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Abstract  

During migration, birds must locate stopover habitats that provide 

sufficient resources to rest and refuel while en route to the breeding or non-

breeding area. Long-distance migrants invariably encounter inhospitable 

geographic features, the edges of which are often characterized by habitat 

limited in food and safety. In response, they often depart in directions 

inconsistent with reaching their destination, presumably searching for better 

habitat. We used automated radio telemetry to track 442 individuals of five 

species to investigate the behavior of migratory birds as they departed edge 

habitat along the northern Gulf of Mexico coast during autumn from 2008-2014. 

Most migrants (75%) retreated inland or detoured around rather than advanced 

across the Gulf, but this depended on bird species and fat-based energy stores. 

Most individuals in lean condition or of smaller bodied species tended to retreat 

or detour, rather than advance, when departing from the coast. Twenty-one 

percent of all birds that departed the coast in 2013-2014 were redetected over 45 

km inland, providing a unique opportunity to compare stopover duration, 
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departure times, and travel speeds between migrants that retreat away from the 

coast and those that continue to advance toward their destination. Individuals 

that retreated the coast and were redetected inland spent ~1 day on the coast 

before retreating inland, where they spent 11 days before resuming migration. 

Further when those same individuals retreated from the coast, they departed 

around evening civil twilight, whereas those that advanced from inland habitats 

departed after evening civil twilight. Travel speeds were slower for individuals 

retreating inland compared to those advancing towards the coast from inland 

habitats. The differences between retreating and advancing individuals suggest 

how an individual’s drive to feed or fly influences behavior. Our study illustrates 

how the sum of individual decisions can shape habitat use, landscape-scale 

movements, and migration strategies.  

 

Keywords: reverse migration, reoriented dispersal, landscape-scale movements, 

Alabama, stopover, automated radio telemetry 
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Introduction 

Most birds that migrate thousands of kilometers between their breeding 

and non-breeding areas must stopover en route, where they rest and refuel to 

survive the journey. Locating habitat where migrants can safely and efficiently 

sustain or gain a favorable energetic state (i.e., increase fat stores) needed to 

resume migration in a timely fashion is critical but challenging, especially along 

the edge of a large geographical feature (e.g., oceans, mountains, or deserts) 

where opportunities to stopover are limited (Brooks 1952, Alerstam and 

Lindström 1990, Sandberg and Moore 1996, Strandberg et al. 2009, Alerstam 

2011, Deppe et al. 2015, Moore 2018, Ward et al. 2018). Depending on the 

direction of travel, habitat at the edge of inhospitable geographic features 

(hereafter “edge sites”) represent the last possible place to stopover before an 

individual must negotiate a crossing of the non-habitat feature or the first possible 

landfall after a non-stop flight. Migrants departing edge sites often select 

departure directions inconsistent with progress toward their breeding or non-

breeding destination (Alerstam 1978, Åkesson et al. 1996, Åkesson 1999, 

Smolinsky et al. 2013, Woodworth et al. 2014, Deppe et al. 2015, Nilsson and 

Sjöberg 2016). Coastlines, for example, are often characterized as habitat-poor 

landscapes with high concentrations of migrants, which leads to reduced habitat 
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quality (Abdollahi et al. 2005, Mehlman et al. 2005, Schaub et al. 2008, Buler and 

Moore 2011, Lain et al. 2017) in terms of increased predation pressure (Aborn 

1994, Cimprich et al. 2005, Woodworth et al. 2014) and competition for food 

(Moore and Yong 1991, Zenzal and Moore 2019). Ultimately, if individuals are 

unable to adequately prepare for a long distance flight in edge habitats, then they 

will have a lower survival probability when attempting to cross the potential 

barrier (Erni et al. 2003, Ward et al. 2018). Individuals unable to directly advance 

(i.e., move directly towards the final migration destination) from the edge site 

must either retreat from (i.e., move away from the edge) or detour around (i.e., 

move parallel to the edge) the inhospitable geographic feature. 

Decisions about when and in what direction to leave a stopover site reflect 

an individual’s readiness to resume migration and are often influenced by 

extrinsic factors, such as habitat described above and weather, or intrinsic 

factors such as energetic condition, species, and age (Hake et al. 2003, 

Smolinsky et al. 2013, Sjöberg et al. 2015, Deppe et al. 2015, Dossman et al. 

2016, Nilsson and Sjöberg 2016; but see Zenzal et al. 2018a). In terms of 

energetic condition, individuals with substantial fat stores orient in an advancing 

direction (i.e., south), consistent with migrating to their non-breeding range, while 

lean individuals tend to orient in directions indicative of detouring or retreating 

(i.e., east/west or north, respectively; Sandberg and Moore, 1996; Sandberg et 

al., 2002; Nilsson and Sjöberg 2016). Species-dependent decisions may also 

occur considering poorer flight performance related to smaller body size allows 
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for a lower margin of error when negotiating long-distance, non-stop flights (Buler 

et al. 2017), which may suggest that smaller bodied species would choose to 

detour or retreat. Age-dependent migratory decisions reveal that young birds 

tend to show more variation in migratory routes compared to adults (Hake et al. 

2003, Agostini 2004) and tend to be less efficient at foraging, impacting energetic 

condition (Gauthreaux 1978, Burger 1988, Wunderle 1991, Woodrey 2000, but 

see Moore et al. 2003). While intrinsic factors that describe an individual’s 

disposition (e.g., age, species) are generally inflexible within a season, other 

factors, such as energetic condition and habitat quality, allow individuals to 

change the circumstances (e.g., find nearby habitat with more food) and increase 

their readiness to resume migration and advance.  

