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Abstract

Background: For migrating birds, stopover requires spending time and energy that otherwise could be allocated to
flying. Thus, birds optimally refuel their subsequent migratory flight by reducing stopover duration or foraging activ-
ity in food-rich environments. In coastal habitats, birds may forego refueling and take short stopovers irrespective of
local food availability. Given the paucity of studies exploring how migrants adjust stopover behavior in response to
temporal variation in food availability, especially in the Neotropics, we fixed radio tags to 51 Red-eyed Vireos (Vireo
olivaceous) over two years at two sites on the coast of Mexico's Yucatan Peninsula.

Methods: We applied VHF radio tags during the fall of 2016 and 2017, and tracked birds using automatic and manual
receiving units. We estimated stopover duration and activity levels (one site only) for between six and fifteen birds,
depending on site and year. We measured fruit availability weekly along the net lanes where we captured birds. We
used a generalized linear model to estimate the relationships between stopover duration/activity level and fruit den-
sity, bird body mass and year. We interpreted relationships for the model with the lowest AlCc value.

Results: We found that approximately half of the birds departed on the same day they were captured. For the birds
that stayed longer, we could not discern whether they did so because they were light, or fruit density was high. On
the other hand, lighter birds were more active than heavier birds but only in one of the two years.

Conclusions: Given our results, it is unlikely that Red-eyed Vireos refuel along the Yucatan coast. However, they still
likely need to recuperate from crossing the Gulf of Mexico, which may necessitate foraging more often if in poor body
condition. If the birds then move inland then stopover should be thought of as a large-scale phenomenon, where
habitats with different functions may be spread out over a broad landscape.
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Background

Migration is a critical stage in the life cycle of many bird
species. Long flights, large distances, and unpredictable
weather mean migrating birds incur a high mortality risk
(Sillett and Holmes 2002). For a successful migration,
birds must rest in stopover habitats where they may also
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deposit the fat mass needed to fuel subsequent flights
(Bairlein 2002; McWilliams et al. 2004) and rebuild mus-
cle mass lost during previous flights (Skrip et al. 2015).
In most cases, birds aim to minimize overall migration
time (Alerstam and Lindstrom 1990; Alerstam 2011) pos-
sibly to arrive early to their breeding (Paxton and Moore
2015) and wintering grounds (La Sorte et al. 2015).
Early arrival often increases fecundity and adult survival
(Marra et al. 1998; Norris et al. 2004; Smith and Moore
2005; Reed et al. 2013). Hence, in terms of individual fit-
ness, it is advantageous for birds to minimize stopover
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duration and/or the overall number of stopovers made
during migration (Schaub et al. 2008; Alerstam 2011).
When refueling, birds can speed migration by stopping
over just long enough to maximize their departure fuel
load with the exact duration dependent on fuel deposi-
tion rate (Alerstam and Hedenstrom 1998; Hedenstrom
2008). While some studies have shown that deposition
rate should be higher where food is more plentiful (Loria
and Moore 1990; Dénhardt and Lindstrom 2001; Bairlein
2002), there have been very few studies explicitly testing
how birds alter stopover behavior in response to natu-
rally varying food availability.

Given that individuals of many bird species deposit
fuel in the form of fat and protein (Bairlein 1998; Mar-
shall et al. 2016), it is not surprising that several studies
have demonstrated individual selection for food-rich
habitats (Cohen et al. 2012) and positive associations
between bird abundance and local arthropod availabil-
ity and landscape-level forest cover (Buler et al. 2007;
Buler and Moore 2011; McCabe and Olsen 2015a). Dur-
ing fall migration, many birds consume fruit for their
sugars, fatty acids (Wheelwright 1988; Bairlein 1996;
McWilliams et al. 2002; Smith and McWilliams 2010) and
antioxidants (Alan et al. 2013; Bolser et al. 2013; Skrip
et al. 2015). However, fruit availability varies over time
and space (Valdez-Herndndez et al. 2010; Feldman and
Dorantes 2017; Feldman et al. 2018; Gallinat et al. 2018).
If birds arrive when fruit is scarce, they may need to
adjust their behavior, such as stopping over for longer, to
obtain a greater departure fuel load (Hedenstrom 2008;
Alerstam 2011; Moore et al. 2017); the extent of a bird’s
behavioral adjustment may depend on migration timing
(Ke et al. 2019). On the other hand, birds may respond to
food scarcity by foregoing refueling, entirely, and relocate
to a more productive site shortly after arrival (sensu Bayly
et al. 2018). Thus, individual habitats can take on a vari-
ety of functions during migration based on a bird’s ener-
getic needs and a habitat’s ability to meet those needs.

