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Background. In North America, up to one billion birds are estimated to die annually due
to collisions with glass. The transparent and reflective properties of glass present the
illusion of a clear flight passage or continuous habitat. Approaches to reducing collision risk
involve installing visual cues on glass that enable birds to perceive glass as a solid hazard
at a sufficient distance to avoid it. Methods. We monitored for bird-window collisions
between 2013 and 2018 to measure response to bird protection window treatments at two
low-rise buildings at the Alaksen National Wildlife Area in Delta, British Columbia, Canada.
After two years of collision monitoring in an untreated state, we retrofitted one building
with Feather Friendly® circular adhesive markers applied in a grid pattern across all
windows, enabling a field-based assessment of the relative reduction in collisions in the
two years of monitoring following treatment. An adjacent building that had been
constructed with a bird protective UV-treated glass called Ornilux® Mikado, was monitored
throughout the two study periods. Carcass persistence trials were conducted to evaluate
the likelihood that carcasses were missed due to carcass removal between scheduled
searches. Results and Conclusions. After accounting for differences in area of glass
between the two buildings, year, and observer effects, our best-fit model for explaining
collision risk included the building's treatment group, when compared to models that
included building and season only. We found that the FF markers reduced collision risk at
the retrofitted building by 95%. Collision incidence was also lower at the two monitored
façades of the building with Ornilux® glass compared to the building with untreated glass.
Although more research is needed on the effectiveness of bird-protection products across
a range of conditions, our results highlight the benefit of these products for reducing avian
mortality due to collisions with glass.
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24 Abstract

25 Background. In North America, up to one billion birds are estimated to die annually due to 

26 collisions with glass. The transparent and reflective properties of glass present the illusion of a 

27 clear flight passage or continuous habitat. Approaches to reducing collision risk involve 

28 installing visual cues on glass that enable birds to perceive glass as a solid hazard at a sufficient 

29 distance to avoid it.

30 Methods. We monitored for bird-window collisions between 2013 and 2018 to measure 

31 response to bird protection window treatments at two low-rise buildings at the Alaksen National 

32 Wildlife Area in Delta, British Columbia, Canada. After two years of collision monitoring in an 

33 untreated state, we retrofitted one building with Feather Friendly® (FF) circular adhesive markers 

34 applied in a grid pattern across all windows, enabling a field-based assessment of the relative 

35 reduction in collisions in the two years of monitoring following treatment. An adjacent building 

36 that had been constructed with a bird protective UV-treated glass called ORNILUX® Mikado, was 

37 monitored throughout the two study periods. Carcass persistence trials were conducted to 

38 evaluate the likelihood that carcasses were missed due to carcass removal between scheduled 

39 searches.

40 Results and Conclusions. After accounting for differences in area of glass between the two 

41 buildings, year, and observer effects, our best-fit model for explaining collision risk included the 

42 building's treatment group, when compared to models that included building and season only. 

43 We found that the FF markers reduced collision risk at the retrofitted building by 95%. Collision 

44 incidence was also lower at the two monitored façades of the building with ORNILUX® glass 

45 compared to the building with untreated glass. Although more research is needed on the 

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



46 effectiveness of bird-protection products across a range of conditions, our results highlight the 

47 benefit of these products for reducing avian mortality due to collisions with glass.
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48 Introduction

49 Each year in North America, billions of birds suffer direct mortality from anthropogenic sources, 

50 of which collisions with glass on buildings are a major factor (Loss, Will & Marra, 2015). 

51 Building collisions are responsible for an estimated 365 – 988 million avian deaths per year in 

52 the United States and 16 – 42 million deaths per year in Canada (Machtans, Wedeles & Bayne, 

53 2013; Loss et al., 2014). As the built environment continues to grow worldwide (Seto, Güneralp 

54 & Hutyra, 2012), research effort has also been steadily increasing to identify the temporal, 

55 spatial, and taxonomic correlates of collision risk. Mortalities from collisions are often higher 

56 during the migratory periods compared to the stationary breeding and the overwintering stages of 

57 the annual cycle (Borden et al., 2010; Machtans, Wedeles & Bayne, 2013; Loss et al., 2014, 

58 2019; Kummer & Bayne, 2015). Therefore, even populations of species that spend the majority 

59 of their lifecycle in areas that lack anthropogenic structures may suffer collision mortality losses 

60 during migratory stopovers in urban and rural areas (Pennington, Hansel & Blair, 2008, Riding, 

61 O’Connell & Loss, 2020). Collision mortality can also be substantial throughout the nonbreeding 

62 period in developed regions that support high densities of overwintering birds (De Groot et al., 

63 2021). 

64

65 Some species suffer disproportionate levels of collision-related mortality relative to their local 

66 abundance, indicating that species-specific traits increase the susceptibility of specific taxa (Loss 

67 et al., 2014; Wittig et al., 2017; Elmore et al., 2020; De Groot et al., 2021). For example, 

68 nocturnal migrants (Arnold & Zink, 2011; Loss et al., 2014) and forest-dwelling insectivorous 

69 songbirds appear to have increased vulnerability to collisions (Wittig et al., 2017; Elmore et al., 

70 2020). Omnivorous birds, particularly those that switch to fruit outside of the breeding season, 
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71 have also been shown to be more susceptible to collisions during the nonbreeding period (Brown 

72 et al., 2019; De Groot et al., 2021). Regional-levels of collision mortality can be influenced by 

73 geographic features such as large lakes, building densities (Machtans, Wedeles & Bayne, 2013; 

74 Hager et al., 2017), and the lightscape (Van Doren, et al., 2017; Horton et al., 2019). These 

75 regional-scale factors interact with local-scale factors such as neighbourhood and building-level 

76 collision risk (Hager et al., 2013; Riding, O’Connell & Loss, 2020). Increased collision risk 

77 occurs when buildings have features that attract birds to buildings, such as surrounding 

78 vegetation (Klem, 1989; Hager et al., 2013; Riding, O’Connell & Loss, 2020), feeders (Dunn, 

79 1993; Kummer & Bayne, 2015), fruit trees (Brown, Hunter & Santos, 2020), and artificial light 

80 at night (Van Doren, et al., 2017; Horton et al., 2019). Once birds are in close proximity to 

81 buildings, other factors such as architectural features (e.g. glass corners, alcoves and corridors), 

82 and glass façade characteristics (length, height) further influence collision risk (Hager et al., 

83 2008; Klem et al., 2009; Ocampo-Peñuela et al., 2016; Riding, O’Connell & Loss, 2020). 

