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 Introduction
Avian collisions with human infrastructure are one of the top anthropogenic causes 
of mortality in landbirds and waterbirds, killing hundreds of millions of birds annu-
ally in North America alone (Erickson et al., 2005; Loss et al., 2015). Avian colli-
sions often result when artificial light causing attraction or disorientation increases 
collision risk with buildings, towers, boats, and offshore oil platforms when they are 
lighted (Barrios and Rodríguez, 2004; Brown et al., 2013; Ellis et al., 2013; Gehring 
et al., 2009; Loss et al., 2019; Rodríguez et al., 2017; Ronconi et al., 2015). This type 
of collision risk can be eliminated or greatly reduced when lights are managed to 
prevent avian issues, which is discussed from a seabird perspective in Chapters 6 and 
13. Collisions occur independently of artificial lights when birds fly at infrastructure 
that is difficult to detect and or avoid such as windmill blades (see Chapter 7), com-
munication towers, and various wires including guy wires on communication towers, 
communication wires, and powerlines (Gehring et al., 2011; Murphy et al., 2016b; 
Savereno et al., 1996; Travers et al., 2021).

Powerlines are of particular concern for avian conservation because of their 
immense footprint on the landscape and the high levels of mortality documented 
at subsampled sections of powerlines. As an example of the linear scale of pow-
erlines, in the early part of this decade, the United States and Canada had 862,207 
and 231,966 km, respectively, of the higher voltage long-distance transmission pow-
erlines on the landscape and, although there is limited data, several times more by 
length of the shorter lower voltage distribution powerlines (Loss et al., 2014; Rioux 
et al., 2013). Owing in large part to the geographic scale of powerlines, mortality 
estimates for Canada and USA alone indicate that powerlines kill tens of millions of 
birds annually (Loss et al., 2014, 2015; Rioux et al., 2013). More than 30 years of re-
search on avian powerline collisions (Bevanger, 1994, 1995; Bevanger and Brøseth, 
2004; Demerdzhiev, 2014; Janss, 2000; Marcelino et al., 2021; Murphy et al., 2016b; 
Savereno et al., 1996; Shaw et al., 2021) have shown that when powerlines are pres-
ent in avian airspace, collisions will occur (APLIC, 2012; Barrientos et al., 2018; 
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Bernardino et al., 2018; Bevanger, 1994, p. 2; Drewitt and Langston, 2008; Erickson 
et al., 2005; Jenkins et al., 2010; Loss et al., 2014, 2015; Rioux et al., 2013).

Researchers have also begun to document powerline collisions across several 
groups of seabirds and have reported that powerline collisions can have population-
level impacts (Bureau d’Etudes Environnement Agronomie, 2008; Cooper and Day, 
1998; Garcia-del-Rey and Rodriguez-Lorenzo, 2011; Gómez-Catasús et al., 2021; 
Podolsky et al., 1998; Travers et al., 2021; Verbeke et al., 2020). In seabirds, powerline 
collisions have been documented for Bulwer’s Petrels (Bulweria bulwerii) and Cory’s 
Shearwaters (Calonectris borealis) on multiple islands within the Canary Islands 
archipelago (Garcia-del-Rey and Rodriguez-Lorenzo, 2011; Gómez-Catasús et al., 
2021) and White-tailed Tropicbirds (Phaethon lepturus), Wedge-tailed Shearwaters 
(Ardenna pacifica), and Tropical Shearwaters (Puffinus bailloni) on Reunion Island 
(Bureau d’Etudes Environnement Agronomie, 2008; Verbeke et al., 2020). On the 
island of Kauai, Hawaii, seabird powerline research has spanned 37 years beginning 
in 1993 (Ainley et al., 2001; Cooper and Day, 1998; Podolsky et al., 1998; Travers 
et  al., 2021, n.d.). Several seabird species have been documented to collide with 
powerlines on Kauai, including White-tailed Tropicbirds, Red-footed Boobies (Sula 
sula), Wedge-tailed Shearwaters (Travers et al., n.d.), Hawaiian Petrels (Pterodroma 
sandwichensis) (Travers et al., 2021), and Newell’s Shearwaters (Puffinus newelli) 
(Cooper and Day, 1998; Podolsky et al., 1998; Travers et al., 2021).

The list of seabird species documented to collide with powerlines is most cer-
tainly incomplete as research focused on seabird powerline collisions has been lim-
ited to date. Furthermore, collision risk is likely to expand to species and regions that 
do not currently have collision risk as powerlines are expected to expand globally at 
5% per year (Erickson et al., 2005). Seabird biologist may expect that much of the 
development will occur closer to large urban centers away from remotely breeding 
seabirds. However, the promotion of renewable energy production for decarboniza-
tion will result in the decentralization of power production into areas with abun-
dant renewable energy resources (Lienert et al., 2015; Smith and Dwyer, 2016) such 
as high wind, high solar, wave and tidal action, and geothermal (Østergaard et al., 
2020). Decentralization of power production will result in the expansion of pow-
erlines connecting power production to distant urban centers increasing the overall 
length of powerlines on the landscape (Lienert et al., 2015; Smith and Dwyer, 2016) 
such that species not currently exposed to powerlines may in the future be at risk of 
collisions (Smith and Dwyer, 2016).

From a seabird conservation perspective, the most important aspect of the power-
line collision problem is the high likelihood of collisions occurring without documen-
tation, which erroneously obscures the need for conservation interventions such as 
seabird-friendly powerline modifications (discussed in “Methods for reducing seabird 
collisions with powerlines and similar infrastructure” section) or conservation mitiga-
tion offsets (Travers et al., 2021). Powerlines are a continuous linear barrier that can 
have landscape-level impacts on birds (Richardson et  al., 2017), but documenting 
collisions across the immense length of existing powerlines is challenging (Barrientos 
et al., 2018; Bevanger, 1995; Loss et al., 2014; Travers et al., 2021) and can result in 
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dramatic underestimation of collisions (Murphy et al., 2016b; Savereno et al., 1996; 
Travers et al., 2021). Even relatively small islands can have several hundred to more 
than a thousand kilometers of powerlines, and these lines can cross rugged terrain 
that is difficult or effectively impossible for humans to access, resulting in logisti-
cal difficulties determining the scale and extent of collisions (Travers et  al., 2021; 
Verbeke et al., 2020). Here, we present two case studies, one from Kauai, Hawaii, and 
one from Reunion Island. Research from both locations has indicated that even when 
powerline collisions are occurring in high numbers, they can be difficult to detect at a 
landscape scale with a subsequent underestimation of risk directly impeding seabird 
conservation.

Research on Kauai has indicated that powerline collisions are the most signifi-
cant anthropogenic source of mortality for Newell’s Shearwaters and Hawaiian 
Petrels (Travers et al., 2021). Direct mortality is primarily the result of injuries from 
the impact force when colliding with powerlines (Cooper and Day, 1998; Travers 
et al., 2021). However, mortality can also occur from electrocutions when the birds’ 
wings are sufficiently long to connect two separate powerlines (Travers et al., n.d.). 
Powerline collisions also have indirect effects such as abandoned breeding attempts 
as documented in seabirds rehabilitated after powerline grounding (Raine et  al., 
2017a,b), mortality of a chick when a breeding adult is killed or does not return to 
the island postcollision (Raine et al., 2017a,b), and skipped years of breeding while 
the surviving adult reestablishes a breeding partner.

In midsize seabirds like the Newell’s Shearwater and Hawaiian Petrel, collisions 
causing mortality and groundings are most commonly the result of head injuries 
(70%) and can present as broken/bifurcated bills, crushed eyes, skull fracture, and 
feather removal on the forehead/cheek/neck (Travers et al., 2021). Twenty percent of 
powerline-grounded seabirds lack externally visible injury, but unseen head and neck 
trauma can sometimes be detected as neurological problems causing delayed mor-
tality in live birds admitted for rehabilitation (Travers et al., 2021). Relative to head 
and neck injuries, surprisingly far fewer powerline-grounded seabirds present with 
wing injuries (10%) but broken humerus, including Newell’s Shearwaters with com-
pound fracture and wing amputation, along with elbow, and wrist injuries have been 
detected in powerline-grounded seabirds (Travers et al., 2021). On Kauai, seabird 
electrocutions are far less frequently detected but have been both directly observed 
and detected in grounded birds as burn injuries (clear smell of burnt feathers) for a 
limited number of Red-footed Boobies when these birds have flown inland across 
powerlines at night on Kauai (Travers et al., n.d.).

