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Road ecology, the study of the impacts of roads and their traffic on wildlife, including birds, is a 14 

rapidly growing field, with research showing effects on local avian population densities up to several 15 

kilometres from a road. However, in most studies, the effects of roads on the detectability of birds 16 

by surveyors are not accounted for. This could be a significant source of error in estimates of the 17 

impacts of roads on birds and could also affect other studies of bird populations. Using road density, 18 

traffic volume and bird count data from across Great Britain, we assess the relationships between 19 

roads and detectability of a range of bird species. Of 51 species analysed, the detectability of 36 was 20 

significantly associated with road exposure, in most cases inversely. Across the range of road 21 

exposure recorded for each species, the mean positive change in detectability was 52% and the 22 

mean negative change was 36%, with the strongest negative associations found in smaller-bodied 23 

species and those for which aural cues are more important in detection. These associations between 24 

road exposure and detectability could be caused by a reduction in surveyors’ abilities to hear birds 25 

or by changes in birds’ behaviour, making them harder or easier to detect. We suggest that future 26 

studies of the impacts of roads on populations of birds or other taxa, and other studies using survey 27 

data from road-exposed areas, should account for the potential impacts of roads on detectability.  28 

 29 
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Population densities of many bird species have been shown to be reduced near roads (e.g., Fahrig & 31 

Rytwinski 2009, Benítez-López et al. 2010, Kociolek et al. 2011). This effect has been detected at 32 

distances of up to, and occasionally over, two kilometres from a road (Reijnen et al. 1996, Benítez-33 

López et al. 2010, Clarke et al. 2013). Often, the higher the traffic volume on a road, the greater the 34 

population reduction (Reijnen et al. 1996, Bautista et al. 2004, Peris & Pescador 2004, Reijnen & 35 

Foppen 2006). Various mechanisms have been proposed or investigated to explain these 36 

phenomena. Noise pollution from vehicles has been shown to reduce local bird populations (Reijnen 37 

et al. 1995, McClure et al. 2013, Ware et al. 2015). This may occur via a reduction in breeding 38 

success (Halfwerk et al. 2011), or in habitat quality. The latter might be caused by disruption to 39 

birds’ abilities to detect prey or predators (Slabbekoorn & Ripmeester 2008) or to communicate with 40 

each other (Lohr et al. 2003, Rheindt 2003, Leonard & Horn 2005, Habib et al. 2007). Light pollution 41 

can affect the navigational abilities of birds (van de Laar 2007) as well as the timing of circannual 42 

events such as migration, breeding and physiological changes (De Molenaar et al. 2006, Dominoni et 43 

al. 2013), which could in turn reduce health or breeding success. Other possible mechanisms by 44 

which roads could affect bird populations include pollution and poisoning by de-icing agents and 45 

other chemicals (Mineau & Brownlee 2005, Kociolek et al. 2011); direct mortality from collisions 46 

with vehicles (Hernandez 1988, Forman & Alexander 1998, Erritzoe et al. 2003); and habitat 47 

fragmentation (Rich et al. 1994, Develey & Stouffer 2001, Laurance et al. 2004, Tremblay & Clair 48 

2009).  49 

Not all bird populations, however, respond negatively to roads. Some species can show higher 50 

densities close to roads (e.g. Brotons & Herrando 2001, Peris & Pescador 2004, Palomino & Carrascal 51 

2007), including several corvids (Dean & Milton 2003, Yamac & Kirazli 2012) and raptors (Meunier et 52 

al. 2000, Fahrig & Rytwinski 2009, Lambertucci et al. 2009). This can be due, for example, to foraging 53 

opportunities on roads, including that of road-kill (Laursen 1981, Knight & Kawashima 1993, Dean & 54 

Milton 2003). In addition, roads can be a source of grit and heat (Whitford 1985, Erritzoe et al. 2003, 55 

Yosef 2008) and may provide perches in the form of power lines (Knight & Kawashima 1993, 56 
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Meunier et al. 2000, Morelli et al. 2014), many of which run alongside roads. Roads can also increase 57 

habitat heterogeneity (Meunier et al. 1999, Helldin & Seiler 2003) and roadsides can provide good 58 

nesting habitat for some species (Laursen 1981). However, individuals of these species may still be 59 

detrimentally affected by roads. House Sparrows Passer domesticus, for example, can be found at 60 

higher densities near roads (Brotons & Herrando 2001, Peris & Pescador 2004), yet individuals can 61 

suffer reduced body condition (Liker et al. 2008) and a high rate of collision with vehicles (Erritzoe et 62 

al. 2003). It is possible, therefore, that roads act as ecological traps for some species (Reijnen & 63 

