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Abstract Wildlife incidents with aircraft cost the United

States (U.S.) civil aviation industry [US$1.4 billion in

estimated damages and loss of revenue from 1990 to 2009.

Although terrestrial mammals represented only 2.3 % of

wildlife incidents, damage to aircraft occurred in 59 % of

mammal incidents. We examined mammal incidents

(excluding bats) at all airports in the Federal Aviation

Administration (FAA) National Wildlife Strike Database

from 1990 to 2010 to characterize these incidents by airport

type: Part-139 certified (certificated) and general aviation

(GA). We also calculated relative hazard scores for species

most frequently involved in incidents. We found certifi-

cated airports had more than twice as many incidents as

GA airports. Incidents were most frequent in October

(n = 215 of 1,764 total) at certificated airports and

November (n = 111 of 741 total) at GA airports. Most

(63.2 %) incidents at all airports (n = 1,523) occurred at

night but the greatest incident rate occurred at dusk (177.3

incidents/hr). More incidents with damage (n = 1,594)

occurred at GA airports (38.6 %) than certificated airports

(19.0 %). Artiodactyla (even-toed ungulates) incidents

incurred greatest (92.4 %) damage costs (n = 326;

US$51.8 million) overall and mule deer (Odocoileus

hemionus) was the most hazardous species. Overall, rela-

tive hazard score increased with increasing log body mass.

Frequency of incidents was influenced by species relative

seasonal abundance and behavior. We recommend airport

wildlife officials evaluate the risks mammal species pose to

aircraft based on the hazard information we provide and

consider prioritizing management strategies that emphasize

reducing their occurrence on airport property.
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Introduction

Wildlife-vehicle collisions (WVCs) can result in sub-

stantial economic costs and human safety risks. World-

wide, it is estimated that WVCs annually cost [US$4

billion from vehicle collisions on roads and civil aircraft

collisions (Langley and Mathison 2008; International Civil

Aviation Organization (ICAO) 2009). Temporal variation

in WVCs has been reported in the United States (U.S.) and

abroad, and may be attributed in part to species breeding

seasonality and daily activity. For example, road moose-

vehicle collision may peak in late spring and summer due

to increased moose activity (Dussault et al. 2006).
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However, deer-vehicle collisions occur most frequently in

fall and winter due to increased activity of white-tailed

deer during breeding (Hughes et al. 1996; Haikonen and

Summala 2001; Bissonette et al. 2008). Increased fre-

quency of WVCs in Australia has corresponded with

increases in movements and juvenile recruitment of kan-

garoo (Macropus spp.) (Klöcker et al. 2006). Most road

WVCs occur at night (Hughes et al. 1996; Haikonen and

Summala 2001; Joyce and Mahoney 2001; Dussault et al.

2006; Bissonette et al. 2008) with greatest rates during

dusk and dawn (Hughes et al. 1996; Haikonen and Sum-

mala 2001; Bissonette et al. 2008). In addition to decreased

visibility from dusk through dawn, diel activity patterns of

species, such as nocturnal activity of raccoons (Procyon

lotor) (Gehrt 2003), may increase the risk at dawn, dusk, or

night. Understanding relationships between animal behav-

ioral traits and temporal distributions of WVCs can be used

to better understand wildlife-vehicle or wildlife-aircraft

collision risk.

Wildlife collisions with aircraft (hereafter incidents)

cost the U.S. civil aviation industry an estimated[US$1.4

billion in damages and loss of revenue from 1990 to 2009

(Biondi et al. 2011). Birds accounted for 97.2 % of wildlife

incidents with U.S. civil aircraft from 1990 to 2010;

however, 87 % of bird incidents do not cause damage to

aircraft (Dolbeer et al. 2012). In contrast, terrestrial

mammals represent only 2.3 % of wildlife incidents, but

59 % of these incidents caused damage to aircraft (Dolbeer

et al. 2012). Dolbeer et al. (2012) found that almost half of

aircraft destroyed in wildlife incidents from 1990 to 2010

were damaged by mammals. Although mammal species

can be extremely hazardous to civil aircraft (Dolbeer and

Wright 2009; Biondi et al. 2011; Dolbeer et al. 2012), these

incidents have not been examined in detail by airport type.

Most airports in the U.S. are categorized as Part-139

certified (certificated) or general aviation (GA) (Federal

Aviation Administration (FAA) 2012a). Certificated air-

ports are those which receive regularly scheduled passen-

ger flights with [9 seats or unscheduled flights with [30

seats, or are otherwise required by the FAA Administrator

to hold a certificate (Federal Aviation Administration

(FAA) 2012a). General aviation airports are typically

smaller and do not use scheduled passenger services

(Federal Aviation Administration (FAA) 2012a). General

aviation airports often have inadequate fencing (DeVault

et al. 2008; Dolbeer et al. 2008; Cleary and Dickey 2010),

an effective exclusion technique for medium and large

mammals (Conover 2002; Seamans and VerCauteren 2006;

DeVault et al. 2008). Because medium and large mammals

are likely more hazardous to aircraft (see Dolbeer et al.

2000; DeVault et al. 2011), GA airports may be more

vulnerable to damaging incidents. Therefore, it is important

to determine which species are most hazardous at each

airport type and how management can be improved to

reduce risk.

We examined incidents in the Federal Aviation

Administration (FAA) National Wildlife Strike Database to

characterize and analyze mammal incidents by airport type.

