INTRODUCTION

Male reproductive success in most species increases directly with the number of inseminations (Borgia 1987; LeBoeuf & Reiter 1988; Kruijt & de Vos 1988).  Natural selection for multiple mating by males is thus widespread and easily explicable (e.g., chapters in Clutton-Brock 1988 and Newton 1989).  Sperm numbers from a single insemination, however, are usually sufficient to fertilize an entire collection of eggs (Trivers 1972; Birkhead 1988; Petrie et al. 1992).  Multiple mating by females is thus harder to understand, and has puzzled the best evolutionary biologists (e.g., Darwin 1871; Orians 1969; Trivers 1972; Alexander 1974; Williams 1975, 1988; Wilson 1975; Maynard Smith 1978, 1991; Hamilton 1990).  Mating with >1 male in the same breeding season is nonetheless common for hundreds of species.  Indeed, with rare exceptions (e.g., Howard 1988), either behavioral observations or biochemical techniques have demonstrated some level of multiple mating by females in every carefully studied species (Eberhard 1996; Thornhill & Gangestad 1996; Birkhead & Moller 1998; Travis et al. 1996; Ligon 1999).  

Infanticide, the killing of conspecific juveniles, occurs among animals in general (Hrdy 1979; Sherman 1981b) and ground-dwelling squirrels in particular (McLean 1983; Brody & Melcher 1985; Trulio et al. 1986; Dobson 1990; Vestal 1991).  Why is infanticide rare for most species, but common for others?  Why do males kill in some species, females in others?  Why do some killers cannibalize  their victims, while others do not?  Despite its ubiquity, infanticide is one of the most controversial issues in behavioral ecology (e.g., Hrdy 1994; Pusey & Packer 1994; Clutton-Brock et al. 1998).  

Evolutionary and behavioral ecologists argue about the particulars, but they all agree that individuals under most circumstances should avoid extreme inbreeding (Fisher 1965; Williams 1975; Hamilton 1993; Shields 1993; Pusey & Wolf 1996).  The reason for avoidance is inbreeding depression, the reduction in fitness of inbred offspring that results not only from increased probability of exposing deleterious recessive alleles (Shields 1982; Bateson 1983), but also from lower resistance to diseases, parasites, and environmental changes (Alexander 1979; Stearns 1987; Seger & Hamilton 1988; Williams 1988).  Despite rigorous research with numerous animals (Rowley et al. 1986; Rood 1987; Bulger & Hamilton 1988; Craig & Jamieson 1988), however, clear evidence for levels of inbreeding and inbreeding depression for animals living under natural conditions is elusive (Bittles 1983; Jimenez et al. 1994; Keller et al. 1994; Saccheri et al. 1998).  

In oviparous species, females sometimes lay eggs in, or transfer eggs into, nests of other females (Ribbink 1977; Yom-Tov 1980; McKaye 1981; Petrie and Moller 1991; Brown and Brown 1996; Ligon 1999).  Consequently, confidence of maternity within nests of avian and fish species can be low.  For viviparous mammals, on the other hand, confidence of maternity is usually higher, at least when juveniles are small and confined to the natal nest (Alexander 1974; Moller & Birkhead 1989; Clutton-Brock 1991).  As juveniles get larger and more mobile, however, young from different litters sometimes mingle, so that mothers cannot always quickly distinguish between their own and others' offspring (Bertram 1976; McCracken 1984; LeBoeuf et al. 1972; Creel et al. 1991; Wilkinson 1992).  Communal nursing following interlitter mixing of juveniles is especially common in colonial mammals with large litters (Packer et al. 1992).  

In a colony under natural conditions, 67% of Utah prairie dog (Cynomys parvidens) females copulate with >2 males, and at least 10% copulate with close kin such as fathers, brothers, and sons.  Further, 16% of mothers rear offspring of other mothers.  And males kill unweaned offspring of 27% of litters.  Despite these heavy costs of group-living, the colony has experienced a 6-fold increase in population size since 1995.  Do females mate with several males to confuse the issue of paternity, and to avoid the risk of inbreeing depression?  Do males kill juveniles for increased sustenance to enhance body mass and reproductive success, and do they avoid  killing offspring?  Do females tolerate foster offspring so that their own offspring will be safer from infanticidal attacks.  I propose longterm research to document how multiple mating, infanticide, extreme inbreeding, and uncertainty of maternity occur and interact within colonies of Utah prairie dogs.  

