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G R W N

Abstract: Airspace is a key but not well-understood habitat for many animal species. Enormous
amounts of insects and birds use the airspace to forage, disperse, and migrate. Despite numerous
studies on migration, the year-round flight activities of both birds and insects are still poorly studied.
We used a 2 year dataset from a vertical-looking radar in Central Europe and developed an iterative
hypothesis-testing algorithm to investigate the general temporal pattern of migratory and local
movements. We estimated at least 3 million bird and 20 million insect passages over a 1 km transect
annually. Most surprisingly, peak non-directional bird movement intensities during summer were of
the same magnitude as seasonal directional movement peaks. Birds showed clear peaks in seasonally
directional movements during day and night, coinciding well with the main migration period
documented in this region. Directional insect movements occurred throughout the year, paralleling
non-directional movements. In spring and summer, insect movements were non-directional; in
autumn, their movements concentrated toward the southwest, similar to birds. Notably, the nocturnal
movements of insects did not appear until April, while directional movements mainly occurred in
autumn. This simple monitoring reveals how little we still know about the movement of biomass
through airspace.
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1. Introduction

Ecosystems in temperate regions of the world are characterized by seasonal variation
in precipitation and temperature. Animals exploit the profusion of resources in summer
and avoid the inhospitable winter in order to survive and maximize reproductive output,
resulting in seasonal shifts in species distribution and assembly [1]. Such seasonality is
achieved by animals moving from one place to another, ranging from local-scale daily
movement to cross-continental migration [2].

For insects and birds, the predominant method of movement is by flight [3]. Every
year, enormous amounts of insects and birds rise into the air to forage, mate, disperse, and
migrate. It is estimated that billions of birds and trillions of insects from wide arrays of
species travel above Western Europe, transporting huge amounts of biomass and linking
ecosystems worldwide [4-7]. Yet the airspace has only recently been considered a habitat
for flying animals [8], while the number of flying animals are already in severe decline in
Europe [9,10]. The sheer amount and the fundamental influence of insects and birds on
ecosystems and human welfare highlight the importance of understanding how animals
use the aerial habitat [11].
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Despite numerous studies on peak migration periods, the year-round pattern of bird
and insect movements is still poorly documented. Birds and insects take to the air to
complete various phases of their life cycle throughout almost the whole year. The term
migration is used differently by ornithologists and entomologists [2]. Bird migration
involves an individual moving back and forth between breeding and non-breeding ranges;
for insect migration, the return of an individual is not expected, but eventually includes
return movements of subsequent generations [12]. The collective airborne movements of
birds and insects can be broadly categorized as long-distance, mainly migratory movements
(with a seasonal directional preference), and short-distance movements linked to other
objectives like foraging, homing, or mating. Documenting the distinct patterns in migratory
and local movement has significant implications for conservation. Birds and insects usually
concentrate in different temporal and spatial ranges with non-identical flight behavior,
requiring different management plans to reduce human-wildlife conflict, such as collision
with wind turbines or vehicles [13-15], or pest control [16]. Recent studies have provided
insights into the non-migratory movements of certain groups of species, such as the lengthy
aerial life of swifts [17-19], the mating flight of ants [20], and the dispersal flight of aquatic
insects [21]. However, such studies are limited by their number of individuals and species
covered, or require a huge sampling effort. Radar has been widely adopted for automatic
and continuous monitoring of a wide spectrum of flying animals [22], but separating
migratory and local movements from radar data has yet to be achieved. The fundamental
questions for ecology and conservation, where the animals are and how they move in the
air, remain to be investigated for many taxa and parts of the world [23-25].

This study aimed to disentangle the migratory and local movements of birds and insects
across the annual cycle, and discuss similarities and discrepancies in their annual patterns.

