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ARTICLE

Space use in free-ranging canids: are gonadal hormones
required for territory maintenance?
Eric M. Gese and Patricia A. Terletzky

Abstract: Fertility control among carnivores has been used to reduce depredations on livestock and wild neonates, popula-
tion control, modify behavior, inhibit genetic introgression, and reduce human–wildlife conflicts. Although there is consid-
erable knowledge on techniques to sterilize carnivores, there is little information concerning how the absence of gonadal
hormones influences behavior, space use, and survival of wild canids. We examined territorial fidelity, home-range size and
overlap, and survival of 179 surgically sterilized free-ranging canids (124 coyotes (Canis latrans Say, 1823), 55 coyote – red
wolf (Canis rufus Audubon and Bachman, 1851) hybrids) with gonadal hormones present (tubal-ligated females (n = 70), vasec-
tomized males (n = 73)) versus absent (spayed females (n = 22), neutered males (n = 14)). The absence of gonadal hormones
did not influence annual home-range size and home-range overlap, territory fidelity, and annual survival rates. Addition-
ally, no differences were detected across sexes and hormonal treatments in annual home-range size, percent home-range
overlap, annual home-range residency rates, and annual survival rates. Methods of fertility control that do not keep go-
nadal organs intact may prove useful for management without concern for changes in behavior, mainly territoriality, space
use, and survival.

Key words: coyote, Canis latrans, red wolf, Canis rufus, gonadal hormones, home-range size, hybrid, overlap, sterilization,
survival, territory maintenance.

Résumé : La régulation de la fertilité chez les carnivores a été utilisée pour réduire la déprédation du bétail et des nouveau-
nés d’espèces sauvages, réguler des populations, modifier des comportements, prévenir l’introgression génétique et réduire
les conflits entre animaux sauvages et humains. Si les connaissances sur les méthodes de stérilisation des carnivores sont
considérables, celles sur l’influence de l’absence d’hormones sexuelles sur le comportement, l’utilisation de l’espace et la
survie des canidés sauvages sont très limitées. Nous avons comparé la fidélité territoriale, la taille et le chevauchement des
domaines vitaux et la survie de 179 canidés (124 coyotes (Canis latrans Say, 1823), 55 hybrides coyote – loup roux (Canis rufus
Audubon et Bachman, 1851)) en liberté stérilisés de manière chirurgicale présentant des hormones sexuelles (femelles aux
trompes ligaturées (n = 70), mâles vasectomisés (n = 73)) ou non (femelles châtrées (n = 22), mâles castrés (n = 14)). L’absence
d’hormones sexuelles n’a pas eu d’influence sur la taille du domaine vital annuel et sur le chevauchement des domaines
vitaux, la fidélité au territoire et les taux de survie annuelle. En outre, aucune différence n’a été relevée entre les sexes et
les différents traitements hormonaux en ce qui concerne la taille du domaine vital annuelle, le pourcentage de chevauche-
ment des domaines vitaux, la fréquence de résidence dans les domaines vitaux et les taux de survie annuelle. Les méthodes
de régulation de la fertilité qui ne maintiennent pas intacts les organes sexuels pourraient s’avérer utiles pour la gestion
sans entraîner de répercussions sur les comportements, en particulier la territorialité, l’utilisation de l’espace et la survie.
[Traduit par la Rédaction]

Mots-clés : coyote, Canis latrans, loup roux, Canis rufus, hormones sexuelles, taille du domaine vital, hybride, chevauchement,
stérilisation, survie, maintien du territoire.

Introduction
Fertility control of wild carnivores has been proposed as aman-

agement tool for many decades (Balser 1964). Fertility control
among wild carnivores may be used to reduce depredations on
domestic livestock (Bromley and Gese 2001a) and wild neonates
(Seidler et al. 2014), as a method of population control (Bailey
1992; Caughley et al. 1992; Mech et al. 1996), to modify behavior
(Neville and Remfry 1984), to inhibit genetic introgression (Gese
et al. 2015; Gese and Terletzky 2015), andmore recently, to reduce
human–wildlife conflicts (Massei and Cowan 2014). Fertility con-
trol is usually accomplished via surgical or chemical sterilization,