STUDY ANIMALS AND METHODS

Utah prairie dogs are colonial, herbivorous rodents of the squirrel family (Sciuridae--Hollister 1916).  They are a keystone species of the mid-grass prairie ecosystem, but are in acute danger of extinction (Miller et al. 1994, 2000; Roberts et al. 2000).  Colonies contain territorial, harem-polygynous family groups called clans (Wright-Smith 1978; Hoogland 2001).  The typical clan contains 1 or 2 breeding males and 3-8 breeding females.  Females copulate as yearlings, but males usually do not copulate until they are 2 years old (Hoogland 2001).  Using methods developed for black-tailed prairie dogs (Hoogland 1995), I have been studying the Horse Corral Colony of Utah prairie dogs at Bryce Canyon National Park since 1995.  This colony is not unusually isolated, because 6 other colonies are <3 km away.  The number of adults (>1 year olds) at the Horse Corral Colony ranges from 33 in 1995 to 210 in 2000, with a mean + SD of 112 + 53.8.  Large sample sizes necessary for rigorous statistical analyses consequently result.  To investigate the generality of discoveries at the Horse Corral Colony, students and I will initiate longterm research at 3 nearby colonies in 2001: the Junction, North, and Wood Colonies.  

We catch prairie dogs with Tomahawk 15cm x 15cm x 60cm double-door livetraps.  We insert a numbered National fingerling eartag in each ear for permanent identification, and use Nyanzol fur dye for identification via binoculars from 4-meter high observation towers (King 1955; Hoogland 1995).  We will catch every prairie dog at the Horse Corral, Junction, North, and Wood Colonies each year, and will give each one a unique number, ring, or letter on the flank that is identifiable via binoculars from >200 meters away.  Males start to emerge from hibernation in February, and live-trapping the last juveniles carries over into July.  My field season thus spans 6 months.  

Utah prairie dog females, like females of other ground-dwelling squirrels (Schwagmeyer 1986; Sherman 1989; Murie 1996), are in estrus and sexually receptive for several hours on only 1 day of each year (Hoogland 2001).  Unlike black-tailed and Gunnison's prairie dogs, which usually copulate underground (Hoogland 1995), Utah prairie dogs frequently copulate aboveground.  In 1999, for example, 18/54 = 33% of females copulated aboveground.  The overall percentage from 1996 through 2000 for females that copulated aboveground was 54/201 = 27%.  The length of gestation is usually either 29 or 30 days, and the length of lactation is about 40 days.  We live-trap nearly-weaned juveniles as soon as they first emerge from the natal burrow, before they can mix with juveniles from other litters (Hoogland, 1995, 2002--but see SECTION-IV).  The mean + SD litter size at first emergence is 3.88 + 1.26 (N = 161 litters).      

Four behaviors are diagnostic for Utah prairie dog copulations that occur aboveground: frequent sniffing of the female's vulva by breeding males, a unique mating call by courting males, self-licking of the genitals by both sexes, and late final submergence at the end of the day by the estrous female.  All 4 of these behaviors also occur aboveground just before underground copulations.  Underground consortships (UC) can be as short as 5 minutes, but usually are >30 minutes, and often are >60 minutes; most females that mate underground have 5-6 UC on the day of estrus (this study; see also Hoogland 1995, 1998b).  By watching for the diagnostic behaviors and tracking unmated females and breeding males for aboveground copulations and UC, students and I detect estrus and specify all sexual partners for >80% of receptive females in our areas of observation each year (see also Hoogland 1995, 1998a).  Several lines of evidence indicate that our behavioral observations of underground copulation are accurate.  The most important confirmation is that paternities determined from DNA-fingerprints agree with paternities inferred from behavioral observations of estrus and copulation (Haynie et al. 1999, Haynie 2001).  Specifically, single paternity always results from copulation with a single male, and multiple paternity commonly results when a female copulates with >2 males.  Completion of fingerprints (laboratory work, statistical analysis) is a major objective of the proposed research.  

