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Abstract
Quiescence is a period of inactivity that occurs before the onset of migratory activity in nocturnally migrating birds. This behavior
has been observed in captive birds in migratory disposition, but its occurrence in free-ranging migratory birds has been docu-
mented only anecdotally, and causal factors and function(s), if any, are unknown. In this study, we documented and characterized
quiescence in three migratory songbird species (red-eyed vireo [Vireo olivaceus], Swainson’s thrush [Catharus ustulatus], and
wood thrush [Hylocichla mustelina]) by measuring movement and proportion of time spent inactive prior to departure from a
stopover site during fall migration. Individuals of each species displayed a period of inactivity prior to departure which varied
from less than 30 min to over 90 min with red-eyed vireos engaged in the longest, most pronounced quiescence. We also
examined how quiescence was related to intrinsic and extrinsic factors known to influence the departure of migrating birds,
and found some evidence for an effect of age and departure time but no effect of a migrant’s energetic condition, departure
direction, atmospheric conditions around departure, or day of year on quiescence. Our novel application of an automated
radiotelemetry system yielded a large amount of data to characterize quiescence in free-ranging migratory birds, and we provide
guidance for future studies to tease apart the various causal factors and function(s) of this migratory behavior.

Significance statement
Quiescence is a poorly understood period of inactivity observed among captive and free-ranging migratory songbirds prior to the
onset of nocturnal activity. Our novel use of automated radiotelemetry revealed quiescence among three intercontinental migra-
tory songbirds. It also enabled us to ask how quiescence might be related to intrinsic and extrinsic factors known to influence the
departure of migrating birds, and provided an opportunity to explore possible function(s), if any, of this intriguing behavior.
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Introduction

Migratory quiescence is a period of inactivity that occurs prior
to the onset of nocturnal migratory restlessness (zugunruhe)

(Palmgren 1949; Morton 1967; Agatsuma and Ramenofsky
2006; Ramenofsky et al. 2008) and generally occurs around
the time of sunset prior to departure from a stopover site in
free-ranging nocturnal migratory birds (Hebrard 1971;
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Bolshakov 1992; Diehl and Larkin 1998; Cochran et al.
2004). Only a handful of studies have explicitly called atten-
tion to quiescence. For example, captive Gambel’s white-
crowned sparrows (Zonotrichia leucophrys gamebelii)
displayed a clear reduction in activity in the 1–2 h just prior
to migratory restlessness during both spring and fall migration
(Morton 1967; Agatsuma and Ramenofsky 2006), and during
fall this reduction in activity was significantly greater than
other resting periods throughout the day and night
(Ramenofsky et al. 2008). Coincident with the quiescent pe-
riod observed in caged sparrows, Morton (1967) observed that
free-ranging flocks of white-crowned sparrows ceased feeding
and became inactive prior to sunset before disappearing from
the stopover site during spring migration. Likewise, Hebrard
(1971) observed that free-ranging intercontinental songbird
migrants that had stopped on the Louisiana coast following
spring flights across the Gulf of Mexico became inactive
around the time of sunset and departed just over an hour later
(see also Bolshakov 1992). Kjos and Cochran (1970), who
monitored the activity of nocturnally migrating Catharus
thrushes by radiotelemetry in both spring and fall, reported
that diurnal activity, which consisted of intermittent move-
ment interspersed with 5- to 15-min periods of non-move-
ment, ceased about 20 min before sunset. Likewise, when
Diehl and Larkin (1998) monitored the movements of radio-
tagged Catharus thrushes during spring stopover, they ob-
served a variable period of stillness (4–41 min) prior to depar-
ture and described the period as quiescence.

Factors that influence quiescence, much less its function(s),
if any, are unknown. A period of inactivity (quiescence) may
be used to obtain information pertinent to departure, including
a birds’ internal state (energetic condition, hormone levels),
meteorological conditions, directional information, and geo-
graphical position in relation to destination (Emlen 1980;
Moore 1987; Cochran et al. 2004; Ramenofsky et al. 2008;
Chernetsov 2012; Goymann et al. 2017). For example, the
calibration of a migrant’s magnetic compass with polarized
light, which is thought to take place at sunset and sunrise
(e.g., Sjöberg and Muheim 2016), is probably most reliably
made when the migrant is inactive (Muheim pers. comm.), yet
we have no idea how much time is required to make the
calibration much less process information about atmospheric
conditions. The period prior to departure is also likely when
migrants make the metabolic switch between fuel deposition
and mobilization of energy stores to prepare for a long-
distance flight, including shutting down and emptying their
digestive system to achieve better aerodynamic performance
during flight (see Piersma 1998). Inactivity also occurs when
birds sleep. Typically, diurnal songbird migrants sleep far less
during their nocturnal migrations than during non-migratory
periods (Fuchs et al. 2006), yet they seem to suffer few of the
negative consequences so obvious in sleep-deprived mam-
mals (Rattenborg et al. 2004). Sleep prior to departure may

help to offset a sleep debt (see Fuchs et al. 2006), and if
periods of sleep are semi-hemispheric (Fuchs et al. 2009),
migrants could process directional and atmospheric informa-
tion at the same time that they gain some sleep (see Rattenborg
2017). Finally, a period of inactivity prior to departure may
simply reflect reduced foraging efficiency or increased risk of
predation (see Beauchamp 2017) as light levels decline. Of
course, these hypothesized explanations for migratory quies-
cence are not mutually exclusive; a migrant may integrate
directional information, weigh internal and external condi-
tions, complete metabolic processing, and rest over the same
period of time prior to departure.