endocrine perturbation, and immunocontraception (DeLiberto et al.
1998; Asa 2005; Asa and Moresco 2019). Although there is consider-
able knowledge concerning the specific techniques used to sterilize
carnivores (Asa 2005; Asa and Moresco 2019), there is a paucity of
information concerning how the presence or absence of gonadal
hormones influences home-range size and fidelity, space use, or
the social consequences of fertility control among wild carnivores
(Bromley and Gese 2001b; Seidler and Gese 2012). Bromley and
Gese (2001b) and Seidler and Gese (2012) both used tubal ligations
on female coyotes (Canis latrans Say, 1823) and vasectomies onmale
coyotes to maintain gonadal hormones, as opposed to spaying
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females and neutering males over concern that removing go-
nadal hormones would cause abandonment of their territories
and breaking of pair bonds within themated pair.
Coyotes are social carnivores that generally occur in packs con-

sisting of an alpha pair, as the primary breeders, and beta individ-
uals that frequently assist in pup rearing and food provisioning
(Bekoff and Gese 2003). Both the alpha female and the alphamale
participate in territorial maintenance and boundary defense
through indirect (e.g., scent marking; Gese and Ruff 1997) and
direct (e.g., physical confrontations; Gese 2001) methods. The fac-
tors determining whether an animal attains alpha or beta status
are complex and are not completely understood. One theory is
that gonadal hormones (estrogen and progesterone in females,
testosterone in males) are required to achieve and maintain the
social rank of alpha animal (Asa et al. 1990; Asa 2005). Other factors
that could potentially influence social status are physical size and
age. Hormonally, it is a paradox: do alpha coyotes achieve alpha sta-
tus because of elevated hormones, or are hormone levels elevated
because an individual is an alpha? Given the lack of information,
there is the concern that sterilizing alpha coyotes could have unan-
ticipated consequences such as a breakdown in social structure
and changes in territory vigilance (Asa 1995; Jolly et al. 1996; Asa
et al. 2005; Asa and Moresco 2019). Linking hormonal changes with
alteration of social status can be examined in captivity, but captive
studies generally do not allow for the development of territories
and home ranges, dispersal events, or abandonment of a non-
reproductive mate.
Hormones can influence multiple behaviors in canids includ-

ing social status, regulation of aggression and the subsequent
degree of territorial defense, scent-marking, and mating and
courtship (Asa et al. 1990; Asa 2005). Compared with non-breeding
subordinate individuals, dominant males have higher levels of
testosterone and dominant females generally have higher levels
of estrogen and progesterone (Creel et al. 1997; Boonstra et al.
2018; Montgomery et al. 2018), which could possibly induce greater
territorial vigilance observed among alpha coyotes (Gese 2001).
Although not demonstrated in coyotes, the influence of gonadal
hormones (i.e., testosterone, estrogen, and progesterone) on behav-
ior has been demonstrated in other species. Among African wild
dogs (Lycaon pictus (Temminck, 1820)), dominant females have
higher estrogen and progesterone than subordinates (Creel et al.
1997), and lower estrogen among subordinates may make them less
attractive to males and less likely to mate (Creel and Macdonald
1995). Elevated testosterone among dominant males was associated
with increased aggression and increased mating success in African
wild dogs (Creel et al. 1997). Kennelly and Converse (1993) indicated
the loss of gonadal hormones changedmale beaver (Castor canadensis
Kuhl, 1820) behavior, but sterilization with gonadal hormones still
present did not. A captive study of wild-caught brushtail possums
(Trichosurus vulpecula (Kerr, 1792)) indicated that testosterone was nec-
essary for establishing social hierarchy during the breeding season,
but not during the non-breeding season (Wehi et al. 2006).Territorial
male Americanmartens (Martes americana (Turton, 1806)) had higher
testosterone levels than transients (Boonstra et al. 2018).
Home-range establishment and maintenance (i.e., fidelity) has

also been linked with hormone levels, although there is consid-
erable variability. The percentage of female ricefield rats (Rattus
argentiventer (Robinson and Kloss, 1916)) changing their burrows
was higher for hormonally sterilized rats than for surgically
sterilized and control rats (Jacob and Matulessy 2004). Removal
of gonadal hormones in male brushtail possums resulted in a
reduction of home-range size, but did not affect home-range size
in females (Ramsey 2007).
Studying the effects of sterilization on canids when gonadal

hormones are present or not is challenging in free-ranging popu-
lations due to the need of capturing individuals and effectively
monitoring them after sterilization. Most research on canid sterili-
zation assumed gonadal hormoneswere necessary formaintenance

