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Radar is at the forefront for the study of broad-scale aerial movements of birds, bats and 
insects and related issues in biological conservation. Radar techniques are especially 
useful for investigating species which fly at high altitudes, in darkness, or which are too 
small for applying electronic tags. Here, we present an overview of radar applications 
in biological conservation and highlight its future possibilities. Depending on the type 
of radar, information can be gathered on local- to continental-scale movements of 
airborne organisms and their behaviour. Such data can quantify flyway usage, biomass 
and nutrient transport (bioflow), population sizes, dynamics and distributions, 
times and dimensions of movements, areas and times of mass emergence and 
swarming, habitat use and activity ranges. Radar also captures behavioural responses 
to anthropogenic disturbances, artificial light and man-made structures. Weather 
surveillance and other long-range radar networks allow spatially broad overviews of 
important stopover areas, songbird mass roosts and emergences from bat caves. Mobile 
radars, including repurposed marine radars and commercially dedicated ‘bird radars’, 
offer the ability to track and monitor the local movements of individuals or groups of 
flying animals. Harmonic radar techniques have been used for tracking short-range 
movements of insects and other small animals of conservation interest. However, a 
major challenge in aeroecology is determining the taxonomic identity of the targets, 
which often requires ancillary data obtained from other methods. Radar data have 
become a global source of information on ecosystem structure, composition, services 
and function and will play an increasing role in the monitoring and conservation of 
flying animals and threatened habitats worldwide.
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Introduction

For many organisms, the airspace provides habitat for a 
significant part of their lives. It is essential for foraging, 
commuting, and migration. The ‘airspace’ in question 
here primarily concerns the lower parts of the troposphere 
where an organism’s presence indicates use of some airborne 
resource, from flying insects as food to favourable winds 
aloft supporting movement (Diehl 2013). It is habitat for 
incredible numbers of microorganisms, wind dispersed seeds 
and fungal spores, arthropods, bats, and birds (Kunz  et  al. 
2008, Womack et al. 2010, Drake and Reynolds 2012, Diehl 
2013, Davy  et  al. 2017, Reche  et  al. 2018). Hahn  et  al. 
(2009) calculated, for example, that some 2.1 billion 
songbirds and near-passerine birds migrate from Europe 
to Africa in autumn, and recently Dokter  et  al. (2018) 
estimated from radar data that 4.7 billion passerine-sized 
birds leave the USA southward in autumn and 3.55 billion 
birds return northward in spring. According to data from 70 
European weather radar stations from northern Scandinavia 
to Portugal, nocturnal autumn migration averages on a broad 
scale to almost 400 birds km–1 h–1 Nilsson et al. (2019). The 
mass of insects in the air is even more impressive: Hu et al. 
(2016) quantified biomass flux over southern England for 
high-flying (>150 m) insects by radar and estimated that 
above this region alone about 3.5 trillion insects equaling 
3200 tons of biomass migrate annually.

Our ability to understand the manner and magnitude of 
airspace use by animals, namely birds, bats, and insects is 
linked to our ability to detect individuals or groups in flight, 
and the same holds for related conservation issues. Flying 
animals are challenging study subjects, because they are often 
difficult to observe directly. By the 19th century, it became 
clear from observations at lighthouses and lightvessels that 
many diurnal bird species become nocturnal during migration 
(Gätke 1895, Barrington 1900, Clarke 1912, Munro 1924, 
Lewis 1927). Roughly two thirds of the European bird species 
migrate mainly or exclusively at night (Martin 1990). Many 
insects also migrate or otherwise move about the landscape at 
night (Chapman et al. 2015), and most bats are exclusively 
nocturnal. Moreover, the vast majority of aerial species are also 
small (Bridge et al. 2011), often fly at appreciable altitudes, 
and are transient. For example, more than a century ago, 
Gätke (1895) had noted of diurnal migrants ‘that, as long as 
migration proceeds under its normal conditions’ its ‘elevation 
is, in the case of by far the larger number, so great as to be 
completely beyond the powers of human observation…’. 
With the introduction of radar by the military during the 
Second World War it soon became obvious that radar could 
help fill gaps in our understanding of how flying animals 
use the airspace (Brooks 1945, Lack and Varley 1945, Buss 
1946, Sutter 1957, Eastwood 1967). Since that time, many 
different types of radar (Table 1) have been broadly applied 
to study the ‘invisible parts’ of the movements of both birds 
and insects on a broader scale, primarily in Europe, North 
America, east Asia and Australia (Lack 1959, Drury and Keith 

1962, Alerstam 1972, Myres and Apps 1973, Williams and 
Ying 1990, Bruderer 1997a, b, 2003, Drake and Reynolds 
2012, Beason et al. 2013, Drake and Bruderer 2017).

While there has been a rapid development of 
telemetry and other advanced tracking and data logging 
technologies to study the movements of individuals in detail 
(Stutchbury  et  al. 2009, Bridge  et  al. 2011, Kissling  et  al. 
2014, O’Mara et al. 2014, Roeleke et al. 2016, Weller et al. 
2016), radar is still at the forefront with regards to 
comprehensiveness and the spatial and temporal extent of 
its applicability to aeroecological research on bats, birds 
and insects. Furthermore, the majority of insect species, 
and the smallest bats and birds, currently fall below the size 
threshold for the application of other long-range tracking 
technologies. However, a major challenge in aeroecology 
is the ability to link radar data with species identification 
or with individual tracking information, which will allow 
observations of individuals to be used to infer population-
level movements and processes. With the advent of large-scale 
tracking capabilities such as the Icarus Initiative (< https://
icarusinitiative.org/ >), which can track individually-
tagged animals using the International Space Station, the 
combination of individual tracking and large-scale radar 
observations may soon be realised.

Although the contribution of radar technologies to our 
understanding of the biology of flying animals on a more 
local scale is well recognized, country- to continent-wide 
networks of digital weather surveillance radars (WSRs) 
in particular have proven to be a central technology to the 
study of aeroecology (Gauthreaux  et  al. 2003, Kelly  et  al. 
2012, Shamoun-Baranes  et  al. 2014, Bauer  et  al. 2017, 
2019, Dokter  et  al. 2018, Van Doren and Horton 2018). 
These radars offer an unparalleled opportunity for objective, 
continuous, reliable, cost-effective large-scale data collection 
of aerial animal movements, which can assist in delineating 
and managing conservation areas, migratory bottlenecks 
(i.e. points where geography constrains migration, leading 
to significant concentrations of populations; Bayly  et  al. 
2017, Panuccio  et  al. 2018), population monitoring, pest 
control, and many other aspects of biological conservation. 
Furthermore, many types of smaller (and often relatively 
mobile) radars have broad applications in environmental 
impact studies and monitoring of cryptic species (Table 1).

Here, we provide an overview on past, current and 
expected future applications of radar in biological 
conservation. Specifically, we discuss the use of radar for 
1) providing information on distribution, population sizes, 
dynamics and fluxes of flying animals, 2) the identification 
and management of conservation areas, and 3) the evaluation 
of effects of anthropogenic obstacles, artificial light and 
human disturbances on behaviour. We discuss how radar 
can be applied to issues relating to the conservation of 
biodiversity and ecosystems, highlight the challenges 
associated with its application and indicate areas ripe for 
further investigation. Regarding the huge number of articles 
and reports on the topic, we are aware that this review 
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can by no means be comprehensive. Rather, it presents a 
representative selection of studies on the conservation aspects 
of aeroecology. However, we do not cover other applications 
of radar in biological conservation such as the remote 
sensing of habitat assessments and changes (Kuenzer  et  al. 
2014, Howison  et  al. 2018), marine pollution (Fingas and 
Brown 2014, Toupouzelis et al. 2015), monitoring of marine 
mammals (DeProspo et al. 2005), tracking cryptic terrestrial 
vertebrates (e.g. frogs/toads, snakes), some of which are 
highly endangered (Engelstoft  et  al. 1999, Gourret  et  al. 
2011, Aumann et  al. 2013, Roznik and Alford 2015), and 
the detection of (illegal) fishing and whaling (Lee and Kim 
2004, Doumbouya et al. 2017). Aspects of avian impacts on 
flight safety are also not covered here but have been treated 
comprehensively by van Gasteren et al. (2019).

Animal distribution, numbers and biomass in 
time and space

Many migrant species are extremely abundant and their 
seasonal migrations can significantly affect the communities 
that they pass through, affecting ecosystem function via 
mechanisms such as predation, herbivory and competition, 
while also transporting large amounts of nutrients, propagules, 
pathogens and parasites (Bauer and Hoye 2014, Hu  et  al. 
2016, Bauer et al. 2017). Investigating the distribution and 
estimating numbers of nocturnal, small or high-flying animals 
can be very challenging, particularly in very mobile species or 
across larger spatial and temporal scales. Depending on the 
question, species, area or time scale, different types of radar 
can be used to address these issues (Table 1).

The first attempts to quantify nocturnal bird migra-
tion were made with short-range X-band scanning radar 
(Eastwood 1967, Drake and Bruderer 2017). In many coun-
tries, military and civil air traffic radar is used to study the 
spatial and temporal distribution of bird migration on a 
larger, often national scale (Sutter 1957, Lack 1959, Alerstam 
1972, Buurma 1995, Ruhe 2000). However, continent-wide 
studies have only become possible via the use of data from 
WSRs. In WSRs, the focused beam of a parabolic antenna 
is swept azimuthally through a number of elevation angles 
yielding a three-dimensional coverage of the airspace over 
long ranges (hundreds of km) and can provide information 
about the horizontal and vertical distribution of organisms 
(Dokter et al. 2011, 2018, Stepanian et al. 2014, Chilson et al. 
2017, Drake and Bruderer 2017). Today, networks of WSRs 
span much of the terrestrial landmass in many parts of the 
world (Fig. 1), enabling continental-scale analyses of animal 
movements, density, fluxes (i.e. the rates at which animals 
or biomass pass through a unit ‘window’ oriented at right-
angles to their direction of movement), aerial flyways, and 
seasonal movement phenology (Gauthreaux  et  al. 2003, 
Kelly et al. 2012, 2016, 2017, Shamoun-Baranes et al. 2014, 
Dokter  et  al. 2018, Nilsson  et  al. 2019). In some cases, 
WSR measurements are archived in long-running databases, 
enabling analyses of population trends and persistence. The 
extensive research on target identification and measure-
ment standards established for meteorological applications 
as well as huge data archives should ensure objective, inter-
comparable, long-term measurements across much of the 
globe (Chandrasekar et al. 2013, Stepanian et al. 2016). An 
example of such benefit is in detecting and monitoring large 
colonies of bats; a capability demonstrated for several North 

Figure 1. Global overview of weather radar sites registered with the World Meteorological Organization, with the major global flyways 
superimposed. Flyways were obtained from < www.birdlife.org/worldwide/programme-additional-info/migratory-birds-and-flyways >.
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American bat colonies (Horn and Kunz 2008, Stepanian and 
Wainwright 2018) and readily transferred to other regions 
having radar infrastructure (Fig. 2). However, in most cases 
information on taxonomic identity needs to be derived 
from other methods such as visual, including night vision 
techniques, or acoustic observations (Horton  et  al. 2015, 
Molis et al. in press) or trapping.