We hypothesized (1) seasonal variation of incidents at all

airports, (2) time-of-day variation for frequency and rate of

incidents at all airports, (3) damage variation by species

body size at all airports, and (4) variation of frequency,

damage, and species richness for incidents by airport type.

Based on previous patterns noted with WVCs, we expected

a greater frequency of incidents during October–Novem-

ber, dawn or dusk, and night due to species breeding,

juvenile abundance and dispersal, and daily activity. We

also expected damage to increase as mammal species body

size increased, as demonstrated with birds (Dolbeer et al.

2000; DeVault et al. 2011). Finally, we predicted that GA

airports would have a greater frequency of total incidents,

damaging incidents, higher incident rates, and greater

species richness than certificated airports because of

reduced management.

Methods

Following Biondi et al. (2011), we searched the FAA

National Wildlife Strike Database containing data from

1990 to 2010 for incidents involving mammals and U.S.

civil aircraft within the airport environment (B152.4 m

above ground) at certificated airports, GA airports, and

other airports. Other airports were private, non-certificated

outside the U.S., or of unknown classification. We used the

FAA Airport Facilities Data Report (Federal Aviation

Administration (FAA) 2010) to identify certificated air-

ports; all other airports were classified as GA unless pri-

vate, non-certificated outside the U.S., or unknown

classification. We excluded bat incidents as they may have

occurred outside the airport environment (see Dolbeer

2006; Biondi et al. 2013). The FAA National Wildlife

Strike Database is comprised information reported to the

FAA by pilots and airports using FAA Form 5200–7

(Dolbeer and Wright 2009). Because reporting an incident

is voluntary, many reports were incomplete; therefore,

sample sizes varied among variables examined.

Due to the small sample size of incidents at other air-

ports, these were not considered in analyses by airport type;

thus, comparisons by month, species richness, phase of

flight, and damage category refer only to certificated and

GA airports. However, results that summarize all airports

refer to certificated, GA, and other airports. We summa-

rized the number of mammal incidents for all airports

reported annually and calculated annual mammal incident

rates/1 million U.S. civil aircraft movements within the
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U.S. by airport type using the FAA Terminal Area Forecast

Summary Report (Federal Aviation Administration (FAA)

2012b); 2010 flight data were presented as estimates. We

determined the number of mammal incidents reported

monthly for all airports and calculated monthly mammal

incident rates/1 million U.S. civil aircraft movements for

all airports within the U.S. using the FAA Air Traffic

Activity System (Federal Aviation Administration (FAA)

2012c). We determined species richness by month for all

airports and by airport type. We calculated the number of

incidents/hr by time of day for all airports, as categorized

in the FAA National Wildlife Strike Database. Dawn and

dusk represented 0.75 h each, whereas night and day rep-

resented 11.25 h each (Wright et al. 1998; Biondi et al.

2011). We also summarized the number of incidents by

state for all airports and by airport type.

To assess frequency of mammal incidents by aircraft

phase of flight for all airports, an aircraft was classified in

landing roll or take-off run when all wheels were on the

ground during landing and take-off, respectively (Dolbeer

and Wright 2009). We defined climb as an aircraft engaged in

take-off with at least one wheel off the ground to any altitude

below designated leveled flight altitude. En route was

defined as an aircraft flying at the maximum altitude desig-

nated for that flight. Descent was an aircraft descending from

en route altitude, but[6,858 m above ground. Approach was

defined as an aircraft engaged in landing from B6,858 m

above ground with at least one wheel off the ground. Parked

was stationary aircraft. Taxi was an aircraft moving between

the gate and the runway. Because taxi occurs twice during

each flight, before take-off run and after landing roll, we

reduced percentage of incidents during taxi by half to stan-

dardize incidents by movement type. We defined landing as

the combination of approach and landing roll, and take-off as

the combination of climb and take-off run. We summarized

aircraft components (e.g., engine, wing or rotor, other)

damaged in incidents at all airports as reported in the FAA

National Wildlife Strike Database.

We used damage classes (none, minor, substantial, and

destroyed) for all airports from the FAA National Wildlife

Strike Database to estimate damage incurred (Dolbeer et al.

2000) by all mammals and by taxonomic order at all air-

ports and by airport type. None was defined as no damage

occurred. Minor damage could be fixed by simple repairs

or replacement of parts and extensive inspection was not

necessary. Substantial damage affected structural strength,

performance, or flight characteristics, and the aircraft

required major repair or replacement of parts. Destroyed

damage included aircraft that could not be restored to

airworthy condition. All forms of damage were combined

to make an overall damage category termed any damage.

We summarized effect on flight and aircraft out of service

for all airports as provided by the FAA National Wildlife

Strike Database. Effect on flight was any deviation from a

normal flight routine (e.g., aborted take-off or landing,

delayed flight). An aircraft was considered out of service

when not in use while undergoing repairs.

We estimated total direct cost of damage for incidents at

all airports by averaging reported costs for each damage

class, multiplied these averages by the total number of

incidents within each respective damage class, and sum-

med all estimates. For comparison, we similarly calculated

estimated total direct cost of damage for all other reported

wildlife incidents. Costs were taken from the FAA National

Wildlife Strike Database and adjusted for inflation to 2011

values using the U.S. Consumer Price Index.