The different ways birds use local habitat during migra-
tion is exemplified by the classification schemes of Mehl-
man et al. (2005) and Bayly et al. (2018), both of which
distinguish sites used primarily for resting from those
used for resting and refueling. As Bayly et al. (2018)
emphasize, only in refueling sites do migrants truly stop-
over, in the sense that they adopt behaviors that maxi-
mize departure fuel load and minimize overall migration
time. It follows that, at rest sites, birds may behave simi-
larly regardless of local food availability: they are tran-
sient, feed minimally, recover from adverse weather, if
necessary, and simply wait until dusk to move on (Rap-
pole and Warner 1976; Ma et al. 2013; Cohen et al. 2014;
Moore 2018). Where any individual site lies along the
rest to refuel gradient is not yet fully understood, though
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it might be related to geographic barriers that require
a high energy load to cross (Bayly et al. 2012; Ferretti
et al. 2019). Prior to crossing water bodies, for exam-
ple, migrants—especially lean individuals—may rest
briefly along the coast before relocating inland, presum-
ably to seek more food-rich habitats (Deutschlander and
Muheim 2009; Smolinsky et al. 2013). In contrast, after
crossing, birds may be fat depleted (Moore and Ker-
linger 1987), which leads to a high concentration of indi-
viduals in coastal habitats (Lafleur et al. 2016; Clipp et al.
2020; Cohen et al. 2021) where they may refuel (Moore
et al. 2017), take long stopovers (Dossman et al. 2016),
and move among coastal habitats (Deutschlander and
Muheim 2009). Importantly, lean birds are known to gain
more mass and take longer stopovers than heavier birds
(Moore and Kerlinger 1987; Loria and Moore 1990; Doss-
man et al. 2018) because there may be a minimum fuel
load to attain before a bird can move on, depending on
the distance that needs to be covered. On the other hand,
it is also known that if the coast—including offshore
islands—is food poor compared to the mainland inte-
rior, stopover may be short with birds relocating inland
(Woodworth et al. 2014; Lupi et al. 2017; Maggini et al.
2020). Thus, it may be difficult to generalize the degree to
which coastal habitats—and the food resources they con-
tain—influence a bird’s migratory schedule.

Increasing stopover duration may not be the only
mechanism to increase departure fuel load. When the
rate of food intake is low, birds may shorten stopover
duration suggesting that they expand their search radius
(Schaub et al. 2008). Similarly, instead of adjusting stop-
over duration, birds may adjust their foraging activity,
devoting more or less of their day in the search for and
consumption of food. In general, birds do not forage at
their theoretical maximum because high body mass
increases predation risk (Macleod et al. 2005; Cimprich
and Moore 2006). However, if predation risk is low or
starvation risk is high, then birds may feed constantly
through the day (Bonter et al. 2013). Although preda-
tion is a real threat during migration (e.g. Zenzal et al.
2013), the pressure to build mass to migrate at night—as
opposed to just surviving the night (Lind and Cresswell
2006)—may mean birds respond more strongly to food
availability than predation. Whether birds adjust daily
foraging activity during migratory stopover, especially in
response to natural changes in food availability, has not
been extensively explored. In spring, Smith et al. (2007)
found that American Redstarts (Setophaga ruticila) for-
aged at higher rates in habitats with higher aquatic insect
and spider biomass. Meanwhile in fall, migrants are
known to make more searching maneuvers when forag-
ing on arthropods than fruit (Parrish 2000; Schofield
et al. 2018). Consequently, Smith and McWilliams (2014)
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found that lean Hermit Thrushes (Catharus guttatus)
increased the amount of area they covered as fall pro-
gressed, which coincided with declining fruit availability.
However, Smith and McWilliams (2014) used date as a
proxy for fruit availability, which only gives a rough index
of how birds respond to variation in fruit availability.

