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Abstract
Summary

Optimal foraging theory posits that foragers adjust their movements based on prey
abundance to optimize food intake. While extensively studied in terrestrial and marine
environments, aerial foraging has remained relatively unexplored due to technological
limitations. This study, uniquely combining BirdScan-MR1 radar and the ATLAS biotelemetry
system, investigates the foraging dynamics of Little Swifts (Apus affinis) in response to insect
movements over Israel’s Hula Valley. Insect Movement Traffic Rate (MTR) substantially varied
across days, strongly influencing swift movement. On days with high MTR, swifts exhibited
reduced flight distance, increased colony visit rate, and earlier arrivals at the breeding
colony, reflecting a dynamic response to prey availability. However, no significant effects
were observed in total foraging duration, flight speed, or daily route length. Notably, as insect
abundance increased, inter-individual distances decreased. These findings suggest that Little
Swifts optimize their foraging behavior in relation to aerial insect abundance, likely
influencing reproductive success and population dynamics. The integration of radar
technology and biotelemetry systems provides a unique perspective on the interactions
between aerial insectivores and their prey, contributing to a comprehensive understanding
of optimal foraging strategies in diverse environments.
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Introduction

Optimal foraging theory predicts how foragers should adjust their movement and behavior based
on the costs and benefits of finding and consuming food 1     –5     . Empirical studies have tested
optimal foraging predictions in terrestrial and marine environments 6     –10     , yet, to the best of
our knowledge, no study has thus far utilized advanced tracking tools to empirically examine
optimal foraging predictions of foragers in the highly dynamic aerial habitat 11     . Understanding
optimal foraging in aerial habitats is essential for comprehending complex interactions and
adaptations in this dynamic environment. We combine aerial insect abundance data collected
using the BirdScan-MR1 radar 12     –15      with measurements of the movement of insectivore birds
using the automated and accurate ATLAS (Advanced Tracking and Localization of Animals in Real-
Life Systems ) biotelemetry system 16     . This study examines whether the Little Swift (Apus
affinis), a monomorphic, small insectivore (12 cm, 25 g) that breeds in small colonies and often
forages in groups 17     –20     , optimizes its foraging behavior in response to variations in insect
density in the airspace, within the framework of optimal central-place foraging. We note that in a
preliminary study, we found no discernible differences in foraging characteristics between males
and females 21     .

Aerial insectivores feed on insects 22     –24      that have recently been reported to be in decline in
different ecosystems and regions of the world 22     ,23     ,25     –27     . Among aerial foragers, swifts
are highly adapted to life on the wing due to their high flight capabilities, allowing them to
undertake different activities in the air and stay airborne for long periods 28     –34     . Nevertheless,
during the breeding season, birds return to their central-place breeding colony and provide food
to their young throughout the day. Consequently, they may adjust their foraging in relation to
different environmental conditions to maximize the net energy obtained during foraging
4     ,35     ,36     . According to the theory of central-place foraging, traveling to a distant destination is
an expensive investment in terms of time and energy compared to traveling to a nearby
destination 37     ,38     . Therefore, animals are expected to prefer reducing the time and distance of
travel to the food patch and thus will travel farther only when their prey is not sufficiently
available near the central place. We thus hypothesize that, in times of abundant food, birds will
optimize energy conservation by foraging closer to the colony 37     ,39     . Consequently, we
anticipate a reduction in both the average daily air flight distance (hereafter –average distance)
(Prediction 1) and the maximum daily air flight distance (hereafter – maximum distance)
(Prediction 2) from the breeding colony under conditions of increased food abundance. This will
also result in shorter overall daily flight route length (hereafter - daily route) (Prediction 3) and
overall daily foraging flight duration (hereafter – foraging duration) (Prediction 4). Since breeding
swifts may maximize food provisioning to the young, the visitation rate could also be tailored to
the abundance of insects 2     ,3     ,37      such that higher food density will facilitate a higher rate of
visits at the nest 2     ,6      (Prediction 5). Furthermore, a bird’s flight speed, when feeding its young,
is expected to vary with food abundance, and this rarely tested prediction suggests an increase in
flight speed with greater food abundance 40     ,41      (Prediction 6). The timing of morning
emergence from the colony and evening return to the colony is affected by a number of factors
42     –47     . These include predation risks that vary throughout the daily cycle and the optimization
of foraging time in relation to food abundance. We hypothesize that the time of arrival at the
colony for the night roost and the time of departure from the colony in the morning will be
affected by the abundance of flying insects. We specifically predict that swifts will arrive at the
colony earlier for roosting when food abundance is sufficiently high to provide enough food for
their own and their young’s needs (Prediction 7). If insect abundance is correlated in time such
that birds may be able to predict insect abundance based on that of the previous day, We expect
the swifts’ departure time to be delayed when the abundance of insects on the previous day is
higher (Prediction 8), as there is no need to maximize the foraging duration if food is abundant
and this could reduce predation risk by avian predators that are active early in the morning
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48     ,49     . Consequently, the predicted swifts’ emergence times are expected to correlate with the
roosting time from the previous night (Prediction 9a). Yet, if no between-day correlation in insect
abundance exists, morning departure timing will not be related to insect abundance of the
previous day and the two measures will not be correlated. (Prediction 9b). For social foraging
animals, local enhancement can provide several advantages, including increased energy intake
50     –52     , higher fitness 53     , improved food detection 54     ,55     , and avoidance of predators
53     ,56     . However, an enlarged group size could exacerbate inter-individual competition and may
lead to diminished foraging efficiency 53     ,57     . Conversely, increased food abundance ensures
adequate sustenance for more group members, thereby alleviating competition.

We posit that higher insect abundance would lead to a greater density of foraging individuals,
reducing the distance between them during foraging. (Prediction 10).