84 Resident birds may learn where these hazards are located (Sheppard, 2019), but this prior 

85 knowledge could be lacking for migrants and many overwintering birds that may move across 

86 large areas in search of ephemeral resources. 

87

88 Collisions are thought to occur because reflections of sky or vegetation and the transparent 

89 nature of glass gives birds the illusion of an unobstructed route that they fail to perceive and 

90 avoid (Klem, 1989; Sheppard, 2019). Strategies for collision reduction, therefore aim to provide 

91 sufficient visual cues to allow birds to perceive and avoid the hazard (Loss et al., 2019). The use 

92 of architectural features such as grilles, solar shading, architectural mesh, external screens and 

93 ceramic fritting provide cost-effective solutions that may reduce collision risk (Canadian 
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94 Standards Association, 2019; American Bird Conservancy, 2019), and also align with other 

95 sustainability and occupant objectives, e.g., enhancing energy conservation and occupant 

96 privacy. For existing buildings, mitigation approaches involve external window surface 

97 treatments such as vertical parachute cords, screens, adhesive opaque and UV films, ceramic 

98 fritting or other visual markers (Klem & Saenger, 2013; Rössler, Nemeth & Bruckner, 2015; 

99 Sheppard, 2019, Swaddle et al, 2020). Visual markers should cover the entire surface of glass 

100 with 5 cm or less between markers, to discourage birds from attempting to navigate around or 

101 between the perceived barriers (Klem, 2009; Sheppard, 2019). Frontal vision in most birds is low 

102 resolution, and therefore, color of static objects must provide as much contrast as possible, in 

103 order to be conspicuous to birds (Martin 2011).

104

105 One potential barrier to the uptake of these surface treatments of glass by the general public is 

106 the perception that they may interrupt views for human occupants within buildings. An 

107 alternative has been to use glass or window treatments with an integrated ultraviolet (UV) signal. 

108 The UV treatment reflects at a spectrum in the 300-400 nm range which is visible to most bird 

109 species, but not humans (Klem, 2006; Martin, 2011), thereby providing a relatively unobstructed 

110 view for building occupants (Klem & Saenger, 2013). Although these products attempt to 

111 integrate anecdotal information, collective experience, and existing knowledge on avian vision 

112 and obstacle avoidance (Martin, 2011), there has been little formal evaluation of the 

113 effectiveness of different solutions across a range of conditions, buildings and geographical 

114 areas. Standardized flight-tunnel protocols, which allow birds to fly towards a clear control panel 

115 or a panel treated with markers in a range of sizes, colours and configurations, have been 

116 developed to allow for large numbers of birds to be tested under controlled conditions (Sheppard, 
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117 2019). However, because flight tunnel-based trials cannot capture exact field conditions, they 

118 may not be predictive of field effectiveness, potentially leading to an overestimation of their 

119 efficacy (Klem & Saenger, 2013; Swaddle et al., 2020). Products assessed across a range of 

120 seasons and under a range of natural lighting and field conditions may therefore increase the 

121 reliability of product evaluations (Klem & Saenger, 2013; Rössler, Nemeth & Bruckner, 2015; 

122 Swaddle et al., 2020). Furthermore, bird-collision deterrent products are best evaluated if 

123 collision data are collected both before and after the application of bird protection products 

124 (Sheppard, 2019; Swaddle et al., 2020). To our knowledge, only one study to date has applied 

125 such an experimental design to evaluate the reduction in collisions after the application of 

126 external adhesive markers (described in Brown et al., 2020 and 2021).

127

128 In this study, we present in situ performance data on collision risk from our study site in Delta, 

129 British Columbia, Canada across all seasons between 2013 and 2018 for two commercially-

130 available bird protection products: Feather Friendly® external adhesive markers and ORNILUX® 

131 Mikado N33 UV patterned bird-protection glass. Both ORNILUX® and FF meet the American 

132 Bird Conservancy’s criterion for bird-friendly glass (American Bird Conservancy, 2021), based 

133 on tunnel testing. Our objective was to evaluate the effectiveness of bird protection products 

134 under natural conditions. We first examined whether retrofitting a building with FF treatment 

135 reduced collision risk by comparing collision rates at all 11 façades on a single building for two 

136 years before, and two years after applying the FF external adhesive markers to all glass surfaces 

137 of the building. Our secondary objective was to assess the collision rate over the same time 

138 period at an adjacent building constructed using ORNILUX® glass. 
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139 Materials & Methods

140 Study area

141 We conducted collision monitoring at two buildings of the Pacific Wildlife Research Centre 

142 (PWRC), referred to as the Science Complex and the Annex (Fig. 1). The buildings are situated 

143 on the Alaksen National Wildlife Area (hereafter Alaksen) (49.098, -123.179°) located on 

144 Westham Island within the Fraser River Delta in Delta, British Columbia, Canada (Fig. 1). 

145 Alaksen spans 349 ha on Westham Island and overlaps with a portion of the 300 ha George C. 

146 Reifel Migratory Bird Sanctuary. The habitat at Alaksen includes estuarine and freshwater marsh 

147 habitats, a mixture of deciduous and coniferous trees and shrubs interspersed along dikes and 

148 140 ha of agricultural fields (Environment and Climate Change Canada - Canadian Wildlife 

149 Service, 2020). Alaksen is an important migratory stopover and overwintering site for birds, 

150 receiving designation as a Ramsar Wetland of International Significance and Important Bird 

151 Area, with over 240 bird species documented to occur, including eight avian federal Species at 

152 Risk (ECCC, 2020). 

153

154 The Science Complex is a two-story building with a 650 m2 footprint (Fig. 1 and 2). The 

155 building contains 11 façades, 202 glass window panels, and seven doors with window inserts, for 

156 a total glass area of 110.5 m2. In 2016, following the first 730 day collision monitoring study 

157 period, all external window panels were treated with Feather Friendly® 1 cm diameter white 

158 circular adhesive markers. Feather Friendly® (hereafter FF; Convenience Group, Canada) is a 

159 durable non-film, chromatic adhesive marker that is designed to be applied to the exterior surface 

160 of glass by homeowners, or professional installers for large surfaces of commercial buildings. 