Foppen 1994 and see Schlaepfer et al. 2002 for more information on ecological traps). Furthermore, 64 

inflated populations of corvids and raptors around roads may increase the predation risk for other 65 

local bird species (Pescador & Peris 2007, DeGregorio et al. 2014). 66 

To study the effects of roads on bird populations, bird surveys are often conducted in areas of 67 

differing distances from roads, or around roads with different traffic volumes (e.g. Clarke & Kerr 68 

1979, Ferris 1979, Brotons & Herrando 2001, Peris & Pescador 2004, Arevalo & Newhard 2010). A 69 

potential source of error in these surveys, not often considered, is that the presence of roads may 70 

affect the abilities of surveyors to detect birds. This may cause biased estimates of population 71 

densities near roads, leading to road effects being over- or underestimated. There are several 72 

mechanisms by which this could occur, which can broadly be considered in two categories – factors 73 

acting on the surveyor, and those acting on the birds. 74 

Road noise has a potentially large effect on a surveyor’s abilities to hear birds. It may lead them to 75 

miss some birds entirely and perhaps to inaccurately estimate the location of others. For some 76 

species, such as Cetti’s Warbler Cettia cetti and Common Nightingale Luscinia megarhynchos, which 77 

are primarily detected using aural cues (S. E. Newson unpubl. data), road noise could cause 78 

especially large errors in estimations of their numbers. Noise from gas and oil infrastructure (Ortega 79 

& Francis 2012, Koper et al. 2016), as well as background noise (Pacifici et al. 2008), has already 80 

been shown to affect detectability (i.e. probability of detection) of birds, as has surveyor age (which 81 
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limits older surveyors’ abilities to hear some bird species) (Risely et al. 2013, Farmer et al. 2014). In 82 

contrast, the open space created by roads in forests can increase the detectability of birds, if the 83 

traffic volume on them is low (Yip et al. 2017). 84 

Factors acting on the birds may work both ways too. Some changes in birds’ behaviour could make 85 

them more difficult to detect near to roads. For example, some species or individuals might be 86 

warier near busy roads, as they are less able to hear approaching predators, and therefore be less 87 

visible to surveyors. Alternatively, individual birds near roads could be more habituated to 88 

anthropogenic disturbance, less wary of surveyors, and therefore more visible. Species that tend to 89 

use road-associated structures such as powerlines and fences (e.g. Knight & Kawashima 1993, 90 

Meunier et al. 2000, Morelli et al. 2014) may also be more visible, as may soaring birds using 91 

thermals generated from the heat radiated by roads (Yosef 2009). In addition, some species have 92 

been shown to sing more loudly or frequently in the presence of urban noise, including Great Tits 93 

Parus major (Slabbekoorn & Peet 2003), Common Blackbirds Turdus merula (Nemeth et al. 2013) 94 

and Common Nightingales (Brumm 2004). This adjustment may compensate for the impact of road 95 

noise on detectability by surveyors or even make the birds easier to detect.  96 

Despite these possibilities, previous studies have largely overlooked the effects of road exposure on 97 

detectability of birds. Some authors have accounted for the possibility of detectability being affected 98 

by road noise (McClure et al. 2013) while others have considered it unlikely in their studies (Rheindt 99 

2003, Parris & Schneider 2009), but we are not aware of any empirical test of whether road 100 

exposure affects detectability.  101 

This study therefore aims to assess the potential impact of road exposure on the detectability of 102 

birds in surveys. We use Great Britain as our study area and analyse data from the BTO/RSPB/JNCC’s 103 

Breeding Bird Survey (BBS). These data are collected by volunteer surveyors who are allocated, using 104 

a stratified-random protocol (BTO 2018), a 1-km grid reference square, within which they walk along 105 

two 1-km transect routes (Fig. 1). As they walk, the surveyors count every bird they see or hear, 106 
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recording the estimated distance each bird is situated from the transect (Harris et al. 2018). As it is 107 

unlikely that every bird along the transect will be detected, these counts are often adjusted for 108 

detectability using distance sampling in order to estimate abundance (e.g. Newson et al. 2008, Harris 109 

et al. 2018).  This involves pooling the raw counts from all transect sections and estimating 110 

detectability of each species using the variation in the number of birds detected at different 111 

distances from the transect. The shape of this distribution is unaffected by the absolute number of 112 

birds (Fig. 2). As factors such as habitat and survey date can affect the relationship between distance 113 

and detectability, they are usually incorporated into the distance sampling model as covariates (e.g. 114 