To test these predictions, we studied how Little Swifts adjust their aerial foraging behavior to
varying insect abundances in the airspace. Using radar and biotelemetry data, we reveal bird
response to food abundance in relation to foraging distances, timing, foraging duration, and speed,
as well as the frequency of colony visits and the distance between individuals. Our findings shed
light on how aerial foragers may optimize their movement and behavior in response to highly
dynamic environmental conditions.

Methods

Little Swifts breed in Israel between March and September, during which they complete two
breeding cycles. In the swifts’ breeding colony, dozens of pairs inhabit interconnected nests
crafted from feathers and stems. Each nest features a narrow entrance designed to deter predators
and obscure visibility inside. This setup presents challenges in accurately assessing nesting
conditions and determining the age of chicks within the nests. Both partners incubate alternately,
and during the night, they both stay in the nest. The incubation period lasts 18-22 days, and
fledging occurs 35-40 days after hatching. Both parents participate in the feeding of the young
18     ,19     . We studied swifts in a breeding colony located in the center of the Hula Valley in
northeastern Israel (33.05°N/ 35.59°E). The valley consists of a mosaic of agricultural land with
various crops, mainly deciduous tree plantations and open field crops, as well as wetlands and
urbanized areas. Our field observations suggest that there are about 30-40 nesting pairs in the
colony.

Swift movement data collection
During March-May of 2019 and 2021, employing a 9 m mist net outside the breeding colony, we
captured Little Swifts during their early morning departure after the night stay. Our bird trapping
activities were conducted under permits (2019-42174 and 2021-42762) of the Israel Nature and
Parks Authority. Captured swifts were measured and ringed with a standard aluminum ring to
allow individual identification. We equipped 32 swifts with ATLAS transmitters weighing 1-1.15 g,
less than 5% of the body mass of each individual.

The ATLAS system is a reverse GPS-like system that operates using time-difference-of-arrival of
radio waves to base stations (antennas), recording the horizontal locations of tagged animals
within the system’s coverage area at high frequency (the tags transmitted every 8 s) and spatial
accuracy (∼ 10 m). The system includes antennas deployed throughout the Hula Valley and the
surrounding area (Fig 1     ), facilitating the calculation of the spatial position of the radio
transmitters that emit a unique ID signal for each transmitter. The transmitters were affixed to the
swifts using a backpack harness positioned between the back feathers, secured with Perma-Type
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Surgical Cement (Perma- Type Company Inc., Plainville, CT, USA). This adhesive naturally dries and
allows the harness to fall off after several weeks 58     . Except for one tag that stopped transmitting
immediately after release, the tags operated for periods of 0.3 - 39.8 days (X=13.4 ±10.4 days).

We analyzed a total of 841,342 localizations during days in which we obtained both bird
movement data from the ATLAS system and insect abundance data from the radar (see below).
The data were collected over a total of 31 days (19 days in 2019 and 12 days in 2021). Because
swifts are active during daytime, we used only ATLAS data from the main activity hours of the
swifts during the day, from sunrise to sunset 59      (personal observations and movement data
obtained from the ATLAS system).

We applied several filters to reduce inaccuracies in the movement tracks as a result of localization
errors 60     . Since there is no accurate information about the maximum flight speed of Little
Swifts, we relied on the maximum flight speed of the Common Swift 32      to filter out tracks with a
flight speed that exceeded 30 m/s (9.6% of the raw data). We additionally utilized the standard
error of the localization (StdLoc) to assess position quality, identifying outliers (1.5 times the
interquartile range) of StdLoc 61     . Setting an upper limit at 30.1 m, we filtered out positions with
low accuracy, amounting to 10.7% of the data. Additionally, we applied a minimum threshold of 4
62      for the Number of ATLAS Base Stations (NBS) receiving a tag’s signals during each
transmission to filter out localizations with low confidence of accuracy (4.0% of the data; range of
NBS after filtering: 4-14,X=6.6 ±1.9 NBS). We then excluded tracks in which consecutive locations
were more than 500 m away from each other (0.7% of the data), likely representing an error in the
automatic calculation of the tag’s position. The filtering process removed a total of 24.5% of the
raw data. To ensure the overall dataset represented the movement of all birds without being
influenced by the unusual behavior of a few, we excluded data from days with fewer than four
active tags (range of number of tags after filtering: 4-10, mean±SD = 6.9±1.5 tags per day). This
threshold eliminated days with a small number of tagged birds recorded (24.8% of the data). As a
result, a total of 49.4% of the original raw data was excluded to maintain a high level of reliability
and accuracy; analysis was based on 415,420 positions, with a mean of 1,491 ± 899 locations per
tag per day.

Movement analysis
To examine bird movement (Fig 2     ) and behavior, we calculated the average and maximum
distance from the breeding colony. To determine the average daily route and duration of foraging,
we analyzed data from 15 days with a minimum of 10 hours of consistent tag activity, excluding
cases of tag malfunction or battery issues. There was no tag reception when the swifts entered the
building that housed their breeding colony, allowing easy determination of when they visited the
colony. To standertize the effect of day length on the foraging duration, we calculated and
subtracted the day length from the total daily foraging time (Day duration - Daily foraging
duration = Net foraging duration). The resulting data represent the foraging duration in relation to
sunrise and sunset, independent of day length. To characterize the rate of visitation to the
breeding colony, we defined visits as events in which birds stayed in the colony for at least 60
seconds. The time of arrival to the breeding colony for night roosting was calculated as minutes
after sunset, within a 60-minute window around sunset, and the same was done for the morning
departure time, but in relation to sunrise. We calculated the average departure and arrival time of
all active tags for each day.

We omitted days when the night time arrival to the colony was missing (e.g., days when the
battery ran out during the day) or days when the morning departure time from the colony was
missing. Consequently, we were left with 23 days of arrival data, 20 days of departure data, and 20
days of departure in which data existed regarding the abundance of insects (below) on the
previous day.
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Fig 1.

