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Swallows and martins (Aves: Hirundinidae) are well-studied with respect to their breeding

biology, but major aspects of their individual aerial movement behavior and ecology are

poorly understood. Atmospheric conditions can strongly influence both the availability

and distribution of flying insects that aerial insectivores rely upon. Because aerial insects

are often found in distinct clusters within the aerosphere, we wanted to explore whether

aerial insectivore flight altitudes were species-specific and if they were associated

with atmospheric conditions. We examined these questions with novel tag technology,

an altitude datalogger, on breeding populations of Purple Martin (Progne subis), Tree

Swallow (Tachycineta bicolor), and Barn Swallow (Hirundo rustica) in upstate New York

during the summer of 2016, providing individual-level flight data on a per minute basis.

Using mixed models, we investigated differences in flight altitudes between individuals,

species, and varying atmospheric conditions. The major findings were that individuals

of each species spent significantly different proportions of their time throughout the

day in different aerial strata. In addition, higher flying species such as Purple Martins

and Tree Swallows responded positively to greater thermal uplift whereas this predictor

had no effect on Barn Swallow flight altitudes. Finally, the differing relationships for all

species between their flight altitudes and weather variables suggest that each species

may use different atmospheric cues for tracking their environment and/or prey. More

research spanning greater time scales and a wider range of atmospheric conditions is

needed to determine these relationships in finer detail. We encourage broader use of

this or similar methodologies to better understand the behavior and ecology of aerial

insectivores globally.
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INTRODUCTION

The aerial ecosystem is a dynamic sub-layer of the troposphere closest to Earth’s surface. Despite
its global presence, the aerial ecosystem, or aerosphere, has received relatively little attention
from ecologists until recent decades. In terms of biomass, the aerosphere is primarily comprised
of aerial arthropods, often referred to as “aerial plankton,” since many of its inhabitants have
a limited capacity for powered flight and many use prevailing atmospheric conditions as a
mechanism for dispersal (Drake and Farrow, 1989; Russell andWilson, 1996, 1997; Chapman et al.,
2010). The major consumers of this abundant yet ephemeral and patchily distributed resource
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are flying vertebrates such as bats and birds, which spend much
of their lives in the aerosphere capturing these prey. Although the
breeding biology of some avian aerial insectivores is well-known
to the point that they are considered model organisms [e.g., Tree
Swallows (Tachycineta bicolor), (Jones, 2003)], documentation of
how they interact with the aerial environment and the drivers of
theirmovement behavior ismuchmore scarce.More information
on how these taxa interact with the aerosphere is necessary if
we are to have a more comprehensive understanding of how
environmental variation and ecological dynamics affect their
survival and reproduction.

The emergent discipline of aeroecology seeks to understand
the physical characteristics of the aerosphere, the organisms
that exist and interact within the aerosphere, and the abiotic
and biotic selective pressures exerted by the aerosphere on its
inhabitants (Kunz et al., 2008; Chilson et al., 2012). While
aeroecology is truly interdisciplinary and has drawn upon a wide
range of subjects and technologies to grow and firmly establish
itself as a discipline in recent decades, most studies that have been
conducted thus far have focused primarily on using coarse-scale
radar systems to characterize behavior, usually movements or
migrations at the population scale (Kunz et al., 2008; Westbrook,
2008; Kelly et al., 2012; Farnsworth et al., 2016; Horton
et al., 2016; Shipley et al., 2017a). Furthermore, technological
limitations have constrained organismal-level studies of flight
behavior in aerial insectivores to the perspective of human
observers from the ground (e.g., Collins, 2000; Manchi and
Sankaran, 2010; Shipley et al., 2017a). Thus, connecting an
organismal-level framework to large scale phenomena is critical
to improve the scientific understanding of the aerial ecosystem
and the ecology of its inhabitants.

For instance, although weather conditions crucially impact
aerial insectivore ecology, the existing framework of knowledge
remains surprisingly simple. Theory dictates that temperature
mediates daily abundance of insects in the aerosphere, since
warmer temperatures drive their phenology and development
(Ratte, 1984) and prompt larger emergences of insects (Taylor,
1963). Most flying insects are found within a few meters off
the ground, and their abundance drops off exponentially with
altitude (Johnson, 1957; Elkins, 2010). Above these first few
meters, factors such as wind speed, direction, and convection
can scatter or concentrate aerial plankton, creating ephemeral
clumps of insects (Pedgley et al., 1990; Elkins, 2010). By contrast,
days characterized by colder temperatures, heavy precipitation,
and strong winds can greatly suppress the availability of flying
insects and have negative consequences for both adult survival
and reproductive success in swallows (Winkler et al., 2013),
sometimes resulting in mass mortality events for young nestling
swallows (Winkler et al., 2013) and even adults (Elkins, 2010).
These conditions can also produce a “lake effect” where aerial
insectivores must forage low over the surface of large bodies of
water to find prey (Newton, 2007; Elkins, 2010). Beyond this
paradigm, however, scientific knowledge of how weather affects
the flight behavior of flying vertebrates has remained limited in
precision and detail.