2. Materials and Methods
2.1. Radar Data Collection and Processing

From 19 February 2016 to 31 December 2017, 24 h per day, a vertical-looking X-band
radar (BirdScan MR1, manufacturer: Swiss Birdradar Solution AG, www.swiss-birdradar.
com, accessed on 4 April 2021) continuously monitored animal aerial movement over Sem-
pach, Switzerland (47°7' N, 8°11" E). The technical details are provided in Schmid et al. [26].
Echoes were registered within heights ranging from 50 to 1500 m above ground level (a.g.L.),
whereas maximum detection height strongly depended on the size of the object. Each echo
contained information on the target’s flight altitude (m a.g.l.) and flight direction when
the radar antenna was rotating on the nutated vertical axis [26]. Every fifteen minutes, the
operation mode switched between rotation and static measurements. We assigned echoes
to either day or night using civil twilight from each date at the experimental site. Echoes
were automatically classified by an improved algorithm developed by Zaugg et al. [27].
The probabilities to which of the six classes (passerine type, wader type, large single bird,
unknown bird, insect, or non-biological scatter) an echo belonged to were calculated for
each echo. At night, an unknown proportion of echoes classified as bird originated from
bats’ flight activity above 50 m a.g.l. The probabilities for the six classes sum up to 1. Finally,
the echo was assigned to the class with the highest probability. To exclude questionable
allocations, only echoes with a classification probability > 0.2 were included for further
analyses. In addition, data were checked visually and some remaining rain clutter was
excluded manually.

We calculated the traffic rates (animals km ~! h ~!) following the definition by Liechti
and Bruderer [28]. For birds, we accounted for bird-size detection probability and radar
surveyed volume as described by Schmid et al. [26] and Schmaljohann et al. [29]. Because
we lack a proper estimation of insect size with this radar, we used a single detection
probability for all insect echoes. We calculated beam width at 150 m above the radar antenna
(median detection range for insects) assuming an RCS of 3.1 cm?, which corresponds to
a relatively large insect, although larger insects such as hawkmoths Sphingidae likely
transited through the radar beam (hawkmoths are comparable to the size of a small bird,
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e.g., the firecrest Regulus sp.). From this calculation, we estimated that each echo counted
for 14.1 insect km ~!. We consider the insect counts as a reasonable relative measure of
the variation in insect abundance, but we are aware that not correcting for variations in
detection probability implies that a shift to larger insects within the season, or insects flying
higher in one day than the other, will affect the estimated phenology. Consequently, the
huge mass of small insects (e.g., hoverflies Syrphidae) are most likely not included in our
analysis, unless they move in dense flocks. We have no idea to what extent this was the
case. As a consequence, the insect phenologies should be interpreted with care, with a
focus on the main trends only.

During sustained precipitation events, the radar was automatically set to blind. When
blind times due to precipitation events exceeded 80% of the duration of a day or night,
mean traffic rates were excessively high due to short operation time and were therefore
unrepresentative of the whole period. We manually inspected days/nights with high traffic
rate values and excluded from the analyses the days and nights with very few echoes due
to precipitation or technical problems.

2.2. Separating Directional and Non-Directional Movements

The movements recorded by the radar include both migratory and local movements.
To distinguish between these two types of movements, we assumed that days or nights with
migratory movements are represented by circular distributions with a single directional
preference, while local movements are characterized by distributions without a single
directional preference. We are aware that this approach has some shortcomings, as local
flights may be dominated by a single species flying into a given direction for other reasons
than migration (see above), or that wind might blow all insects into a single direction.
Therefore, throughout the results, we use the terms directional and non-directional move-
ments instead of migratory and local movements. However, we return to the interpretation
of these movements in the discussion. In order to decompose total traffic rate (TTR) into
directional traffic rate (DTR) and non-directional traffic rate (NTR), we used an iterative
hypothesis-testing algorithm to calculate the proportion of directional movements within
the flight direction distributions of each day and night (Figure 1). For each day and night,
the flight directions of birds or insects were aggregated into a fixed number of bins and
layered in incrementing layers of echoes (maximum one echo per bin and layer). We then
applied Rayleigh tests [30,31] from the first layer outwards until the first (mth) layer with
significant directionality (p < 0.05) was found. The proportion of non-directional movement
for the respective day/night was then defined as the proportion of echoes from the 1 st to
the (m — 1)th layer, and the proportion of directional movement was defined as the rest of
the echoes. This resulted in an estimate for the proportion of migration for each date’s TTR
during the whole study period (electronic supplementary material, Figure S1).