By analyzing data from a WSR along the northern 
coast of the Gulf of Mexico, Gauthreaux (1992) noted 
a decline in the amount of trans-Gulf migration and 
changes in the migrants’ seasonal timing compared 
with the mid 1960s. The percentage of days with trans-
Gulf flights in the spring declined by almost 50% from 
1965–1967 to 1987–1989. At that time WSR data were 
recorded and stored as films and analyses required a large 
amount of manual work (Gauthreaux 1992). Nowadays, 
the progress in WSR technology, namely the upgrade to 
dual-polarization operation, digital data storage facilities, 
sophisticated methods to classify targets and to extract 
information on animals from WSR data (Dokter  et  al. 
2011, 2019, Chandrasekar  et  al. 2013, Stepanian  et  al. 
2014, 2016, Chilson  et  al. 2017) allow a broad spectrum 
of analyses on spatial and temporal changes in numbers or 
biomass and phenology, e.g. under the influence of climate 
change (Kelly  et  al. 2016, 2017). For example, Stepanian 
and Wainwright (2018) found that spring migration and 
the summer reproductive cycle of Brazilian free-tailed 
bats Tadarida brasiliensis roosting in one of the largest 
aggregations of mammals on Earth (a cave in suburban San 
Antonio, Texas) have advanced by roughly two weeks over 
a 22 yr period. They also quantified the ongoing growth of 
a recently established overwintering population. On a local 
scale (i.e. less than a few kilometres) a spectrum of non-
stationary radars have been used in relation to conservation 
issues which are difficult to investigate by other methods. 
Often, these were relatively inexpensive marine surveillance 

radars, either as off-the-shelf units or specially modified, e.g. 
by tilting the antenna from horizontal to vertical rotation 
or by substituting the original beam antenna by a parabolic 
dish antenna (Beason et al. 2013, Table 1).

Systematic studies to measure the migration traffic rate 
(i.e. the migration flux through a stationary counting plane) 
and later also the density of migration (i.e. the number 
of birds flying per unit volume) started in 1968 with the 
‘Superfledermaus’ (Bruderer et al. 2012, Drake and Bruderer 
2017). Later, many studies followed using either fixed or 
scanning beams and antennas of different shapes. A narrow, 
clearly defined pencil-beam is optimal for quantitative 
recording of migration traffic rate (MTR; Schmaljohann et al. 
2008, Drake and Bruderer 2017), but attempts to quantify 
migration were also made with the standard beam antenna 
of marine or dedicated bird radars (Harmata  et  al. 1999, 
Hüppop et al. 2006, Bruderer et al. 2012, Beason et al. 2013, 
Fijn et al. 2015, Gürbüz et al. 2015, Gerringer et al. 2016, 
Urmy and Warren 2017, Walsh et al. 2017, Molis et al. in 
press).

Marine radar has also been used to monitor numbers 
and flight behaviour of threatened seabird species, such as 
petrels and shearwaters, terns, murrelets and other small 
auks as they move between breeding and feeding areas (Day 
and Cooper 1995, Cooper et al. 2001, Raphael et al. 2002, 
Day et al. 2003, Hamer et al. 2005, Cragg et al. 2016, Urmy 
and Warren 2017), often during the night or at dawn and 
dusk. In murrelets, counts by marine radar cover much 
larger areas compared to audio-visual surveys or autonomous 
acoustic recording, but radar identification of murrelets 
proved unreliable in winds exceeding 18 km h–1: strong tail 
winds increased flight speeds of all birds and head winds 
reduced them; in either case, differentiating murrelets from 
slower flying birds became problematic (Cragg et al. 2016). 
Nonetheless, radar is capable of detecting population trends 
and providing information on habitat associations in areas 

Figure 2. Weather surveillance radar as internationally-standardized infrastructure for wildlife monitoring. (A) An evening bat emergence 
from the cave colony at Wat Khao Chong Pran in Photharam, Thailand (photo courtesy of TripAdvisor). (B) An image of reflectivity factor 
from the Samut Songkhram radar site on 24 June 2017 at 11:10 UTC. Probable emergence signatures are identified at the Wat Khao Chong 
Pran bat cave (yellow) and Nanyang bat cave (red). Local sunset for this date was approximately 11:52 UTC.
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where flight paths are confined by the landscape, such as 
fjords and valleys (Cragg et al. 2016).

Special-purpose entomological radar systems for observa-
tion and monitoring of insect migration (as opposed to for-
aging behaviour) were formerly mainly horizontal-scanning 
pencil-beam units, but since about the year 2000 these have 
been superseded by nutating vertical-beam systems which 
are much amenable to autonomous operation (Drake and 
Reynolds 2012, Drake 2016, Drake and Bruderer 2017, 
Drake and Wang 2018). Entomological radars provide vari-
ous simple measures of the intensity of flight activity such 
as volume densities, or fluxes (Drake and Reynolds 2012, 
Reynolds et al. 2017). These measures can then be integrated 
to produce, respectively, estimates of area density (i.e. the 
number of targets above a unit area of the Earth’s surface), 
and MTR (Drake and Reynolds 2012, chapter 9). Finally, 
estimates can be made of ‘total overflights’, and thus ecologi-
cally important bioflows, in particular directions, over peri-
ods from a few days or even over whole seasons (Hu et al. 
2016), and very recently even on vertical fluxes (Drake and 
Wang 2018). Examples of area densities, traffic rates, and 
total overflights for insects are given in Drake and Reynolds 
(2012, chapter 10). While these estimates were primarily for 
pest species, Chapman et al. (2005) estimated migration rates 
for a natural enemy (a carabid beetle). Integrated measures of 
migration bioflow can be derived for other non-pest insects 
such as dragonflies (Feng et al. 2006) or species of conserva-
tion relevance, provided the focal species is distinguishable 
(by, for example, natural history, size, or shape) from other 
aerial fauna.

Customized entomological radars employing the nutat-
ing vertical-beam configuration supply useful information 
not only about an individual insect’s flight trajectory, but 
also some indication as to its identity (Drake and Reynolds 
2012, Drake 2016, Drake  et  al. 2017). Nonetheless, there 
are rather few of these special-purpose radars in opera-
tion, and so for regional and continent-wide monitor-
ing of insects, including those of conservation interest, 
we need – as in birds – to utilise data from networks of 
Doppler WSRs (Shamoun-Baranes  et  al. 2014, Stepanian 
and Horton 2015, Stepanian  et  al. 2016). Doppler WSRs 
make use of the frequency shift of a returned radar signal 
to derive velocity data of remote objects. Except in Finland 
(Nieminen et al. 2000, Leskinen et al. 2011), only recently 
has Doppler WSR been used more routinely to monitor 
insect migration, and pest management applications guide 
much of that research (Ainslie and Jackson 2011, Rennie 
2012, 2014, Westbrook et al. 2014, Boulanger et al. 2017). 
Applications to swarming species which temporarily dom-
inate the airspace are obvious candidates to study e.g. the 
(non-migratory) nuptial and oviposition flights of may-
flies (Ephemeroptera) above rivers and lakes (Drake and 
Reynolds 2012, chapter 14, and Fig. 3), which can be used as 
an indicator of water quality. There have also been reports of 
migrating monarch butterflies Danaus plexippus observed on 
WSR (Melnikov et al. 2014). However, these reports require 

further documentation as a major challenge remaining in 
radar aeroecology is determining the taxonomic identity of 
the observed targets. Generally, WSR monitoring of aerial 
insect populations will require ancillary information on spe-
cies identity derived from other techniques, such as con-
comitant visual observations, trapping, or vertical-looking 
entomological radar described above.

In an ambitious study, Hu  et  al. (2016) estimated total 
seasonal migration, in terms of numbers and biomass, above 
southern England, using radar to quantify the high-flying 
large insect populations and trapping to quantify small insects, 
and insects flying at low altitudes. By these means they were 
able to quantify the total biomass (~3200 tons annually) and 
also to estimate the aerial transport of key nutrients such as 
nitrogen and phosphorous. Because the mass migrations of 
medium- and large-sized insects was generally northwards in 
spring and southwards in autumn, these bioflows represent 
net annual exchange of energy and nutrients into and out 
of southern England, with considerable impacts on the 
ecosystems utilized by the migrants. Although the aerial 
transport of insect biomass was surprisingly large (considering 
the cool maritime climate of the United Kingdom), it will no 
doubt be greatly exceeded in warmer regions of the world. 
However, the extent of animal migrants on nutrient transport 
across ecosystems will require additional information on 
known fates of the animals or nutrient deposition rates, 
derived from other methods, which can then be scaled up 
using the movement estimates derived from radar.

Identification and management of 
conservation areas

Many migratory bird species are in decline (Kirby et al. 2008, 
Wilcove and Wikelski 2008, Bairlein 2016). Conservation of 
migratory populations has increasingly focused on protection 
of key breeding, wintering and stop-over habitats, yet 91% 
of 1451 migratory bird species investigated by Runge et al. 
(2015) were inadequately supported by protected areas 
across their migratory cycle. This focus on key sites is most 
acute in the human-dominated landscape of Europe, where 
relatively small protected areas across nation-states are 
surrounded by highly urbanized habitats, intensively used 
farmland, or commercial forests.

Species conservation often focuses on the identifica-
tion and protection of critical terrestrial or aquatic habitats. 
Applications of species conservation laws explicitly hinge 
on biologists’ notions of habitat. Recent recognition that 
parts of the airspace may, at least temporarily, also repre-
sent important habitat for flying animals suggests the need 
to also identify airspaces critical to populations of flying 
animals and possibly establish aerial reserves. For example, 
traditional feeding or migratory flight corridors or airspaces 
proximal to large bat or bird roosts, may require preserva-
tion (no wind turbines, power lines, lit buildings or other 
man-made obstacles) or some other form of legal protection 
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(Diehl 2013, Lambertucci  et  al. 2015, Diehl  et  al. 2018). 
Such reserves could benefit migratory birds and bats moving 
through geographic and seasonal bottlenecks (Rydell  et  al. 
2014, Bayly et al. 2017, Panuccio et al. 2018, Sherry 2018) 
or more locally, roosting birds and bats or foraging waterfowl 
and raptors that use the same airspaces on a recurring basis. 
Airspace protection does not need to be absolute: dynamic 
aerial reserves would offer protection at critical points in the 
season and allow human use at other times (Davy et al. 2017). 
Radar-based detection of high concentrations of flying ani-
mals moving through a particular airspace could prove useful 
for identifying key areas of habitat and assist in delineating 

future aerial conservation areas. Currently, our ability to envi-
sion airspace reserves is ahead of our ability to actually iden-
tify airspaces that might be critical for species conservation. 
However, the legal and policy apparatus presumably neces-
sary to establish aerial reserves is still unclear and in need 
of development (Davy et al. 2017). Furthermore, radar data 
can efficiently highlight key areas for the protection of aerial 
animals on the ground.