In this study, our first objective was to monitor and charac-
terize the activity of free-ranging individuals of three intercon-
tinental migratory songbird species, red-eyed vireo (Vireo
olivaceus), Swainson’s thrush (Catharus ustulatus), and wood
thrush (Hylocichla mustelina), prior to departure from a coast-
al stopover site in Alabama during fall migration. Our second
objective was to examine quiescence of the three species in
relation to intrinsic (age and energetic condition) and extrinsic
(weather conditions) factors known to influence their depar-
ture decisions (Sandberg and Moore 1996; Smolinsky et al.
2013; Deppe et al. 2015) and to reflect on the function(s), if
any, of this behavior.

Weather conditions, particularly wind profit (velocity of
winds moving in the direction of travel), humidity, and baro-
metric pressure, are important predictors of a bird’s decision to
initiate a migratory flight across the Gulf of Mexico and its
probability of arrival at the Yucatan Peninsula in fall (Deppe
et al. 2015). Therefore, weather conditions prior to departure
might affect the length of quiescence if that period of time is
important in the integration of flight information. Weather
favorable for migratory flight may make it easier to process
information (shorter quiescence) or, because conditions are
conducive to a migratory flight, more time may be taken to
integrate information and prepare for flight (longer quies-
cence). Quiescence may also be influenced by the migrant’s
energetic status, a key factor in departure decisions (see Deppe
et al. 2015). Lean birds are less likely to depart on a migratory
flight than fat birds, so they may be less likely to devote time
to processing flight information (shorter quiescence), or alter-
natively more time (longer quiescence) as they weigh the risk
of departure with a reduced fuel load. The migrant’s context
along its migratory route and amount of time remaining in the
migratory season influence departure decisions (e.g.,
Sandberg and Moore 1996; Deppe et al. 2015) and may affect
how pertinent information is assessed. For example, a song-
bird migrant faced with a long flight over inhospitable terrain
(e.g., Gulf ofMexico) may weigh more carefully and integrate
more slowly flight information (longer quiescent period).
Assessment of context in relation to anticipated travel risks
likely varies among species. The decision by a red-eyed vireo,
for example, to depart over the Gulf of Mexico is more
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sensitive to intrinsic and extrinsic conditions favorable for that
flight than either a Swainson’s thrush or wood thrush (Deppe
et al. 2015), which might affect the length of time to weigh
information and make a departure decision. Finally, the qui-
escent period may differ with age and migratory experience.
Young, less experienced birds of the year may take longer to
integrate information and prepare for flight because of their
lack of experience (longer quiescence), or for that very reason
make a comparatively quick, less informed decisions about
departure (shorter quiescence).

Methods

Field methods

We captured birds between 2011 and 2014 during the peak of
fall songbird migration (1 September to 31 October) at a long-
term migration station in the Bon Secour National Wildlife
Refuge located on Fort Morgan Peninsula, Alabama, USA
(30.2397° N, 87.8199° W). The Fort Morgan Peninsula is a
narrow stretch of coastal dune scrub and maritime forest, ap-
proximately 42 km in length and averaging about 1 km in
width, bordered by Mobile Bay to the north and the Gulf of
Mexico to the south (Fig. 1; see Zenzal et al. (2013) for a
complete site description).

We studied three species of intercontinental migratory
songbirds: red-eyed vireo (2013–2014), Swainson’s thrush
(2011–2014), and wood thrush (2012–2014). These species
are abundant along the northern Gulf coast during fall migra-
tion, and have been the focus of research to understand the
movement and survival of intercontinental songbird migrants
crossing the Gulf of Mexico (e.g., Deppe et al. 2015). We
mist-netted, weighed, measured, aged (following Pyle 1997),
and banded individuals with aluminumUSGeological Survey
leg bands. Hatch year birds were engaged in their first fall
migration, while after hatch year birds were adults on at least
their second fall migration. We assigned each bird a fat class
score on a scale ranging from 0 to 5 based on the amount of
subcutaneous fat visible in the furcular region and abdomen
(Helms and Drury 1960).

We used an automated radiotelemetry system (ARTS) to
investigate activity and quiescence in our three focal species.
ARTS offer the ability to remotely and continuously track
free-ranging birds in their natural environment over extended
time periods (Kays et al. 2011; Smolinsky et al. 2013; Ward
et al. 2014; Jones et al. 2017). By monitoring temporal fluc-
tuations in the strength of radio signals received by ARTS and
the azimuth fromwhich signals originate, it is possible to infer
activity of a radio-tagged bird (Ward et al. 2013), allowing
quiescence to be examined in a large sample of individ-
uals despite the difficulty of visually observing behavior

that typically occurs after dusk (e.g., Louder et al. 2015;
Celis-Murillo et al. 2016).

We attached pulsed radiotransmitters to clipped feather
stubble on the birds’ backs using a non-toxic adhesive
(Fantasy Lengths® eyelash adhesive, Revlon®, New York)
and a small amount of cyanoacrylate glue (Loctite® Super
Glue Gel Control, Düsseldorf, Germany) following the ap-
proach outlined by Raim (1978) and modified by Smolinsky
et al. (2013). The adhesive approach minimized irritation to
birds’ skin and allowed transmitters to fall off shortly after the
expected battery life of the radio transmitters (approximately
28 days; Raim 1978), which is well beyond the stopover du-
ration of birds included in our study (mean stopover =
1.13 days ± SD 2.73). We used Lotek (Newmarket, Ontario)
and JDJC Corp. (Fisher, Illinois) transmitters with frequencies
ranging from 163.828 to 166.060 MHz and pulse widths of
28 ± 2 or 22 ± 2 ms (Lotek) and 14 ± 2 or 18 ± 2 ms (JDJC
Corp.). We attached 0.68-g Lotek transmitters to red-eyed
vireos (~3–5% of tagged bird’s mass) and 0.9-g JDJC trans-
mitters to both thrush species (<4% of tagged birds’ mass). It
was not possible to record data blind because our study in-
volved focal animals in the field.