We ranked the hazard level for species with C10 inci-

dents at all airports using a composite ranking comprised

three hazard categories: percent any damage, percent sub-

stantial damage, and the percent effect on flight (Dolbeer

et al. 2000; DeVault et al. 2011). We ranked species/groups

for each category then summed category rankings to pro-

duce a composite rank. We calculated a relative hazard

score by proportionally scaling the composite ranking for

each species/group from 100 (most hazardous) to 0 (least

hazardous). Species with n \ 10 were grouped into taxo-

nomic families to achieve an n C 10 when possible. Body

masses were from Whitaker and Hamilton (1998) or

Feldhamer et al. (2003) and averaged by sexes when body

mass dimorphism occurred. We also summarized frequency

of all mammal species and groups involved in incidents at

all airports.

We used linear regression (program R version 2.13.1, The

R Foundation for Statistical Computing, Vienna, Austria) to

assess trends in incidents across years by damage at all air-

ports and airport type. We used Chi square analyses (pro-

gram SAS version 9.3, SAS Institute, Cary, North Carolina)

to compare the number of incidents by airport type among

months, species richness, phase of flight, and incident rates/

hour by time of day (e.g., day, night). We log transformed

body mass and used a general linear model with a quadratic

term (R Core Team, version 2.13.1, The R Foundation for

Statistical Computing, Vienna, Austria) to estimate the

relationship between relative hazard score and log body mass

for species at all airports.

Results

Characteristics of Incidents

Overall, 2,558 mammal incidents with U.S. civil aircraft

were reported; 1,764 occurred at certificated airports, 741

occurred at GA airports, and 53 occurred at other airports

(Fig. 1). Incidents comprised 45 known species or groups

overall (Table 1) in seven taxonomic orders, with
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Artiodactyla (n = 1,036), Carnivora (n = 833), and Lag-

omorpha (n = 368) most frequently reported. Most

(61.4 %) airports where an incident occurred (n = 780)

were GA airports. However, 51.5 % of all certificated

airports in the U.S. (n = 585) had reported C1 incident,

whereas only 2.5 % of all GA airports (n = 19,152)

reported C1 incident.

The highest cumulative incident rate occurred in 2010 at

certificated airports (5.64 incidents/1 M operations),

whereas 2005 had the highest cumulative incident rate at GA

airports (1.22 incidents/1 M operations). Overall, cumula-

tive incident rate at certificated airports (2.1 incidents/1 M

operations) was more than twice as great as GA airports (0.88

incidents/1 M operations). Frequency of reported incidents

increased across years (y = 62.1 ? 0.16x ? 0.35x2; adjus-

ted r2 = 0.908, P B 0.001) for all airports. Similarly, annual

number of incidents at certificated airports increased

(y = 37.8-2.17x ? 0.44x2; adjusted r2 = 0.887, P B 0.001).

Annual number of incidents at GA airports depicted a quadratic

response (y = 23.0 ? 2.66x-0.11x2; adjusted r2 = 0.405,

P\ 0.004). There was an interaction between year and airport

type with incidents at certificated airports increasing by[10

times that of GA airports (y = 32.1 ? 0.29x1-31.6x2 ?

7.3x1x2; adjusted r2 = 0.857, P B 0.001).

Incidents occurred in every state, Washington, D.C, and

seven other countries. However, there were no reported

incidents at GA airports in North Dakota, Delaware, or

Washington, D.C. The four states with the most incidents at

all airports were Colorado (n = 210), New York

(n = 186), California (n = 155), and Texas (n = 151).

These four states also had the most mammal incidents at
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Fig. 1 a Number of mammal incidents (n = 2,558) and b incident

rate (incidents/1 M operations) with U.S. civil aircraft by year and

airport type, 1990–2010

Table 1 Number of mammal incidents with U.S. civil aircraft

reported in the Federal Aviation Administration’s National Wildlife

Strike Database by taxonomic order and species or group, 1990–2010

Species or group Total

incidents

reported

Didelphimorphia 104

Virginia opossum (Didelphis virginiana) 104

Cingulata 24

Nine-banded armadillo (Dasypus novemcinctus) 24

Lagomorpha 368

Black-tailed jackrabbit (Lepus californicus) 137

White-tailed Jackrabbit (Lepus townsendii) 32

Desert cottontail (Sylvilagus audubonii) 14

Eastern cottontail (Sylvilagus floridanus) 61

Unknown rabbit 124

Carnivora 833

Domestic cat 22

Small asian mongoose (Herpestes javanicus) 3

Coyote (Canis latrans) 346

Domestic dog 32

Common gray fox (Urocyon cinereoargenteus) 5

Red fox (Vulpes vulpes) 81

Unknown canids 3

Unknown foxes 74

Badger (Taxidea taxus) 3

American mink (Neovison vison) 1

River otter (Lontra canadensis) 2

Striped skunk (Mephitis mephitis) 98

Unknown skunk 95

Raccoon (Procyon lotor) 66

Ringtail (Bassariscus astutus) 1

White-nosed coati (Nasua narica) 1

Perissodactyla 4

Burro (donkey) 1

Domestic horse 3

Artiodactyla 1,036

Swine (pigs) 1

Collared peccary (Pecari tajacu) 2

Moose (Alces alces) 5

Mule deer (Odocoileus hemionus) 58

White-tailed deer (Odocoileus virginianus) 909

Red deer (Cervus elaphus) 11

Caribou (Rangifer tarandus) 2

Pronghorn (Antilocapra americana) 9

Deer (Odocoileus Spp.) 29

Domestic cattle 10

Rodentia 172

Black-tailed prairie dog (Cynomys ludovicianus) 24

Gunnisons prairie dog (Cynomys gunnisoni) 12

Squirrel (Sciuridae) 2
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certificated airports: Colorado (n = 200), New York

(n = 150), California (n = 121), and Texas (n = 114).