The challenges inherent in the conservation of migratory 
populations place considerable demands on the need to iden-
tify key habitats as part of a larger reserve network. Ideally, 
such networks would provide resources that sustain bird 

Figure 3. Radar as a tool for monitoring aquatic ecosystem health, phenology, and biomass production. (A) Major waterways of the north-
eastern and north-central United States. (B) Dusk emergence of giant mayflies Hexagenia limbata on Lake Erie and Lake St Clair as seen by 
the Detroit, Michigan and Cleveland, Ohio weather radars on 19 June 2017. (C) Dusk emergence of aquatic insects on the Allegheny and 
Ohio Rivers as seen by the Pittsburgh, Pennsylvania radar on 13 July 2017. (D) Dusk emergence of mayflies Hexagenia bilineata on the 
upper Mississippi River as seen by the La Crosse, Wisconsin radar on 11 July 2017. (E) Dusk emergence of aquatic insects on the Ohio and 
Mississippi Rivers as seen by the Paducah, Kentucky radar on 20 August 2017.
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populations while limiting the diversity and magnitude of 
threats (Kirby  et  al. 2008, Diehl 2013, Lambertucci  et  al. 
2015, Bairlein 2016, Davy et al. 2017). Reserve-based con-
servation should also encompass all stages of the annual cycle 
(Martin et al. 2007, Runge et al. 2014, 2015) and therefore 
necessarily include areas covering large geographical ranges 
that often cross political boundaries (Wilcove and Wikelski 
2008, Runge  et  al. 2014, Bairlein 2016). Among habitats 
used by migrating birds and bats throughout the annual 
cycle, we generally know least about what stopover and 
aerial habitats may be most important to species conserva-
tion, since use of these habitats is ephemeral and widespread. 
Meeting this challenge necessarily favors methods of iden-
tifying important habitats that are efficient, cost effective, 
and operational across large spatial scales and over long time-
scales (Martin et al. 2007, Runge et al. 2014).

WSR networks match the spatial extent and compre-
hensiveness of the habitats used by birds during continental 
migration (Fig. 1) and thus have application for monitor-
ing migratory behaviour along entire sections of a flyway 
(Kelly et al. 2012, Shamoun-Baranes et al. 2014, Bauer et al. 
2017, Dokter  et  al. 2018, Van Doren and Horton 2018, 
Nilsson  et  al. 2019). At local or regional scales, WSR has 
effectively been used to identify important stopover sites for 
migratory birds (Diehl et al. 2003, Buler and Moore 2011, 
Ruth et al. 2012, Buler and Dawson 2014, and Fig. 4), win-
tering sites for waterfowl (Buler et al. 2012), and key roost 
sites for birds (e.g. purple martins Progne subis; Russell and 
Gauthreaux 1998, Russell  et  al. 1998, Bridge  et  al. 2016) 
and bats (Horn and Kunz 2008, Stepanian and Wainwright 
2018). Given the high risk to many key stopover sites for 

threatened migratory species globally (for example tidal mud-
flats along the Yellow Sea; Studds et al. 2017), radar will play 
an increasingly important role in assessing the value of these 
areas for the species they support. WSRs, along with other 
radar methods may also quantify bird and bat movements in 
ways that identify airspaces important to species conservation 
but are also reliant on supporting methodologies to elucidate 
species composition (Diehl et al. 2018).

Effects of disturbance, artificial light and 
anthropogenic obstacles on behaviour

Human activities can have serious negative consequences 
on wildlife, especially in sensitive conservation-relevant spe-
cies or in densely populated urban and suburban landscapes 
where interactions can lead to conflicts. For example, around 
the world, fireworks are used to celebrate special occasions, 
but these displays can cause widespread disturbance in birds 
(Shamoun-Baranes et al. 2011, < http://horizon.science.uva.
nl/fireworks/ > and Fig. 5). Since they normally happen at 
night, the evaluation of the effects on wildlife on a large scale 
is difficult (Stickroth 2015). By means of an airport surveil-
lance radar, Jänicke and Stork (1979) investigated the effects 
of fireworks on roosting flights of crows wintering in and 
around Berlin, Germany. While huge numbers normally 
flew over the city to their night roost close to the airport, 
they avoided this on New Year’s Eve and instead flew to other 
roosting sites some 10 to 15  km further east. Shamoun-
Baranes et al. (2011) quantified the reaction of birds to New 
Year’s Eve fireworks in the Netherlands in three consecutive 

Figure 4. The dusk ascent of migrating birds from stopover sites on the Okinawa Islands on 23 September 2017 as observed by the Kadena 
radar at (A) 09:36 UTC, (B) 09:42 UTC, (C) 09:48 UTC, (D) 09:54 UTC, (E) 09:59 UTC, and (F) 10:05 UTC. Sunset occurred at 
approximately 9:24 UTC. Persistent signals to the east of the islands are rainstorms.
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years using WSR. Thousands of birds took flight shortly 
after midnight, with high aerial movements lasting at least 
45 min and peak densities measured at 500 m altitude. The 
authors estimate that hundreds of thousands of birds in the 
Netherlands take flight due to fireworks. Highest densities 
were measured over grass- and wetlands where thousands of 
waterfowl rest and feed (including nature conservation sites 
and resting areas of international importance).

Fireworks and other methods such as water cannons are 
also used, sometimes illegally, to disperse roosts or breeding 
colonies of bird species that establish in locations where they 
can become a nuisance, and (near) real-time radar monitor-
ing may provide an alert of such activities. When persistent 
roosting sites are known for birds (Bridge et al. 2016) or bats 
(Horn and Kunz 2008, Stepanian and Wainwright 2018), 
flights from these sites can be monitored by radar to estab-
lish baselines of population size, distribution and persistence. 
Subsequent measurements that deviate from these patterns, 
such as a sudden change in roost location or size, can be 
indicative of adverse disturbances or varying environmental 
conditions, although day-to-day roost locations for some spe-
cies can be quite variable.

Nocturnally active animals move through skies which 
are increasingly light polluted in radiance and extent. 
Earth’s artificially lit outdoor area grew by 2.2% yr–1 from 
2012 to 2016, with a total radiance growth of 1.8% yr–1. 
Continuously lit areas have brightened at a rate of 2.2% 
yr–1 (Kyba et al. 2017). Artificial light can impair orienta-
tion and navigation and may attract insects and migrating 
birds in large numbers as well as foraging and migrating 

bats. This artificial mixing of predators and prey can also 
influence foraging behaviour and even result in competitive 
interactions among predators (Shields and Bildstein 1979). 
Aerial animals may collide with artificially lit structures 
such as lighthouses, lightvessels, communication towers, 
wind turbines or other large buildings, but also with off-
shore oil and gas-rigs, platforms and even brightly lit ships 
(Eisenbeis 2006, Gauthreaux and Belser 2006, Drewitt 
and Langston 2008, Ballasus  et  al. 2009, Mathews  et  al. 
2015, Hüppop and Hill 2016, Hüppop et al. 2016). Birds 
might also get ‘trapped’ by artificial light (Verheijen 1960, 
Gauthreaux and Belser 2006) and eventually die due to 
exhaustion (Hüppop et al. 2016). That birds and other ani-
mals respond to artificial light has been known for more 
than a hundred years, but these behaviours are still poorly 
understood (Gauthreaux and Belser 2006). Using a ‘true’ 
tracking radar (i.e. a radar with an antenna which follows 
a selected target automatically, Table 1), Larkin and Frase 
(1988) found that birds circled (at least partly) a 308 m 
broadcasting tower equipped with red slow-blinking and 
steady lamps, at distances of 108 to 279 m in cloudy con-
ditions (a concentration of birds near the tower was not 
noted). Under clear skies or beneath cloud layers, these 
circles were not observed, and it could not be determined 
if individual birds circled the tower repeatedly (Larkin and 
Frase 1988). Switching a strong searchlight on and off 
parallel to the radar beam while tracking single noctur-
nal migrants by radar also induced pronounced reactions, 
including a wide variation of directional shifts, a mean 
reduction in flight speed to 15–30% of normal air speed 

Figure 5. The midnight ascent of roosting birds over the Netherlands on New Year’s Eve, disturbed into flight by widespread fireworks as 
seen by weather radar. Radar reflectivity factor contributions are identified as weather (greyscale) or birds (orange) based on dual-polarization 
information.
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and a slight increase in climbing rate after the light was 
switched on (Bruderer et al. 1999).

WSRs allow assessment of the effects of artificial lights on 
nocturnally migrating birds on a much broader scale than 
small mobile radars, which provide information on more 
local impacts. Using multi-year WSR measurements of noc-
turnal migrants across the northeastern U.S., McLaren et al. 
(2018) showed that autumnal migrant stopover density 
increased at regional scales with proximity to the bright-
est areas but decreased within a few kilometers of brightly-
lit sources, which implies broad-scale attraction to artificial 
light while migrating. Van Doren et al. (2017) studied effects 
of the beams of the National September 11 Memorial and 
Museum’s ‘Tribute in Light’ in New York on nocturnal 
migrants with radar and acoustic sensors. This single high-
intensity light source induced significant behavioral altera-
tions up to altitudes of 4 km, even in conditions with good 
visibility. When the installation was illuminated, birds aggre-
gated in high densities (20 times greater than surrounding 
baseline densities), decreased flight speeds, changed radial 
velocities, and vocalized frequently. Simulations revealed a 
high probability of disorientation and subsequent attraction 
of nearby birds, indicating the beams influenced the behav-
iour of birds in airspaces considerably beyond those imme-
diately occupied by the display. The behavioural disruptions 
disappeared when lights were switched off.

For assessing the collision risk of birds with man-made 
structures and implementing mitigation measures, it is essen-
tial to know how many birds fly at ‘risky’ altitudes (Bruderer 
and Liechti 2004). Marine radars set up to rotate on a vertical 
plane have been used in a multitude of studies to investigate 
the altitudinal distribution of birds, especially of nocturnal 
migrants, close to transmission lines, wind turbines, com-
munication towers and other man-made structures (exam-
ples in Gauthreaux and Belser 2003, Desholm et al. 2006, 
Hüppop  et  al. 2006, Fijn  et  al. 2015 and Bruderer  et  al. 
2018). However, identification of taxonomic groups is only 
feasible in very few cases, requiring the use of other methods 
to supplement the radar data. Therefore, distance-dependent 
quantification is technically difficult or impossible, and height 
profiles have to be taken with caution (Schmaljohann et al. 
2008, Beason et al. 2013). Nevertheless, these studies are in 
accordance with others made with calibrated pencil-beam 
radars, showing the most intense migration at low levels and 
a pronounced decrease with increased height: 20 to 30% of 
nocturnal onshore bird migration in Europe and North Africa 
takes place in the lowest 200 m interval, 50% below 700 m 
a.g.l., and the 90% quantile reaching heights between 1400 
and 2100 m a.g.l. The remaining 10% of migrants are usually 
scattered up to about 4000 m a.s.l. (Bruderer et al. 2018). As 
determined by modified marine or special purpose bird track-
ing radar, more than one third of the migrants in the offshore 
North Sea were flying in the lowest 200 m a.s.l., i.e. in or 
below the rotor swept area of wind turbines (Hüppop et al. 
2006, Fijn et al. 2015). Although altitude distributions can 
also be derived from WSR data (Dokter  et  al. 2011), they 

only cover the lower altitudes – where birds and bats might 
collide with anthropogenic structures – very near the radar. 
The distance from WSRs at which their altitude profiles still 
apply remains an open question in relation to monitoring 
airspace use by birds and bats flying in the vicinity of tall 
man-made structures.