The research system.

A - Map of the Hula Valley, Israel and the surrounding area. The red star represents the location of the Little Swifts’ breeding
colony. The blue star depicts the location of the radar. White markings indicate the locations of the antennas of the ATLAS
system. B – The BirdScan-MR1 radar. C - The location of the research system in northeastern Israel within the Middle East,
indicated by a red star,. D - A Little Swift with an ATLAS tag.
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Fig 2.

Foraging range in relation to insect abundance.

Differences in the movement routes of two individuals (marked in light blue and orange) on two consecutive days that were
characterized by large differences in MTR. A – 09.04.2019 (average MTR=1904.2 insects km-1 hr-1). B – 10.04.2019 (average
MTR=983.5 insects km-1 hr-1).
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To compute the average distance between individuals, we calculated the average position every 5
min for each bird and omitted cases where we had simultaneous location data of less than 4
individuals. We then calculated the daily average of the distance between individuals.

Radar measurements of insect abundance
Studies have shown that environmental variables like temperature and wind significantly
influence the spatial abundance of insects across different crop areas 63     ,64     . To estimate the
abundance of insects aloft, we used the daily average MTR of aerial insects recorded by the
BirdScan-MR1 radar15      (Swiss-birdradar, Winterthur, Switzerland) that is located within the
Hula Valley (33.06°N / 35.35°E), 6.5 km north of the Little Swifts’ breeding colony. The radar is
capable of detecting flying animals, including songbird, waterbird, bird flock, large single bird,
and insect, by classifying them according to the patterns of the echo 12     ,65     . The Radar Cross
Section (RCS) quantifies the reflectivity of a target, serving as a proxy for size by representing the
cross-sectional area of a sphere with identical reflectivity to water, whose diameter equals the
target’s body length66     . Recent findings indicate that the BirdScan MR1 radar can detect insects
with an RCS as low as 3 mm² 67     , enabling the detection of insects with body lengths as small as 2
mm. These capabilities make the radar suitable for locating the primary prey of swifts, which
typically range in size from 1 to 16 mm 17     . In addition, the radar automatically calculates the
height, speed, and direction of movement of the object. The radar has an upward-pointing antenna
that picks up objects passing within a 90-120° vertical cone over it. Insects are recorded by the
radar from a height of about 50 m above ground level up to a height of about 700 m above the
ground. We calculated the daily averaged MTR from 5 am to 8 pm local time as a standard
measure of insect abundance rates. This was done by counting insects per hour across a 1 km
cross-section and averaging these counts over a single day, allowing for comparisons of aerial
movement between different days 13     . We matched the insect data obtained from the radar with
the swift movement data obtained from the ATLAS system.

Statistical analysis
Using the ’stats’ package in R 68     , we applied Generalized Linear Models (GLMs) and Spearman
correlations to explore the effects of the MTR (continuous independent variable) on the movement
and behavior parameters of the swifts during the breeding season. If the GLM, with more than one
explanatory variable, had a ΔAIC<2 relative to other models, we employed the MuMIn 69     

package to generate an average model. Specifically, we investigated how the distance between
individuals is influenced by both the distance of birds from the colony and MTR. Accounting for
the expected increase in individual distance when flying farther from the breeding colony due to a
larger air volume occupied by the moving birds, these factors were integrated into our GLM
analysis. The same approach was applied in modeling the frequency of visits to the colony. To
distinguish the effects of breeding colony distance and insect abundance on the distance between
individuals, our GLM incorporated both variables, ensuring a comprehensive understanding of
the impact of distance from the colony (Appendix - figure 1     ). In the model testing which factors
affected the time of arrival at the colony, the frequency of visits was highly correlated with MTR
and was therefore removed from the model at an initial stage. The departure time from the colony
and the length of the daily route did not significantly affect the arrival time and were left out of
the model at a later stage. Consequently, the final model included only MTR as an explanatory
factor for colony arrival time. We additionally tested if the time of departure from the breeding
colony after the overnight stay was related to three explanatory variables, MTR, MTR on the
previous day, and the arrival time to the colony for the overnight stay on the previous day. We
used the fitdistrplus package 70      to identify the appropriate distribution for each GLM. We used R
(version 4.1.2, R Development Core Team) 68      for all the statistical analyses. Data reported are
average ± S.D. unless noted otherwise and the analyses were two-tailed with a critical α=0.05.

https://doi.org/10.7554/eLife.96573.2
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Results

The MTR (1207.7 ± 566.7 insects km-1 hr-1) varied substantially between different days during the
swifts’ breeding season, with a minimum of 164.4 and a maximum of 2518.9 insects km-1 hr-1