Our need for a better understanding of aerial insectivore
ecology is even more pressing because aerial insectivores as a

guild have experienced significant, broad-scale declines in North
America and Europe over the past several decades (Sanderson
et al., 2006; Nebel et al., 2010; Oresman et al., 2013; Sauer
et al., 2014). Decreasing insect populations and changing insect
phenology have been hypothesized to be one of several possible
drivers of these declines in insectivorous birds (Hallmann et al.,
2017). Thus, beginning to understand how insectivorous birds
are moving and foraging in the aerosphere is not only imperative
to understanding the ecology of this “hidden ecosystem” and the
species within it, but it could also begin to provide insight into
some of the possible drivers of these precipitous declines.

Given this need, we set out to gain a comparative, organismal
level understanding of the daily flight patterns of several avian
aerial insectivores. In upstate New York during the summer
of 2016, we deployed data loggers on breeding Tree Swallows
(Tachycineta bicolor, TRES), Barn Swallows (Hirundo rustica,
BARS), and Purple Martins (Progne subis, PUMA), three species
in the same family (Hirundinidae) with well-known breeding
biologies, which are also declining in eastern North America.
Here we use mixed effect models on flight altitude data to
investigate two primary questions: (1) whether basic differences
exist between individuals as they move and forage in the
aerosphere and whether these differences persist at the level of
species and (2) how atmospheric conditions such as temperature,
turbulence, dew point, boundary layer, and precipitation rate
affect the flight altitude of individual swallows. Because the
availability of insects can be concentrated by atmospheric
conditions, we predicted that variation in flight altitudes will be
greater between species than within species, and that atmospheric
conditions influence the flight altitudes of individual of all
swallows species similarly.

MATERIALS AND METHODS

We conducted fieldwork from May 22nd to July 20th, 2016,
in upstate New York at four locations that support breeding
populations of the focal taxa. We sampled Tree Swallows at Unit
1 of the Cornell Experimental Research Ponds in Ithaca (42.505◦

N, −76.466◦W, 335m) and the Homer C. Thompson Vegetable
Research Farm in Freeville (42.518815N,−76.332651W, 320m).
We collected data on Purple Martins and Barn Swallows at
private residences near Watkins Glen (42.392◦N,−76.881◦W,
130m) and Danby (42.288◦N, −76.454◦W, 395m), respectively.
We collected data on Purple Martins and Barn Swallows at
private residences near Watkins Glen (42.392◦N,−76.881◦W,
130m) and Danby (42.288◦N, −76.454◦W, 395m), respectively.
We used specific, known breeding sites for each species to
increase the probability of datalogger recapture, but due to the
specialized nesting biology of swallows, there was only one study
species breeding at a given site. However, all study species were
present at every site, with the exception of Purple Martins, which
were only found at their breeding site. Moreover, behavioral
observations at each site confirmed that all species, especially
Purple Martins, frequently ventured outside of the immediate
airspace of the sampling localities, so any site-specific effects
were limited and likely non-significant. The maximum distance
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between sites was ∼33 km. Our methods consisted of capturing
individual birds and attaching to them data loggers (hereafter
referred to as “barologgers”) which recorded air temperature
and pressure at a frequency of one sample per minute using
an onboard low power microprocessor, allowing for near-
continuous measurements of flight altitude to the nearest several
meters (Shipley et al., 2017b). The barologgers weighed∼450mg
with epoxy weather-proofing and were attached to the birds
using Rappole leg loop harnesses (Rappole and Tipton, 1991)
made of 0.5mm Stretch Magic polymer twine. We recaptured
birds between 8 and 13 days after tagging (mean = 8.47 ±

1.73 days). Upon recapture, we removed the barologgers and
downloaded their data, deriving flight altitudes using the formula
below. We corrected for pressure changes by interpolating to
the nearest minute from hourly pressure level readings from the
nearest airport weather station (KITH) in Ithaca, NY (42.4908◦N,
−76.4583◦W, 335m).

A =
(( P0P )

1
5.257 − 1)(T + 273.15)

0.0065

Where A = barologger altitude (in meters), P0 = sea level
pressure (in pascals), P = barologger pressure (in pascals), and
T= barologger temperature (in Kelvin).