In general, radar studies are particularly useful in esti-
mating numbers of birds and bats and their behaviour 
near wind farm infrastructure (Johnson  et  al. 2002, 
Desholm et al. 2006, Kunz et al. 2007, Ahlén et al. 2009, 
Villegas-Patraca et al. 2014, Hein 2017, Smallwood 2017, 
Hüppop et al. 2019, Molis  et  al. in press). Bird detection 
radar was used to monitor behavioural responses and flight 
changes of migrating common eider Somateria mollissima 
and geese in relation to offshore wind farms and helped to 
evaluate wind farm avoidance rates (Desholm and Kahlert 
2005, Plonczkier and Simms 2012). Radar-based methods 
also have been successfully used to quantify great white peli-
can Pelecanous onocrotalus flights in the vicinity of a planned 
wind farm on the coast of South Africa and model the tur-
bine collision risk (Jenkins  et  al. 2018). Sandhill cranes 
Grus canadensis were likewise monitored in flight in the 
vicinity of wind turbines and exhibited avoidance except 
in the presence of fog when flight behaviour became sig-
nificantly more circular, possibly increasing the likelihood 
of turbine collision (Kirsch et al. 2015). Fijn et al. (2012) 
studied the behaviour of Bewick’s swans Cygnus columbia-
nus bewickii wintering near a wind farm in the Netherlands. 
The swans adjusted their flight-paths to the presence of 
the wind turbines during both light and darkness by flying 
around individual turbines and between rows of turbines. 
Aschwanden et al. (2018) combined data from a dedicated 
bird radar on movement intensities with collision data from 
carcass searches near to wind turbines. Collisions mainly 
occurred during migration, but not necessarily in mass 
migration events, and primarily affected nocturnal migrat-
ing passerines. Stumpf et al. (2011) used a marine radar to 
measure flight altitudes of marbled murrelets Brachyramphus 
marmoratus transiting to and from breeding sites to improve 
predictions of collision risk with future coastal wind farm 
developments. 4.6% of murrelets were flying at or below 
the average wind turbine rotor-swept height of 130.5 m. 
According to recent findings, radar-based approaches are 
suggested for continuous monitoring of bird interactions 
with offshore oil and gas platforms (Ronconi  et  al. 2015) 
and for long-term impact assessments at offshore wind 
farms (Hüppop et al. 2002, Desholm et al. 2006, Plonczkier 
and Simms 2012).

At greater spatial scales, WSR products could be used 
to measure the temporal and spatial components of avian 
migration and provide near real-time assessment of threats of 
mortality from anthropogenic structures, such as wind tur-
bines and buildings (Shipley et al. 2017). For example, WSR 
(and other radars) can be used to identify periods with high 
flight activity of birds and bats where wind turbines should 
be slowed or shut down to reduce mortality by collision or 
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barotrauma (Arnett et al. 2011, 2016, Marques et al. 2014, 
Tomé et al. 2017).

While human safety has been of paramount concern to 
civil aviation regulatory agencies and the military, the prolif-
eration of unmanned aerial vehicles (UAVs) also poses novel 
challenges to future airspace management and conservation. 
Depending on the type of UAV, they also likely affect the 
ecology and behaviour of flying animals and might cause rest-
ing birds to take off if they are disturbed (Lambertucci et al. 
2015, McEvoy et al. 2016). As with the studies on birds’ reac-
tions to fixed obstacles, radar could help to further investigate 
how birds and bats respond to UAVs. However, this requires 
that these targets can be identified by radar. Molchanov et al. 
(2014) developed a chain for automatic target recognition of 
UAVs based on micro-Doppler signatures (Doppler modula-
tions of the returned signal caused by micro-motion dynam-
ics of the target; Gürbüz et al. 2015) that can be used with 
continuous wave radar or radars with high pulse repetition 
frequencies.

Marine radar was also used to investigate disturbance 
effects of ship traffic on waterbirds. In the North Sea and 
Baltic Sea, Bellebaum et al. (2006) measured flight distances 
of divers Gavia spp., long-tailed duck Clangula hyemalis and 
velvet scoter Melanitta fusca by the research vessels’ onboard 
radar. Perpendicular flight distances from the course of the 
vessel were 400 m (median) and 1000 m (90% percentile), 
respectively, for divers, 400 m and 700 m for velvet scoter and 
less than 200 m and 600 m for long-tailed duck. Kaiser et al. 
(2006) observed that common scoters Melanitta nigra were 
in low abundance or absent from areas in which shipping 
activity was relatively intense, even when these areas held a 
high prey biomass. Flight distance as measured by radar var-
ied according to flock size. Larger flocks flushed at distances 
from 1000 to 2000 m, while small ones flushed at distances 
of less than 1000 m.

Radar might also be useful to deter birds and bats from 
sites bearing risks for them. Ronconi and St Clair (2006) 
developed a radar-activated on-demand system for deter-
ring waterfowl from oil sands tailings ponds. Nicholls and 
Racey (2009) found that pulsed electromagnetic radiation 
from a small mobile radar can reduce bat activity close to 
the radar’s fixed antenna. Although the mechanism through 
which behaviour could be affected in this manner is unclear, 
the authors suggest that electromagnetic radiation even from 
small radars might discourage bats from approaching wind 
turbines and thus reduce collision risk. However, this is yet to 
be tested at an operational wind farm (Arnett 2017).

Foraging and habitat use

Studies of migration have comprised the main use of radar in 
entomology and ornithology, but radar techniques have also 
been applied to studies of non-migratory ‘station keeping’ 
behaviours, such as foraging (in the wide sense of appetitive 
movements to find the resources required for survival, somatic 

growth and reproduction; Dingle 2014). The application of 
radar to insect foraging is reviewed in Drake and Reynolds 
(2012, chapter 14). The main technology employed in these 
studies has been harmonic radar (Drake and Reynolds 2012, 
chapter 8; Kissling et al. 2014), where a transponder is attached 
to the individual to be tracked. This device returns signals 
to the radar at twice the transmitted frequency and, because 
the receiver is selectively tuned to this shifted frequency, all 
unwanted radar reflections (‘clutter’) from ground features 
(which would normally obscure a low-flying insect target) are 
suppressed. There are two forms of entomological unit using 
the harmonic principle: azimuthally-scanning ‘true’ radars 
which provide geometrically accurate maps of the insects’ 
flight trajectories, and harmonic direction-finders – portable 
instruments which do not provide range information but 
allow the operator to move in the direction from which the 
strongest signals are received, and thus home in on a tagged 
insect much as one might using traditional radio tracking.

Azimuthally-scanning harmonic radar is particularly 
suited to bee tracking studies, and this technology has already 
furthered work on bee navigation and pollinator ecology 
(see references in Drake and Reynolds 2012, Lihoreau et al. 
2012 and Woodgate  et  al. 2016), as well as documenting 
the (deleterious) effects of sub-lethal doses of neonicotinoid 
insecticides and glyphosate herbicide on bee foraging 
behaviour and navigational performance (Fischer et al. 2014, 
Balbuena et al. 2015, Tison et al. 2016). These studies form 
part of the accumulating evidence of harm to wild bees and 
honeybees by neonicotinoids in the environment and will 
have assisted in informing the probable ban on all uses of 
these insecticides on outdoor crops. There have also been 
scanning harmonic radar studies of foraging and short-range 
dispersal in butterflies (Cant et al. 2005, Ovaskainen et al. 
2008), indicating that this technique can be applied to taxa 
other than bees (see also Kissling et al. 2014).

Harmonic direction-finders have been used mainly on 
studies of pest insects, but also on some beneficial species 
such as natural enemies of pests (e.g. carabid beetles) and 
on other (non-insect) invertebrate species of conservation 
concern (see references in chapter 14 of Drake and Reynolds 
2012, Kissling et al. 2014). The study species often disperse 
by terrestrial locomotion or, if they can fly, do so mainly over 
short distances only. Useful information on the localized 
flight of more mobile species (e.g. dragonflies; Hardersen 
2007) has also been obtained by this technology. Allied 
techniques such as radio telemetry have also been employed 
on insects large enough to carry active transmitters (reviewed 
by Kissling  et  al. 2014). A typical example might be the 
monitoring of short-range dispersal flights of an endangered 
scarabaeid beetle Osmoderma eremita which lives in old 
hollow trees (Hedin et al. 2008, Svensson et al. 2011).

In contrast to entomology, radar has rarely been applied to 
study foraging or other local movements of individual birds 
and mammals. Active radar transponders were used to trace 
coyotes Canis latrans and further developed to be used e.g. 
in seabirds (French and Priede 1992). At least under calm 
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weather conditions, birds interacting with fishing vessels 
(Fig. 6, Assali et al. 2017) or bats foraging over the open sea 
(Ahlén et al. 2009) can be observed by marine radar. Many 
seabird species feed in large numbers at fishing vessels on 
offal or bait, where their high mortality is the main threat to 
populations worldwide (Phillips et al. 2016). But the extent 
of overlap and behaviour in relation to ships is poorly known 
(Fig. 6). Using novel biologging devices, which detect radar 
emissions and record the position of boats and seabirds, 
Weimerskirch et al. (2018) measured the extent of the over-
lap between albatrosses and fishing vessels and generated esti-
mates of the intensity of fishing and distribution of vessels in 
international waters, which has widespread implications for 
bycatch risk in seabirds and identification of areas of intense 
fishing throughout the ocean.

Analysis of WSR data has revealed that densities of 
waterbirds increased in response to temporary wetland habitat 
established for migrating birds, following the Deepwater 
Horizon oil spill in the Gulf of Mexico (Sieges et al. 2014). 
Similarly, densities of waterfowl as measured by WSR 
increased in response to restoration of wetland habitat as 
part of the Wetland Reserve Program in the U.S. (Buler et al. 
2010). In both of these examples, access to archived WSR 
data proved critical to establishing baseline measures of bird 
use prior to habitat alteration.

Perspectives and challenges

While radar has been used to study animal movements for 
almost three quarters of a century, the recent advancements 

in radar technologies and data processing, namely the 
establishment of networks of WSRs across the globe and the 
development of software to extract biological targets from 
the radar products (Dokter et al. 2019), offer a tremendous 
opportunity for comprehensively tracking and monitoring 
the movements of large numbers of flying animals across vast 
spatial scales (Fig. 1).

Furthermore, the combination with other techniques, 
such as dedicated special purpose radars, trapping and ring-
ing, biologging, citizen science data like eBird in the U.S. 
(<https://ebird.org>) and Ornitho in Europe (e.g. <www.
ornitho.de>), visual and acoustic bird counts, or thermal 
imaging can provide further information on the identity of 
the animals observed in the airspace, which still remains a 
major challenge in radar aeroecology (Desholm et al. 2006, 
Jarrah et al. 2013, Drake and Bruderer 2017, Molis et al. in 
press). Classification and quantification of aerial targets and 
their biomass will become more feasible with continuing 
technical advances, for example in hardware upgrades such 
as radar polarimetry, knowledge of species specific radar cross 
sections under various aspects, wing beat frequencies, flight 
speeds and characteristics of meteorological targets (Vaughn 
1985, Zaugg et al. 2008, Dokter et al. 2011, Nohara et al. 
2011, Stepanian et al. 2014, Gürbüz et al. 2015, Drake 2016, 
Mirkovic et al. 2016, 2018, Chilson et al. 2017, Drake et al. 
2017, McCann and Bell 2017).

