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available for wolf occupation. We built a stochastic simulation model (using data collected
from a recovering red wolf population in northeastern North Carolina as well as from the
literature) to examine spatial dynamics of sympatric red wolves and coyotes (independent
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of habitat inﬂuences) and to elucidate the potential role of coyotes on wolf recovery and

Canis latrans

reintroduction success. Survival of juvenile and adult wolves had the greatest impact on

Canis rufus

wolf population size and likelihood of extinction. Introducing coyotes to the model had a

Competition

substantial negative impact on wolf numbers, and the model was highly sensitive to the

Reintroduction

estimates of the competitive impact of coyotes on red wolves, through declines in wolf pro-

Sympatry

ductivity. We simulated coyote management from either removal (lower coyote survival) or

Simulation model

surgical sterilization (lower coyote reproductive rates) and found that both management
strategies increased viability of red wolf populations, especially during initial colonization.
Our results suggest that coyotes can inhibit red wolf reintroduction success through competitive interactions, but that management of coyote populations can improve the probability
of successful wolf recovery. Additional information on spatial dynamics and dietary overlap
between coyotes and wolves in the recovery area is needed to further elucidate the current
and potential competitive impact of coyotes on red wolf populations.
© 2008 Elsevier B.V. All rights reserved.

1.

Introduction

Interspeciﬁc competition is a powerful force shaping species
assemblages and community structure. Potential competitors may interact indirectly through exploitation of common
resources or directly through intraguild predation or spatial
displacement, thereby altering the habitat use of the competitor (Polis et al., 1989; Palomares and Caro, 1999; Fedriani et al.,
2000; Kamler et al., 2003). Such interactions can threaten the
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success of reintroduction of endangered species to their native
range (Moruzzi et al., 2003).
Reviews of sympatry in canids have examined how
resources and space are partitioned among competing species
(Johnson et al., 1996; Crabtree and Sheldon, 1999). Dynamic
changes in distribution and abundance of canids, combined
with reintroductions and removal efforts, have provided
opportunities to assess how changes in canid assemblages
affect the use of space and other resources among coexist-
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ing carnivores (Carbyn, 1982; Dekker, 1983, 1989; Harrison et
al., 1989; Arjo and Pletscher, 1999). In general, these studies reveal that species with larger body size are dominant
over smaller species, although a numerical advantage in the
smaller species can override beneﬁts of larger body size.
Smaller canids tend to avoid larger ones by spatial and temporal habitat partitioning, which may not decrease dietary
overlap but may reduce agonistic (and potentially lethal) interactions with the dominant competitor (Dekker, 1989; Arjo and
Pletscher, 1999; Tannerfeldt et al., 2002). These competitive
effects can be most easily detected between species that are
closest in size (Peterson, 1995).
The red wolf (Canis rufus) is an endangered species that
currently is found in the wild in a single carefully managed
population in eastern North Carolina (Phillips et al., 2003). Red
wolves were extirpated from the wild in the 1960s, when the
last remaining individuals were translocated to a captive facility and propagated through a captive breeding program that
continues to this day (Phillips et al., 2003). Red wolves were
reintroduced to North Carolina starting in 1987, and the wild
population has continued to expand during the last 20 years
(Stoskopf et al., 2005). Historically, red wolves ranged throughout the southeastern United States and had little contact with
coyotes (C. latrans), which evolved in the central plains (Parker,
1995; Nowak, 2002). However, following eradication of both
red wolves and gray wolves (C. lupus) throughout much of
their range, coyotes expanded their distribution to encompass
most of the North American continent (Parker, 1995), including much of the former range of red wolves. Coyotes currently
occupy portions of the red wolf recovery area, and hybridization with coyotes is considered a serious threat to the recovery
effort (Miller et al., 2003; Phillips et al., 2003; Fredrickson and
Hedrick, 2006). However, coyotes also are potential competitors with red wolves, being of comparable body size, feeding
on similar prey, and having comparable habitat and space
requirements as red wolves. Indeed, because aggressive interactions have been observed between red wolves and coyotes
in areas where wolves have been reintroduced (Henry, 1995,
1998), interference competition likely plays an important role
in the dynamics of these species where they co-occur. Therefore, an understanding of the potential effects of interspeciﬁc
competition on red wolf space use and population trends is
important from the perspective of successful reintroduction
of the species.
We investigated the competitive interactions between
sympatric red wolves and coyotes using a spatially explicit
stochastic simulation model. Stochastic simulation models
can be valuable for addressing conservation problems when
available data are scant and our understanding of the problem is incomplete (Starﬁeld and Bleloch, 1991). Such models
can help clarify fundamental interactions and identify which
data are most critical to collect, and can serve to evaluate beneﬁts of various management scenarios even in the absence of
apparently crucial data (Starﬁeld et al., 1995).

2.

Background biology

Model structure and parameters were derived from information gathered by the red wolf restoration program in