On Kauai, the tallest transmission powerlines (high voltage) extend for hundreds 
of kilometers and the shorter distribution powerlines (lower voltage) extend for an 
additional several hundred kilometers across the landscape, collectively creating a 
barrier around much of the suitable inland seabird breeding habitat while also being 
in close proximity to coastal seabird colonies (Travers et al., 2021, n.d.). Originally, 
Podolsky et al. (1998) estimated the number of seabird powerline collisions based on 
grounded Newell’s Shearwaters detected under powerlines while conducting driving 
searches along roads near the coast (Cooper and Day, 1998; Podolsky et al., 1998). 
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These estimates clearly showed powerlines as a collision risk to breeding adults and 
subadult Newell’s Shearwaters, a finding that was supported by direct observations 
that a large percentage of Newell’s Shearwaters and Hawaiian Petrels transiting past 
powerlines flew very close to and nearly collided with the powerlines (Cooper and 
Day, 1998). The estimated level of collisions, based on ground searches, did not 
trigger powerline minimization actions (collision reduction solutions), leaving en-
dangered seabird powerline collisions to continue unabated for nearly four decades 
(Travers et  al., 2021). Within that time period, population trend monitoring using 
radar (Day and Cooper, 1995; Day et al., 2003) showed declines of 78% and 94% 
for Hawaiian Petrels and Newell’s Shearwaters, respectively (Raine et al., 2017a). 
Decades later, Travers et  al. (2021) used alternative collision monitoring methods 
that demonstrated that seabird ground searches on Kauai failed to detect most col-
lisions and thus vastly underestimated the seabird collision problem. The authors 
concluded that decades of ongoing and unmitigated powerline collisions were the 
greatest anthropogenic contributor to the decline of both endangered seabird species.

In collision research, the most common method used for quantifying avian pow-
erline collisions is conducting searches for grounded birds under or near powerlines 
(Jenkins et  al., 2010; Rioux et  al., 2013). Between 2012 and 2020, Travers et  al. 
(2021) conducted concurrent grounded seabird searches at powerlines and direct ob-
servations of Hawaiian Petrel and Newell’s Shearwater powerline collisions. Based 
on the observed collision rates, the authors reported that at least 6513 endangered 
seabird collisions occurred at just 3% of the powerlines by length. Critically, only 
a small minority of seabirds (13%) observed hitting powerlines became grounded 
immediately within typical search distances while many others became grounded 
out to distances of more than a kilometer from powerlines, making them undetect-
able by standard searches (30 m on either side of the lines; Savereno et al., 1996). 
Furthermore, the majority of observed collisions occurred in areas that were effec-
tively unsearchable, due to steep, unsafe terrain and thick vegetation. These factors 
meant that grounded seabird searches could not detect the frequency or geographic 
extent of seabird powerline collisions across the landscape. This was further evident 
when contrasting the observed collisions with the findings of the three independent 
grounded seabird searches conducted on Kauai (Cooper and Day, 1998; Podolsky 
et al., 1998; Travers et al., 2021) as all three searches had missed thousands of sea-
bird powerline collisions that were occurring away from roads, the primary search 
space by area. The findings by Travers et al. (2021) that search studies can miss thou-
sands of collisions are of general concern for seabird conservation but particularly 
for critically endangered species in which powerline mortality of a small number of 
individuals is unlikely to be detected and can be devastating to the population.

Seabird powerline collisions documented on Reunion Island in the Indian Ocean 
provide an additional case study into the risks of undocumented powerline colli-
sions, particularly for rare species. When researchers on Reunion reviewed the re-
sults from Kauai, they determined that similar powerline collision risk factors existed 
for the Tropical Shearwater and the endemic Barau’s Petrel (Pterodroma baraui) and 
Mascarene Petrel (Pseudobulweria aterrima). On Reunion, a rapid assessment was 
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conducted in 2019 using information on collision risk provided from Kauai (dis-
cussed in “Identifying factors that impact seabird collision risk” section), to prioritize 
sections of powerlines for initial monitoring. Collision monitoring at select high-risk 
powerline sections resulted in the immediate documentation of Tropical Shearwaters 
collisions, with seabird flight heights and passage rates indicating collision risk was 
also present for Barau’s Petrels and likely for Mascarene Petrels (Verbeke et  al., 
2020). At the most dangerous powerline section detected on Reunion, more than 
one collision occurred on average every night of monitoring, with documented col-
lisions as high as nine birds in a single night (Verbeke et al., 2020). Despite a very 
high rate of collisions and mortality of Tropical Shearwaters, this location was not 
previously known to have powerline collisions. Of most concern is that the powerline 
section with the highest documented collisions is positioned on the flyway for one of 
only two known Mascarene Petrel colonies in the world, of which there is a global 
estimate of 100–200 mature individuals and a total estimated population of 1200 
(Birdlife International, 2021; Lopez et al., 2021; Verbeke et al., 2020). Furthermore, 
one Mascarene Petrel has been found in this colony alive but with a bifurcated and 
chipped lower mandible (Dubos, 2018), an injury consistent with powerline colli-
sions (Travers et al., 2021). The research on Reunion provides a clear example of the 
threat posed from ongoing undocumented powerline collisions.

Many of the powerline collision risk factors present on Kauai, Reunion, and the 
Canary Islands occur across the globe wherever seabird flyways, breeding, and roost-
ing locations overlap with powerlines. Similarly, many of the challenges associated 
with detecting collisions, and the associated underestimation of risk exists in these 
locations. In “Identifying factors that impact seabird collision risk” section, we iden-
tify the seabird species and the powerline locations that are most in need of collision 
examinations through a discussion of the general life history, morphology, environ-
mental, and powerline construction variables that contribute to elevated powerline 
collision risk. In “Infrastructure with similar collision risk characteristics to power-
lines” section, we consider collision risk from infrastructure that has similar prop-
erties as powerlines. In “Methods for reducing seabird collisions with powerlines 
and similar infrastructure” section, we review the available solutions for reducing 
powerline collisions. In “Knowledge gaps and future research” section, we discuss 
the current knowledge gaps and conclude with “Conclusions” section.

 Identifying factors that impact seabird collision risk
Understanding the major collision risk factors and how they are mediated by 
 species-specific biology (life history and morphology), environment, and powerline 
type will aid in rapidly assessing risk and prioritizing collision examinations to focus 
on the species and locations with the greatest need for monitoring (Bevanger, 1994). 
Powerline collision risk is a function of three overall factors: (1) the frequency of 
seabirds flying at powerlines, (2) the detectability of the wires, and (3) the likelihood 
of avoidance if the wires are detected. Within each of the three factors, collision risk 
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is mediated by (1) the life history traits and morphology of the animals, (2) environ-
ment at the powerlines, and (3) the construction characteristics of the powerlines.

 Collision risk factor 1—The frequency of seabirds flying 
at powerlines
For seabirds to collide with or be electrocuted by powerlines, the primary risk factor 
to consider is the frequency of birds flying directly at wires. The frequency of direct 
flights at powerlines is simultaneously a function of the seabird passage rate across 
powerlines and the flight height of those passages. For example, on the extremes, 
high passage rates over powerlines can occur with low collision risk if birds fly well 
above powerline height, and vice versa, high risk can exist in areas of low passage 
rate if most birds fly at wire height. Here, we examine (1) life history/morphology, 
(2) environmental, and (3) powerline construction characteristics that influence the 
frequency of seabirds flying directly at powerlines.