of territories or social status (Asa 2005). Five adultmalewolves (Canis
lupus Linnaeus, 1758) in Minnesota, USA (Mech et al. 1996), and six
adult males in Yukon, Canada (Spence et al. 1999), were vasectom-
ized without changes to territoriality, social status, or pair bonds.
Similarly, surgically sterilized (tubal-ligated or vasectomized) coy-
otes in Utah, USA (Bromley and Gese 2001b), and Colorado, USA
(Seidler and Gese 2012), did not exhibit different territory or pack
sizes than coyotes that underwent a sham surgery. In New South
Wales, Australia, tubal-ligated female European red foxes (Vulpes
vulpes (Linnaeus, 1758)) had similar territory sizes to sham vixens,
although the sterilized vixens exhibited higher territorial overlap
than non-sterilized vixens (Saunders et al. 2002). Although steriliza-
tion in canids has shownno impact on their social structure and ter-
ritoriality, the effects of gonadal hormone removal is unknown.
Thus, our objective was to examine home-range size, home-range
overlap, territorial fidelity (residency), and survival rates of surgi-
cally sterilized free-ranging canids with gonadal hormones present
(females were tubal-ligated; males were vasectomized) versus go-
nadal hormones absent (femaleswere spayed;males wereneutered)
to test the hypothesis that gonadal hormones are required for terri-
torialmaintenance.

Materials andmethods

Study area
The sterilized animals were part of the Red Wolf Recovery Pro-

gram located in the Red Wolf Recovery Experimental Population
Area (RWREPA) study area in northeastern North Carolina, USA,
on the Albemarle Peninsula and encompassed approximately
4900 km2 (Fig. 1). The peninsula is part of the South Atlantic
Coastal Plain and is a combination of tidal (estuarine) and non-tidal
(palustrine) wetlands, andmixed upland forests. The western region
is dominated by mixed pine–hardwood forests of loblolly pine
(Pinus taeda L.), white oak (Quercus alba L.), mockernut hickory
(Carya tomentosa (Lam. ex Poir.) Nutt.), American beech (Fagus
grandifolia Ehrh.), tuliptree (Liriodendron tulipifera L.), sweetgum
(Liquidambar styraciflua L.), and redmaple (Acer rubrum L.) (Hartshorn
1972).
Pocosins are palustrine wetlands endemic to the Atlantic coast

and are found throughout the study area. The acidic and nutrient-
poor soils of pocosins facilitate dominance by pond pine (Pinus
serotinaMichx.), although loblolly pine and longleaf pine (Pinus

Fig. 1. The five county Red Wolf Recovery Experimental Population
Area in northeastern North Carolina, USA, including the location of
the two largest National Wildlife Refuges (NWR). Base map image
from the North Carolina Geodetic Survey; map projection is WGS 1984,
UTM Zone 18 N.
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palustris Mill.) are common. The vegetation of the central region
exhibits a gradual west-to-east change from upland species to
palustrine wetlands dominated by black tupelo (Nyssa sylvatica
Marshall), Atlantic white cedar (Chamaecyparis thyoides (L.) Britton,
Sterns and Poggenb.), loblolly pine, and bald cypress (Taxodium
distichum (L.) Rich.) (Lynch and Peacock 1982; Moorhead and Brinson
1995). Estuarine wetlands have their highest incidence in the eastern
region of the study area (mainly Dare and Hyde counties), pri-
marily along the coastline and are dominated by black rush
(Juncus roemerianus Scheele) with areas of wetland grasses (smooth
cordgrass (Spartina alterniflora Loisel.), saltmeadow cordgrass (Spartina
patens (Aiton) Muhl.), Jamaica swamp sawgrass (Cladium jamaicense
Crantz)), marsh elder (Iva frutescens L.), and saltwater false willow
(Baccharis angustifoliaMichx.) (Moorhead 1992).
Within the RWREPA, the principal landowners were private

timber and agricultural corporationswith federal and state govern-
ments having the next highest proportion of ownership. There
were numerous wildlife refuges contained within the study area
with the two largest being the Alligator River NationalWildlife Ref-
uge (ARNWR) and Pocosin Lakes NationalWildlife Refuge (PLNWR).
The ARNWR is located in the extreme northeastern section of the
study area andwas designated as the initial redwolf reintroduction
site in 1987 due to a lack of coyotes and human presence, but with
abundant prey (Phillips and Parker 1988). Mean annual rainfall
for ARNWR was 145 cm without seasonal fluctuations, although
4.8 cm of snow falls annually during the winter (U.S. Department
of the Interior 2008). The 44560 ha PLNWR is located in the central
portion of the study area. The total humanpopulation for the study
area in 2010was 105 124 people (U.S. Census Bureau 2010).