northeastern North Carolina (Phillips et al., 2003; U.S. Fish and
Wildlife Service, unpublished data) and from other published
information on coyotes, red wolves, gray wolves, and interactions among these species. In this section we review the
relevant background biology upon which the model was based.
Wolf and coyote groups usually consist of an adult breeding
pair, their pups, and non-breeding subadults that are offspring
from the previous year (Mech, 1970; Nowak, 1999). These family groups typically share a home range and defend an area
within that home range (Crabtree and Sheldon, 1999; Phillips
et al., 2003). Territory sizes of wolves and coyotes vary greatly
across large geographical areas and are most inﬂuenced by
local prey abundance and wolf or coyote density (Fuller and
Murray, 1998; Crabtree and Sheldon, 1999). In gray wolves,
home range size increases with pack size (Ballard et al., 1987;
Peterson et al., 1984). Regression analyses of data from gray
wolves in south-central Alaska found that each additional
pack member required a 17% increase in space over that
required by the breeding pair (Ballard et al., 1987).
Home ranges of 30 red wolf packs in northeastern North
Carolina averaged 111 km2 (range: 27–255 km2 ) in the early
2000s, compared to 99 km2 (range: 22–360 km2 ) in the early
1990s (T. Steury, unpublished data; home ranges were based
on the 95% isopleth of the pack utilization distributions estimated using the kernel density method with a ﬁxed kernel
size and a root-n bandwidth estimator; Worton, 1989; Wu and
Tsai, 2004; Hemson et al., 2005). Coyote home ranges typically range between 2 and 20 km2 (Crabtree and Sheldon, 1999)
and often exhibit overlap at the outer edges, but territorial
core areas generally do not show any overlap (Crabtree and
Sheldon, 1999; Chamberlain et al., 2000). Likewise, sympatric
coyotes and gray wolves, or red foxes and coyotes, may have
partial home range overlap even though core areas generally
are exclusive (Carbyn, 1982; Harrison et al., 1989; Arjo and
Pletscher, 1999; but see Paquet, 1991).
Coyotes and red wolves are monestrous, with a single litter usually being produced per social group (Crabtree and
Sheldon, 1999; Phillips et al., 2003). The reproductive rate
(probability of a given pack producing a litter) of red wolf
packs in northeastern North Carolina averaged 53% from
1988 to 2004, and litter sizes averaged 3.92 (n = 105), ranging from 1 to 10 (U.S. Fish and Wildlife Service, unpublished
data). Coyote reproductive rates are slightly higher, given
that up to 80% of adult female eastern coyotes may breed
and bear young each year (Parker, 1995). Coyote litter size
at birth averages about 6 pups/year, with an even sex ratio
(Beckoff, 1977; Sacks, 2005) and appears to be relatively insensitive to changes in prey abundance (Crabtree and Sheldon,
1999).
Because only one pair breeds within a wolf or coyote pack,
the incentive for other group members to disperse and establish their own territory is high. In coyotes, delayed dispersal
(until the second year) is more common in saturated populations where available territories may be few (Parker, 1995), and
therefore in low-density populations most individuals may
disperse during their ﬁrst year. In gray wolves where the population is expanding, young wolves rarely remain with their
parental pack past breeding age (22 mo; Fritts and Mech, 1981).
Extra-territorial excursions beyond the established pack home
range prior to dispersal are common in gray wolves (Messier,
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1985; Fuller, 1989), and dispersing gray wolves may occasionally join a neighboring pack (Stahler et al., 2002).
Annual survival rates calculated from 408 radio-collared
red wolves in northeastern North Carolina (1987–2001) were
0.678, 0.793, and 0.806 for pups, yearlings, and adults, respectively (D. Murray, unpublished data). Since pups were born in
spring and not collared until fall, early pup mortalities were
not included in this calculation, resulting in an overestimate of
pup survival. Survival of non-resident wolves is less than half
that of residents (D. Murray, unpublished data). For coyotes, pup
survival varies with human exploitation and may be 20–60% in
populations with low human-related mortality (Crabtree and
Sheldon, 1999). Adult mortality in unexploited coyote populations can range from 9 to 10% (Crabtree and Sheldon, 1999) to
40% (Knowlton, 1972).
Intraspeciﬁc strife is the most common natural cause
of death for red wolves (U.S. Fish and Wildlife Service,
2005). Interspeciﬁc aggression between similar-sized sympatric canids also is common, and larger-bodied canids can
be an important source of mortality for smaller canid species
in the same area (Carbyn, 1982; Dekker, 1983, 1989; Arjo and
Pletscher, 1999). Such dynamics can affect space use patterns,
social structure, and population size. Aggressive interactions
observed between red wolves and coyotes (Henry, 1995, 1998)
indicate that interference competition may inﬂuence dynamics of these species where they co-occur.
Coyotes are about 2/3 the size of red wolves; body mass
ranges from 9 to 20 kg for coyotes and 20 to 36 kg for red wolves
(Beckoff, 1977; Nowak, 1999). Little is known about the diet
of either species in the area of sympatry in North Carolina,
although coyotes are known to have very diverse food habits
(Beckoff, 1977; Phillips et al., 2003).

3.

Model description and assumptions

3.1.

Purpose

The purpose of our model was to investigate factors that
could potentially affect red wolf space use patterns and
success of the recovery program, including presence of
coyotes and potential management activities designed to
control coyote populations. We also evaluated which model
parameters and assumptions had the largest effect on reintroduction success to help guide future ﬁeld data collection
efforts.

3.2.

State variables, scales, and scheduling

The model assumed a landscape of continuous space and
homogeneous habitat (initially 50 km × 50 km). Territories
were modeled as a circle because in such a homogeneous
landscape, a circular territory would be the most economically defensible (smallest perimeter/area ratio). The basic unit
of analysis in the model was the pack; pack members shared
a home range and defended a core area within it (Fig. 1). For
each pack, the model tracked group size and numbers in each
age class, but not individual animals. Thus, the state variables
(per group) included the species (wolf or coyote), number of
individuals in each age class (pups 0–1 years, yearlings 1–2
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Fig. 1 – Simulated landscape of red wolf (open circles) and
coyote (shaded circles) territories in a homogeneous
habitat. Inner core areas (dotted lines) are defended.

years, adults >2 years), the territory center (x, y coordinate)
and radius.
We assumed an even sex ratio and explicitly included only
females in the model (as is customary for models of animal
populations, since only females produce offspring). The time
step of the model was one year, and the annual sequence of
events was reproduction, mortality, inter-pack conﬂict, dispersal, and maturation (Fig. 2), based on the annual timing of
these events in wild populations (U.S. Fish and Wildlife Service, unpublished data). Each of these processes is described
more fully below. Exploitative (resource) competition was
implemented as a density-dependent effect on reproduction.
Interference competition between adjacent groups occurred
through expansion of territory size with an increase in group
size. Most simulations ran for 50 years.

3.3.