(n=31 days; Fig 3a     ). No seasonal trend was found in MTR (Spearman’s rank correlation between
the ordinal date and the MTR, ρ=-0.007, p=0.971, n=31 days; See Appendix - Table 1     ). We found a
significant negative effect of the MTR on the swifts’ average distance from the breeding colony
(Prediction 1) (estimate<-0.001, t=-5.27, p<0.001, n=31 days, Gamma GLM; Fig 3b     ). Similarly, a
significant negative effect of MTR was also found in relation to the birds’ maximum distance from
the breeding colony (Prediction 2) (estimate=-1.818, t=-3.52, p=0.001, n=31 days, Gaussian GLM; Fig
3c     ). We found no effect of MTR on the daily route (Prediction 3) (estimate<-0.001, t=-1.65,
p=0.123, n=15 days, Gamma GLM) and on the duration of foraging (Prediction 4) (estimate=0.029,
t=1.05, p=0.315, n=15 days, Gaussian GLM). The frequency of visits at the breeding colony
(Prediction 5) (see the average model in Appendix - Table 2     ) was significantly and positively
affected by MTR (estimate=0.001, t=3.78, p<0.001, n=31 days, Gamma GLM; Fig 3d     ) and
negatively affected by the distance of the birds from the breeding colony (estimate<-0.001, t=2.03,
p=0.043, n=31 days). We found that there was no effect of MTR on the average flight speed
(Prediction 6) (estimate<-0.001, t=-1.33, p=0.193, n=31 days, Gaussian GLM). The time of arrival at
the breeding colony for nighttime roosting was significantly and negatively affected by the MTR
(Prediction 7) (estimate=-0.011, t=-2.27, p=0.034, n=23 days, Gaussian GLM; (Appendix - figure
2     ), such that birds arrived earlier to roost in days characterized by abundant insect prey. The
departure time from the breeding colony following overnight roosting has resulted in a
consistently observed duration of nighttime roosting (10.45 ± 0.68 hours). This duration showed no
correlation with the preceding day’s MTR (Prediction 8) (estimate=0.002, t=0.26, p=0.801, n=20,
Gaussian GLM). Conversely, it was significantly and positively influenced by the evening arrival
time to the colony on the prior day (Prediction 9a) (estimate=0.634, t=2.81, p=0.016, n=14 days,
Gaussian GLM; Fig 3e     ). Furthermore, the departure time from the roost exhibited no
association with MTR of the same day (Prediction 9b) (estimate=-0.005, t=-1.07, p=0.297, n=20,
Gaussian GLM). MTR significantly and negatively affected (estimate<-0.001, t=- 3.12, p=0.004, n=31
days, Gamma GLM) the distance between individuals (Prediction 10), while, as expected, the
distance between individuals was significantly and positively correlated with the distance from
the colony (estimate<0.001, t=5.02, p<0.001, n=31 days; Fig 3f     ).

Discussion

Movement optimization during breeding
Our study provides novel insights regarding the optimal foraging of aerial insectivores, by
uniquely employing advanced tools to simultaneously track the movement and behavior of
insectivore foragers and the dynamics of their insect prey aloft. We observed a reduction in
average and maximum flight distance (Prediction 1 & 2) from the breeding colony in relation to
MTR, indicating that swifts can identify insect prey abundance and accordingly modify their flight
distance and avoid using distant foraging locations when sufficient prey is found near the
breeding colony. These results indicate that a significant decrease in insect abundance may lead
swifts to expend more energy foraging in distant areas from the breeding colony, potentially
impacting parental flight efficiency. Providing food to the young is a critical and enduring activity
in bird life, influencing physiology 71     ,72     , immunity 73     , and survival 72     ,74     . Consequently,
a reduction in flying insect abundance forcing birds to forage farther from the colony could have
broad implications for the reproduction, survival, and population ecology of insectivores.
Nevertheless, we investigated the impact of MTR on the total daily route and foraging duration
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Fig 3.

Insect Traffic Rate (MTR) and its effects on the aerial foraging of Little Swifts.

A - Average daily insect abundance in relation to an ordinal date. Triangles represent days when data allowed examining swift
movement in relation to MTR. MTR varied across days within the swifts’ breeding season by more than an order of
magnitude. B - The effect of MTR on the average flight distance from the breeding colony. C - The effect of MTR on the
maximal flight distance from the breeding colony. D - The effect of MTR on the average daily frequency of visits at the
breeding colony; inset: coefficient value and confidence intervals of the coefficient resulting from the model testing the
effects of MTR and distance from the breeding colony on the frequency of visits. E -The relationship between the time of
departure from the breeding colony in the morning after the overnight stay and the time of arrival to the colony prior to the
overnight stay the previous evening. F - The effect of MTR on the daily average distance between foraging individuals; inset:
coefficient value and confidence intervals of the coefficient resulting from the model testing the effects of MTR and distance
from the colony on the distance between individuals.
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(Prediction 3 & 4). Our findings revealed no significant effects, suggesting that daily energy
expenditure attributed to flight behavior does not exhibit a consistent pattern in response to the
highly variable insect prey abundance and the associated shifts in swift flight behavior (higher
proximity to the colony when prey is abundant).

While the theory of central-place foraging suggests that traveling to a distant destination is an
expensive investment in terms of time and energy utilization compared to traveling to a nearby
destination 37     –39     , our findings indicate that the birds may optimize their feeding rate
(Prediction 5) to the young by staying close to the colony when food is abundant. We found that the
frequency of colony visits was positively affected by MTR (Fig 3e     ), indicating high provisioning
rates when food was abundant, which supports an increase in the overall energy brought to the
nestlings 75     . Thus, even when the birds foraged close to the colony under optimal conditions, the
shorter traveling distance did not necessarily confer lower flight-related energetic expenditure
because more return trips were made. Rather, it is the ability to provide more food to the young,
by foraging close to the colony, that is being optimized, to benefit the reproductive output of the
birds.

The availability of resources in a bird’s habitat may affect the length of its daily route 76     , while
others show no significant correlation 77     . We found that the swifts maintained rather constant
flight effort, regardless of the abundance of their prey. Similarly, foraging duration was also not
related to MTR. Further, our results suggest that food abundance had no significant impact on
flight speed (Prediction 6). Consequently, our results support the idea that birds optimize food
provisioning to the young during breeding, which could increase the birds’ reproductive success at
the expense of foraging energetics considerations. Another property of food provisioning to the
young that may affect energy intake is the size of the load but unfortunately, we have no
information on whether the load size brought to the nest varied with insect abundance.

Behavior optimization during breeding
Birds may adjust their foraging timing to optimize food intake 42     –45     . Our findings reveal that
when insect prey was abundant in the airspace, the swifts’ evening arrival time (Prediction 7) at
the breeding colony was earlier than in days when insects were scarce. This result aligns with
prior research on the predation risk-food availability trade-off, indicating that birds tend to avoid
foraging during twilight hours due to elevated predation risk during this period43     ,78     .