Capture, sterilization, andmonitoring
Coyotes and hybrids (coyote � red wolf) were captured in con-

junction with red wolves (Canis rufus Audubon and Bachman,
1851) to determine the spatial extent and amount of coyote
genetic introgression in red wolves (Stoskopf et al. 2005; Gese
et al. 2015). Coyotes and hybrids were sterilized to determine the
effectiveness of the placeholder concept on reducing hybridiza-
tion between coyotes and red wolves (Gese and Terletzky 2015).
All capture, handling, aerial telemetry, and monitoring of coy-
otes and hybrids was conducted by United States Fish and Wild-
life Service (USFWS) personnel under permits and standard
operating protocols approved by the USFWS. As described in
Hinton et al. (2015), coyotes and hybrids were captured in padded,
foot-hold traps (Victor #3 Softcatch; Woodstream Corporation,
Lititz, Pennsylvania, USA) and transported to a surgical facility,
surgically sterilized by a veterinarian, body measurements and
mass recorded, blood drawn, aged by tooth wear, and fitted with
a VHF radio collar (Telonics, Mesa, Arizona, USA). Age classes
included adult (<2 years old), juvenile (1–2 years old), and pup
(<1 year old). Females were either tubal-ligated (gonadal hor-
mones present) or spayed (gonadal hormones absent), and males
were vasectomized (gonadal hormones present) or neutered (go-
nadal hormones absent). All surgical procedures were conducted
by a licensed veterinarian after the animals were anesthetized.
Animals were monitored overnight for post-operative complica-
tions and released at the capture site the following day. All cap-
tured coyotes and hybrids were either sterilized or removed
(euthanized), thus non-sterilized coyotes and hybrids were not
available for monitoring in the study area (Kelly 2000; Gese et al.
2015). Animals were genetically tested to determine if they were
coyotes, red wolves, or hybrids (Miller et al. 2003; Adams 2006;
Bohling et al. 2013).

Spatial analysis
Radio-collared coyotes and hybrids were located 2–3 times/

week using aerial and ground telemetry to identify territories
(Gese and Terletzky 2015; Hinton et al. 2015; U.S. Fish andWildlife
Service 2018). Ground and aerial tracking produced, on average,

about 100 locations per animal per year, and were used to estimate
95% fixed kernel home ranges (Worton 1989) for each animal with
adequate location sample size. Construction of area–observation
curves (Odum and Kuenzler 1955; Fuller and Snow 1988) showed
that a minimum of 35 locations were needed to estimate a home
range, similar to home ranges of coyotes in Colorado (Gese et al.
1990). Animals without this minimum were excluded from anal-
yses of home-range size and percent home-range overlap (n = 11).
Changes in home-range boundaries were noted as were any radio-
collared coyotes or hybrids present within a home range. If home-
range boundaries for an animal changed over time, then these new
boundaries were incorporated into the spatial analyses (i.e., any
changes in a home range were also changed on a temporal scale to
match any new overlap with adjacent animals). Sterilized animals
weremonitored as long as they were alive or remained in the study
area. The shortest monitoring period for a sterilized animal was
1month and the longest was 12.2 years.
We examined the amount of overlap for home ranges by con-

sidering both temporal and spatial overlap. Temporal overlap
occurred when radio-collared animals established home ranges
on the study area during the same months and years. To avoid
incorrectly assigning a transient to a home range, temporal over-
laps ≤3 months were not included in the analysis. Spatial overlap
occurred when neighboring or adjacent home ranges overlapped
in physical and temporal space. We defined neighboring home
ranges as those whose boundaries were ≤1.33 km away (i.e., the
radius of the smallest home range) from the edge of the focal
home range, and was the minimum distance used to exclude the
potential presence of a home range in which the pack members
were not radio-collared (Seidler and Gese 2012). Overlap was
determined by examining only those home ranges that exhibited
simultaneous temporal and spatial overlap.
We also determined the annual rate of territory fidelity or resi-

dency based on the number of radio-days and number of disper-
sals that occurred for the radio-collared animals within each
treatment type for each year; similar to estimating survival rates
but using dispersals as deaths. We used only known dispersal
events because a lost signal (n = 34) from an animal could have
been a radio-collar failure or a dispersal outside the recovery or
tracking area. Lost signals of animals were assumed to be collar

