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14 A predator’s capacity to catch prey depends on its ability to navigate its environment in response to prey 

15 movements or escape behavior. In predator-prey interactions that involve an active chase, pursuit behavior can 

16 be studied as the collection of rules that dictate how a predator should steer to capture prey. It remains unclear 

17 how variable this behavior is within and across species since most studies have detailed the pursuit behavior of 

18 high-speed, open-area foragers. In this study we analyze the pursuit behavior in 44 successful captures by 

19 Corynorhinus townsendii, Townsend’s big-eared bat (n = 4). This species forages close to vegetation using slow 

20 and highly maneuverable flight, which contrasts with the locomotor capabilities and feeding ecologies of other 

21 taxa studied to date. Our results indicate that this species relies on an initial stealthy approach, which is 

22 generally sufficient to capture prey (32 out of 44 trials). In cases where the initial approach is not sufficient to 

23 perform a capture attempt (12 out of 44 trials), C. townsendii continues its pursuit by reacting to prey 

24 movements in a manner best modeled with a combination of pure pursuit, or following prey directly, and 

25 proportional navigation, or moving to an interception point. 
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39 1. Introduction 

40 Predation events are ideal systems to study the interaction of locomotion and ecology because they require a 

41 rapid sequence of complex maneuvers and entail life or death consequences [1,2]. The diverse ensembles of 

42 modes of predation and prey defenses compete in an evolutionary race for feeding and survival that directly 

43 impact fitness [3]. One such mode is predatory pursuit [2]. This is an often demanding task of prolonged 

44 duration, in which the environment may dynamically vary given the potential presence of obstacles or resource 

45 competitors. A predator’s ability to capture its prey during pursuit is, in part, contingent on specializations of its 

46 locomotor system, such as the capacity of its sensing apparatus to detect its prey throughout the interaction. 

47 Similarly, a key component of a predator’s locomotor behavior is its hunting approach or pursuit strategy [4], 

48 that is, the rules that describe how a predator should steer to capture moving prey. The collection of these rules 

49 is categorized as a type of a behavioral algorithm [5] in which animal form and function interact with the 

50 environment to influence ecological outcomes. Behavioral algorithms of this kind have been shown to accurately 

51 model predatory pursuit across a range of species, including birds [6], insects [7], bats [8], terrestrial quadrupeds 

52 [9], and fish [4]. Although these works often model predator trajectories accurately, they represent a small 

53 fraction of the possible realizations of predatory pursuit in nature. Because few species have been studied to 

54 date, clear relationships between a species’ feeding ecology and specific behavioral algorithms or phylogenetic 

55 patterns of algorithmic evolution have yet to be recognized [10]. 

56 The study of strategic pursuit behavior in aerial foragers specifically is represented by analyses of only a few 

57 species of bats, birds, and insects. The morphological traits that enable powered flight in these groups differ 

58 substantially and are well-studied. For instance, bats alone possess wings with numerous flexible joints that 

59 allow for substantial shape changes during the wingbeat cycle [11,12], highly compliant skin [13], and relatively 

60 heavy wings that facilitate complex aerial maneuvers by controlling inertial forces [14,15]. Another contrasting 

61 trait is the mechanism for prey detection, for which birds and insects rely primarily on visual cues [16–20], while 

62 bats primarily utilize auditory information [8,21,22]. Although we recognize ways that bats differ fundamentally 

63 from birds and insects, we have yet to describe how strategic pursuit behavior differs within and among groups. 

64 Therefore, the study of insect predation by bats that employ aerial hawking, flying pursuit of actively flying prey, 

65 contributes to understanding the link between an animal’s sensorimotor apparatus, feeding ecology, and 

66 evolutionary history on the one hand with their steering behavior during foraging on the other. 

67 In this study, we detail the pursuit behavior of the insectivorous Townsend's big-eared bat, Corynorhinus 

68 townsendii. This distinctive aerial hawking bat hunts stealthily at very low speeds with a characteristic form of 

69 echolocation that reduces the prevalence of defensive behaviors by prey and performs complex acrobatic 

70 maneuvers, all of which differentiates its flight performance and feeding ecology from bats whose predatory 

71 pursuit has been studied previously [8,23–28]. Our work tests the hypothesis that C. townsendii’s pursuit 

72 behavior differs from other aerial predators according to its distinctive flight abilities and stealth hunting 

73 approach. To investigate this, we modeled C. townsendii’s pursuit using the combined guidance effects of pure 

74 pursuit, which commands a predator to follow prey directly, and proportional navigation, in which the predator 

75 moves to an interception point. To integrate the unique steering commands generated by these components in 
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76 a meaningful way, we employ a mixed model guidance control algorithm similar to previous studies in this field 

77 [6,29]. 

78  

79 2. Methods 

80 Study species 

81 Townsend's big-eared bat, Corynorhinus townsendii (fig. 1), an insectivorous member of the Vespertilionidae, 

82 ranges from southern Canada and western North America to southern Mexico [30]. Its wingspan averages 

83 28.5cm, body weight averages 10 grams [30–32], and average body length is 5.75cm (from nose to base of tail) 

84 [33]. They typically roost in caves and mines and usually hunt no further than 10km from the roost [34,35]. They 

85 forage using predominantly slow, maneuverable flight close to vegetation [31]. Their large ears, around one- 

86 third of their body length [30], may provide additional lift [36] in addition to their primary auditory function, 

87 including in prey detection. Their echolocation intensity is relatively low compared to other bat species, which 

88 causes their insect prey to exhibit fewer defenses [37]. 
 
 
 
 
 

 

 

 
89 

90 Animal care 

Figure 1: Corynorhinus townsendii. A) A bat being held by an observer 

wearing a nitrile glove. B) A bat pursuing a moth moments before a 

capture attempt. Photographs by Mark Thiessen. 

91 All vertebrate animal use was approved by the Wake Forest University Animal Care and Use Committee (IACUC 

92 protocol A12-048). Bats were captured using mist nets placed in riparian areas at the American Museum of 
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93 Natural History’s Southwestern Research Station (SWRS) in Portal, Arizona. After capture, bats were allowed to 

94 fly and hunt free-flying insects for 1-2h for two nights so they could adjust to captivity and were held for four 

95 additional nights for flight experiments. When not flying, bats were held in a custom cage (30x50cm floor, 30cm 

96 high) with access to water and grouped together to provide social interaction. Moths and other insects were 

97 also collected within the SWRS using 15W ultraviolet light live traps (Leptraps LLC, Georgetown, KY, USA) with 5 

98 gallon containers. 

