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Abstract

Mating with close kin can lead to inbreeding depression through the expression of

recessive deleterious alleles and loss of heterozygosity. Mate selection may be affected

by kin encounter rate, and inbreeding avoidance may not be uniform but associated with

age and social system. Specifically, selection for kin recognition and inbreeding

avoidance may be more developed in species that live in family groups or breed

cooperatively. To test this hypothesis, we compared kin encounter rate and the

proportion of related breeding pairs in noninbred and highly inbred canid populations.

The chance of randomly encountering a full sib ranged between 1–8% and 20–22% in

noninbred and inbred canid populations, respectively. We show that regardless of

encounter rate, outside natal groups mates were selected independent of relatedness.

Within natal groups, there was a significant avoidance of mating with a relative. Lack of

discrimination against mating with close relatives outside packs suggests that the rate of

inbreeding in canids is related to the proximity of close relatives, which could explain the

high degree of inbreeding depression observed in some populations. The idea that kin

encounter rate and social organization can explain the lack of inbreeding avoidance in

some species is intriguing and may have implications for the management of populations

at risk.
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Introduction

The ability of individuals to recognize kin has been

demonstrated in a wide variety of species (e.g. Hepper

1986; Pusey & Wolf 1996; Hauber & Sherman 2001;

Mateo 2003, 2004). For example, Belding’s ground squir-

rels (Spermophilus beldingi) and ring-tailed lemurs (Lemur

catta) use olfactory signals to precisely estimate kinship,

even among distant relatives (Mateo 2002; Charpentier

et al. 2008, 2010). However, the ability to recognize kin

as a mechanism to avoid inbreeding varies among spe-

cies (e.g. Pusey & Wolf 1996; Mateo 2002, 2004). Specifi-

cally, mate selection mechanisms designed to avoid
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inbreeding are more likely to develop in species where

kin encounter each other as adults (Pusey & Wolf 1996).

For example, house mice (Mus musculus) often live at

high density in family-based social groups where kin

encounter rate is high, and kin recognition mechanisms

are thus required to avoid mating with kin. In contrast,

the Macedonian mouse (Mus macedonicus) lives at much

lower densities where kin encounter is considerably less

frequent than in the house mouse (Sherborne et al.

2007). Beynon et al. (2007) showed that urinary proteins

are highly variable in the house mouse but lack vari-

ability in the Macedonian mouse. Variation in urinary

proteins may provide a mechanism for kin recognition

in these mice and show greater variation in the species

where kin encounter rate is higher (Barnard et al. 1991;

Sherborne et al. 2007).

An important function of kin recognition is to pro-

vide a mechanism by which inbreeding can be avoided.

Inbreeding avoidance and its consequences have been

documented in many species (reviewed by Pusey &

Wolf 1996; Crnokrak & Roff 1999; Keller & Waller 2002;

Edmands 2006). The detrimental effects of inbreeding

are well known for captive populations, and vertebral

malformations have been recently documented in

inbred wolf populations (Räikkönen et al. 2006, 2009).

However, the detrimental effects of inbreeding in wild

populations are less clear because some species show

no inbreeding avoidance and no ill effect associated

with inbreeding (e.g. Table 1 in Pusey & Wolf 1996;

Reindeer (Rangifer tarandus): Holand et al. 2007; great

reed warbler (Acrocephalus arundinaceus): Hansson et al.

2007; great tit (Parus major): Szulkin et al. 2009; New

Zealand saddleback (Philesturnus carunculatus) and

robin (Petroica australis): Jamieson et al. 2009). More

recent reviews (Crnokrak & Roff 1999; Keller & Waller

2002) suggest that many populations in the wild are not

able to avoid inbreeding or limit its phenotypic effects

and that in some cases, the genetic load may be effec-

tively purged (Crnokrak & Barrett 2002; Hagenblad

et al. 2009). In addition, sex-biased dispersal, common

in many animals including canids (Moehlman 1989;

Geffen et al. 1996), does not result in a complete parti-

tion of male and female relatives, and so individuals

may have mechanisms to recognize kin and avoid

inbreeding.