Sixty-seven per cent of females copulate with >1 male (Figure 1; N = 403 copulations by 201 females).  For biochemical analyses of paternity via DNA-fingerprints (Rabenold et al. 1990; Travis et al. 1996), I have collected blood samples from all mothers (N = 202), possible sires (N = 112), and offspring (N = 750) for 202 litters weaned at the Horse Corral Colony from 1995 through 2000.  For the DNA-fingerprints, I am collaborating with Professor Ronald van den Bussche and his graduate student (Michelle Haynie) of Oklahoma State University, who recently have identified 4 variable microsatellite sites for Utah prairie dogs: 2 have 2 variants, and the other 2 have 3.  Fingerprints are now complete for 355/1084 = 33% of samples collected through 2000.  The frequency of multiple paternity in this partial data set is 43% (Haynie 2001).  To improve resolution of paternity, van den Bussche is looking for additional variable microsatellites, and for variability in the major histocompatibility complex (MHC) as well.  

Some Utah prairie dogs live as long as 6 years, and my research routinely yields multiple observations over time from the same long-lived individuals.  To avoid pseudo-replication, I will use only 1 data point per individual for some analyses, regardless of longevity.  For other analyses I will use statistical tests designed to handle multiple observations from the same individuals (e.g., Friedman ANOVA and repeated measures ANOVA--Dixon and Massey 1969; Zar 1999).  

SECTION-I: DOES MULTIPLE PATERNITY PROMOTE REPRODUCTIVE SUCCESS?

Evaluating the benefits of multiple matings requires information on both copulatory and rearing success for the same females.  Studies with the critical data are rare, and sample sizes are usually small.  Females seem to improve reproductive success (RS) via additional copulations for pseudoscorpions (Newcomer et al. 1999), field crickets (Tregenza & Wedell 1998), Sierra dome spiders (Watson 1998), adders (Madsen et al. 1992), and sand lizards (Olssen et al. 1994).  By contrast, copulation with a second male evidently does not affect female RS for thirteen-lined and Columbian ground squirrels (Schwagmeyer 1986; Murie 1996) or for black-tailed prairie dogs (Hoogland 1995).  At the other extreme, copulation with a second male seems to reduce female RS for deer mice (Dewsbury 1982b) and Djungarian hamsters (Wynne-Edwards & Lisk 1984).  
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Multiple paternity occurs when >2 males each sire >1 offspring of a single female's litter (Hanken & Sherman 1981; Westneat 1987; Keane et al. 1994; Travis et al. 1996).  If a female can create multiple paternity within her litter, then she increases the genetic diversity of her offspring--and thereby maximizes one of the advantages of sexuality itself.  Specifically, increased genetic diversity should enhance litter size at weaning, and also should raise the probability that >1 offspring will survive (Williams 1975, 1988; Maynard Smith 1978; Stearns 1987; Seger and Hamilton 1988; Charlesworth 1989).  Numerous behavioral ecologists have suggested that increased genetic diversity of offspring is the main payoff that results from multiple copulations (e.g., Madsen et al. 1992; Kempenaers et al. 1992; Stockley & Macdonald 1998; Birkhead 2000).  

For my investigation of multiple mating and multiple paternity, I have data not only from Utah prairie dogs, but also from a 7-year study of Gunnison's prairie dogs (C. gunnisoni) at Petrified Forest National Park (Hoogland  1998b, 1999).  Figure 1 shows that 65% and 67% of Gunnison's and Utah prairie dogs, respectively, copulate with >2 males.  Multiple matings enhance litter size for both species, but to this point the positive correlation is significant only for Gunnison's prairie dogs (Hoogland 2001).  This discussion leads to the Multiple Paternity Hypothesis. 

Multiple Paternity Hypothesis (MPH): If increased genetic diversity is an important benefit from multiple mating, than females that produce multiply-sired litters should have higher RS than females that produce singly-sired litters.  

When the DNA-fingerprints are complete, I will test MPH for both Gunnison's and Utah prairie dogs.  I will focus on the following elusive, pivotal question: Does multiple paternity per se, rather than simply copulating with several males, enhance female RS?  To find out, I will use multi-variate techniques such as partial correlation and multiple regression to separate the effects of multiple copulations and multiple paternity.  If the independent effect of multiple paternity enhances female RS, then MPH will be supported.  If not, then MPH will not be endorsed and I will conclude that increased genetic diversity via multiple paternity is not the primary mechanism by which multiple copulations increase litter size.  