161 Markers were applied in a grid pattern with 5 cm spacing from marker centre to centre, across 
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162 the entire exterior surface of all windows (Fig. 2b). The Annex is a two-story building with a 340 

163 m2 footprint, built in 2013. All external windows and glass doors of the Annex were constructed 

164 using ORNILUX® Mikado N33 glass (hereafter ORNILUX®; Arnold Glas, Germany); a 

165 manufactured glass product with a UV signal applied to an interior surface of insulated glass 

166 units (Arnold Glas, pers. comm.). At the Annex, we chose to monitor the two façades that did not 

167 have metal grilles covering a portion of the windows and that best matched the Science Complex 

168 in terms of ground vegetation and substrate within 2m of the building façade (Fig. 3). Monitored 

169 façades at the Annex (façades 2 and 3; Fig. 1 and 3) were located on the northwest aspect of the 

170 building and contained 37 window panels, including five glass doors with a total glass area of 

171 35.1 m2.  The Science Complex and the Annex buildings are less than 15 meters apart and have 

172 comparable surrounding vegetation structure and proximity to water bodies at the landscape 

173 scale (Fig. 1). 

174

175 Survey Protocol

176 Surveys were conducted by Environment and Climate Change Canada staff and affiliated 

177 students. For each survey, a participant walked all façades one to eleven of the Science Complex 

178 and façades two and three of the Annex (Fig. 1), searching for stunned birds, intact carcasses, 

179 partially scavenged carcasses, or feather piles within 2 m of building façades, and feather smears 

180 on first story windows (Hager and Cosentino 2014). Feather piles were defined as a minimum of 

181 10 feathers found within a 0.5 m diameter area (Ponce et al. 2010). If feather smears were 

182 present in addition to a carcass or feather pile at the same façade, these were treated as a single 

183 collision. Surveys were conducted in the afternoon to maximize detection, because most collision 

184 mortalities are expected to occur in the early morning (Hager & Cosentino 2014). Participants 
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185 recorded the time and date of the survey, type of evidence located (carcass, feather smear, feather 

186 pile or stunned birds) and species identification if possible. All evidence, including feather 

187 smears on first story windows, was then removed by collision monitors to avoid double counting 

188 in subsequent surveys. Incidental reports of bird collisions by staff working at either building 

189 were recorded separately from standardized surveys and were not included in statistical analysis.

190

191 A total of 726 surveys were conducted over four years; 2-5 times per week at both the Science 

192 Complex and the Annex for two years (730 days) before the FF treatment of the Science 

193 Complex (April 3rd, 2013 to April 2nd, 2015; n = 362 surveys), and 2-5 times per week at both 

194 buildings for two years (730 days) following FF treatment (September 26th, 2016 to September 

195 25th, 2018; n = 364 surveys). Surveys were conducted throughout the year with 180 in the spring 

196 (March 21-June 20), 205 in the summer (June 21-September 21), 169 in the fall (September 22-

197 December 20), and 172 in the winter (December 21-March 21) (Supplementary Table 1). A 

198 clean-up survey was conducted the day before the start of each of the two survey periods (i.e., on 

199 April 2nd, 2013 and September 25th, 2016) to remove any collision evidence that had 

200 accumulated prior to the survey periods. 

201

202 Scavenging of carcasses can negatively bias collision monitoring results if carcasses are removed 

203 prior to scheduled surveys (Klem et al., 2004; Riding & Loss, 2018). Carcass persistence was 

204 measured to evaluate whether carcasses were being missed, by placing thawed carcasses of 

205 previously window-killed birds at randomly selected locations along building façades. The 

206 persistence of carcasses was monitored twice daily for the first 3 days and then during scheduled 
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207 surveys (2 – 5 days per week) on subsequent days until carcasses were not detectable, or after the 

208 trial had run for 11 days, whichever came first.  

209

210 Statistical Analysis

211 All data manipulations were performed using the tidyverse package (Wickham et al., 2019). We 

212 used generalized linear mixed models, incorporating only the standardized survey collision 

213 monitoring data, assuming a Poisson error distribution with a log-link function using the lme4 

214 package (Bates et al., 2015) in R version 4.0.1 (R Core Team, 2019). We used the bobyqa 

215 iterative optimizer in lme4, which facilitates the convergence of GLMM models with bounded 

216 variables using an iterative quadratic approximation (Powell 2009, Bates et al., 2015). Although 

217 each survey day included all façades at the Science Complex and the two monitored façades at 

218 the Annex, data were pooled across façades and were treated at the building level. Data was 

219 compiled into four groups: Pre-FF treatment (2013-2015) and post-FF treatment (2016 – 2018) 

220 period for the Science Complex and over the same time blocks of 2013 – 2015 and 2016 – 2018 

221 for the Annex building with ORNILUX® glass (Supplementary Table 2). The rationale of this 

222 grouping was to ensure equal partitioning of inter-annual variance between the two buildings that 

223 could influence our assessment of collision rate such as weather, bird population fluctuations and 

224 behaviour. These treatment groups were modelled as a fixed effect, as was season. The influence 

225 of year and observer were accounted for by modelling them as random effects. An offset 

226 correction was used to account for the differences in glass area between the Science Complex 

227 (FF) and the two surveyed façades of the Annex (ORNILUX® glass). 

228
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229 We evaluated support for three models as shown in Table 1. Using a base model with random-

230 effects (year and observer) and season, we compared a building-only effect model, season and a 

231 treatment effects model. Model support was based on Akaike’s Information Criterion (AIC), 

232 where models with ∆AIC < 2 were considered equally plausible (Burnham & Anderson, 2002). 