In the near future, existing or developing networks of other 
types of radar might become of broader use in aeroecology 
and biological conservation, too, e.g. those of windprofilers 
(which are designed to detect turbulence in the atmosphere; 
Gürbüz et al. 2015, Weisshaupt et al. 2017, 2018) or air traf-
fic surveillance.

Taking advantage of large-scale radar networks in the lon-
ger term will elucidate the effects of global change in time 
and space of flyways, stopover and wintering site use, roosts 
(change in size, phenology and location), populations and 
numbers (including estimates of gross reproductive suc-
cess and mortality; Dokter  et  al. 2018) of aerial animals. 
Standardized monitoring programs will act as an early large-
scale warning system for population declines and may be 
used to complement data from other sources. For example, 
recently documented declines in insect biomass in Europe 
(Biesmeijer et al. 2006, Hallmann et al. 2017) may serve as 
an early indication of larger-scale issues concerning ecosystem 
health given the critical role that insects play in the majority 
of terrestrial habitats, for example as herbivores, pollinators, 
and as food for other animals.

Operational radar monitoring of pest insects, by 
facilitating earlier interventions, more efficient, targeted 
control, and thus considerably reduced pesticide application, 
will not only have economic but also indirect positive 
effects for conservation. The indiscriminate application of 
pesticides has been shown to have far-reaching ecosystem 
consequences and have been associated with population 
declines of farmland birds (Mineau and Whiteside 2013, 
Hallmann et  al. 2014, Stanton  et  al. 2018), and beneficial 
insects such as pollinators (Gilburn et al. 2015, Goulson et al. 

Figure 6. Tracks of gulls approaching and foraging at a fishing vessel 
(upper right corner) as visualized by an off-the-shelf X-band marine 
radar (25 kW peak power) installed on a research platform in the 
southern North Sea (distance between rings: 1 nautical mile). 
Herring gulls Larus argentatus, great black-backed gulls Larus mari-
nus and other gulls use the helicopter deck of the platform for rest-
ing and to ‘wait’ for fisheries activities to feed on discards and offal 
(Hüppop et al. 2008).
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2015). Routine observations from operational and research 
WSR have already been incorporated into a warning system 
for aphids and other migratory insect pests invading southern 
Finland; early detection of the pests provided extra time in 
which to implement control measures (Leskinen et al. 2011). 
Vertical-beam entomological radars are a useful component 
of the decision-support system for management of Australian 
plague locusts Chortoicetes terminifera, by serving as ‘sentinels’ 
alerting forecasters of significant nocturnal movements (Drake 
and Wang 2013). Similar early warning systems could be 
applied far more widely to target pest management activities 
by monitoring pest species movements before numbers reach 
critical levels or by identifying source populations.

Application of knowledge of migratory bird natural his-
tory and the response of flying animals to weather conditions 
(Becciu et al. 2019) will further assist in the development of 
radar based predictive models to forecast migration and other 
movements (Shamoun-Baranes et al. 2008, Van Doren and 
Horton 2018, Nilsson et al. 2019) which can be relevant for 
conservation. Doppler-WSR offers the unique opportunity 
to measure weather (wind and rain as important variables 
influencing e.g. bird and insect migration intensity) and aer-
ial animal movements simultaneously with the same sensor 
(Trombe et al. 2014).

For the Netherlands and Belgium, the FlySafe Bird 
Avoidance Model provides near real-time information and 
forecast on large scale bird mobility in the air space, includ-
ing bird density measurements, predictions and altitude 
profiles (Ginati  et  al. 2010, < www.flysafe-birdtam.eu >). 
The German Army Geoinformation Office issues notices 
on passage of flocks of birds through airspace (BIRDTAM; 
< www.notams.faa.gov/birdtam >). Recently, Van Doren 
and Horton (2018) developed models for forecasting bird 
migration across the United States. Such predictions could 
contribute to the conservation of migrants by providing an 
early warning system, for example by allowing stakehold-
ers to switch off wind turbines or artificial lights at critical 
moments, thus reducing mortality while keeping economic 
losses low. Near real-time analysis of WSR data can be used 
for creating bird-avoidance models to forecast risks for col-
lisions between birds and aircraft (Shamoun-Baranes  et  al. 
2008, van Gasteren et al. 2019, < www.flysafe-birdtam.eu >, 
<www.notams.faa.gov/birdtam>).

Radar will play an increasing role in revealing the ecol-
ogy of the airspace and in conservation planning and moni-
toring of flying animals and their habitats. Radar data have 
become a standard source of information on ecosystem struc-
ture, composition (despite its limitations in identifying taxo-
nomic groups), and function in ways that will inform on the 
wider spatial and temporal changes occurring globally. Radar 
can be used to identify where flying animals concentrate 
into hot-spots that may be occupied seasonally or through-
out much of the year. The proliferation of aerial man-made 
structures – from communications towers through wind tur-
bines to UAVs – increases the likelihood that environmental 
law will eventually encounter the concept of aerial habitat. 

This is already happening in New Zealand (Wallace 2007) 
and anticipates a time when aerial conservation reserves 
become reality as part of larger species preservation networks 
that include all forms of habitat.

Given the trajectory of recent research, it is apparent that 
radar will continue to advance our knowledge of the biology of 
birds, bats, insects, and other aerial biota. The larger challenges 
lie in developing the technical, legal, and educational 
infrastructure required to actually put these advances into 
practice toward the conservation of flying animals.

Acknowledgements – Felix Liechti and Hans van Gasteren provided 
key input for Table 1.
Funding – We gratefully acknowledge the support provided by 
the COST – European Cooperation in Science and Technology 
Action no. ES1305 ‘European Network for the Radar Surveillance 
of Animal Movement’ (ENRAM). MHMM was partly supported 
by COST STSM ES1305-38062 and the Burgergemeinde Bern. 
Rothamsted Research receives grant-aided support from the United 
Kingdom Biotechnology and Biological Sciences Research Council 
(BBSRC).

References

Ahlén, I.  et  al. 2009. Behavior of Scandinavian bats during 
migration and foraging at sea. – J. Mammal. 90: 1318–1323.

Ainslie, B. and Jackson, P. L. 2011. Investigation into mountain 
pine beetle above-canopy dispersion using weather radar and an 
atmospheric dispersion model. – Aerobiologia 27: 51–65.

Alerstam, T. 1972. Noctural bird migration in Skane, Sweden, as 
recorded by radar in autumn 1971. – Ornis Scand. 3: 141–151.

Alerstam, T. and Gudmundsson, G. A. 1999. Migration patterns 
of tundra birds: tracking radar observations along the Northeast 
Passage. – Arctic 52: 346–371.

Arnett, E. B. 2017. Mitigating bat collision. – In: Perrow, M. (ed.), 
Wildlife and wind farms, conflicts and solutions. Volume 2. 
Onshore: monitoring and mitigation. Pelagic, pp. 167–184.

Arnett, E. B.  et  al. 2011. Altering turbine speed reduces bat 
mortality at wind-energy facilities. – Front. Ecol. Environ. 9: 
209–214.

Arnett, E. B. et al. 2016. Impacts of wind energy development on 
bats: a global perspective. – In: Voigt, C. C. and Kingston, T. 
(eds), Bats in the Anthropocene: conservation of bats in a 
changing world. Springer, pp. 295–323.

Aschwanden, J.  et  al. 2018. Bird collisions at wind turbines in a 
mountainous area related to bird movement intensities measured 
by radar. – Biol. Conserv. 220: 228–236.

Assali, C. et al. 2017. Seabird distribution patterns observed with 
fishing vessel’s radar reveal previously undescribed sub-meso-
scale clusters. – Sci. Rep. 7: 7364.

Aumann, H. et al. 2013. A low-cost harmonic radar for tracking 
very small tagged amphibians. – Proceedings 2013 IEEE 
International Instrumentation and Measurement Technology 
Conference (I2MTC), Minneapolis, USA, pp. 234–237.

Bairlein, F. 2016. Migratory birds under threat. – Science 354: 
547–548.

Balbuena, M. S. et al. 2015. Effects of sublethal doses of glyphosate 
on honeybee navigation. – J. Exp. Biol. 218: 2799–2805.



15

Ballasus, H. et al. 2009. Artificial light as a threat for birds and bats. 
– Ber. Vogelsch. 46: 127–157.

Barrington, R. M. 1900. The migration of birds as observed at Irish 
lighthouses and lightships. – Edward Posonby.

Bauer, S. and Hoye, B. J. 2014. Migratory animals couple biodi-
versity and ecosystem functioning worldwide. – Science 344: 
1242552.

Bauer, S. et al. 2017. From agricultural benefits to aviation safety: 
realizing the potential of continent-wide radar networks.  
– BioScience 67: 912–918.

Bauer, S.  et  al. 2019. The grand challenges of migration ecology 
that radar aeroecology can help answer. – Ecography 42: 
xxx–xxx.

Bayly, N. J.  et  al. 2017. Major stopover regions and migratory 
bottlenecks for Nearctic-Neotropical landbirds within the 
Neotropics: a review. – Bird Conserv. Int. 28: 1–26.

Beason, R. C.  et  al. 2013. Beware of the Boojum: caveats and 
strengths of avian radar. – Hum. Wildl. Interact. 7: 16–46.

Becciu, P.  et  al. 2019. Environmental effects on flying migrants 
revealed by radar. – Ecography 42: xxx–xxx.

Bellebaum, J.  et  al. 2006. Flucht- und Meidedistanzen überwin-
ternder Seetaucher und Meeresenten gegenüber Schiffen auf 
See. – Ornithol. Rundbrief Mecklenburg-Vorpommern 45: 
86–90.

Biesmeijer, J. C.  et  al. 2006. Parallel declines in pollinators and 
insect-pollinated plants in Britain and the Netherlands.  
– Science 313: 351–354.

Boulanger, Y. et al. 2017. The use of weather surveillance radar and 
high-resolution three dimensional weather data to monitor a 
spruce budworm mass exodus flight. – Agric. For. Meteorol. 
234: 127–135.

Bridge, E. S. et al. 2011. Technology on the move: recent and forth-
coming innovations for tracking migratory birds. – BioScience 
61: 689–698.

Bridge, E. S.  et  al. 2016. Persistence and habitat associations of 
purple martin roosts quantified via weather surveillance radar. 
– Landscape Ecol. 31: 43–53.

Brooks, M. 1945. Electronics as a possible aid in the study of bird 
flight and migration. – Science 101: 329.

Bruderer, B. 1997a. The study of bird migration by radar. Part 1: 
the technical basis. – Naturwissenschaften 84: 1–8.

Bruderer, B. 1997b. The study of bird migration by radar. Part 2: 
major achievements. – Naturwissenschaften 84: 45–54.

Bruderer, B. 2003. The radar window to bird migration. – In: 
Berthold, P. et al. (eds), Avian migration. Springer, pp. 347–358.