Readiness is especially evident at an edge of inhospitable features and 

can be described as a dichotomy between states of feeding or flying (i.e., 

Zugdisposition or Zugstimmung; sensu Groebbels 1928, Rappole and Warner 

1976, Schaub et al. 2008, Mills et al. 2011, Taylor et al. 2011, Chernetsov 2012, 

Cohen et al. 2014, Woodworth et al. 2014). The feeding state is characterized by 

habitat assessment, longer stopover duration at a landscape scale, diurnal fat 

deposition, slower travel speeds, and departure in a direction inconsistent with 

advancing while searching for additional foraging opportunities at a landscape 

scale (Alerstam 1978, Sandberg and Moore 1996, Moore and Aborn 2000, 

Chernetsov 2006, Mills et al. 2011, Taylor et al. 2011, Cohen et al. 2012, 

Smolinsky et al. 2013, Woodworth et al. 2014, Dossman et al. 2016, 2018, 
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Ferretti et al. 2019, Schmaljohann and Klinner 2020). Feeders eventually 

transition to a state of migratory flight, which is characterized by higher travel 

speed, minimal stopover duration, advancing directly towards the final migration 

destination, especially when weather conditions are supportive (Rappole and 

Warner 1976, Dingle 1996, Bruderer and Liechti 1998, Smolinsky et al. 2013, 

Deppe et al. 2015, Dossman et al. 2016, 2018, Nilsson and Sjöberg 2016, 

Packmor et al. 2020, Schmaljohann and Klinner 2020). Moreover, nocturnally 

migrating flyers are: 1) less likely to move during the day (i.e., sleep instead of 

forage), 2) engage in quiescence and orientation behaviors before departing, and 

3) depart stopover sites early at night between sunset and astronomical twilight 

to take advantage of improved directional information, atmospheric stability, and 

lower predation risk (Moore 1987, 2018, Kerlinger and Moore 1989, Moore and 

Aborn 2000, Newton 2008, Németh 2009, Cohen et al. 2012, Covino and Cooney 

2015, Dossman et al. 2016, 2018, Schofield et al. 2018a, b, Packmor et al. 

2020). 

Transitions between feeder and flyer, which occur throughout migration, 

are likely attributed to the cyclical interplay between circumstance, condition, 

state, and behavior, which can be magnified or diminished by context. For 

example, circumstance may place an individual in lean condition at a food poor, 

edge site with high competition and predation risk. The internal state of this lean 

individual is to feed but circumstances may prevent or limit foraging opportunities 

and so the individual changes its behavior to relocate to a higher quality stopover 
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site, which may be inconsistent with advancing. Now with circumstances 

changed, the lean bird is at a food rich, interior stopover site with lower 

competition and predation risk relative to the edge site. The bird, now able to 

satisfy the need to feed, changes condition by increasing fuel stores and in turn 

becomes motivated to fly and advance towards the migratory destination. While 

this process occurs continually throughout migration, the context of being at an 

edge site paired with inflexible internal factors, such as age or species, can 

exacerbate all aspects of this cycle given the high energy demand for flight 

across the inhospitable landscape. 

 We radio-tagged 5 species of migratory bird at an edge site to investigate 

decisions related to the internal states of feeding and flying during autumn 

migration by tracking behaviors with an array of automated radio telemetry (ART) 

systems on the northern coast of the Gulf of Mexico. We hypothesize that 

departure decisions are influenced by species, age, and fat load. We predict 

smaller species, individuals carrying lower fuel stores, or those on their first 

migration are not ready to resume migration from an edge site and will tend to 

retreat or detour rather than advance (i.e., transition to migratory flight). We also 

hypothesize that feeders retreating lower quality, edge sites differ from flyers 

advancing from higher quality, interior sites with respect to departure time, travel 

speed, and stopover duration. We predict feeders retreating from edge sites will 

depart later in the evening, travel slower (i.e., a more tortuous route), and have 

stopped over for shorter compared to flyers advancing from interior sites. We 
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also test the underlying assumption that interior habitats are higher quality than 

edge habitat by predicting that food resources are higher at interior sites.  

 

Materials and Methods 

Study sites 

Edge site – Our edge site was at the Bon Secour National Wildlife Refuge 

(30° 10’N, 88° 00’W; Figure 1C) located approximately 2 km from the end of the 

Fort Morgan Peninsula, Alabama, USA in coastal dune-forest habitat. The Fort 

Morgan Peninsula, which is a 1 km wide strip of land between Mobile Bay and 

the Gulf of Mexico, represents the last stopover habitat before some individuals 

advance across the Gulf of Mexico during autumn. The site is composed 

primarily of oaks (Quercus sp.), hollies (Ilex sp.), greenbrier (Smilax spp.), 

grapevine (Vitis sp.), wax myrtle (Myrica cerifera), bay (Persea sp.), saw 

palmetto (Serenoa repens), sand heath (Ceratiola ericoides), and pines (Pinus 

sp.; see Zenzal et al. 2013 for a complete description of the habitat). Many 

migrants at this site tend to have short stopover durations and do not 

substantially refuel on the available fruit and arthropod resources (Woodrey and 

Moore 1997, Smolinsky et al. 2013, Deppe et al. 2015, Zenzal and Moore 2016, 

Zenzal et al. 2018a). 