Michigan (n = 53), New Jersey (n = 49), Wisconsin

(n = 44), and Texas (n = 37) had the highest number of

incidents at GA airports.

The number of reported incidents varied (n = 2,505;

v11
2 = 23.6, P = 0.01) across months and airport type

(Fig. 2). Incidents were most frequent in October

(n = 215) at certificated airports and November (n = 111)

at GA airports, but overall more incidents were reported in

August (n = 310). Incidents at certificated airports gener-

ally increased from January to October and then decreased

through December. Incidents at GA airports continued to

increase from January through November before decreas-

ing almost 60 % in December. The highest monthly inci-

dent rate at certificated airports occurred in October (7.6

incidents/1 M operations), whereas the highest monthly

incident rate at GA airports occurred in November (3.3

incidents/1 M operations).

Species richness did not vary (n = 240; v11
2 = 10.4,

P = 0.495) across months but overall was greater

(n = 361; v1
2 = 56.64, P B 0.001) at certificated airports

(Fig. 3). Overall, certificated airports had incidents with

more species or groups (n = 41) than GA airports (n = 28)

or other airports (n = 20).

Most (63.2 %) incidents at all airports (n = 1,523)

occurred at night; however, mammal incident rates varied

(n = 355; v3
2 = 26.4, P B 0.001) by time of day and

Table 1 continued

Species or group Total

incidents

reported

Woodchuck (Marmota monax) 94

Unknown prairie dog 7

Pocket gopher 3

Muskrat (Ondatra zibethicus) 16

Woodrat (Neotoma spp.) 2

North American porcupine (Erethizon dorsatum)

dorrdorsatum)

11

North American beaver (Castor canadensis) 1

Unknown 17

Bold values indicate the overall incident count
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Fig. 2 a Number of mammal incidents (n = 2,558) and b incident

rate (incidents/1 M operations) with U.S. civil aircraft by month and

airport type, 1990–2010
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airport type (Fig. 4). For all airports, the greatest incident

rate occurred at dusk (177.3 incidents/h) and the lowest

incident rate occurred during day (33.8 incidents/h).

Incidents varied (n = 1,630; v5
2 = 74.7, P B 0.001)

among aircraft phase of flight and airport type (Fig. 5).

Overall, fewer incidents occurred during take-off run at GA

airports (n = 694; 24.2 %) than certificated (n = 936;

37.6 %) or other airports (n = 38; 34.2 %). More

(n = 1,668; v4
2 = 27.6, P B 0.001) incidents occurred

during landing (63.4 %) than take-off (34.2 %) or other

movements (2.5 %). Aircraft components most likely

damaged when struck during incidents (n = 2,197) at all

airports were lights (n = 37; 97.3 %), tail (n = 59;

96.7 %), and wing rotor (n = 242; 91.7 %).

Frequency of damage (n = 1,553; v3
2 = 455.2, P B 0.001)

varied among classes and airport type (Fig. 6). More incidents

at all airports had no damage (40.6 %) than minor (35.1 %),

substantial (22.8 %), or destroyed (1.6 %). Although damage

decreased at all airports across years (y = 76.4 ? 0.44x -

0.13x2; adjusted r2 = 0.792, P B 0.001) (Fig. 7), more inci-

dents with damage (n = 1,594) occurred at GA airports

(38.6 %) than certificated airports (19.0 %) or other airports

(1.76 %). Most (88.0 %) aircraft destroyed (n = 25) in inci-

dents also occurred at GA airports. Artiodactyla comprised

54.8 % of damage costs for incidents at all airports

(n = 1,592). However, Artiodactyla caused damage in C2

times as many incidents at GA airports (n = 708; 82.2 %) or

other airports (n = 41; 63.4 %), than certificated airports

(n = 845; 31.4 %).

Effects of Incidents

Twice as many incidents had an effect on flight at GA

airports (n = 479; 72.4 %) or other airports (n = 25;

79.2 %) than certificated airports (n = 717; 35.8 %).

Artiodactyla had the greatest effect on flight (n = 1,211;

40.0 %) at all airports, followed by Carnivora (9.4 %). All

other taxonomic orders resulted in \1 % of incidents with

an effect on flight. Total time aircraft were reported out of

service more than five times greater at GA airports

(n = 195; 25.7 years) than at certificated airports (n = 89;

4.8 years) or other airports (n = 2; 1.0 years). Artiodactyla

accounted for 94.4 % of aircraft out-of-service time at all

airports (n = 286), followed by Carnivora (5.2 %).

Remaining taxonomic orders each comprised\1 % of out-

of-service time.

Overall, mammal incidents (n = 1,549; 61.1 %) were

almost five times more likely to incur damage than all other
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wildlife (n = 67,031; 12.4 %). Artiodactyla incidents

incurred the greatest (92.4 %) damage costs (n = 326;

US$51.8 million) at all airports, followed by Carnivora

(7.3 %). All wildlife incidents including direct damage

costs totaled [US$430.0 million with an estimated cost of

[US$1.24 billion from 1990 to 2010. Mammal incidents

comprised 2.7 % of all wildlife incidents (n = 94,773), yet

incurred 12.0 % of total costs. Total damage costs of

mammal incidents reported at certificated airports (n = 90)

were [US$17.7 million with an estimated cost of

[US$34.0 million. GA airports reported[US$33.7 million

in damage costs (n = 231) with an estimated cost

[US$66.7 million. Other airports reported [US$288

thousand in damage costs (n = 5) with an estimated cost

[US$1.8 million.