Initialization, home range and territory size

At the beginning of each simulation a home range size and
location was determined for each member of the initial population (ﬁrst red wolves, then coyotes). The radius of each
new wolf territory was randomly chosen between a minimum
and maximum corresponding to territory size of 25–255 km2 .
Coyote territory sizes were determined similarly between 2
and 20 km2 . Initial territory locations were determined randomly, with the caveat that no territory could be partly or
fully off the available landscape. Territory locations were further constrained such that no core area could overlap with
any part of any other territory. Core area was deﬁned as a
smaller concentric circle within the territory, initially set at
22% of the area of the territory (the 50% kernel) for red wolves
and 18% for coyotes (Chamberlain et al., 2000; Steury et al.,
unpublished data). Thus, some territorial overlap could occur,
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Fig. 2 – Annual sequence of events in model.

but core areas were held exclusively by the resident group
(Fig. 1). Core overlap occurred if the centers of two territories
were closer than the minimum of two distances, d1 and d2 ,
where d1 = r1 + c2 , d2 = r2 + c1 , ri is the radius of territory i, and
ci is the radius of the core area of territory i. If core overlap
occurred between the new territory and any previously established territory, a new size and location were randomly chosen
and tested for core overlap with all other groups. Founding
individuals were considered adults. After 40 failed attempts
to establish a territory without any overlap of core areas
(twice the dispersal endurance, deﬁned below), the individual joined a previously established group of same species as a
yearling.

3.4.

Reproduction and survival

We used a model derived from reproduction data collected
from free-ranging red wolves in northeastern North Carolina to calculate the probability of a given pack producing
a litter each year. Pack reproduction was not a function
of pack size (logistic regression, effect of pack size: 12 =
0.99, P = 0.32), but was affected by population size. Pack
reproduction decreased with increasing wolf population size
according to the following model (T. Steury, unpublished data):
ln(p/(1 − p)) = 1.107 − 0.017 × N, where p is the probability a
pack will successfully produce a litter that year and N is
the population size (logistic regression; effect of population
size: 12 = 4.24, P = 0.039; n = 198 pack-years; Fig. 3a). With this
model, the maximum pack reproductive rate is 75.2%. We
modeled coyote reproduction using the same function used
for red wolves but with a maximum reproductive rate of 80%
and a more slowly decreasing response to increasing population size (ln(p/(1 − p)) = 1.386 − 0.013 × N; Fig. 3a), since their

Fig. 3 – Probability of (a) pack reproduction and (b) wolf
dispersal.

smaller body size and correspondingly lower resource requirements suggest that each additional coyote should have a lesser
density-dependent impact on reproduction.
If red wolves and coyotes overlap in resource use, the population size used in this equation should actually be a function
of both species. We assumed that the competitive impact of
coyotes on red wolves was determined by a competition coefﬁcient (˛ < 1; Gotelli, 2001) such that N = 2(Nw + ˛Nc ), where N
is the population size used in the pack reproduction equation, Nw is the number of female red wolves in the model,
and Nc is the number of female coyotes. To parameterize
the competition coefﬁcient we considered only the impact of
resource exploitation, as overt conﬂict (interference competition) was included elsewhere in the model. If diet overlap
between species were 100% and energy requirements per unit
biomass were similar for both species, then ˛ should be ∼0.66
based on relative body size. Since dietary overlap is unknown,
the model initially assumed ˛ = 0.3. Although red wolves may
compete with coyotes for food or space, wolves also may
supplement coyote populations by providing carrion (Paquet,
1992; Wilmers et al., 2003). Therefore, we assumed that the net
competitive effect of red wolves on coyotes through resource
exploitation was 0.
For packs in the model that successfully reproduced, litter
size (of females) at birth was randomly chosen between 1 and
5 for wolves and 1 and 6 for coyotes. Following reproduction,
all individuals were subjected to a survival probability. The
model assumed wolf survival rates of 0.5 for pups and 0.8 for
yearlings and adults. Coyote pup survival was similar to that
of red wolves (0.5), and each yearling and adult coyote in the
model was initially given a 0.7 survival probability (Windberg,
1995).
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3.5.

Inter-group aggression

We modeled intraspeciﬁc and interspeciﬁc aggression through
expansion and contraction of territory size with changes in
group size. Our model assumed that each individual (female)
added to a group would increase territory size by up to 17%
of the area required by a single female (the actual increase
for each individual was chosen randomly between 0 and 17%).
Likewise, losses due to dispersal or mortality decreased territory size by a similar amount.
If increases in territory size caused core overlap (as deﬁned
above) between adjacent groups, the model assumed aggression between those groups and resulted in the death of at
least one individual. Aggression occurred prior to dispersal,
when group sizes were at a maximum and offspring would
have neared adult size. We simulated intraspeciﬁc as well as
interspeciﬁc conﬂict. The larger body size of red wolves should
give them an advantage in conﬂicts with coyotes, so the relative biomass of overlapping groups was used to determine the
outcome of the conﬂict in the model. Body mass ranges from
9 to 20 kg for coyotes and 20 to 36 kg for red wolves (Beckoff,
1977; Nowak, 1999), so the model randomly assigned a mass
between those ranges for each adult or yearling member of
interacting groups, and the sum total biomass of each group
(ignoring pups) determined the winner of the conﬂict (if the
biomass was equal, the group that recently expanded lost).
This same mechanism was used for adjacent groups of the
same species as well as different species. Losing groups suffered the loss of one individual, and the territory size of that
group decreased by 9–17% of the territory size. If core areas of
the neighboring groups still overlapped, relative biomass was
again calculated, another mortality occurred, and territory
size of the losing group decreased correspondingly. This interaction continued until the core areas no longer overlapped or
all members of one group were killed.

3.6.