Interior site – Our interior site was in the Jacinto Port Wildlife Management 

Area (30° 48’N, 88° 02’W: at Tower 6 in Figure 1B) just east of Saraland, 
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Alabama, USA. The extensive, contiguous upland and bottomland hardwood 

forests located in the Five Rivers Delta area is ~50 km north of the Gulf of Mexico 

and where the Mobile, Spanish, Tensaw, Apalachee, and Blakeley Rivers flow 

into Mobile Bay. This site is dominated by sweetgum (Liquidambar styraciflua), 

American beautyberry (Callicarpa americana), pines, oaks, hollies, grapevine, 

greenbrier, and dwarf palmetto (Sabal minor). Similar habitats harbor large 

numbers of migrants and are rich in food resources (Buler et al. 2007), 

suggesting it is a potentially high-quality site. 

Bird captures 

We captured birds at a long-term migration monitoring station located at 

our edge site during autumn (25 August to 1 November) 2008 to 2014, except 

temporarily during a U.S. government shutdown (1-13 October 2013) which 

precluded access to our study site (we were also unable to sample fruit and 

arthropods, see below, at this site during the same period). We operated a 

station of 30 nylon mist nets (12 or 6 m x 2.6 m with 30mm mesh) from just 

before sunrise until approximately noon (Central Daylight Time [CDT]), barring 

unfavorable weather that might prevent the safe operation of nets. We banded 

each individual with a unique U.S. Geological Survey metal band, aged 

individuals as hatch-year (HY; hatched that summer) or after hatch-year (AHY; 

hatched a previous year) according to Pyle (1997), assessed muscle and fat 

(Helms and Drury 1960, Bairlein 1995), and measured unflattened wing chord 

(0.5 mm) and mass (nearest 0.1 g with an electronic balance). We classified 
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visible subcutaneous fat in individuals based on a 0-5 fat scoring system (Helms 

and Drury 1960).  

We affixed a small radio transmitter to 473 individuals from the following 

five species: indigo bunting (Passerina cyanea, n = 39; 97% HY), red-eyed vireo 

(Vireo olivaceus, n = 151; 63% HY), ruby-throated hummingbird (Archilochus 

colubris, n = 55; 100% HY), Swainson’s thrush (Catharus ustulatus, n = 177; 

65% HY), and wood thrush (Hylocichla mustelina, n = 51; 88% HY). We assume 

all individuals were captured the day of arrival due to the high turnover rate of 

migrants previously described at this site (Woodrey and Moore 1997, Smolinsky 

et al. 2013, Deppe et al. 2015, Zenzal and Moore 2016, Zenzal et al. 2018a). All 

species are considered long-distance, neotropical migrants (sensu Carlisle et al. 

2004, DeGraaf and Rappole 1995, Zenzal et al. 2018b) that breed in temperate 

North America and winter primarily south of the Tropic of Cancer (for more 

details see: Cimprich et al. 2018, Evans et al. 2011, Mack and Yong 2000, Payne 

1992, Weidensaul et al. 2019). All animal research activities were approved by 

the University of Southern Mississippi institutional animal care and use 

committee (IACUC; protocol number 11092210), University of Illinois IACUC 

(protocol number 15154), U.S. Geological Survey Bird Banding Laboratory 

(permit number 21221), and the Bon Secour National Wildlife Refuge. 

Automated radio telemetry, transmitters, and telemetry data 
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 We established a network of automated radio telemetry (ART) systems 

using automated receiving units from JDJC Corp (Fisher, Illinois, USA). We used 

the signal strength, noise, pulse width, and pulse interval data to determine the 

departure and arrival behavior of radio-tagged individuals. The transmitters used 

on the five focal species varied in weight, battery life, and were made by different 

companies (see Supplementary Information for details). We do not suspect the 

weight of the transmitter to significantly impact the behaviors observed given that 

flight behaviors of the smallest species tagged, ruby-throated hummingbirds, did 

not differ in an aviary with or without the transmitters we used in this study 

(Zenzal et al. 2014). The automated system along the Gulf’s edge used different 

antennas than the interior system. The two systems were thus slightly different in 

terms of the resolution of the bearing estimates and gain of the antennas. While 

we could triangulate and estimate the tracts of departing individuals, for the 

purpose of this study we used vanishing bearing as the metric to determine if an 

individual was advancing, detouring, or retreating. As an example, we 

triangulated a few individuals to provide a visual representation of the departure 

behavior and their “retreat” north (Figure 1B; see supplementary information for 

further details).  

Food Sampling 

 In 2013 and 2014, we sampled fruit and arthropods along transect(s) 

within the telemetry detection area of each site (interior site: one transect totaling 

375 m in length to sample the bottomland forested habitat [located near “Tower 
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6” in Figure 1B]; edge site: two transects totaling 725 m in length to sample the 

scrub and pine habitats [located at “Banding Station” in Figure 1C]). Once a 

transect was established we marked all plants that were within 2 m of the 

transect center line and fruiting between 25 August and 9 September at the start 

of each season. Fruit sampling involved counting all the ripe fruit once a week 

between 2 September and 28 October on the marked plants. Marked plants 

included: 1) peppervine (Ampelopsis arborea), dahoon holly (Ilex cassine), 

inkberry (I. glabra), yaupon holly (I. vomitoria), gopher apple (Licania michauxii), 

wax myrtle, red bay (P. borbonia), chokecherry (Prunus virginiana), winged 

sumac (Rhus copallinum), saw palmetto, greenbrier, and blueberry (Vaccinium 

sp.) at the edge site and 2) American beautyberry, American holly (I. opaca), 

yaupon holly, dwarf palmetto (Sabal minor), and sparkleberry (Vaccinium 

arboreum) at the interior site. Arthropod sampling took place at 8 points, spaced 

