N Y Y 

St. Marks National Wildlife 

Refuge (operated by Region 4 

USFWS) 

19 30.088 -84.1628 N Y Y 
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C.3 Supplemental figures 

 

  

Figure C 1. Percentage of birds using two different stopover strategies (island only or 

island-mainland) at our costal FL study site during spring migration. 

 

 

 



 

 119 

 

 

 

Figure C 2. Variation in the migratory departure timing of 4 different songbird species 

measured using automated radio telemetry in the northern Gulf of Mexico, Florida, USA. The 

line within the boxplot represents the median departure time 
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Figure C 3 Examples of raw signal strength data for two radio-tagged migratory birds prior 

to departure and during flight on multiple radio telemetry receivers deployed in coastal 

northern Florida, USA in spring 2017-2018. (A) Northern Waterthrush (Parkesia 

noveboracensis), tag 23298 departs the island on May 4th and flies north into the mainland, 

where the signal is detected by two inland receivers before the signal disappears. The signal 

is redetected further north on May 10th as the bird resumes migration. (B) Swainson’s 

Thrush (Catharus ustulatus) tag 18596 detected moving north non-stop through the 

automated radio telemetry array. Vertical yellow lines represent sunrise; vertical blue lines 

represent sunset. 
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