Dispersal

We assumed that all members of a group, except one adult
female, potentially could disperse. We calculated red wolf dispersal probability using a model derived from data collected
in northeastern North Carolina (U.S. Fish and Wildlife Service,
unpublished data). The best logistic model, as determined using
AIC, was a function of age class, sex, pack size, and pack size2
(AIC = 740.03, n = 1041 wolves per year across 17 years; AIC
for all other models >9.69). This best model (Fig. 3b) describing the probability that female of age class a dispersed (pa ) was
ln(pa /(1 − pa )) = Ca + 0.25768G − 0.01369G2 , where G is the group
size and Ca is a constant for that age class (pups = −2.936,
yearlings = −1.379, adults = −3.051). Therefore, to determine
potential dispersers in each simulation this probability was
calculated for every wolf except one adult female per group.
For coyote dispersal, we used a function derived by Pitt et
al. (2003) based on several observations that group size affects
the probability a coyote will disperse: pd = 0.05 × G2 , where G is
total group size (males + females) and pd is the probability that
an individual disperses. Thus, assuming an even sex ratio, for
packs with >2 females the dispersal probability was 100% for
all but one resident. For packs with exactly two females, one
female had an 80% chance of dispersal and the other remained
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in the current territory. In a group with one female there was
no dispersal.
We imposed an additional mortality rate on dispersers.
Disperser survival was 0.5 for red wolves and 0.6 for coyotes
(F. Knowlton, U.S. Department of Agriculture, personal communication). We randomly determined the order of dispersal
among all surviving dispersers of each species in all groups,
to prevent bias in the amount of space available to a potential
disperser of either species or any group.
A dispersal attempt occurred as follows: direction of dispersal was chosen randomly; size of the disperser’s new territory
was determined randomly between the minimum and maximum for that species; initial dispersal distance was chosen
randomly between the minimum possible distance (old territory radius plus the radius of the new core area) and an
additional distance past that minimum equal to the diameter of the new territory. If no core overlap occurred between
the new territory and any existing territory of either species,
the territory became established at that location. If overlap of
core areas did occur, the disperser could not settle there and
had to seek a new unoccupied area. The only exception was
if the core area overlap occurred between a dispersing wolf
and a single coyote. Then, the coyote was usurped by the wolf
and the coyote became nomadic. Otherwise, a new random
direction and distance were chosen from the current location
(or from the natal territory if the location was off the edge of
the available habitat) and the new location was again compared with occupied territories. This process continued until
the disperser either colonized a new territory or exhausted its
endurance (i.e., the number of new locations tested exceeded
some maximum, initially set at 20). Thus, the disperser could
travel a long distance from the natal territory. This dispersal
strategy created a neighborhood effect such that areas nearest the natal territory would be colonized ﬁrst, if possible. This
method also effectively allowed dispersal, dispersal distance,
and group size to become density-dependent. A disperser that
was unable to ﬁnd an unoccupied area before exhausting its
endurance was added to a pre-existing group (of same species)
at random.
After dispersal, any coyotes forced to become nomadic by
dispersing red wolves were subjected to an additional mortality factor equivalent to dispersal mortality. For simulations
including immigration by coyotes, a predetermined number of
immigrants were added to the nomads. The model attempted
to ﬁnd a new territory for these nomads using the same procedure as for dispersers. If an unoccupied area was not found
after a predetermined number of attempts (twice dispersal
endurance), the nomad joined another coyote group at random.

3.7.

Model simulations

Each simulation (a particular combination of parameter values) was replicated 1000 times. The aggregated variables
calculated for each species at the end of each replicate
included population size, number of groups, mean group
size, mean territory size, year the population reached 50
females (if it did), and year of extinction (if extinct). Since
the model included females only, actual population size and
group size would be approximately double what is reported
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below. Additional aggregated variables calculated each year
of each replicate included average dispersal rate (number of
dispersers per pack), dispersal distance, and deaths due to
agonistic interactions.
We initially explored the model with only red wolves
present to ensure that it conformed with known dynamics
and space use patterns of red wolves. We explored the effect of
several parameters in the model to determine which assumptions had the greatest impact on model outcomes. Simulating
all possible combinations of values for each parameter would
involve a parameter space much too large for a systematic
investigation, so we chose several values of each parameter of
interest to represent plausible scenarios based on our understanding of canid biology.
We then investigated the impact of coyotes on red wolf
populations under two scenarios; in the ﬁrst case we started
with a small founding wolf population of ﬁve females and
tracked its likelihood of becoming established in the presence of coyotes; in the second we assumed 50 female wolves
became established in the absence of coyotes and we investigated the impact of coyotes immigration and settlement
into the area. Since adding a second species to the model
has a multiplicative effect on the parameters that could be
investigated, we restricted our analysis to a select number
of parameters to explore plausible scenarios under which
canids may interact. These decisions about plausible parameter values and scenarios to investigate were based on the
literature, our own experience, and discussions with and
feedback from the red wolf recovery team (Stoskopf et al.,
2005).

4.

Results

4.1.

Single-species simulations

We ran the model using the default parameter set (Table 1)
for 5, 10, 20, 30, 50, and 100 years to illustrate the relationships among the output variables (Fig. 4). As wolf numbers
increased, habitat became saturated and thereby decreased
mean home range size, as dispersers seeking large territories
became less likely to ﬁnd sufﬁcient space than those seek-

Fig. 4 – Simulation output using default parameter values
in Table 1. Each point is the mean of 1000 replicates; error
bars are 1 SE (rarely visible). Home range is in km2 and
dispersal distance in km. The number of wolves killed per
pack by agonstic interactions (killed), the proportion of
packs that reproduced (reproduced), and the number of
dispersers per pack (dispersed) are averaged over all years
for all 1000 replicates.