50 m apart, along each transect (n = 16 points at the coastal site; n = 8 points at 

the inland site). Every three days between 3 September and 30 October we 

surveyed arthropods at each location once in the afternoon (~15:00 CDT); if high 

winds or precipitation interfered with sampling we conducted surveys on the next 

available day. At the start of the season, we selected similarly sized oak tree 

branches from the nearest oak tree at each point along the transect from which 

to sample arthropods throughout the season. We carefully covered the branch 

with a pillowcase, closed the end around the branch, shook the branch vigorously 

for approximately 30 seconds, and then counted the arthropods inside the 
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pillowcase classifying them by taxonomic order and 1 mm size class before 

releasing them alive. We then used previously published length-weight 

regression equations to calculate arthropod biomass (see Johnson and Strong 

2000, Strong and Sherry 2000). 

Statistics 

Departing the Edge 

To test the prediction of our first hypothesis related to how conditions such 

as species, age, and fat load influence behavior when circumstance places an 

individual at an edge site within the context of negotiating a 1,000 km, non-stop 

flight, we classified departure directions from the edge site into three discreet 

groups: advancing (south = 135 – 224°), detouring (east = 45 – 134° or west = 

225 – 314°; i.e. individuals were roughly following the coast), and retreating 

(north = ≥315° or <45°; Figure S1). Individuals advancing upon departure 

illustrate the flyer state (i.e., resuming migration), individuals retreating upon 

departure are considered to be in a feeder state, and those detouring upon 

departure have discontinued the direct route to the non-breeding grounds but 

may be exhibiting either the feeder or flyer state. For all tagged individuals, we 

analyzed departure group membership using an information theoretic approach 

to determine which factors influence departure direction. We used Akaike’s 

information criterion (AICc; Burnham and Anderson 2002) with a multinomial 

logistic regression to determine if age (HY or AHY), fat score (0-5), or bird 

species, factors typically related to departure decisions (e.g., Deppe et al. 2015, 
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Nilsson and Sjöberg 2016, Sandberg and Moore 1996, but see Zenzal et al. 

2018a), influenced departure direction. We created 14 candidate models (Table 

1), all of which, excluding the null model, included year as a random factor. We 

tested the null model (no variables), single-variable models, global models (all 

variables, additive and interactive), as well as specific variable combinations in 

additive and interactive models (see Table 1). We considered models with a 

ΔAICc ≤ 2 as receiving the strongest support based on the data and determined 

the best model based on the calculated weight and parsimony of each model 

(Burnham and Anderson 2002). 

Comparing Retreating to Advancing 

To test the prediction of our second hypothesis comparing behaviors of feeders 

and flyers, we analyzed data on individuals tagged at the edge site and later 

detected at an ART system north of Mobile Bay. For any individual detected by 

an ART system at the interior site (hereafter “redetected individuals”, n = 42), we 

calculated departure time (defined as the number of hours before or after civil 

twilight based on expected departure times; Deppe et al. [2015], Moore and 

Kerlinger [1992], and Smolinsky et al. [2013]), northbound and southbound travel 

speed (meters per second [m/s]), as well as the number of days (stopover 

duration) at the edge and interior sites when possible. We estimated travel speed 

by determining the time when the signal strength indicated the bird was directly 

east or west of the tower and dividing the amount of time it took for an individual 

to move in an assumed straight path between the coastal towers and either tower 
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5 or 6 (see Figure 1B). We pooled data across species for analyses of redetected 

individuals in order to maximize our sample size. Two variables did not conform 

to a normal distribution based on a Shapiro-Wilk Test (p < 0.05), therefore we 

transformed departure time (paired samples only) and travel speed (independent 

samples only) of redetected individuals with the natural logarithm (natural 

logarithm + 1 for departure time) in order to fit the data to a normal distribution. 

Stopover duration of redetected individuals did not conform to a normal 

distribution after performing log and square root transformations, necessitating 

the use of non-parametric statistics. We used a paired t-test or Wilcoxon signed-

rank test to determine if the response variable changed between sites. However, 

given the low sample sizes of pairwise data captured by our ART network (range 

of n = 9 – 20), we also performed an independent t-test or Mann Whitney U test 

to characterize differences between individuals at the two sites. The independent 

test is likely to be more conservative in its test of significant differences between 

sites.  

Given the possibility that detected differences in travel speeds between 

northbound and southbound flights could be due to wind conditions aloft, we 

analyzed wind speed and direction of redetected individuals with data on flights 

north and south (n = 20). We used this approach rather than assessing flow 

assistance (e.g., Kemp et al. 2012) as we cannot predict the desired bearing of 

retreating individuals and do not know where individuals outside of our detection 

area originate from, but rather simply illustrate that wind conditions aloft are not 
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different between advancing and retreating flights. We obtained weather data 

from Dauphin Island, AL (ID: 994420; 30°15’N, 88°4’W) and averaged conditions 

from within 2 hours of an individual’s departure time (hour of departure ± 1 hour). 

We used a generalized linear model (GLM) with a binomial distribution and 

selected flight direction (retreat or advance) as the response variable; fixed 

factors included speed (m/s) and cardinal direction (as defined above) of surface 

winds as well as their interaction. We determined significant differences between 

flight directions using a Wald test.  