233 Incidence rate-ratios (IRR) were then calculated using sjplot (Lüdecke, 2020) and reflect the 

234 relative increase (IRR>1) or decrease (IRR<1) in the incidence of collisions within a categorical 

235 group, relative to a reference group, which we selected as the untreated glass at the Science 

236 Complex.

237

238 Results

239 We recorded a total of 71 collisions involving 17 species, over the four years of our study. Forty-

240 two of these collisions were known mortalities (carcasses and feather piles) and 27 were 

241 collisions for which fate was unknown (19 feather smears and 8 stunned birds; Supplementary 

242 Table 2). We found that collisions were most frequent in winter and fall, despite fewer surveys 

243 being conducted during these seasons, compared to spring and summer (Supplementary Tables 1 

244 and 3). Collisions were also not distributed equally across façades. Before FF application on the 

245 Science Complex windows, 62% of collisions detected during standardized surveys occurred at 

246 façades five (17%), eight (31%) and nine (14%) (Fig. 1 and Fig. 2a). 

247

248 We found that carcass persistence was similar across the two time periods (2013 -2015 versus 

249 2016 – 2018) and across the two study buildings. Carcasses persisted for a mean of 8.2 days (SE 

250 = 1.2; range 2 – 11 days) during the 2013 – 2015 study period and for a mean of 7.6 days (SE = 

251 1.2 days; range 1 – 11) during the 2016 – 2018 study period. Mean carcass persistence was 7.6 
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252 days (SE = 1.0; range 1 – 11 days) and 8.5 days (SE = 2.2 days; range 1.3 – 11 days) at the 

253 Science Complex and the Annex respectively.  

254

255 When competing models based on standardized survey data corrected for differences in area of 

256 glass were compared, the best supported model for predicting collision risk was the model that 

257 included the building's treatment group, versus the building-only or base model (year, observer 

258 and season; Table 1). We found that the Incidence Rate Ratio (IRR) for collisions was 

259 significantly lower at the Science Complex in the two year period following FF treatment, 

260 representing a 95% reduction in collision risk in 2016 – 2018 (IRR = 0.05; Figure 4) compared 

261 to the two year pre-treatment period (2013 – 2015) when only conventional glass was present. 

262 Collisions at the Annex ORNILUX® glass façades in 2013 – 2015 were significantly less likely to 

263 occur compared to untreated conventional glass at the Science Complex during the same time 

264 period (71% reduction in collision risk, IRR= 0.29, Figure 4).  However, the confidence intervals 

265 for IRR overlapped with the conventional glass reference, indicating that the reduction in 

266 collision risk at the Annex ORNILUX® glass façades in the 2016 - 2018 period was not 

267 statistically significant when compared to untreated conventional glass (66%  reduction in 

268 collision risk, IRR = 0.34, Figure 4). 

269

270 Discussion

271 Our study provides evidence of the effectiveness of two bird protection products utilizing 

272 opaque, adhesive marker and UV-treated glass for the reduction of bird collisions under natural 

273 field conditions. The application of Feather Friendly® (FF) adhesive circular markers to 

274 conventional glass windows at the Science Complex led to a 95% reduction in collision risk. Our 

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed

DLK
Sticky Note
comma



275 results are consistent with other studies showing significant reductions in collisions following the 

276 application of FF markers (FLAP Canada, 2018; Winton, Ocampo-Peñuela & Cagle, 2018, 

277 Brown et al., 2019, 2021). The Annex windows were constructed with ORNILUX® glass, so the 

278 absence of pre-treatment collision data prevented a within-building comparison of change in 

279 collision risk. However, the product shows promise in that relative to conventional glass at an 

280 adjacent building, ORNILUX® glass also demonstrated a reduced collision incidence risk.  

281

282 The effectiveness of Feather Friendly® markers is due to the disruption of the reflectivity of the 

283 external surface; providing a visual signal to birds that an impassable barrier is present. To 

284 discourage birds from attempting to navigate between the perceived barriers, the visual markers 

285 must be applied across the entire surface of glass and inter-marker spacing should be less than 

286 five cm from centre to centre (Klem, 2009; Sheppard, 2019); recommendations that were 

287 followed in the FF application at the Science Complex. The UV patterns on the ORNILUX® 

288 Mikado N33 glass also adhere to the spacing recommendations, but the UV patterns in the N33 

289 product are applied to an interior surface of insulated glass units. Patterns placed on interior 

290 window surfaces may be less visible under conditions of high reflectance (Sheppard, 2019), or if 

291 the outside light exceeds the building's interior lighting (Klem & Saenger, 2013). An in situ 

292 comparison of ORNILUX® and fritted glass suggested that both treatments reduced collisions 

293 compared to untreated windows at other buildings, but fritted glass had fewer collisions than 

294 both ORNILUX® glass and untreated glass (Brown, Hunter & Santos, 2020).

295

296 Compared to opaque FF markers, windows constructed with UV patterns offer relatively 

297 transparent views for humans. However, UV-based products have several limitations that 
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298 warrant consideration. First, for UV-based signals to be detected by birds there must be at least 

299 20 – 40% reflectance within the 300 – 400 nm range (Klem & Saenger, 2013). Since UV light 

300 levels vary throughout the day, season, and latitude, UV light levels may be low during the 

301 highest risk time for collisions, such as the morning (Loss et al., 2019; Sheppard, 2019). Second, 

302 the effectiveness of the UV-signal depends on birds being UV-sensitive. Passerines are UV-

303 sensitive, while other taxa such hummingbirds have lower sensitivity (Ödeen & Håstad, 2013), 

304 but also suffer high collision mortalities (Schneider et al., 2018, Loss et al., 2019). Therefore, 

305 reducing collision mortality in species with a reduced UV sensitivity would require alternative 

306 mitigation approaches. Bird protection products such as Feather Friendly® and UV glass 

307 products such as ORNILUX® come in a range of configurations, densities of markers and location 

308 of UV signal within insulated glass units, therefore they will provide different levels of 

309 protection against bird collisions. Differences among products may be further affected by 

310 building and landscaping characteristics, season, latitude, weather, and differences in bird 

311 communities, therefore, additional field studies across a range of sites would be beneficial 

312 (Sheppard, 2019; Elmore et al., 2020; Riding, O’Connell & Loss, 2020; Brown et al. 2021). The 

313 consolidated ownership of buildings, building ownership stability and motivated occupants make 

314 government facilities, colleges and universities ideal locations for multi-year field evaluations of 

315 bird protection products. Furthermore, the availability of systematically collected, or incidental 