Multiple paternity and a prairie dog mother's number of sexual partners are not the only factors that affect female RS, of course (Westneat et al. 1990; Keller & Reeve 1995; Travis et al. 1995, 1996;  Zeh & Zeh 1996; Newcomer et al. 1999; Birkhead 2000).  For both Gunnison's and Utah prairie dogs, for example, old, heavy females rear larger litters to first emergence than do younger, lighter females (Hoogland 1998b, this study; see also Hoogland 1995).  This means that males should compete more vigorously for the former females--so that multiple copulations and hence multiple paternity probably will be more common for old, heavy females.  Do multiple copulations/multiple paternity directly promote larger litters, or do larger litters result from additional copulations simply because heavier, older, more fecund females are more likely to attract and copulate with several males?  One way to answer this question is to use the same multi-variate statistical techniques described above.  Multiple regression, for example, shows that the effect of multiple copulations on litter size for Gunnison's prairie dogs is independent of, and approximately equivalent to, the effect of maternal body mass (Hoogland 1998a).  After 5 years, information on the mother's number of sexual partners, multiple paternity, maternal body mass, and the mother's RS will be available for >250 litters of Gunnison's and Utah prairie dogs.  

A preferred way to address the question of multiple copulations/multiple paternity versus female age/body mass is to perform an experiment that involves live-trapping of females on the day of estrus.  I will randomly choose 30 females and capture them after they have copulated with only 1 male.  I will randomly choose 30 other females and capture them after they have copulated with exactly 2 males; choices will occur before the start of the breeding season.  I will retain all females until the end of the day (i.e., until the period of sexual receptivity has ended), and then return them to unoccupied burrows (i.e., no breeding males).  Previous research (e.g., Madsen et al. 1992; Olsson et al. 1994) indicates that a sample size of >30 will be necessary to detect differences in RS of singly- and multiply-mating females.  At the end of the experiment, I will have 4 classes: retained and unretained females that copulate with only 1 male, and retained and unretained females that copulate with exactly 2 males; for this analysis, I will ignore unretained females that copulate with >3 males (Figure 1).  This experimental design will allow me to investigate in more detail the independent and interactive effects of multiple copulations, multiple paternity, female age, female body mass, and detention.  I will investigate the effect of detention further for 40 randomly-chosen females that copulate with only 1 male under natural conditions.  I will live-trap and detain 20 of these females on the day after estrus, and compare the RS of retained versus unretained females.  

Litter size at first juvenile emergence is a good estimate of female RS and the possible importance of multiple paternity for 2 reasons.  First, mortality of pre-emergent juveniles due to infanticide, predation, and selective maternal abortion is common for both Gunnison's and Utah prairie dogs (Hoogland 1997, 1998a, 2001; see Section-II).  Consequently, possible benefits from increased genetic diversity have ample opportunity for expression from conception until first juvenile emergence.  Second, the number of reproductive offspring produced by a female varies directly with litter size at first juvenile emergence for both species (Hoogland 1998b, this study)--i.e., litter size is a good estimate of ultimate RS.  

I also will examine the effect of multiple paternity on estimates of female RS other than litter size.  I will examine the effect of multiple mating on the probability of weaning at least 1 offspring, for example.  Further, I will focus on both the number of, and the probability of producing at least 1, offspring that eventually reproduces for multiply- and singly-sired litters.  Finally, I will examine the probability of impregnation versus multiple mating.  Male Gunnison's and Utah prairie dogs, like males of other species (e.g. Dewsbury 1982, 1984; Parker 1984; Birkhead 1991; Birkhead & Fletcher 1995), might suffer either from sterility or from temporary depletion of sperm.  Temporary depletion of sperm might be especially likely on an afternoon when a male already has copulated with 2-3 other females earlier in the same day.  Females thus might not always obtain sufficient sperm from a single insemination to fertilize all eggs.  Multiple copulations therefore might be necessary to guarantee pregnancy.  For Gunnison's prairie dogs, the probability of impregnation is 92% for females that copulate with 1 or 2 males, but is 100% for females that copulate with >3 males (P < 0.010, 2x2 chi-square test--Hoogland 1998b).  Utah prairie dog females do not seem to reap a similar benefit from multiple mating (P > 0.050), but longterm research will allow me to investigate this possibility further.  