In North America, the Gulf of Mexico is a major migra-
tory corridor connecting temperate breeding and tropi-
cal wintering grounds (La Sorte et al. 2016; Cohen et al.
2017; Horton et al. 2019). Much of our knowledge of the
factors that influence stopover behavior before and after
crossing geographic barriers come from the Gulf’s north
coast in the United States (e.g. Moore et al. 2005, 2017;
Cohen et al. 2021). In contrast, there have been few stud-
ies documenting how birds recover after having made
the crossing to the Gulf’s south coast in the Yucatan Pen-
insula. Radio-tracking has revealed that birds require,
on average, about 22 h to make the over water cross-
ing (Deppe et al. 2015). Solomon (2016) found that fall
migrating Swainson’s Thrushes (Catharus ustulatus),
Gray Catbirds (Dumetella carolinensis), Prothonotary
Warblers (Protonotaria citrea), and Red-eyed Vireos
(Vireo olivaceous) stopped over for an average of almost
four days on an island off the Yucatan coast. However,
the stopover duration was comparable to a nearby inland
site and many individuals maintained or gained mass and
departed the island in a seasonally appropriate direction,
although less so for Red-eyed Vireos than the other spe-
cies. Hence, it is possible that some individuals used the
island site to refuel. Similarly, many migrants crossing the
Gulf in good weather may fly past the coast (Gauthreaux
1971) but Red-eyed Vireos may be especially sensitive to
weather (Deppe et al. 2015) and thus, be more likely to
use coastal habitats. Whether vireo stopover duration
in the Yucatan was longer when food was more abun-
dant is an intriguing hypothesis worth testing. Given
that migrants arriving to the island were fat depleted
compared to inland (Solomon 2016), a phenomenon also
observed on the Gulf of Mexico’s north coast (Buler and
Moore 2011; Lafleur et al. 2016; Cohen et al. 2020), then
food availability, including fruit, on the Yucatan coast
might have a disproportionate influence on migration
success for trans-Gulf migrants.

To fill the knowledge gap about how birds respond to
variation in food availability after crossing a large geo-
graphic barrier, we measured stopover duration and daily
activity of the Red-eyed Vireo in autumn in two sites on
the coast of the Yucatan Peninsula. At the same time, we
measured temporal variation in fruit availability; under
the assumption of a time minimization strategy (Aler-
stam 2011; Bayly et al. 2018), we expected an inverse rela-
tionship between stopover duration and fruit availability.
We also expected leaner birds to take longer stopovers
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than heavier birds. Under an assumption that high fruit
availability results in a more homogenous resource dis-
tribution and more localized foraging, we expected activ-
ity levels to decline with increasing fruit availability. On
the other hand, it is possible that most birds arriving at
our sites do not refuel or abandon the site quickly if food
is scarce (sensu Schaub et al. 2008); thus, we left open
the possibility that stopover duration and activity would
not consistently vary or even vary positively with fruit
availability.

Methods

Study sites

We surveyed migratory birds in two locations on the
north coast of the Yucatan Peninsula, Mexico (Fig. 1).
One site (21.530° N, 87.749° W) was in the Ria Lagartos
Biosphere Reserve to the west of the town of El Cuyo in
Yucatan State, Mexico (hereafter called El Cuyo). Data
collection occurred within a 2.2 km wide barrier beach
composed of coastal dune and mangrove vegetation (see
also Deppe and Rotenberry 2005, 2008). The other site
was in Isla Contoy National Park (21.473° N, 86.788° W),
a barrier island 16 km off the northeastern coast of the
state of Quintana Roo, Mexico, and 34 km northeast of
the city of Cancun. We collected data in a 0.1 km wide
part of the Island that consisted of coastal dune and
mangrove vegetation. The island lies where the Gulf of
Mexico meets the Caribbean Sea. We expected to find
Red-eyed Vireos in both dune and mangrove vegetation
(Deppe and Rotenberry 2005).

Tagging and tracking individual birds

We set up mist-nets in 2016 and 2017 to capture birds
as part of a larger fall migration monitoring study. At
El Cuyo, we established 10-12 m long mist nets within
a 500 m area. At Isla Contoy, we established 11-12 m
long mist nets within a 500 m area. We opened nets
every day without wind and/or rain and opportunisti-
cally outfitted Red-eyed Vireos, Prothonotary Warblers,
Swainson’s Thrushes, and Gray Catbirds with 0.56 g Pipl
Ag376 VHF radio tags (Lotek Wireless, Inc.). We affixed
the radios to the back of the birds using eyelash adhesive
(Raim 1978). Due to small sample sizes for the other spe-
cies (<6 birds per site), we focused our study on Red-
eyed Vireos for which we had 11 (Isla Contoy 2016), 22
(Isla Contoy 2017), 16 (El Cuyo 2016), and 16 (El Cuyo
2017) individuals with radios. However, due to technical
difficulties, the radio tag falling off, and two likely dep-
redated birds, the number of birds for which we were
able to obtain stopover duration data were 6 (Isla Contoy,
2016), 15 (Isla Contoy, 2017), 15 (El Cuyo, 2016), and 15
(El Cuyo 2017). For activity data, we restricted our analy-
sis to birds that had at least 8 h of detection occurring
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Fig. 1 The locations where Red-eyed Vireos were tagged and tracked on the north coast of the Yucatan Peninsula (top map). The lower maps
indicate the mist net lanes (red dots) and vegetation composition of each site (data from the Instituto Nacional de Estadistica y Geografia (Mexico)