316 collision data would be exponentially increased with the involvement of community scientists 

317 (Loss et al., 2015) using existing platforms such as the Global Bird Collision Mapper (FLAP 

318 Canada, 2021b),  iNaturalist (Winton, Ocampo-Peñuela & Cagle, 2018, California Academy of 

319 Sciences and National Geographic, 2021), and dBird (New York Audubon, 2021).

320
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321 Our first caveat is that we lacked the ability to conduct a within-building, pre- and post-treatment 

322 comparison of ORNILUX® glass. The Science Complex and Annex are structurally different 

323 buildings in features that are known to influence collisions, such as proportion of glass (Klem 

324 2009, Riding, O’Connell & Loss, 2020). Although we included an offset correction for the 

325 differences in glass area to compare the ORNILUX® to untreated conventional glass at the Science 

326 Complex, we lacked the statistical power to account for the potential influence of a range of 

327 additional variables. Therefore, the comparison of collision risk of ORNILUX® glass relative to 

328 our adjacent building with untreated conventional glass should be interpreted with caution. 

329

330 Secondly, as we have limited carcass persistence data, we were not able to calculate mortality 

331 estimates adjusted for biases due to scavenging of carcasses. However, our available carcass 

332 persistence data suggests that carcass removal did not vary between the 2013 – 2015 and 2016 – 

333 2018 study periods, or between the Science Complex and Annex buildings. In addition, the 

334 average carcass presence of 7.6 – 8.5 days in our carcass persistence trials indicates that removal 

335 would be unlikely to affect detection, because our surveys occurred more frequently than the 

336 average time that it took for carcasses to disappear at our survey site. Hager et al. (2012) reported 

337 carcass persistence ranges of 11.8 +/- 7.2 days in Illinois during non-winter seasons, which is 

338 comparable to our results. However, persistence times were much shorter at a nearby study in 

339 Vancouver, British Columbia, where the shortest median durations were markedly different (0.81 

340 days in fall; De Groot et al. 2021). These differences highlight the importance of collecting site-

341 specific carcass persistence data, to evaluate potential biases in mortality data derived from 

342 carcass surveys.

343
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344 Determining the effectiveness of bird-protection products is crucial, but these efforts should also 

345 be accompanied by incentives to adopt these mitigations. Bird-friendly building design standards 

346 are mandatory in an increasing number of North American municipalities such as Toronto, 

347 Ontario and New York City, New York (American Bird Conservancy 2022). These legislative 

348 standards, in addition to a 2013 judgement (Liat Podolsky “Ecojustice” v. Cadillac Fairview) that 

349 accidental deaths of species at risk due to collisions with buildings constitutes an offence under 

350 Section 32(1) of Canada’s Species At Risk Act (2013), fuelled an increased demand for collision 

351 mitigation products in Canada. Compliance can be further encouraged by emphasizing multiple 

352 benefits of certain collision mitigation solutions such as reduced carbon footprint, and reduction 

353 of building operational costs. For example, retrofits of ceramic frit can reduce collision mortality 

354 by 90%, but also offer substantial energy savings and retained aesthetics for a proportionately 

355 small financial investment (Piselli, 2020). Furthermore, substantial reductions in mortality and 

356 savings in energy use can be accomplished by reducing night lighting, as well as focusing 

357 funding resources on mitigating the portions of buildings that pose a disproportionately high 

358 collision risk (Loss et al., 2019; FLAP, 2021).

359

360 The buildings in this study are comparable to rural residences and low-rises, both of which are 

361 cumulatively associated with high collision mortality (Bayne, Scobie & Rawson-Clark 2012; 

362 Machtans et al. 2013, Loss et al. 2014). Reducing mortalities at residential and low-rise buildings 

363 could be achieved through increased public awareness of both the scale of window mortality, and 

364 the range of simple and inexpensive solutions available to address this mortality; including 

365 designs applied on windows with tempera paint or oil-based markers (American Bird 

366 Conservancy 2021), or hanging cords in front of windows (Acopian Bird Savers). The Feather 
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367 Friendly® markers used in this study are available in 'Do-It-Yourself' kits (Convenience Group, 

368 Canada) that are easily applied, removable, and cost less than $1 USD per square foot of 

369 window. Therefore, members of the public could treat problematic windows at a residence or 

370 business for less than $40 USD, which is the approximate amount that moderately engaged 

371 respondents were willing to pay to prevent collisions at their homes (Warren, 2013). Promoting 

372 these products to the public could be accomplished through partnerships with the bird-feeding 

373 industry, home improvement retailers and rebates similar to those offered for home energy-

374 efficiency products. 

375

376 Conclusions

377 Feather Friendly® markers reduced collision risk by 95% in a within-building comparison before 

378 and after treatment, while a between-building comparison of ORNILUX® glass to conventional 

379 untreated glass suggest that a 66-71% reduction in collision occurrence could be possible with 

380 this product. Future research focusing on the natural conditions that alter the field performance 

381 of mitigation products are crucial for product improvement and ensuring that choice of 

382 mitigation product is the best overall match to local conditions, priorities and constraints. 

383 Generating the large amounts of data needed to address these knowledge gaps will require 

384 interdisciplinary collaboration and community scientist involvement. Finally, prioritizing 

385 research towards mitigation efforts that are inexpensive, simple, and/or synergistic with other 

386 priorities such as energy conservation, or that engage communities, such as art applied to 

387 building glass, are likely to have the greatest cumulative conservation impact. 

388

389 Acknowledgements

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



390 We thank Natalia Ocampo-Peñuela, Donald Kramer and an anonymous reviewer for comments 

391 that substantially improved this manuscript. We thank Pat Bishop, Saul Schneider and Nikolas 

392 Fehr, for supporting the installation of bird-friendly glass and mitigation products at the Pacific 

393 Wildlife Research Centre, and Courtney Albert for provision of student assistants across multiple 

394 summers. We are grateful to the many additional Environment and Climate Change Canada staff 

395 and students that assisted the authors with collision monitoring, as well as Peter Jacques for 

396 substantial support in creating and editing Figures. This study was conducted on the traditional 

397 and unceded territories of the Musqueam, Stz'uminus, Stó:lō, Quw'utsun, and Tsawwassen 

398 Peoples, and the Hul'qumi'num Treaty Group.

399

400 References

401 American Bird Conservancy. 2022. Glass collisions: Existing ordinances. Available at 

402 https://abcbirds.org/glass-collisions/existing-ordinances (accessed January 25, 2022).