Perhaps prairie dog females are induced ovulators.  If so, then the cumulative number of copulations or the cumulative time engaged in copulation might be as important as the number of different sexual partners regarding the larger litters of multiply-mating females--9 copulations with 1 male, for example, might be equivalent to 3 matings per male with 3 males (Dewsbury 1978, 1982; Eberhard 1996; Fleming 1995; Roberts et al. 1999).  I will investigate this issue in 2 ways.  (a) For the 27% of Utah prairie dog females that copulate aboveground, separating cumulative number of copulations, cumulative time in copulation, and number of different sexual partners for statistical analyses will be easy.  (b) A copulation probably occurs every time that an estrous female submerges with a breeding male for >5 minutes (Hoogland 1995, 1998b, this study).  I will tally a copulation for each underground consortship of >5 minutes, and then for statistical analyses will segregate cumulative number of underground consortships, cumulative time of underground consortships, and number of different sexual partners. 

If a female mates with >1 male, then each copulating male might find it difficult to determine who sires the resulting offspring--i.e., multiple copulations might confuse the issue of paternity (Davies 1992; Agrell et al. 1998; Ebensperger 1998; Jennions 2000).  If males are sometimes infanticidal but are reluctant to kill juveniles that might be their own offspring, then copulating with several males might be a female ploy to protect offspring from infanticide (Goodall 1977; Hrdy 1979; Brockmann & Whitten 1996).  Multiple copulations also might reduce deleterious effects of extreme inbreeding.  I investigate these issues in the sections that follow.  

SECTION-II: WHY IS INFANTICIDE SO COMMON AMONG UTAH PRAIRIE DOGS?

Within colonies of black-tailed prairie dogs, infanticide is the major cause of juvenile mortality, accounting for the partial or total demise of 39% of all litters born (Hoogland 1995).  The most common killers are lactating females, and the most common victims are the offspring of close kin.  Infanticide also is common for Utah prairie dogs, but the circumstances are remarkably different in 2 ways.  (a) Almost all infanticides in colonies of black-tailed prairie dogs occur underground.  In contrast, marauding Utah prairie dogs bring their juvenile victims aboveground before killing them.  Indeed, though we have looked diligently, students and I have uncovered no evidence (e.g., a bloody face after spending time in a nursery burrow; see Hoogland 1985, 1995) that adult Utah prairie dogs ever kill juveniles underground.  (b) Whereas adult females are the main killers within colonies of black-tailed prairie dogs, males evidently are the only killers for Utah prairie dogs. 

To this point, students and I have documented 43 unambiguous, aboveground killings by Utah prairie dog males.  This carnage has not resulted from a mere handful of idiosyncratic males, because we already have identified 24 different killers.  Age of victims ranges from 0 days (i.e., blind, hairless newborns) to 28 days (i.e., eyes open, fully furred, almost weaned), and age of killers ranges from 1 to 4 years.  In every case, the killer completely or partially cannibalized his victim.  Most cases involved nonbreeding yearling males (N = 20), and others involved breeding males who had not copulated with the exploited mother (N = 14).  In the most perplexing cases, breeding males killed the offspring of females with whom they had copulated (N = 9).  The 43 cases of infanticide affected 32/120 = 27% of litters that we could accurately monitor for marauding at the Horse Corral Colony in 1996 through 2000.  Only rarely has infanticide been implicated as such a major cause of juvenile mortality.  Though age of killers varies, are younger (or older) males consistently more likely to kill?  Are the killings by 1 of our marked males in 3 consecutive years unique, or will more males prove to be serial killers as well?  Why don't mothers defend their nursery burrows more vigorously?  These are the sorts of fundamental questions for which longterm research will provide answers.  

I hypothesize that infanticide is ubiquitous among Utah prairie dogs and is not limited to the Horse Corral Colony.  To investigate this key hypothesis, students and I will watch for infanticides at the Junction, North, and Wood Colonies.  Frequent observations of killings at these other colonies will support my hypothesis.  If we fail to see regular infanticide at other colonies, then we will search for factor(s) that make the Horse Corral Colony unique regarding infanticide. Specifically, we will investigate intercolonial variation in factors such as availability of forage, juvenile size at first emergence, male-male competition, population density, and human disturbance (Curtin & Dolhinow 1978; Sherman 1981b; Boggess 1984; Hrdy & Hausfater 1984; Dobson 1990).  