Marques & Buckland 2003, Johnston et al. 2014). Mean values of detectability are then estimated 115 

for each recorded combination of covariates and bird abundance is estimated accordingly (Buckland 116 

et al. 2004). 117 

Via mechanisms described above, we predict that road exposure could reduce the accuracy of both 118 

the numbers of birds detected and their estimated distances from transects in field surveys. When 119 

distance sampling is used, this could affect the shape of the distance function, leading to biased 120 

estimates of detectability and therefore also estimated bird abundance. We test this prediction by 121 

fitting distance sampling models to BBS count data for 63 common species, with road exposure 122 

(calculated using both road density and traffic volume around each transect section) and measures 123 

of habitat and survey date incorporated. As BBS transect sections follow a variety of access routes 124 

and, mostly, do not follow roads (64% of the transect sections in this analysis did not follow any type 125 

of road along any part of them), we are able to analyse associations between roads and detectability 126 

independent of those between roads and bird abundance.   127 

Some of the inter-specific variation in associations between road exposure and detectability may be 128 

attributable to certain species traits. For example, smaller species may be more vulnerable to 129 

predation and more likely to change their behaviour around roads if predators are at higher 130 

densities yet more difficult to detect due to road noise. Secondly, variation in species’ song 131 
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frequencies and amplitudes, typically correlated with body size (Ryan & Brenowitz 1985, Wiley 132 

1991), may also affect the impacts of road noise on detectability by humans. Thirdly, detection by 133 

observers of species for which aural cues are important in surveys may be harder in areas exposed 134 

to road noise. We therefore incorporate measures of two traits - body mass and the importance of 135 

aural versus visual cues in detection of each species – in our data analysis.  136 

METHODS 137 

To analyse relationships between road exposure and detectability in bird surveys, we fitted distance 138 

sampling models to raw bird count data, using estimates of both minor and major road exposure as 139 

covariates along with habitat and an approximation of survey date. We used ArcMap 10.3.1/10.5.1 140 

(ESRI 2015, 2017) and R 3.4.4 (R Core Team 2018) for all data preparation and analyses. A graphical 141 

overview of the methods used for this study is given in Fig. S1.1.  142 

Data collection and preparation 143 

Bird counts 144 

We obtained bird counts from the BTO/RSPB/JNCC’s UK breeding bird survey (BBS), for which the 145 

full methods are available at BTO (2018). In brief, data are collected in two early morning visits each 146 

year (early visit: beginning of April to mid-May; late visit: mid-May to end-June). During these visits, 147 

surveyors walk two 1-km transects, each consisting of five approximately 200-m transect sections, 148 

across a 1-km grid reference square (Fig. 1). Squares are allocated to surveyors using a stratified-149 

random protocol and surveyors are only recruited if able to identify all British bird species by sight 150 

and sound, meaning BBS data is not significantly affected by surveyor experience (Eglington et al. 151 

2010). During the surveys, the surveyors note all birds they see or hear, along with the estimated 152 

perpendicular distance of each bird detected from the transect line (recorded as one of four 153 

categories: 0-25m; 25-100m; > 100m; flying). They also record the dominant habitat type in each 154 
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transect section as one of nine broad classes: woodland; scrubland; semi-natural grassland and 155 

marsh; heathland and bogs; farmland; human sites; water bodies (freshwater); coastal; inland rock.  156 

For this analysis we extracted observations from transects in squares that were surveyed each year 157 

from 2012-2014 inclusive, in England, Scotland and Wales. We chose a period of three years to 158 

increase the sample size of counts and to average out the effect of annual population fluctuations 159 

due to, for example, weather changes. We considered three years to be sufficiently short for long-160 

term trends in abundance not to influence the analysis. We removed observations from transect 161 

sections that did not have habitat or specific route data recorded (i.e., the highest resolution 162 

information about their location was the square they were in). This left 19,909 transect sections, 163 

from 2,034 1-km BBS squares (Fig. 1). We then extracted observations of birds in the distance bands 164 