Fig. 2. Home ranges of sterilized coyotes (Canis latrans) and
coyote – red wolf (Canis rufus) hybrids in the Red Wolf Recovery
Experimental Population Area, North Carolina, USA, 1999–2013.
Base map image from the North Carolina Geodetic Survey; map
projection is WGS 1984, UTM Zone 18 N.
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failures rather than dispersal events and were omitted from anal-
yses. Dispersal was defined as either natal dispersal (i.e., move-
ment from the natal pack) or breeding dispersal (i.e., movement
by an adult out of its current home range) (Gese and Mech 1991;
Boyd and Pletscher 1999; Karlin and Chadwick 2012). We calcu-
lated the mean annual home-range fidelity rates from 1999 to
2013 for females with gonadal hormones present and males with
gonadal hormones present. Spaying (gonadal hormones absent)
occurred from 2007 to 2013, so mean values for spayed females
were calculated only during those years. Neutering (gonadal hor-
mones absent) occurred from 2006 to 2013, so mean values for
neuteredmales were calculated only during those years.
The focus of our research was on the gonadal hormone status

of individual coyotes and hybrids; hence, home ranges were
assigned to a single individual. Occasionally a single home range
was assigned to two animals when both were sterilized and asso-
ciated with the same home range (i.e., members of the same
pack). Although both alpha females and alpha males contribute
to territorial defense, alpha males conduct a higher portion of
defense than alpha females (Gese 1998, 2001). To avoid pseudo-
replication when having two animals occupying the same home
range (i.e., members of the same pack and territory), we chose
only one individual to represent that home range in our analysis.
Thus, when a sterilized male and a sterilized female were associ-
ated with the same home range, we assigned the home range to
the male and omitted the female from the analysis. In addition,
older individuals likely have greater experience defending a ter-
ritory than younger individuals (Schwartz et al. 2007), thus when
two females or two males were associated with the same home
range, the older individual was assigned to the home range and
the younger one omitted from the analysis. If the two individuals
were determined to be litter mates, then we randomly selected
one animal to represent the home range and the other removed
from analysis. If the age or litter designation was not discernable
between the two individuals, then we retained the individual
with the greater amount of data (i.e., longer time of monitoring)
and the other animal was censured from analysis.

Survival rates
Radio-collared, sterile coyotes and hybrids found dead were

field necropsied or examined by a veterinarian to determine the
cause of death (Gese et al. 2015; Gese and Terletzky 2015). Although
mortalities were classified into anthropogenic, natural, or unknown,
for this researchwe did not distinguish between causes of death.We
calculated annual survival rates for females andmales with gonadal
hormones present and absent using the program MICROMORT
(Heisey and Fuller 1985).

Statistical analysis
We conducted Student’s t tests (Zar 1996) to determine if an-

nual survival rates, home-range size, territory fidelity (residency
rates), and proportion of home-range overlap were significantly
different between females and males; between all individuals
with gonadal hormones present (tubal ligation and vasectomy)
and gonadal hormones absent (spay and neuter); and between
females (males) with gonadal hormones present and females
(males) with gonadal hormones absent. Due to different gonadal
hormones, analyzing the sexes separately seemedmost appropri-
ate given the physiological differences between the sexes may
produce different spatial responses. To examine differences among
all treatments (tubal ligation, vasectomy, spay, and neuter), we
conducted an analysis of variance (ANOVA), followed by a Tukey’s
honestly significant difference (Tukey’s HSD) test (Zar 1996), to
determine which treatments influenced survival and home-range
size, territoryfidelity, and proportion of overlap.We also examined
the focal animal – neighbor relationship (e.g., spay – tubal ligation,
spay–spay, spay–vasectomy, spay–neuter) with an ANOVA. All spa-
tial evaluations were conducted in ArcGIS (Environment Systems
Research Institute (esri), Inc., Redlands, California, USA) and all
statistical analyses were conducted in the R statistical software
(R Core Team 2015).