 Life history/morphology
Birds that transit past powerlines more often will have elevated collision risk through 
increased exposure. The location of the breeding or roosting sites relative to local 
powerlines plays a role in increasing exposure to powerlines. Seabirds that breed 
inland of powerlines will have to transit past powerlines each visit to their breeding 
colony and when they return to the sea (Cooper and Day, 1998; Travers et al., 2021; 
Verbeke et al., 2020). For example, inland seabird breeding species select montane, 
forested, or desert environments. In contrast, species that breed immediately adjacent 
to the ocean typically would not have to cross powerlines to gain access to their col-
ony or roosting site. Some coastal breeding species, however, may occasionally (Red-
footed Boobies) or regularly (Wedge-tailed Shearwaters) wander inland (Travers 
et al., n.d.) or cut across land when transiting to foraging grounds (Anchundia et al., 
2017), resulting in a powerline interaction potential greater than expected based on 
their coastal breeding and roosting sites (Travers et al., n.d.). Powerline exposure is 
increased for seabirds with long breeding seasons and shorter foraging trip durations, 
as breeding colony visitation rates are influenced by season length and foraging trip 
duration (Bolton et al., 2019; Shoji et al., 2015). Age of subadult return and age- 
specific colony visitation rates (Halley et al., 1995) will similarly play a role in expo-
sure to powerlines, and younger, naive birds may have elevated powerline collision 
risk above that expected by their visitation rates (Cooper and Day, 1998). If species 
differ in their overland flight height (Cooper and Day, 1998), this would be expected 
to influence the species-specific frequency of flying at powerlines.

 Environmental
The environment at or near the powerlines can have localized influence on both 
passage rates and flight height of seabirds. Least cost flyways (energetically easi-
est route) to suitable and productive breeding habitat can result in dramatic in-
creases in localized seabird transits over powerlines (Cooper and Day, 1998; Day 
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and Cooper, 1995; Raine et al., 2017a,b; Travers et al., 2014). On some islands, 
seabirds appear to preferentially enter land at select large topographic features 
such as drainages (Cooper and Day, 2003). The overall terrain gradient along the 
flight path can influence seabird flight height relative to powerlines. Seabirds that 
access higher elevation breeding sites in terrain with consistent steep slope will 
often gain elevation before crossing onto land, particularly if there is a tailwind, 
and maintain high aboveground flight height when heading to sea, reducing colli-
sion risk in both flight directions (Raine et al., 2017b; Travers et al., 2014; Verbeke 
et al., 2020). If trees are taller than powerlines, transiting birds in general will be 
forced to fly above both the trees and the powerlines, whereas in areas with short 
vegetation or where tree removal has occurred, birds will have increased risk of 
flying directly at powerlines (Bevanger, 1994; Bevanger and Brøseth, 2001, 2004; 
Jenkins et  al., 2010). Tree and vegetation removal following tropical storms, as 
occurred on Kauai following Hurricane Iniki in 1992 (Harrington et al., 1997), is a 
natural and stochastic event that could lead to dramatic increase in powerline expo-
sure on the landscape following the rebuilding of powerlines poststorm. Wind can 
influence the number of seabirds flying at powerlines through effects on seabird 
flight height. Seabirds are known to fly lower into headwinds to gain flight effi-
ciency (Ainley et al., 2015). On land, seabirds flying into headwinds have similarly 
been observed flying lower which resulted in a subsequent increase in powerline 
interactions (Travers et al., 2014). Artificial lights are increasingly a part of the en-
vironment where seabirds transit and are well-known to confuse and attract mostly 
juvenile seabirds (Podolsky et al., 1998; Reed et al., 1985; Rodríguez et al., 2012, 
2017). Lights are spatially correlated with powerlines, and thus, light attraction is 
a special case in which an unnatural attractant puts seabirds at risk of powerline 
collisions (Friswold et al., 2020). We consider powerlines a secondary risk factor 
in these situations as the removal of the lights would greatly reduce or eliminate 
the collision risk.

 Powerline configuration
Interactions between the environment and powerline location can increase the fre-
quency of seabirds flying at powerlines. When constructing powerlines in terrain 
with deep valleys and ridges, the most efficient powerline configuration is often to 
place the poles on ridges and string the wires across the open airspace above the 
valleys or drainages (Bagli et al., 2011). This configuration maximizes the aboveg-
round height of the wires over the middle of the valleys and drainages (see Fig. 14.1), 
which in turn maximizes the frequency of seabirds flying directly at powerlines 
(Travers et al., 2021; Verbeke et al., 2020). Constructing powerlines on top of ridges 
increases the likelihood that powerlines are the highest feature on the local land-
scape (D’Amico et al., 2018) and is particularly dangerous when seabird flight is 
perpendicular to the ridge and powerlines. When seabirds are flying inland on a set 
trajectory, their flight height above ground varies as the terrain below their flight path 
undulates and changes in elevation. As a result, bird flight trajectories can be closest 
to the ground when their trajectory aims just above ridgelines. This is a  commonly 
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observed  behavior for Newell’s Shearwaters and Hawaiian Petrels, which puts bird 
flight paths directly at powerlines present on the ridgeline (Raine et  al., 2017b; 
Travers et al., 2019a,b, 2021).

Powerline configuration can also influence the number of seabirds flying at pow-
erlines when powerline engineering and regulatory standards maximize aboveground 
height of wires. Powerline engineering is constrained by public utility regulations 
that primarily focus on the safety and reliability of powerlines for consumers and 
the people who work on or near powerlines, which in the United States is National 
Electrical Safety Code (National Electrical Safety Code® (NESC®) C2-2017, 2017). 
These regulations influence the spacing, vertical height, and number of vertical wire 
layers. For example, the higher the voltage of electricity, the greater the wire spacing 
requirements and the greater the clearance required above the ground, buildings, or 
vehicles (National Electrical Safety Code® (NESC®) C2-2017, 2017). Therefore, 
high-voltage transmission powerlines that carry electricity long distances are the 

FIG. 14.1

Powerlines in rugged terrain constructed high over a valley. Construction of power poles 
on ridge points with wires across valleys results in a substantial increase in the height of 
wires above the ground at mid-valley. Due to the terrain these wires are much higher above 
ground and further into avian airspace at mid-valley than at the poles where wires are 
closest to the ground. The powerline array in the figure has seven total wires and is 340 m 
long from ridge to ridge. The top wire is a nonelectrified lightening grounding wire with an 
aviation marker ball mid-span. There are six transmission wires in three paired vertical 
layers below the grounding wire. This span would be described as having four layers of 
hazards a bird could fly directly.

Photo by Marc S. Travers.
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 tallest powerlines constructed. All else being equal, the increased above-ground height 
makes transmission powerlines the most dangerous to birds from a collision perspec-
tive (Bernardino et al., 2018; Ward and Anderson, 1988) including seabirds (Travers 
et al., 2021). Engineers often meet the spacing requirements by building powerline 
arrays vertically rather than horizontally, as it can reduce the lateral footprint of pow-
erlines. This type of powerline construction maximizes top powerline height and 
increases the number of powerlines that birds in general (Bernardino et al., 2018; 
Bevanger and Brøseth, 2001; Drewitt and Langston, 2008; Jenkins et al., 2010) and 
seabirds specifically can fly at directly (Podolsky et al., 1998). For example, many 
powerline circuits are constructed with three electrified wires (many utility poles 
carry multiple groupings of 3). When built vertically, this results in three wire layers 
each extending further into avian airspace (see Fig. 14.2). When built horizontally, all 

FIG. 14.2

Horizontal reconfiguration of powerlines. Powerlines modified from a vertical design (distant 
pole) to a horizontal design (close pole). The first phase of the modification was the removal 
of the lightening shield wire. Position (A) in the figure shows the lightening shield wire and 
its subsequent removal in the modified section. The second phase of the modification was 
configuring the vertically arrayed wires horizontally. Position (B) in the figure shows six 
transmission powerlines in three vertically paired layers modified to two vertical layers of three 
wires. Position (C) in the figure shows three distribution powerlines and a neutral wire in four 
vertical layers modified to a single layer of four wires. These modifications lowered the upper 
wire profile by 8.5 m and reduced nine vertical hazard layers a bird could fly directly down to 
four vertical hazards. For additional protection, reflective diverters have also been added to the 
top two layers post reconfiguration. Each of these modifications will improve bird safety. Lastly, 
position (D) in the figure shows a fiber-optic cable for communication which is unmodified.