on at least one calendar day. Thus, our sample sizes were
2 (Isla Contoy, 2016), 4 (Isla Contoy, 2017), 14 (El Cuyo,
2016), and 11 (El Cuyo 2017) birds. Given the low sample
sizes at Isla Contoy, we decided not to analyze activity at
that site. At El Cuyo, 10 of the 14 birds in 2016 and 2 of
the 11 birds in 2017 had only one day with activity data.
Upon capture and prior to affixing the radios, we
banded the birds and took standard measurements that
aid in aging individuals based on Pyle (1997). In total, our
data came from 29 hatch-year birds and 23 after hatch-
year birds. We could not determine the sex of Red-eyed
Vireos. We also weighed each bird using a digital scale.
We used body mass as an index of fat content, assuming a
strong correlation between the two metrics (sensu Lind-
strom and Piersma 1993; Klaassen and Biebach 1994).
Once the birds were affixed with radio transmitters,
we registered their location and activity using automated
receiver units attached to a circular array of six Night-
hawk brand yagi antennas. The units were mounted on
the roof of a 10-m tall building (El Cuyo) and atop 10-m
towers (El Cuyo and Isla Contoy). The receiver units were
programmed with the frequencies of the transmitters
attached to the birds and recorded the signal strength,
noise, pulse width, and pulse interval of the transmitters
every 1-6 min. For more details on using the automated
tracking system to record bird activity see Schofield et al.
(2018). We complemented automated tracking with
manual tracking: every afternoon, we drove or walked
up to 10 km from the banding locations while holding

a receiving unit attached to a yagi antenna to search
for a signal being emitted from a transmitter. The man-
ual tracking allowed us to pick up birds that were not
detected by the automatic system. For 4/6 (Isla Contoy
2016), 14/15 (Isla Contoy 2017), 3/15 (El Cuyo 2016), and
5/15 (El Cuyo 2017) birds, we obtained later departure
dates and times with the manual than automatic track-
ing. The difference in sites arose, in part, because the
automatic unit at Isla Contoy was sometimes not pro-
grammed properly.

Measuring stopover duration and daily activity
We counted a bird as detected as opposed to the unit reg-
istering background noise if there were three consecutive
measurements within+0.003 MHz of the known radio
frequency, the pulse width was within 3 ms of the known
pulse width of the transmitter, the signal strength was
greater than 125 db, and the noise was not greater than
130 db (Deppe et al. 2015; Schofield et al. 2018).
Following Schofield et al. (2018) and the references
cited therein, we distinguished active from sedentary
birds by comparing the signal strength between two con-
secutive detections. If the difference exceeded 2.5 db,
then we considered that the bird had moved between
the two detections. We recorded the total time each bird
was active for each hour of the day. We recorded the
total stopover duration as the time between attaching the
radio to the bird and the last automatic or manual detec-
tion. For 26 of 51 birds, we determined last detection via
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manual telemetry. To model daily activity, we summed
our hourly activity data, only between the hours of 5 a.m.
and 7 p.m. because activity was highly diminished out-
side of those hours.