The Rayleigh test is sensitive to the chosen bin width and the sample size. Therefore,
we simulated circular distributions for a range of sample sizes (10, 50, 100, 150, 300, 500,
and 1000; number of echo per class and day/night in Table S1) and different proportions
of directional (assuming a normal distribution centered around a mean, e.g., 270°, and
40° standard deviation, as observed for peak migration periods in Tschanz et al. [32]) and
non-directional movements (assuming a uniform distribution between 0° and 360°) to
test our method for different bin widths. We achieved the best results by applying the
iterative Rayleigh test with a bin width of five degrees, whereas with low sample sizes,
the proportion of directional movements was underestimated at low migration intensity
and overestimated at high migration intensity (Figure 2). A consistent underestimation of
directional movements resulted with very low sample sizes (<10 echoes). The 40° spread
parameter for directed movements is conservative, since periods of peak migration also
included local undirected movements and potentially reverse migratory movements. A
more concentrated spread of directed movement, e.g., 20° SD, decreased the biases at low
and high sample sizes (Figure S3), and a 5° bin width remained an optimal parameter.
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Figure 1. A graphical description of the iterative Rayleigh’s approach to calculate the proportion of directional (blue dots)

and non-directional movement (green dots) for each day and night. Echoes (dots) are binned per flight direction and

incrementally stacked (layers 1 to n). The mth layer is the first layer that is directional (Rayleigh test: p < 0.05). Note that if

the first layer is already directional (m = 1), then the proportion of directional movements reaches 1 (all movements are

migratory), and if none of the layers are directional, the proportion is 0 (all movements are non-migratory).
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Figure 2. Results of the simulation tests showing on the x-axis, the input values for the proportion of

directional and non-directional movements (0 = 100% non-directional, 1 = 100% directional), and on

the y-axis, the estimated proportions based on our method. Colored lines represent different sample

sizes. For this graph, the bin width was five degrees and assumed standard deviation for directional

movements was 40°. For further graphs (SD = 20° and 60°), see the supplemental material.
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Subsequently, DTR was calculated by multiplying TTR with the proportion of migra-
tory movement; NTR was defined as the difference between TTR and DTR. We further
calculated mean flight directions for each day and night throughout a year to visualize
the temporal patterns in flight directions. Note that directional and non-directional move-
ments are only defined by the scatter of the individual flight directions, and not by the
direction itself.

2.3. Seasonal Trends in Directional and Non-Directional Traffic Rates

The year-round (365 days) trends in DTR and NTR were calculated by smoothing two
year’s data, separately for birds and insects and days and nights. We estimated the trend
in traffic rates for each day of the year (DoY) using generalized additive models with the
restricted maximum likelihood method as implemented in the mgcv R-package [33]. We
report the adjusted r-squared value as the deviance explained for each model. We selected
cyclic cubic splines as the smoothing function to ensure continuity at the beginning and end
of a year. We used the fitted parameters to estimate the trends in traffic rate for each DoY
(1 to 365). We determined widths of the movement peaks by performing combined mean
and variance change point analysis on each trend, between the local maxima and the start,
middle, and end of the year (DoY = 1, 183 and 365) using the changepoint R-package [34].
All modeling and statistical analysis were accomplished in R version 3.10 [35].

3. Results
3.1. Overview

During the day, the mean total traffic rate (TTR, animals km ~! h ~1) of birds (mean:
228 [0.1-0.9 quantiles: 29-524]) was lower than the TTR during night (608 [21-1430], Mann-
Whitney test: p < 0.05). The mean TTR of insects flying during the day (2840 [19-8408]) was
higher than those flying during the night (2477 [15-8805], Mann—-Whitney test: p < 0.05).
These TTRs yielded yearly estimates of 3,662,819 bird and 23,290,168 insect passages of
a 1 km transect over the study area. The proportion of directional movements was on
average 37% for birds and 35% for insects.

3.2. Seasonal Trend in Flight Direction and Movement Intensity

The seasonal course of the mean flight directions for birds and insects showed a
contrasting pattern in spring, but a similar pattern in autumn (Figure 3). For birds during
spring, the mean flight directions for days and nights with a high proportion of directional
movements were concentrated around the northeast, while the movements with a low
proportion of directional movements were more or less scattered in all directions. For
insects, movements in spring showed no concentration in mean flight directions, regardless
of their proportion of directional movements. Thus, the directional movements of insects
during this period were not oriented toward a specific geographic direction. Instead,
during autumn, both bird and insect movements with a high proportion of directional
movements concentrated toward the southwest, although this trend was less pronounced
for diurnal insect movements.