Photo by Marc S. Travers.
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three wires are constructed at the height of the lowest wire in the vertical design and 
represent a reduction to a single collision hazard that a bird could fly at directly (see 
Fig. 14.2). Land use under powerlines can also influence wire height and collision 
risk. For example, powerlines constructed over agricultural land are often designed 
with taller power poles to ensure that large machinery cannot come in contact with 
the powerlines, increasing human safety while inadvertently increasing landbird and 
seabird collision risk from the taller more exposed powerlines (Demerdzhiev, 2014; 
Travers et al., 2021).

 Collision risk factor 2—The detectability of powerlines
Once a seabird is on a collision course with powerlines, the detection of the hazard 
by the seabird is the first requirement for actively avoiding a collision. Powerline 
detection is therefore a major factor in powerline collision risk as well as an im-
portant consideration when developing collision reduction solutions. Most observed 
Newell’s Shearwaters and Hawaiian Petrel powerline interactions, for example, re-
sulted in successful detection of the hazard but with varying collision avoidance out-
comes depending on the conditions (Travers et al., 2019a,b, 2021).

 Life history/morphology
The time of day birds transit past powerlines is an important factor in powerline 
detection. All else being equal, powerlines are most difficult to detect during flights 
in full darkness (Brown and Drewien, 1995; Deng and Frederick, 2001; Murphy 
et al., 2016a,b) than during crepuscular flights and easiest to detect in the daytime 
(Bernardino et al., 2018; Bevanger, 1998). This is a particularly salient point for sea-
birds as most petrels fly into their colonies nocturnally (Mougeot and Bretagnolle, 
2000), and this group is one of those at highest risk for powerline collisions. Species-
specific vision is important for powerline detection (Martin and Shaw, 2010), but in-
terspecies differences in powerline detection among seabird remain unknown. Social 
behavior that distracts birds from detecting hazards in their flight path can increase 
collision risk (Bernardino et al., 2018; Drewitt and Langston, 2008). In seabirds, sub-
adult or prebreeding aerial courtship is an example of behavior that could increase 
collision risk when it occurs near powerlines.

 Environmental
Environmental conditions that reduce visibility will reduce powerline detection 
(Bernardino et al., 2018; Drewitt and Langston, 2008), and in seabirds, this is most 
likely to be fog, rain, and sea spray. Nocturnal ambient light levels will also influence 
powerline detection. Newell’s Shearwater and Hawaiian Petrel powerline collisions 
were negatively correlated with ambient light levels from light pollution, presumably 
because light reflecting onto powerlines allowed birds to detect powerlines and avoid 
collisions (Travers et al., 2021). During bright moonlight seabirds have also been 
observed detecting powerlines early and thus clearing the powerline hazard early and 
with greater distance (Travers et al., 2014, 2016). Therefore, conditions that result  
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in maximal darkness at powerlines or minimal visual contrast between the powerline 
and the background are expected to reduce seabird powerline detection and increase 
collision risk.

 Powerline configuration
Powerlines configured with larger diameter wire are expected to increase avian de-
tection of powerlines (Jenkins et al., 2010). Wire diameter is larger in higher voltage 
wires and often reduced in nonelectrified wires such as lightning grounding wires. 
Tall wires at risk for collision from helicopters and other aircraft have large marker 
balls to aid pilot detection of wires. Aviation marker balls may aid birds flying at or 
near the marker balls in detecting a hazard but are likely spaced too widely apart to 
indicate to a bird that there is a suspended obstacle between the markers (pers. Comm 
James F. Dwyer and Marc S. Travers). However, further research is required as ob-
jects that increase the diameter and visual contrast of powerlines, such as the more 
tightly spaced bird diverters (discussed in “Influence seabirds to alter their flight 
height to avoid powerline airspace” section), are expected to increase hazard detec-
tion for birds (Shaw et al., 2021) although limited research has focused on nocturnal 
bird movement.

 Collision risk factor 3—Collision avoidance
Once a seabird is on a collision course and has detected a powerline, their collision 
avoidance response is the final factor determining seabird powerline collision risk. 
In addition, understanding the variables that determine collision avoidance after suc-
cessful detection is a critical component in developing effective collision avoidance 
solutions.

 Life history/morphology
A seabird’s mass and wing morphology play a primary role in flight speed and ma-
neuverability (Alerstam et  al., 1993; Bevanger, 1998; Pennycuick, 1987) which 
is largely determined by foraging strategy (Brewer and Hertel, 2007; Hertel and 
Ballance, 1999). Flight speed determines the distance and time a bird has to execute 
an avoidance from the moment of detection, and maneuverability determines the ex-
tent to which a bird can alter its course within the distance–time window (Bevanger, 
1998; Janss, 2000). Many seabirds have very rapid overland flight speeds, and 
combined with the nocturnal nature of these flights, this results in a narrow detec-
tion avoidance window. Marbled Murrelets have average overland flight speeds of 
91–102 km/h (Cooper et al., 2001), and Newell’s Shearwaters and Hawaiian Petrels 
in steep terrain on the northwest of Kauai had average inland flight speeds of 36 
and 34 km/h, respectively, and outbound speeds of 43 km/h and 51 km/h, respectively 
(Raine et al., 2017b), leaving very little time or distance to make an avoidance maneu-
ver if powerlines are detected late. The heavier body and smaller wing area of diving 
and pursuit-diving seabirds increase flight speed and reduce maneuverability, which 
overall reduces these seabirds’ powerline collision avoidance capabilities  relative to  
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other seabirds (Bevanger, 1998). In contrast, seabirds that are surface-gleaning forag-
ers and light on the wing, like gadfly petrels, have greater relative collision avoidance 
capabilities, if the powerlines are detected (Bevanger, 1998).

 Environmental
Environmental conditions at or near the powerlines can affect a seabird’s powerline 
avoidance capability. A seabird’s flight path relative to the prevailing wind direction 
and wind speed can affect approach speed and maneuverability. Above, we men-
tioned that flying into a headwind can increase collision risk by reducing a seabird’s 
aboveground flight height. Yet, in the case where powerlines are detected, a bird 
flying into a headwind will approach wires more slowly, increasing the time and 
distance available for avoidance, and also will have increased lift and thus maneuver-
ability (Savereno et al., 1996; Ward and Anderson, 1988). Inland colony elevation can 
impact the avoidance distance-time window as birds leaving higher elevations gain 
speed while descending to the ocean (Cooper et al., 2001). Newell’s Shearwaters and 
Hawaiian Petrels monitored with GPS tags travel to the sea at significantly higher 
flight speeds compared with inland flights (Raine et al., 2017b).

 Powerline configuration
Powerline construction affects collision avoidance through the overall vertical wire 
profile in meters and the number of wires. The greater the exposed vertical profile of 
the powerline array, the greater the distance birds must maneuver to clear the array 
once wires are detected (Podolsky et al., 1998). Powerline construction varies greatly 
in the number of wires strung between power poles depending on the local needs and 
power supply. Powerline sections constructed with greater numbers of wires have a 
greater number of aerial hazards that could be flown at directly and which then need 
to be avoided, while wire density can increase the likelihood that one wire is avoided 
resulting in a collision with a nearby wire (Bevanger, 1994; Podolsky et al., 1998).

 Summary of collision risk and seabird groups with elevated risk
For seabirds that are known to breed, roost, or transit across areas with powerlines, 
collision risk should be a consideration in their conservation. Any species that tran-
sits an area where powerlines extend into their airspace are at risk of collisions. 
Consideration of collision risk based on the biology of the birds, the environment, 
and powerline configuration can provide an initial assessment of collision risk and 
determination of whether collision monitoring is needed. At present, documented 
powerline collisions in seabirds most commonly map onto at least one or more of the 
following biological characteristics: breeding inland of powerlines, transiting past 
powerlines nocturnally (even if uncommonly, such as Red-footed Boobies), and a 
foraging strategy of diving/pursuit-diving. There are documented accounts of pow-
erline collision risk for species within the nocturnal burrow nesting genera Puffinus, 
Pterodroma, Ardenna, Bulweria, Calonectris, Pseudobulweria, and the inland cliff 
breeding Phaethon which have multiple or all the biological risk factors. Based on 
their life history and morphology, several other seabird groups would be expected to 
have relatively elevated collision risk including the alcids (Alcidae), diving-petrels 
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(genus Pelecanoides), and seaducks (Anatinae) if powerlines currently exist or in the 
future are constructed across their flight paths. Overall, the biology of the species 
interacts with the environment and powerline construction such that collision risk 
is elevated when (i) conditions reduce the aboveground flight height of seabirds,  
(ii) there is reduced visual detection of powerlines, (iii) increased flight speed, and 
(iv) there is increased height and number of wires in seabird airspace.