99 Experimental design 

100 We recorded the predatory behavior of Corynorhinus townsendii while hunting free-flying insects inside an 

101 outdoor flight enclosure (6x4m floor, 2.3m high; 1mm cloth wire and 10mm square spacing) at the SWRS in June 

102 2012. Bats (𝑛 = 4) were released one at a time inside the enclosure and began feeding shortly after entering. 

103 Their hunting and flight behavior indicated a high level of comfort within the flight arena. To maximize the 

104 number of optimal recordings, no more than 1-5 insects were allowed to fly at a time within the enclosure. As 

105 bats fed, additional insects were introduced by manually controlling a partially closed insect container on the 

106 floor. Two 60mW UV LEDs (5mm, 395nm) were placed within the observation space, separated by 1.5m, to 

107 attract the insects and thereby encourage bats to hunt within the cameras’ field of view. Bats were captured 

108 after they showed signs of satiation such as ceasing to hunt, frequent landing on the enclosure walls, or ceasing 

109 to fly for an extended period. Typically, an individual would forage for 20 to 60 min. At this point, the subject 

110 was removed from the enclosure and a different individual was released. This process was repeated for four 

111 nights of recording. 

112 Video was captured by three frame-synchronized, IR-sensitive cameras (scA640-120gc Basler, Inc., Ahrensburg, 

113 Germany) recording at a resolution of 656x494 and a speed of 90fps. The combined in-focus field-of-view of the 

114 cameras resulted in an observation volume measuring approximately 4.5x3x2m(w x l x h). Video was acquired 

115 using maxTraq 2.0 software (Innovision Systems Inc., Columbiaville, MI, USA). The enclosure was illuminated by 

116 two Raymax 200 Platinum infrared lights (Raytec, Ashington, UK). Bat echolocation calls were recorded using 

117 four Avisoft CM16/CMPA ultrasound microphones and an UltraSoundGate 416H recording unit (Avisoft 

118 Bioacoustics, Brandenburg, Germany), which was connected to the camera’s synchronization signal. All cameras 

119 were set to continuously record 90-second flight bouts separated by a 15-second downtime to transfer the on- 

120 board memory recordings to a hard drive. A previous study by Corcoran & Conner (2017) [37] originally acquired 

121 and utilized the full set of data to study predator counteradaptations to prey evasive maneuvers; readers should 

122 refer to this publication for further methodological details. 

123 Data processing 

124 All trial videos were manually inspected and categorized according to the bat’s behavior. From the 226 recorded 

125 predator-prey interactions, we observed 9 in which the moth successfully avoided capture, 9 in which the bat 

126 gleaned the moth from the enclosure’s wall, 28 in which bats aborted apparent pursuit before reaching the 

127 prey, and 180 where the bat successfully captured the moth. 136 of the latter category were excluded from 

128 further analysis because most or all of the pursuit trajectory occurred outside the combined observation volume 
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129 of the cameras, or because the calibration procedure for that day yielded poor accuracy. Only the remaining 44 

130 successful capture trials (𝑛 = 3 bats) were employed in further analysis and were manually digitized in MATLAB 

131 R2021b (Natick, MA, USA) using DLTdv8a [38]. The cameras’ 2D views were calibrated and transformed into 3D 

132 coordinates using a “wand” calibration process [39], for which videos were recorded every night using a 0.75m 

133 wand. Bats were represented as a single digitized point located approximately at the intersection of the 

134 subjects’ coronal and sagittal planes and a transverse plane crossing the shoulder blades. Moths, generally just a 

135 few pixels in size, were also digitized as a single point. The three-dimensional positional data was first smoothed 

136 using a symmetric moving average filter of 4 samples followed by a Savitzky-Golay filter with a symmetrical 

137 window size of 12 samples. Lastly, the data were fit using MATLAB’s smoothing spline function to procure 

138 smooth time derivatives. The degree of this spline fit was determined on a trial-by-trial basis under the condition 

139 that the resulting coordinates did not deviate from the originally digitized points by more than 8mm on average 

140 for a bat and 3mm for a moth (around 13% and 30% of body length respectively) [30]. Velocity and acceleration 

141 vectors were calculated by differentiation of the filtered position data. Additionally, predator acceleration was 

142 decomposed into the following components (fig. 2-A): tangential acceleration (𝒂𝑣𝑙), which changes velocity 

143 magnitude; steering acceleration (𝒂𝑠𝑡), which directs the change in heading; engagement acceleration (𝒂𝑒𝑛), or 

144 the component of 𝒂𝑠𝑡 which lies in the engagement plane, where the prey is found; and normal acceleration 

145 (𝒂𝑛𝑟), or the component of 𝒂𝑠𝑡 which is orthogonal to the engagement plane along 𝒌̂.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
146 

147 Figure 2: A) Definition of the geometry of the engagement. The bat’s body orientation may not align with the coordinate system as 

148 displayed. Predator acceleration is decomposed in the following components: tangential acceleration (𝒂𝑣𝑙), steering acceleration (𝒂𝑠𝑡), 

149 engagement acceleration (𝒂𝑒𝑛), and normal acceleration (𝒂𝑛𝑟). B) A pursuit trajectory showing the bat moving through Phase 1 

150 (assessment; triangles) and 2 (repositioning; circles). Each marker represents a digitized point; indices of 𝑡samp represent frame numbers 

151 recorded at 90fps. After onset, or the start of Phase 1, the tangential acceleration magnitude (|𝒂𝑣𝑙|) decreases (top), while the 

152 engagement steering magnitude (|𝒂𝑒𝑛|) increases until it reaches a peak value during Phase 2 (middle). The dotted arrow and center 

153 symbol c7 represent the osculating circle defined by points 6, 7, and 8. The segment 7-8 measures the distance between centers c7 and 

154 c8. The length of these segments, the osculating circles’ center-to-center distance, 𝑑𝑐, declines to define the beginning of Phase 2 

155 (bottom). The coordinate system FOC′ and 𝑥′𝑦′ plane are the result of the singular value decomposition of the trajectory points during 

156 Phase 2. The dotted arrow 𝒓0 represents the radius of the circle fitted to the observed trajectory points during Phase 2 in FOC′. 
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𝑣𝑙 

157 Mathematical modeling 

158 To analyze the predators’ behavior leading to prey capture, we searched for flight kinematic patterns associated 

159 with prey detection. Scalar symbols are represented in regular typeface, vector symbols in bold typeface, and 