Formeteorological variables, we acquired data on temperature
and dewpoint from KITH, data on turbulence kinetic energy
(TKE) from the North American Regional Reanalysis (NARR,
Mesinger et al., 2006), and data on boundary layer height
and precipitation rate from the Env-DATA Track Annotation
Service on Movebank (Dodge et al., 2013). The weather data was
interpolated to the minute level to conform with the altitudinal
data using bilinear interpolation.

Analysis of Individual Altitude Data
Altitudinal Partitioning

To test for differences in the aerial behavior between the three
study species, we partitioned the median altitude per flight
bout into six different bins relative to time of day. Starting
at 5 a.m. local time, data was divided into dawn, morning,
midday, afternoon, evening, and night at 180min increments.
Night was not used for analysis. We analyzed the data using
a linear model with log(altitude) as the response variable, and
time bin and species as predictors. We also performed pairwise
comparisons and independent contrasts using Tukey honest
significant differences in a post-hoc test.

Atmospheric Effects on Flight Bout Altitude

We also wanted to determine the relationships between flight
altitude throughout the day and atmospheric conditions.
Because telemetry data tend to demonstrate high degrees of
spatial and temporal autocorrelation, we initially checked for
autocorrelation calculating the autocorrelation functions for
each individual (acf, base R, R Core Team, 2016). Although
the characteristics of the autocorrelation relationship can be
informative in regard to behavior and movement traits Boyce
et al. (2010), we accounted for it in our analyses using two
different approaches.

First, we accounted for the temporal autocorrelation using
two generalized additive mixed effects models (GAMM)modeled
with and without the correlation structure (corAR) fit to the
process errors. For each model, the ordinary least squares
residuals were used to test for autocorrelation and partial
correlation.We compared the naïvemodel with the corARmodel
using an information theoretic approach (AICc).

In the second approach, we accounted for temporal
autocorrelation by subsetting the data, calculating the median
altitude for each flight bout (Figure 1). We then analyzed
the relationship between median flight bout altitude and the
predictor variables using a generalized additive mixed effects
model (GAMM) model. We calculated the autocorrelation
function for the median flight bout dataset to estimate the
remaining temporal autocorrelation.

All generalized additive mixed effects models (GAMMs) were
used to compare differences in (log(flight altitudes)) in response
to environmental predictor variables. The day of the year,
individual identity, and species were included as random effects.
Continuous predictor variables were tested for collinearity and
those with a Pearson’s correlation coefficient (PCC) > 0.5 were
excluded from the same model. This resulted in a final predictor
set of temperature, thermal uplift, and atmospheric pressure. We
analyzed the data with the statistical program R, version 3.3.1 R
Core Team (2016).

Animal Ethics and Institutional Approval

All work involving wild animals for this research was approved
under protocol 2001-0051 to DW Winkler by the Institutional
Animal Care and Use Committee at Cornell University.

RESULTS

Of the 20 barologgers deployed on Tree Swallows, 12 on Barn
Swallows, and 7 on Purple Martins, we successfully retrieved 8
from Tree Swallows, 7 from Barn Swallows, and 4 from Purple
Martins. On 3 Tree Swallows and 1 Barn Swallow, the barologgers
malfunctioned, leaving 5 Tree Swallows and 6 Barn Swallows with
usable data. Summary statistics related to logged time recorded,
flight altitude, and flight bout durations are summarized in
Table 1.

Altitudinal Partitioning
In the linear model, both time bin and species were significant
as predictors at a p < 0.05 level. The results of pairwise
comparisons and independent contrasts post-hoc test suggested
that the greatest differences between species were morning and
midday. The complete results are presented in Figure 2, Table 2.

Atmospheric Effects on Flight Bout Altitude
In the first set of models on entire flight bout data, the naïve, and
corAR process model explained 46.5 and 44.1% of the variation
in the data. However, visual inspection of the naïve and corAR
model coupled with the plot of acf suggested the persistence of
temporal autocorrelation. Thus, we decided to only retain the
subsampled dataset with the median altitude for each flight bout
for analysis. Results of the mixed effects model suggested that all
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FIGURE 1 | Determination of individual flight bouts and distribution of flight altitudes. In subfigure (A), we considered multiple consecutive data points above an

altitude threshold of 2m (gray dashed line) as an individual flight bout. In the second set of subfigures (B), altitude data from all recorded flight bouts is presented as a

histogram and a combined boxplot with the median (thick black line) and the mean (thick gray line). The outer edges of the box represent the IQR.

TABLE 1 | Summary of individual flight bout data.