 Infrastructure with similar collision risk characteristics  
to powerlines
We have focused on powerlines, but other infrastructure exists that has similar col-
lision risk characteristics for seabirds. Fiber-optic cable and other lines used in 
communications can be constructed in a manner similar to powerlines and thus can 
have similar collision risk. Guy wires used to support communication towers (see 
Fig. 14.3) have been shown to have collision risk for landbirds (Gehring et al., 2011; 
Loss et al., 2012) and seabirds like the Newell’s Shearwaters (Travers et al., n.d.) and 
the critically endangered Black-capped Petrel (Pterodroma hasitata) on the island 
of Hispaniola in the Caribbean (Brown et al., 2013). Light attraction likely played 
an exacerbating role in the documented collisions for the Black-capped Petrel, but 
regardless, observations from Hispaniola indicate tower guy wires should be con-
sidered a threat to seabirds. On a single night, five Black-capped Petrels were found 
grounded under a communication guy wire and dozens more were observed colliding 

FIG. 14.3

Communication tower guy-wire collision hazard. Tall communication tower and guy-wire 
collision hazards above the local vegetation and topography.

Photo by Marc S. Travers.
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with the wire but gliding or flapping beyond the searchable area and thus would not 
have been documented without the direct collision observation (Brown et al., 2013). 
Other forms of aerial cable also have collision risk including cables used in gondolas, 
chairlifts, and zip lines (Bech et al., 2012).

 Methods for reducing seabird collisions with powerlines 
and similar infrastructure
Once seabird powerline collisions have been identified, it is critical that collision pre-
vention solutions be implemented to ensure that power authorities can quickly and 
effectively prevent further impacts to seabirds. Overall, there are three broad strate-
gies to reduce seabird collisions with powerlines: (1) Powerlines can be removed 
from avian airspace, (2) seabirds can be influenced to alter their flight height to avoid 
a collision with the powerlines, and (3) preconstruction planning can position pow-
erlines on the landscape to avoid high-collision-risk locations. Many of the solutions 
mentioned below are directly applicable to other types of aerial cable infrastructure 
like communication tower guy wires.

 Remove wires from seabird airspace
Having powerlines underground is clearly the preferred solution for seabirds as it is 
100% effective at reducing seabird powerline collisions while increasing the safety 
and reliability of the powerlines for the human population (Glass and Glass, 2019; 
Larsen, 2016). However, undergrounding powerlines can cost a million dollars a mile 
and as such is not considered the most cost-effective solution (Freeman et al., 2019; 
Glass and Glass, 2019; Larsen et al., 2018). Incremental reconstruction of existing 
powerlines can be a more practical way for power authorities to reduce collisions. 
Lowering wires, even modest amounts, can reduce collisions particularly when only 
the lowest flying birds hit the uppermost powerlines. For example, collisions were 
reduced by 50% when removing a single nonelectrified wire, such as the lightning 
shield wire, from the highest position in the wire array (Bevanger and Brøseth, 2001) 
and replacing it with alternative grounding methods mounted at the power pole. Even 
larger collision reductions would be expected if powerlines were rebuilt from a verti-
cal wire array (e.g., three vertically spaced wires) into a single layer of horizontal 
wires (see Fig. 14.2) because this lowers the collision profile of the wires to a height of 
the lowest wire in the vertical array and reduces the number of wires layers that birds 
can fly at directly (Bernardino et al., 2018; Bevanger, 1994). Existing exposed power-
lines can be replaced with insulated aerial cable, which reduces electrocution potential 
and thus relaxes safety regulations allowing high voltage wires to be mounted sig-
nificantly lower on existing power poles (Bevanger, 1994). The insulated powerlines 
also have a larger diameter and thus would likely increase their detectability by birds 
(Jenkins et al., 2010); however, the positive effect of the increased diameter may be 
counteracted at night by the black coloration of the outer coating on insulated wires.
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 Influence seabirds to alter their flight height to avoid powerline 
airspace
Planting, promoting, or maintaining tall trees (at a safe distance from powerlines) 
is the lowest tech solution available for reducing avian collision with powerlines 
(Bevanger, 1994; Bevanger and Brøseth, 2001, 2004; Jenkins et al., 2010). If trees 
are taller than powerlines (see Fig. 14.4), seabirds will maintain a minimum height 
above vegetation, preventing collisions by forcing seabirds to safely fly over the 
wires (Cooper and Day, 1998). Depending on nearby land use and land agreements, 
trees may also present the lowest cost solution if trees are at a safe horizontal dis-
tance that prevents any wire contact or damage to powerlines. Alternatively, several 
solutions focus on increasing the detectability of powerlines by seabirds with the 
intention of providing increased distance and time for birds to successfully make 
an evasive maneuver. Bird flight diverters are objects attached to powerlines (see 

FIG. 14.4

Trees shielding powerlines from seabird collisions. Transiting seabirds are forced to fly above 
the tall trees and as a result above powerline height. One consideration of tree shielding is 
that trees can be removed for a variety of reasons. This would result in powerlines becoming 
the tallest object on the landscape and a clear collision hazard in a location that was 
previously safe for transiting birds. When planning tree removal or harvest, power authorities 
should attempt to negotiate that several lines of trees remain such that trees continue to 
shield wires for bird safety.  Considering powerline safety and reliability, the remaining trees 
should be wind firmed (removing limbs of trees on the edge of the clear cut to reduce wind 
blow down of trees) and trees should be maintained only at a distance preventing any 
possible contact with powerlines.

Photo by Marc S. Travers.
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Fig. 14.5) at set intervals which are designed to increase the bird’s detection of a 
hazard on its flight path. Two meta-analyses indicated considerable variability in col-
lision reduction but reported between 50% and 78% reduction on average for studies 
of diverter efficacy for landbird and waterbirds (Barrientos et al., 2011; Bernardino 
et al., 2019). Many more types of bird flight diverters exist than have been tested for 
collision reduction efficacy, but when comparison tests are implemented, results in-
dicate that diverter type, bird species (Brown and Drewien, 1995; Shaw et al., 2021), 
and environment (Jenkins et al., 2010) affect the collision reduction efficacy of these 
devices. Reflective diverters attempt to increase detection using materials that are 
bright and reflect light (sun, moon, and ambient light pollution). Spiral diverters 
are designed to increase the profile diameter of powerlines and may have a lower 
collision reduction rate compared to other diverters (Barrientos et al., 2012), while 
spinning diverters are designed to catch the attention of birds through movement. 
For nocturnally transiting birds, blinking LED or glow-in-the-dark material has been 
added to diverters (Murphy et al., 2016a). Dwyer et al. (2019) tested the use of UV 
lights to illuminate powerlines marked with diverters and reported that nocturnal 
powerline collisions were reduced by 98% in one landbird species. Any method that 
will increase a bird’s detection of a hazard should be considered, including painting 
wires with a material that increases avian detection (Bevanger, 1994).

 Preconstruction planning
Engineering plans for powerline construction focus on the most efficient construc-
tion pathway across a landscape (Bagli et al., 2011), which in some terrain can result 
in maximizing wire height above ground (e.g., when wires cross valleys) and above 
local vegetation (see Fig.  14.1), which increases seabird powerline collision risk 

FIG. 14.5

Bird flight diverters mounted on powerlines. Left image is of reflective diverters on a 
section of transmission wires (2 sets of 3 vertically configured transmission wires) and 
lightening shield wire. The right image is of three different types of reflective diverter. The 
diverters on the top left and bottom right are nonmoving reflective diverters. The diverters 
on the bottom left and top right are two types of swiveling reflective diverters.