Food Abundance 

We tested the expected difference in food abundance by recording the 

weekly mean number of ripe fruit/m or mean arthropod biomass at each sampling 

period, between sites using generalized linear mixed models (GLMMs). For each 

response variable, we used a Gaussian distribution and selected site as a fixed 

factor; day of year nested within year was a random factor. We determined 

significance of variables in our GLMMs using a Wald test and 95% confidence 

intervals. We followed up our analysis of arthropod biomass with a Hedge’s g test 

to determine differences in magnitude (i.e., the effective difference) between the 

two sites. 

Software 

We performed all statistics in the R statistical language (version 3.5.1; R 

Core Team 2018). To run multinomial regression models, we used package 
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“nnet” (Venables and Ripley 2002) and then calculated ΔAICc and AICc weights 

using package “AICcmodavg” (Mazerolle 2017). For linear models (GLMM/GLM), 

we used packages: “MASS” (Venables and Ripley 2002), “nlme” (Pinheiro et al. 

2018), “car” (Fox and Weisberg 2011), and “gmodels” (Warnes et al. 2018). We 

used package “effsize” to perform the Hedge’s g test (Torchiano 2017). 

Results 

Departing from the Edge 

 We found that of all the radio-tagged individuals (n=442), most (75%) did 

not advance when departing the edge site. The majority of individuals (n = 184; 

42%) departed in a direction parallel to the Gulf of Mexico consistent with 

detouring (i.e., east or west). The second most frequent departure direction was 

retreating from the Gulf of Mexico (i.e., north; n = 146; 33%). The least number of 

individuals (n = 112; 25%) departed over the Gulf of Mexico consistent with 

advancing toward the non-breeding grounds (i.e., south). We were unable to 

estimate the departure direction for 31 (5 indigo buntings, 6 red-eyed vireos, 3 

ruby-throated hummingbirds, 16 Swainson’s thrushes, and 1 wood thrush) of the 

473 radio-tagged individuals due to transmitter failures and errors in programing 

the ARTs to search for a specific frequency. 

 Results from our AICc approach to test the prediction of our first 

hypothesis related to the conditions of age, species, and fat load on departure 

direction found one model with sufficient support (ΔAICc < 2; wi = 0.86), which 
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was the additive model between bird species and fat score (Table 1). From a 

species standpoint, detouring along the coast was the most frequent departure 

direction for the two smallest species examined, indigo buntings (74%) and ruby-

throated hummingbirds (77%), and the least frequent direction for wood thrush 

(22%). Individuals retreating toward inland habitat was most common for red-

eyed vireos (47%) and wood thrush (42%) and the least frequent direction 

among indigo buntings (12%) and Swainson’s thrush (29%). Southbound 

departures over the Gulf by advancing individuals were most frequent for 

Swainson’s thrush (38%) and the least frequent direction in red-eyed vireos 

(16%) and ruby-throated hummingbirds (10%; Figure 2). 

Considering an individual’s fat score in relation to departure decisions, 

fewer than 10% of those individuals with lower fat stores (scored 1-3) advanced 

south over the Gulf of Mexico. The majority of individuals with lower fat scores (0-

3) detoured (48-58%), followed closely by retreating (37-45%). The majority of 

individuals (41%) with a fat score of 4 also detoured, followed by fairly similar 

numbers advancing (31%) and retreating (28%). Almost half of individuals with 

the highest fat score (5) advanced over the Gulf of Mexico (47%) and less than a 

quarter retreated towards interior sites (22%; Figure 3).  

Comparing Retreating to Advancing 

 We tested the prediction of our second hypothesis by comparing 

behaviors of feeders retreating from our edge site to flyers advancing from our 
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inland site. Retreating individuals departed the edge site earlier in the day (1.60 ± 

1.75 hours after evening civil twilight, n = 42) than when advancing from the 

interior site (2.51 ± 1.20 hours after civil twilight, n = 20; repeated measures 

approach: t = -4.076, df = 19, p-value < 0.001; independent samples approach: t 

= -4.129, df = 23.797, p-value < 0.001), although departures from the edge site 

showed more variation compared to interior departures. Moreover, half of the 

interior-departing individuals included in the analysis resumed migration outside 

of our inland detection areas (likely north of the site; see below), which means 

they departed earlier in the day than when we detected them on the interior ART 

network. Between edge and interior ART networks, travel speed was greater for 

individuals advancing (15.12 ± 5.03 m/s, n = 9) compared to those retreating 

(9.45 ± 3.65 m/s, n = 34; repeated measures approach: t = -4.633, df = 5, p-value 

= 0.006; independent samples approach: t = -3.112, df = 8.431, p-value = 0.014; 

Figure 4). For both retreating and advancing flights, winds were from the south 

and wind speeds were similar (retreating: 4.65 ± 2.31 m/s; advancing: 6.06 ± 

2.45; all p > 0.25). Wind speed and direction results suggest retreating 

individuals experienced wind assistance, while advancing individuals flew into 

headwinds at departure. Individuals had a longer stopover duration at interior 

habitats compared to the edge site in both analyses. In the pairwise analysis, 

individuals spent significantly less time at the edge site (0.08 ± 0.29 days) 

compared to interior sites (11.67 ± 4.69 days, n = 12; V = 0, p = 0.002). The 

independent samples test also showed redetected individuals spent significantly 
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less time at the edge site (0.67 ± 1.96 days, n = 42) compared to interior habitats 

(11.67 ± 4.96 days, n = 12; W = 7, p < 0.001). Furthermore, mean stopover 

duration of all radio-tagged individuals at the edge site was short (1.21 ± 2.62 

days, n = 442), with most individuals (82%; n = 362) departing within 24 hours of 

capture.  