Richard et al. (2009) showed that within a lizard spe-

cies, monogamous females of intermediate ages did not

mate with genetically similar partners. On the other

hand, polyandrous females, generally from the young

and the old age classes, did not discriminate partners

according to relatedness. Thus, inbreeding avoidance

was not uniform but associated with age and social sys-

tem. Selection for kin recognition and inbreeding avoid-

ance may be more developed in species that live in

family groups and breed cooperatively. However, in

such cases, individuals can reduce inbreeding without

Table 1 Kin (full- or half-sib level) encounter rate in four populations of grey wolves (95% CI in parenthesis)

Population Full-sib level (r ‡ 0.50) Half-sib level (r ‡ 0.25)

Denali National Park (AK; Nm = 62, Nf = 67)

All male–female pairs (n = 4155) 0.049 (0.043, 0.049) 0.184 (0.184, 0.184)

Between packs (n = 3249) 0.042 (0.035, 0.042) 0.171 (0.170, 0.171)

Within packs (n = 220) 0.250 (0.197, 0.316) 0.554 (0.483,0.607)

Superior National Forest (MN; Nm = 35, Nf = 20)

All male–female pairs (n = 271) 0.059 (0.034, 0.096) 0.133 (0.096, 0.180)

Between packs (n = 245) 0.012 (0.002, 0.035) 0.065 (0.037, 0.106)

Within packs (n = 26) 0.500 (0.295, 0.700) 0.769 (0.544, 0.911)

Isle Royale National Park (MI; Nm = 18, Nf = 15)

All male–female pairs (n = 693) 0.196 (0.171, 0.197) 0.307 (0.280, 0.308)

Between packs (n = 490) 0.131 (0.103, 0.160) 0.231 (0.196, 0.268)

Within packs (n = 210) 0.352 (0.297, 0.421) 0.495 (0.424, 0.567)

Yellowstone National Park (1995–1999; WY; Nm = 50, Nf = 49)

All male–female pairs (n = 2370) 0.043 (0.036, 0.053) 0.132 (0.118, 0.133)

Between packs (n = 2184) 0.015 (0.010, 0.020) 0.077 (0.066, 0.077)

Within packs (n = 266) 0.267 (0.221, 0.328) 0.586 (0.523, 0.637)

Yellowstone National Park (2000–2004; WY; Nm = 97, Nf = 65)

All male–female pairs (n = 6305) 0.030 (0.026, 0.030) 0.148 (0.148, 0.148)

Between packs (n = 5808) 0.017 (0.013, 0.020) 0.116 (0.116, 0.117)

Within packs (n = 497) 0.187 (0.149, 0.220) 0.519 (0.485, 0.553)

Kin encounter rate is calculated for all pair combinations, all possible pairs between packs and all possible pairs within packs. Nm

and Nf are the number of males and females, respectively, and n is the number of male–female pair combinations evaluated.
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developing kin recognition skills by selecting partners

that are not from their natal group. Following these

lines, Jamieson et al. (2009) argued that if encounter

rates between close kin are low and kin screening

mechanisms are associated with significant costs (e.g.

additional search time for appropriate mate or missed

opportunity costs associated with attaining a territory),

then selection for inbreeding avoidance will be weak.

Cost may be greatest when the breeding habitat is satu-

rated, and additional search efforts for an appropriate

mate can potentially lead to the loss of breeding oppor-

tunities (e.g. loss of the breeding territory to others).

Consequently, when kin encounter rate is low, the

probability of inbred mating is also low regardless of

mate searching intensity. Likewise, when kin encounter

probability is high, the probability of mating with a rel-

ative may not be easily reduced by greater search inten-

sity for nonkin. However, investment in mate screening

is beneficial for intermediate kin encounter rates. Jamie-

son et al. (2009) concluded that investment in breeding

avoidance via kin discrimination is social system–

dependent and that inbreeding avoidance should be

more frequently observed in cooperative breeding spe-

cies, relative to individual-pairing monogamous species,

owing to the difference in kin encounter rate.

Canids are territorial, living in pairs or family groups,

and all are generally monogamous, with a single breed-

ing pair in a social unit (Moehlman 1989; Geffen et al.

1996; Mech 1999). In many cases, breeding is coopera-

tive with nonbreeding helpers assist by provisioning

and guarding the pups. Both sexes emigrate, but

females tend to delay dispersal. We selected two canid

species, the grey wolf (Canis lupus) and the arctic fox

(Vulpes lagopus), which are known to disperse great dis-

tances with registered records of over 1000 km (e.g.