160 vector magnitude by single vertical bars. We annotated the approximate frame where the predator directs and 

161 subsequently maintains orientation of its head towards the prey; we designated this as a proxy for attention and 

162 prey detection (S1 Video). Typically, five or fewer frames later we observed a local peak in the magnitude of the 

163 bats’ tangential acceleration (|𝒂𝑣𝑙|; fig. 2-B), which we defined as the onset of pursuit. To distinguish between 

164 equal values of |𝒂𝑣𝑙| with different rates of change, we computed the score: 

 
 𝑎̇ 𝑣𝑙(𝑡)  

𝑎̇∗ (𝑡) = |𝒂 (𝑡)| ∗ 
𝑣𝑙 𝑣𝑙 ‖𝑎̇ 𝑣𝑙(𝑡)‖ 

( 2.1 ) 

165 where |𝒂𝑣𝑙| is the magnitude of tangential acceleration and 𝑎̇ 𝑣𝑙 its time derivative. The term 𝑎̇𝑣  𝑙⁄‖𝑎̇𝑣  𝑙‖ accounts 

166 for increasing vs. decreasing trends in acceleration at time 𝑡. We confirmed the significance of this change by a 

167 statistical comparison of the distribution of 𝑎̇∗ before and after onset using an 11 sample window (𝑡 ≈ 0.12s). In 

168 the few trials where the score as defined above did not yield statistically significant results, generally because 

169 bats were already decelerating, we defined the pursuit onset as beginning at the frame in which we observed 

170 the bat’s gaze to be directed at the prey. 

171 The Assessment phase was followed by a Repositioning phase (see Results for descriptions of pursuit phases), 

172 which consisted of a single turn maneuver. By manual inspection, we found that this turn occurred 

173 approximately in a single plane. We defined the start of this phase when 𝑑𝑐 < 4.5𝑐𝑚 (fig. 2-B), or when the bat’s 

174 center of rotation at time t , an osculating circle, was less than 4.5cm from that at t+dt; that is, when the bats 

175 were turning about a near-constant center of rotation. To model the kinematics of this motion we established a 

176 new frame of coordinates, FOC′ (fig. 2-B) by carrying out a singular value decomposition of the observed 2D 

177 position values and assigning the 𝑥′𝑦′ plane as the principal plane of motion. Then, we modeled this turn 

178 maneuver as a circle (fig. 2-B): 

 
(𝑥′ + 𝑏1)2 + (𝑦′ + 𝑏2)2 = 𝑟0

2 ( 2.2 ) 

179 where 𝑟0 is the circle’s radius, 𝑏1and 𝑏2 are unknown constants, and 𝑥′ and 𝑦′ are the coordinates of the 

180 observed trajectory points based on FOC′. We utilized a non-linear regression fit model to find the best 

181 estimates for 𝑟0, 𝑏1, and 𝑏2. The resulting root-mean-square error, normalized by the turning radius, (NRMSE) 

182 was used to evaluate the model’s fit. 

183 We approximated the predator’s aggregate change in heading over a pursuit phase by: 

 
𝑁 

𝜓 = ∑ cos−1(𝒗̂𝑘 ∙ 𝒗̂𝑘−1 ) 
𝑘=2 

( 2.3 ) 

184 where 𝒗̂ is the normalized velocity vector, 𝑁 is the total number of samples, and 𝜓 is the approximate total 

185 change in heading. 
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186 When comparing a measure between groups of trials for which we know the mean and standard deviation for 

187 each trial, we utilized a generalized mean and standard deviation to account for differences in sample sizes 

188 whenever relevant as follows: 

 
𝑁 

𝑋̅  = 
1 

∑ 𝑛  ∗ 𝑥  
∑𝑁  𝑛𝑘 

𝑘 𝑘 
𝑘=1 𝑘=1 

( 2.4 ) 

𝑁 
1 

SD2 = ∑ 𝑛 ∗ (𝜎 2 + 𝑥  2) − 𝑋̅ 2  

∑𝑁 𝑛𝑘 
𝑘 𝑘 𝑘 

𝑘=1 𝑘=1 

 
( 2.5 ) 

189 where 𝑥 , 𝜎, and 𝑛 are the measured mean, standard deviation, and number of samples respectively for a trial; 𝑁 

190 is the total number of trials in the group; and 𝑋̅ , and SD are the generalized mean and standard deviation of the 

191 group of trials. 

192 Statistical analysis 

193 We analyzed the distribution of computed measures and report the median (𝑥 ) and interquartile range (IQR) to 

194 account for outliers and skew; whenever data were normally distributed, we report the mean and standard 

195 deviation. All statistical tests’ null hypotheses were rejected at the 5% significant level (𝛼 = 0.05). When 

196 statistical tests were performed in multiple trials but summarized as a group, we report the maximum p-value 

197 (𝑝max) for interpretation. 

198 We used a Wilcoxon rank sum test (𝑈) to check for differences in the median values of two non-normally 

199 distributed samples. When testing if a sample’s median differed from zero, we instead used a one-sample 

200 Wilcoxon signed rank test (𝑈0). 

201 To test the hypothesis that a trajectory predicted by the pursuit model (eq. 2.12) did not differ significantly from 

202 that created by the processed data, we employed a two-sample Kolmogorov-Smirnov test (𝐾𝑆) on each 

203 Cartesian global coordinate as a generalized proxy for goodness-of-fit [4]. 

204 Simulations 

205 We composed a guidance control model that would predict the predator’s flight during Phase 3 of pursuit 

206 (Chase) based on our initial assumptions and prior work in this field [4,6,29,40,41]. Our mixed model considered 

207 the combined effects of pure pursuit and proportional navigation components [42], as well as each strategy 

208 independently. If a predator’s pursuit was governed solely by pure pursuit, its steering command would be 

209 proportional to the angle delta: 

 
𝑎̇cmd|𝑃𝑃 = 𝐾𝑃𝑃 ∗ 𝛿 ( 2.6 ) 

210 where 𝐾𝑃𝑃 is the pure pursuit component’s gain and 𝛿 is the angle between the predator’s heading and the line- 

211 of-sight vector (fig. 2-A). Under this rule, 𝑎̇cmd|𝑃𝑃 aims to drive 𝛿 to zero; that is, the predator would constantly 

212 attempt to follow its target directly (fig. 3). To implement a guidance law based on this rule, expressed in vector 

213 notation, we first include an odd-symmetric sine function [42] to increase the command’s gain value at 
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214 moderate to high angles while, maintaining it at low values of delta given sin(𝛿) ≈ 𝛿 for small angles. Note that 

215 the use of this function has no geometric meaning. Additionally, we incorporate the predator’s velocity (𝒗𝑝) as a 

216 dynamic gain to increase the steering command proportionally with speed. Under pure pursuit guidance, 

217 𝒂𝑐𝑚𝑑|𝑃𝑃 only acts in the engagement plane; i.e., 𝒂cmd|𝑃𝑃 × 𝒊̂̂ = 0. 