0-25m and 25-100m as only these have set lower and upper distance limits. Within each species, we 165 

removed counts from habitat types with < 20 observations in total. As a level of pseudoreplication 166 

was expected, for each species we calculated the correlation between counts at transect sections in 167 

2012 and 2013, and in 2013 and 2014. If the mean of these two correlation coefficients was ≥0.6, a 168 

cut-off considered to be sufficiently conservative, we used only data from 2013 for that species, 169 

otherwise data from all three years were used. Following this, we extracted counts of species with > 170 

1,000 observations, as preliminary analyses indicated this to be a minimum threshold requirement 171 

for model convergence. This resulted in a final dataset of 63 bird species (given in the supporting 172 

information (Table S4.1)), each with a list of observations containing the following information: year 173 

(2012, 2013 or 2014); survey visit (early or late); transect section ID (a combination of BBS square ID 174 

and transect section number 1 to 10); distance category (0-25m or 25-100m); and dominant habitat 175 

class (one of nine classes).  176 

Road exposure 177 

We obtained shapefiles for all road classes in Great Britain - motorways, A-roads, B-roads, classified 178 

unnumbered (known informally as C-roads) and unclassified roads (known informally as D-roads), as 179 
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recorded in 2013. As these did not cover the Isles of Scilly, we excluded these islands from the study, 180 

but retained all other island groups. Classification of each road type is as follows. Motorways are 181 

built for fast travel over long distances. They have several lanes, can only be joined or exited at slip 182 

roads and only allow certain types of traffic. A-roads are not restricted in the same way but are also 183 

intended for fast travel and provide large-scale transport links. B-roads have varying speeds and are 184 

intended to connect different areas and to link A-roads to smaller roads. Classified unnumbered and 185 

unclassified roads are smaller roads that facilitate connection within the road network and support 186 

local traffic (DfT 2012). In 2013, Great Britain had 3,641 km of motorways, 46,749 km of A-roads, 187 

30,217 km of B-roads and 314,853 km of classified unnumbered and unclassified roads (DfT 2017). 188 

We combined all motorways and A-roads into one shapefile, and all B-roads, classified unnumbered 189 

and unclassified roads into another. These are referred to as major and minor roads respectively.  190 

We obtained traffic data in the form of estimated annual average daily flow (AADF) from the 191 

Department for Transport (DfT 2016). AADF is the mean number of motorised vehicles passing traffic 192 

count points in the road network each day and is estimated through a combination of manual and 193 

automated traffic counts. The mean for sampled major and minor roads in 2013 was 17,400 and 194 

1,300 vehicles respectively (DfT 2015). Whilst AADF estimates are available for all major roads, only 195 

data for a very limited sample of minor roads are collected, so we incorporated traffic volume for 196 

major roads only. Where major road traffic data were missing, we used interpolation to estimate the 197 

AADF. We then combined the major road shapefile with the traffic data and identified and corrected 198 

any errors resulting from misalignment of the two. Further detail of this process is given in S2. The 199 

result was a digital map of Great Britain with every major road and its traffic volume (Fig. 1). 200 

To estimate a measure of exposure of each 200-m BBS transect section to both major and minor 201 

roads, we used kernel density estimation (KDE). We considered major and minor roads separately, 202 

due to the lack of traffic data for the latter, and because their effects on birds might differ (e.g. 203 

Foppen & Reijnen 2006, Silva et al. 2012). For major roads, exposure was calculated using the 204 
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locations of major roads within a 5-km radius of each transect section, weighted by their traffic 205 

volumes (equations available in S3). For minor roads, the locations of roads within a 5-km radius 206 

were used without any weighting. We assumed a negative exponential relationship between 207 

distance from a road and the exposure of a site to that road, with exposure being highest on the 208 

road itself. There was one estimable parameter in the negative exponential, k, which here specified 209 

the spatial scale of the relationship between road exposure and distance from the road. To optimise 210 

k for each species and road type we ran multiple iterations of the distance sampling model 211 

(described below), using different values of k. For each species, and road type, we chose two initial 212 

values – identified in preliminary analyses as being above and below the plausible values, which we 213 

used to estimate road exposure at the midpoint of every 200-m BBS transect section. We then 214 

narrowed these ranges using a bisection, or interval-halving, method (which repeatedly bisects a 215 

range of values being tested and selects the best subrange) until k converged on an optimum value 216 