For all airports, Artiodactyla (n = 31), Carnivora

(n = 2), Lagomorpha (n = 1), and Perissodactyla (n = 1)

were involved in incidents resulting in human injuries. The

only human death reported involved an incident with a

white-tailed deer at a certificated airport; overall, injuries

were categorized as minor to severe. General aviation

airports reported 30 of 35 human injuries.

Hazard Ranking

Mule deer (Odocoileus hemionus) was the most hazardous

(hazard score = 100) species, followed by white-tailed deer

(89) and domestic dog (78) (Table 2). These three species

also had the greatest body masses of the 10 species or groups

with adequate data to calculate hazard scores. Overall, rel-

ative hazard score increased with increasing log body mass

(y = –28.1 ? 5.01x2; r2 = 0.785, P B 0.001) (Fig. 8).

Discussion

Behavioral Traits

Frequency of mammal incidents with aircraft and incident

rates was influenced by relative abundance of species and

behavioral traits including daily activity, breeding, and

juvenile dispersal. The overall greater frequency of inci-

dents during August likely corresponds with increased

abundance of species and individual movements due to

juvenile recruitment and dispersal for many species

(Cypher 2003; Flinders and Chapman 2003; Gardner and

Sunquist 2003). In addition, the higher incident rates in

November at both certificated and GA airports correspond

with the mating season of white-tailed deer (Miller et al.

2003), the species most frequently involved in incidents at

GA and certificated airports. Deer are less vigilant toward

aircraft at this time (Iverson and Iverson 1999) which can

Table 2 Number of incidents, percent, and sample size by damage type and effect on flight, and relative hazard score of mammal species

incidents (n C 30) with U.S. civil aircraft, 1990–2010

Species Total incidents reported Damage Effect on

flight

Relative hazard score

n % Any % Substantial n %

Mule deer (Odocoileus hemionus) 58 56 80.0 60.0 34 82.4 100

White-tailed deer (Odocoileus virginianus) 909 880 92.9 37.5 591 69.4 89

Domestic dog 32 28 39.2 17.9 21 85.7 78

Raccoon (Procyon lotor) 66 19 15.8 10.5 23 13.0 67

Coyote (Canis latrans) 346 246 12.2 2.0 214 35.0 56

Black-tailed Jackrabbit (Lepus californicus) 137 22 9.1 4.5 19 5.3 44

Red fox (Vulpes vulpes) 81 39 7.7 0 40 17.5 44

Woodchuck (Marmota monax) 94 32 0 0 39 7.7 22

Virginia opossum (Didelphis virginiana) 104 24 4.2 0 26 0 11

Striped skunk (Mephitis mephitis) 98 12 0 0 14 0 0

Incident frequencies and damage percentages were from Federal Aviation Administration’s National Wildlife Strike Database
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Fig. 8 Relationship between relative hazard scores and body mass

for mammal species/groups (n C 10) involved in incidents with U.S.

civil aircraft, 1990–2010
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increase the likelihood of deer incidents (Biondi et al.

2011).

The relatively low incident rates during winter

(December–February) correspond with reduced activity of

many mammal species during this period; half of species

with C10 incidents have reduced activity in winter. For

example, white-tailed deer, the second most hazardous

mammal species, reduce movements and increase use of

cover during winter (Pauley et al. 1993). Coyotes (Canis

latrans; Bekoff and Gese 2003), skunks (Rosatte and Lar-

ivière 2003), and opossums (Didelphis virginiana; Gardner

and Sunquist 2003) also exhibit restricted movements in

winter. Woodchucks (Marmota monax), a relatively low

hazard species, hibernate during winter (Armitage 2003).

The temporal frequency and rate of mammal incidents

overall are similar to deer incidents with U.S. civil aircraft

(Wright et al. 1998; Biondi et al. 2011) and road WVCs in

general (Hughes et al. 1996; Haikonen and Summala 2001;

Joyce and Mahoney 2001; Dussault et al. 2006; Bissonette

et al. 2008). Many mammal species, including coyote

(Bekoff and Gese 2003), foxes (Cypher 2003), opossums

(Gardner and Sunquist 2003), raccoon (Gehrt 2003), and

white-tailed deer (Miller et al. 2003), exhibit crepuscular or

nocturnal activity. Reduced pilot visibility (Mastro et al.

2010) during these periods would likely decrease detection

of mammals and contribute to the greater incident fre-

quency and rate during these periods (Inbar and Mayer

1999; Iverson and Iverson 1999; Haikonen and Summala

2001; Conover 2002; Dussault et al. 2006; Grilo et al.

2009; Biondi et al. 2011).

The greater frequency of incidents during landing may

be a result of several factors involving mammal and pilot

behavior. Pilots and mammals would be more likely to

detect each other during take-off and other phases of flight

due to increased visibility of both while aircraft are on the

ground, as opposed to approaching from above (Wright

et al. 1998; Biondi et al. 2011). During landing, aircraft

speed combined with limited maneuverability makes it

difficult to avoid animals even when detected (Biondi et al.