Once tagged, the signal strength of individual frequencies
was recorded using ARTS located near the banding station
(30.2288° N, 88.0013° W). Two ARTS, each consisting of a
circular array of six three-element Yagi dipole antennas
mounted at 60° intervals on top of a 9.2-m tall tower and
connected to an automated receiving unit (ARU), were located
within 250 m of the banding station (Fig. 1). ARUs were
designed and built by JDJC Corp. (Fisher, IL) to continuously
scan the frequencies of each deployed transmitter and record
their signal strengths, noise levels, pulse widths, and pulse
intervals. These metrics were recorded for each transmitter
programmed into the ARU once every 2.5–6 min depending
on the number of frequencies through which the ARU cycled
(see Ward et al. 2014). Because strong signals are needed to
estimate activity, birds used in this study likely were within
500 m of the tower. Similar studies of activity patterns esti-
mated detection ranges between 500 and 750 m of ARTS
(Ward et al. 2013).

Bird detection and movement estimation from ARUs

Because ARUs continuously record any signal received on
each frequency, it was necessary to differentiate positive de-
tections of radio-tagged individuals from ambient electro-
magnetic noise. To do so, we created algorithms in Python
(v2.7) that differentiated positive detections from noise. We
defined positive detections as any instance satisfying the fol-
lowing criteria: three or more consecutive readings with a
signal-minus-noise level greater than 10 dBm on the specified
frequency and with a pulse width within 2 ms of the manu-
facturer specifications. We manually removed rare instances
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where atypically strong detections were being received simul-
taneously on multiple frequencies from a single direction, re-
gardless of whether a bird could have potentially been present,
because such readings were most likely produced by broad-
spectrum anthropogenic noise.

We inferred temporal movement (activity) using changes in
signal strength between each consecutive reading taken by the
ARU during which a bird was detected (Ward et al. 2013;
Jones et al. 2017). We considered changes in signal strength
>2.5 dBm between consecutive ARU readings to be indicative
of movement. Otherwise, we considered birds to be stationary.
The threshold change in signal strength was chosen as being
approximately two standard deviations from the mean change
in signal strength recorded between 21:00 and 05:00 CST for
birds that did not depart from the study site on a given night
(i.e., when birds that had not chosen to initiate migration were
likely to be sleeping). This window extended approximately
2.5 h after the average time of sunset September through
October and 1.5 h before sunrise. We restricted the presumed
interval of nocturnal inactivity to 2.5 h after sunset because

most individuals initiated migration within that time period.
When calculating the activity level of resting birds, we used
only individuals that stayed the entire night to avoid the activ-
ity signals of migration. To assure that comparisons of inac-
tivity during quiescence were valid among the three species
and not skewed by differences such as transmitter type, the
height at which birds tended to perch, or birds’ posture while
sleeping, we used an ANOVA to assess the difference in av-
erage signal change during the nighttime interval among the
focal species. The relationship between average signal change
and species/transmitter type in our study was non-significant
(F2,19 = 1.922, p = 0.174).

While ARUs varied in their sampling rate as described
above, ARUs sampled most individuals once every 5 min
for the majority of the season. To standardize the sampling
rate among birds, we smoothed the change in signal strength
data by linearly interpolating the change in signal strength
between consecutive samples across the number of minutes
between samples, such that we had an estimate of change in
signal strength every minute for each individual.

Fig. 1 Gulf of Mexico region, with Fort Morgan Peninsula in Alabama enclosed by a square. Inset: Study site (triangle) and automated radio towers
(stars) on the Fort Morgan Peninsula, between the northern coast of the Gulf of Mexico and Mobile Bay
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To validate our interpretations of movement based on ARU
signal fluctuations, we ground-truthed activity estimations.
From October 3 to 15, 2014, we hand-tracked and visually
observed 12 radio-tagged birds between the time they were
tagged until they departed from the study site. Care was taken
to observe the individuals from as far away as possible to
reduce the possibility of our presence impacting the activity
of the focal animal. During an observation, we categorized
birds as either still or active at 1-min intervals. Activity includ-
ed all turns, hops, and flights. Only observations where the
bird could be unambiguously observed were included. We
recorded a total of 425 1-min observations occurring during
a total of 85 individual ARU readings. When compared with
direct observations, ARUs assigned activity or non-activity
correctly 88% of the time. Using similar methods, Kays
et al. (2011) also reported a strong correlation between the
percentage of time a transmitter was moved by a human sub-
ject during a 10-min interval and the corresponding estimate
of transmitter movement using ARU data.

