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27

28 Abstract 
29 Collisions between birds and airplanes can damage aircrafts, resulting in delays and 
30 cancellation of flights, costing the international civil aviation industry more than 1.4 
31 billion U.S. dollars annually. Bird deterrence is therefore crucial, but the effectiveness 
32 of current deterrence methods is limited. Live avian predators can be an effective 
33 deterrent, because potential prey will not habituate to them, but live predators cannot 
34 be controlled entirely. Thus, there is an urgent need for new deterrence methods. We 
35 developed the RobotFalcon, a device modelled after the peregrine falcon, and tested 
36 its effectiveness to deter flocks of corvids, gulls, starlings and lapwings. We 
37 compared its effectiveness with that of a drone, and of conventional methods 
38 routinely applied at a military airbase. The RobotFalcon scared away bird flocks from 
39 fields immediately, and these fields subsequently remained free of bird flocks for 
40 hours. The RobotFalcon outperformed the drone and the best conventional method 
41 at the airbase (distress calls). Importantly, there was no evidence that bird flocks 
42 habituated to the RobotFalcon over the course of the field work. We conclude that 
43 the RobotFalcon is a practical and ethical solution to drive away bird flocks with all 
44 advantages of live predators but without their limitations. 
45

46 Keywords: RobotFalcon, deterrence, birds, habituation, predation

47
48
49 1. Introduction
50
51 Flocks of birds are known to conflict with human activities in a multitude of areas and 
52 contexts. In agriculture, gregarious birds eating crops cause economic damage 
53 (Anderson et al., 2013). In urban environments, bird flocks may damage buildings 
54 with their nests, be a potential spread of disease and cause discomfort by harassing 
55 people (Belant, 1997; Johnson and Glahn, 1997; Thearle, 2013). A major area where 
56 problems arise with birds is aviation: Birds colliding with aircrafts (i.e. bird strikes), 
57 cost the civil aviation industry more than 1.4 billion U.S. dollars annually (DeVault et 
58 al., 2017; FAA, 2016b; Dolbeer et al., 2014), and in the last century bird strikes have 
59 lead to over 450 deaths in military aviation alone (Thorpe, 2016; Richardson & West, 
60 2000; Pfeiffer et al., 2018). Thus, birds cause non-negligble economic loss and safety 
61 hazards and the risk is heightened due to the flocking behaviour of many species  
62 (Conover, 2002).

63 To reduce these societal costs, it is necessary to deter birds from specific locations. 
64 Many ways to do so have been explored. Habitats have been made unattractive to 
65 some species of birds. However, this seldom solves the problem because some 
66 aspects of the habitat may remain attractive and certain  bird species may use the 
67 habitat as a stopover (DeVault et al., 2013; ACI, 2005), creating the need for 
68 deterrence methods. Some methods actively harm animals, e.g. blinding birds with a 
69 laser (Blackwell et al., 2002), trapping and releasing birds remotely, or even killing 
70 them (live shooting and falconry, Harris & Davis, 1998). Other methods rely on 
71 acoustic (pyrotechnics and distress calls) or visual deterrents (dogs, falcon 
72 silhouettes, and scarecrows) (Bishop et al., 2003; Harris & Davis, 1998). No method 
73 can clear areas from birds indefinitely and the time until birds return varies per 
74 method. Most methods suffer from some degree of habituation: after repeated 
75 exposure, birds respond less (Blumstein, 2016). Given the variable and temporary 
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76 effectiveness of available methods there is an urgent need for new and more 
77 effective methods.

78 Habituation is expected to be reduced when deterrence methods resemble natural 
79 threats, such as falconry (Harris & Davis, 1998; Cook et al, 2008; Raderschall et al., 
80 2011). However, breeding and training falcons is very costly, and the effectiveness of 
81 falconry is limited because falcons cannot be flown often and guiding their attacks is 
82 problematic (MacKinnon, 2004; Harris & Davis, 1998). Instead of live falcons, models 
83 that mimic predators visually and behaviourally may be a promising way to deter 
84 birds (e.g. Egan et al, 2020), retaining the advantages of a live predator, but with 
85 fewer practical limitations. We therefore developed an artificial raptor, the 
86 RobotFalcon, inspired specifically by a peregrine falcon (Falco peregrinus). This 
87 species hunts a wide spectrum of bird species over a large part of the globe and its 
88 hunting behaviour is well studied (e.g. Zoratto et al., 2010; Ponitz et al., 2014; Storms 
89 et al. 2019). The RobotFalcon closely resembles the peregrine falcon in its shape, 
90 the coloration of its wings, beak, and head, its overall size and its relative dimension 
91 of wing and tail (Figure 2a). It has the advantange that it can be precisely steered to 
92 target a flock and can be flown more frequently than live falcons. The RobotFalcon 
93 can be steered from its own perspective via a camera on its back (Figure 2b, First 
94 Person View).