(‘kmajor’ for major roads and ‘kminor’ for minor roads). Full KDE methods are given in S3. 217 

Data analysis 218 

Fitting the distance sampling models 219 

To quantify the associations between road exposure and detectability, we fitted distance sampling 220 

models (using the R package “mrds” (Laake et al. 2017)) to the count data for each species, using 221 

raw count at each 200-m transect section as the response, and the following as covariates: habitat 222 

(defined as one of nine broad classes); survey visit (early or late); major road exposure; and minor 223 

road exposure. We used a half-normal detection function with no adjustment, considered 224 

appropriate as the bird count data were from only two distance bands.  225 

Within this, detectability was estimated as: 226 

g(d;ơ) = exp(-(d2/2ơ2)) 227 

where: 228 



 
11 

 

g = detectability at distance d and for standard deviation ơ  229 

ơ = exp(β0 + ∑βcζc)) 230 

β0 = intercept 231 

βc = coefficient 232 

ζc = covariate value  233 

A mean value of detectability (i.e. the probability of a bird within 100 m of the transect line being 234 

detected) for each species at each recorded combination of the covariates was then calculated, 235 

allowing the association with each covariate to be estimated. 236 

From the model results, we extracted the estimated effect sizes (E), (i.e. the coefficients), and 237 

standard errors (SE) of major and minor road exposure and assessed their significance. To account 238 

for the possibility of significance through chance, as multiple species were tested, we applied a 239 

Bonferroni correction, dividing the chosen critical alpha level (0.05) by the number of species that 240 

achieved model convergence (n = 51). We then calculated confidence limits using the t-value from 241 

the Student’s t-distribution that corresponded to the adjusted alpha as: upper confidence limit = E + 242 

SE*t-value; lower confidence limits = E – SE*t-value. We accepted significance if these limits did not 243 

span zero. 244 

For species that showed significant associations between detectability and major or minor road 245 

exposure, we calculated the relative effect size to allow comparison between species. We achieved 246 

this by dividing the effect size by the log of the value of kmajor or kminor used for that species. This 247 

combines the magnitude of the effect with the spatial area over which the effect occurs. 248 

To estimate the magnitude of the associations in real terms, for each species that showed a 249 

significant relationship between major or minor road exposure and detectability, we calculated (with 250 

the same values of kmajor or kminor used in the model) the minimum and maximum major and minor 251 

road exposure values present across all observations of that species. We then used the model for 252 

that species to predict detectability at the two major road exposure values, holding minor road 253 
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exposure at zero, and vice versa. We did this for all combinations of habitat and survey visit recorded 254 

for that species. From these, we calculated the mean detectability at minimum and maximum major 255 

road exposure and the difference between them, and the same for minor road exposure. 256 

Analysing road exposure and detectability associations with respect to species traits 257 

To further understand interspecific patterns in the associations between road exposure and 258 

detectability, we compared the results with species-specific values for two traits in Generalized 259 

Estimating Equations (GEEs), using the R package “Zelig” (Choirat et al. 2018). We ran separate 260 

equations for each trait due to a high level of correlation between them (Pearson’s r = 0.68). The 261 

first was the mean body mass of each species, as recorded in Robinson (2005), and the second was 262 

the relative importance of visual versus aural cues in the detection of each species. We calculated 263 

this as the proportion of individual birds first detected by sight as opposed to their song or call. We 264 

used only data from 2014 for this, as this was the first year in which surveyors were asked to record 265 

mode of detection (S. E. Newson unpubl. data). By incorporating taxonomic family into the GEEs, we 266 

were able to account for any non-independence between species, resulting from phylogenetic 267 

relatedness. We performed these analyses using species that showed significant negative 268 

associations between minor roads and detectability only, as the sample sizes for the other results 269 

were much smaller. 270 

RESULTS 271 

Road exposure  272 

The models successfully converged for 51 of 63 species. Convergence most likely failed for the other 273 