2011). Mammals may also habituate to loud noises or

activities that do not pose risk (Bomford and O’Brien 1990;

Belant et al. 1996; Cleary and Dolbeer 2005) and not

immediately perceive an incoming plane as a threat.

That Artiodactyl incidents caused greatest damage overall

was expected considering their typically greater body mass

(Biondi et al. 2011). Relative hazard scores of mammals

increased with increasing body mass, similar to birds

(Dolbeer et al. 2000; DeVault et al. 2011), indicating that

larger mammals pose a greater risk. The relatively larger

body mass of species within Artiodactyla and Carnivora

involved in incidents makes damage to aircraft, effect on

flight, increases in aircraft out-of-service time, higher direct

damage costs, and injuries more likely during an incident.

Airport Type

Although a higher proportion of all certificated airports in

the U.S. reported C1 mammal incident, over half of all

airports reporting C1 mammal incident were GA airports.

This disparity may produce biases in aircraft movements,

aircraft size, and management used between airport types.

The greater frequency of incidents at certificated airports

may also be partially attributed to the greater reporting rate

at certificated airports as they currently report about 39 %

of wildlife incidents with civil aircraft (Dolbeer et al.

2012), whereas GA airports report about 5 % of wildlife

strikes (Dolbeer et al. 2008; Dolbeer 2009). Wildlife inci-

dent reporting rates at certificated airports have increased

from 20 % from 1990 to 1994–39 % from 2004 to 2008

(Dolbeer et al. 2012). General aviation airports typically

receive smaller aircraft than certificated airports (Federal

Aviation Administration (FAA) 2012a), increasing the risk

of damaging incidents as damage to aircraft increases as

aircraft mass decreases (Biondi et al. 2011). Also, GA

airports generally have less funding to install and maintain

fencing for excluding mammals (Conover 2002; Seamans

and VerCauteren 2006; DeVault et al. 2008; Dolbeer et al.

2008), which increases risk from incidents relative to cer-

tificated airports.

Although annual frequency of mammal incidents

increased from 1990 to 2010, annual frequency of dam-

aging incidents decreased, similar to all wildlife incidents

(Dolbeer et al. 2012). The decrease in damaging mammal

incidents at certificated airports from 74 % in 1990 to 12 %

in 2010 was similar to the decrease reported by Dolbeer

et al. (2012) for all wildlife. Since reporting incidents to the

FAA National Wildlife Strike Database is voluntary, inci-

dents causing damage appear more likely to be reported

than incidents with no damage (Dolbeer et al. 2012). The

relative increase in non-damaging mammal incidents at

certificated airports may be a consequence of increased

annual reporting rates. In contrast, the relative consistency

of percentage mammal incidents by damage class across

years at GA airports suggests that reporting rates for these

airports have not increased.

About 12.4 % of all terrestrial mammal species

(excluding bats) in North America north of Mexico (Baker

et al. 2003) were involved in C1 incident with U.S. civil

aircraft. However, about 152 terrestrial mammal species

(i.e., mice, rats, voles, and shrews) are likely not reported

as they would cause little or no damage, leave no evidence

of a strike, and pilots may not be aware of an incident

occurred. Therefore, up to 21.2 % of terrestrial mammal

species likely to be reported were involved in C1 incident

with U.S. civil aircraft. Although species richness was

similar across months, absolute species richness values

mirrored monthly frequency of incidents at each airport
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type. Greater species richness at certificated airports may

reflect the increased reporting of non-damaging incidents

(Dolbeer et al. 2012), as species that cause little to no

damage may be unreported at GA airports.

Management

Mammal incidents are five times more likely to incur

damage to aircraft than all other wildlife. The economic

impact of mammals to the U.S. civil aviation industry

suggests increased management is warranted, particularly

for larger mammals (e.g., deer). Fencing is the most

effective mammal exclusion technique for airports (Cleary

and Dolbeer 2005; Seamans and VerCauteren 2006; De-

Vault et al. 2008). Airports with incomplete fencing had 15

times more deer than airports with complete fencing (De-

Vault et al. 2008). To maximize efficiency, fences should

be C2.4 m high (Cleary and Dolbeer 2005; VerCauteren

et al. 2006, 2010), but are recommended to be C3.0 m with

barbed wire on top (Federal Aviation Administration

(FAA) 2004; Cleary and Dolbeer 2005). To further

increase efficacy, about 1.2 m of fencing should be buried

below ground to prevent mammals (e.g., canids) from

digging under the fence (Cleary and Dolbeer 2005; De-

Vault et al. 2008). Fences should be maintained to repair

holes C15 cm2 to exclude deer (Cleary and Dolbeer 2005;

Vercauteren et al. 2006; DeVault et al. 2008), and smaller

holes to exclude other species. Deer or cattle guards (Be-

lant et al. 1998; Cleary and Dolbeer 2005), or electrified

mats (Seamans and Helon 2008) at permanent openings,

such as gates or entrances, will further reduce mammal

entry.