Results
We examined spatial data and survival rates from 179 sterilized

canids (124 coyotes, 55 hybrids; 92 females, 87 males; Fig. 2). Most

Fig. 3. Mean (6SD) home-range size of female canids with gonadal hormones absent (spay, n = 19) and gonadal hormones present (tubal
ligation, n = 64), and male canids with gonadal hormones absent (neuter, n = 12) and gonadal hormones present (vasectomy, n = 73), in
northeastern North Carolina, USA, 1999–2013.
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(n = 70) females were tubal-ligated (gonadal hormones present),
while 23.9% (n = 22) were spayed (gonadal hormones absent). As
with the females, most males (n = 73) were vasectomized (gonadal
hormones present), while 16.1% (n = 14) were neutered (gonadal
hormones absent). Construction of area–observation curves showed
168 animals met the minimum location sample size required for
estimating a home range. Across sexes and hormonal treatment, the
mean (6SD) home-range size was 23 6 11.5 km2. The largest home
range was associated with a male with gonadal hormones pres-
ent (64.5 km2) and the smallest home range was a male with
gonadal hormones present (5.5 km2, radius of 1.33 km). The
mean (6SD) male home range (25.56 12.1 km2) was significantly
(t[164] =�3.06, P = 0.003) larger than the mean (6SD) female home
range (20.2 6 10.3 km2). There was no significant difference
(t[43] = �1.39, P = 0.17) between mean home-range size of canids
with gonadal hormones present (tubal ligation and vasectomy)
and gonadal hormones absent (spay and neuter). While mean (6SD)
home-range size was generally larger when gonadal hormones
were present for females (20.8 6 10.4 km2, n = 64) than when go-
nadal hormones were absent (17.96 9.9 km2, n = 19), there was no
significant difference (t[31] = 1.09, P = 0.28) between the two treat-
ments. As with females,males with gonadal hormones present had
slightly larger mean (6SD) home ranges (25.8 6 11.8 km2, n = 73)
thanmales without gonadal hormones (23.86 14.2 km2, n = 12), but
was not significantly different (t[14] = 0.46, P = 0.65) between the two
treatments. An ANOVA indicated there was no treatment effect
(tubal ligation, vasectomy, spay, and neuter) on home-range size
(F[3,41] = 2.02, P = 0.16; Fig. 3).
We used all 179 sterilized animals for determination of home-

range fidelity. The mean annual home-range fidelity rates were
not significantly different (t[43] = 0.62, P = 0.54) between females
(0.89 6 0.19) and males (0.85 6 0.19). There was no significant dif-
ference (t[9] = �0.40, P = 0.70) in mean annual home-range fidelity
rates between females with gonadal hormones present (0.90 6
0.16, n = 70) and females with gonadal hormones absent (0.86 6
0.25, n = 20). Of the 15 years examined for females undergoing
tubal ligation (gonadal hormones present), 1999 had a mean an-
nual fidelity rate of 0.45 with all other years exhibiting residency
rates ≥0.71. Females undergoing spaying exhibited amean annual

home-range fidelity rate of 0.38 in 2008 with the other 6 years
having fidelity rates ≥0.62. Males exhibited a similar pattern to
the females for mean annual home-range fidelity rates with no
significant difference (t[14] = 0.89, P = 0.39) betweenmales with go-
nadal hormones present (0.82 6 0.19, n = 73) and males with go-
nadal hormones absent (0.90 6 0.20, n = 14). Of the 15 years
examined for males undergoing vasectomy, only 1999 and 2001
exhibited mean annual fidelity rates of ≤0.48 with all other years
exhibiting rates ≥0.64. Males undergoing neutering only exhib-
ited mean annual home-range fidelity rates of ≤0.48 in 2007 with
the other 7 years having fidelity rates ≥0.72. An ANOVA indicated
there was no treatment effect (tubal ligation, vasectomy, spay,
and neuter) on mean annual home-range fidelity rates (F[3,41] =
0.79, P = 0.50; Fig. 4).
There were 159 home ranges of sterilized canids that were

within 1.33 km of a neighboring home range that exhibited both
spatial and temporal home-range overlap. There was an inverse
relationship between the number of focal animals exposed to
overlapping areas and the number of overlapping areas (Table 1).
More males (n = 21) exhibited home-range overlap when three or
more neighbors were within 1.33 km of their home-range

Table 1. The number of overlapping canid home ranges per focal
individual for sterilized canids in northeastern North Carolina, USA,
1999–2013.

Number of
overlapping areas

Number of focal
individuals

Number of
females

Number of
males

0 50 25 25
1 49 26 23
2 25 13 12
3 14 5 9
4 10 6 4
5 6 2 4
6 2 0 2
7 2 1 1
8 1 0 1