Table 1 – Initial (default) parameter set used in simulations; 2500 km2 habitat available, 50 years
Parameter
2

Range of territory sizes (km )
Core area (% of territory)
Per capita change in home range size (%)
Initial population size (females)
Maximum probability of producing a successful litter
Range of litter sizes (female pups only)
Pup survival
Adult/yearling survival
Disperser survival
Maximum dispersal attempts before joining another group
Body mass (kg)
a

Typea

Wolf value

Random
Fixed
Random
Fixed
Fixed
Random
Probability
Probability
Probability
Fixed
Random

25–255
22
0–17
5
0.71
1–5
0.5
0.8
0.5
20
9–20

Coyote value
2–20
18
0–17
5
0.8
1–6
0.5
0.7
0.6
20
20–36

Random = the value was determined randomly between a minimum and maximum; ﬁxed = value remained constant throughout a given
simulation; probability = parameter interpreted as a probability.
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Table 2 – Sensitivity of model output (red wolves only) to several parameter estimates
Parametera
Initial size of population

Value

Populationb

Home
rangeb

Packsb

Pack
sizeb

Dispersersc

Distancec

Killedc

Extinctions

5
10
20
50
100

47.9
48.5
48.6
49.0
49.0

50.5
49.4
49.1
48.2
47.9

22.0
22.4
22.5
22.8
22.9

2.2
2.2
2.2
2.2
2.2

0.21
0.21
0.20
0.20
0.20

17.3
18.3
19.1
19.7
19.7

0.48
0.55
0.63
0.66
0.56

0
0
0
0
0

900
1600
2500
3600
6400
10000

31.3
41.2
47.9
52.0
56.4
58.1

37.2
43.3
50.5
58.7
75.6
88.1

10.8
16.8
22.0
26.0
30.4
32.1

2.9
2.5
2.2
2.0
1.9
1.8

0.25
0.23
0.21
0.20
0.20
0.20

9.5
13.9
17.3
19.3
20.0
19.1

0.30
0.41
0.48
0.49
0.43
0.34

0
0
0
0
0
0

Home range minimum

15
25
50

52.0
48.1
40.4

40.0
50.4
74.8

25.6
22.1
16.1

2.0
2.2
2.5

0.21
0.21
0.22

16.5
17.4
17.6

0.48
0.47
0.43

0
1
1

Per capita change in home range

0%
8%
17%
25%
34%
50%

49.6
48.3
47.9
47.7
46.8
45.9

56.8
54.9
50.5
47.1
45.0
42.4

22.4
21.9
22.0
22.2
21.9
21.5

2.2
2.2
2.2
2.2
2.1
2.1

0.21
0.21
0.21
0.21
0.21
0.21

17.7
17.6
17.3
17.1
16.8
16.3

0.00
0.26
0.48
0.65
0.79
1.01

1
1
0
0
0
1

Pup survival

0.2
0.3
0.4
0.5
0.6
0.7

6.5
26.1
39.5
47.9
53.9
59.0

62.8
65.5
55.5
50.5
47.9
46.0

3.9
13.9
19.4
22.0
23.6
24.8

1.2
1.9
2.1
2.2
2.3
2.4

0.09
0.12
0.20
0.21
0.22
0.24

4.9
11.4
15.4
10.4
19.5
54.1

0.04
0.17
0.34
0.48
0.59
0.71

295
23
2
0
1
0

Adult/yearling survival

0.5
0.6
0.7
0.8
0.9

6.6
19.5
33.7
47.9
66.1

54.6
70.9
59.9
50.5
44.1

3.3
9.4
16.1
22.0
28.4

1.3
2.0
2.1
2.2
2.3

0.19
0.21
0.21
0.21
0.21

6.6
10.9
14.6
17.3
19.3

0.08
0.18
0.34
0.48
0.55

363
61
5
0
0

Disperser survival

0.25
0.50
0.75

35.3
48.1
55.8

64.0
50.4
44.8

14.9
22.1
26.5

2.4
2.2
2.1

0.12
0.21
0.30

10.8
17.4
19.5

0.29
0.47
0.57

1
1
0

30.4
40.7
44.8
47.9
50.8
53.3

57.5
54.7
52.3
50.5
49.1
47.4

10.1
16.2
19.2
22.0
24.8
27.7

3.1
2.5
2.4
2.2
2.1
1.9

0.25
0.23
0.22
0.21
0.21
0.20

12.9
15.4
16.4
17.3
18.0
18.6

0.11
0.26
0.36
0.48
0.60
0.74

2
1
1
0
0
1

Area (km2 )

Dispersal attempts (max)

a
b
c

1
5
10
20
40
100

Values of other parameters listed in Table 1. Default values in bold.
Mean of 1000 replicates at the end of 50 years. Home range is km2 .
The number of dispersers per pack, dispersal distance (km), and number of wolves killed by intraspeciﬁc aggression are averaged over each
year in all replicates. Extinctions are the number of replicates in which the population went extinct.

ing smaller territories. Pack reproductive rates also decreased
as the population grew, and dispersal distance and intraspeciﬁc agonistic interactions increased. Extinctions were highly
unlikely, occurring in <0.1% of the simulations using the
default parameter set.
We examined the relationship between output variables by
correlating 50-year simulations using our default parameter
set. All outputs were correlated (p < 0.0001). At the end of 50
years, population size was positively correlated with number
of groups (Pearson r = 0.602) and group size (r = 0.526), but number of groups and group size were negatively correlated with
each other (r = −0.352). Home range size was negatively corre-