Bruderer, B. and Liechti, F. 2004. Welcher Anteil ziehender Vögel 
fliegt im Höhenbereich von Windturbinen? – Ornithol. Beob. 
101: 327–335.

Bruderer, B. et al. 1995. Short-range high-precision surveillance of 
nocturnal migration and tracking of single targets. – Isr. J. Zool. 
41: 207–220.

Bruderer, B. et al. 1999. Behaviour of migrating birds exposed to 
X-band radar and a bright light beam. – J. Exp. Biol. 202: 
1015–1022.

Bruderer, B.  et  al. 2012: Vom militärischen Zielfolgeradar zum 
Vogelradar. – Ornithol. Beob. 109: 157–176.

Bruderer, B.  et  al. 2018. Vertical distribution of bird migration 
between the Baltic Sea and the Sahara. – J. Ornithol. 159: 
315–336.

Buler, J. J. and Moore, F. R. 2011. Migrant-habitat relationships 
during stopover along an ecological barrier: extrinsic constraints 
and conservation implications. – J. Ornithol. 152: S101–S112.

Buler, J. J. and Dawson, D. K. 2014. Radar analysis of fall bird 
migration stopover sites in the northeastern U.S. – Condor 116: 
357–370.

Buler, J. J. et al. 2010. An assessment of wintering waterfowl use 
of Wetland Reserve Program restored wetlands in California 
using NEXRAD weather radar. – Final report to Natural 
Resources Conservation Service, <www.nrcs.usda.gov/Internet/
FSE_DOCUMENTS/stelprdb1041604.pdf>.

Buler, J. J. et al. 2012. Mapping wintering waterfowl distributions 
using weather surveillance radar. – PLoS One 7: e41571.

Buss, I. O. 1946. Bird detection by radar. – Auk 63: 315–318.
Buurma, L. S. 1995. Long-range surveillance radars as indicators 

of bird numbers aloft. – Isr. J. Zool. 41: 221–236.
Cant, E. T.  et  al. 2005. Tracking butterfly flight paths across the 

landscape with harmonic radar. – Proc. R. Soc. B 272: 785–790.
Chandrasekar, V.  et  al. 2013. Recent advances in classification of 

observations from dual polarization weather radars. – Atmos. 
Res. 119: 97–111.

Chapman, J. W. et al. 2003. Vertical-looking radar: a new tool for 
monitoring high-altitude insect migration. – Bioscience 53: 
503–511.

Chapman, J. W. et al. 2005. Mass aerial migration in the carabid 
beetle Notiophilus biguttatus. – Ecol. Entomol. 30: 264–272.

Chapman, J. W.  et  al. 2015. Long-range seasonal migration in 
insects: mechanisms, evolutionary drivers and ecological 
consequences. – Ecol. Lett. 18: 287–302.

Chilson, P. B.  et  al. 2017. Radar aeroecology. – In: Chilson, 
P. B. et al. (eds), Aeroecology. Springer, pp. 277–309.

Clarke, M. E. 1912. Studies in bird migration. – Gurney and 
Jackson.

Cooper, B. A.  et  al. 1991. An improved marine radar system for 
studies of bird migration. – J. Field Ornithol. 62: 367–377.

Cooper, B. A.  et  al. 2001. Radar-based monitoring of marbled 
murrelets. – Condor 103: 219–229.

Cragg, J. L. et al. 2016. Techniques for monitoring Brachyramphus 
murrelets: a comparison of radar, autonomous acoustic 
recording and audio-visual surveys. – Wildl. Soc. B. 40: 
130–139.

Davy, C. M. et al. 2017. Aeroconservation for the fragmented skies. 
– Conserv. Lett. 10: 773–780.

Day, R. H. and Cooper, B. A. 1995. Patterns of movement of dark-
rumped petrels and Newell’s shearwaters on Kauai. – Condor 
97: 1011–1027.

Day, R. H. et al. 2003. Decline of Townsend’s (Newell’s) shearwa-
ters (Puffinus auricularis newelli) on Kauai, Hawaii. – Auk 120: 
669–679.

DeProspo, D. F. et al. 2005. Radar-based detection, tracking and 
speciation of marine mammals from ships. – Arete Associates 
Arlington, <www.dtic.mil/dtic/tr/fulltext/u2/a482441.pdf> 
accessed 4 April 2018.

Desholm, M. and Kahlert, J. 2005. Avian collision risk at an off-
shore wind farm. – Biol. Lett. 1: 296–298.

Desholm, M.  et  al. 2006. Remote techniques for counting and 
estimating the number of bird–wind turbine collisions at sea: a 
review. – Ibis 148 (Suppl. 1): 76–89.

Diehl, R. H. 2013. The airspace is habitat. – Trends Ecol. Evol. 28: 
377–379.

Diehl, R. H. et al. 2003. Radar observations of bird migration over 
the Great Lakes. – Auk 120: 278–290.

Diehl, R. H.  et  al. 2018. Extending the habitat concept to the 
airspace. – In: Chilson, P.  et  al. (eds), Aeroecology. Springer, 
pp. 47–70.



16

Dingle, H. 2014. Migration: the biology of life on the move, 2nd 
ed. – Oxford Univ. Press.

Dokter, A. M. et al. 2011. Bird migration flight altitudes studied 
by a network of operational weather radars. – J. R. Soc. Interface 
8: 30–43

Dokter, A. M.  et  al. 2018. Seasonal abundance and survival of 
North America’s migratory avifauna determined by weather 
radar. – Nat. Ecol. Evol. 2: 1603–1609.

Dokter, A. M.  et  al. 2019. bioRad: biological analysis and 
visualization of weather radar data. – Ecography 42: xxx–xxx.

Doumbouya, A. et al. 2017. Assessing the effectiveness of monitor-
ing control and surveillance of illegal fishing: the case of west 
Africa. – Front. Mar. Sci. 4: doi.org/10.3389/fmars.2017.00050

Drake, V. A. 2016. Distinguishing target classes in observations 
from vertically pointing entomological radars. – Int. J. Remote 
Sens. 37: 3811–3835.

Drake, V. A. and Reynolds, D. R. 2012. Radar entomology: observ-
ing insect flight and migration. – CABI.

Drake, V. A. and Wang, H. K. 2013. Recognition and characteriza-
tion of migratory movements of Australian plague locusts, 
Chortoicetes terminifera, with an insect monitoring radar. – J. 
Appl. Remote Sens. 7: 075095.

Drake, A. V. and Bruderer, B. 2017. Aeroecological observation 
methods. – In: Chilson, P. B. et al. (eds), Aeroecology. Springer, 
pp. 201–237.

Drake, V. A. and Wang, H. 2018. Ascent and descent rates of 
high-flying insect migrants determined with a non-coherent 
vertical-beam entomological radar. – Int. J. Remote Sens. 
doi:10.1080/01431161.2018.1519283

Drake, V. A.  et  al. 2017. Ventral-aspect radar cross sections and 
polarization patterns of insects at X band and their relation to 
size and form. – Int. J. Remote Sens. 38: 5022–5044.

Drewitt, A. L. and Langston, R. H. W. 2008. Collision effects of 
wind-power generators and other obstacles on birds. – Ann. 
N. Y. Acad. Sci. 1134: 233–266.

Drury, W. H. and Keith, J. A. 1962. Radar studies of songbird 
migration in coastal New England. – Ibis 104: 449–489.

Eastwood, E. 1967. Radar ornithology. – Methuen
Eisenbeis, G. 2006 Artificial night lighting and insects: attraction 

of insects to streetlamps in a rural setting in Germany. – In: 
Rich, C. and Longcore, T. (eds), Ecological consequences of 
artificial night lighting. Island Press, pp. 281–304.

Engelstoft, C.  et  al. 1999. The harmonic direction finder: a new 
method for tracking movements of small snakes. – Herpetol. 
Rev. 30: 84–87.

Feng, H.-Q. et al. 2006. Nocturnal migration of dragonflies over 
the Bohai Sea in northern China. – Ecol. Entomol. 31: 
511–520.

Fijn, R. C.  et  al. 2012. Habitat use, disturbance and collision  
risks for Bewick’s swans Cygnus columbianus bewickii  
wintering near a wind farm in the Netherlands. – Wildfowl 
62: 97–116.

Fijn, R. C. et al. 2015. Bird movements at rotor heights measured 
continuously with vertical radar at a Dutch offshore wind farm. 
– Ibis 157: 558–566.

Fingas, M. and Brown, C. 2014. Review of oil spill remote sensing. 
– Mar. Pollut. Bull. 83: 9–23.

Fischer, J. et al. 2014. Neonicotinoids interfere with specific com-
ponents of navigation in honeybees. – PLoS One 9: e91364.

French, J. and Priede, I. G. 1992. A microwave radar transponder 
for tracking studies. – In: Priede, I. G. and Swift, S. M. (eds), 

Wildlife telemetry: remote monitoring and tracking of animals. 
Ellis Horwood, pp. 41–55.

Gätke, H. 1895. Heligoland as an ornithological observatory.  
– Douglas.

Gauthreaux, S. A. Jr 1991. The flight behavior of migrating birds 
in changing wind fields: radar and visual analyses. – Am. Zool. 
31: 187–204.

Gauthreaux, S. A. Jr 1992. The use of weather radar to monitor 
long-term patterns of trans-Gulf migration in spring. – In: 
Hagan, J. M. and Johnston, D. W. (eds), Ecology and conserva-
tion of neotropical migrant landbirds. Smithsonian Inst. Press, 
pp. 96–100.

Gauthreaux, S. A. Jr and Belser, C. G. 2003. Radar ornithology 
and biological conservation. – Auk 120: 266–277.

Gauthreaux, S. A. Jr and Belser, C. G. 2006. Effects of artificial 
night lighting on migrating birds. – In: Rich, C. and Longcore, 
T. (eds), Ecological consequences of artificial night lighting. 
Island Press, pp. 67–93.

Gauthreaux, S. A.  et  al. 2003. Using a network of WSR-88D 
weather surveillance radars to define patterns of bird migration 
at large spatial scales. – In: Berthold, P. et al. (eds), Avian migra-
tion. Springer, pp. 335–346.

Gerringer, M. B. et al. 2016. Evaluation of an avian radar system 
in a midwestern landscape. – Wildl. Soc. Bull. 40: 150–159.

Gilburn, A. S. et al. 2015. Are neonicotinoid insecticides driving 
declines of widespread butterflies? – PeerJ 3: e1402.

Ginati, A. et al. 2010. FlySafe: an early warning system to reduce 
risk of bird strikes. – Eur. Space Agency Bull. 144: 46–55.

Goulson, D.  et  al. 2015. Bee declines driven by combined stress 
from parasites, pesticides, and lack of flowers. – Science 347: 
1255957.

Gourret, A. et al. 2011. Very small, light dipole harmonic tags for 
tracking small animals. – Herpetol. Rev. 42: 522–525.

Gürbüz, S. Z.  et  al. 2015. Exploring the skies: technological 
challenges in radar aeroecology. – Radar Conference (RadarCon), 
IEEE, <https://doi.org/10.1109/radar.2015.7131108>.

Hahn, S. et al. 2009. The natural link between Europe and Africa 
– 2.1 billion birds on migration. – Oikos 118: 624–626.