Interior Flights 

During 2013 and 2014, we redetected 21% of all tagged individuals which 

comprised 62% of retreating individuals flying near the interior ART network after 

departing from the edge site. Wood thrush was the most common species 

redetected at the inland site (42% of all tagged wood thrushes), whereas we 

never redetected ruby-throated hummingbirds at the inland site. The remaining 

species each had ~15-24% of individuals redetected inland (Table 2). We found 

that 8 of the 33 redetected individuals landed and stopped over in the detection 

area of our inland receivers: one indigo bunting, two red-eyed vireos, and five 

wood thrushes (examples of wood thrush movements illustrated in Figure 1B). 

Based on the 8 individuals that landed in the inland detection area, the average 

distance from the location where they were tagged was 57.4 km (± 9.43 km; 

range: 45-70 km) and the individuals that continued north (n= 27) likely stopped 

at least 72 km (i.e., the edge of the detection area) from where they were tagged.  

Of the 33 individuals that retreated to stopover at an interior site, we 

redetected 14 individuals departing south, of which seven individuals departed 
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locally (within the detection area of the receivers) from bottomland forests; the 

remaining seven departed from interior habitats outside the detection area. While 

we found no evidence that the 14 individuals moving south from interior habitats 

made landfall again near the edge site, 9 individuals were detected aloft passing 

by the ART network at the edge site. Four of the 14 southbound birds not 

detected by our ART network on the coast were heading in a west-southwesterly 

direction when passing the interior ART network and were likely out of range of 

the coastal ART network. The last southbound individual not redetected, a red-

eyed vireo, turned sharply to the east and likely passed to the east out of range 

of the coastal ART network.  

Food Abundance 

 To test our underlying assumption of habitat quality, we compared 

arthropod and fruit resources between out edge and interior sites. Arthropod 

biomass was greater at the interior site (0.17 ± 0.38 mg/sampling period; n = 18) 

compared to the edge site (0.05 ± 0.03 mg/sampling period; n = 20). While the 

difference in arthropod biomass was not significant (F1,8 = 2.46, p = 0.16, 95% CI 

= -0.06 to 0.30), we did find a difference in the magnitude of arthropod biomass 

between sites (|g| = 0.44). The moderate difference in magnitude or effect size 

suggests that observed values at the interior site are greater despite the large 

amount of temporal variation at the interior site (range: 0.005 – 1.560 g/sampling 

period). The number of ripe fruit counted each week was over 3x greater at the 
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interior site (43.23 ± 10.48 ripe fruit/m) compared to the edge site (13.04 ± 4.07 

ripe fruit/m; F1,14 = 163.33, p < 0.0001, 95% CI = 1.01 to 1.41).  

Discussion 

Departing the Edge 

 We found partial support of our hypothesis that departure decisions are 

influenced by species, age, and fat load. As predicted, species of smaller body 

size (e.g., hummingbirds, buntings, and vireos) and birds in lean condition (fat 

score < 4; Helms and Drury 1960) were more likely to discontinue a direct route 

to the migratory destination. Age was not important in explaining flight direction, 

despite the tight interplay typically found between age and foraging efficiency 

(Gauthreaux 1978, Burger 1988, Wunderle 1991, Woodrey 2000, but see Moore 

et al. 2003). Despite smaller-bodied species having higher fuel deposition rates 

(Lindström 2003) and the ability to carry more fat relative to their fat-free mass 

(Hedenström and Alerstam 1992), they are more affected by turbulent conditions 

aloft (e.g., Ravi et al., 2015) and have higher metabolic costs (Vogel 1988) that 

reduce their margin of safety during long flights over large geographic features. 

This trade-off may explain why smaller-bodied species are more selective when 

attempting to advance from edge habitats or detour around the perceived barrier 

(Deppe et al. 2015, Zenzal et al. 2018a). While we know detouring individuals 

discontinued the direct route to their migratory destination when departing the 

edge site, tracking whether they made additional stopovers within the landscape 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 



24 
 

or resumed migratory flight by circumventing the Gulf of Mexico is beyond the 

scope of our study. 

 Regardless of departure direction, most individuals left our edge 

site within 24 hours of capture and, with our underlying assumption of less food 

at edge sites confirmed,  individuals seeking to replenish energy stores would be 

more food limited and likely face increased competitor and predation pressure if 

remaining on the coast (Moore and Yong 1991, Aborn 1994, Woodrey and Moore 

1997, Kelly et al. 2002, Cimprich et al. 2005, Cimprich and Moore 2006, Moore et 

al. 2017, Zenzal and Moore 2019). A third of the departing individuals engaged in 

retreating movements consistent with locating more suitable stopover habitat, 

based on our food data - a behavior associated with the feeding state. This 

finding is similar to other studies where migrants stop at the edge of an 

inhospitable landscape and retreat instead of advancing (Baird and Nisbet 1960, 

Alerstam 1978, Woodworth et al. 2014, Nilsson and Sjöberg 2016), and it is 

assumed that retreating individuals were unable to meet the necessary departure 

fuel load to resume migration. Our ART network confirms that individuals in a 

feeding state retreated to interior habitats with greater forest cover and food 

resources (Buler et al. 2007; this study), as well as presumably lower predation 

risk (sensu Lindström, 1990). While retreating over 45 km from the coast to 

another unfamiliar stopover site may result in extra energy expenditure and 

uncertainty compared to remaining at the current site, for lean individuals, the 
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cost appears to be outweighed by successful transition to the flyer state and 

associated advancing flight that we observed.  