The availability of insects did not significantly influence the departure time (Prediction 8) from the
colony after an overnight stay on both the same and previous days. Yet, the morning departure
time was positively and significantly correlated with the time of arrival at the overnight roosting
on the previous day. This result suggests a link between these specific behavioral features related
to roosting timing. A possible explanation could be that birds arriving at the colony relatively early
in the evening may be hungrier the following day, and this hunger may cause an earlier departure
for foraging the following morning (Prediction 9a). Also, since these birds fed their young earlier,
they may prefer to start foraging earlier the following morning, and thereby provide more food to
their young in the morning to compensate for the early termination of feeding on the previous day
(Prediction 9b). Further research is needed to establish the causes of this interesting relationship.

The influence of resource abundance on social foraging in aerial insectivorous birds remains a
largely unexplored topic, despite its potential impact on bird fitness 53     , energy intake
50     ,53     ,57     , predator avoidance 53     ,56     , and food acquisition dynamics 54     ,55     . Our findings
suggest that when food is abundant, the distance between foraging individuals (Prediction 10) is
reduced, and this distance increases when food is scarce. A possible explanation for these findings
is that when individuals forage at an increasing distance from the breeding colony (Fig 2     ) they
may be too far from each other to detect each other and forage together in patchily distributed
insect-rich patches in the airspace. When foraging closer to each other, local enhancement of
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individuals may take place when an effective foraging area is discovered 52     ,79     . Thus, swifts
likely benefit from the advantages of local enhancement during periods of abundant food 50     –
52     , but this enhancement might be limited when food is scarce.

Central-place foraging
Many studies on central-place foraging examined foraging characteristics in relation to the
distance and quality of the foraging patch 10     ,35     ,38     ,39     ,80     –83     . Our research deals with
the abundance of food in the aerial habitat, which is highly dynamic, as corroborated by our
findings that insect abundance varied greatly, by more than an order of magnitude, between
different days during the swifts’ breeding period. Although insect abundance aloft varies with
time, it is not clear to what extent it varies in space as several studies suggested that insect bioflow
is correlated over large spatial scales 64     ,84     ,85     . Hence, patches of high insect concentration
might be transient and spatially variable; thus, further study is needed to characterize the spatial
properties of insect bioflow. It is known that insect concentrations occur under specific
meteorological conditions, for example on the edges of air fronts 86     , as well as near topographic
features where the wind may subside 87     . We call for a better description of the spatial properties
of insects in the aerial habitat, specifically the horizontal and vertical distribution of insects in the
airspace and how it might be affected by different factors, including topography, coastlines and
weather conditions. Our study, with its primary focus elsewhere, did not delve into this aspect.
Nonetheless, the availability of today’s advanced technological tools attests to the feasibility of
conducting such research.

Integrating advanced tracking systems for ecological research
Due to its nature, aeroecological research is limited by the paucity of appropriate tools to track
aerial animals and their dynamic environment in detail 88     ,89     . Several recent technological
developments facilitated a better grasp of the aerial environment, allowing the examination of
various aspects of aerial ecology that were impossible to test in the past or that were explored only
with coarse resolution90     . The combination of two advanced systems, namely ATLAS and the
BirdScan-MR1 radar allows, for the first time, a detailed investigation of fundamental aspects of
animal foraging in the airspace through the study of predator-prey interactions between Little
Swifts and their insect prey. Recent progress in wildlife tracking technologies enables new insights
into the movement patterns of animals, including their causes, consequences, and underlying
mechanisms, facilitated by the integration of complementary tools 91     , as demonstrated here.
Specifically, the unique combination of advanced technologies to expand the boundaries of
aeroecological research can be expanded and further utilized for understanding how changes in
the aerial habitat that are related to human activities may affect organisms that live in this unique
and dynamic habitat 22     ,23     . These insights may play a crucial role in the conservation of aerial
insectivores that are dramatically affected by human related alteration, including habitat
degredation and the use of pesticides 92     ,93     .
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Table 2

Model selection table for independent variables explaining
colony visit frequency (Models with delta AIC<2)

Fig 1.

Fig 1 - An expected increase in the average distance between individuals with an increase in the distance from the breeding
colony (black circle in the center of the figure).

Fig 2.

The effect of MTR on the average night arrival time to the breeding colony.
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Senior Editor
Christian Rutz
University of St Andrews, St Andrews, United Kingdom

Reviewer #1 (Public review):

This study tests whether Little Swifts exhibit optimal foraging, which the data seem to
indicate is the case. This is unsurprising as most animals would be expected to optimize the
energy income : expenditure ratio, however it hasn't been explicitly quantified before the
way it was in this manuscript.

The major strength of this work is the sheer volume of tracking data and the accuracy of
those data. The ATLAS tracking system really enhanced this study and allowed for pinpoint
monitoring of the tracked birds. These data could be used to ask and answer many questions
beyond just the one tested here.

The major weakness of this work lies in the sampling of insect prey abundance at a single
point on the landscape, 6.5 km from the colony. This sampling then requires the authors to
work under the assumption that prey abundance is simultaneously even across the study
region. It may be fair to say that prey populations might be correlated over space but are not
equal. It is uncertain whether other aspects of the prey data are problematic. For example,
the radar only samples insects at 50m or higher from the ground - how often do Little Swifts
forage under 50m high?

The finding that Little Swifts forage optimally is indeed supported by the data,
notwithstanding some of the shortcomings in the prey abundance data. The authors achieved
their aims and the results support their conclusions.

At its centre, this work adds to our understanding of Little Swift foraging and extends to a
greater understanding of aerial insectivores in general. While unsurprising that Little Swifts
act as optimal foragers, it is good to have quantified this and show that the population
declines observed in so many aerial insectivores are not necessarily a function of inflexible
foraging habits. Further, the methods used in this research have great potential for other
work. For example, the ATLAS system poses some real advantages and an exciting challenge
to existing systems, like MOTUS. The radar that was used to quantify prey abundance also
presents exciting possibilities if multiple units could be deployed to get a more spatially-
explicit view.