403 American Bird Conservancy. 2021. Glass collisions: Preventing bird window strikes. Available 

404 at https://abcbirds.org/glass-collisions/ (accessed August 12, 2021).

405 American Bird Conservancy. 2019. Bird-friendly building design. 60pp. http://abcbirds.org/wp-

406 content/uploads/2019/04/Bird-Friendly-Building-Design_Updated-April-2019.pdf  

407 Arnold TW, Zink RM. 2011. Collision mortality has no discernible effect on population trends of 

408 North American birds. PLoS ONE 6:1–6. DOI: 10.1371/journal.pone.0024708.

409 Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using lme4. 

410 Journal of Statistical Software 67:1–48. DOI: 10.18637/jss.v067.i01.

411 Bayne, EM, Scobie CA, Rawson-Clark M. 2012. Factors influencing the annual risk of bird–

412 window collisions at residential structures in Alberta, Canada. Wildlife Research 39: 583–

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



413 592. DOI: /doi.org/10.1071/WR11179.

414 Borden WC, Lockhart OM, Jones AW, Lyons MS. 2010. Seasonal, taxonomic, and local habitat 

415 components of bird-window collisions on an urban university campus in Cleveland, OH. 

416 Ohio Journal of Science 110:44–52. DOI: http://hdl.handle.net/1811/52787.

417 Brown BB, Santos S, Ocampo-Peñuela N. 2021. Bird-window collisions: Mitigation efficacy and 

418 risk factors across two years. PeerJ 9:1–23. DOI: 10.7717/peerj.11867.

419 Brown BB, Hunter L, Santos S. 2020. Bird-window collisions: Different fall and winter risk and 

420 protective factors. PeerJ 2020:1–20. DOI: 10.7717/peerj.9401.

421 Brown BB, Kusakabe E, Antonopoulos A, Siddoway S, Thompson L. 2019. Winter bird-window 

422 collisions: Mitigation success, risk factors, and implementation challenges. PeerJ 2019:1–

423 21. DOI: 10.7717/peerj.7620.

424 Burnham K, Anderson D. 2002. Model selection and multimodel inference: A practical 

425 information-theoretic approach. New York, NY: Springer-Verlag.

426 California Academy of Sciences and National Geographic. 2021. iNaturalist. Available at 

427 https://www.inaturalist.org/ (accessed November 12, 2021).

428 Canadian Standards Association. 2019. Bird-friendly building design. Available at 

429 https://www.csagroup.org/store/product/CSA%20A460:19/  (accessed July 19, 2021).

430 De Groot KL, Porter AN, Norris AR, Huang AC, Joy R. 2021. Year-round monitoring at a 

431 Pacific coastal campus reveals similar winter and spring collision mortality and high 

432 vulnerability of the Varied Thrush. Ornithological Applications 123:1–15. DOI: 

433 10.1093/ornithapp/duab027.

434 Dunn EH. 1993. Bird mortality from striking residential windows in winter. Journal of Field 

435 Ornithology 64:302–309.

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



436 ECCC (Environment and Climate Change Canada - Canadian Wildlife Service). 2020. Alaksen 

437 National Wildlife Area: management plan (proposed). 

438 https://www.canada.ca/en/environment-climate-change/services/national-wildlife-

439 areas/locations/alaksen/management-plan-proposed.html 

440 Elmore JA, Hager SB, Cosentino BJ, O’Connell TJ, Riding CS, Anderson ML, Bakermans MH, 

441 Boves TJ, Brandes D, Butler EM, Butler MW, Cagle NL, Calderón-Parra R, Capparella AP, 

442 Chen A, Cipollini K, Conkey AAT, Contreras TA, Cooper RI, Corbin CE, Curry RL, Dosch 

443 JJ, Dyson KL, Fraser EE, Furbush RA, Hagemeyer NDG, Hopfensperger KN, Klem D, 

444 Lago EA, Lahey AS, Machtans CS, Madosky JM, Maness TJ, McKay KJ, Menke SB, 

445 Ocampo-Peñuela N, Ortega-Álvarez R, Pitt AL, Puga-Caballero A, Quinn JE, Roth AM, 

446 Schmitz RT, Schnurr JL, Simmons ME, Smith AD, Varian-Ramos CW, Walters EL, 

447 Walters LA, Weir JT, Winnett-Murray K, Zuria I, Vigliotti J, Loss SR. 2020. Correlates of 

448 bird collisions with buildings across three North American countries. Conservation Biology 

449 35:1–10. DOI: 10.1111/cobi.13569.

450 FLAP Canada. 2021a. BirdSafe® building risk assessment. Available at https://birdsafe.ca/ 

451 (accessed November 10, 2021).

452 FLAP Canada. 2021b. Global bird collision mapper. Available at https://birdmapper.org/app/ 

453 (accessed November 10, 2021).

454 FLAP Canada. 2018. An analysis of collision mitigation effectiveness pre- and post-installation 

455 of bird collision deterrents at four Toronto buildings. Toronto. 32pp. Available at 

456 https://flap.org/wp-content/uploads/2019/11/An-Analysis-of-Collision-Mitigation-

457 Effectiveness.pdf (accessed November 10, 2021).

458 Hager SB, Cosentino BJ, Aguilar-Gómez MA, Anderson ML, Bakermans M, Boves TJ, Brandes 

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



459 D, Butler MW, Butler EM, Cagle NL, Calderón-Parra R, Capparella AP, Chen A, Cipollini 

460 K, Conkey AAT, Contreras TA, Cooper RI, Corbin CE, Curry RL, Dosch JJ, Drew MG, 

461 Dyson K, Foster C, Francis CD, Fraser E, Furbush R, Hagemeyer NDG, Hopfensperger 

462 KN, Klem D, Lago E, Lahey A, Lamp K, Lewis G, Loss SR, Machtans CS, Madosky J, 

463 Maness TJ, McKay KJ, Menke SB, Muma KE, Ocampo-Peñuela N, O’Connell TJ, Ortega-

464 Álvarez R, Pitt AL, Puga-Caballero AL, Quinn JE, Varian-Ramos CW, Riding CS, Roth 

465 AM, Saenger PG, Schmitz RT, Schnurr J, Simmons M, Smith AD, Sokoloski DR, Vigliotti 

466 J, Walters EL, Walters LA, Weir JT, Winnett-Murray K, Withey JC, Zuria I. 2017. 

467 Continent-wide analysis of how urbanization affects bird-window collision mortality in 

468 North America. Biological Conservation 212:209–215. DOI: 10.1016/j.biocon.2017.06.014.

469 Hager SB, Cosentino BJ. 2014. Surveying for bird carcasses resulting from window collisions : a 

470 standardized protocol. PeerJ PrePrints 2:e406v1. DOI: 10.7287/peerj.preprints.406v1.