Fruit availability
We measured fruit availability at each site in each year by
walking along each of the 12-m mist net lanes and count-
ing all fleshy fruits up to 2 m on either side of the net
lane. We classified fruits as being pre-ripe, ripe, and past-
ripe based on color and evidence of desiccation. During
our two field seasons, Erithalis fruticosa produced 75%
of the mature fruit at Isla Contoy and Chiococca alba,
Lantana involucrata, and Metopium brownei combined
to produce 67% of the mature fruit at E1 Cuyo. Chrysoba-
lanus icaco, Coccoloba uvifera, and Lantana involucrata
and Acanthocereus tetragonus, Bonellia macrocarpa,
Bursera simaruba, and Thrinax radiata produced smaller
amounts of fruit at Isla Contoy and El Cuyo, respec-
tively. We counted fruit weekly with 12-16 total samples,
depending on the site and year. To calculate fruit den-
sity for the day each Red-eyed Vireo was captured and
tagged, we averaged fruit density for that site and year
but assigned greater weight to samples taken closer to the
capture date. We calculated weight as the inverse square
root of the distance between the bird capture date and
each fruit counting date. Thus, fruit sampling dates closer
in time to bird dates contributed more to fruit density
values than fruit sampling dates farther away in time.
Given our fruit sampling regime, we were unable to
quantify fruit spatial distribution. Hence, we assume that
fruit abundance correlates with a homogenous resource
distribution, thus promoting frugivory over insectivory
and reducing searching time (Parrish 2000; Schofield
et al. 2018). Similarly, we assume the fruits we sampled
are part of the vireo diet: Red-eyed Vireos are known to
consume fruit during fall migration elsewhere in their
distribution (Parrish 1997; Cimprich et al. 2000) and
the congeneric White-eyed Vireo (V. griseus) is known
to consume B. simarubra fruit in the Yucatan Peninsula
(Greenberg et al. 1993, 1995).

Data analysis

Our small sample size (51 birds for stopover analysis and
25 birds for activity analysis) precluded running a full
model with year, fruit density and body mass predictor
variables and their interactions. Instead, we ran separate
models for each study site and, for each site, compared
the following models: an interaction between fruit den-
sity and year, an interaction between body mass and year,
year only, and a null model without any predictors. We
standardized the continuous predictor variables, center-
ing by the mean and scaling by the standard deviation.
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We compared the models using AICc and we inferred
relationships for the model with the lowest AICc.

For the stopover model, we modeled observation
level random error using a Gaussian distribution. For
the activity model, we modeled observation level ran-
dom error using a binomial distribution given that our
data was the percentage of the day a bird was active. We
included individual bird as a random intercept, given that
we had up to eight days of activity data for an individual
bird. Once we ran a model, we predicted stopover dura-
tion and daily activity for a range of fruit densities, body
masses, and/or year depending on the model chosen by
AICc. We ran and made predictions from the linear stop-
over model using base R 4.0.2 (R Core Team 2020). For
the activity binomial mixed effects model, we used the
(g)lmer function in the Ime4 package (Bates et al. 2015)
in R 4.0.2 (R Core Team 2020). We calculated prediction
uncertainty by calculating the 95% prediction interval
using the variance—covariance matrix of the model (see
https://bbolker.github.io/mixedmodels-misc/glmmFAQ.
html). When calculating prediction intervals, we did not
include the uncertainty due to variance in random inter-
cepts. All our R code is available as Additional file 1.

Results

Between the two sites, we found that birds were lighter
at Isla Contoy than at El Cuyo and, on average, they
passed through the site a little later (Table 1). Total and
weekly average fruit density was higher at Isla Contoy in
both years (Table 1). However, in all cases and years, the
95% confidence intervals of the estimates of the two sites

Table 1 Body mass and arrival dates for Red-eyed Vireos
outfitted with radio transmitters and fruit density at our El Cuyo
and Isla Contoy study sites in 2016 and 2017

Measure Site  El Cuyo Isla Contoy
Individual body mass (g) 2016 173+£1.31 16.540.880
2017 15941.05 145+£0.776
Arrival day (Julian date) 2016  266+8.63 2744926
2017 25747.60 262+7.65
Total fruit density #/m?) 2016 271 3.50
2017 245 331
Mean fruit density (#/(m?wKk)) 2016 0.22640.157 0.269+0.120
2017 0.1754£0.0647 0.207 £0.0694

Data are expressed as mean + 95% confidence interval, except for total fruit
density, which is the sum of the fruit densities for the days Red-eyed Vireos were
captured

Mean fruit density use counts from the weekly census conducted across all of
fall migration

Sample sizes are six birds for Isla Contoy in 2016 and 15 birds for all other cases
For the weekly fruit census, sample sizes are 12 and 14 for El Cuyo in 2016 and
2017, and 13 and 16 for Isla Contoy in 2016 and 2017. For all measures and years,
the confidence intervals of the two sites overlap
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overlapped, indicating that site differences could poten-
tially be due to sampling error.

In 2016, fruit density was negatively correlated with
capture date at Isla Contoy (Pearson’s correlation coef-
ficient+95% confidence interval: —0.859 4 0.125; Fig. 2)
and positively correlated with capture date at El Cuyo,
though with uncertainty in the estimate of the direction
and magnitude of the correlation (Pearson’s correla-
tion coefficient +95% confidence interval: 0.239 4-0.430;
Fig. 2). In 2017, fruit density was positively corre-
lated with capture date at both sites (Pearson’s correla-
tion coefficient+95% confidence interval, Isla Contoy:
0.878 £0.081; El Cuyo: 0.677 £ 0.206; Fig. 2).