95 In this field study, we tested the effectiveness of the RobotFalcon to drive away bird 
96 flocks by measuring the proportion of flocks it drove away, how fast fields were 
97 cleared from flocks, how long it took for them to return, and whether habituation 
98 occurred. To this end, the RobotFalcon was flown on several bird species in an 
99 agrarian environment (Workum, The Netherlands). The behaviour of the bird flocks 

100 was studied upon exposure to the RobotFalcon, to a normal drone and in control 
101 trials without any disturbance. We further compared the effectiveness of the 
102 RobotFalcon with the conventional methods in current use at a military airport such 
103 as distress calls and pyrotechnics. 
104
105
106 2. Materials and Methods

107

108 2.1 Study area

109 The field work was carried out in the agricultural area surrounding Workum, The 
110 Netherlands (52°59'N- 5°27'E, Figure 1). There was no significant variation in 
111 elevation within the area. Flights with the RobotFalcon and drone were carried out at 
112 least 100 metres from buildings and trees, allowing us to keep track of them 
113 throughout their flights as well as minimizing any impact of landscape characteristics 
114 on the behavior of the birds. The hunting actions of the RobotFalcon were focussed 
115 on corvids (Corvus monedula, Corvus frugilegus, and Corvus corone), gulls 
116 (Chroicocephalus ridibundus and Larus canus), Northern Lapwings (Vanellus 
117 vanellus), and starlings (Sturnus vulgaris). These species are common in the study 
118 area and frequently conflict with human activities and flight safety on aerodromes 
119 (Feare & Mungroo, 1990; Belant 1997; MacKinnon, 2004). 

120

121 2.2 RobotFalcon and drone
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122 The RobotFalcon was developed by one of the authors (RM). Its colouration, shape, 
123 overall size and the relative dimension of wing and tail were customised to closely 
124 resemble a peregrine falcon, Falco peregrinus (Figure 2). Its body is made of 
125 fiberglass, and its wings and tail are made of Expanded Polypropylene (EPP), 
126 reinforced with carbon fiber. The parts were coloured by air-brush. The RobotFalcon 
127 weighs 0.245 kg and has a wingspan of 70 cm. It has two propellors, one on each 
128 wing, with additional control surfaces on the tail for steering and has a cruise speed 
129 of 15 m/s. The wings do not flap, which allows for greater controllability/steerability 
130 during the flight. A camera (Runcam micro swift2, 30 fps) on the head enables first-
131 person view whilst steering. Two certified operators (RM & RW) steered the 
132 RobotFalcon alternatingly. Controlling for pilot identity in no case changed the results 
133 of the statistical analyses. For simplicity we therefore excluded this factor from the 
134 analysis presented in the paper.

135 A DJI Mavic Pro drone lacking any raptor features was used for comparison. The 
136 drone was black, weighed 0.734 kg, had a diagonal length of 335mm and a 
137 maximum speed of 18 m/s (Fig. S1).

138

139 2.3 Field procedure

140 Field work was done on 34 days between February 25th  2019 and November 22nd 
141 2019, excluding the breeding season (April till July) carrying out on average six field 
142 days a month.The experiments were conducted by a team of three people: a pilot, an 
143 operator of a ground camera (Sony FDR-AX53 4K Camcorder, 50 fps) and a 
144 coordinator with audio recorder and GPS receiver. The speed and direction of the 
145 wind were measured immediately prior to the flights, using an anemometer (Kaindl 
146 windmaster 2) and a compass (Compass Galaxy). We avoided rain and strong wind 
147 (> 6 on the Beaufort scale). We recorded which birds were present (species and 
148 number), their behaviour (foraging, resting or restless) and location (using a Bushnell 
149 Tour V4 Range Finder and the ground camera). 

150 When flocks of the aforementioned species were spotted on the ground, a deterrence 
151 experiment started. Twenty-five percent of these experiments were randomly 
152 assigned to start with a control trial (see results for details). During these trials birds 
153 were monitored without performing any deterrence action for ten minutes. 