471 Hager SB, Cosentino BJ, McKay KJ, Monson C, Zuurdeeg W, Blevins B. 2013. Window area 

472 and development drive spatial variation in bird-window collisions in an urban landscape. 

473 PLoS ONE 8:1–10. DOI: 10.1371/journal.pone.0053371.

474 Hager SB, Cosentino BJ, McKay KJ. 2012. Scavenging affects persistence of avian carcasses 

475 resulting from window collisions in an urban landscape. Journal of Field Ornithology 

476 83:203–211. DOI: 10.1676/07-075.1.

477 Horton KG, Nilsson C, Van Doren BM, La Sorte FA, Dokter AM, Farnsworth A. 2019. Bright 

478 lights in the big cities: migratory birds’ exposure to artificial light. Frontiers in Ecology and 

479 the Environment 17:209–214. DOI: 10.1002/fee.2029.

480 Klem D. 2009. Preventing bird - window collisions. The Wilson Bulletin 121:314–321. DOI: 

481 10.1676/08-118.1.

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



482 Klem D. 2006. Glass : A deadly conservation issue for birds. Bird Observer 34:73–81.

483 Klem D. 1989. Bird-window collisions. Wilson Bulletin 101:606–620. DOI: 

484 http://dx.doi.org/10.1676/08-118.1.

485 Klem D, Saenger PG. 2013. Evaluating the effectiveness of select visual signals to prevent bird-

486 window collisions. The Wilson Journal of Ornithology 125:406–411. DOI: 10.1676/12-

487 106.1.

488 Klem D. Farmer CJ, Delacretaz N, Gelb Y, Saenger PG. 2009. Architectural and landscape risk 

489 factors associated with bird-glass collisions in an urban environment. Wilson Journal of 

490 Ornithology 121: 126-134.

491 Klem D, Keck DC, Marty KL, Ball AJM, Elizabeth E, Plat CT. 2004. Effects of window angling, 

492 feeder placement, and scavengers on avian mortality at plate glass. The Wilson Bulletin 

493 116:69–73. DOI: 10.1676/0043-5643(2004)116[0069:EOWAFP]2.0.CO;2.

494 Kummer JA, Bayne EM, and Machtans CS. 2016. Use of citizen science to identify factors 

495 affecting bird–window collision risk at houses. The Condor 118:624-639. DOI: 

496 10.1650/CONDOR-16-26.1

497 Kummer JA, Bayne EM. 2015. Bird feeders and their effects on bird-window collisions at 

498 residential houses. Avian Conservation and Ecology 10:art6. DOI: 10.5751/ACE-00787-

499 100206.

500 Loss SR, Lao S, Eckles JW, Anderson AW, Blair RB, Turner RJ. 2019. Factors influencing bird-

501 building collisions in the downtown area of a major North American city. PLoS ONE 14:1–

502 24. DOI: 10.1371/journal.pone.0224164.

503 Loss SR, Loss SS, Will T, Marra PP. 2015. Linking place-based citizen science with large-scale 

504 conservation research: A case study of bird-building collisions and the role of professional 

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



505 scientists. Biological Conservation 184:439–455. DOI: 10.1016/j.biocon.2015.02.023.

506 Loss SR, Will T, Marra PP. 2015. Direct mortality of birds from anthropogenic causes. Annual 

507 Review of Ecology, Evolution, and Systematics 46:99–120. DOI: 10.1146/annurev-ecolsys-

508 112414-054133.

509 Loss SR, Will T, Loss SS, Marra PP. 2014. Bird-building collisions in the United States: 

510 Estimates of annual mortality and species vulnerability. The Condor 116:8–23. DOI: 

511 10.1650/condor-13-090.1.

512 Lüdecke D. 2020. sjPlot: Data visualization for statistics in social science. R package v. 2.8.6.

513 Machtans CS, Wedeles CHR, Bayne EM. 2013. A first estimate for Canada of the number of 

514 birds killed by colliding with building windows. Avian Conservation and Ecology 8:6. DOI: 

515 10.5751/ACE-00568-080206.

516 Martin G. 2011. Understanding bird collisions with man made objects: a sensory ecology 

517 approach. Ibis 153:239–254. DOI: 10.1111/j.1474-919X.2011.01117.x/full.

518 New York Audubon. 2021. dBird. Available at https://dbird.org/about (accessed November 10, 

519 2021).

520 Ocampo-Peñuela N, Winton RS, Wu CJ, Zambello E, Wittig TW, Cagle NL. 2016. Patterns of 

521 bird-window collisions inform mitigation on a university campus. PeerJ 4:e1652. DOI: 

522 10.7717/peerj.1652.

523 Ödeen A, Håstad O. 2013. The phylogenetic distribution of ultraviolet sensitivity in birds. BMC 

524 Ecology and Evolution 13. DOI: 10.1186/1471-2148-13-36.

525 Pennington DN, Hansel J, Blair R. 2008. The conservation value of urban riparian areas for 

526 landbirds during spring migration: Land cover, scale, and vegetation effects. Biological 

527 Conservation 141:1235–1248.

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



528 Piselli D. 2020. How to prevent millions of unnecessary bird deaths from collisions with 

529 windows. Proceedings of the Institution of Civil Engineers - Civil Engineering 173:53–53. 