Fritts 1983; Tarroux et al. 2010). The structure of canid

social systems predicts a high kin encounter rate within

natal groups and low kin encounter rate outside natal

groups. Our aim was to test the hypothesis of Jamieson

et al. (2009), which implies that mate selection is

affected by kin encounter rate. We examined whether

mates are randomly selected outside natal groups and

whether inbreeding is avoided within natal groups, by

determining the proportion of related pairs in popula-

tions with various levels of inbreeding. Inbred popula-

tions are expected to have a larger proportion of related

individuals relative to noninbred populations. We

hypothesized that in known inbred populations of

canids (i.e. Isle Royale National Park and southern

Scandinavia), kin encounter rate outside natal groups

would be higher relative to noninbred populations,

where it is expected to be low. Consequently, if individ-

uals screen for relatives, we would expect more intense

selection against random mating in inbred populations,

where kin encounter rate is high also outside the natal

group. Alternatively, if individuals are selected only to

avoid mating with natal group members, we would

predict that mate selection in inbred populations would

not deviate from that expected by chance, regardless of

the kin encounter rate. To test our hypothesis, we com-

pared kin encounter rate and proportion of related

breeding pairs in the highly inbred wolf population of

Isle Royale National Park (Wayne et al. 1991; Räikkönen

et al. 2009; Adams et al. 2011) and the noninbred popu-

lations of Denali National Park, Yellowstone National

Park and Superior National Forest (Smith et al. 1997;

vonHoldt et al. 2008, 2010). Likewise, for the arctic fox,

we compared the inbred populations in Scandinavia

(e.g. Dalèn et al. 2006; Nystrom et al. 2006) and the

noninbred population in north-western Iceland (Geffen

et al. 2007; Norèn et al. 2009).

Methods

We compiled microsatellite data for four populations of

grey wolves and three populations of arctic foxes. Data

for populations in Denali National Park and Superior

National Forest were taken from Smith et al. (1997).

This data set consisted of 130 adult individuals from at

least 19 different packs in Denali National Park (Alaska)

and 33 adults from 11 packs in Superior National Forest

(Minnesota), which were screened using 20 polymor-

phic microsatellites (Smith et al. 1997). Data for the wolf

population from Isle Royale National Park (Michigan)

consisted of 56 adults from five packs. These samples

were screened using eight polymorphic microsatellites

(Adams et al. 2011). Finally, we used 10 years of data

for Yellowstone National Park wolves (vonHoldt et al.

2008). During 1995–1996, 31 wolves from Canada were

translocated to Yellowstone. At the end of 1999, at least

118 wolves in about 10 packs were present in the

greater Yellowstone area. During 2000–2004, the popu-

lation increased further and levelled off at about 250

wolves in 16 packs (Smith et al. 2004). The period of

1995–1999 was a time of population establishment,

whereas during 2000–2004, the wolf population reached

its maximum density. Moreover, prey availability per

wolf was high after introduction but decreased in later

years as the wolf population increased in number.

Because of the differences in environmental and social

conditions between these two periods, and because

most of the animals present earlier were no longer there

during the later period, we split the data into two

5-year sets. These two data sets were composed of 103

adults sampled during 1995–1999 and 172 adults

sampled during 2000–2004. All Yellowstone National

Park wolves were screened using 26 polymorphic

microsatellites (vonHoldt et al. 2008, 2010). Smith et al.
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(1997) showed that relatedness values stabilized using

‡7–9 microsatellites. All the above-mentioned wolf

populations had been closely studied for many years,

and pack assignment (i.e. breeder vs. nonbreeding

helper), age, and social status were known for most

individuals (e.g. Mech 1986; Gese & Mech 1991; Leh-

man et al. 1992; Meier et al. 1995; Mech et al. 1998; Pet-

erson et al. 1998; vonHoldt et al. 2008).

Our arctic fox populations comprised 49 adults from

Hornvik in north-west Iceland, 25 adults from

Ammarnäs to Finnmark in northern Scandinavia and 38

from the Vålådalen Nature reserve in southern Scandi-

navia. The arctic fox population in Scandinavia has

been under threat since the early 1900s, and its breed-

ing performance has been intensively studied (e.g.

Angerbjörn et al. 1991; Dalèn et al. 2006; Meijer et al.