Data analysis

We defined quiescence as the period of inactivity occurring in
the 2-h interval prior to the onset of nocturnal activity associ-
ated with migratory departure (Ramenofsky et al. 2008). We
used a 2-h window to ensure our detection and quantification
of the entire quiescent period, as other studies of quiescence
have documented that the inactive period prior to departure or
migratory restlessness can last up to 120 min (Agatsuma and
Ramenofsky 2006).We quantified quiescence in two ways for
each bird: (1) the maximum length of consecutive inactivity
(i.e., the total number of consecutive minutes prior to initiating
departure that no movement was recorded by the ARTS) and
(2) the proportion of time the bird was classified as being
inactive during the 2-h period prior to departure. We consid-
ered both measures of inactivity because they can provide
complementary information and are not necessarily correlat-
ed; high proportions of inactivity can be characteristic of a
single long period of inactivity or multiple shorter bouts of
inactivity. For example, a sleeping bird might show both a
high proportion and a long duration of inactivity if it engages
in a single long nap. On the other hand, a bird trying to acquire
information from its environment to make departure decisions
may spend a large proportion of the 2-h period being inactive,
but short durations of inactivity if the bird periodically moves
to new locations in the environment to acquire additional in-
formation or achieve a different perspective. When we corre-
lated the two measures of inactivity (proportion and length of
inactivity) during quiescence, correlation coefficients ranged
from 0.582 for vireos to 0.495 for the two thrush species
combined and patterns for the two metrics were similar to
one another. For comparisons of inactivity between the 2-h
pre-departure period and the rest of the day, we considered

both metrics of inactivity as the sampling rate did not vary
within a day, or the period over which each individual was
tracked.

In our analyses, we only included birds that displayed a
clear initiation of migratory departure from the study site,
indicated by a rapid loss of signal strength. For some birds,
this was preceded by a spike in signal strength (and activity)
apparent when birds fly up high prior to departing (Fig. 2; see
Smolinsky et al. 2013). Although departure behavior typically
occurs in the evening between sunset and civil twilight, we
included all birds showing a clear departure in our analyses.
We included departure time as a covariate in our analyses to
assess potential effects of this variable on quiescence. We
excluded birds from our analyses that exhibited a slower, more
gradual decline in signal strength, indicative of birds not ini-
tiating migration but instead slowly moving outside of the
range of the ARTS.

We also explored the behavior of non-departing birds that
remained at the site more than 1 day, regardless of their de-
parture pattern from the site, to look for signs of inactivity that
may resemble quiescence. We quantified the activity patterns
of non-departing birds in a 2-h period prior to the average
departure time of each species, which was comparable to our
2-h pre-departure period for birds initiating migratory flights.
Few birds remained at the site for > 1 day, and many of those
individuals moved in and out of the range of the towers while
at the site; consequently, those birds provided insufficient data
for quantifying activity patterns. We explored activity of five
red-eyed vireos and five Swainson’s thrushes. We had no data
for non-departing wood thrushes. We provide only means and
SD for non-departing birds because our small sample size did
not allow a statistical comparison with departing birds.

Studies of captive white-crowned sparrows (Agatsuma and
Ramenofsky 2006; Ramenofsky et al. 2008) revealed that
birds in migratory condition spent a greater proportion of time
inactive during the 2-h period prior to the onset of nocturnal
restlessness (quiescence) than during other fixed observation
periods. In our study, we employed iterative Markov chain
Monte Carlo simulations similar to those described by
Gelman and Rubin (1992) and Downey (2013) to determine
if the proportion of time birds spent inactive in the 2 h prior to
departing from the study site was distinct from periods of
inactivity observed during any 2-h period between sunrise
and the 2 h prior to migration. Simulations were chosen to
characterize daytime inactivity outside the 2-h period prior
to departure rather than randomly selecting 2-h intervals for
two reasons: (1) it provides a larger sample in which to com-
pare purported periods of quiescence to same length periods of
time during the day, and it (2) avoids comparing auto-
correlated background intervals.

We created a program in BR^ (version 3.1; R Core Team
2011) to build transition matrices using transition states occur-
ring from 05:00 until the beginning of the 2-h pre-departure
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period. We created 9999 simulations of 2-h intervals based on
daytime inactivity patterns and determined where the ob-
served proportion of inactivity during the 2-h pre-departure
(quiescence) period fell relative to the distribution of simulat-
ed data. We used similar simulations to compare the length of
inactivity during quiescence with intervals spent inactive oc-
curring randomly throughout the day.

We used a General Linear Model (GLM) in BR^ (using the
default Bglm^ function; R Core Team 2011) to model the
influence of species and year on the proportion of inactivity
during the 2-h pre-departure period and length of quiescence.
We ran a separate GLM to evaluate the influence of species on
departure time.We used t tests to determine the significance of
all pair-wise comparisons of pre-departure inactivity patterns
and departure time between species. To assess if any interspe-
cies differences in pre-departure activity were a function of
species’ average time of departure, we used a general linear
model to quantify the relationship between inactivity (propor-
tion of inactivity and quiescence length) and species’ time of
departure.

For each species, we used a GLM to examine the relation-
ship between the proportion of inactivity during the 2-h pre-
departure period and eight variables.We included three extrin-
sic weather variables measured at the time of departure: sur-
face wind speed, wind direction, and cloud cover. We consid-
ered these weather variables because they are known to influ-
ence birds’ migration decisions and success in this and other

study systems (Able 1972; Deppe et al. 2015). We obtained
weather data from the National Centers for Environmental
Prediction North American Regional Reanalysis data set
(32-km spatial resolution and 8-h temporal resolution;
Mesinger et al. 2006) accessed through Movebank.org’s
Environmental-Data Automated Track Annotation (Env-
DATA) system service (Dodge et al. 2013, 2014). We defined
wind direction as degrees from north such that north was 0°,
south was 180°, and both east and west were 90° in order to
account for the circularity of the data. Since birds crossing the
Gulf of Mexico are traveling north-south, we expect that this
180° scale is able to capture wind favorability. Cloud cover
was defined as percent coverage of the sky by clouds;
however, this variable was not included in the wood thrush
model due to gaps in cloud cover information on nights
when wood thrushes were departing. Our models for each
species also included day of year. We pooled data across
years because a comparison of quiescence among years
was not significant. Additionally, there was no a priori
reason to expect a year effect; we expected that any year
effect would likely be due to differences in weather, which
we included in our models.