12 species as either the sample size was too small or there were not enough observations at either 274 

high or low levels of minor or major road exposure. Of the 51 successfully modelled species, 28 275 

showed a significant negative relationship between minor road exposure and detectability, while 276 

seven showed a positive relationship (Fig. 3). Three showed a negative relationship between major 277 
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road exposure and detectability and three a positive (Fig. 3). The detectability of 15 species had no 278 

significant association with either minor or major road exposure. Full results for all species tested 279 

are given in Tables S4.1-S4.3. 280 

For species that showed a significant association between minor road exposure and detectability, we 281 

calculated the change in detectability as minor road exposure increased from the lowest to highest 282 

values recorded across the observations of that species. On average, an individual of a species 283 

whose detectability was negatively associated with minor road exposure was 34% less likely to be 284 

detected at maximum minor road exposure. An individual of a species whose detectability was 285 

positively associated with minor road exposure was, on average, 66% more likely to be detected at 286 

maximum minor road exposure (Fig. 4; Table S4.2). We also calculated the changes in detectability 287 

across the range of major road exposure recorded for each species that showed a significant 288 

association with major road exposure. On average, at the maximum major road exposure, an 289 

individual of a species whose detectability was negatively associated with major road exposure was 290 

50% less likely to be detected, and an individual of a species whose detectability was positively 291 

associated with major road exposure was 88% more likely to be detected (Fig. 4; Table S4.3). 292 

For both minor and major road exposure, stronger associations were generally found to act over 293 

smaller distances and weaker associations over larger distances (Pearson’s r of absolute effect of 294 

minor roads and kminor = 0.62 and of absolute effect of major roads and kmajor = 0.98). The range of 295 

distances up to which the associations between minor road exposure and detectability were present 296 

for different species (defined as exposure being calculated as > 0.01 (Fig. 5; S3)) was 70m to 2.1km 297 

(kminor values of 70.3 and 2.2 respectively). The equivalent distances for major road exposure were 298 

110m and 1.8km (kmajor values of 42.3 and 2.5 respectively). 299 

Survey visit and habitat 300 
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Survey visit was significantly associated with detectability in 15 of the 51 species tested and 26 301 

species showed significant differences in detectability across different habitat types. The full results 302 

for these two covariates are given in Table S4.4. 303 

Species traits 304 

We examined whether species with certain characteristics had different magnitudes of negative 305 

associations between minor road exposure and detectability. We found road exposure to be more 306 

negatively associated with the detectability of smaller birds and those more likely to be detected 307 

aurally (body mass: P = 0.004; detection type: P = 0.002; Fig. 6). The mean body mass and the 308 

proportion of birds detected visually for each species are given Table S4.5. 309 

DISCUSSION 310 

Of 51 species, 36 (71%) showed significant associations between either major or minor road 311 

exposure and detectability, the majority of which were negative. For each species, we identified the 312 

range of road exposure values recorded at the transect sections the species was detected from, and 313 

estimated detection across these ranges. Considering both road types, the mean decrease in 314 

detectability across the range of road exposure recorded for each species was 36% and the mean 315 

increase was 72%. While the former could lead to overestimation of negative impacts of roads on 316 

birds, the latter could cause underestimation. 317 

Considering minor roads, 35 of 51 (69%) species showed a significant association between exposure 318 

and detectability, 28 (80%) of which were negative. For species with significant results, relative 319 

effect sizes were usually similar within higher taxa, particularly Paridae, Turdidae, Sylvidae, and 320 

Phylloscopidae, Rallidae, Hirundinidae and Corvidae, all groups that showed negative associations 321 

between minor road exposure and detectability. These negative associations could be, for example, 322 

because of road noise reducing the ability of surveyors to detect birds (as seen with gas and oil 323 

infrastructure noise (Ortega & Francis 2012, Koper et al. 2016)), or due to birds being warier near 324 

roads due to collision risk or their reduced ability to detect predators aurally, or a combination. 325 
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Some bird species have been shown previously to have increased fright or flight and stress responses 326 

in the presence of anthropogenic noise (Ortega 2012) and others may change their behaviour to 327 

avoid vehicle collisions (Coffin 2007). 328 

Hypotheses for some of the positive associations between minor road exposure and detectability 329 

can also be made – for example Common Pheasants Phasianus colchicus and Red-legged Partridges 330 

Alectoris rufa often walk along rural roads to collect grit and are perhaps more visible there than 331 

when in fields or woodland where they may be concealed by emergent vegetation. However, we 332 

believe the positive result for Eurasian Siskin Spinus spinus may be a Type I error as its sample size 333 

was one of the smallest. In addition, if minor road exposure for all species is calculated using a 334 

constant value of kminor = 1, Eurasian Siskin has the lowest percentage of observations in the upper 335 

quartile of the exposure values recorded across all species, implying that there are very few data to 336 

support the detected relationship. Excluding Eurasian Siskin, the mean increase in detectability with 337 

minor road exposure fell to 55%. 338 

Only 6 of 51 (12%) species showed significant associations between major road exposure and 339 

detectability, half of which were negative. It is likely that our analysis underestimated the 340 

associations with major road exposure due to there being a limited number of observations in areas 341 

of high major road exposure (while 9344 squares were within 100m of a minor road, only 1813 were 342 

within 100m of a major road). Due to the stratified-random selection process of BBS squares (BTO 343 