Once exclusion techniques are established, supplemental

lethal and non-lethal techniques can be used to augment

exclusion. Sharpshooting or euthanasia is preferable to

relocation because of the high mortality rate of relocated

individuals, cost (Ishmael and Rongstad 1984; O’Bryan

and McCullough 1985; Jones and Witham 1990; Conover

2002; Cleary and Dolbeer 2005; DeNicola and Williams

2008), and potential disease transmission (Cleary and

Dolbeer 2005; DeNicola and Williams 2008). Live traps or

lethal traps can be used to capture medium-sized mammals

(i.e., canids, raccoons, and woodchucks) (Cleary and

Dolbeer 2005). Loud noises, from 4 to 8 kHz or 20–30 kHz

for deer (D’Angelo et al. 2007), or lights may be effective

at repelling mammals (Craven and Hyngstrom 1994;

Cleary and Dolbeer 2005; Blackwell and Seamans 2009).

Propane cannons or pyrotechnics may repel mammals

temporarily but cannot be used long term because indi-

viduals habituate to the explosions (Belant et al. 1996;

Cleary and Dolbeer 2005). Supplemental techniques would

likely be more effective at reducing incidents if used

sparingly before take-offs and landings, but are not long-

term solutions.

Conclusions

Mammal incidents cause more damage to U.S. civil aircraft

than other wildlife incidents. Frequency and damage caused

by these incidents vary by airport type and appear strongly

associated with species’ behavior and body mass. Man-

agement techniques, particularly fencing, can be used to

reduce mammal presence at airports, and are most effective

when combinations of techniques are implemented. Each

airport should evaluate the hazardous mammal species

inhabiting their properties and the relative efficacy of

available techniques to reduce their use of airport proper-

ties. We suggest airport wildlife management officials

evaluate mammal species present based on the aircraft

hazard information we provided and consider management

strategies that emphasize reducing their occurrence on air-

port property.

Acknowledgments Our work was supported by the Department of

Wildlife, Fisheries, and Aquaculture and Forest and Wildlife

Research Center at Mississippi State University; United States

Department of Agriculture; and the FAA under agreement DTFACT-

04-X-90003. Opinions expressed in this study do not necessarily

reflect current FAA policy decisions regarding the control of wildlife

on or near airports.

References

Armitage KB (2003) Marmots (Marmota monac and allies). In:

Feldhamer GA, Thompson BC, Chapman JA (eds) Mammals of

North America: biology, management and conservation, 2nd

edn. Johns Hopkins University Press, Maryland, pp 188–210

Baker RJ, Bradley LC, Bradley RD, Dragoo JW, Engstrom MD,

Hoffmann RS, Jones CA, Reid F, Rice DW, Jones C (2003)

Revised checklist of North American mammals north of Mexico.

Occasional Papers, Museum of Texas Tech University 229:1–23

Bekoff M, Gese EM (2003) Coyote (Canis latrans). In: Feldhamer

GA, Thompson BC, Chapman JA (eds) Mammals of North

America: biology, management and conservation, 2nd edn.

Johns Hopkins University Press, Maryland, pp 468–481

Belant JL, Seamans TW, Dwyer CP (1996) Evaluation of propane

exploders as white-tailed deer deterrents. Crop Protection

15:575–578

Belant JL, Seamans TW, Dwyer CP (1998) Cattle guards reduce

white-tailed deer crossings through fence openings. International

Journal of Pest Management 44:247–249

Biondi KM, Belant JL, Martin JA, DeVault TL, Wang G (2011)

White-tailed deer incidents with U.S. civil aircraft. Wildl Soc

Bull 35:303–309

Biondi KM, Belant JL, Martin JA, DeVault TL, Wang G (2013) Bat

incidents with U.S. civil aircraft. Acta Chiropterologica

15:185–192

Bissonette J, Kassar CA, Cook LJ (2008) Assessment of costs

associated with deer–vehicle collisions: human death and injury,

916 Environmental Management (2014) 54:908–918

123



vehicle damage, and deer loss. Human-Wildlife Conflicts

2:17–27

Blackwell BF, Seamans TW (2009) Enhancing the perceived threat of

vehicle approach to deer. Journal of Wildlife Management

73:128–135

Bomford M, O’Brien PH (1990) Sonic deterrents in animal damage

control: a review of device tests and effectiveness. Wildl Soc

Bull 18:411–422

Cleary EC, Dickey A (2010) Guidebook for addressing aircraft/

wildlife hazards at general aviation airports. In: Airport Coop-

erative Research Program Report 32. Washington, DC

Cleary EC, Dolbeer RA (2005) Wildlife hazard management at

airports, a manual for airport personnel. United States Depart-

ment of Transportation, Federal Aviation Administration, Office

of Airport Safety and Standards. Washington, DC

Conover MR (2002) Resolving human-wildlife conflicts: the science

of wildlife damage management. Lewis Publishers, Florida

Craven SR, Hyngstrom SE (1994) Deer. In: Hyngstrom SE, Timm

RM, Larson GE (eds) Prevention and control of wildlife damage.

University of Nebraska Cooperative Extension Service,

Nebraska, pp D25–D40

Cypher BL (2003) Foxes (Vulpes species, Urocyon species, and

Alopex lagopus). In: Feldhamer GA, Thompson BC, Chapman

JA (eds) Mammals of North America: biology, management and

conservation, 2nd edn. Johns Hopkins University Press, Mary-

land, pp 511–546

D’Angelo GJ, De Chicchis AR, Osborn DA, Gallagher GR, Warren

RJ, Miller KV (2007) Hearing range of white-tailed deer as

determined by auditory brainstem response. Journal Wildlife

Management 71:1238–1242

DeNicola AJ, Williams SC (2008) Sharpshooting suburban white-

tailed deer reduces deer–vehicle collisions. Human-Wildlife

Conflicts 2:28–33

DeVault TL, Kubel JE, Glista DJ, Rhodes OE (2008) Mammalian

hazards at small airports in Indiana: impact of perimeter fencing.