154 If flocks of birds remained after a control trial or if no control trial was assigned, a 
155 deterrence action was performed with either the RobotFalcon or the drone (chosen 
156 randomly). A deterrence action included the whole sequence of the RobotFalcon or 
157 the drone approaching the flock until taking off and subsequently hunting the flock 
158 until it was out of sight. At the start, the pilot flew the RobotFalcon or the drone such 
159 that it approached the birds in a straight line at a constant altitude, until the birds 
160 initiated flight. The altitude of this approach was randomly determined to be either 
161 high (>50m) or low (<50m), both with a probability 0.5. We chose 50m as the 
162 threshold. If the threshold was higher, the pilot could no longer distinguish birds on 
163 the ground. When approaching birds from a low altitude, we aimed to have the model 
164 predator fly as low as possible (e.g. 5-20m), and actual altitude was measured 
165 through the GPS in the RobotFalcon. In practice, due to limited altitude feedback to 
166 the pilot, there was substantial variation in altitude within flights intended to be high 
167 and low and in the statistical analysis we therefore used the actual altitude rather 
168 than the categories high and low (see below).
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169 The flight initiation of the flock was defined as the moment when at least one bird 
170 started taking off (i.e. from the moment it started flapping its wings) and was 
171 subsequently followed by the rest of the flock. Once the flock was airborne, the 
172 RobotFalcon or the drone chased it (pursuit), while occasionally trying to intercept 
173 individuals by diving in the flock (attacks). This mimicked the hunting behaviour of 
174 real peregrine falcons, following videorecordings and behavioural analyses in 
175 previous work (Zoratto et al., 2010; Storms et al., 2019, Table 1).

176 Throughout the deterrence action, the behaviour of the birds was recorded with the 
177 ground camera and audio recordings. A hunting sequence was considered 
178 successful when the birds flew away over a distance beyond 1km, which in most 
179 cases implied that they were out of view (using 8 x 40 binocular). After this, we 
180 monitored the experimental area at intervals of 30 minutes for up to 120 minutes in 
181 order to record return times of birds of the same species.

182

183 2.4 Data collection and analysis

184 Footage from the ground camera was synchronized with the GPS data of the 
185 RobotFalcon using Adobe Premiere Pro, and analyzed manually on a frame by frame 
186 basis, recording the escape of the flocks.

187 Deterrence success was quantified in two ways, firstly, by the proportion of 
188 deterrence actions that cleared fields from bird flocks and, secondly, by the duration 
189 the fields remained clear of bird flocks after deterrence. Flocks were counted to have 
190 returned when more than 5 individuals of that species were observed on the site. 
191 Further, we measured the frequency of collective escape responses of the flocks 
192 when airborne (e.g. blackening, splitting, flash expansions, see Storms et al. 2019).

193 The latitude, longitude and altitude of the position of the RobotFalcon at the 
194 beginning of the flight response were used to estimate the distance between the flock 
195 of birds (using the location of the flockmember closest to the RobotFalcon, measured 
196 with a Rangefinder) and the RobotFalcon: the Flight Initiation Distance (FID). Since 
197 the drone needed to approach a flock several times before it took flight, while in a 
198 number of cases birds did not fly up at all, we did not measure the FID of a flock to 
199 the drone. Instead, we compared between the drone and RobotFalcon by counting 
200 the number of times birds landed during a flight as a measure of reluctance to stay 
201 airborne.

202 Statistical analyses were carried out in R (R Core Team, 2021). The effectiveness of 
203 the RobotFalcon was compared to that of the drone and of deterrence methods 
204 applied at the military airbase Leeuwarden. Deterrence data from airbase 
205 Leeuwarden were collected from 2001 till 2016, involving methods such as 
206 bioacoustics and pyrotechnics. The proportion of deterrence actions that resulted in 
207 clearing the field of birds was compared between the RobotFalcon and drone using a 
208 two-way ANOVA. A survival analysis was performed on the time it took the flock to 
209 return.