Hallmann, C. A.  et  al. 2014. Declines in insectivorous birds are 
associated with high neonicotinoid concentrations. – Nature 
511: 341–343.

Hallmann, C. A. et  al. 2017. More than 75 percent decline over 
27 years in total flying insect biomass in protected areas. – PLoS 
One 12: e0185809.

Hamer, T. E. et al. 2005. Radar as a tool for monitoring Xantus’s 
murrelet populations. – Mar. Ornithol. 33: 139–146.

Hardersen, S. 2007. Telemetry of Anisoptera after emergence – first 
results (Odonata). – J. Odonatol. 10: 189–202.

Harmata, A. R.  et  al. 1999. Using marine surveillance radar to 
study bird movements and impact assessment. – Wildl. Soc. 
Bull. 27: 44–52.

Hedin, J. et al. 2008. Restricted dispersal in a flying beetle assessed 
by telemetry. – Biodivers. Conserv. 17: 675–684.

Hein, C. D. 2017. Monitoring bats. – In: Perrow, M. (ed.), Wildlife 
and wind farms, conflicts and solutions. Volume 2. Onshore: 
monitoring and mitigation. Pelagic, pp. 31–57.

Hill, R.  et  al. 2014. Of birds, blades and barriers: detecting  
and analysing mass migration events at alpha ventus. – In: 
Beiersdorf, A. and Wollny-Goerke, K. (eds), Ecological  
research at the offshore windfarm alpha ventus. Springer,  
pp. 111–131.



17

Horn, J. W. and Kunz, T. H. 2008. Analyzing NEXRAD Doppler 
radar images to assess nightly dispersal patterns and population 
trends in Brazilian free-tailed bats (Tadarida brasiliensis).  
– Integr. Comp. Biol. 48: 24–39.

Horton, K. G.  et  al. 2015. A comparison of traffic estimates of 
nocturnal flying animals using radar, thermal imaging, and 
acoustic recording. – Ecol. Appl. 25: 390–401.

Howison, R. A. et al. 2018. Quantifying landscape-level land-use 
intensity patterns through radar-based remote sensing. – J. 
Appl. Ecol. 55: 1276–1287.

Hu, G.  et  al. 2016. Mass seasonal bioflows of high-flying insect 
migrants. – Science 354: 1584–1587.

Hüppop, O. and Hill, R. 2016. Migration phenology and behav-
iour of bats at a research platform in the south-eastern North 
Sea. – Lutra 59: 5–22.

Hüppop, O.  et  al. 2002. Recommendations for project-related 
studies of possible impacts of marine wind farms during con-
struction and operation on birds. – Ber. Vogelschutz 39: 77–94.

Hüppop, O.  et  al. 2006. Bird migration studies and potential 
collision risk with offshore wind turbines. – Ibis 148 (Suppl. 1): 
90–109.

Hüppop, O.  et  al. 2008. Fischereibedingte Aktivitätsmuster von 
Großmöwen auf See. – Jber. Inst. Vogelforschung 8: 19–20.

Hüppop, O. et al. 2016. Bird collisions at an offshore platform in 
the North Sea. – Bird Study 63: 73–82.

Hüppop, O. et al. 2019. Migratory birds and bats. – In: Perrow, 
M. (ed.), Wildlife and wind farms, conflicts and solutions. 
Volume 3. Offshore: potential effects. Pelagic, in press.

Jänicke, B. and Stork, H.-J. 1979. Großräumige Umlenkung der 
Schlafplatzflüge von Krähen durch Silvesterlärm. – J. Ornithol. 
120: 326–327.

Jarrah, A.  et  al. 2013. Sensitivity analysis for optimal parameters 
for marine radar data processing. – Am. J. Signal Process. 3: 
78–83.

Jenkins, A. R. et al. 2018. Combining radar and direct observation 
to estimate pelican collision risk at a proposed wind farm  
on the Cape west coast, South Africa. – PLoS One 13: 
e0192515.

Johnson, G. D. et al. 2002. Collision mortality of local and migrant 
birds at a large-scale wind-power development on Buffalo 
Ridge, Minnesota. – Wildl. Soc. Bull. 30: 879–887.

Kaiser, M. J. et al. 2006. Distribution and behaviour of common 
scoter Melanitta nigra relative to prey resources and environ-
mental parameters. – Ibis 148: 110–128.

Kelly, J. F.  et  al. 2012. Quantifying animal phenology in the 
aerosphere at a continental scale using NEXRAD weather 
radars. – Ecosphere 3: 1–9.

Kelly, J. F.  et  al. 2016. Novel measures of continental-scale avian 
migration phenology related to proximate environmental cues. 
– Ecosphere 7: e01434.

Kelly, J. F.  et  al. 2017. The pulse of the planet: measuring and 
interpreting phenology of avian migration. – In: Chilson, 
P. B. et al. (eds), Aeroecology. Springer, pp. 401–425.

Kirby, J. S.  et  al. 2008. Key conservation issues for migratory 
land- and waterbird species on the world’s major flyways. – Bird 
Conserv. Int. 18: S49–S73.

Kirsch, E. M.  et  al. 2015. Observation of sandhill cranes’ (Grus 
canadensis) flight behavior in heavy fog. – Wilson J. Ornithol. 
127: 281–288.

Kissling, W. D.  et  al. 2014. Challenges and prospects in the 
telemetry of insects. – Biol. Rev. 89: 511–530.

Konrad, T. G. et al. 1968. Radar characteristics of birds in flight. 
– Science 159: 274–280.

Kuenzer, C.  et  al. 2014. Earth observation satellite sensors for 
biodiversity monitoring: potentials and bottlenecks. – Int. J. 
Remote Sens. 35: 6599–6647.

Kunz, T. H.  et  al. 2007. Assessing impacts of wind-energy 
development on nocturnally active birds and bats: a guidance 
document. – J. Wildl. Manage. 71: 2449–2486.

Kunz, T. H. et al. 2008. Aeroecology: probing and modeling the 
aerosphere. – Integr. Comp. Biol. 48: 1–11.

Kyba, C. C. M. et al. 2017. Artificially lit surface of Earth at night 
increasing in radiance and extent. – Sci. Adv. 3: e1701528

Lack, D. 1959. Migration across the sea. – Ibis 101: 374–399.
Lack, D. 1960. The height of bird migration. – Br. Birds 53:  

5–10.
Lack, D. and Varley, G. 1945. Detection of birds by radar. – Nature 

156: 446.
Lambertucci, S. A.  et  al. 2015. Human–wildlife conflicts in a 

crowded airspace. – Science 348: 502–504.
Larkin, R. P. and Frase, B. A. 1988. Circular paths of birds flying 

near a broadcasting tower in cloud. – J. Comp. Psychol. 102: 
90–93.

Lee, D.-J. and Kim, K.-S. 2004. Detection, identification and 
surveillance system development of illegal fishing vessels in 
inshore fishing ground. – Korean J. Fish. Aquat. Sci. 37: 
337–344.

Leskinen, M. et al. 2011. Pest insect immigration warning by an 
atmospheric dispersion model, weather radars and traps. – J. 
Appl. Entomol. 135: 55–67.

Lewis, H. F. 1927. Destruction of birds by lighthouses in the 
provinces of Ontario and Quebec. – Can. Field-Nat. 41: 55–58.

Lihoreau, M. D. et al. 2012. Radar tracking and motion-sensitive 
cameras on flowers reveal the development of pollinator multi-
destination routes over large spatial scales. – PLoS Biol. 10: 
e1001392.

Mabee, T. J. and Cooper, B. A. 2004. Nocturnal bird migration  
in northeastern Oregon and southeastern Washington.  
– Northwest. Nat. 85: 39–47.

Marques, A. T. et al. 2014. Understanding bird collisions at wind 
farms: an updated review on the causes and possible mitigation 
strategies. – Biol. Conserv. 179: 40–52.

Martin, G. R. 1990. The visual problems of nocturnal migration. 
– In: Gwinner, E. (ed.), Bird migration: physiology and eco-
physiology. Springer, pp. 185–197.

Martin, T. G. et al. 2007. Optimal conservation of migratory spe-
cies. – PLoS One 2: e751.

Mathews, F. et al. 2015. Barriers and benefits: implications of arti-
ficial night-lighting for the distribution of common bats in 
Britain and Ireland. – Phil. Trans. R. Soc. B 370: 20140124.

McCann, D. L. and Bell, P. S. 2017. Observations and tracking of 
killer whales (Orcinus orca) with shore-based X-band marine 
radar at a marine energy test site. – Mar. Mamm. Sci. 33: 
904–912.

McEvoy, J. F.  et  al. 2016. Evaluation of unmanned aerial vehicle 
shape, flight path and camera type for waterfowl surveys: 
disturbance effects and species recognition. – PeerJ 4: e1831.

McLaren, J. D.  et  al. 2018. Artificial light at night confounds 
broad-scale habitat use by migrating birds. – Ecol. Lett. 21: 
356–364.

Melnikov, V. M. et al. 2014. Asymmetric radar echo patterns from 
insects. – J. Atmos. Oceanic Technol. 32: 659–674.



18

Mineau, P. and Whiteside, M. 2013. Pesticide acute toxicity is a 
better correlate of U.S. grassland bird declines than agricultural 
intensification. – PLoS One 8: e57457.

Mirkovic, D. et al. 2016. Electromagnetic model reliably predicts 
radar scattering characteristics of airborne organisms. – Sci. 
Rep. 6: 35637.

Mirkovic, D.  et  al. 2018. Characterizing animal anatomy and 
internal composition for electromagnetic modelling in radar 
entomology. – Remote Sens. Ecol. Conserv. doi:10.1002/
rse2.94

Molchanov, P. et al. 2014. Classification of small UAVs and birds 
by micro-Doppler signatures. – Int. J. Microwave Wireless 
Technol. 6: 435–444.

Molis, M.  et  al. in press. Measuring and modelling bird and bat 
collisions. – In: Perrow, M. (ed.), Wildlife and wind farms, 
conflicts and solutions. Volume 4. Offshore: monitoring and 
mitigation. Pelagic, in press.

Munro, J. A. 1924. A preliminary report on the destruction of birds 
at lighthouses on the coast of British Columbia. – Can. Field-
Nat. 38: 141–145.

Myres, M. T. and Apps, R. F. 1973. Migration of birds over the 
south coast of China recorded by radar. – Nature 241: 552–552.

Nicholls, B. and Racey, P. A. 2009. The aversive effect of 
electromagnetic radiation on foraging bats – a possible means 
of discouraging bats from approaching wind turbines. – PLoS 
One 4: e6246.

Nieminen, M. et al. 2000. Doppler radar detection of exceptional 
mass-migration of aphids into Finland. – Int. J. Biometeorol. 
44: 172–181.

Nilsson, C. et al. 2019. Revealing patterns of nocturnal migration 
using the European weather radar network. – Ecography 42: 
xxx–xxx.

Nohara, T. J.  et  al. 2011. Using radar cross-section to enhance 
situational awareness tools for airport avian radars. – Hum.-
Wildl. Interact. 5: 210–217.

O’Mara, M. T.  et  al. 2014. 50 years of bat tracking: device 
attachment and future directions. – Methods Ecol. Evol. 5: 
311–319.