We included three intrinsic variables in our GLMs exam-
ining the correlates of inactivity: age, subcutaneous fat score
recorded at the time of capture, and the direction of departure.
We also included departure time (minutes after civil twilight)
in species-specific models in order to investigate if the timing

Fig. 2 The activity, quiescence, and departure of a typical red-eyed vireo, Swainson’s thrush, and wood thrush that were radio-tagged in the morning and
departed that evening based on changes in signal strength from the automated radiotelemetry system
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of migration departure impacted quiescence. We recorded age
as either hatch year (young) or after hatch year (adult) and
converted the qualitative 0–5 scale for fat to a binary catego-
rization of fat birds (fat scores > 3) and lean birds (fat scores ≤
3). A bird’s departure direction was the departure direction
relative to north, for example, a bird departing as determined
by the ARU at 355° would be 5° (scale 1–180). We used
Bonferroni adjustment to reduce the likelihood that significant
differences were greater than chance when analyzing our three
species (adjusted alpha = 0.017). Cohen’s d was used when
appropriate to assess effect size for comparison between two
means.

Data availability The datasets collected and analyzed during
the current study are available from the corresponding author
on reasonable request.

Results

Quiescent period

We quantified the proportion of time spent inactive during
the 2-h pre-departure period and the length of inactivity
immediately prior to departure for 63 red-eyed vireos, 70
Swainson’s thrushes, and 45 wood thrushes (178 total
individuals). Red-eyed vireos spent a higher proportion
of the 2 h inactive prior to departing the study site
(0.84 ± 0.21; this and all following results are shown as
mean ± SD) than Swainson’s thrushes (0.65 ± 0.24; t = −
4.953, df = 131, p < 0.0001) and wood thrushes (0.60 ±
0.23; t = − 5.624, df = 106, p < 0.0001). Wood thrushes
and Swainson’s thrushes spent a similar proportion of
the 2 h prior to their departure inactive (t = − 1.195, df =
113, p = 0.235). The length of the quiescence period also
was significantly longer in red-eyed vireos (95 ± 77 min;
n = 63) than either Swainson’s thrushes (21 ± 34 min; n =
70; t = − 8.066, df = 131, p < 0.0001) or wood thrushes
(20 ± 29 min; n = 45; t = − 7.158, df = 106, p < 0.0001),
but did not differ between thrush species (t = − 0.116, df =
113, p = 0.908). Additionally, species differed in their av-
erage time of departure. Red-eyed vireos departed signif-
icantly earlier following sunset than Swainson’s thrushes
(red-eyed vireo 35.222 ± 72.48 min after sunset, n = 63;
Swainson’s thrush 74.84 ± 103.10 min after sunset, n =
70; t = 2.537, df = 131, p = 0.01) and wood thrushes
(124.28 ± 56.00 min after sunset, n = 45; t = 6.9, df =
106, p < 0.001; Fig. 3), and Swainson’s thrushes departed
significantly earlier than wood thrushes (t = − 2.947, df =
113, p = 0.003). Considered as a whole, species with
shorter quiescent periods left significantly later in the eve-
ning of the day of capture (r2 = 0.03, t = − 2.36, p =
0.019).

Quiescence and other periods of daytime inactivity

The Markov chain Monte Carlo simulation analysis revealed
that pre-departure inactivity and inactivity during the rest of
the day prior to the 2-h pre-departure period varied among the
three species (t < 4.193, df = 175, p < 0.001; Fig. 4) but not
among years (t > 0.478, p = 0.384). Red-eyed vireos showed
significant differences in inactivity between the pre-departure
period and comparable periods of time during the rest of the
day based on our simulations (Fig. 4). They were inactive, on
average 47% of the total time prior to the pre-departure period,
while the proportion of time inactive increased to 84% during
the 2-h pre-departure interval (p = 0.004). Furthermore, red-
eyed vireos averaged 95 (± 77) consecutive minutes inactive
immediately prior to departure, significantly greater than the 6
(± 9) consecutive minutes of inactivity, on average, that char-
acterized simulations of the rest of the day (p = 0.001; Fig. 5).

The proportion of time spent inactive did not increase dur-
ing the pre-departure period for either of the other focal spe-
cies based on our simulation analysis. Swainson’s thrushes
were inactive 65% of the time during the 2 h prior to departure
and 60% during the rest of the day (p = 0.375). Periods of
inactivity averaged 21 (± 34) minutes during the pre-
departure period compared to 8 (± 14) minutes, on average,
for the rest of the day (Fig. 5). Although that difference was
not statistically significant (p = 0.161), measure of effect size
suggests a moderate difference in magnitude between the two
time periods (Cohen’s d = 0.50). Proportion of time spent in-
active did not differ between the 2 h before departure (60%)
and the rest of the day (52%) for wood thrushes (p = 0.319).
The average length of time inactive did not differ between the
pre-departure period (20 ± 29 min) and the rest of the day (16
± 15 min) in this species (p = 0.276; Fig. 5).