530 DOI: 10.1680/jcien.2020.173.2.53.

531 Ponce, C., J. C. Alonso, G. Argandoña, A. García Fernández, and M. Carrasco. 2010. Carcass 

532 removal by scavengers and search accuracy affect bird mortality estimates at power lines. 

533 Animal Conservation 13:603–612.

534 Powell MJ. 2009. The BOBYQA algorithm for bound constrained optimization without 

535 derivatives. Technincal Report NA2009/06, University of Cambridge, Cambridge

536 R Core Team. 2019. R: A language and environment for statistical computing.

537 Riding CS, O’Connell TJ, Loss SR. 2020. Building façade-level correlates of bird – window 

538 collisions in a small urban area. 122:1–14. DOI: 10.1093/condor/duz065.

539 Riding CS, Loss SR. 2018. Factors influencing experimental estimation of scavenger removal 

540 and observer detection in bird-window collision surveys. Ecological Applications 0:1–11. 

541 DOI: 10.1002/eap.1800.

542 Rössler M, Nemeth E, Bruckner A. 2015. Glass pane markings to prevent bird-window 

543 collisions: Less can be more. Biologia (Poland) 70:535–541. DOI: 10.1515/biolog-2015-

544 0057.

545 Schneider RM, Barton CM, Zirkle KW, Greene CF, Newman KB. 2018. Year-round monitoring 

546 reveals prevalence of fatal bird-window collisions at the Virginia Tech Corporate Research 

547 Center. PeerJ 6:e4562. DOI: 10.7717/peerj.4562.

548 Seto KC, Güneralp B, Hutyra LR. 2012. Global forecasts of urban expansion to 2030 and direct 

549 impacts on biodiversity and carbon pools. Proceedings of the National Academy of 

550 Sciences of the United States of America 109:16083–16088. DOI: 

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



551 10.1073/pnas.1211658109.

552 Sheppard CD. 2019. Evaluating the relative effectiveness of patterns on glass as deterrents of 

553 bird collisions with glass. Global Ecology and Conservation 20:e00795. DOI: 

554 10.1016/j.gecco.2019.e00795.

555 Swaddle JP, Emerson LC, Thady RG, Boycott TJ. 2020. Ultraviolet-reflective film applied to 

556 windows reduces the likelihood of collisions for two species of songbird. PeerJ 8:1–18. 

557 DOI: 10.7717/peerj.9926.

558 Van Doren, B. M., Horton KG, Dokter A., Klinck H, Elbin SB, Farnsworth A. 2017. High-

559 intensity urban light installation dramatically alters nocturnal bird migration. Proceedings of 

560 the National Academy of Sciences USA 114:11175–11180.

561 Warren E.J. 2013. A clear threat to conservation: Using public policy to reduce bird collisions 

562 with windows in homes. M.P.P thesis. Simon Fraser University. 

563 https://summit.sfu.ca/item/14361 

564 Wickham H, Averick M, Bryan J, Chang W, McGowan L, François R, Grolemund G, Hayes A, 

565 Henry L, Hester J, Kuhn M, Pedersen T, Miller E, Bache S, Müller K, Ooms J, Robinson D, 

566 Seidel D, Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome 

567 to the Tidyverse. Journal of Open Source Software 4:1686. DOI: 10.21105/joss.01686.

568 Winton RS, Ocampo-Peñuela N, Cagle N. 2018. Geo-referencing bird-window collisions for 

569 targeted mitigation. PeerJ 2018:1–11. DOI: 10.7717/peerj.4215.

570 Wittig TW, Cagle NL, Ocampo-Peñuela N, Winton RS, Zambello E, Lichtneger Z. 2017. 

571 Species traits and local abundance affect bird-window collision frequency. Avian 

572 Conservation and Ecology 12:17. DOI: 10.5751/ACE-01014-120117.

PeerJ reviewing PDF | (2021:12:68458:1:0:NEW 16 Feb 2022)

Manuscript to be reviewed



Figure 1
Location of buildings at the Pacific Wildlife Research Centre within the Alaksen Wildlife
Management Area, Delta, British Columbia, Canada.

(A) The northwestern facing façades 2 and 3 were monitored at the Annex building. (B) All
façades (1-11) were monitored for collisions at the Science Complex. Data source: City of
Delta and the Canadian Wildlife Service, Environment and Climate Change Canada.
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Figure 2
The Science Complex at the Alaksen National Wildlife Area, Delta, British Columbia.

(A) 31% of collisions occurred during the pre-treatment (2013 – 2015) time period at façade 8
(see also Figure 1). (B) An example of Feather Friendly® 1 cm diameter circular window
markers. Photo credit: K. De Groot
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Figure 3

Monitored façades of the Annex building with Ornilux® glass at the Alaksen National
Wildlife Area, Delta, British Columbia, Canada.

Photo credit: K. De Groot
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Figure 4
Incident Rate Ratios (IRR) of collision risk derived from best-fit model data corrected for
glass area.

IRRs are compared to conventional glass at the Science Complex 2013 – 2015 (IRR = 1; solid
vertical line) and reflect the increase (IRR>1) or decrease (IRR<1) in the risk of collisions
within a categorical group. IRR values furthest from 1 indicate the greatest reduction in
collision risk compared to untreated conventional glass.
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Table 1(on next page)

Akaike’s Information Criterion (AIC) model selection results for evaluating factors
influencing the number of avian collisions detected at two buildings, corrected for
differences in the area of glass between the two buildings.

Fixed effects: treat.grp = building by year treatment Science Complex Pre-FF (2013-2015),
Science Complex Post-FF (2016-2018), Annex Ornilux (2013-2015), Annex Ornilux
(2016-2018); building = Science Complex or Annex; season=Winter, Fall, Spring or Summer.
Random effects: 1|year = monitoring year, 1|obs = observer. Offset = window area ∆AIC =
change in AIC relative to top model, w = Akaike weight., and df = degrees freedom.
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1

Model structure AIC ∆AIC w df

treat.grp + season + (1|year) + (1|obs) 335.95 0 1.00 9

season + (1|year) + (1|obs) 349.63 13.68 0 6

building + season + (1|year) + (1|obs) 350.25 14.30 0 7

(1|year) + (1|obs) 352.78 16.83 0 3

2
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