lated with population size (r = −0.211) and number of groups
(r = −0.571), as a smaller mean territory size allowed more
groups to ﬁt the landscape, but home range size was positively correlated with group size (r = 0.365). Thus, we concluded
that basic model dynamics followed general patterns observed
among free-ranging canid populations.
We next explored model sensitivity to changes in several
parameter values (Table 2). Increasing founding population
size from 5 up to 100 (over twice what could be supported
in the habitat) had little effect on output after 50 years other
than increasing mean dispersal distance by up to 1.4 km,
increasing number of wolves killed by intraspeciﬁc aggression
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by up to 37% (but still <1 per year), and slightly increasing
population size (Table 2). Increasing habitat availability and
decreasing space requirements (minimum home range size)
had similar qualitative effects on the wolf population; number
of wolves, packs, and wolves killed annually by intraspeciﬁc
aggression all increased, while pack size decreased (Table 2).
However, a >10-fold increase in available habitat (from 900 to
10,000 km2 ) less than doubled wolf numbers, with the increase
in wolf numbers after 50 years leveling off for the largest areas.
Home range and dispersal distance increased with amount of
habitat available, but decreased with lessened space requirements. Larger amounts of additional space required for each
individual added to the pack (per capita change in home
range) had the greatest effect on number of wolves killed by
intraspeciﬁc aggression (Table 2), with the increased aggression between adjacent packs resulting in smaller populations
(up to 4 fewer wolves) with smaller mean home ranges
(>14 km2 smaller).
Final population sizes were most strongly affected by
changes in survival. Increased survival of pups, adults, and
dispersers all increased the number of wolves and packs, up
to a nearly 10-fold increase across the range of survival rates
examined, thereby decreasing home range size (Table 2). Pack
size increased with survival of pups and adults (doubling over
the range of pup survival rates examined), but decreased with
increasing disperser survival (Table 2). Extinctions were much
more common with low pup and adult survival, with a 36%
extinction rate at the lowest adult survival examined (50%).
No changes in other demographic parameters had a substantive effect on the extinction probability of the wolf population
(Table 2).
Dispersal persistence (maximum number of new locations each disperser tested for overlap with existing core
territories) was the parameter for which the least empirical
evidence exists in the single-species simulations. As dispersal persistence increased, dispersers moved farther from the
natal range (up to 6 km) and wolf numbers increased by
up to 75%. Thus, habitat became increasingly saturated as
dispersers were more likely to ﬁnd vacant habitat to colonize. The increased colonization success reduced the mean
pack size from >3 females to <2 females across the range
of values examined and reduced territory size by ∼10 km2
(Table 2).

4.2.

Two-species simulations

We investigated the impact of coyotes on red wolf populations under two scenarios; in the ﬁrst case we started with
a small founding wolf population of 5 females and tracked
its likelihood of becoming established in the presence of coyotes; in the second we assumed 50 female wolves became
established in the absence of coyotes and we investigated
the impact of coyotes immigration and settlement into the
area. Since adding a second species to the model has a multiplicative effect on the parameters that could be investigated,
we restricted our analysis to a select number of parameters to explore plausible scenarios under which canids may
interact.
Coyotes had a marked effect on red wolves in both a
small founding population and a large established population.

Adding coyotes lowered the number of wolves and wolf packs
by >40% and increased mean wolf home range size by 9–12%
(Table 3). The effect of coyotes on small and large wolf populations differed very little, although red wolf extinction rates
were slightly higher with a small founding wolf population,
especially with high coyote numbers (up to 0.8%). However,
further increases in the number of coyotes had little effect
on model output for either species (Table 3). Increasing the
amount of available habitat increased the number and home
range size of wolves, with wolf numbers nearly doubling as
available habitat increased from 900 to 3600 km2 and then leveling off with additional increases in area (Table 3). Coyote
numbers and home range also increased with available habitat, but to a lesser degree. With only small areas of habitat
available, extinction rate of wolves increased in the presence
of coyotes (up to 1.4%).
The simulation results were quite sensitive to assumptions
of the competitive impact of coyotes on red wolves (Table 3).
As coyotes competed more strongly with wolves (˛ increased
up to 0.6), wolf numbers declined to 18% of the population size
assuming no competition (˛ = 0) and probability of extinction
increased to nearly 15%. Coyote immigration also affected wolf
populations (Table 3). As the annual number of coyote immigrants increased from 0 to 20, numbers of wolves decreased
linearly (by 4–5 wolves with every 10 additional coyotes) and
the wolf extinction rate increased to 3.4% in small founding populations. Wolf populations that were already large
prior to the inﬂux of coyotes were less susceptible to extinction due to coyote immigration, although their numbers still
declined. Coyote numbers increased with additional immigrants at the same rate regardless of initial number of wolves
(Table 3).

4.3.

Coyote management

We investigated how coyote populations could be manipulated to enhance red wolf reintroduction by evaluating the
efﬁcacy of management options. To enhance the need for
management, we included immigration of 5 coyotes per year
and increased the competitive impact of coyotes on red wolves
to 0.4.
One management option is to remove coyotes from the
reintroduction area. Although the success of coyote removal
attempts in North America has been limited (Parker, 1995),
increased coyote mortality through human intervention could
limit numbers and thereby allow a red wolf population
increase. We simulated human-related coyote mortality by
decreasing survival of adult and yearling coyotes, starting
with a population of either 5 or 50 females of each species.
Decreasing coyote survival to 10% decreased coyote numbers to 40% of the pre-management population size, which
more than doubled wolf numbers (Table 4). The impact
on red wolves was even greater when a small founding
population was simulated, with a 2.3-fold increase in numbers and a drop in the extinction probability from 3.2%
to nearly zero (Table 4). Coyote extinctions were prevented
in these simulations by the annual inﬂux of new immigrants.
Surgical sterilization of coyotes has also been used as a
management tool for coyote populations (Bromley and Gese,
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Table 3 – Model outputa with coyotes included
Parameterb

Value

Red wolves
Population
size

Initial coyote population
size (5 wolves)

Initial coyote population
size (50 wolves)

Area available (km2 )

Home
range

Coyotes

Packs

Extinctions

Population
size

0

48.1

50.4

22.1

1

0.0

5
10
20
50

27.1
27.2
26.5
26.6

55.7
56.0
56.2
56.0

13.5
13.4
13.3
13.3

2
0
6
8

80.4
80.0
80.2
80.6

Home
range

Packs

Extinctions

6.8
6.9
6.9
6.9

66.0
65.7
65.8
66.0

0
0
0
0

0

48.9

48.3

22.8

0

0.0

5
10
20
50

28.8
28.3
28.6
28.3

53.0
52.7
52.7
53.2

14.4
14.3
14.4
14.2

0
0
0
0

79.6
79.7
80.5
80.1

6.8
6.9
6.9
6.8

65.1
65.4
66.0
65.8

6
0
0
0

900
1600
2500
3600
6400
10000

15.5
22.9
27.3
29.7
31.8
31.6

38.0
46.2
55.5
65.3
82.7
92.7

6.0
10.3
13.6
15.7
17.6
17.6

14
5
1
0
1
3

73.8
77.5
79.9
81.5
84.1
85.4

5.0
6.1
6.9
7.3
7.8
8.0

56.3
62.0
65.5
67.8
70.2
71.8

3
2
0
0
0
0

Competition coefﬁcient

0
0.1
0.2
0.3
0.4
0.5
0.6

46.4
39.8
33.6
27.1
20.9
14.1
8.1

46.8
48.9
51.8
55.7
59.8
62.7
57.5

20.7
18.4
16.1
13.5
10.8
7.6
4.5

1
2
1
2
10
32
149

77.2
77.9
78.9
80.4
81.0
82.5
83.8

6.5
6.6
6.8
6.8
7.0
7.2
7.2

62.2
63.1
64.3
66.0
66.8
68.5
70.2

3
1
3
0
2
1
2

Coyote immigrants/year
(5 wolves)