Photo by Marc S. Travers.
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(Travers et al., 2021; Verbeke et al., 2020). Conservation-informed planning of pow-
erline routing across the landscape is considered one of the most effective solutions 
for preventing avian collisions (Bernardino et al., 2018). Powerline development in 
seabird transit locations should attempt to maximize the powerline contouring of 
the landscape, to ensure the wires are shielded by the natural topographic features 
and local vegetation (D’Amico et al., 2018). Monitoring and modeling how birds 
move across a landscape can provide power companies the information they need 
to relocate powerlines in the planning stage, sometimes by only short distances with 
minimal financial impacts, to areas that reduce the extent that powerlines rise above 
existing landscape features (Bagli et  al., 2011). Preconstruction surveys to locate 
areas where seabird flight height is locally maximized or minimized will aid in pow-
erline location planning (Luzenski et al., 2016). Additionally, at the time of construc-
tion, power authorities should consider installing powerlines with the most effective 
collision reduction solution mentioned in “Remove wires from seabird airspace” and 
“Influence seabirds to alter their flight height to avoid powerline airspace” sections 
(see Figs. 14.2, 14.4, and 14.5).

 Knowledge gaps and future research
In general, research on seabird powerline collisions lags behind that of landbirds. 
Globally, seabird powerline collision monitoring has largely been isolated to a hand-
ful of islands resulting in limited collision data across species and locations. Even less 
research has focused on towers and tower guy wires and other similar obstructions on 
seabird flyways and near seabird colonies. Special attention should initially focus on 
rare species that move past powerlines and similar infrastructure, while recognizing 
the fact that detection of collisions is especially challenging in rare seabirds. To date, 
almost no research has focused on testing the efficacy of collision reduction solution 
in seabirds. Particularly critical to seabirds are nocturnal collision avoidance solu-
tions, but little research has yet focused specifically on nocturnal collision reduction. 
Across all bird groups, almost no research has been conducted on the optimization of 
collision reduction solutions like bird diverters. What is the optimal spacing along the 
wires? How many wires in an array require diverters? What is the optimal size and 
color? Do glow-in-the-dark, reflective, or moving elements on line markers minimize 
collisions? Additionally, R&D should focus on solutions that aid power companies 
in the safe deployment and installation of collision reduction solutions, for example, 
recent work developing drone application of bird diverters (Acklen et al., 2020).

 Conclusions
Extensive research on avian powerline collision across 40 years has shown that col-
lisions will occur when powerlines exist in avian airspace. Power authorities will 
inevitably consider the cost-benefit analysis between no action and that of planning 
for collisions and implementing collision reductions solutions, particularly when 
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considering the geographic scope of powerlines on the landscape and the extent that 
modifications may be required. Just as collision risk varies by environment and type 
of powerline configuration, so too does the logistical and engineering considerations 
for implementing collision reduction solutions. Continuing research will benefit 
both seabirds and power authorities through the optimization of collision monitor-
ing, modeling, and collision reduction solutions. Developing cost-effective, easily 
implemented, powerline-safe collision reduction methods will protect seabirds by 
providing power authorities implementable solutions.

 References
Acklen, J.C., et al., 2020. Can Drones Help Prevent Bird Collisions? An Unmanned Aircraft 

System Successfully Deploys Power Line Markers on Electric T&D Spans Over Open 
Water to Reduce Bald Eagle Collision Risk.

Ainley, D.G., et  al., 2015. Seabird flight behavior and height in response to altered wind 
strength and direction. Mar. Ornithol. 43 (1), 25–36. Available at: http://www.marineorni-
thology.org/PDF/43_1/43_1_25-36.pdf.

Ainley, D.G., Podolsky, R., Deforest, L., Spencer, G., Nur, N., 2001. The status and population 
trends of the Newells’ Shearwater on Kauai‘: insights from modeling. Stud. Avian Biol. 
108–123.

Alerstam, T., Gudmundsson, G.A., Larsson, B., 1993. Flight tracks and speeds of Antarctic 
and Atlantic seabirds: radar and optical measurements. Philos. Trans. R. Soc. Lond. B 340 
(1291), 55–67. https://doi.org/10.1098/rstb.1993.0048.

Anchundia, D.J., Anderson, J.F., Anderson, D.J., 2017. Overland flight by seabirds at Isla 
Isabela, GalÁpagos. Mar. Ornithol. 45 (2), 139–141. Available at: http://www.marineorni-
thology.org/PDF/45_2/45_2_139-141.pdf.

Avian Power Line Interaction Committee, 2012. Reducing Avian Collisions with Power Lines: 
The State of the Art in 2012. Edison Electric Institute and APLIC.

Bagli, S., Geneletti, D., Orsi, F., 2011. Routing of power lines through least-cost path analysis 
and multicriteria evaluation to minimise environmental impacts. Environ. Impact Assess. 
Rev. 31 (3), 234–239. https://doi.org/10.1016/j.eiar.2010.10.003.

Barrientos, R., et  al., 2011. Meta-analysis of the effectiveness of marked wire in reduc-
ing avian collisions with power lines. Conserv. Biol. 25 (5), 893–903. https://doi.
org/10.1111/j.1523-1739.2011.01699.x.

Barrientos, R., et al., 2012. Wire marking results in a small but significant reduction in avian 
mortality at power lines: a BACI designed study. PLoS One 7 (3). https://doi.org/10.1371/
journal.pone.0032569.

Barrientos, R., et  al., 2018. A review of searcher efficiency and carcass persistence in 
 infrastructure-driven mortality assessment studies. Biol. Conserv. 222, 146–153. https://
doi.org/10.1016/j.biocon.2018.04.014.

Barrios, L., Rodríguez, A., 2004. Behavioural and environmental correlates of soaring-
bird mortality at on-shore wind turbines. J. Appl. Ecol. 41 (1), 72–81. https://doi.
org/10.1111/j.1365-2664.2004.00876.x.

Bech, N., et al., 2012. Bird mortality related to collisions with ski-lift cables: do we estimate 
just the tip of the iceberg? Anim. Biodivers. Conserv. 35 (1), 95–98.



397 References

Bernardino, J., et al., 2018. Bird collisions with power lines: state of the art and priority areas 
for research. Biol. Conserv. 222, 1–13. https://doi.org/10.1016/j.biocon.2018.02.029.

Bernardino, J., et al., 2019. Re-assessing the effectiveness of wire-marking to mitigate bird 
collisions with power lines: a meta-analysis and guidelines for field studies. J. Environ. 
Manag. 252. https://doi.org/10.1016/j.jenvman.2019.109651.

Bevanger, K., 1994. Bird interactions with utility structures: collision and electrocution, causes 
and mitigating measures. Ibis 136 (4), 412–425. https://doi.org/10.1111/j.1474-919X.1994.
tb01116.x.

Bevanger, K., 1995. Estimates and population consequences of tetranoid mortality caused by 
collisions with high tension power lines in Norway. J. Appl. Ecol. 32 (4), 745. https://doi.
org/10.2307/2404814.

Bevanger, K., 1998. Biological and conservation aspects of bird mortality caused by elec-
tricity power lines: a review. Biol. Conserv. 86 (1), 67–76. https://doi.org/10.1016/
S0006-3207(97)00176-6.

Bevanger, K., Brøseth, H., 2001. Bird collisions with power lines—an experiment with 
ptarmigan (Lagopus spp.). Biol. Conserv. 99 (3), 341–346. https://doi.org/10.1016/
S0006-3207(00)00217-2.

Bevanger, K., Brøseth, H., 2004. Impact of power lines on bird mortality in a subalpine area. 
Anim. Biodivers. Conserv. 27 (2), 67–77.

Birdlife International, 2021. Mascarene Petrel (Pseudobulweria aterrima)—BirdLife Species 
Factsheet [WWW Document]. http://datazone.birdlife.org/species/factsheet/mascarene-
petrel-pseudobulweria-aterrima (Accessed 8.12.21).

Bolton, M., et al., 2019. A review of the occurrence of inter-colony segregation of seabird 
foraging areas and the implications for marine environmental impact assessment. Ibis 161 
(2), 241–259. https://doi.org/10.1111/ibi.12677.