210 Variation of FID over time was analysed with Generalized Linear Mixed Models 
211 taking into account the species, the approach altitude of the RobotFalcon and 
212 weather conditions as fixed effects, and flight identity as random effect to account for 
213 the non-independence of data on multiple species deterred during a given flight.
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214
215
216
217 3. Results
218
219 All flocks were successfully deterred by the RobotFalcon within five minutes after it 
220 started its flight, with 50% of deterrence flights resulting in fields being free of birds 
221 within 70 seconds (54 flocks, Figure 3a), while in the control sessions, without 
222 deterrence, 15% of locations were free of birds after 5 minutes (26 flocks, Figure 3a). 
223 With the drone, it took longer to clear fields from flocks, and fewer fields were 
224 cleared: half of the fields  were cleared after 100 seconds and  80% after 5 minutes 
225 (56 flocks, Figure 3a). The RobotFalcon was more effective in keeping flocks 
226 airborne than the drone: brief occasional landings of flocks after taking flight were 
227 less frequent when deterring with the RobotFalcon (M = 0.2 landings per hunt, SE = 
228 0.06) than with the drone (M = 2.6 landings per hunt, SE = 0.6; Figure 3b).

229 As regards species differences, the RobotFalcon chased away flocks of corvids and 
230 gulls significantly faster than the drone, while starlings were chased away by both 
231 methods equally fast (Figure s2). Flocks of all species displayed more often patterns 
232 of collective escape in response to the RobotFalcon than to the drone (Figure 4).

233 When the RobotFalcon approached from a higher altitude, flocks of all species fled 
234 sooner (Figure 4b). 

235 Over the course of our fieldwork the success of the RobotFalcon at clearing fields 
236 remained high and the flight initiation distance of the flocks did not change for any of 
237 the species (Figure 5). 

238 Compared to the method that cleared fields of flocks for the longest period at airbase 
239 Leeuwarden (distress calls and pyrotechnics), the RobotFalcon caused flocks of 
240 gulls, lapwings and starlings to stay away longer (Figure 6). More specifically, in 
241 response to the RobotFalcon, flocks of starlings and lapwings stayed away for a 
242 median time of 4 hours, compared to 1.83 and 1.1 hours, respectively when deterred 
243 by distress calls. Flocks of gulls stayed away for a median time of 3 hours after flights 
244 with the RobotFalcon versus 1.5 hours when scared by distress calls. Corvids stayed 
245 away equally long when deterred by the RobotFalcon and distress calls (about an 
246 hour for both methods, Figure 6). 
247
248
249 4. Discussion 
250
251 There is a need for novel methods to deter birds, and we show that the RobotFalcon 
252 can make a major contribution to filling that niche. It cleared fields from corvids, gulls, 
253 starlings and lapwings successfully and fast, with deterred flocks staying away for 
254 hours. The RobotFalcon was more effective than a drone: its success was higher, 
255 and it deterred flocks faster. The effectiveness of the RobotFalcon was similar across 
256 flocks of different species, while that of the drone was lower for flocks of gulls and 
257 corvids than for starlings. Starlings might be more inclined to flee because of their 
258 smaller size. Red-winged blackbirds, which are similarly sized as starlings, have also 
259 been found to fly away from low approaching drones (Wandrie et al, 2019). The 
260 effectiveness of the RobotFalcon was higher when it approached flocks from a higher 
261 altitude, as shown by the longer flight initiation distance. This may be because it 
262 represents a greater potential threat if a it approaches from above, or because it is 
263 detected earlier by the flock. We compared the RobotFalcon against the most 
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264 effective methods used at the airbase Leeuwarden: distress calls and pyrotechnics. 
265 The RobotFalcon kept away flocks of gulls, lapwings and starlings (but not corvids) 
266 for longer than the best methods at the airbase Leeuwarden. Fields were kept free 
267 from corvids equally long when their flocks were deterred by the RobotFalcon or the 
268 best airbase methods. This may due to the stronger dependance of corvids on local 
269 resources than gulls, lapwings and starlings. A limitation of our approach is that we 
270 compared different methods at different sites (RobotFalcon in Workum versus best 
271 airbase methods in Leeuwarden). This comparison is conservative however, because 
272 even though the habitat management by Airbase Leeuwarden made their area less 
273 attractive to birds, flocks still returned to these areas sooner than to our fields in 
274 Workum.

275 Our study shows for the first time that a RobotFalcon, modelled after a peregrine 
276 falcon, effectively deters flocks of several species of birds in their natural 
277 environment. Previous studies showing the escape from models that mimic a real 
278 predator have all been been conducted in captivity (in fish Polverino et al., 2019; in 
279 insects Romano et al., 2017; in birds Egan et al, 2020). Besides, experiments on 
280 escape from a predator model in birds concerned only single birds, not the escape of 
281 a flock (Egan et al, 2020). 
282
283 Effectiveness of most of the current methods to drive away birds is reduced by 
284 habituation, with birds fleeing less over time. Birds habituate in particular to methods 
285 that do not represent a natural threat (such as synthetic sounds, gas cannons and 
286 reflectors), especially when such methods are the only ones used in the field (BSCE, 
287 1988; EIFAC, 1988; Coniff, 1991; Davis & Harris, 1998; Matyjasiak, 2008). The Dutch 
288 Air Force resolves this by alternating between different methods (species specific 
289 distress calls of birds and pyrotechnics). This alternation prevents habituation, but 
290 birds return sooner still than when chased away by the RobotFalcon.