PurpleMartin

(PUMA)

Tree Swallow

(TRES)

Barn Swallow

(BARS)

Number of

individuals (n)

4 5 6

Maximum altitude (m) 1945 661 273

Mean daily maximum

altitude (m)

796 276 167

Mean daily altitude (m) 119 69 34

Mean maximum

altitude per flight

bout (m)

159 73 37

species flight altitudes were affected by time of day, and higher-
flying species (PUMA and TRES) were affected by atmospheric
conditions such as thermal uplift (Table 3, Figure 3). In addition,
the random effects of both species and day of year were significant
as was individual ID. The best model explained 42.6% of the
variation in the data and the complete GAMM results are
presented in Table 3.

DISCUSSION

Our results demonstrate that individual Barn Swallows, Tree
Swallows, and Purple Martins use significantly different altitude
strata in their daily aerial movement and foraging, despite
considerable variation and plasticity in their aerial behavior
(Table 2, Figure 2). Independent contrasts suggested that this
was most pronounced during late morning and midday, where
Purple Martins were consistently the highest species in our study,
followed by Tree Swallows and Barn Swallows, respectively.
However, these differences were non-existent both at dawn and
in the later afternoon. This suggests that there may be a degree of
temporally-driven ecological structure in the aerosphere. Since
swallows capitalize on ephemeral clusters of insects in the air
Elkins (2010), it follows that differences between species should

FIGURE 2 | Differences in altitude at different times of day for 3 study

species—We compared the median log flight altitude of each flight bout

between species using a linear model with pairwise comparison of contrasts

using a Tukey HSD test. In 3 out of 5 time bins, there were significant

differences between Purple Martins and Barn Swallows. The greatest

differences between species occur in morning and midday in this study period.

***p < 0.001, **p < 0.01, *p < 0.05, n.s., non-significant.

be minimal unless they are consuming different insects that
are found at different altitudinal bands. Aerial insectivores feed
opportunistically on a wide variety of insect taxa, but previous
research has revealed broad differences in diet between Purple
Martins, Tree Swallows, and Barn Swallows (Beal, 1918; Brown
and Brown, 1999; Winkler et al., 2011; Brown and Tarof, 2013);
moreover, Helms et al. (2016) used tag technology similar to
this study on Purple Martins to demonstrate from their diets
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that insect taxa do in fact have different altitudinal distributions
within the aerial environment. Given this, it is intuitive that
since aerial insectivores have differentiated diets and since
the aerial “plankton” they feed on have distinct altitudinal
distributions, then aerial insectivores may partition their foraging
into altitudinal bands where they presumably feed on their
preferred prey. While more sampling is needed to confirm that
these differences truly persist at the species level, this finding
represents a novel insight into the ecology of aerial insectivores,

TABLE 2 | Results of the Generalized Additive Mixed Model (GAMM) analyzing

flight altitude and atmospheric condition predictors.

Predictor edf F p sig

s(Temperature): BARS 1.000 3.284 0.070 n.s.

s(Temperature): PUMA 3.542 4.048 0.002 **

s(Temperature): TRES 1.000 0.011 0.915 n.s.

s(Thermal Uplift): BARS 2.735 1.325 0.225 n.s.

s(Thermal Uplift): PUMA 1.717 4.103 0.047 *

s(Thermal Uplift): TRES 2.760 3.853 0.005 **

s(Pressure): BARS 1.000 4.112 0.043 *

s(Pressure): PUMA 1.00 4.149 0.042 *

s(Pressure): TRES 1.00 3.191 0.074 n.s.

s(Minute): BARS 5.813 22.225 <0.001 ***

s(Minute): PUMA 6.991 66.783 <0.001 ***

s(Minute): TRES 6.385 20.484 <0.001 ***

s(Day of Year) 17.518 2.198 <0.001 ***

s(Individual) 5.007 0.792 0.035 *

s(Species) 1.894 117.003 <0.001 ***

Scale estimate = 0.797

Adjusted R-squared = 0.426

Deviance Explained = 44.2%

***p < 0.001, **p < 0.01, *p < 0.05, n.s., not significant.

and future research should examine dietary differences as a
possible explanation for this pattern.

These results also provide novel insight on how prevailing
weather conditions can affect the movement behavior of
individual avian aerial insectivores. Thermal uplift had a
significant, positive effect on median flight bout altitude for the
two higher-flying species, Tree Swallows and Purple Martins,
but not for Barn Swallows (Table 3, Figure 3). Foraging strategy
may be a explanation for this pattern, since Barn Swallows are
smaller and more slender, suited for “coursing” by foraging low
over grassy fields and meadows to pick off prey just above the
ground; they have even been noted to prefer single, large insects
over swarms (Brown and Brown, 1999). Therefore, thermal
uplift seems less likely to influence their movement and foraging
behavior compared with Tree Swallows and Purple Martins.