Brewer, M.L., Hertel, F., 2007. Wing morphology and flight behavior of pelecaniform sea-
birds. J. Morphol. 268 (10), 866–877. https://doi.org/10.1002/jmor.10555.

Brown, W.M., Drewien, R.C., 1995. Evaluation of two power line markers to reduce crane and 
waterfowl collision mortality. Wildl. Soc. Bull. (1973–2006) 23, 217–227.

Brown, A.C., et al., 2013. Black-Capped Petrels and Communication Towers. Environmental 
Protection in the Caribbean (EPIC), Green Cove Springs, FL.

Bureau d’Etudes Environnement Agronomie, 2008. Cyathea_EDF_Rapport suivi avifaune—
bras de la plaine.

Cooper, B.A., Day, R.H., 1998. Summer behavior and mortality of dark-rumped Petrels 
and Newell’s Shearwaters at power lines on Kauai. Waterbirds 21 (1), 11–19. https://doi.
org/10.2307/1521726.

Cooper, B.A., Day, R.H., 2003. Movement of the Hawaiian petrel to inland breeding sites on Maui 
Island, Hawai’i. Waterbirds 26 (1), 62–71. https://doi.org/10.1675/1524-4695(2003)026[0062:mo
thpt]2.0.co;2.

Cooper, B.A., Raphael, M.G., Evans Mack, D., 2001. Radar-based monitoring of marbled mur-
relets. Condor 103 (2), 219–229. https://doi.org/10.1650/0010-5422(2001)103[0219:RBM
OMM]2.0.CO;2.

D’Amico, M., et al., 2018. Bird on the wire: landscape planning considering costs and ben-
efits for bird populations coexisting with power lines. Ambio 47 (6), 650–656. https://doi.
org/10.1007/s13280-018-1025-z.

Day, R.H., Cooper, B.A., 1995. Patterns of movement of dark-rumped petrels and Newell’s 
shearwaters on Kauai. Condor 97 (4), 1011–1027. https://doi.org/10.2307/1369540.



398 CHAPTER 14 Reducing collisions with structures

Day, R.H., Cooper, B.A., Telfer, T.C., 2003. Decline of Townsend’s (Newell’s) Shearwaters 
(Puffinus auricularis newelli) on Kauai, Hawaii. Auk 120 (3), 669–679. https://doi.
org/10.2307/4090098.

Demerdzhiev, D.A., 2014. Factors influencing bird mortality caused by power lines within 
Special Protected Areas and undertaken conservation efforts. Acta Zool. Bulg. 66 (3), 
411–423. Available at: http://www.acta-zoologica-bulgarica.eu/downloads/acta-zoologica-
bulgarica/2014/66-3-411-423.pdf.

Deng, J., Frederick, P., 2001. Nocturnal flight behavior of waterbirds in close proximity to 
a transmission powerline in the Florida Everglades. Waterbirds 24 (3), 419. https://doi.
org/10.2307/1522074.

Drewitt, A.L., Langston, R.H.W., 2008. Collision effects of wind-power generators and 
other obstacles on birds. Ann. N. Y. Acad. Sci. 1134 (1), 233–266. https://doi.org/10.1196/
annals.1439.015.

Dubos, J., 2018. Dératisation & Suivi démographique. Life + Petrels, Rivière des remparts.
Dwyer, J.F., et al., 2019. Near-ultraviolet light reduced Sandhill Crane collisions with a power 

line by 98%. Condor 121 (2). https://doi.org/10.1093/condor/duz008.
Ellis, J.I., et al., 2013. Mortalité d’oiseaux migrateurs attribuable à la pêche commerciale et à 

la production de pétrole et de gaz au large des côtes. Avian Conserv. Ecol. 8 (2). https://doi.
org/10.5751/ACE-00589-080204.

Erickson, W.P., Johnson, G.D., Young Jr., D.P., 2005. A Summary and Comparison of Bird 
Mortality from Anthropogenic Causes with an Emphasis on Collisions. USDA Forest 
Service General, pp. 1029–1042.

Freeman, M.H., Ragon, K., Khademibami, L., 2019. Underground vs. overhead: the complex 
decision tree for utility companies. In: Presented at the Overhead Conference.

Friswold, B., Swindle, K., Hyrenbach, D., Price, M.R., 2020. Wedge-tailed Shearwater 
Ardenna pacifica fallout patterns inform targeted management. Mar. Ornithol. 48, 245–254.

Garcia-del-Rey, E., Rodriguez-Lorenzo, J.A., 2011. Avian mortality due to power lines in 
the canary islands with special reference to the steppe-land birds. J. Nat. Hist. 45 (35–36), 
2159–2169. https://doi.org/10.1080/00222933.2011.589916.

Gehring, J., Kerlinger, P., Manville, A.M., 2009. Communication towers, lights, and birds: 
successful methods of reducing the frequency of avian collisions. Ecol. Appl. 19 (2), 505–
514. https://doi.org/10.1890/07-1708.1.

Gehring, J., Kerlinger, P., Manville, A.M., 2011. The role of tower height and guy wires on 
avian collisions with communication towers. J. Wildl. Manag. 75 (4), 848–855. https://doi.
org/10.1002/jwmg.99.

Glass, E., Glass, V., 2019. Underground power lines can be the least cost option when study 
biases are corrected. Electr. J. 32 (2), 7–12. https://doi.org/10.1016/j.tej.2019.01.015.

Gómez-Catasús, J., Carrascal, L.M., Moraleda, V., Colsa, J., Garcés, F., Schuster, C., 2021. 
Factors affecting differential underestimates of bird collision fatalities at electric lines: a case 
study in the Canary Islands. Ardeola 68, 71. https://doi.org/10.13157/arla.68.1.2021.ra5.

Halley, D.J., Harris, M.P., Wanless, S., 1995. Colony attendance patterns and recruitment in imma-
ture Common Murres (Uria aalge). Auk 112 (4), 947–957. https://doi.org/10.2307/4089025.

Harrington, R.A., et al., 1997. Impact of Hurricane Iniki on native Hawaiian Acacia koa for-
ests: damage and two-year recovery. J. Trop. Ecol. 13 (4), 539–558. https://doi.org/10.1017/
S0266467400010701.

Hertel, F., Ballance, L.T., 1999. Wing ecomorphology of seabirds from Johnston Atoll. Condor 
101 (3), 549–556. https://doi.org/10.2307/1370184.



399 References

Janss, G.F.E., 2000. Avian mortality from power lines: a morphologic approach of a 
 species-specific mortality. Biol. Conserv. 95 (3), 353–359. https://doi.org/10.1016/S0006- 
3207(00)00021-5.

Jenkins, A.R., Smallie, J.J., Diamond, M., 2010. Avian collisions with power lines: a global 
review of causes and mitigation with a South African perspective. Bird Conserv. Int. 20 (3), 
263–278. https://doi.org/10.1017/S0959270910000122.

Larsen, P.H., 2016. A method to estimate the costs and benefits of undergrounding electric-
ity transmission and distribution lines. Energy Econ. 60, 47–61. https://doi.org/10.1016/j.
eneco.2016.09.011.

Larsen, P.H., et al., 2018. Projecting future costs to U.S. electric utility customers from power 
interruptions. Energy 147, 1256–1277. https://doi.org/10.1016/j.energy.2017.12.081.

Lienert, P., Suetterlin, B., Siegrist, M., 2015. Public acceptance of the expansion and modifica-
tion of high-voltage power lines in the context of the energy transition. Energy Policy 87, 
573–583. https://doi.org/10.1016/j.enpol.2015.09.023.

Lopez, J., et  al., 2021. High genetic diversity despite drastic bottleneck in a critically en-
dangered, long-lived seabird, the Mascarene Petrel Pseudobulweria aterrima. Ibis 163 (1), 
268–273. https://doi.org/10.1111/ibi.12864.

Loss, S.R., Will, T., Marra, P.P., 2012. Direct human-caused mortality of birds: improving 
quantification of magnitude and assessment of population impact. Front. Ecol. Environ. 10 
(7), 357–364. https://doi.org/10.1890/110251.