 

𝒂cmd|𝑃𝑃 = 𝐾𝑃𝑃 [𝒗𝑝 × sin(𝛿)𝒌̂] ( 2.7 ) 

 𝒓  
𝛿 = cos−1 ( ∙ 𝒋̂̂) 

|𝒓| 
( 2.8 ) 

218 If a predator’s pursuit was dictated by a proportional navigation strategy, then its steering command would be 

219 proportional to the rate of rotation of the line-of-sight vector [42]: 

 
𝑎̇cmd|𝑃𝑁 = 𝐾𝑃𝑁 ∗ 𝑣𝑝 ∗ 𝜆̇  ( 2.9 ) 

220 where 𝐾𝑃𝑁 is the proportional navigation component’s gain, 𝜆̇  is the rate of rotation of the line-of-sight vector, 𝒓, 

221 and 𝑣𝑝 is the predator’s speed. Under this rule, and with 𝐾𝑃𝑁 = 1, the predator will steer to match the rate of 

222 rotation of the line-of-sight vector, which, for a non-maneuvering prey moving at constant speed, would result 

223 in making 𝒓𝑡 remain parallel to 𝒓𝑡−𝑑𝑡 (fig. 3). To implement a guidance law based on this rule we replace 𝜆̇  with 

224 its generalized vector form 𝝎𝑟: 

 
𝒓 × (𝒗𝑡 − 𝒗𝑝) 

𝝎𝑟 = 
|𝒓|2 

( 2.10 ) 

225 Finally, for this analysis, we considered the effect of proportional navigation component in the engagement 

226 plane only: 

 
𝒂cmd|𝑃𝑁 = 𝐾𝑃𝑁 ([𝝎𝑟 × 𝒗𝑝] ∙ 𝒊̂̂)𝒊̂̂ ( 2.11 ) 

 
 
 
 

 

 
 
 
 

 
227 

228 

229 

230 

231 

Figure 3: A simulated 2-dimensional trajectory depicting 

predator’s responses to the prey flight path based on 

pure pursuit, proportional navigation, and mixed model 

strategies with gains 𝐾𝑃𝑃 = 1 and 𝐾𝑃𝑁 = 1, and predator- 

prey speed ratio |𝒗𝑝|⁄|𝒗𝑡| = 1.4. Rectangles mark the 

point of capture in each strategy. 

 

We recreated the predators’ chase phase by calculating its engagement steering (𝒂𝑒𝑛; fig. 2-A) based on a mixed- 

guidance control model with both pure pursuit and proportional navigation components. A time delay 𝜏 was 

incorporated into the prey’s observed kinematics to account for the predator’s sensorimotor delay as follows 

(fig. 4): 

 

𝒂𝑒𝑛(𝑡) = 𝐾𝑃𝑃 [𝒗𝑝(𝑡) × sin(𝛿(𝑡 − 𝜏 )) 𝒌̂]  + 𝐾𝑃𝑁 ([𝝎𝑟(𝑡 − 𝜏) × 𝒗𝑝(𝑡)] ∙ 𝒊̂̂)𝒊̂̂, |𝒂𝑒𝑛| ≤ |𝒂max| ( 2.12 ) 
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𝑣𝑙 

𝑣𝑙 

𝑣𝑙 

232 To predict the predator’s hunting behavior, we generated time-discrete simulations of virtual predators whose 

233 engagement steering was ruled by equation 2.12. A simulation consisted of generating a trajectory by providing 

234 the prey’s observed motion at time 𝑡 − τ; the predator’s observed tangential and normal accelerations at time 𝑡; 

235 a set of variables {𝐾𝑃𝑃, 𝐾𝑃𝑁, τ, |𝒂max|}; and the virtual predator’s position, heading, and speed from a previous 

236 iteration. To start the solver’s first iteration, we provided the predator’s observed kinematics as initial conditions 

237 (fig. 4). 

Figure 4: Schematic of simulation 

computation. For a given set of variables 

(brackets) and initial conditions (dotted 

line and dotted box), the observed 

kinematics are used to generate steering 

commands for the virtual predator. Using 

this acceleration, the solver computes the 

238 virtual predator’s position and velocity. 

239 To find sets of values that would best recreate the bat’s flight behavior, we performed an exhaustive parameter 

240 search simulating all permutations resulting from a pure pursuit with gain ranging from 0 to 10 (𝐾𝑃𝑃 ∶ 

241 {𝑛⁄4 | 𝑛 ∈ [0, … , 40]}), a proportional navigation with gain ranging from 0 to 5 (𝐾𝑃𝑁 ∶ {𝑛⁄4 | 𝑛 ∈ [0, … , 20]}), with 

242 values of sensorimotor delay ranging from 0.1 to 0.2s (τ ∶ {𝑛⁄100 | 𝑛 ∈ [10, … , 20]}), and with maximum steering 

243 acceleration between 6 to 16ms−2 (|𝒂max| ∶ {𝑛 | 𝑛 ∈ [6, … , 16]}). A gain of zero for either of the models’ 

244 components was included to test the hypothesis that one strategy alone could explain the predator’s steering. 

245 The selected range for 𝐾𝑃𝑃 , 𝐾𝑃𝑁 , and τ were informed by previous work in this field [6,19,29,40,41,43,44], and 

246 the acceleration limits were set by our manual inspection of the predators’ observed acceleration range in this 

247 study. We varied the starting point of the simulation from 𝑡 = 0 to 𝑡 = 0.2𝑡end to account for transient effects in 

248 the predator’s dynamics between Phases 2 (Repositioning) and 3 (Chase). 