Total 159 78 81

Fig. 4. Mean (6SD) annual residency rates of female canids with gonadal hormones absent (spay, n = 20) and gonadal hormones present
(tubal ligation, n = 70), and male canids with gonadal hormones absent (neuter, n = 14) and gonadal hormones present (vasectomy, n = 73),
in northeastern North Carolina, USA, 1999–2013.
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boundary than females (n = 14; Table 1). We used the mean area of
home-range overlap for a focal canid if there were multiple
ranges overlapping with neighboring sterilized canids when we
analyzed the proportion of overlap. The mean (6SD) proportion
of home-range overlap for a focal animal was 0.216 0.26 with the
largest proportion being 0.95 and the smallest being 0 (i.e., there
was a neighboring canid home range within 1.33 km, but it did
not overlap with the neighboring canid home range). There were
no significant differences (F[3,41] = 1.17, P = 0.32) in the proportion
of home-range overlap among sterilization methods (i.e., tubal
ligation, vasectomy, spay, and neuter), or between sterilization
status (i.e., gonadal hormones present, gonadal hormones absent;
F[1,41] = 0.41, P = 0.52; Fig. 5). The ANOVA of the relationship between
the focal animal and the neighboring animal indicated there was a
treatment effect (F[1,14] = 1.91, P = 0.03) such that there were signifi-
cant differences when the focal animal was a male with gonadal
hormones present (vasectomy) and the overlapping neighbor
was a female with gonadal hormones absent (spay) compared
with a female focal animal with gonadal hormones present (tubal
ligation) with a male neighbor with gonadal hormones absent
(neuter; Table 2).
We estimated annual survival rates for 179 sterilized canids

monitored for 135 263 radio-days (55 622 radio-days for 70
females with gonadal hormones present; 12 626 radio-days for 22
females with gonadal hormones absent; 54 163 radio-days for 73
males with gonadal hormones present; 12 852 radio-days for 14
males with gonadal hormones absent). Annual survival rates
were not significantly different (t[44] = 0.28, P = 0.78) between
females (0.806 0.15) and males (0.79 6 0.14). There was no signifi-
cant difference (t[20] = �0.07, P = 0.94) in annual survival rates
between females with gonadal hormones present (0.80 6 0.15)
and females with gonadal hormones absent (0.79 6 0.16). Males
exhibited a similar pattern to the females for annual survival
rates with no significant difference (t[13] = 1.56, P = 0.14) between
males with gonadal hormones present (0.75 6 0.13) and males
with gonadal hormones absent (0.856 0.15). An ANOVA indicated
there was no treatment effect (tubal ligation, vasectomy, spay,
and neuter) on annual survival rates (F[3,41] = 0.47, P = 0.70; Fig. 6).

Discussion
Overall, the absence of gonadal hormones did not influence

female or male canid survival rates, home-range size, home-
range fidelity, or proportion of home-range overlap with neigh-
boring sterilized canids. We acknowledge that the lower sample
sizes of both spayed females and neutered males reduced our
power to detect differences between treatments. Prior research
has indicated that sterilization of canids, but leaving gonadal
hormones present, did not influence home-range size or social
status among sterile wolves (Mech et al. 1996), or between sterile
and sham-operated (intact) coyotes in Utah (Bromley and Gese
2001b) and Colorado (Seidler and Gese 2012), although the propor-
tion of overlap with neighbors could change with sterilization
(Saunders et al. 2002). Although not significant, foxes with go-
nadal hormones present had larger home ranges than those
without gonadal hormones, suggesting that gonadal hormones
may facilitate movement across the landscape possibly due to
provisioning of pups (Saunders et al. 2002). Gonadal hormones
could increase forays beyond the home range, could necessitate
increased predation and prey consumption, or require provisioning
for pups thus increasing predation on domestic and native ungu-
lates (Bromley and Gese 2001a; Saunders et al. 2002; Seidler et al.
2014).
Annual home-range fidelity rates were similar regardless if go-

nadal hormones were present or absent, again suggesting that
territorial maintenance was not dependent solely on hormones

Fig. 5. Mean (6SD) proportion of home-range overlap of female canids with gonadal hormones absent (spay, n = 19) and gonadal hormones
present (tubal ligation, n = 64), and male canids with gonadal hormones absent (neuter, n = 12) and gonadal hormones present (vasectomy, n = 73),
in northeastern North Carolina, USA, 1999–2013.

Table 2. Results of a Tukey’s honestly signficiant difference test
indicating the significant differences between the proportion of
home-range overlap between focal and neighboring canids, according
to the type of sterilization method, in northeastern North Carolina,
USA, 1999–2013.