291 In our three months of field work, there was no evidence of habituation of birds to the 
292 RobotFalcon. We speculate that the the RobotFalcon continued to be effective 
293 because of its resemblance in behaviour and appearance to a real falcon. 

294 This may also explain why the RobotFalcon performed better than the drone. Since 
295 we were unable to follow birds individually, however, the lack of habituation we 
296 recorded could be either caused by us deterring naive birds each day due to the 
297 turnover of the bird population, or it may reflect an actual lack of habituation of 
298 individual birds. We cannot distinguish between these options, but it is likely that both 
299 processes have contributed to the observed pattern. We emphasize that for practical 
300 purposes the salient finding is that there was no decrease in success by the 
301 RobotFalcon in clearing fields over the three months of our field work. For measuring 
302 actual levels of habituation to the RobotFalcon, specific experiments in more 
303 controlled conditions in truly resident bird populations such as domestic pigeons 
304 should be carried out.

305 A question remains what specifically made the flocks respond more to the 
306 RobotFalcon than to the drone: was this due to the falcon-like silhouette or due to the 
307 falcon-like colouration? Further studies are needed to disentangle this, for instance 
308 by revising either colouration (painting the model black) or morphology (while 
309 retaining the colouration). Notably, we aimed to mimic the hunting strategy of a 
310 peregrine real falcon when deterring birds both with the RobotFalcon and drone. To 
311 what degree did this impact the response of the birds and was the drone as 
312 successful in replicating this behaviour as the RobotFalcon? There was a size 
313 difference between the DJI drone and the RobotFalcon, with the wingspan of the 
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314 RobotFalcon exceeding the diagonal length of the drone (excluding rotors), which 
315 may also have contributed to the difference in response. 

316 Some studies have combined drones with natural stimuli such as distress calls and 
317 taxidermied crows, indirectly indicating the presence of a predator, to drive away 
318 birds (Wang et al. 2019; Wang et al. 2020; Grimm et al. 2012). It would be 
319 interesting to combine distress calls and bird taxirdermy with a RobotFalcon to test 
320 whether this makes for an even more effective scaring device.

321 While the RobotFalcon has proven to be a highly effective tool to deter birds, it is 
322 important to also recognize its limitations, which are that steering the RobotFalcon 
323 requires trained pilots, flights are limited by battery life (15 minutes per battery) and 
324 cannot be conducted under rain or strong wind conditions. Further, to deter large 
325 birds successfully such as geese or herons, the RobotFalcon might be not effective 
326 enough and a robot that mimicks a natural (larger) predator of large-sized birds ,e.g. 
327 an eagle should be developed and tested. Deterrence with the RobotFalcon can, 
328 however, replace falconry, because it has the same advantages but not the 
329 limitations of live birds of prey.

330 In conclusion, the RobotFalcon provides a method to effectively deter flocks of a wide 
331 range of bird species, with no signs of habituation, making it a valuable addition to 
332 the tool-box currently available. 

333
334
335 Data accessibility:

336 The data that support the findings of this study are uploaded to the 4TU Research 
337 Data repository and available online DOI:  10.4121/21256368.
338

339
340 Author Contributions:

341 Rolf F. Storms: Methodology, Investigation, Formal analysis, Data curation, Writing- 
342 Original draft preparation. Claudio Carere: Supervision, Writing- Reviewing and 
343 Editing. Robert Musters: Methodology. Hans van Gasteren: Resources, Writing- 
344 Reviewing and Editing. Simon Verhulst: Conceptualization, Supervision, Writing- 
345 Reviewing and Editing. Charlotte K. Hemelrijk: Conceptualization, Supervision, 
346 Writing- Reviewing and Editing.

347

348 Conflict of interest declaration: 
349 We declare we have no conflict of interest
350
351
352 Funding

353 This publication was supported by the Dutch Research Council (NWO) as part of the 
354 project Preventing bird strikes: Developing RoboFalcons to deter bird flocks [grant 
355 number 14723] of the Open Technology programme, awarded to CKH. CC is 
356 currently funded by the project PRIN 2020 Collective and individual responses of 
357 avian flocks to robotic predators 2020H5JWBH in collaboration with CKH.