249 Simulations were terminated if the predator’s predicted position deviated from the observed trajectory by more 

250 than 5cm. We selected a maximum of 100 best-fitting solutions per trial, defined as those that predicted the 

251 greatest fraction of the bat-moth interaction and that had an RMSE of less than 1.5cm. For trials with fewer 

252 solutions, we relaxed the RMSE constraint to 3.5cm. The best-fitting solutions from all trials were grouped to 

253 form a globally-fitted set that represents our best estimate of the pursuit behavior for this species (fig. 6-A). An 

254 evaluation of the noise sensitivity of this modeling approach can be found in the supplemental material (S8 

255 Appendix). 

256 3. Results 

257 Onset of pursuit 

258 Following bats’ initial prey detection, we observed a significant change in the predator’s acceleration profile: the 

259 distribution of the tangential acceleration scores (𝑎̇∗ ) after onset (detection) declined in most trials (𝑈: 𝑝max < 

260 0.03; 𝑛 = 40). Specifically, bats reduced tangential acceleration which resulted in a value of 𝑎̇∗ that was 22% 

261 lower after compared to before onset (IQR: 14.7~31.5; 𝑛 = 37); three outlier trials in which bats decelerated had 

262 a higher drop in the 𝑎̇∗ score (119~320%). The deceleration response to the prey’s presence at onset occurred 



11  

263 at a range of distances (|𝒓 | = 0.71m, IQR: 0.50~0.90) and, for this species and compared to later phases of 

264 pursuit, at relatively high speeds ( |𝒗 |  = 2.74 m⁄s , IQR: 2.14~3.35) [45]. 

265 Phase 1: Assessment 

266 Throughout the relatively short Assessment phase (𝑡  = 0.23s, IQR: 0.18~0.27), bats maintained generally straight 

267 forward flight; median change in heading (𝜓 ) in the first half of this phase was 6.7° (IQR: 4.6~8.7) over a total 

268 distance of 0.28m (IQR: 0.10~0.44). The decline in tangential acceleration magnitude (|𝒂𝑣𝑙|), which signaled the 

269 onset of pursuit, continued to decrease from its peak (e.g., fig. 2-B), and soon after pursuit onset, we observed 

270 an increase in the steering acceleration magnitude (|𝒂𝑠𝑡|). At the end of Phase 1, |𝒂𝑠𝑡| had increased 255% on 

271 average relative to its value at pursuit onset (IQR: 234~279; 𝑛 = 42), except in two outlier trials in which the 

272 effect was greater (364~409%). Increased |𝒂𝑠𝑡| arose from an increase of the engagement steering, |𝒂𝑒𝑛|, the 

273 steering component aimed directly at the prey (fig. 2-A). The proportion of steering in the engagement plane 

274 (|𝒂𝑒𝑛|2⁄|𝒂𝑠𝑡|2) at the end of this phase averaged 94.3% over all trials (IQR: 84.2~98.3), which is significantly 

275 greater than the mean at pursuit onset of 80.7% (IQR: 48.1~95.5; 𝑈: 𝑝 < 0.005). Although the predator-prey 

276 distance at the end of this phase varied (|𝒓 | = 0.39m, IQR: 0.24~0.56), in most trials the bat-moth vector (𝒓) was 

277 oriented nearly perpendicular to the bats’ velocity vector (𝛿  = 82.8°, IQR: 72.1~97.0; 𝑛 = 39); that is, 𝒓⊥𝑣 was the 

278 dominant component of 𝒓 (fig. 2-A). 

279 Phase 2: Repositioning 

280 After Phase 1, bats entered a second, Repositioning phase, characterized by a single turn maneuver of short 

281 duration (𝑡  = 0.15s, IQR: 0.10~0.19). The distribution of the osculating circles’ center-to-center distances (𝑑𝑐; fig. 

282 5-A) during this phase differed significantly from both other phases (𝑈: 𝑝max ≪ 0.01). Modeling the near-planar 

283 conformation of the bat’s maneuver as a circle yielded a median normalized root-mean error (NRMSE) of 8% 

284 (IQR: 2~22; 𝑛 = 36). In some trials (𝑛 = 8), this maneuver had a prominent out-of-plane component (𝑧′); that is, 

285 the trajectory resembled a helix rather than a circle, and therefore yielded high fit errors. These maneuvers 

286 occurred at a range of linear speeds (𝑉̅  = 1.56 m⁄s , SD = 0.61), angular speeds ( 𝑊  = 9.15 rad⁄s , SD = 4.89), total 

287 heading angle changes (𝜓  = 80°, 𝜎 = 32), and turning radii (𝑟0  = 0.18m, IQR: 0.10~0.24). The bat’s steering, 

288 however, continued to be dominated by the component in the engagement plane (|𝒂𝑒𝑛|). The engagement-to- 

289 total steering proportion (|𝒂𝑒𝑛|2⁄|𝒂𝑠𝑡|2) during the first 70% of the maneuver produced a generalized mean of 

290 90.3% (SD = 2.8), which declined to 83.8% (SD = 5.8) for the final 30% of the turn. Additionally, the angle 

291 between the bat’s velocity vector and the line-of-sight to the prey declined considerably to an average value of 

292 33.5° (IQR: 24.6~47.4), resulting in the pursuing bat positioned “behind” (posterior to) the prey (fig. 5-B); the 

293 spread of headings for the prey differed significantly with an average of 43.0° (IQR: 26.5~66.1; 𝑈: 𝑝 < 0.034). At 

294 the end of this phase, predator-to-prey distances averaged 0.39m (IQR: 0.24~0.53), which was not significantly 

295 different than the average distance at the start of this phase (𝑈0: 𝑝 > 0.16). 
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Chase vs non-chase 

Figure 5: A) The osculating circles’ center-to-center distance, 𝑑𝑐 

(fig. 2-B), for all significant trials (𝑛 = 36), or those without a 

prominent 𝑧′ component. To superimpose all trials, the 

horizontal time axis has been normalized by 𝑡ph2, or the 

duration of Phase 2. The plot shows how, during Phase 2, bats 

move in a circular trajectory about a near constant center of 

rotation. B) The distribution of predator and prey headings at 

the end of Phase 2. Line and tip plots represent a predator and 

prey unitary velocity vector, 𝒗̂𝑝  and 𝒗̂𝑡  respectively. All trials 

for each (predator and prey) are superimposed to show the 

spread of headings with respect to the line-of-sight vector (𝒓) 

at 𝑡 = 𝑡ph2. The schematic illustrates how, after the Phase 2 

turn maneuver, bats’ heading vectors point towards the prey, 

but the prey’s heading generally point away from the bat’s. 