0

27.1

55.7

13.5

2

80.4

6.8

66.0

0

1
5
10
20

26.7
24.1
21.7
16.4

55.7
57.2
58.7
63.2

13.3
12.2
11.2
8.7

1
6
11
34

83.2
92.3
102.5
121.8

6.9
7.0
7.0
6.9

68.8
78.7
89.9
111.5

0
0
0
0

0

28.5

52.3

14.3

0

80.0

6.9

65.6

4

1
5
10
20

27.7
25.5
23.1
18.8

53.0
55.0
56.4
61.8

14.0
13.0
12.0
10.0

0
0
1
2

82.6
92.2
102.2
121.5

6.9
7.0
6.9
6.8

68.2
78.5
89.4
110.9

0
0
0
0

Coyote immigrants/year
(50 wolves)

a

b

Population size, home range, and number of packs are the mean of 1000 replicates of the model run for 50 years. Extinctions are the number
of replicates in which the population went extinct.
Default values in bold.

2001a,b), and has been used opportunistically in the context of
reducing introgression of coyote genes in the North Carolina
red wolf population (U.S. Fish and Wildlife Service, unpublished data; Stoskopf et al., 2005). We simulated sterilization
by reducing maximum reproductive rate of coyotes from our
default value of 0.8. Starting with populations of either 5 or
50 of each species, we decreased maximum coyote reproductive rate (probability of producing a litter) every year for 50
years. The impact of coyote sterilization was similar to that
of coyote removal (Table 4). Dropping the maximum coyote
reproductive rate to 20% decreased coyote numbers to 27% of
their pre-management levels in both small and large initial
populations, which increased wolf numbers 2.5- and 2.3-fold
in small and large initial populations, respectively (Table 4).
Red wolf extinction risk was again highest (3.1%) in small populations with high coyote reproductive maxima, but decreased
to zero with sufﬁcient decrease in coyote reproduction
(Table 4).

5.

Discussion

Under the assumptions of these models, the mere presence of
coyotes on the landscape reduced red wolf population viability. However, the strength of the coyote impact on red wolves
was particularly sensitive to assumptions of the degree of
resource exploitation (i.e., competition coefﬁcient) between
the two species. In our model, the degree to which coyotes usurp resources used by red wolves determined their
effect on red wolf reproduction, and therefore population
growth. We assumed that resource competition was the mechanism by which coyotes would have the greatest impact on
wolf reproduction, and simulated this impact using a simple
competition coefﬁcient similar to that used in several other
competition models (e.g., Gotelli, 2001).
The competition coefﬁcient represents per capita effect of
one species on another’s population growth rate (Gotelli, 2001).

Author's personal copy
400

e c o l o g i c a l m o d e l l i n g 2 1 4 ( 2 0 0 8 ) 391–403

Table 4 – Effect of managementa , simulated by adjusting coyote survival and reproductive rates
Parameterb

Value

Red wolves
Population
size

Adult survival (5 wolves, 5
coyotes)

Adult survival (50 wolves,
50 coyotes)

Max reproductive rate (5
wolves, 5 coyotes)

Max reproductive rate (50
wolves, 50 coyotes)

a

b

Coyotes

Home
range

Packs

Extinctions

Population
size

Home
range

Packs

Extinctions

0.1

35.8

53.5

17.3

1

37.0

8.0

29.5

0

0.3
0.5
0.7

31.1
25.0
15.5

55.0
57.4
60.8

15.3
12.6
8.2

0
7
32

49.2
67.0
94.2

7.8
7.6
7.2

39.4
54.8
81.0

0
0
0

0.1

36.2

51.4

17.6

0

37.2

8.0

29.7

0

0.3
0.5
0.7

32.0
26.2
17.9

52.4
55.0
60.3

15.8
13.3
9.5

0
0
3

49.7
67.2
93.6

7.8
7.5
7.2

39.7
55.0
80.1

0
0
0

0.2

40.0

53.8

19.1

0

24.9

8.0

23.2

0

0.4
0.6
0.8

34.8
27.4
15.9

55.6
58.9
62.2

17.0
13.7
8.5

2
3
31

40.3
61.5
93.9

7.7
7.4
7.2

36.0
53.5
80.7

0
0
0

0.2

40.9

51.6

19.8

0

25.1

8.0

23.4

0

0.4
0.6
0.8

35.7
28.0
17.8

53.2
55.9
60.0

17.7
14.2
9.5

0
0
5

40.6
61.5
93.2

7.7
7.5
7.2

36.2
53.5
79.9

0
0
0

Each output is the mean of 1000 replicates of the model run for 50 years, with ˛ = 0.4 and 5 coyote immigrants per year. Extinctions are the
number of replicates in which the population went extinct (initial population sizes in parentheses).
Default values in bold.