Relationship between quiescence and extrinsic
and intrinsic variables

Departure direction, the interaction of wind speed and wind di-
rection, energetic condition (fat scores), cloud cover, and day of
year were not significantly related to the proportion of time in-
active during the 2-h period prior to departure for any of the three
species (Tables 1, 2, and 3). Keep in mind that proportion of
inactivity during that window of time may not capture relation-
ships if the effect is more likely in the minutes before flight. The
proportion of time spent inactive prior to departure was age-
dependent for two species (Fig. 6). Red-eyed vireos showed a
significant effect (p = 0.007; adjusted alpha = 0.017) in which
hatch year birds spent 13% less time inactive (0.81 ± 0.22), on
average, prior to departure than after hatch year birds (0.94 ±
0.10; Table 1; Fig. 6). Wood thrush also showed a similar age
difference, with hatch year birds spending 12% less time inactive
than after hatch year birds prior to departing the site (HY 0.58 ±
0.22 vs. AHY 0.70 ± 0.28, p = 0.013, adjusted alpha = 0.017;
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Table 2; see Fig. 6). Swainson’s thrush did not show a statistically
significant effect of age, although the pattern was similar to the
other species (HY 0.63 ± 0.26 vs. AHY 0.69 ± 0.21, p = 0.816,
Table 3). Swainson’s thrush, however, did show a significant

positive relationship between proportion of inactivity and depar-
ture time (p= 0.0002, adjusted alpha = 0.017); birds that left later
in the evening spent a greater proportion of time inactive prior to
departure.

Fig. 3 Distribution of departure
times relative to sunset for radio-
tagged red-eyed vireos,
Swainson’s thrushes, and wood
thrushes whose activity was
monitored in relation to
quiescence. Means are depicted
by red arrows
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Activity patterns of departing and non-departing
birds

Non-departing birds showed similar inactivity patterns in the 2-h
period prior to the species mean departure time when compared
to departing birds in the observed 2-h pre-departure period. Non-
departing red-eyed vireos spent an average of 85% of the 2-h

interval inactive compared to 84% for departing vireos, and the
mean consecutive minutes of inactivity was 102 min for non-
departing birds and 95 min for departing birds. Non-departing
and departing Swainson’s thrushes also were comparable in
terms of the mean proportion of time spent inactive (47% for
non-departing vs. 65% for departing) and mean consecutive mi-
nutes inactive (24 min non-departing vs. 21 min departing).

Fig. 4 Distributions of a background (daytime) and b pre-departure
proportions of inactivity based onMarkov chainMonte Carlo simulations
for the three study species tracked using automated radiotelemetry on the
Fort Morgan Peninsula, AL, from 2011 to 2014. Red-eyed vireos showed
a significant difference in the proportion of time inactive between the pre-

departure and daytime periods (p = 0.004) based on the simulations, while
the thrush species showed no difference in the proportion of time inactive
between the two periods (Swainson’s thrush p = 0.375, wood thrush p =
0.319). Mean simulated proportion of time inactive is indicated by red
arrows
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Discussion

Our study reveals the occurrence of quiescence prior to depar-
ture in free-ranging individuals of three intercontinental mi-
gratory songbird species, though the quiescent period varied

within and among species. Red-eyed vireos engaged in the
longest, most pronounced quiescence; they spent a greater
proportion of the pre-departure period inactive, and remained
inactive for longer periods of time than either of the two thrush
species. Moreover, vireos displayed a quiescent period that
was proportionally longer than bouts of daytime inactivity.
Thrush species were inactive for shorter periods of time during
the 2-h pre-departure window, and those periods of inactivity
were consistent with those observed during any random 2-h
interval throughout the same day.

Fig. 5 Mean (+ standard deviation) consecutive minutes spent inactive
during the 2-h pre-departure period and background (daytime) period at
the Fort Morgan, AL, stopover site for 2011–2014 based on Markov
chain Monte Carlo simulations for each species. Red-eyed vireos
remained inactive longer in the pre-departure period than the background
daytime period (p = 0.001). Swainson’s thrushes (p = 0.161) and wood
thrushes (p = 0.276) showed no difference in the consecutive number of
minutes inactive between the two periods

Table 3 General linear model results for a model with proportion of
Swainson’s thrush inactivity as the response variable and departure
direction, departure time, departure date, cloud cover, age, fat, and the
interaction of wind speed andwind direction as the independent variables.
Not enough data on cloud clover later in the year when wood thrushes
depart to use in the model. Adjusted alpha = 0.017

Variable Estimate Std. error t p

Intercept 2.86E+00 1.03E+00 2.769 0.0079

Departure directiona − 3.58E−02 7.24E−02 − 0.495 0.6225

Departure timeb 1.51E−03 3.74E−04 4.084 0.0002

Departure date
Wind directiona

− 8.98E−03
1.31E−03

3.8E−03
1.03E−03

− 2.364
1.269

0.0220
0.2103

Wind speed − 4.49E−05 4.82E−04 − 0.093 0.9262

Wind dir. * wind sp.
Cloud cover

− 1.66E−06
− 8.46E−04

5.42E−06
5.1E−03

− 0.306
− 0.166

0.7606
0.8688

Agec − 1.62E−02 7.58E−02 − 0.214 0.8317

Fatd 1.26E−01 7.64E−02 1.646 0.1061

aDegrees from north
bMinutes after sunset
c Hatch year or after hatch year bird
d Fat (fat score > 3) or lean (fat score ≤ 3; Helms and Drury 1960)