298 We observed two distinct types or classes of flight behavior following the Repositioning phase that we designate 

299 as chase and non-chase trials. We categorized a trial as non-chase (𝑛 = 32) if the time-to-capture after Phase 2 

300 was less than 0.45s, a threshold manually selected based on the time-to-capture distribution of all trials (S5 

301 Figure). This yielded an average time-to-capture for non-chase trials of 0.22s (IQR: 0.13~0.32) and 0.6s 

302 (IQR: 0.50~0.77) for chase trials (𝑛 = 12). At the start of this phase, we found no significant difference in 

303 predator-prey distance (|𝒓 | = 0.39m, IQR: 0.24~0.53; 𝑈: 𝑝 > 0.12), predator’s speed (𝑈: 𝑝 > 0.42), or predator’s 

304 acceleration (𝑈: 𝑝 > 0.43) between groups. Using the prey’s acceleration during Phase 2 as a proxy for 

305 maneuvering, however, groups differed significantly (𝑈: 𝑝 < 0.011). That is, when moths accelerated more 

306 during the bat’s repositioning, the remainder of the interaction became a chase. In the non-chase group, we 

307 found no significant difference between the prey’s acceleration profile during Phase 2 and the remainder of the 

308 pursuit (𝑈: 𝑝 > 0.25) nor in the speeds at which the bats moved (𝑈: 𝑝 > 0.19). After the Repositioning phase, 

309 non-chasing bats quickly began to perform a capture maneuver (fig. 7-C) but chasing bats did not. 

310 Phase 3: Chase 

311 Interactions that continued to a chase (𝑛 = 12) included a diverse range of flight kinematics for both predator 

312 and prey and thus resulted in a wide variety of trajectory topologies (S6 Appendix). Simulations to model the 

313 observed trajectories produced a limited set of best-fitting solutions (fig. 6-A) that predicted most of the 

314 interaction (92.7%, IQR: 90.4~95.4) and closely approximated the bats’ flight behavior with a generalized average 

315 RMSE of 1.24cm (SD = 0.59), 1.30% (SD = 0.87) of the instantaneous distance to the prey. No modeled solution 

316 differed significantly from the original trajectory according to Kolmogorov-Smirnov tests, except for seven 

317 alternative solutions for one specific trial. 
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318 There was no single optimal set of input values for equation 2.12 that minimized error globally (across all trials). 

319 Instead, the pool of best-fitting solutions resulted in a global distribution of 𝐾𝑃𝑃 and 𝐾𝑃𝑁 values (fig. 6-A). 

320 Successful solutions were produced by a narrow range of 𝐾𝑃𝑁 values (IQR: 0.5~1.25), and a distribution of 𝐾𝑃𝑃 

321 values that was sparse and without a clear mode (IQR: 1.25~4.75). We found no linear correlation between the 

322 distribution trends of 𝐾𝑃𝑃 and 𝐾𝑃𝑁 (𝑝 ≪ 0.001). The distribution of 𝐾𝑃𝑃 values had a significant, negative 

323 correlation with prey speed in all trials (𝑅 = −0.66, 𝑝 < 0.02). In some trials (7 out of 12) the distribution of 𝐾𝑃𝑃 

324 had a significant, positive correlation with prey acceleration (𝑅 = 0.80, 𝑝 < 0.03), while in the remaining (5 out 

325 of 12) there was no correlation ( 𝑝 > 0.16). These five trials had a significantly higher 𝐾𝑃𝑁 gain (𝐾 𝑃𝑁  = 

326 0.92 vs. 0.5, 𝑈: 𝑝 < 0.01) and occurred at significantly lower prey accelerations (𝑎̇  = 3.7 vs. 6.4ms−2, 𝑈: 𝑝 < 0.03). 

327 The distribution of sensorimotor delay values belonging to the pool of best fitting solutions had an average of 

328 𝜏  = 0.13s (IQR: 0.11~0.15) with no clear mode. Moreover, we found no correlation between sensorimotor delay 

329 and 𝐾𝑃𝑃 or 𝐾𝑃𝑁 (fig. 6-B). Varying maximum steering acceleration magnitude had no influence on simulations 

330 results. 

331 Testing pure pursuit and proportional navigation strategies separately resulted in larger trajectory prediction 

332 errors compared to the mixed model (fig. 4-C). Additionally, neither model was able to find solutions for all trials 

333 (𝑁𝑃𝑃 = 9, 𝑁𝑃𝑁 = 11) and when successful, a single model typically achieved fewer than 40 solutions. The values 

334 of 𝐾𝑃𝑃 and 𝐾𝑃𝑁 for the single strategy simulations differed significantly from those in the mixed model (fig. 6-D). 

335  

336 Figure 6: A) Gains of the global (all trials combined) best-fitting mixed model solutions. For each grid cell, the number of solutions is equal 

337 to the summation of trials that accurately modeled the predator pursuit with a given 𝐾𝑃𝑃 and 𝐾𝑃𝑁 pair; trials varied in their 3D 
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338 trajectories, so they differed in the degree to which they are well fit by alternative gains. Each trial is counted, at most, once per grid cell 

339 (intensity axis; right). The grid resolution and limits represent the parameter space employed in the simulations. B) The value space 

340 sorted by sensorimotor delay magnitude; each box plot pair depicts 𝐾𝑃𝑃 (yellow) and 𝐾𝑃𝑁 (blue) distribution (left axis) for a specific 

341 sensorimotor delay, 𝜏 (horizontal axis). The bar’s height (right axis) represents the number of solutions from the best-fitting solutions 

342 pool. C) Average RMSE from simulations using pure pursuit (PP), proportional navigation (PN), and the mixed model (PP+PN). Only trials in 

343 which all models could be applied are included in results presented (8 out of 12). D) Gain value distribution that produced best-fitting 

344 pure pursuit, proportional navigation, and mixed-model solutions. Box plots present interquartile range, whiskers mark minima/maxima, 

345 notches represent 95% confidence interval for the median. 

346 4. Discussion 

347 Our in-depth analysis and simulation of Corynorhinus townsendii’s flight trajectories in successful capture events 

348 rejects the hypothesis the strategic predatory pursuit behavior of a highly maneuverable, stealthy, slow-flying 

349 bat can be accurately predicted by a single guidance control algorithm [5]. We observed multiple, distinct phases 

350 in each capture flight, and this multi-stage strategy differs from classic guidance-controlled pursuit. These 

351 phases, Assessment (Phase 1), Repositioning (Phase 2), and finally Chase (Phase 3), are all critical for C. 