Loss, S.R., Will, T., Marra, P.P., 2014. Refining estimates of bird collision and electrocu-
tion mortality at power lines in the United States. PLoS One 9 (7). https://doi.org/10.1371/ 
journal.pone.0101565.

Loss, S.R., Will, T., Marra, P.P., 2015. Direct mortality of birds from anthropogenic causes. Annu. 
Rev. Ecol. Evol. Syst. 46, 99–120. https://doi.org/10.1146/annurev-ecolsys-112414-054133.

Loss, S.R., et al., 2019. Factors influencing bird-building collisions in the downtown area of a 
major North American city. PLoS One 14 (11). https://doi.org/10.1371/journal.pone.0224164.

Luzenski, J., et al., 2016. Collision avoidance by migrating raptors encountering a new electric 
power transmission line. Condor 118 (2), 402–410. https://doi.org/10.1650/CONDOR-15-55.1.

Marcelino, J., et al., 2021. Flight altitudes of a soaring bird suggest landfill sites as power line 
collision hotspots. J. Environ. Manag., 294. https://doi.org/10.1016/j.jenvman.2021.113149.

Martin, G.R., Shaw, J.M., 2010. Bird collisions with power lines: failing to see the way ahead? 
Biol. Conserv. 143 (11), 2695–2702. https://doi.org/10.1016/j.biocon.2010.07.014.

Mougeot, F., Bretagnolle, V., 2000. Predation risk and moonlight avoidance in nocturnal sea-
birds. J. Avian Biol. 31 (3), 376–386. https://doi.org/10.1034/j.1600-048X.2000.310314.x.

Murphy, R.K., et al., 2016a. Reactions of sandhill cranes approaching a marked transmission 
power line. J. Fish Wildl. Manag. 7 (2), 480–489. https://doi.org/10.3996/052016-JFWM-037.

Murphy, R.K., et al., 2016b. Crippling and nocturnal biases in a study of Sandhill Crane (Grus 
canadensis) collisions with a transmission line. Waterbirds 39 (3), 312–317. https://doi.
org/10.1675/063.039.0312.

National Electrical Safety Code® (NESC®) C2-2017, 2017. Institute of Electrical and 
Electronics Engineers, Inc.

Østergaard, P.A., et al., 2020. Sustainable development using renewable energy technology. 
Renew. Energy 146, 2430–2437. https://doi.org/10.1016/j.renene.2019.08.094.

Pennycuick, C.J., 1987. Flight of auks (Alcidae) and other northern seabirds compared with 
southern Procellariiformes: Ornithodolite observations. J. Exp. Biol. 128 (1), 335–347. 
https://doi.org/10.1242/jeb.128.1.335.



400 CHAPTER 14 Reducing collisions with structures

Podolsky, R., et al., 1998. Mortality of Newell’s Shearwaters caused by collisions with urban 
structures on Kauai. Waterbirds 21 (1), 20–34. https://doi.org/10.2307/1521727.

Raine, A.F., et  al., 2017a. Declining population trends of Hawaiian Petrel and Newell’s 
shearwater on the island of Kaua’i, Hawaii, USA. Condor 119 (3), 405–415. https://doi.
org/10.1650/CONDOR-16-223.1.

Raine, A.F., Vynne, M., Driskill, S., Travers, M., Felis, J., Adams, J., 2017b. Study of daily 
movement patterns of NESH and HAPE in relation to power line collisions. Kaua’i: Kauai 
Endangered Seabird Recovery Project, 64pp. Annual Reports 2015–2017.

Reed, J.R., Sincock, J.L., Hailman, J.P., 1985. Light attraction in endangered 
Procellariiform birds: reduction by shielding upward radiation. Auk, 377–383. https://doi.
org/10.2307/4086782.

Richardson, M.L., et al., 2017. A review of the impact of pipelines and power lines on bio-
diversity and strategies for mitigation. Biodivers. Conserv. 26 (8), 1801–1815. https://doi.
org/10.1007/s10531-017-1341-9.

Rioux, S., Savard, J.P.L., Gerick, A.A., 2013. Mortalité aviaire attribuable aux collisions avec 
les lignes de transport d’électricité: Une revue des estimations actuelles et des méthodes de 
terrain avec un accent sur les applications au réseau électrique canadien. Avian Conserv. 
Ecol. 8 (2). https://doi.org/10.5751/ACE-00614-080207.

Rodríguez, A., Rodríguez, B., Lucas, M.P., 2012. Trends in numbers of petrels attracted to ar-
tificial lights suggest population declines in Tenerife, Canary Islands. Ibis 154 (1), 167–172. 
https://doi.org/10.1111/j.1474-919X.2011.01175.x.

Rodríguez, A., et al., 2017. Seabird mortality induced by land-based artificial lights. Conserv. 
Biol. 31 (5), 986–1001. https://doi.org/10.1111/cobi.12900.

Ronconi, R.A., Allard, K.A., Taylor, P.D., 2015. Bird interactions with offshore oil and gas 
platforms: review of impacts and monitoring techniques. J. Environ. Manag. 147, 34–45. 
https://doi.org/10.1016/j.jenvman.2014.07.031.

Savereno, A.J., et  al., 1996. Avian behavior and mortality at power lines in coastal South 
Carolina. Wildl. Soc. Bull. 24 (4), 636–648.

Shaw, J.M., et  al., 2021. A large-scale experiment demonstrates that line marking reduces 
power line collision mortality for large terrestrial birds, but not bustards, in the Karoo, 
South Africa. Condor 123 (1). https://doi.org/10.1093/ornithapp/duaa067.

Shoji, A., et al., 2015. Dual foraging and pair coordination during chick provisioning by Manx 
shearwaters: empirical evidence supported by a simple model. J. Exp. Biol. 218 (13), 2116–
2123. https://doi.org/10.1242/jeb.120626.

Smith, J.A., Dwyer, J.F., 2016. Avian interactions with renewable energy infrastructure: an 
update. Condor 118 (2), 411–423. https://doi.org/10.1650/CONDOR-15-61.1.

Travers, M.S., Shipley, A., Dusch, M., Raine, A.F., 2014. Underline Monitoring Project Annual 
Report 2013. Kaua‘i Endangered Seabird Recovery Project (KESRP), Pacific Cooperative 
Studies Unit (PCSU), University of Hawaii and Division of Forestry and Wildlife (DOFAW), 
State of Hawaii Department of Land and Natural Resources, Hawaii, USA.

Travers, M.S., Golden, D., Stemen, A., Raine, A.F., 2016. Underline Monitoring Project 
Annual Report 2015. Kaua‘i Endangered Seabird Recovery Project (KESRP), Pacific 
Cooperative Studies Unit (PCSU), University of Hawaii and Division of Forestry and 
Wildlife (DOFAW), State of Hawaii Department of Land and Natural Resources, Hawaii, 
USA.

Travers, M.S., et al., 2019a. Underline Monitoring Project Annual Report – 2018 Field Season. 
Kaua‘i Endangered Seabird Recovery Project (KESRP). Pacific Cooperative Studies Unit 
(PCSU).



401 References

Travers, M.S., et  al., 2019b. Power Line Minimization Briefing Document 2019. Kaua‘i 
Endangered Seabird Recovery Project (KESRP). Pacific Cooperative Studies Unit (PCSU), 
University of Hawaii and Division of Forestry and Wildlife (DOFAW).

Travers, M.S., et al., 2021. Post-collision impacts, crippling bias, and environmental bias in 
a study of Newell’s Shearwater and Hawaiian Petrel powerline collisions. Avian Conserv. 
Ecol. 16 (1). https://doi.org/10.5751/ace-01841-160115.

Travers, M.S., et  al., n.d. Powerline collision documentation and relative collision risk for 
Hawaiian birds. in prep.

Verbeke, G., Dubos, J., Poirion, J., 2020. Étude du risque de collision de l’avifaune nocturne 
avec les infrastructures câblées.

Ward, J.P., Anderson, S.H., 1988. Sandhill crane collisions with power lines in Southcentral 
Nebraska. In: North American Crane Workshop Proceedings.