Focal–neighbor Focal–neighbor P

Vasectomy–spay Tubal ligation – neuter 0.05
Tubal ligation – neuter Spay–vasectomy 0.09
Vasectomy–spay Neuter – tubal ligation 0.09
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but likely influenced by other factors such as prey density and
availability, survival of the alpha partner, and trespass from
neighboring canids. Bromley and Gese (2001b) found equally high
rates of territory fidelity among sterile coyotes in Utah. Seidler
and Gese (2012) also reported no difference in territory fidelity
between sterile and intact coyotes in Colorado. Similar to home-
range size, home-range fidelity is likely influenced by a combina-
tion of non-hormonally based factors such as prey density and
availability, or mate survival.
The proportion of overlap with neighboring sterilized canids

was not influenced by the presence or absence of gonadal hor-
mones, but most (78%) focal animals had 0–2 overlapping areas
with the remaining 12% having >3 overlapping areas. Spence
et al. (1999) reported that all sterilized wolf pairs maintained
their pair bonds and territories. Similarly, Bromley andGese (2001b)
found no difference in home-range overlap of sterile and sham-
operated (hormonally intact) coyote packs. The propensity to have
exclusive home ranges without overlap in conjunction with the
high mean annual home-range fidelity suggests that gonadal hor-
monesmay not be necessary tomaintain home ranges.
The presence or absence of gonadal hormones did not influence

annual survival of sterilized canids. Bromley andGese (2001b) reported
higher survival among sterile coyotes versus sham-operated ani-
mals in 2 of 3 years of their study in Utah. In Colorado, survival
rates were correlated with biological season, but there were no dif-
ferences in survival rates between sterile and intact coyotes (Seidler
and Gese 2012). Although coyotes and hybrids in the study area
were sterilized to reduce introgression with red wolves (Gese and
Terletzky 2015), over 40% of canid deaths were human caused (gun-
shot, hunter killed, or suspected foul play). Sterilized female foxes
may live longer than reproductive females due to reduced stress of
reproduction (Saunders et al. 2002).
Our results indicate that gonadal hormones are not needed to

maintain an established home range and thusmay not be an inte-
gral aspect of territorial maintenance and defense (Asa 2005). Asa
(2005) theorized that territorial defense is manifested by the pres-
ence of gonadal hormones and results in increased aggression. Our

research suggested that territorial defense, and by extension,
home-range fidelity, was not directed solely by gonadal hormones,
but potentially by a combination of hormones, response to the
presence of pups and pup provisioning, and social interactions
among individuals in a pack.
Maintenance of the hierarchical organization of canid packs is

essential for successful sterilization programs and to ensure sta-
ble territorial placement across the landscape (Caughley et al.
1992; Kennelly and Converse 1993; Spence et al. 1999; Bromley
and Gese 2001b). Although there have been few studies examin-
ing long-term changes in behavior as a result of sterilization,
Mech et al. (1996) found that sterilized vasectomized male wolves
in Minnesota maintained territories and pair bonds for more
than 7 years. Kennelly and Converse (1993) suggested that sterili-
zation likely does not influence behavior in monogamous spe-
cies, but sterilization does change behaviors in polygamous
species. Our research indicated that gonadal hormones were not
necessarily needed to maintain a home range or conduct territo-
rial defense. The role that gonadal hormones plays in the estab-
lishment of a home range is uncertain, and because we were
unaware of the social status of each sterilized canid at the time of
capture, we were not able to address whether gonadal hormones
were required for the initial establishment of a home range or
the initial attainment of alpha status.
The use of sterilization as a management tool for a canid popu-

lation has generally been based on the premise that the gonadal
hormones must remain intact. Whether using sterilization to
control population size (Bailey 1992; Mech et al. 1996), reduce pre-
dation rates on livestock (Bromley and Gese 2001a) or wild neo-
nates (Seidler et al. 2014), modify behavior (Neville and Remfry
1984), or manage genetic introgression with sympatric canids
(Gese and Terletzky 2015), sterilization has usually been accom-
plished by tubal ligation of females and vasectomizing of males.
Even pursuit of immunocontraception agents has generally been
discouraged for fear of disrupting pair bonds and territorial
maintenance. Acknowledging the smaller sample sizes of spayed
females and neutered males, results from this analysis indicate

Fig. 6. Mean (6SD) annual survival rates of female canids with gonadal hormones absent (spay, n = 22) and gonadal hormones present
(tubal ligation, n = 70), and male canids with gonadal hormones absent (neuter, n = 14) and gonadal hormones present (vasectomy, n = 73),
in northeastern North Carolina, USA, 1999–2013.
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that gonadal hormones may not be necessary to maintain a home
range among wild canids. Surgical sterilization involving spaying
of females and neutering of males is themore common technique
in veterinary clinics and is generally less expensive and time con-
suming than tubal ligation and vasectomy. Methods of fertility
control that eliminate the gonadal hormones may be a viable
option as a futuremanagement tool.
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