352 townsendii’s hunting success. 

353 Approach: Assessment and Repositioning 

354 During Assessment (Phase 1), bats identify potential prey and begin directed flight, reduce their tangential 

355 acceleration, and move with near-linear trajectories. During Repositioning (Phase 2), bats perform a simple, 

356 near-planar, near-constant radius turning maneuver initially directed towards the prey, regardless of the details 

357 of the prey’s motion during this phase. 

358 The approach of C. townsendii to moth prey, therefore, demonstrates the following characteristics: simple 

359 maneuvers, consistent behavior among individuals and trials, and lack of adherence to a single guidance model 

360 (e.g., eq. 2.12). We conclude that, after initial detection, these bats approach prey with movements akin to 

361 those of a stereotyped, feed-forward control scheme. Although the mechanistic basis of this feed-forward 

362 behavior is unknown, our results show that the execution of Phase 1 and 2 consistently allows predators to 

363 reach an advantageous, near-tail chase configuration before continuing with their pursuit (fig. 5-B). This 

364 configuration is only beneficial given the short predator-prey distance and low value of 𝛿 at the end of Phase 2, 

365 and C. townsendii’s distinct capacity to perform complex maneuvers at low flying speeds thereby allowing this 

366 species to respond to prey maneuvers and maintain pursuit [26,46–48]. 

367 The specialized hearing and echolocation behavior of C. townsendii enables them to detect their prey at 0.8m 

368 within and 1.5m outside a flight enclosure [37]. This is consistent with our observations of the onset of pursuit, 

369 which estimates detection at an average of 0.71m (IQR: 0.50~0.90). In a previous study [37], the bat’s quiet 

370 echolocation rarely elicited prey avoidance maneuvers. When avoidance behavior was triggered, it was at an 

371 average distance of 0.29m (sd = 0.17), approximately the species’ wingspan (28.7cm) [31]. Thus, prey potentially 

372 detect the pursuing bat just after the Repositioning phase. This suggests that C. townsendii’s high prey capture 

373 success rate is due, at least in part, to the combination of a stealthy approach and the ability to reach a strategic 
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374 location for pursuit before their echolocation calls can be detected by the prey, thereby “revealing” their 

375 position. 

376  

377 Figure 7: A) Two simulated 2-dimensional trajectories depicting the bat’s pursuit response to prey movements using pure pursuit (PP), 

378 proportional navigation (PN), and a mixed model (PP+PN) with gains of 𝐾𝑃𝑃 = 1.5 and 𝐾𝑃𝑁 = 1. Prey trajectory in both panels was 

379 manually constructed. Colored rectangles mark the capture point for each strategy given an 8cm capture distance between bat and moth 

380 centroids. The legend in each plot indicates the capture time in seconds. Top: simulation with a low degree of prey maneuvering and a 

381 low starting angle 𝛿0. Bottom: simulation with high degree of prey maneuvering and starting 𝛿0. B) Schematic of end of Phase 3. Wings 

382 enable long, relatively constant reach, 𝒓⊥, just before capture. C) Final approach of stereotypical capture maneuver by Corynorhinus 

383 townsendii: (1) bat approaches prey; (2) body position reconfigured to catch prey with the distal wing; prey is redirected to the 

384 uropatagium (tail membrane) to (3) feed. 

385 Chase 

386 In a minority of cases (12 out of 44), prey capture occurred after a relatively lengthy active chase (Phase 3). Our 

387 analysis suggests that the development of this phase was triggered by prey acceleration during the bat’s 

388 repositioning (𝑈: 𝑝 < 0.01). These prey maneuvers may be a defensive mechanism initiated after predator 

389 detection [26,37,46,49], or, alternatively, fortuitous flight movements by the moths. Regardless of the 

390 proximate cause of prey acceleration, we accurately predicted flight trajectories of C. townsendii with a mixed- 

391 model guidance control algorithm (eq. 2.12) with only a small deviation from the observed data (NRMSE = 

392 1.30%, SD = 0.87). 

393 The distribution of 𝐾𝑃𝑃 for the best-fitting solutions (fig. 6-A,D) was broad (𝐾 𝑃 𝑃  = 3, IQR: 1.25~4.75), consistent 

394 with a strong attempt to reduce the value of 𝛿 in response to prey maneuvers. High gain values, 𝐾𝑃𝑃, translate to 

395 a significant requirement for active steering [42], which increases with increasing speed (eq. 2.7). In comparison, 

396 a study of Harris’ Hawks with an equivalent model found a lower best-fit value of 1 (IQR: 0.2~1.45) [6]. A pursuer 

397 will see little benefit from steering at high values of 𝐾𝑃𝑃 if their target is distant because flights will become more 

398 energetically demanding and require a longer time-to-capture compared to using a PN strategy (fig. 7-A). 

399 Nevertheless, at short distances, low initial values of delta, and low flight speeds, the wide range of 𝐾𝑃𝑃 values 
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400 we observe in successful capture flights in this species reflects a substantial capacity to respond to prey 

401 maneuvers flexibly and maintain a near-tail-chase pursuit. 

402 The best fitting values for 𝐾𝑃𝑁 were close to 1 (𝐾 𝑃𝑁  = 0.75, IQR: 0.5~1.25), which will make proportional 

403 navigation behave similarly to pure pursuit for non-maneuvering targets during tail-chasing, but will result in 

404 divergent trajectories for maneuvering prey (fig. 7-A). Predators that forage in the open can realize the 

405 intercepting trajectories predicted by higher gain values, such as 𝐾𝑃𝑁 ≈ 2.6 in peregrines [40] and 𝐾𝑃𝑁 ≈ 3 in 

406 robber files [43]. In contrast, interception trajectories of high 𝐾𝑃𝑁 values may not be viable in denser, more 

407 cluttered habitats, where predators forage close to vegetation. In these cases predators may benefit from 

408 trajectories that more closely resemble those of their prey; that is, with lower values of 𝐾𝑃𝑁 [6]. 

409 A PN strategy alone, even at 𝐾𝑃𝑁 = 1, can produce trajectories that deviate from the prey’s location thereby 

410 increasing the probability of encountering obstacles in cluttered environments (fig. 7-A). Conversely, when a 

411 predator adopts a PP strategy, the trajectory closely follows the prey but results in a longer time-to-capture and 

412 thereby a greater chance for the prey to escape [46,47,50]. Although it requires a greater steering effort than a 

413 PN strategy alone, a mixed model delivers a balance between time-to-capture and close fitting trajectories 

414 executed by the prey, which may be especially valuable in some microhabitats. 