TABLE 3 | Post-hoc independent contrasts of time bins.

Estimate SE t p

BARS – TRES dawn −0.33 0.27 −1.23 0.99

BARS – PUMA dawn −0.65 0.32 −1.98 0.81

TRES – PUMA dawn 0.31 0.32 0.99 0.99

BARS – TRES morning −0.48 0.18 −2.61 0.36

BARS – PUMA morning −1.34 0.18 −7.28 <0.001

TRES – PUMA morning 0.86 0.21 4.16 0.003

BARS – TRES midday −0.27 0.20 −1.32 0.99

BARS – PUMA midday −1.11 0.20 −5.30 <0.001

TRES – PUMA midday 0.83 0.24 3.37 0.04

BARS – TRES afternoon −0.19 0.21 −0.88 0.99

BARS – PUMA afternoon −0.44 0.24 1.84 0.88

TRES – PUMA afternoon 0.25 0.26 0.94 0.99

BARS – TRES evening −0.85 0.23 −3.64 0.02

BARS – PUMA evening −1.15 0.25 −4.55 <0.001

TRES – PUMA evening 0.29 0.27 1.07 0.99

Bold values are those that are significant at a p < 0.05.

FIGURE 3 | Relationship between predictor variables and flight altitude for three study species. The shaded region represents the standard error for each smooth

function estimate. In the first subfigure (A), the relationship between time of day (Minute) and altitude is significant for all three species, with highest altitudes occurring

near mid-day. In subfigure (B), Altitude significantly increases with thermal uplift for Purple Martins (PUMA) and Tree Swallows (TRES), but not for Barn Swallows

(BARS). In the final subfigure (C), there is no clear relationship between atmospheric pressure and flight bout altitudes, with PUMA and TRES having significant but

opposite effects. ***p < 0.001, **p < 0.01, *p < 0.05, n.s., non-significant.
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Surprisingly, temperature itself only had a significant, positive
effect on the median flight bout altitude of Purple Martins and
no other species (Table 3, Figure 3). This is interesting, since it
is thought that temperature mediates daily insect emergence and
abundance (Taylor, 1963; Ratte, 1984). However, the relationship
between aerial insect abundance and temperature has been
shown to be non-linear, where lower temperatures suppress aerial
insect activity completely (Winkler et al., 2013). In this study, our
samples are restricted to the breeding season, which experiences
a considerably smaller range of temperatures than (Winkler et al.,
2013). Thus, the relationship between temperature and aerial
activity of swallows may be weaker than if we had data across
a wider range of temperatures. Finally, the time of day did have
a significant effect on median flight altitude for all three species,
and the effect on median flight bout altitude was most positive at
midday when daily temperatures are highest and insects are likely
to be at their greatest height in the aerosphere.

Regardless of any specific predictors, the fact that the
relationships between median flight bout altitude and weather
variables changed significantly depending on time of day
and the date demonstrates that individual swallows are likely
to use changing environmental conditions to inform their
decisions on when and where to fly and forage. Moreover, the
differential response of individuals within each species to the
same environmental variables suggests that the study taxa may
possess different strategies for foraging in response to weather
patterns, although more research is needed to confirm whether
these are consistent, species-specific differences.

The varying relationships between flight altitudes and weather
variables may be further explained by the ever-changing context
of cues and strategies influencing the behavior of individual
organisms (Winkler et al., 2014). Future research should address
endogenous factors such as age, sex, and body condition that
are likely to affect movement behavior. More precise weather
data may also be necessary to elucidate the relationships between
flight altitude and meteorological variables, as the scale of our
weather data was both spatially and temporally coarse. Overall,
more research is needed to examine these relationships across
more individuals with longer sampling periods and a wider
breadth of weather conditions. Additionally, a three-dimensional
analysis could greatly help to better understand the relationships
between meteorological variables and flight behavior in aerial
insectivores.

In using newly developed tools to characterize the aerial
behavior of three avian aerial insectivores, we have established
a precise, broadly applicable method to better understand
the ecology of aerial insectivores globally. This method can
contribute further to aeroecology by providing high resolution
data on the individual lives of large, flying vertebrates that
inhabit the aerosphere. We therefore encourage others interested
in the behavioral ecology of aerial insectivores to deploy this
or similar technologies on a wider breadth of species across a
greater geographic and temporal extent and to conduct careful
experiments to better understand the effects of life history,
geography, and weather on aerial insectivore behavioral ecology.
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