Page 9 of 18

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://doi.org/10.4121/21256368


For Review Only

9

358
359
360 Acknowledgments
361
362 Peet Sterkenburgh provided us with the the permissions to deter birds from specific 
363 areas in Workum. Ronja Hulst, Sorscha Passmore and Deborah Salleh contributed to 
364 the field work as part of their Master theses. Ramon Wind (RW) was our second 
365 certified pilot for the RobotFalcon (Robert Musters being the first). Martin Das and 
366 Minne Hellinga deterrered birds at airbase Leeuwarden. 

367

368
369
370

Page 10 of 18

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

10

371 References
372 Airports Council International (2005). Aerodrome bird hazard prevention and wildlife management 
373 handbook. Geneva, Switzerland: ACI World Headquarter 

374 Anderson, A., Lindell, C. A., Moxcey, K. M., Siemer, W. F., Linz, G. M., Curtis, P. D., ... & Shwiff, S. A. 
375 (2013). Bird damage to select fruit crops: The cost of damage and the benefits of control in five states. 
376 Crop Protection, 52, 103-109.

377 Belant, J. L. (1997). Gulls in urban environments: landscape-level management to reduce conflict. 
378 Landscape and urban planning, 38(3-4), 245-258.

379 Bird Strike Committee Europe. (1988). "The green booklet": Some measures used in different countries 
380 for reduction of bird strike risk around airports. Helsinki: Bird Strike Committee Europe, Aerodrome 
381 Working Group.

382 Bishop, J., et al. "Review of international research literature regarding the effectiveness of auditory bird 
383 scaring techniques and potential alternatives." Food and Rural Affairs, York, UK (2003).

384 Blackwell, Bradley F., Glen E. Bernhardt, and Richard A. Dolbeer. "Lasers as nonlethal avian 
385 repellents." The Journal of wildlife management (2002): 250-258.

386 Blumstein, D. T. (2016). Habituation and sensitization: new thoughts about old ideas. Animal Behaviour, 
387 120, 255-262.

388 Conniff, R. (1991). Why catfish farmers want to throttle the crow of the sea. Smithsonian, 22(4), 44-53.

389 Conover, Michael R. 2002. Resolving Human-Wildlife Conflicts : The Science of Wildlife Damage 
390 Management. Lewis Publishers. https://www.crcpress.com/Resolving-Human-Wildlife-Conflicts-The-
391 Science-of-Wildlife-Damage-Management/Conover-Conover/p/book/9781566705387.

392 Cook, Aonghais, et al. "An evaluation of techniques to control problem bird species on landfill sites." 
393 Environmental management 41.6 (2008): 834-843.

394 DeVault, Travis L., Bradley F. Blackwell, and Jerrold L. Belant. Wildlife in airport environments: 
395 preventing animal–aircraft collisions through science-based management. JHU Press, 2013.

396 DeVault, T.L., Blackwell, B.F., Belant, J.L., Begier, M.J. (2017) Wildlife at airports. Wildlife Damage 
397 Management Technical Series. 10.

398 Dolbeer, R. A., Seubert, J. L., & Begier, M. J. (2014). Population trends of resident and migratory 
399 Canada geese in relation to strikes with civil aircraft. Human–Wildlife Interactions, 8(1), 9.

400 Egan, C. C., Blackwell, B. F., Fernández-Juricic, E., & Klug, P. E. (2020). Testing a key assumption of 
401 using drones as frightening devices: Do birds perceive drones as risky?. The Condor 122, duaa014.

402 European Inland Fisheries Advisory Commission. (1989). Report of the EIFAC Working Party on 
403 Prevention and Control of Bird Predation in Aquaculture and Fisheries Operations.

404 Feare, C. J., & Mungroo, Y. (1990). The status and management of the House Crow Corvus splendens 
405 (Vieillot) in Mauritius. Biological Conservation, 51(1), 63-70.

406 FAA. Federal Aviation Administration. (2016) Wildlife strikes to civil aircraft in the United States 1990-
407 2015. National wildlife strike database, Serial report number 22. Washington D.C.: Department of 
408 transportation & Department of agriculture, animal and plant.