415 Our results demonstrate that a proportional navigation component is necessary to model C. townsendii’s pursuit 

416 (fig. 6-C). This is, in part, due to how PN turn commands differ from those of PP (S7 Appendix) but may also 

417 effectively simulate the bats’ capture maneuvers (fig. 7-B,C). C. townsendii, like many aerial hawking bat species, 

418 generally capture prey with their wings [51]. Multiple parts of the wings can be used for this function, including 

419 even the most distal regions of the dactylopatagium (fig. 7-C). Following prey contact with the plagio- or 

420 dactylopatagium (arm- or handwing), C. townsendii move their prey to the uropatagium, the tail membrane, 

421 from which prey is moved to the mouth [51]. As a result, the distance between the body marker in our analyses 

422 and the anatomical site of prey capture in this species may be as much as the length of a wing, approximately 

423 10cm [30], which is close to the mean distance between the moth and the pursuing bat at the beginning of 

424 Phase 3 (|𝒓 | = 0.39m, IQR: 0.24~0.53). In some cases (see fig. 7-B), steering in response to the rate of rotation of 

425 the line-of-sight may reflect the bat’s tendency to approach its prey in a manner compatible with its capture 

426 maneuver. 

427 Interpretation of a mixed model 

428 Most studies of aerial predatory pursuit utilize templates [52] of guidance algorithms adapted from the 

429 engineering literature whereby a pursuer’s steering command is derived from information about itself and its 

430 target’s motion. For example, pure pursuit produces a steering command which strictly enables a pursuer to 

431 move directly towards its target, regardless of the target’s motion [42]. A scaling factor or system gain, 𝐾𝑃𝑃 (eq. 

432 2.7), is incorporated to provide the best fit of the algorithm to a predator’s trajectory. This approach models 

433 some organisms’ pursuit behavior remarkably well [53,54]. Although the control strategy and scaling factor may 

434 provide an accurate representation of an organism’s locomotor performance during steering in response to prey 

435 movements, neither reproduce the organism’s pursuit behavior in its entirety. This limits the extent to which 

436 they can be interpreted in a biologically meaningful manner, which is in part due to our lack of detailed 
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437 knowledge of the cognitive and sensorimotor mechanism underling the locomotor behavior of predatory 

438 pursuit. 

439 Modeling the steering of more intricate pursuit behavior or cases that differ significantly from existing guidance 

440 algorithms can be complex. Although we can formulate guidance algorithms that uniquely fit a predator’s 

441 pursuit behavior, adding detail to increase fit may risk losing generality and a biologically meaningful 

442 interpretation of models. Alternatively, we may represent complex behaviors by a decomposition using mixed 

443 models integrated by multiple, well-defined components. A simplistic example would be to represent bipedal 

444 locomotion by a mixed model with two distinct components or ways of moving: walking and jumping. In this 

445 view, running, a uniquely distinct gait, could be approximated in the walking vs. jumping space with a high value 

446 of walking, and a low and periodical value of jumping. These two components could be thought of as 

447 “orthogonal” in the sense that no amount of walking would equate to jumping and vice versa, except when both 

448 have value of zero; that is, while standing still. Similarly, a mixed model of predatory pursuit should not be 

449 interpreted as a pursuer implementing both strategies simultaneously. Instead, its steering may be well- 

450 approximated as a composite of two independent strategies, each of which produces unique responses to a set 

451 of inputs, can be interpreted biologically, and shares little overlap with the other in functionality. Such 

452 methodology has great potential to model a predator’s pursuit behavior because it is robust against as yet 

453 unknown systems, allows meaningful conclusions regarding an organism’s sensorimotor function during 

454 predation, and provides a biologically meaningful framework to compare species. 

455 Matching pursuit guidance to sensory ecology and flight dynamics 

456 Corynorhinus townsendii’s strategic pursuit behavior is well-aligned with current understanding of their feeding 

457 ecology and the capabilities of their flight apparatus. Their acute hearing, potential detection of prey noises as a 

458 stimulus to engage in predatory behavior, and quiet echolocation near prey [37,55] aid their initially stealthy 

459 approach. We suggest that this portion of C. townsendii’s hunting behavior serves to identify the nature of 

460 possible prey and provide input to the decision to engage before potentially revealing their presence by their 

461 echolocation calls or physical proximity. If pursuit continues, near tail-chase behavior is best modeled by a 

462 guidance algorithm that accommodates predator-prey interactions in dense arboreal environments. C. 

463 townsendii have the highest capture success rate reported for any insectivorous, aerial hawking bat species [37], 

464 and the combination of pursuit strategy, sensory capabilities, and flight dynamics could work synergistically to 

465 produce this level of performance. 

466 Our conclusion that no single strategy effectively describes the predatory pursuit behavior during aerial hawking 

467 in C. townsendii differs from previous studies based on other bat species [8,23,25,27,28]. We expect that the 

468 group of bat species that employ this feeding mode will possess an ensemble of sensorimotor traits, feeding 

469 ecologies, and evolutionary histories that are tightly interwoven with their pursuit behavior, and hence, with the 

470 results of this modeling approach. Given the small number of species studied to date, however, it may still be 

471 difficult to estimate how disparate pursuit behavior is within this group. In this context, C. townsendii provides 

472 an important case study [56] because its flight performance may be representative of the highest levels of 

473 maneuverability and low flying speeds among aerial hawking bats. 
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474 The study of strategic predatory pursuit across taxa, and especially in aerial foragers, has shown that hunting 

475 behavior can be well predicted using guidance algorithms [4–8,19,29,54,57]. To date, however, this analysis 

476 approach remains limited to inferences of the predator’s behavior based on a few variables, such as 𝐾𝑃𝑃 and 𝐾𝑃𝑁 

477 as demonstrated here. Development of pursuit models of higher complexity continues actively, and new models 

478 incorporate, for example, kinematics and body dynamics of the predator [19] and computational numerical 

479 approaches [58–60]. These efforts will expand our understanding of natural behavior in predator-prey 

480 interactions to controlled biomechanical experiments in the laboratory [61,62], which include studies of 

481 aerodynamic force generation using particle image velocimetry, flapping flight mechanics with high-speed 

482 videography in wind tunnels, and detailed characterization of an animal’s sensing apparatus. 
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