For harem-polygynous mammals such as African lions and purple-faced and hanuman langurs (Rudran 1973; Hrdy 1974, 1979; Packer & Pusey 1984; Vogel & Loch 1984), the payoff for infanticidal males is that victimized mothers come into estrus and conceive more quickly than do mothers that continue lactating.  The killer thus starts his own reproduction more quickly.  As noted above, however, Utah prairie dog females come into estrus only once each year.  Consequently, infanticide by an invading male cannot easily accelerate the victimized female's next estrus.  One possible explanation concerns increased sustenance, which is perhaps the ultimate reason for infanticide by males of other mammals as well (Fox 1975; Sherman 1981; Goodall 1986; Ebensperger et al. 2000), including black-tailed prairie dogs (Hoogland 1995).  This discussion leads to the next hypothesis. 

Sustenance Hypothesis: Increased sustenance via cannibalism is the primary payoff for infanticidal Utah prairie dog males. 

For animals such as red howlers, mountain gorillas, and humans, infanticidal males often kill their victims without consuming them (Dickemann 1979, 1981; Crocket & Sekulic 1984; Fossey 1984).  Killing without cannibalism argues against the importance of sustenance for the killer.  By contrast, the consistent coupling of killing and cannibalism indicates that sustenance might be the ultimate reason for infanticide (Hrdy 1979; Polis 1981; Sherman 1981b).  As noted above, all infanticidal Utah prairie dog males (43/43 through 2000) cannibalized their victims.  This coupling supports the Sustenance Hypothesis.  Most cannibalisms were complete, but another prairie dog or a raven sometimes interrupted the killer.  

Adult Utah prairie dog males are easy to live-trap.  This attribute will allow me to investigate the Sustenance Hypothesis in 2 new, inter-related ways.  (a) Students and I will live-trap and weigh adult males in March (before the period of infanticides) and again in late May (just after the period of infanticides).  If cannibalism provides important sustenance, then perhaps killers should gain body mass faster, and thereby be heavier than nonkillers after the period of infanticides.  (b) Body mass commonly promotes male survivorship and reproductive success for many species (Murie & Dobson 1987; Sauer & Slade 1987; Gittleman & Thompson 1988; Clutton-Brock et al. 1989), including black-tailed, Gunnison's, and Utah prairie dogs (Hoogland 1995, 1999, this study).  If cannibalism provides important sustenance to Utah prairie dog males, then killers over time should survive and reproduce better than nonkillers.  Preliminary data support both subsets of the Sustenance Hypothesis, but small sample sizes to this point preclude statistical significance.  Regarding body mass, killers have been heavier than nonkillers after the period of infanticides in 5 consecutive years (1996 through 2000).  In late May 1996, for example, mean + SD body mass (grams) was 1108 + 96.7 for killers (N = 5) versus 1056 + 79.7 for nonkillers (N = 28).  Further, killers have survived better than nonkillers until the next breeding season (60% versus 43%).  

Perhaps heavy males are more likely than lighter males to kill and cannibalize--maybe because they can more easily resist attempts by mothers to defend against infanticide.  If so, then killing might seem, misleadingly, to support the Sustenance Hypothesis.  On the other hand, perhaps lighter males in poor condition are more likely to kill and cannibalize--because nutrition might be more important to them.  These concerns evidently do not apply, because pre-infanticide body masses of (eventual) killers and (eventual) nonkillers to this point do not differ (P > 0.050, student's t-test).  In 1999, for example, pre-infanticide mean + SD body mass (grams) was 719 + 207 for killers (N = 6) versus 740 + 170 for nonkillers (N = 57).   

In my examination of the possible benefits of infanticide/cannibalism, I will examine not only absolute body mass, but also relative body mass.  One male might be 5% heavier than other males before cannibalism, for example, but might be 10% heavier afterwards.  Frequent detection of such a relative change would indicate the importance of sustenance obtained from infanticide/cannibalism.  

Perhaps the important sustenance from cannibalism is a valuable trace element that will not necessarily increase body mass.  If so, then killers should survive better and have higher RS than nonkillers--even though the cannibalism(s) might not render killers heavier. 