Human-Wildlife Conflicts 2:240–247

DeVault TL, Belant JL, Blackwell BF, Seamans TW (2011)

Interspecific variation in wildlife hazards to aircraft: implications

for airport wildlife management. Wildl Soc Bull 35:394–402

Dolbeer RA (2006) Height distributions of birds recorded by collision

with civil aircraft. Journal Wildlife Management 70:1345–1350

Dolbeer RA (2009) Wildlife strike reporting, part 2–sources of data in

voluntary system. U.S. Department of Transportation, Federal

Aviation Administration Report DOT/FAA/AR-09/63. Wash-

ington, DC

Dolbeer RA, Wright SE (2009) Safety management systems: how

useful will the FAA National Wildlife Strike Database be?

Human-Wildlife Conflicts 3:167–178

Dolbeer RA, Wright SE, Cleary EC (2000) Ranking the hazard level

of wildlife species to aviation. Wildl Soc Bull 28:372–378

Dolbeer RA, Begier MJ, Wright SE (2008) Animal ambush: the

challenge of managing wildlife hazards at general aviation

airports. Proceedings of Corporate Aviation Safety Seminar

53:1–17

Dolbeer RA, Wright SE, Weller J, Begier MJ (2012) Wildlife strikes

to civil aircraft in the United States 1990–2010. U.S Department

of Transportation, Federal Aviation Administration, Office of

Airport Safety and Standards, Serial Report n. 17. Washington,

DC

Dussault C, Poulin M, Courtois R, Ouellet J (2006) Temporal and

spatial distribution of moose-vehicle accidents in the Laurentides

Wildlife Reserve, Quebec, Canada. Wildlife Biology 12:

415–425

Federal Aviation Administration (FAA) (2004) Deer hazard to aircraft

and deer fencing. U.S. Department of Transportation, Federal

Aviation Administration, CertAlert 04-16 Washington, DC

Federal Aviation Administration (FAA) (2010) FAA airport data.

FAA airport facilities data report. http://www.faa.gov/airports/

airport_safety/airportdata_5010/. Accessed 1 Nov 2010

Federal Aviation Administration (FAA) (2012a) Part 139 Airport

Certification. http://www.faa.gov/airports/airport_safety/part139_

cert/. Accessed 27 Feb 2012

Federal Aviation Administration (FAA) (2012b) FAA summary data.

APO TAF quick data summary report. http://aspm.faa.gov/main/

taf.asp. Accessed 20 Feb 2012

Federal Aviation Administration (FAA) (2012c) FAA air traffic activity

system. http://aspm.faa.gov/opsnet/sys/Airport.asp. Accessed 28

Feb 2012

Feldhamer GA, Thompson BC, Chapman JA (eds) (2003) Mammals

of North America: biology, management and conservation, 2nd

edn. Johns Hopkins University Press, Maryland

Flinders JT, Chapman JA (2003) Black-tailed jackrabbit (Lepus

californicus and allies). In: Feldhamer GA, Thompson BC,

Chapman JA (eds) Mammals of North America: biology,

management and conservation, 2nd edn. Johns Hopkins Univer-

sity Press, Maryland, pp 126–146

Gardner AL, Sunquist ME (2003) Opossum (Didelphis virginiana).

In: Feldhamer GA, Thompson BC, Chapman JA (eds) Mammals

of North America: biology, management and conservation, 2nd

edn. Johns Hopkins University Press, Maryland, pp 3–29

Gehrt SD (2003) Raccoon (Procyon lotor and allies). In: Feldhamer

GA, Thompson BC, Chapman JA (eds) Mammals of North

America: biology, management and conservation, 2nd edn.

Johns Hopkins University Press, Maryland, pp 611–634

Grilo C, Bissontte JA, Santos-Reis M (2009) Spatial–temporal

patterns in Mediterranean carnivore road casualties: conse-

quences for mitigation. Biol Conserv 142:301–313

Haikonen H, Summala H (2001) Deer–vehicle crashes: extensive

peak at 1 hour after sunset. American Journal of Preventative

Medicine 21:209–213

Hughes WE, Saremi AR, Paniati JF (1996) Vehicle–animal crashes:

an increasing safety problem. Institute of Transportation Engi-

neers Journal 66:24–28

Inbar M, Mayer RT (1999) Spatio–temporal trends in armadillo

diurnal activity and road–kills in central Florida. Wildl Soc Bull

27:865–872

International Civil Aviation Organization (ICAO) (2009) Managing

wildlife hazards to aircraft. Meeting of Directors of Civil

Aviation of the Central Caribbean 10:1–5

Ishmael WE, Rongstad OJ (1984) Economics of an urban deer

removal program. Wildl Soc Bull 12:394–398

Iverson AL, Iverson LR (1999) Spatial and temporal trends of deer

harvest and deer-vehicle collisions in Ohio. Ohio Journal of

Science 99:84–94

Jones JM, Witham JH (1990) Post-translocation survival and

movements of metropolitan white-tailed deer. Wildl Soc Bull

18:434–441

Joyce TL, Mahoney SP (2001) Spatial and temporal distributions of

moose-vehicle collisions in Newfoundland. Wildl Soc Bull

29:281–291
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