Stopover duration
At El Cuyo, stopover duration varied widely (mean
hours£95% confidence interval: 34.1+12.1, N=15
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(2016); 70.64+26.6, N=15 (2017)). About half of the
birds (9/15 in 2016 and 7/15 in 2017) departed on the
same day they were captured. The other birds stayed
between one and seven nights, with one exceptional
bird in 2017 staying 16 nights (Fig. 3). At Isla Contoy,
stopover duration was shorter (mean hours+95% con-
fidence interval: 23.94+12.7, N=6 (2016); 68.4+17.1,
N=15 (2017)), with 4/6 in 2016 and 5/15 in 2017,
departing the same day they were captured. The rest of
the birds stayed between one and nine nights (Fig. 3).

Although, on average, stopover was longer in 2017
than 2016, variation in stopover duration could not
be explained convincingly by year nor by fruit density
or body mass. Instead, the null models had the lowest
AICc (Table 2).

Contoy, 2016 || Contoy, 2017 || Cuyo,2016 || Cuyo, 2017
[
0.75
»
&
0.50 * °
-501 )
. v 5
o
N T
® . * o O
—~ 025 o o
o~ ° .
£ o o [N
~ [ ] L)
£ * - e
° (Y
2 0001 4
7 —
c
[O)
©
=
2 0751
L
»
>
2
0.50 1 o
o
S
i
) ‘
0.00. ‘ H‘I’ MHHH‘ ‘I ‘H| |‘|I L “ H
290658833 99658833 99568833 9868833
IXNNO00zZ2Z2 ILVNO00Z2Z IXIVNOO0ZZ I<VWNnOO=Z=
L S I A A I T N N O S I T N U R )
OYTRNT—LOONO OINTOVONO OFIN-—DONO OFN—WODN©
TANONOTOT ~ANONOTOT ~ANONOTOT ~ANONOYT O~
Fig. 2 Temporal variation in mature fruit density at two sites on the coast of the Yucatan Peninsula, Mexico. Fruit was counted in 10 (El Cuyo)
and 11 (Isla Contoy) 12 m x 4 m plots 12-16 times between August and November. The top panel (“Capture days") estimates fruit density for the
days Red-eyed Vireos were captured and outfitted with radio tags. The bottom panel ("Fruit census”) shows data from the days fruits were actually
counted




Feldman et al. Avian Research (2021) 12:66

Page 7 of 12

Contoy || Cuyo
16 1 [ |
154
14 1
131
12 4
~~
o)
= 111
=2
€ 10
#*
c o mm
.0
T 7 2016
S 71 . W 2017
o)
> 61
o
S s mm —
S
2 4] —
.| - I
2-
L | — I
] I

8

o
N
N
»

coast of the Yucatan Peninsula

# Birds

Fig. 3 Stopover duration expressed as number of nights for migrating Red-eyed Vireos at two sites and over two years during fall migration on the

Activity levels

We found little evidence that variation in daily activity at
El Cuyo could be explained by fruit density. On the other
hand, the model with the lowest AICc included body
mass as a predictor variable, alongside its interaction
with year (Table 2). Specifically, we found that daily activ-
ity decreased with increasing body mass and the relation-
ship was stronger in 2016 than 2017 (Fig. 4). As a result,
light birds had similar daily activity levels in both years
but, for heavy birds, activity was greater in 2017 than
2016 (Fig. 4).

Discussion

Given the importance of fruit as a source of energy and
antioxidants for migrating birds, we expected Red-eyed
Vireos stopping over along the Gulf coast of the Yucatan
Peninsula during fall migration to adjust their behav-
ior—stopover duration, daily activity levels, or both—in

response to naturally occurring temporal variability in
fruit density. We did not find evidence of such a response
because stopover duration tended to be short with most
birds not even staying one night. For birds staying longer,
our sample size was too small to discern the degree to
which the decision to depart was associated with indi-
vidual body mass or fruit density. For daily activity lev-
els, however, we found evidence of a negative relationship
between activity and individual body mass, though pri-
marily for only one of the two years of our study.