409 Grimm, B. A., Lahneman, B. A., Cathcart, P. B., Elgin, R. C., Meshnik, G. L., & Parmigiani, J. P. (2012, 
410 November). Autonomous unmanned aerial vehicle system for controlling pest bird population in 
411 vineyards. In ASME International Mechanical Engineering Congress and Exposition (Vol. 45202, pp. 
412 499-505). American Society of Mechanical Engineers. 

413 Harris, R. E., & Davis, R. A. (1998). Evaluation of the efficacy of products and techniques for airport bird 
414 control. LGL Limited for Aerodrome Safety Branch, Transport Canada.

415 Johnson, Ron J, and James F Glahn. DigitalCommons@University of Nebraska-Lincoln EUROPEAN 
416 STARLINGS. https://digitalcommons.unl.edu/icwdmhandbook/72 

417 MacKinnon, B. 2004. Sharing the Skies: An Aviation Industry Guide to the Management of Wildlife 
418 Hazards. Transport Canada Aviation Publishing Division, Ottawa.

419 Matyjasiak, P. (2008). Methods of bird control at airports. Theoretical and applied aspects of modern 
420 ecology. J. Uchmanski (ed.), Cardinal Stefan Wyszynski University Press, Warsaw, 171-203.

Page 11 of 18

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

11

421 Pfeiffer, M. B., Blackwell, B. F., & DeVault, T. L. (2018). Quantification of avian hazards to military 
422 aircraft and implications for wildlife management. PloS one, 13(11), e0206599.

423 Polverino, G., Karakaya, M., Spinello, C., Soman, V. R., & Porfiri, M. (2019). Behavioural and life-history 
424 responses of mosquitofish to biologically inspired and interactive robotic predators. Journal of the Royal 
425 Society Interface, 16(158), 20190359.

426 Ponitz, B., Schmitz, A., Fischer, D., Bleckmann, H., & Brücker, C. (2014). Diving-flight aerodynamics of 
427 a peregrine falcon (Falco peregrinus). PLoS One, 9(2), e86506. 

428 Raderschall, C. A., Magrath, R. D., & Hemmi, J. M. (2011). Habituation under natural conditions: model 
429 predators are distinguished by approach direction. Journal of Experimental Biology, 214(24), 4209-4216.

430 Richardson, W. J., & West, T. (2000, April). Serious birdstrike accidents to military aircraft: updated list 
431 and summary. In Proceedings of 25th International Bird Strike Committee Meeting. Amsterdam, 
432 Netherlands (pp. 67-98).

433 R Core Team (2021). R: A language and environment for statistical computing. R Foundation for 
434 Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

435 Romano, D., Benelli, G., & Stefanini, C. (2017). Escape and surveillance asymmetries in locusts 
436 exposed to a Guinea fowl-mimicking robot predator. Scientific reports, 7(1), 1-9.

437 Storms, R. F., Carere, C., Zoratto, F., & Hemelrijk, C. K. (2019). Complex patterns of collective escape 
438 in starling flocks under predation. Behavioral ecology and sociobiology, 73(1), 10.

439 Thearle, R. J. P. "Urban bird problems." The Problems of Birds as Pests: Proceedings of a Symposium 
440 Held at the Royal Geographical Society, London, on. Vol. 28. 2013.

441 Thorpe, J. (2016). Conflict of wings: birds versus aircraft. In Problematic Wildlife (pp. 443-463). Springer, 
442 Cham.

443 Wandrie, L. J., Klug, P. E., & Clark, M. E. (2019). Evaluation of two unmanned aircraft systems as tools 
444 for protecting crops from blackbird damage. Crop Protection, 117, 15-19.

445 Wang, Z., Griffin, A. S., Lucas, A., & Wong, K. C. (2019). Psychological warfare in vineyard: Using 
446 drones and bird psychology to control bird damage to wine grapes. Crop Protection, 120, 163-170.

447 Wang, Z., Fahey, D., Lucas, A., Griffin, A. S., Chamitoff, G., & Wong, K. C. (2020). Bird damage 
448 management in vineyards: Comparing efficacy of a bird psychology-incorporated unmanned aerial 
449 vehicle system with netting and visual scaring. Crop protection, 137, 105260. 

450 Zoratto, F., Carere, C., Chiarotti, F., Santucci, D., & Alleva, E. (2010). Aerial hunting behaviour and 
451 predation success by peregrine falcons Falco peregrinus on starling flocks Sturnus vulgaris. Journal of 
452 Avian Biology, 41(4), 427-433.