Ovaskainen, O.  et  al. 2008. Tracking butterfly movements with 
harmonic radar reveals an effect of population age on movement 
distance. – Proc. Natl Acad. Sci. USA 105: 19090–19095.

Panuccio, M.  et  al. 2018. Migrating raptor counts: the need for 
sharing objectives and field protocols, and the benefits of using 
radar. – Bird Study, doi:10.1080/00063657.2018.1506423

Phillips, R. et al. 2016. The conservation status and priorities for 
albatrosses and large petrels. – Biol. Conserv. 201: 169–183.

Plonczkier, P. and Simms, I. C. 2012. Radar monitoring of 
migrating pink-footed geese: behavioural responses to offshore 
wind farm development. – J. Appl. Ecol. 49: 1187–1194.

Raphael, M. G. et al. 2002. Landscape-scale relationships between 
abundance of marbled murrelets and distribution of nesting 
habitat. – Condor 104: 331–342.

Reche, I. et al. 2018. Deposition rates of viruses and bacteria above 
the atmospheric boundary layer. – ISME J. 12: 1154–1162.

Rennie, S. J. 2012. Doppler weather radar in Australia. – CAWCR 
(Centre for Australian Weather and Climate Research) Technical 
Report 055, Bureau of Meteorology, Melbourne.

Rennie, S. J. 2014. Common orientation and layering of migrating 
insects in southeastern Australia observed with a Doppler 
weather radar. – Meteorol. Appl. 21: 218–229.

Reynolds, D. R. et al. 2017. Riders on the wind: the aeroecology 
of insect migrants. – In: Chilson, P. B. et al. (eds), Aeroecology. 
Springer, pp. 145–177.

Roeleke, M.  et  al. 2016. Habitat use of bats in relation to wind 
turbines revealed by GPS tracking. – Sci. Rep. 6: 28961.

Ronconi, R. A. and St Clair, C. C. 2006. Efficacy of a radar-
activated on-demand system for deterring waterfowl from oil 
sands tailings ponds. – J. Appl. Ecol. 43: 111–119.

Ronconi, R. A. et al. 2015. Bird interactions with offshore oil and 
gas platforms: review of impacts and monitoring techniques. 
– J. Environ. Manage. 147: 34–45.

Roznik, E. A. and Alford, R. A. 2015. Seasonal ecology and 
behavior of an endangered rainforest frog (Litoria rheocola) 
threatened by disease. – PLoS One 10: e0127851.

Ruhe, W. 2000. ASR – bird observation program at German 
Airports. – Proc. 25, IBSC Meeting, Amsterdam, pp. 157–165.

Runge, C. A. et al. 2014. Conserving mobile species. – Front. Ecol. 
Environ. 12: 395–402

Runge, C. A. et al. 2015. Protected areas and global conservation 
of migratory birds. – Science 350: 1255–1258.

Russell, K. R. and Gauthreaux, S. A. Jr 1998. Use of weather radar 
to characterize movements of roosting purple martins. – Wildl. 
Soc. Bull. 26: 5–16.

Russell, K. R. D. et al. 1998. Large-scale mapping of purple martin 
pre-migratory roosts using WSR-88D weather surveillance 
radar. – J. Field Ornithol. 69: 316–325.

Ruth, J. M. et al. 2012. Migrating birds’ use of stopover habitat in 
the southwestern United States. – Condor 114: 698–710.

Rydell, J.  et  al. 2014. Phenology of migratory bat activity across 
the Baltic Sea and the south-eastern North Sea. – Acta 
Chiropterol. 16: 139–147.

Schaefer, G. W. 1968. Bird recognition by radar: a study in 
quantitative radar ornithology. – In: Murton, R. K. (ed.), 
The problems of birds as pests. Academic Press, pp. 53–56.

Schmaljohann, H. et al. 2008. Quantification of bird migration by 
radar – a detection probability problem. – Ibis 150: 342–355.

Shamoun-Baranes, J. et al. 2008. Avian information systems: devel-
oping web-based bird avoidance models. – Ecol. Soc. 13: 38.

Shamoun-Baranes, J. et al. 2011. Birds flee en mass from New Year’s 
Eve fireworks. – Behav. Ecol. 22: 1173–1177.

Shamoun-Baranes, J. et al. 2014. Continental-scale radar monitor-
ing of aerial movement of animals. – Movement Ecol. 2: 9.

Sherry, T. W. 2018. Identifying migratory birds’ population 
bottlenecks in time and space. – Proc. Natl Acad. Sci. USA 115: 
3515–3517.

Shields, W. M. and Bildstein, K. L. 1979. Birds versus bats: 
behavioral interactions at a localized food source. – Ecology 60: 
468–474.

Shipley, J. R.  et  al. 2017. Toward integrating citizen science and 
radar data for migrant bird conservation. – Remote Sens. Ecol. 
Conserv. 2: 127–136.

Sieges, M. L.  et  al. 2014. Assessment of bird response to the 
Migratory Bird Habitat Initiative using weather-surveillance 
radar. – Southeast. Nat. 13: G36–G65.

Smallwood, K. S. 2017. Monitoring birds. – In: Perrow, M. (ed.), 
Wildlife and wind farms, conflicts and solutions. Volume 2. 
Onshore: monitoring and mitigation. Pelagic, pp. 1–30.

Stanton, R. L. et al. 2018. Analysis of trends and agricultural drivers 
of farmland bird declines in North America: a review. – Agric. 
Ecosyst. Environ. 254: 244–254.



19

Stepanian, P. M. and Horton, K. G. 2015. Extracting migrant flight 
orientation profiles using polarimetric radar. – IEEE Trans. 
Geosci. Remote Sens. 53: 6518–6528.

Stepanian, P. M. and Wainwright, C. E. 2018. Ongoing changes 
in migration phenology and winter residency at Bracken Bat 
Cave. – Global Change Biol. 24: 3266–3275.

Stepanian, P. M. et al. 2014. An introduction to radar image pro-
cessing in ecology. – Methods Ecol. Evol. 5: 730–738.

Stepanian, P. M. et al. 2016. Dual-polarization radar products for 
biological applications. – Ecosphere 7: e01539.

Stickroth, H. 2015. Effects of fireworks on birds – a critical 
overview. – Ber. Vogelschutz 52: 115–149.

Studds, C. E. et al. 2017. Rapid population decline in migratory 
shorebirds relying on Yellow Sea tidal mudflats as stopover sites. 
– Nat. Commun. 8: 14895.

Stumpf, J. P.  et  al. 2011. Flight height distribution and collision 
risk of the marbled murrelet Brachyramphus marmoratus: meth-
odology and preliminary results. – Mar. Ornithol. 39: 123–128.

Stutchbury, B. J. M. et al. 2009. Tracking long-distance songbird 
migration by using geolocators. – Science 323: 896–896.

Sutter, E. 1957. Radar als Hilfsmittel der Vogelzugforschung.  
– Ornithol. Beob. 54: 70–96.

Svensson, G. P. et al. 2011. Should I stay or should I go? Modelling 
dispersal strategies in saproxylic insects based on pheromone 
capture and radio telemetry a case study on the threatened her-
mit beetle Osmoderma eremita. – Biodivers. Conserv. 20: 
2883–2902.

Tison, L. et al. 2016. Honey bees’ behavior is impaired by chronic 
exposure to the neonicotinoid thiacloprid in the field. – Envi-
ron. Sci. Technol. 50: 7218–7227.

Tomé, R. et al. 2017. Radar assisted shutdown on demand ensures 
zero soaring bird mortality at a wind farm located in a migratory 
flyway. – In: Köppel, J. (ed.), Wind energy and wildlife interac-
tions. Springer, pp. 119–133.

Toupouzelis, K.  et  al. 2015. Detection, tracking, and remote 
sensing: satellites and image processing (spaceborn oil spill 
detection). – In: Fingas, M. (ed.), Handbook of oil spill science 
and technology. Wiley, pp. 357–383.

Trombe, P.-J. et al. 2014. Weather radars – the new eyes for offshore 
wind farms? – Wind Energy 17: 1767–1787.

Urmy, S. S. and Warren, J. D. 2017. Quantitative ornithology with 
a commercial marine radar: standard-target calibration, target 
detection and tracking, and measurement of echoes from 
individuals and flocks. – Methods Ecol. Evol. 8: 860–869.

Van Doren, B. M. and Horton, K. G. 2018. A continental system 
for forecasting bird migration. – Science 361: 1115–1118.

Van Doren, B. M. et al. 2017. High-intensity urban light installa-
tion dramatically alters nocturnal bird migration. – Proc. Natl 
Acad. Sci. USA 114: 11175–11180.

van Gasteren, H.  et  al. 2019. Aeroecology meets aviation safety: 
early warning systems in Europe and the Middle East to prevent 
collisions between birds and aircraft. – Ecography 42: xxx–xxx.

Vaughn, C. R. 1985. Birds and insects as radar targets: a review. 
– Proc. IEEE 73: 205–227.

Verheijen, F. J. 1960. The mechanisms of the trapping effect of 
artificial light sources upon animals. – Arch. Néerlandaises 
Zool. 13: 1–107.

Villegas-Patraca, R. et al. 2014. Soaring migratory birds avoid wind 
farm in the Isthmus of Tehuantepec, southern Mexico. – PLoS 
One 9: e92462.

Wallace, P. 2007. The nature of habitat. – N. Z. J. Environ. Law 
11: 211–240.

Walsh, S. C. et al. 2017. High passage rates and different seasonal 
migration strategies of birds along the lower Texas coast. – Int. 
J. Biodivers. Conserv. 9: 183–199.

Weimerskirch, H.  et  al. 2018. Use of radar detectors to track 
attendance of albatrosses at fishing vessels. – Conserv. Biol. 32: 
240–245.

Weisshaupt, N.  et  al. 2017. Radar wind profilers and avian 
migration: a qualitative and quantitative assessment verified by 
thermal imaging and moon watching. – Methods Ecol. Evol. 
8: 1133–1145.

Weisshaupt, N.  et  al. 2018. The role of radar wind profilers in 
ornithology. – Ibis 160: 516–527.

Weller, T. J.  et  al. 2016. First direct evidence of long-distance 
seasonal movements and hibernation in a migratory bat. – Sci. 
Rep. 6: 34585.

Westbrook, J. K. et al. 2014. WSR-88D Doppler radar detection 
of corn earworm moth migration. – Int. J. Biometeorol. 58: 
93140.

Wilcove, D. S. and Wikelski, M. 2008. Going, going, gone: is 
animal migration disappearing? – PLoS Biol. 6: e188.

Williams, T. C. and Ying, M. 1990. A comparison of radar obser-
vations of bird migration at Haizhou Bay, China, and Guam, 
Marianas. – Auk 2: 404–406.

Womack, A. M. et al. 2010. Biodiversity and biogeography of the 
atmosphere. – Phil. Trans. R. Soc. B 365: 3645–3653.

Woodgate, J. L. et al. 2016. Life-long radar tracking of bumblebees. 
– PLoS One 11: e0160333.

Zaugg, S. et al. 2008. Automatic identification of bird targets with 
radar via patterns produced by wing flapping. – J. R. Soc. 
Interface 5: 1041.