Advancing versus Retreating Flights 

The positioning of our ART network allowed us to test the prediction of our 

second hypothesis by directly comparing the decisions of birds retreating to 

interior habitats and then advancing after presumably refueling (i.e., transition 

from feeding to flying). We detected differences in departure time, stopover 

duration, and travel speed as hypothesized between retreating and advancing 

migrants. While stopover duration and travel speed were in the predicted 

direction, departure time results were opposite of what we expected. This may be 

an artifact of processing departures from edge sites versus interior sites. All 

retreating individuals departed from known locations within our detection area, 

whereas half the individuals advancing from inland sites departed outside the 

detection area and were detected when already aloft. Individuals retreating inland 

showed greater variation in departure time and may be flexible in departure time 

since they are moving a relatively short distance (45-72+ km) that may take 2-3 

hours based on our calculated travel speeds, as opposed to advancing over the 

Gulf of Mexico for a sustained flight of 1,000 km lasting an average of 22 hours 

(Deppe et al. 2015). Given the more demanding flight, birds advancing and 

engaging in trans-Gulf flights should show higher consistency in departure times 

to take advantage of orientation cues available at twilight and nocturnal flight 

conditions (Kerlinger and Moore 1989, Newton 2008, Schofield et al. 2018a). 
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While individuals retreated from our edge site shortly after arrival, they 

spent an average of 11 days at the higher-quality inland site presumably 

refueling and waiting for appropriate atmospheric conditions (Able 1973, 

Richardson 1978, Åkesson and Hedenström 2000, Liechti 2006, Buler et al. 

2007, Shamoun-Baranes and van Gasteren 2011, Deppe et al. 2015, Bolus et al. 

2017). The contrast in stopover duration between locations supports the 

hypothesis that migrants unable to refuel at a stopover site will quickly leave, 

while those gaining mass should remain until they achieve the necessary 

departure fuel load to be in the flyer state (Mehlman et al. 2005, Schaub et al. 

2008). For example, thrushes in our study tended to be fairly inactive at the edge 

site, did not significantly gain mass, and departed the day of first capture – an 

indication they are likely not foraging and attempting to reduce the threat of 

predation in the open coastal habitat (Woodrey and Moore 1997, Cimprich et al. 

2005, Cimprich and Moore 2006, Schofield et al. 2018b). The longer stopovers at 

interior sites paired with advancing departures suggests that thrushes were able 

to change their condition and internal state by taking advantage of the greater 

food abundance and presumably lower competition and predation pressure.  

 In addition to longer stopover durations, retreating migrants exhibited 

slower travel speeds despite generally experiencing supportive tailwinds, which 

is consistent with the feeder state. When migrants resume migration, they should 

not respond to habitat quality or resource availability (Dingle 1996, Chernetsov 

2006, Cohen et al. 2012). Migrants retreating from edge habitats had slower 
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travel speeds compared to when they later advanced from interior habitats 

toward the Gulf of Mexico (see also Bruderer and Liechti 1998, Nilsson and 

Sjöberg 2016). While it may seem surprising that advancing migrants flew into 

headwinds, this has been found previously for Swainson’s thrush departing from 

our edge site (see Bolus et al. 2017). Typically, those advancing should make 

decisions aloft to maximize a successful trans-Gulf flight, such as selecting 

altitudes that reduce time and energy expenditure, as opposed to retreating, 

which should focus on identifying high-quality stopover habitat by flying slower, at 

lower altitudes to seek and assess habitats (Cochran and Kjos 1986, Kerlinger 

and Moore 1989).  

Conclusion 

The ability for migrating birds to stop en route and locate habitat where 

they can quickly transition from feeders to flyers is critical for a successful 

migration. In our study, most migrants stopping along the edge of the Gulf of 

Mexico departed shortly after arrival but discontinued the direct route to the 

migratory destination. A third of the tagged individuals did not appear to find the 

resources needed to resume migration and instead relocated a considerable 

distance inland before advancing. Based on our observations, retreating 

individuals were likely able to relocate to relatively higher quality habitat and 

subsequently advance across the Gulf of Mexico after a substantial stopover 

duration. Nearly half of the tagged individuals departed our edge site parallel to 

the coast, but it is not clear if detouring individuals are selecting to feed, resume 
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migratory flight, or employ an intermediate strategy (i.e., fly and forage). The 

decision-making process we observed occurs throughout the migratory period 

based on the circumstances and conditions migrants experience, yet the context 

of being at the edge of an expansive, inhospitable landscape causes the 

decision-making process to carry greater consequences given that a 

miscalculation could be fatal (Ward et al. 2018). 

Speculations 

We suspect the feeder/flyer dichotomy influenced behaviors we did not measure, 

and was influenced by weather conditions and migration timing:  

• We hypothesize that the individuals in this study also displayed 

differences in foraging behavior, daytime sleep, and general activity 

consistent with the feeder/flyer dichotomy. We predict that flyers foraged 

less and were risk averse if foraging, slept more during the day, and were 

less active (i.e., sit and wait to advance) compared to feeders.  