Table 1 General linear model results for a model with proportion of
red-eyed vireo inactivity as the response variable and departure direction,
departure time, departure date, cloud cover, age, fat, and the interaction of
wind speed and wind direction as the independent variables. Adjusted
alpha = 0.017

Variable Estimate Std. error t p

Intercept 0.4440 1.2096 0.367 0.7152

Departure directiona 0.0661 0.0617 1.072 0.2894

Departure timeb 0.0010 0.0005 1.853 0.0704

Departure date 0.0007 0.0045 0.162 0.8718

Wind directiona 0.0011 0.0017 0.656 0.5151

Wind speed 0.0555 0.0455 1.221 0.2285

Wind dir. * wind sp. − 0.0004 0.0005 − 0.852 0.3986

Cloud cover 0.00178 0.0011 1.548 0.1285

Agec − 0.1621 0.0579 − 2.815 0.0072

Fatd 0.0741 0.0892 0.830 0.4106

aDegrees from north
bMinutes after sunset
c Hatch year or after hatch year bird
d Fat (fat score > 3) or lean (fat score ≤ 3; Helms and Drury 1960)

Table 2 General linear model results for a model with proportion of
wood thrush inactivity as the response variable and departure direction,
departure time, departure date, age, fat, and the interaction of wind speed
and wind direction as the independent variables. Adjusted alpha = 0.017

Variable Estimate Std. error t p

Intercept 2.24E+00 2.84E+00 0.789 0.4408

Departure directiona 1.07E−02 9.97E−02 0.107 0.9160

Departure timeb − 2.60E−03 2.03E−03 − 1.281 0.2173

Departure date − 2.94E−03 1.12E−02 − 0.264 0.7949

Wind directiona 1.32E−04 3.29E−03 0.394 0.6986

Wind speed 1.30E−03 9.88E−04 0.133 0.8955

Wind dir. * wind sp. − 1.81E−07 1.57E−05 − 0.011 0.9910

Agec − 9.46E−01 3.43E−01 − 2.758 0.0134

Fatd 1.58E−01 1.19E−01 1.326 0.2023

aDegrees from north
bMinutes after sunset
c Hatch year or after hatch year bird
d Fat (fat score > 3) or lean (fat score ≤ 3; Helms and Drury 1960)
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Species differences in quiescence may reflect species-
specific decision-making and provide some insight into the
function of a bird’s activity budget in relation to migration.
For example, red-eyed vireos are more sensitive to the inter-
play of intrinsic and extrinsic conditions favorable for a flight
over the Gulf of Mexico than either Swainson’s thrushes or
wood thrushes (Deppe et al. 2015). A longer quiescence
would be consistent with more deliberative weighing of the
risks associated with departure. Interestingly, we observed no
relationship between quiescence and cloud cover for the spe-
cies we analyzed, which would likely affect the availability of
directional information, nor did we find a relationship be-
tween quiescence and wind conditions, which also influence
departure decisions in our study system (Deppe et al. 2015;
but see Bolus et al. 2017). With respect to orientation, where
cloud cover occurs in the sky toward evening may be more
important than how much cloud cover, which is what we
measured.

Of course, species-specific differences in quiescence may
have less to do with the integration of information, and more
to do with foraging strategies and preparation for departure at
the end of the day. The smaller red-eyed vireo, in principle,
will experience a higher fuel deposition rate (Lindström 2003)
and might reach optimal departure fuel load sooner than either
thrush species (sensu Alerstam and Lindström 1990), which
may translate into a longer quiescent period. Moreover, if

vireos and the two thrush species differ in the composition
of their diet vis-à-vis the ability to process food (see Levey
and Karasov 1994; Parrish 1997), time required to digest food,
expel waste, turn off digestion, and upregulate physiology for
flight may contribute to observed differences in quiescence.

Quiescence in the three species does not appear to reflect
the onset of darkness and limited availability of light for for-
aging and other typical daytime activities. Red-eyed vireos
departed between sunset and civil twilight, yet showed little
activity during the 2-h pre-departure window despite having
sufficient light to remain active. On the other hand, thrushes
(especially wood thrushes) left Fort Morgan late in the eve-
ning, well beyond civil twilight, and were more active prior to
departure than expected if quiescence was driven by light
availability. Furthermore, thrushes presumably experience
more rapid declines in light levels toward the end of the day-
light period than red-eyed vireos, because they are shrub and
ground foragers (Yong and Moore 2005). Red-eyed vireos are
foliage gleaners that often concentrate in the canopy during
stopover (Loria and Moore 1990).

Among Swainson’s thrushes, however, individuals that de-
parted later in the evening spent a greater proportion of time
inactive, keeping in mind that the species overall engaged in
short inactivity periods. Given evidence documenting sleep
deprivation in migratory songbirds that forage during the
day and migrate at night (Fuchs et al. 2006, 2009), it is possi-
ble that the greater amount of inactivity for later departing
thrushes could be a result of individuals taking a short nap
before departing. It could also be that Swainson’s thrushes
leaving later in the night are on the cusp of deciding whether
to take off and may be using that time to weigh their options.

Age appears to affect the length of quiescence. Both vireo
and wood thrush adults spent significantly more time inactive
prior to departure than young birds, but the age difference was
not significant in Swainson’s thrush. This pattern may reflect
age-dependent differences in migration strategy, orientation
capabilities, or both. Adults may devote more time to
assessing alternative departure strategies and/or processing
more information specific to their spatio-temporal position
on the migratory journey, whereas young, less experienced
birds on their first migration may simply rely on their endog-
enous time-direction program (Berthold 1996). Another, un-
related factor may contribute to an age-dependent result: adult
migrants enjoy greater foraging success (e.g., Heise and
Moore 2003; see also Woodrey and Moore 1997), so they
may meet energetic demands sooner than younger, less expe-
rienced birds who may continue actively foraging later in the
day.