453
454
455

456

Page 12 of 18

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

12

457 Figures and Tables

458

459 Figure 1. The research fields used for experiments in Workum, highlighted in green. 

460

461 Figure 2. The RobotFalcon (left), a view from the RobotFalcon’s underside during flight (top-
462 right) and an example of its view during flight (bottom-right).

463

464 Figure 3. Flock responses to experimental  and control flights (=no disturbance). A). 
465 Proportion of fields cleared from flocks of birds over time after being approached by the 
466 RobotFalcon, drone or neither (control session). The three methods differed significantly 
467 (χ2(2, N =136) = 70.7, p < .001). B). The average number of times flock members landed 
468 again after flying up for the RobotFalcon and drone (±SEM). Flocks landed again at the field 
469 significantly more often after flying up for the drone than the RobotFalcon (t(56) = 4.23, p < 
470 0.01). 

471

472 Figure 4. Collective escape of flocks of corvids, gulls and starlings when chased artificially. 
473 A). The frequency of collective escape from the RobotFalcon and the drone (±SEM). B). The 
474 higher the approach altitude of the RobotFalcon, the further the distance at which flocks 
475 initiated flight (Flight Initiation Distance, FID). 

476

477 Figure 5. Absence of change in the distance at which birds flocks initiated flight (FID) in 
478 response to the RobotFalcon over the period of three months of fieldwork in Workum, the 
479 Netherlands. Habituation would have resulted in a decrease of Flight Initiation Distance over 
480 time. 

481

482 Figure 6. Proportion of fields without birds after deterrence with the RobotFalcon or other 
483 methods. Proportion of fields that was without birds over time after flocks of corvids, gulls, 
484 lapwings and starlings were chased away. For the airbase Leeuwarden, we show only the 
485 results for the method with the best results for each species. The sound installation method 
486 involves playing back distress calls of the species under concern. The Extended Cal. 12, 1.5 
487 Inch and Screecher Cal. 12 are all variants of pyrotechnics. Gulls, lapwings and starlings 
488 stayed away significantly longer when chased away with the RobotFalcon than with distress 
489 calls (χ2(2, N =195) = 10.4, p = .006 ;χ2(1, N =43) = 5.9, p = .02; χ2(2, N =120) = 8.3, p = 
490 .02). Corvids stayed away equally long when chased by either method (χ2(2, N =176) = 2.6, p 
491 = 0.3).

492
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Figure 1. The research fields used for experiments in Workum, highlighted in green. 
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Figure 2. The RobotFalcon (left), a view from the RobotFalcon’s underside during flight (top-right) and an 
example of its view during flight (bottom-right). 
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Figure 3. Flock responses to experimental  and control flights (=no disturbance). A). Proportion of fields 
cleared from flocks of birds over time after being approached by the RobotFalcon, drone or neither (control 

session). The three methods differed significantly (χ2(2, N =136) = 70.7, p < .001). B). The average 
number of times flock members landed again after flying up for the RobotFalcon and drone (±SEM). Flocks 
landed again at the field significantly more often after flying up for the drone than the RobotFalcon (t(56) = 

4.23, p < 0.01). 
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Figure 4. Collective escape of flocks of corvids, gulls and starlings when chased artificially. A). The frequency 
of collective escape from the RobotFalcon and the drone (±SEM). B). The higher the approach altitude of the 

RobotFalcon, the further the distance at which flocks initiated flight (Flight Initiation Distance, FID). 

250x140mm (300 x 300 DPI) 

Page 17 of 18

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

Figure 5. Absence of change in the distance at which birds flocks initiated flight (FID) in response to the 
RobotFalcon over the period of three months of fieldwork in Workum, the Netherlands. Habituation would 

have resulted in a decrease of Flight Initiation Distance over time. 
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Figure 6. Proportion of fields without birds after deterrence with the RobotFalcon or other methods. 
Proportion of fields that was without birds over time after flocks of corvids, gulls, lapwings and starlings 
were chased away. For the airbase Leeuwarden, we show only the results for the method with the best 

results for each species. The sound installation method involves playing back distress calls of the species 
under concern. The Extended Cal. 12, 1.5 Inch and Screecher Cal. 12 are all variants of pyrotechnics. Gulls, 
lapwings and starlings stayed away significantly longer when chased away with the RobotFalcon than with 
distress calls (χ2(2, N =195) = 10.4, p = .006 ;χ2(1, N =43) = 5.9, p = .02; χ2(2, N =120) = 8.3, p = 
.02). Corvids stayed away equally long when chased by either method (χ2(2, N =176) = 2.6, p = 0.3). 
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