To improve the context of this work, it is worth noting that this research goes into much
further depth than any previous studies on a similar topic in several flycatcher and swallow
species. A further justification is posited that this research is needed due to dramatic insect
population declines, however, the magnitude and extent of such declines are fiercely debated
in the literature.

https://doi.org/10.7554/eLife.96573.2.sa2

Reviewer #2 (Public review):

Summary:

Bloch et al. studied the relationships between aerial foragers (lesser swifts) tracked using an
automated radio telemetry system (Atlas) and their prey (flying insects) monitored using a
small vertical-looking radar (BirdScan MR1). The aim of the study was to check whether
swifts optimise their foraging according to the abundance of their prey. The results provide
evidence that small swifts can increase their foraging rate when aerial insect abundance is
high, but found no correlation between insect abundance and flight energy expenditure.

https://doi.org/10.7554/eLife.96573.2
https://doi.org/10.7554/eLife.96573.2.sa2
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Key points:

This study fills gaps in fundamental knowledge of prey-predator dynamics in the air. It
describes the coincidence between the abundance of flying insects and the characteristics
derived from monitoring individual swifts.

Weaknesses:

The paper uses assumptions largely derived from optimal foraging theory, but mixes up the
form of natural selection: parental energy, parental survival (predation risk), nestling
foraging and reproductive success. The results are partly inconsistent, and confounding
factors (e.g., the brooding phase versus the nestling phase) remained ignored. In conclusion,
the analyses performed are insufficient to rigorously assess whether lesser swifts are
optimising their foraging beyond making shorter foraging trips.
The filters applied to the monitoring data are necessary but may strongly influence the
characteristics derived based on maximum or mean values. Sensitivity tests or the use of
characteristics that are less dependent on extreme values could provide more robust results.

https://doi.org/10.7554/eLife.96573.2.sa1

Author response:

The following is the authors’ response to the original reviews.

eLife Assessment

This valuable work advances our understanding of the foraging behaviour of aerial
insectivorous birds. Its major strength is the large volume of tracking data and the
accuracy of those data. However, the evidence supporting the main claim of optimal
foraging is incomplete.

We deeply appreciate the thoughtful review provided by the reviewers, including their
valuable insights and meticulous attention to detail. Each comment has been thoroughly
evaluated, leading to substantial improvements in the manuscript. Your constructive critique
has been instrumental in refining our research and rectifying any oversights. We are
confident that the revised article will make a substantial contribution to ecological research,
particularly in advancing our understanding of foraging theories and the behaviors of aerial
insectivores.

Public Reviews:

Reviewer #1 (Public Review):

This study tests whether Little Swifts exhibit optimal foraging, which the data seem to
indicate is the case. This is unsurprising as most animals would be expected to optimize
the energy income: expenditure ratio; however, it hasn't been explicitly quantified before
the way it was in this manuscript.

The major strength of this work is the sheer volume of tracking data and the accuracy of
those data. The ATLAS tracking system really enhanced this study and allowed for
pinpoint monitoring of the tracked birds. These data could be used to ask and answer
many questions beyond just the one tested here.

The major weakness of this work lies in the sampling of insect prey abundance at a single
point on the landscape, 6.5 km from the colony. This sampling then requires the authors

https://doi.org/10.7554/eLife.96573.2
https://doi.org/10.7554/eLife.96573.2.sa1
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to work under the assumption that prey abundance is simultaneously even across the
study region - an assumption that is certainly untrue. The authors recognize this problem
and say that sampling in a spatially explicit way was beyond their scope, which I
understand, but then at other times try to present this assumption as not being a
problem, which it very much is.

Further, it is uncertain whether other aspects of the prey data are problematic. For
example, the radar only samples insects at 50 m or higher from the ground - how often
do Little Swifts forage under 50 m high?

Another example might be that the phrases "high abundance" and "low abundance" are
often used in the manuscript, but never defined.

It may be fair to say that prey populations might be correlated over space but are not
equal. It is this unknown degree of spatial correlation that lends confidence to the
findings in the Results. As such, the finding that Little Swifts forage optimally is indeed
supported by the data, notwithstanding some of the shortcomings in the prey abundance
data. The authors achieved their aims and the results support their conclusions.

Thanks for this comment.

The basic assumption of this paper is that the abundance of insects bioflow in the airspace is
correlated in space and varies over time. This has been demonstrated by different studies, see
for example Bell et al. (Bell, J. R., Aralimarad, P., Lim, K. S., & Chapman, J. W. (2013). Predicting
insect migration density and speed in the daytime convective boundary layer. PloS one, 8(1),
e54202) in which positive correlation in insect bioflow is demonstrated between different
sites that are more than 100 km away in Southern England. Given the much closer proximity
of the colony and the radar site, as well as the large foraging distance of the swifts that often
forage in the vicinity of the radar and beyond it, it is reasonable to assume that the radar was
able to successfully capture between-day variation in the abundance of flying insects in the
airspace, which is highly relevant for the foraging swifts. This is likely because meteorological
variables such as temperature and wind, which tend to vary over a synoptic-system scale of
several hundred kilometers, significantly influence the abundance of aerial insects.
Furthermore, the direction of insect flight that has been recorded by the radar points to an
overall south-north directionality of the insects during the period of the study (Werber et al.
Under Review: Werber, Y., Chapman, J. W., Reynolds, D. R. and Sapir, N. Active navigation and
meteorological selectivity drive patterns of mass intercontinental insect migration through
the Levant). Hence, it is reasonable to assume that since the colony is positioned
approximately 6.5 km south of the radar site, the radar is able to reliable estimate the
between-day variation in aerial insect abundance experienced by the foraging swifts.
Importantly, this between-day variation is very high, and detailed information regarding this
variation is provided in the paper. We thank the reviewer for the comments on the wording
and have corrected it accordingly so that it is explicitly stated that the spatial distribution of
the flying insects is indeed not uniform, but is expected to be simultaneously affected by
environmental variables creating spatially correlated bioflow of aerial insects.