2008). The long-term study on Scandinavian arctic foxes

involved direct observations at breeding dens and

radiotelemetry, which enabled detailed information on

all breeding and natal individuals at both study sites.

The arctic foxes in Hornvik were also intensively stud-

ied in the past (Hersteinsson et al. 2000). The behavio-

ural data presented here were collected over 6 years

(2002–2007) by some of us (MK, RH, PH, AA, LD, EF

and EG), using direct observations on 4–5 breeding

dens annually, where foxes were individually marked

with coloured ear tags and some were fitted with GPS-

based collars (GPS-3300SL, Lotek Wireless; Tellus mini,

Televilt). All arctic fox populations were screened using

10 polymorphic microsatellite loci following the meth-

ods in Dalèn et al. (2006). The microsatellite data set for

the population in Hornvik is the only one not previ-

ously published (Table S1).

Relatedness between all possible male–female pair

combinations in each population was calculated using

the program ML-RELATE (Kalinowski et al. 2006). The

program calculates maximum likelihood estimates of

relatedness (r; Wagner et al. 2006), which are consid-

ered more accurate than estimates produced by other

algorithms (Milligan 2003). The program is designed to

discriminate among three common pedigree relation-

ships: unrelated (U; r = 0), half-siblings (HS; r = 0.25)

and full-siblings ⁄ parent–offspring (FS; r = 0.50). This is

carried out by calculating the likelihood of R, which is

the probability of observing the ratio between the geno-

types of the two individuals having a relationship r at

the given homologous locus. The probability values for

each locus are multiplied across loci to yield the likeli-

hood of the relationship, L(R), and the relatedness rela-

tionships are defined by the highest likelihood (Wagner

et al. 2006). Simulations by Wagner et al. (2006, table 8)

showed that the algorithm is efficient in assigning the

correct relatedness categories (83% for eight loci, 87%

for 10 loci and 95% for 20 loci). This program also

adjusts the relatedness values to accommodate null

alleles (for details see Wagner et al. 2006).

We estimated the probability of an individual to pair

with a related mate (i.e. kin encounter rate) by calculat-

ing the proportion of full-sib pairs (r ‡ 0.5; FS) or at

least half-sib pairs (r ‡ 0.25; FS + HS) out of all possible

male–female pair combinations in each population. In

this approach, we assume that within a population,

each male can hypothetically pair with any female, a

reasonable assumption given the daily movement capa-

bilities of dispersing wolves and foxes (90 and

40 km ⁄ day for fox and wolf, respectively; Audet et al.

2002; Mech & Cluff 2009; Tarroux et al. 2010), and

the size of our study sites (longest distance across:

60–500 km). Because wolves live in packs composed of

highly related family members (Lehman et al. 1992;

Smith et al. 1997), we repeated the aforementioned

calculations after the exclusion of all within-pack male–

female pair combinations. To calculate the probability

that the observed ratio between the numbers of related

and unrelated known pairs in each population differs

from the expected under the random mating model,

we used a randomization procedure. We randomly

sampled the number of known pairs from the list of

all possible pairs in each population and counted the

number of related pairs within the sample. We repeat-

edly sampled, with replacement, 10 000 times from each

population. We used the program resample (M. Wood,

University of Portsmouth; http://userweb.port.ac.uk/

~woodm/nms/resample.htm) to calculate the probabil-

ity of obtaining all possible numbers of related pairs in

a sample and the 95% confidence interval (CI) for that

distribution.

Results

We calculated kin encounter rate as the proportion of

the number of related pair combinations relative to the

total number of possible pairs in the population. This

proportion can be viewed as the probability of selecting

a mate by random, i.e. a full-sib (r ‡ 0.5) or at least a

half-sib (r ‡ 0.25). Tables 1 and 2 show the kin (FS or

HS level) encounter rate in four populations of grey

wolves and three populations of arctic foxes, respec-

tively. Encounter rate with an HS mate was 3.0 (±1.3)

times more likely than with an FS mate in the wolf pop-

ulations and 2.3 (±0.8) times more likely with an HS

than an FS mate in the fox populations (paired test by

permutations over all populations, P = 0.004; Table 1).