Competition coefﬁcients have been estimated in the ﬁeld
based on dietary overlap alone (MacArthur and Levins, 1967) or
including feeding rates and relative availability of food types in
the environment (Schoener, 1983; Spiller, 1986). These methods of estimating competition coefﬁcients reﬂect consumptive
competition, which occurs when food is limited and individuals reduce another’s intake of food via exploitation (Schoener,
1983). Interaction coefﬁcients between species have also been
estimated using regression models based on either census of
population sizes at one point in time over many sites (static
models) or population changes over time (dynamic models)
to examine whether per capita changes in one species are
associated with the abundance of other species (Pﬁster, 1995;
Shenbrot and Krasnov, 2002). The dynamic approach may indicate exploitative competition, whereas the static approach
could reﬂect negative interspeciﬁc spatial association (interference; Shenbrot and Krasnov, 2002). Coyotes could affect
red wolf populations through both mechanisms of competition, either through consuming limited food sources or by
occupying space and thwarting the establishment of territories by dispersing red wolves. However, very few ﬁeld
data are available for determining the strength of either
mechanism and the resulting impact of coyotes on red wolf
populations.
Understanding the impact of coyotes on red wolves
through resource exploitation, and therefore effectively
parameterizing the competition coefﬁcient in our models,
requires information on the diet of each species in the recovery area. Studies of the diets of sympatric carnivores often
detect appreciable dietary overlap, with varying degrees of

dietary partitioning (Dibello et al., 1990; Kitchen et al., 1999;
Neale and Sacks, 2001; Thornton et al., 2004; Azevedo et al.,
2006; but see Thurber et al., 1992). Available data on red wolf
diets in the recovery area indicate that deer, raccoons, and
rabbits are consumed primarily, although food habits vary
with wolf age and habitat (Phillips et al., 2003). Information
on coyote diets in the area is lacking, but coyotes are considered to be opportunistic, generalist predators that typically
consume a wide variety of food sources, including small mammals (rodents and lagomorphs), ungulates, and fruits (Beckoff,
1977). Their use of these various food sources varies seasonally and spatially with changes in food abundance (Andelt
et al., 1987; Neale and Sacks, 2001) and may also change
with age or group size (Gese et al., 1988, 1996). As such,
coyotes may exploit a wider range of resources than other
sympatric carnivores (Fedriani et al., 2000). Although canid
biologists usually concentrate on determining levels of interference between sympatric canids, exploitation competition
underlies the evolution of interference behavior (Peterson,
1995) and likely continues to be important for coexisting
species. Thus, diet estimation of red wolves and coyotes
in areas of sympatry, as well as allopatric populations in
similar habitats, deserves close attention. Such estimates
could be derived through a combination of fecal analysis
and measurements of stable isotope ratios of hair from captured wolves, coyotes, and their prey (Urton and Hobson,
2005).
Our model assumed that dispersing wolves could always
usurp a territory held by a single (female) coyote. However, coyote group sizes averaged around 1.2 females, indicating that
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wolves were prevented from occupying space held by some
coyote groups. The model also assumed that an expanding
coyote group could usurp a neighboring red wolf pack of a
single female if coyote numerical advantage outweighed wolf
size advantage. Lowering coyote dispersal likely would have
increased coyote group sizes in the model and exacerbated
their impact on wolf populations through both of these mechanisms. Information on the dominance interactions between
coyotes and red wolves and how often individuals of one
species are displaced by the other is imperative for better
understanding the importance of interference competition
by coyotes on red wolves. Speciﬁc ﬁeld data that are needed
include home range overlap between the two species, patterns
of colonization of vacant areas, and the impact of territorial
coyotes on dispersing wolves.
Although our model assumed a homogeneous habitat,
habitat heterogeneity can affect territory size, space use, and
density of wolves and coyotes (Gese et al., 1988; Fuller and
Murray, 1998; Phillips et al., 2003). Habitat heterogeneity can
also induce density-dependent reproduction because poorerquality territories are occupied as population size increases
(Dhondt et al., 1992). The impact of coyotes on red wolf populations may be lower if the larger red wolves can exclude
coyotes from the highest quality habitats, at least prior to the
habitat becoming saturated. Indeed, the ability of a largerbodied species to exclude a smaller competitor, which is
usually assumed to exploit resources more efﬁciently, from
resource patches is thought to enable coexistence of competitors that differ in body size (Basset and DeAngelis, 2007).
However, in a landscape already fully colonized by coyotes,
newly reintroduced red wolves may have greater difﬁculty
securing the highest quality habitats, and habitat heterogeneity could exacerbate the effects of coyotes on reintroduction
success.
The relationship between territory size and population size
detected in the model is consistent with ﬁeld observations
of gray wolves. To accommodate future reproduction, a wolf
pair must either establish a territory much larger than they
require to sustain themselves or else later expand their territory to accommodate increased energy demands (Peterson et
al., 1984; Mech and Boitani, 2003). Wolf pairs colonizing unoccupied habitat could establish a large territory and maintain it
as the pack grew, whereas those trying to establish territories
in a saturated landscape must start with a smaller area and
expand as needed (Mech and Boitani, 2003). Several examples
exist of large, new wolf territories being established in areas
of low density and thereafter remaining at a constant size as
the pack grew or later declined (see Mech and Boitani, 2003).
However, as space is ﬁlled and habitat becomes saturated,
individual pack territories can shrink by 17–68% (Fritts and
Mech, 1981). Although we did not ﬁnd a relationship between
pack size and territory size in the ﬁeld data from the red wolf
recovery area (U.S. Fish and Wildlife Service, unpublished data),
most of those data were obtained from an expanding population. Thus, the production of smaller home ranges with high
populations and many packs observed in the model seems
consistent with patterns detected among free-ranging wolves
described in the literature.
Despite uncertainties in some of our parameter estimates,
red wolves always responded negatively to the presence of
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coyotes in our simulations. We assumed no hybridization
occurred between red wolves and coyotes, but given that
body size of hybrids is closer to that of wolves, the impact
of non-wolf competition may be aggravated in an environment where hybridization is possible. Our results suggest
that management of coyotes by removal (lower survival) or
sterilization (lower fecundity) could aid in red wolf recovery,
but further elucidating the competitive interactions between
wolves and coyotes in the removal area will help reﬁne
management activities to improve their effectiveness. Since
competitive impacts could include resource exploitation or
territorial exclusion, information on diet and behavioral interactions between the two species appears most critical.
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