The term "high abundance" or "low abundance" is relative to the variable being examined
but throughout the manuscript we did not use these terms to describe an absolute amount or
a certain threshold but rather to describe the ecological circumstances experienced by the
birds on different days that substantially varied in abundance of insect recorded by the
radar. However, we have improved the wording of the text so that it is now clear that we
refer to relative and not to absolute values.

At its centre, this work adds to our understanding of Little Swift foraging and extends to
a greater understanding of aerial insectivores in general. While unsurprising that Little
Swifts act as optimal foragers, it is good to have quantified this and show that the

https://doi.org/10.7554/eLife.96573.2
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population declines observed in so many aerial insectivores are not necessarily a
function of inflexible foraging habits. Further, the methods used in this research have
great potential for other work. For example, the ATLAS system poses some real
advantages and an exciting challenge to existing systems, like MOTUS. The radar that
was used to quantify prey abundance also presents exciting possibilities if multiple units
could be deployed to get a more spatially-explicit view.

To improve the context of this work, it is worth noting that the authors suggest that this
work is important because it has never been done before for an aerial insectivore;
however, that justification is untrue as it has been assessed in several flycatcher and
swallow species. A further justification is that this research is needed due to dramatic
insect population declines, but the magnitude and extent of such declines are fiercely
debated in the literature. Perhaps these justifications are unnecessary, and the work can
more simply be couched as just a test of optimality theory.

We appreciate the reviewer's helpful comment. A flycatcher is indeed an aerial insect eater,
but its foraging strategy is very different from that of swifts. A comparison with the foraging
strategy of the swallow is much more relevant. However, the methods used to quantify bird
movement in the airspace in previous articles limited the ability to examine the optimal
foraging theory in detail. Following the comment, we revised the text to better describe the
uniqueness of our research. Further, since we studied insectivores, it is important to provide
a broad context to potentially significant threats to the birds, albeit being debatable

Reviewer #2 (Public Review):

Summary:

Bloch et al. investigate the relationships between aerial foragers (little swifts) tracked
with an automated radio-telemetry system (Atlas) and their prey (flying insects)
monitored with a small-scale vertical-looking radar device (BirdScan MR1). The aim of
the study was to test whether little swifts optimise their foraging with the abundance of
their prey. However, the results provided little evidence of optimal foraging behaviour.

Strengths:

This study addresses fundamental knowledge gaps on the prey-predator dynamics in the
airspace. It describes the coincidence between the abundance of flying insects and
features derived from tracking individual swifts.

Weaknesses:

The article uses hypotheses broadly derived from optimal foraging theory, but mixes the
form of natural selection: parental energetics, parental survival (predation risks),
nestling foraging, and breeding success.

While this study explores additional behavioral theories alongside optimal foraging theory,
its findings unequivocally support the latter. The highly statistically significant observed
reduction in flight distance from the breeding colony in elation to increasing insect
abundance (supporting predictions 1 and 2) coupled with an increased rate of colony visits
(supporting prediction 5) demonstrate the Little Swifts' adeptness at optimizing their aerial
foraging behavior. This behavior manifests in an enhanced frequency of visits to the
breeding colony, underscoring their food provisioning maximization.

Results are partly incoherent (e.g., "Thus, even when the birds foraged close to the colony
under optimal conditions, the shorter traveling distance is not thought to not confer

https://doi.org/10.7554/eLife.96573.2
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lower flight-related energetic expenditure because more return trips were made.", L285-
287),

Thanks for the comment. We have corrected this sentence.

and confounding factors (e.g., brooding vs. nestling phase) are ignored.

The breeding stage may indeed affect food provisioning properties but this factor is not
confounded since insect abundance, and the consequent changes in bird foraging properties,
fluctuated between sequential days while brooding and nestling phases take place over a
period of several weeks, each. Further, despite the possible influence of breeding stages on
bird behavior, variability in reproductive stages is expected among pairs in a breeding colony
occupying dozens of pairs, despite some coordination in nesting initiation. Practically, the
narrow and concealed nest openings hindered direct observation of the nests, posing
challenges in determining the precise reproductive stage of each pair. Anyway, we added a
short description of the dense colony structure to the Methods section.

Some limits are clearly recognised by the authors (L329 and ff).

See above the response about the distribution of insects in space.

To illustrate potential confounding effects, the daily flight duration (Prediction 4) should
decrease with prey abundance, but how far does the daily flight duration coincide with
departure and arrival at sunrise and sunset (note that day length increases between
March and May), respectively, and how much do parents vary in the duration of nest
attendance during the day across chick ages?

We added the following explanation to the Methods section:

To standardize the effect of day length on daily foraging duration, we calculated and
subtracted the day length from the total daily foraging time (Day duration - Daily foraging
duration = Net foraging duration). The resulting data represent the daily foraging duration in
relation to sunrise and sunset, independent of day length.

To conclude, insufficient analyses are performed to rigorously assess whether little swifts
optimize their foraging.

We disagree. See our responses above.

Filters applied on tracking data are necessary but may strongly influence derived
features based on maximum or mean values. Providing sensitivity tests or using features
less dependent on extreme values may provide more robust results.

Thank you for highlighting the importance of considering the impact of data filtering on
derived features. In our analysis, we employed rigorous filtering methods to emphasize
central data tendencies while mitigating the influence of extreme values. These methods,
validated through consultation with experts in tracking data analysis, follow established
practices in the literature. Detailed descriptions of our filtering procedures can be found in
the Methods section, with citations to relevant published studies.