For the wolf populations, we calculated kin encounter

rate for all male–female combinations, all possible

male–female pairs between packs and all possible

male–female pairs within packs. Kin encounter rates

within packs were significantly higher than between
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different packs in all wolf populations (15.8-fold greater

likelihood for FS (paired test by permutations,

P = 0.031) and 5.9-fold greater for HS (P = 0.038),

respectively; Table 1). Kin encounter rates in neigh-

bouring packs were similar to those of nonadjoining

packs in Denali NP (Fisher’s exact test; FS: P = 0.803,

HS: P = 0.770) and in Yellowstone NP (1995–1999; FS:

P = 0.830, HS: P = 0.235; Fig. 1). However, in Yellow-

stone NP during 2000–2004, kin encounter rates were

significantly lower in nonadjoining packs relative to

adjoining packs (FS: P < 0.0001, HS: P < 0.0001; Fig. 1).

We calculated the relatedness between known alpha

pairs in four wolf populations (10, 6, 7, 18 and 22 pairs

in Denali NP, Superior NF and Isle Royale NP, and Yel-

lowstone NP (1995–1999) and Yellowstone NP (2000–

2004), respectively) and between known pairs in three

arctic fox populations (11, 6 and 6 pairs in Hornvik,

north Scandinavia and south Scandinavia, respectively).

For the wolf populations, the number of related pairs

out of all the known pairs was not significantly differ-

ent than expected by random mate selection. This result

was apparent for both FS and HS encounter rates, and

for all possible female–male pair combinations or only

for the combinations between packs (Figs 2 and 3). The

only exception was Isle Royale NP, where the number

of HS-related pairs was significantly higher (HS = 4;

P = 0.045) than expected by random mate selection

(Fig. 3). Under random mating, the CI showed that in

most wolf populations, the expected number of pairs

related at full-sib level ranged from 0 to 2. CI for half-

sib level pairs varied considerably more (Figs 2 and 3).

In contrast, the observed number of related pairs, given

the within-pack kin encounter rate (Table 1), was con-

siderably lower than expected by random mate selec-

tion in all wolf populations except for Isle Royale NP.

This outcome was evident for both FS and HS (Denali

NP: P = 0.061 and P = 0.074; Superior NF: P = 0.015

and P = 0.0002; Isle Royale NP: P = 0.293 and P = 0.271;

Yellowstone NP 1995–1999: P = 0.076 and P = 0.0001;

Yellowstone NP 2000–2004: P = 0.011 and P < 0.0001).

Lastly, in all the Arctic fox populations, the number of

observed related pairs out of all known pairs was not

significantly different than expected by a random mate

selection (Fig. 4).

Discussion

Our results are in agreement with the predictions of

Jamieson et al. (2009) for monogamous social systems,

typical in canids. In outbred populations, there was

1–8% chance of encountering a full sib outside the natal

pack. This low encounter rate means random mating

will generally result in unrelated pairs. We showed that

the ratio between related and unrelated breeding pairs

in both wolf and arctic fox non-inbred populations was

not significantly different from the expected by random

mating, as predicted by Jamieson et al. (2009). Interest-

ingly, the ratio between related and unrelated pairs also

did not deviate from that expected by random mating

in the inbred populations, even though the kin encoun-

ter rate in these populations was much higher (about

20%). However, the observed number of related pairs

was considerably lower than expected by random mat-

ing within packs. Our results suggest that pack mem-

bers are excluded as mates, as was also found by Smith

et al. (1997) for Denali NP and Superior NF wolves,

and by vonHoldt et al. (2008), based on a detailed pedi-

gree analysis of Yellowstone NP wolves. Our results

also suggest that individuals may pair indiscriminately,

with respect to relatedness, with any potential mate

outside their natal group, regardless of kin encounter

rate.

Given the small number of pairs in many of our pop-

ulations, and the fact that zero is the lower 95% CI for

interpack pairs in all populations, the issue of statistical

power to detect inbreeding avoidance may be a con-

cern. If kin encounter rate is low, the overall population

inbreeding level will be similarly low regardless of

whether canids actively avoid mating with related

individuals as mates or mate indiscriminately outside

their natal pack. For example, in Denali NP, where kin

encounter rate is about 4%, zero-related pairs are still

probable in a random sample of up to 70 pairs

(P �0.05). Our only support for kin recognition is from

the Isle Royale NP population where the number of

related pairs between packs was more than expected by

chance (HS; Fig. 3b). Wolves in this population pre-

ferred half-sibs as mates, a result that contradicts active

inbreeding avoidance.