2018), surveyors have some choice over where they survey, and it is likely that they avoid surveying 344 

next to busy major roads.  Of the six significant results for major roads, we consider the result for 345 

Meadow Pipit Anthus pratensis to be unreliable. Like Eurasian Siskin with minor roads, it had a very 346 

low proportion of observations in the upper quartile of major road exposure values recorded across 347 

all species (when exposure was calculated using kmajor = 1 for all species). Excluding Meadow Pipit 348 

brought the mean increase in detectability with major roads down to 42%. With both Eurasian Siskin 349 

and Meadow Pipit removed, mean increase in detectability for both road types fell to 52%. 350 
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We found associations between detectability and road exposure to be present up to 2.1km from a 351 

road. In general, where the association was stronger, the distance over which the relationship was 352 

present was small (i.e. the identified optimum value of kminor or kmajor was high). This is somewhat 353 

unexpected but could possibly be explained by changes in the dominant mechanisms by which road 354 

exposure affects detectability across different spatial scales.  355 

For species that showed a significant negative association between minor road exposure and 356 

detectability, effect sizes were greater in those with smaller body masses and in species more likely 357 

to be detected aurally. However, as these two traits are correlated quite highly, it is difficult to 358 

determine which is the most important factor. Smaller species may be more vulnerable to predation 359 

and therefore more likely to adopt cautious behaviours around roads due to their reduced ability to 360 

hear predators. This could make them more difficult to detect than larger species. Alternatively, or 361 

additionally, differences in typical song frequencies and amplitudes of larger versus smaller species 362 

(Ryan & Brenowitz 1985, Wiley 1991) may lead to differences in the effect sizes of minor roads on 363 

detectability. Regarding the result for detection type, road noise is a likely mechanism behind the 364 

stronger negative associations between road exposure and detectability in species for which aural 365 

cues are more important in detection.  366 

This study was limited by the need for large sample sizes and wide data spread in order to fit the 367 

distance sampling models. We were therefore only able to consider detectability of common bird 368 

species. In addition, due to the limited number of BBS squares near to major roads, our power of 369 

analysis for major roads was much less strong than for minor roads. We were also unable to 370 

incorporate interaction terms to test, for example, the impacts of different habitats on the 371 

relationship between road exposure and detectability. In addition, we were unable to analyse 372 

separately detections that were first recorded aurally and those first recorded visually, as mode of 373 

detection was only recorded in 2014. It may be that the two detection types are affected differently 374 

within some species, which we were unable to test. Nevertheless, our results demonstrate the 375 
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potential importance of accounting for the relationships between roads and detectability of birds, 376 

and perhaps other taxa, in field surveys. Previous studies may have incorrectly estimated the 377 

impacts of roads on bird populations if they did not account for road effects on surveyors’ abilities to 378 

detect birds. Some studies of road impacts on birds have been carried out using methods which may 379 

be less affected by detectability influences, such as mist-netting (e.g. Reijnen et al. 1995, McClure et 380 

al. 2017), or by undertaking surveys during pauses in artificially-created road noise (e.g. McClure et 381 

al. 2013). Road noise has also been shown to affect the health of individual birds and breeding 382 

success (e.g. Halfwerk et al. 2011, Crino et al. 2013). Our finding of significant associations between 383 

road exposure and detectability does not, therefore, imply that current general thinking on the 384 

effects of roads on birds is incorrect, but rather that, in many studies, effect sizes could have been 385 

substantially over- or underestimated.  386 

Given that many countries have very high densities of roads (e.g. 80% of Great Britain falls within 387 

one kilometre of a road (S. C. Cooke, unpubl. data)), effects of roads on detectability may also affect 388 

other studies involving bird population estimates. Although BBS squares are found in low density 389 

around major roads, they are spatially biased towards areas of high minor road density (S. C. Cooke, 390 

unpubl. data). This may increase the likelihood that population trends calculated from them are 391 