Seasonal trends in birds’ and insects” flight activity showed contrasting patterns
in directional movements, but similarity in non-directional movements (Figure 4). In
birds, directional movements showed two seasonal peaks for diurnal (Figure 4a, deviance
explained: 57.3%) and nocturnal movements (Figure 4b, deviance explained: 47.3%).
For the birds, the diurnal and nocturnal period with directional preferences occurred
simultaneously in spring (31 Jan to 11 May and 30 Jan to May 14 (DoY 31 to 131 and
30 to 134), confidence value from the change point analysis: 100%), but in autumn, the
diurnal period was narrower (27 Aug to 2 Dec (DoY 239 to 336), c.v. = 100%) than the
period for nocturnal movements (19 Jul to 28 Nov (DoY 200 to 332), c.v. = 100%). Diurnal
insect movements with directional preferences increased from spring to autumn before
ceasing for the winter (Figure 4c, deviance explained: 16.8%, 09 Feb to 26 Nov (DoY 40 to
330), c.v. = 100%). Nocturnal insect movements with directional preferences were almost
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nonexistent in spring, but had a strong peak in summer and early autumn (Figure 4d,
deviance explained: 50.4%, 03 May to 18 Oct (DoY 123 to 291) c.v. = 100%).

Non-directional flights of birds and insects were mainly concentrated in the summer
period. The main period of activity started simultaneously but lasted less time in diurnal
rather than nocturnal bird movements (Figure 4a, deviance explained: 51.4%, 14 Apr to
07 Sep (DoY 104 to 250), c.v. = 100%; Figure 4b, deviance explained: 51.8%, 12 May to
20 Nov (DoY 132 to 324), c.v. = 100%), while insects” diurnal movements lasted longer
than nocturnal movements (Figure 4c, deviance explained: 28.0%, 26 Apr to 16 Nov (DoY
116 to 320), c.v. = 100%; Figure 4d, deviance explained: 55.3%, 05 May to 23 Oct (DoY
125 to 296), c.v. = 100%). Generally, there was a stronger overlap between directional and
non-directional movements in insects than in birds.
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Figure 3. Year-round birds’ (a—d) and insects’ (e-h) daily mean flight directions in 2016 and 2017.
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every odd-numbered month. See Figure S1 in the electronic supplementary material for the data of the two years.

4. Discussion

We here provide the first parallel monitoring on year-round biomass flow of birds and
insects in the air. Extending the observations of the airspace to a full annual cycle revealed
insights into the enormous biomass flow within and outside the known migratory periods.
Migratory, dispersal, and local movements affect animals’ motivation and direction to fly,
thereby influencing the seasonality and magnitude of mass animal activity from the local
to the continental scale. Because migratory and local movements may occur in parallel
at some times of the year, we did not define distinct migration periods, as is common in
many studies [36-39]. Inspired by Kemp et al. [31], we applied an iterative Rayleigh’s test
approach to quantify the proportions of directional and non-directional movements for
each day and night. The proportions of directional and non-directional movements were
not independent: with increasing number of echoes, but constant variance, the likelihood
that the first iterative rings showed no directionality increased (Figure 1). This resulted in
an overestimation of non-directional movements and an underestimation of directional
movements. Accordingly, the proportion of non-directional movements slightly increased
in parallel with directional movements (Figure 4b—d). The applied Raleigh test [30] is
sensitive to any kind of directional preferences, and even distributions with large scatter
but a slight preference for any direction are recognized as directional. Thus, the method
provides a robust, objective, and repeatable measure to define periods of directional move-
ments, and provides an adequate quantitative estimate of directional movements. Notably,
this method cannot determine whether an individual flight is directional (migratory) or
non-directional (local), but can only describe the collective pattern for a given period.

Due to the shortcomings mentioned in the Materials and Methods section, we could
not properly disentangle migratory from local movements by the proportion of directional
and non-directional movements. However, the temporal pattern in the proportions and the
mean flight directions, as presented in Figure 3, allowed us to determine periods of migra-
tory movements (season-specific directional preferences). In birds, the migration trends
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coincide well with the main migratory periods documented for this region [15,32,40-42].
In spring, diurnal and nocturnal migration cover the same period, whereas in autumn,
diurnal migration is more concentrated and later in the season than nocturnal migration.
The sharp increase in local (non-directional) movements during the day coincide with
the arrival of aerial foragers (e.g., swallows and martins) at the end of April [43], and
about two weeks later the increase in nocturnal movements at night coincide with the
arrival of swifts [44]. The flight activities of bats contributed to an unknown proportion of
nocturnal non-directional movements of birds. Yet, the sharp decrease in nocturnal local
movements coincide with the departure of swifts toward their non-breeding ground in
mid-August [17,45], whereas bat activity would last until September [46]. We therefore
conclude that swifts, but not bats, contribute to the vast majority of the local nocturnal
movements at the study site.