Radar insect monitoring is incomplete and strongly size-dependent. What is the favourite
prey size of swifts? How does it match with BirdScan MR1 monitoring capability?

We added an explanation to the Methods section to address this comment:

https://doi.org/10.7554/eLife.96573.2
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The Radar Cross Section (RCS) quantifies the reflectivity of a target, serving as a proxy for size
by representing the cross-sectional area of a sphere with identical reflectivity to water, whose
diameter equals the target's body length. Recent findings indicate that the BirdScan MR1
radar can detect insects with an RCS as low as 3 mm², enabling the detection of insects with
body lengths as small as 2 mm. These capabilities make the radar suitable for locating the
primary prey of swifts, which typically range in size from 1 to 16 mm.

Recommendations for the authors:

Reviewer #1 (Recommendations For The Authors):

Lines 53-59 - major run-on sentence

Thanks for the comment. Done.

Line 133 - describe better. Attached where? Were feathers clipped or removed?

Thanks for the comment. Done.

Line 153 - shouldn't be a new paragraph

Done.

Line 157 - justify choosing four

To ensure a robust analysis of swifts' behavior relative to food abundance across multiple
individuals simultaneously, we opted to exclude data from instances where only 3 tags were
active. This decision was motivated by the fact that these instances accounted for only 2.9% of
the data, and their exclusion minimally impacted overall data volume while enhancing data
quality. In contrast, instances with 4 tags, comprising 16.2% of the data, provided substantial
insights. Omitting these instances would have resulted in significant data loss. Thus, setting a
threshold of 4 simultaneous tags represents a balance between maintaining adequate data
quantity and ensuring high data quality for meaningful analysis.

It took me a long time to determine whether the average and maximum flight distance
was actual or Euclidean. It was only in the Results that I grasped it was actual. Define up
front in the Methods.

Thanks for the comment. Done.

In my public review, I mention that optimal foraging has been assessed in other aerial
insectivores. Here are some of the papers I was referring to:

• Davies (1977) Prey selection and the search strategy of the spotted flycatcher
(Muscicapa striata): A field study on optimal foraging. Animal Behaviour 25: 1016-1022.

• Lifjeld & Slagsvold (1988) Effects of energy costs on the optimal diet: an experiment with
pied flycatchers Ficedula hypoleuca feeding nestlings. Ornis Scandinavica 19: 111-118.

• Quinney & Ankney (1985) Prey size selection by tree swallows. Auk 102: 245-250.

• Turner (1982) Optimal foraging by the swallow (Hirundo rustica, L): Prey size selection.
Animal Behaviour 30:862-872.

Lastly, in terms of the work not being spatially-explicit, I do note that in lines 323-324 you
acknowledge that prey populations can be patchy, then ten lines later, you provide

https://doi.org/10.7554/eLife.96573.2
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citations to say that patchiness is not a problem because of spatial correlations. This is a
bit overly dismissive, in my view, and to suggest (lines 336-337) that "patches of high
insect concentration...might not exist at all" is certainly incorrect (and misleading). I do
note the valiant attempt to address the spatial shortcoming in the remainder of the
paragraph - although addressing it does not make the problem go away.

Thanks for the comment.

We revised the text to make it more coherent.

Reviewer #2 (Recommendations For The Authors):

L161: typo > missing space in 'meanof'

Corrected.

L192-193: Did the authors use the timing of sunrise and sunset to determine daytime?

Yes. The daytime was calculated in relation to sunrise and sunset.

Did the authors calculate the MTR from sunrise to sunset, or averaging the hourly MTR?

If using hourly MTR, specify the criteria to assign an hourly MTR to daytime when
sunset/sunrise is happening during that hour.

A simplified terminology for "Average daily insect MTR" might be useful, in particular for
the result section (insect MTR).

Average daily insect MTR is calculated for a fixed period from 5 am to 8 pm local time. An
explanation has been added to the Methods section, and the terminology in the text has been
simplified as suggested

Note that the 'M' of MTR stands for migration, which may not be appropriate in this
context, and simply using "insect traffic rate" may be a better terminology.

Thanks for the comment. The 'M' of MTR can also stand for movement, as the insects detected
by the radar move in the airspace. This is how this term has been defined in the paper (e.g. in
line 23 of the Summary section). Therefore, we did not change the terminology to “insect
traffic rate”, which is a term not used in other studies.

Considering the large number of predictions (10!), it would be appropriate to list them in
the results (e.g., "on the daily average flight distance from the breeding colony
(Prediction 3)").

We added prediction numbers to the Results and the Discussion.

Note that the terminology varies; e.g., in the introduction "overall daily flight distance"
(L75), in the results "average length of the daily flight route" (L236), and further
confusion with "daily average flight distance from the breeding colony" (L232).

Thanks for the comment. fixed.

The terminology - average daily 'air/flight' distance (L74-76) - needs clarification.

Done.

https://doi.org/10.7554/eLife.96573.2
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Results: Use only a relevant and consistent number of decimals to report on the effect
size and p-values.

Done.

The authors are citing non-peer-reviewed publications:

21. Bloch I, Troupin D, Sapir N. Movement and parental care characteristics during the
nesting season of 468 the Little Swift (Apus affinis) [Poster presentation]. 12th European
Ornithologists' Union Congress. Cluj Napoca, Romania. 2019.

62. Zaugg S, Schmid B, Liechti F. Ensemble approach for automated classification of
radar echoes into functional bird sub-types. In: Radar Aeroecology. 2017. p. 1.
doi:10.13140/RG.2.2.23354.80326

It is acceptable to cite non-peer-reviewed sources if they have a significant contribution to the
background of the article without a critical impact on the core of the research.
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