• Prevailing weather conditions are known to influence departure decisions, 

including in our system, and likely adds a consequential circumstance to 

the feeder/flyer dichotomy. While individuals advancing from the interior 

site generally flew into headwinds upon departure, we suspect longer 

stopover durations at the interior site could also be due to some 

individuals attempting to await favorable weather conditions – delaying the 

transition from feeder to flyer.  
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• A migrant’s spatiotemporal context can influence decisions (e.g., a late 

bird minimizing time) and circumstances (e.g., more favorable weather 

later in the season). We hypothesize that we would see less retreating 

movements and other behaviors associated with feeders later in the 

season compared to earlier in the season as migrants may need to 

minimize time as en route resources diminish.  
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Figure Legends 

 

Figure 1. A) Gulf of Mexico region with study area outlined in black. B) The 

Mobile Bay region with telemetry tower locations shown. Tower 4 was operated 

from 2012-2014, Tower 5 from 2013-2014, and Tower 6 in 2014 only. Resource 

sampling at the inland site occurred near Tower 6. An example of tower tracking 

is shown by dots indicating the inland flight tracks of three individual wood thrush; 

red circles: hatch-year, female in lean condition that departed the coastal site on 

9/25/14, white circles: hatch-year female in fat condition that departed the coastal 

site on 9/22/14, gold circles: hatch-year female in fat condition that departed the 
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coastal site on 9/23/14. C) Fort Morgan Peninsula (coastal site) with locations of 

banding station and telemetry towers shown. Towers 1 and 2 operated from 

2009-2014, Tower 3A from 2009-2011, and Tower 3B from 2012-2014. Land 

cover is based on a modified version of NOAA’s Coastal Change Analysis 

Program land cover atlas (National Oceanic and Atmospheric Administration, 

Office for Coastal Management 2010). 

Figure 2. A) Departure directions of radio-tagged individuals by species from the 

coastal site on Fort Morgan, AL. Departures are categorized as Detouring (east-

west), Retreating (north), or Advancing (south). Species include ruby-throated 

hummingbird (n = 52), indigo bunting (n = 34), red-eyed vireo (n = 145), 

Swainson’s thrush (n = 161), and wood thrush (n = 50). B) Circular histograms of 

departure directions per species, binned to five degrees. Some individuals of 

each species had departure directions that were not resolved (i.e., range of 

possible directions within each category: detouring, retreating, or advancing; see 

text) and were not included in this figure. Species include: Ruby-throated 

hummingbird (n = 44), Indigo bunting (n = 34), Red-eyed vireo (n = 145), 

Swainson’s thrush (n = 161), and Wood thrush (n = 50). 

Figure 3. Departure directions of radio-tagged individuals by fat score from the 

coastal site on Fort Morgan, AL. Departures are categorized as Detouring (east-

west), Retreating (north), or Advancing (south). Fat scores are based on Helms & 

Drury (1960) and include zero (n = 19), one (n = 45), two (n = 66), three (n = 58), 

four (n = 127), and five (n = 127). 
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Figure 4. Travel speed of radio-tagged individuals by direction between the 

coastal site and inland site. Directions include advance (south; n = 9) and retreat 

(north, n = 31). Central black line indicates median, top and bottom of box 

indicate interquartile range, and whiskers indicate total range.  

Tables 

Table1. AICC model selection analysis of departure directions (retreat, detour, or 

advance) of indigo buntings (n = 34), ruby-throated hummingbirds (n = 52), 

Swainson’s thrush (n = 161), wood thrush (n = 50), and red-eyed vireo (n = 145) 

from Fort Morgan, Alabama, U.S.A during 2008-2014. 

Candidate Model wi 
Log-

ΔAICc AICc K 
likelihood 

Species + Fat 
0.86 -399.51 0.00 823.74 12 

Score 

Species * Fat 
0.06 -393.56 5.38 829.12 20 

Score 

Age + Fat Score + 
0.06 -397.92 5.39 829.13 16 

Species 

Age * Fat Score + 
0.02 -396.78 7.43 831.17 18 

Species 

Age + Fat Score * 
0.00 392.05 11.24 834.98 24 

Species 

919 

920 

921 

922 

923 

924 

925 

926 

927 
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Age * Condition * 

Species 
0.00 -386.75 28.35 852.09 36 

Fat Score 0.00 -441.97 68.30 892.04 4 

Age + Fat Score 0.00 -438.41 69.41 893.15 8 

Age * Fat Score 0.00 -437.28 71.33 895.06 10 

Species + Age 0.00 -433.69 72.63 896.37 14 

Species 0.00 -438.33 73.44 897.18 10 

Species * Age 0.00 -430.65 79.56 903.30 20 

Age 0.00 -469.55 127.56 951.30 6 

Null 0.00 -476.73 133.75 957.49 2 

Table 2. The number of individuals radio-tagged at an edge site in Fort Morgan, 928 

AL and subsequently detected retreating north of Mobile Bay during 2013 and 929 

2014 by the interior ART network.  930 

Species 
Tagged at Fort 

Morgan 

Detection of retreating 

individuals at interior 

ART network 

Indigo Bunting 10 2 (20%) 

Red-eyed Vireo 88 14 (15%) 

Ruby-throated Hummingbird 23 0 (0%) 

Swainson’s Thrush 37 9 (24%) 

Wood Thrush 40 17 (42%) 

Percentages of individuals detected inland provided in parentheses. 931 
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