Our results indicate that Red-eyed Vireos were tran-
sients (sensu Rappole and Warner 1976) likely using
the Yucatan coast for nothing more than a quick rest
after crossing the Gulf of Mexico. Having expended sig-
nificant energy in an overwater flight that lasts approxi-
mately 22 h (Deppe et al. 2015), individuals may have
focused their stopover on recuperating just enough
energy to make a short flight to more productive
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Table 2 Comparing models hypothesized to explain variation
in stopover duration (h) and daily activity (proportion of a day
(500-1900 h) spent active) for Red-eyed Vireos at two sites over
two years during fall migration on the coast of the Yucatan
Peninsula

Stopover Site Model AlCc AAICc

behavior metric

Duration Isla Contoy Null:y~1 407.90 0.00
Year: y~Year 408.11 0.21
Fruit density: 41223 433
y~Fruit x Year
Body mass: 41349 559
y~Mass x Year

El Cuyo Null:y~1 597.75 0.00

Year: y~Year 598.60 0.85
Fruit density: 602.27 4.52
y~Fruit x Year
Body mass: 60410 6.35
y~Mass x Year

Daily activity El Cuyo Null:y~1 3561.78 7.95
Year: y ~Year 355858 4.75
Fruit density: 3562.55 872
y~Fruit x Year
Body mass: 355383 0.00

y~Mass x Year

The evidence for or against a model was assessed using Akaike’s Information
Criterion corrected for small sample size (AlCc)

We did not analyze daily activity for birds at the Isla Contoy site because of low
sample size

habitats rather than depositing enough fat to fuel a
subsequent migratory flight (sensu Moore et al. 1990;
Deutschlander and Muheim 2009). Alternatively, they
have may simply rested until dusk before moving fur-
ther inland: for the majority of birds we estimated
departure as occurring between 6 and 10 p.m. (Isla
Contoy 2016: 3/6; Isla Contoy 2017: 11/15; El Cuyo
2016: 13/15; El Cuyo 2017: 10/15; unpublished data).
Short stopovers were also observed for Red-eyed Vir-
eos in Nova Scotia, Canada: the majority of migrants
relocated 3 km inland following stopover on an island
likely because they were seeking sites with greater
tree cover (Woodworth et al. 2014). At our El Cuyo
site, birds only needed to cross a~4 km body of water
to find inland forest, a preferred habitat for migrating
Red-eyed Vireos (Suomala et al. 2010). Meanwhile, our
Isla Contoy site is ~ 16 km offshore but, still, most birds
took short stopovers and likely departed to the inte-
rior mainland. In fact, for the seven birds with depar-
ture direction data, all were oriented between 190° N
and 290° N (unpublished data), which would have them
headed toward the mainland north of the city of Can-
cun. The finding is consistent with earlier data on Isla
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Contoy’s Red-eyed Vireos where half of the tagged
birds departed in a seasonally inappropriate direction
(Solomon 2016).

The decision to depart shortly after arrival may have
been triggered by poor foraging conditions: individu-
als that lose energy or experience low rates of energy
accumulation while on stopover are known to shorten
stopover duration (Schaub et al. 2008; Schmaljohann and
Eikenaar 2017). For the northern Yucatan Peninsula, we
lack data that compares resource availability between
coastal and inland sites. However, there is evidence that
some individuals prefer to refuel inland. Solomon (2016)
found that Red-eyed Vireos at Isla Contoy took shorter
stopovers than at a nearby inland forest even though fat
scores of captured birds were similar. At an inland site in
the southeastern part of the Yucatan Peninsula in Belize,
Johnson and Winker (2008) concluded that migrants,
including Red-eyed Vireos, were stopping over to refuel
and continue migration. Their Red-eyed Vireos had body
masses (mean grams = standard deviation: 16.88 41.50;
Table 1 in Johnson and Winker (2008)) similar to our
birds (Table 1). Poor foraging conditions could also
arise if the vireos were not actually consuming some of
the fruit species we sampled. Thus, we may have over-
estimated fruit availability. Foraging observations, fecal
analysis, or metabarcoding could help to quantify fruit
availability more precisely. In contrast, we may have
underestimated fruit availability by only modeling ripe
fruit. It is possible that birds also consume unripe fruits
(Blake et al. 1990; but see Moermond and Denslow 1983;
Blake and Loiselle 1991; Schaefer and Schmidt 2002;
Schaefer and Schaefer 2006 for studies demonstrating
preference for ripe over unripe fruit).