In insects, the high proportion of local movements in summer may coincide with
the emergence of insects from a nearby lake [47]. Apart from this midsummer peak,
the intensity of local movement seems to parallel the intensity of directional (migration,
dispersal) movements, suggesting that there is always a proportion of insects with a
directional preference. This is not the case for birds, and could be due to the stronger
influence of wind on insect flight. Directional movements during the day ranged from
April to mid-November, whereas at night, directional movements were more concentrated
and ranged from June to mid-October. Both day and night alike, the orientation of the
highly directional movements varied considerably in spring, with some preferences for
eastward directions, but were strongly concentrated toward southwest in autumn.

In autumn, the southward concentration in flight direction indicated that birds and
insects escaped the deteriorating environment at high latitudes along a similar flyway. In
line with Hu et al. [6], our results suggest that autumn exodus flight is a common phe-
nomenon for insects, and these flights are numerous after midsummer. In spring and early
summer however, the contrasting patterns in birds” and insects” directional movement can
be attributed to their different life histories and locomotion strategies. Individual birds
undergo two seasonal migration journeys with defined goal areas, resulting in a clear
rise and decline in migratory activity. The validity of the distinction between migration
and dispersal, however, has long been a debate in entomology [2,48]. Our results are
not in line with the consistent northward spring insect flights reported by Hu et al. [6]
in England, possibly because the route into Southern England from mainland Europe is
generally northward or northwestward, while Switzerland in Central Europe may have an
influx from more varied directions. The highly scattered insect flight directions in spring
and early summer are probably the result of a mixture of the northward colonization of
successive generations of previous south-bound individuals, such as the painted lady
Vanessa cardui [49], and continuously emerging insects performing dispersal flights probing
for available habitat [21]. Nevertheless, the lack of a dominating northward flight direction
in spring suggests a relatively small influx of insect migrants from southern latitudes, and
most movements may be related to dispersal from local populations (cf. electronic sup-
plementary material, Figure S1). In a next step, the influence of environmental conditions
(wind, temperature, and precipitation) on bird and insect movements must be investigated,
considering the aspect of migratory and local movements.

5. Perspectives

Our study represents a point survey of animal flight activity in a Central Europe
landscape dominated by agriculture and fresh water bodies. Increasing availability of
animal movement data from radar networks opens new avenues for investigating animal
migration [25,50]. Under the current climate change scenario, insects” and birds’ breeding
and migration phenology are expected to adapt accordingly [51]. A warmer temperature,
shorter winter, and greater primary productivity enable birds and insects to remain active
and explore the airspace in Europe for longer periods [52,53]. How these adaptations will
be reflected in the composition and magnitude of aerial movement intensity remains to be
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discovered. By launching a network of radar measurements, the further trend toward loss
of insect abundance [10], as well as modification in regional occurrence and movement
patterns over time, can be traced and investigated. In combination with atmospheric
data, predicting the temporal and spatial movement patterns of many bird species and
insect groups will be crucial to understanding the large-scale exchange in biomass across
the airspace.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/rs13091839/s1, Figure S1. Phenology of birds” and insects” daily mean total traffic rates
(TTR, grey bars) and propor-tion of directional movement on each date (black dots) in year 2016 and
2017. Table S1. Number of echoes with flight direction at the 0.25, 0.5, 0.75, 0.90, 0.95 quantiles for
diurnal and nocturnal bird- and insect classes. Figure S2. Estimated proportion of migration (mean
of 100 simulations) based on simulated data varying in sample size (colour lines: 10 = black, 50 = red,
100 = green, 150 = blue, 300 = truqoise, 500 = pink, 1000 = yellow), bin width (top left 1°, top right 3°,
mid-left 5°, mid-right 8°, bottom left 10°, bottom right 15°) with migration spread 40° SD. Figure S3.
Estimated proportion of migration (mean of 100 simulations) based on simulated data varying in
sample size (colour lines: 10 = black, 50 = red, 100 = green, 150 = blue, 300 = truqoise, 500 = pink,
1000 = yellow), bin width (top left 1°, top right 3°, mid-left 5°, mid-right 8°, bottom left 10°, bottom
right 15°) with migration spread 20° SD. Figure S4. Estimated proportion of migration (mean of
100 simulations) based on simulated data varying in sample size (colour lines: 10 = black, 50 = red,
100 = green, 150 = blue, 300 = truqoise, 500 = pink, 1000 = yellow), bin width (top left 1°, top right 3°,
mid-left 5°, mid-right 8°, bottom left 10°, bottom right 15°) with migration spread 60° SD.
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