Findings from our exploration of inactivity patterns of in-
dividuals that stayed at the site > 1 day suggest that non-
departing birds behave comparably to departing birds during
the 2-h period prior to expected departure. The apparent lack
of differences between non-departing and departing birds is

Fig. 6 Mean (± standard deviation) proportion of time spent inactive
during the pre-departure interval for after hatch year (adult) and hatch
year (young) birds at the Fort Morgan stopover site from 2011 to 2014
for each species. Hatch year birds have yet to complete their first
migration, whereas after hatch year birds have completed at least one fall
and one spring migration. After hatch year birds were inactive for a
significantly greater proportion of time prior to departure for red-eyed
vireos (p = 0.007, adjusted p = 0.017) and wood thrushes (p = 0.013,
adjusted p = 0.017) but not Swainson’s thrushes (p = 0.816, adjusted
p = 0.017).
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unclear, although if confirmed by other studies, it does not
preclude the notion that birds use this time to prepare for
departure and/or process information. Birds that do not depart
may simply decide to remain at the site after processing infor-
mation necessary to prepare for departure. Additionally, these
findings raise the question of how migratory quiescence is
defined. Previous studies define quiescence specifically as a
period of inactivity prior to the departure of free-flying birds
from a stopover site or the onset of zugunruhe in caged birds
(e.g., Morton 1967; Hebrard 1971; Diehl and Larkin 1998;
Ramenofsky et al. 2008), implying that it is uniquely
expressed on departure nights. Perhaps quiescence should be
more broadly defined as a daily inactive period toward the end
of the day in nocturnally migrating species during stopover.
However, we emphasize that these findings need to be con-
sidered cautiously because of our small sample size. Future
studies of activity patterns conducted at sites where birds are
likely to stopover for multiple days are necessary to confirm
this pattern and better inform our understanding of quiescence
behavior in migrating birds.

Although our novel use of automated radiotelemetry pro-
vides evidence of quiescent behavior in free-ranging migrato-
ry songbirds and our analysis hints at possible function(s), the
spatial and temporal scales over which movement could be
monitored may have made it difficult to tease apart the relative
contribution of different intrinsic and extrinsic factors to
quiescence. While the ARTS provided a large amount of
data on many individuals, activity was determined via
changes in signal strength over a few minutes rather than
recording continuous signals as was the case in the earlier
observations of Kjos and Cochran (1970) and Diehl and
Larkin (1998). The advent of new software-based receivers,
such asMotus (Taylor et al. 2017), may allow for a more rapid
sampling of the activity of multiple individuals. The broad
distribution of Motus towers, which can be fitted with up to
eight antennas to provide higher spatial resolution data, may
provide an opportunity to examine activity (i.e., quiescence
behavior) in many different contexts, such as fall and spring,
coastal and inland, and position of birds relative to their win-
tering or breeding destinations, as well as additional species.

Migratory birds surely become inactive prior to depar-
ture for several reasons, and our study reveals the nuanced
nature of that quiescence and the need to more closely
track movements in an experimental framework. Two
general approaches could be used to identify the causal
factors regulating quiescence and test hypotheses regard-
ing its function. First, the experience or condition of mi-
grants could be manipulated during stopover prior to re-
lease, and then free-ranging behavior monitored during
the pre-departure period. For example, investigators have
controlled access to directional information known to be
important to migratory orientation (e.g., pattern of polar-
ized light and magnetic cues), and then monitored

departure direction using radiotelemetry (Cochran et al.
2004; Chernetsov et al. 2011; Schmaljohann et al.
2013). Similarly, Smith and McWilliams (2014) manipu-
lated diet to adjust fuel loads during stopover, and evalu-
ated their effect on movement behavior and departure de-
cisions of radio-tagged hermit thrushes (Catharus
guttatus). Using such an approach, future studies could
experimentally manipulate migratory orientation cues,
hormone levels (e.g., ghrelin), type and availability of
food resources, fuel loads, and sleep deprivation. In addi-
tion to monitoring activity rates and durations, collection
of data on expulsion of waste products and apparent
sleeping behavior would provide further data to test par-
ticular hypotheses regarding the function of quiescence.
Second, the experience or condition of captive migrants
in migratory disposition could be manipulated, and activ-
ity evaluated in a controlled cage setting (Agatsuma and
Ramenofsky 2006; Ramenofsky et al. 2008). For exam-
ple, the function of the hormone ghrelin has been shown
experimentally to suppress food intake and increase
zugunruhe in songbirds (Goymann et al . 2017).
Manipulations of ghrelin or other hormones and a detailed
characterization of their movement prior to migratory de-
parture would provide insight into physiological mecha-
nisms regulating quiescence. Early orientation-activity
cage designs (Emlen and Emlen 1966) did not permit
investigators to observe detailed behavior of the birds,
so little was gained about the actual behavior of birds
while they are exhibiting migratory restlessness and mak-
ing directional choices. Video-tracking programs (e.g.,
Muheim et al. 2014) now exist for extracting time-re-
solved, positional data of caged birds in migratory condi-
tion (e.g., Pakhomov and Chernetsov 2014). There remain
many questions associated with the function of quies-
cence, and using automated radiotelemetry in an experi-
mental context during both spring and fall migration may
improve our understanding of this interesting behavior.
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