biased by the impacts of roads on detectability.  392 

We therefore suggest that future studies involving bird surveys in areas exposed to roads recognise, 393 

and correct for, the potential impacts of road exposure on detectability. As high-resolution traffic 394 

data are not readily available everywhere, and we found major road exposure weighted by traffic 395 

intensity at our analysed BBS transect sections to be strongly correlated with unweighted major road 396 

exposure (Pearson’s r of 0.80, calculated using kmajor = 1), the latter could be used as an 397 

approximation. Either way, we recommend the method of KDE to produce road exposure values as 398 

opposed to, for example, simply measuring the distance to the nearest road or recording noise levels 399 

at survey sites. We showed detectability of some species that are primarily detected using visual 400 
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cues to be affected by road exposure, as well as those for which aural cues are more important. This 401 

indicates that behavioural changes, which could be caused purely by the presence of a road, may be 402 

a mechanism of these impacts as well as noise. KDE can capture variation in road exposure better 403 

than other methods, as it includes all roads in the surrounding area, and may account for a wider 404 

range of impact mechanisms on detectability of birds and other taxa. 405 

Currently, around half of the land area in Europe is within 1.5km of transport infrastructure (Science 406 

for Environmental Policy 2017) and between 2010 and 2050 the global total road length is expected 407 

to increase by > 60% (Dulac 2013). For mitigation of road impacts to be properly planned and 408 

implemented, it is necessary for these impacts to be accurately quantified. As our findings suggest 409 

that roads might have significant effects on detectability, this effect should be accounted for in 410 

studies of road impacts on birds and possibly other taxa too.   411 
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FIGURES 597 

 598 

Figure 1. a) Locations of BBS squares used in this study with an inset example of the layout of a BBS square, 599 

crossed by two 1-km transects, and b) a map of major roads in Britain with their traffic volumes.  600 
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 601 

Figure 2. Graphical representation of bird count versus detectability. Distance sampling assumes that 602 

detectability = 1 along the transect line (where the distance from the surveyor = 0) and declines with 603 

increasing distance. The actual bird abundance is represented by the area enclosed within the dashed lines. 604 

Within this, the shaded area represents birds counted, the unshaded area represents birds missed. 605 

Detectability is calculated using the ratio of birds counted to birds missed at every distance between zero and 606 

y. Abundance can then be estimated from the raw counts accordingly. By analysing changes in the ratios of 607 

birds counted to birds missed and using transects which predominantly do not follow along roads, we are able 608 

to quantify the associations between road exposure and detectability, independent of those between roads 609 

and bird abundance. 610 
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612 

Figure 3. Association between detectability and minor and major road exposure for each species. For ease of 613 

comparison, the effect size for each species has been divided by the log of its optimum identified value of kminor 614 

or kmajor to show the relative effect size. This combines the magnitude of the effect with the spatial area over 615 

which the effect occurs. Species with significant effects (calculated using a Bonferroni correction) are 616 
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highlighted in black bold and confidence intervals (calculated using a critical alpha of 0.05) are displayed by the 617 

grey bars. Note that the effect sizes of minor roads are not directly comparable to those of major roads due to 618 

the inclusion of traffic data in the latter.  619 

 620 
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 621 

Figure 4. Change in detectability between the minimum and maximum minor road exposure values, and 622 

minimum and maximum major road exposure values, recorded for each species. Only species for which 623 

associations between minor or major road exposure and detectability were found to be significant are 624 

featured here. 625 

 626 

Figure 5. Relationship between distance from road and road exposure with k values of 2.2 and 70.3.             627 

a) 
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 628 

 629 

Figure 6. The relationships between effect size and both log-transformed mean body mass and percentage of 630 

visual detections for species that showed a negative effect of minor road exposure on detectability. Grey dots 631 

indicate effect size estimates for each species, while the black lines represent the relationships between those 632 

effect sizes and the species traits. Confidence intervals around each effect size estimate are shown by grey 633 

lines, prediction intervals around the trait relationships (calculated using the simulation function “sim” in the R 634 

package “Zelig”) are shown by the shaded grey bar. 635 
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SUPPLEMENTARY MATERIAL 636 

We have provided the following supplements online: 637 

S1. Graphical overview of methods 638 

S2. Road and traffic editing methods 639 

S3. Kernel density estimation methods 640 

S4. Full results of all species tested 641 