Table 2 Kin (full- or half-sib level) encounter rate in three populations of arctic foxes (95% CI in parenthesis)

Population Full-sib level (r ‡ 0.50) Half-sib level (r ‡ 0.25)

Hornvik, north-western Iceland (Nm = 27, Nf = 18; n = 486) 0.072 (0.051, 0.098) 0.216 (0.183, 0.252)

Northern Scandinavia (Nm = 11, Nf = 14; n = 154) 0.084 (0.046, 0.140) 0.195 (0.140, 0.267)

Southern Scandinavia (Nm = 18, Nf = 20; n = 360) 0.222 (0.184, 0.276) 0.328 (0.283, 0.381)

Nm and Nf are the number of males and females, respectively, and n is the number of male–female pair combinations evaluated.
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Why should canids mate indiscriminately with non-

natal group members? Two demographic issues are

relevant here. First, grey wolf and arctic fox popula-

tions were historically large and contiguous and

spanned vast areas (e.g. Vila et al. 1999; Nystrom et al.

2006). Under such conditions, kin encounter rate and

inbreeding are always expected to be low outside the

natal pack. Furthermore, as long as pack members are

avoided as mates, the selective force against inbreed-

ing is weak because the likelihood of encountering a

kin by chance is low, and thus, the consequences of

inbreeding affect only a small portion of the popula-

tion (Jamieson et al. 2009). This may explain why ran-

dom mating, in respect to relatedness, is still exercised

in canid populations that have recently become inbred.

Second, Jamieson et al. (2009) suggest that the associ-

ated cost of screening for nonrelated mates might have

dire consequences in some social systems. Canids are

highly territorial and in stable or expanding large pop-

ulations, mated pairs may occupy most of the suitable

area. Without a territory, individuals are more likely

to have decreased reproductive fitness. The territory

provides secured resources for the parents and juve-

nile offspring and is maintained year-round. The cru-

cial step for a young male ⁄ female disperser in search

of a breeding opportunity is first to acquire and main-

tain a territory, through a variety of mechanisms (e.g.

usurpation, inheritance, occupation of an unclaimed

territory). Under the usurpation scenario, an individual

can take over a territory, replace the original breeder

and mate with the original breeder’s mate, to which it

is probably unrelated. In the case of unclaimed terri-

tory, the individual must remain in it and defend its

boundaries once it is attained. Leaving in search of a

potential mate (e.g. under the inheritance scenario) will

most likely result in the territory being taken over by

another individual. Under the unclaimed territory sce-

nario, territory holders should pair with any immi-

grant potential mate that enters their territory,

especially so when kin encounter rate is low. How-

ever, the inheritance of a territory increases the chance

of inbreeding. Furthermore, territory holders leaving

their territory in search of a non-natal mate bear an

additional risk (i.e. cost) of aggressive encounters with

neighbouring pairs while traversing their territory. The
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Fig. 1 Encounter probability for nonrelated, at least half-sib

(r ‡ 0.25) or at least full-sib (r ‡ 0.50) mates within the natal

pack (black), in neighbouring packs (white) and in nonadjoin-

ing packs (grey). Encounter probabilities are presented for De-

nali National Park (n = 130 adults) and Yellowstone National

Park (1995–1999, n = 103; 2000–2004, n = 172).
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salient point of these scenarios or any other scenario is

that securing a territory may have higher priority over

the avoidance of inbreeding. The high cost of territory

maintenance alone may promote random mating even

when kin encounter rate outside the natal group is

moderately high. Moreover, the costs involved with

prioritizing territory attainment over inbreeding may

fluctuate greatly between populations and between

years within a population. For example, in Arctic fox

populations where prey is cyclic (e.g. lemmings), the

likelihood of successful breeding is much higher dur-

ing lemming peak years (Tannerfeldt & Angerbjörn

1998; Elmhagen et al. 2000). Consequently, these lem-

ming peak years may promote even less selection

against relatives as potential mates because the proba-

bility of attaining a suitable territory is high and the

number of unpaired individuals to select from is

lower.