In contrast to our finding that most birds took short
stopovers at our coastal sites, there was still a non-triv-
ial number of birds that took longer stopover durations,
including up to 16 days at El Cuyo. While it is possible
that some birds moved laterally along the coast (sensu
Deutschlander and Muheim 2009) or even back and forth
between inland and coastal habitats, our El Cuyo activity
data indicate that most birds likely stayed on site. Of the
8 birds that stayed more than one night, only two ever
“disappeared” during daylight hours (i.e. had consecu-
tive hours without activity being registered). The status
of the bird that stayed 16 days was uncertain because its
radio fell off and the individual was subsequently recap-
tured 9 days later. All but two of the birds that stayed one
or less nights had activity registered hourly until their
departure. By the same logic, birds we considered as hav-
ing departed from the site likely left permanently instead
of incorporating the site into an expanded foraging area.

A quick departure from resource poor sites should
be more apparent for birds arriving at stopover in good
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Fig. 4 The predicted relationship between body mass (g) and daily activity for Red-eyed Vireos at one study site and over 2 years during fall
migration in the coastal Yucatan Peninsula. The shaded areas are the 95% confidence intervals of the predictions

condition (Klinner et al. 2020). However, instead of find-
ing that light birds took longer stopovers, we found that
they spent more of their day being active. Thus, Red-eyed
Vireos needing to recuperate after crossing the Gulf may
have chosen to increase fat mass by foraging more fre-
quently rather than extending their stopover duration
(see also Gwinner et al. 1988; Aborn and Moore 2004;
Smith and McWilliams 2014). When vegetation cover is
low, such as in our coastal dune habitats, migrants may
depart quickly because of increased predation risk even
if fruit is abundant (McCabe and Olsen 2015b). How-
ever, lighter birds may be more likely to forage in risky
environments (Cimprich and Moore 2006). Hence it
is possible that migrants avoid refueling in our coastal
sites because of the predation risk and not necessarily
because they have less food. Meanwhile, inland forests
may provide the best of both worlds (sensu McCabe and
Olsen 2015b): cover from predation and abundant food.
We may also not have observed a difference in stopover
duration between light and heavy birds because there

was little individual variation in body mass and, in 2017,
especially, all arriving individuals could be considered as
being in poor body condition.

We found moderate evidence for differences in stopo-
ver duration between 2016 and 2017 with stopover being,
on average, longer in 2017. The difference could reflect
that, on average, birds were lighter in 2017 than 2016. As
well, the difference could indicate better foraging con-
ditions in 2017 because longer stopovers are associated
with positive rates of fuel accumulation (Schaub et al.
2008; Lupi et al. 2017; Klinner et al. 2020). Although we
did not find major differences in fruit density between
2016 and 2017, it is possible that we measured fruit den-
sity at too small a spatial scale or that our measure of
fruit density did not reflect fuel deposition rates, which
is the currency to which migrants adjust their stopover
duration (Lindstrom and Alerstam 1992; Alerstam and
Hedenstrom 1998). Similarly, by not measuring arthro-
pod availability, we may have missed a key component
of the vireo diet that influences stopover behavior (sensu
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Cohen et al. 2012). Higher activity levels in 2017 than
2016 could reflect greater arthropod availability because
foraging for arthropods is thought to require more and
longer movements than foraging on fruit (Parrish 2000;
Schofield et al. 2018). Similarly, our finding that daily
activity levels were similar between light and heavy
birds in 2017 but not 2016 supports the assertion that
food, and possibly arthropod, availability may have been
greater in 2017 than 2016. When food is abundant, lean
birds should reduce activity to similar levels as heavy
birds, a pattern documented by Smith and McWilliams
(2014), Lupi et al. (2017) and Ferretti et al. (2019).

Conclusions

Although migrating birds like Red-eyed Vireos may not
be necessarily refueling and building mass in coastal
Yucatan, it does not mean the habitats are unimpor-
tant. Many birds and bird species still land and forage in
coastal habitats (Deppe and Rotenberry 2005, 2008) and
our data show that some birds take extended stopovers.
Clearly, more research is needed to determine if short
stopovers are driven by food scarcity, high predation risk,
or some other factor, especially given that climate change
can affect food availability (Both et al. 2009). Similarly,
more research is needed to determine whether migrants
landing on the coast then move inland to refuel (sensu
Johnson and Winker 2008). In this sense, we advocate
thinking about stopover as a large-scale phenomenon, at
least one that includes sites beyond where birds initially
land (see also Smetzer and King 2018). Consequently,
birds may rest and refuel in distinct sites and habitats and
maintaining connectivity between them may be a crucial
factor associated with migratory success and population
health.
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