Yellowstone National Park (1995–1999; known pairs = 18)

Yellowstone National Park (2000–2004; known pairs = 22)

Denali National Park (known pairs = 10)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10

Pr
ob

ab
ili

ty

Number of related pairs

r ≥ 0.25
r ≥ 0.50

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10

Pr
ob

ab
ili

ty
Number of related pairs

0

0.1

0.2

0.3

0.4

0.5

0 2 4 6 8 10 12 14 16 18

Pr
ob

ab
ili

ty

Number of related pairs

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10 12 14 16 18

Pr
ob

ab
ili

ty

Number of related pairs

0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10 12 14 16 18 20 22

Pr
ob

ab
ili

ty

Number of related pairs

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10 12 14 16 18 20 22

Pr
ob

ab
ili

ty

Number of related pairs
Avoidance Preference Avoidance Preference

(b)

(a) (b)

(a) (b)

Fig. 2 The probability of observing a

number of related breeding pairs out of

the total number of known pairs

recorded in three wolf populations

(empty circle for at least half-sib level

(r ‡ 0.25) relatives and filled circle for at

least full-sib level (r ‡ 0.50) relatives).

For each site (Denali National Park and

Yellowstone National Park) and time

frame (1995–1999, 2000–2004), two alter-

native models were considered: (a) all

possible mates are equally probable,

and (b) only mates outside the natal

pack are selected. Square symbols indi-

cate the observed number of related

pairs. The dotted horizontal line repre-

sents P = 0.05, and the grey circles indi-

cate upper and lower 95% confidence

intervals for the number of related pairs

possible.
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An additional concern is whether sufficient time has

elapsed to allow inbreeding avoidance to evolve in small

populations. We know in the domestic dog that new

breeds radically different in morphology and behaviour

can be developed rapidly within 10–20 generations (e.g.

vonHoldt et al. 2010). This fact only demonstrates the

potential of canids for rapid change under intense selec-

tion. Moreover, the wolves of Isle Royale reached the

island during the late 1940s and have been there for at

least 20 generations (generation time is 3 years; Peterson

et al. 1998). The Arctic fox population in southern Scan-

dinavia has become highly inbred over the last 30 years

(�15 generations). These time frames are probably suffi-

ciently long to develop new traits (e.g. Hill & Kirkpa-

trick 2010). Furthermore, strong selection against

deleterious recessive alleles has been documented and

demonstrated experimentally in small populations (e.g.

Hagenblad et al. 2009; Bouzat 2010). Thus, the indis-

criminate mating outside the natal pack in canids may

not be related to population size or the time available to

evolve new mating preferences but more to the presence

of insufficient selective pressure to drive the change in

mating preference.

In this study, we do not claim that canids select their

mates randomly or that kin recognition and inbreeding

avoidance do not occur at any level. As in many other

species, grey wolves and Arctic foxes may screen poten-

tial mates according to phenotypic traits, previous

breeding experience, genetic variability or other desir-

able traits. We suggest only that in respect to related-

ness, when kin encounter rate is low, selection against

kin may not be a better strategy than selecting a mate

by random from outside the natal pack. The idea that

kin encounter rate and social organization can explain

the lack of inbreeding avoidance in some species is

intriguing. Furthermore, the association between weak

selection against inbreeding and social organization (i.e.

kin encounter rate) may have implications for the man-

agement of populations at risk (Jamieson et al. 2009).

The possible lack of discrimination against close rela-

tives (outside packs) in small populations implies that

the rate of inbreeding in canids may be higher than in

species that actively avoid inbreeding (e.g. Liberg et al.

2005). Given basic information for a certain species (e.g.

pairwise relatedness, social organization), the latency to

inbreeding depression can be predicted and integrated
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Fig. 3 The probability of observing a

number of related breeding pairs out of

the total number of known pairs

recorded in two wolf populations

(empty circle for at least half-sib level

(r ‡ 0.25) relatives and filled circle for at

least full-sib level (r ‡ 0.50) relatives).

For each site (Superior National Forest

and Isle Royale National Park), two

alternative models were considered: (a)

all possible mates are equally probable,

and (b) only mates outside the natal

pack are selected. Square symbols indi-

cate the observed number of related

pairs. The dotted horizontal line repre-

sents P = 0.05, and the grey circles indi-

cate upper and lower 95% confidence

intervals for the number of related pairs

possible.
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into population management efforts. In practice, the

readily available behavioural and genetic data from long-

term studies on a variety of wildlife can be used for esti-

mating kin encounter rate and predicting the level of

inbreeding avoidance in a wide range of social systems.
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Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
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