Benefits to killers might be subtle, and thus difficult to detect from comparisons with body mass, survivorship, and RS. To investigate, I will focus on killers versus nonkillers for consistent differences in more subtle measures such as daily percentage of time spent aboveground before hibernation; time of initiation of, and arousal from, hibernation; and percentage of time aboveground for foraging versus percentage for vigilance.  Perhaps experiments that involve feeding young prairie dogs to males might help to determine if increased sustenance is a major benefit of infanticide.  This suggestion leads to the next hypothesis. 

Provisioning Hypothesis: If increased sustenance is the primary benefit from infanticide and cannibalism, then males supplied with carcasses of young prairie dogs should survive and reproduce better than unprovisioned males. 

To investigate the Provisioning Hypothesis, I will divide the Junction and Wood Colonies into approximately equal halves.  I will place carcasses of young prairie dogs near the burrow entrances of males in one-half of each colony during the period (late April and early May) when infanticides are most common.  I will then compare provisioned and unprovisioned males for the obvious and subtle differences that might accrue from cannibalism (see immediately above).  Larger body mass, higher survivorship, and earlier initiation of hibernation for provisioned males, for example, would support the Provisioning Hypothesis; the absence of obvious and subtle differences would offer no support.  Depending on results, I will provision males of the other half of the Junction and Wood Colonies in the following year.  Carcasses of young prairie dogs will come from roadkills of just-weaned juveniles, and from dissections of roadkills of mothers in late pregnancy.  Roadkills (which Utah prairie dogs quickly consume) are common at Bryce Canyon National Park near certain colonies, and, with the help of park rangers, I will be able to obtain sufficient numbers.  I only will provision males with fresh juvenile carcasses, because the key feature(s) of increased sustenance might be lacking from carcasses of older individuals or from carcasses of other species.  

To this point my discussion has centered on the hypothesis that the primary payoff for infanticide is increased sustenance--so that males can enhance reproductive success via larger body mass.  This is the most likely benefit (Fox 1975; Goodall 1986; Hoogland 1995; Ebensperger et al. 2000; see also above), but another possible payoff for infanticidal males is the removal of future competitors (Hrdy 1979; Sherman 1981a).  Specifically, a killer might gain by eliminating future competitors not only from himself, but also from his mates and offspring.  The consistent coupling of cannibalism with infanticide, as noted above, implicates the greater importance of increased sustenance--i.e., removal of competitors does not require cannibalism.  Results from the provisioning experiments are directly relevant to this dichotomy.  If increased sustenance is the primary benefit, then males should consume carcasses and the frequency of infanticide and cannibalism should decrease for provisioned males.  If removal of future competitors is the primary benefit, however, then the frequency of infanticide should remain high for both provisioned males (with or without consumption of carcasses) and unprovisioned males.  Regardless of payoff, natural selection should favor males who discriminate among potential victims, and this notion leads to the next hypothesis. 

Litter Selection Hypothesis: Infanticidal males should prefer to kill non-offspring of females with whom they did not copulate over potential offspring of females with whom they did copulate.  

When presented with a choice, natural selection should favor breeding males that consistently kill non-offspring over males that sometimes kill potential offspring.  Of the 23 infanticides by breeding males, 61% (14) involved juveniles of females with whom the killer had not copulated.  This percentage might suggest partial discrimination by infanticidal males.  Upon consideration of accessibility, however, the discrimination is more impressive.  Of the 201 Utah prairie dog females for which I have good information on the total number of sexual partners (Figure 1), 82% (164) copulated with the resident breeding male of the home territory (with or without copulations with other males).  From the male’s perspective, >70% of the 403 copulations depicted in Figure 1 occurred with females in the home territory.  Consequently, juveniles of females with whom a male has copulated (i.e., his potential offspring) are usually within the male's home territory—i.e., potential offspring are closer and more accessible than are juveniles of females of other territories with whom the male usually has not copulated.  If breeding males kill juveniles independent of kinship, then killing of close, easily accessible potential offspring of the home territory should predominate.  The high frequency of killing non-offspring when potential offspring are more available indicates that males are discriminating killers, and thus supports the Litter Selection Hypothesis (P < 0.010, chi-square goodness-of-fit test for observed killings [9 potential offspring, 14 non-offspring] versus killings expected if males exclusively kill easily accessible juveniles of the home territory [23 X 0.82 = 19 potential offspring, 4 non-offspring]).  The frequent killing of juveniles by nonbreeding yearling males (N = 20) also supports the Litter Selection Hypothesis.      

I also am investigating an important corollary of the Litter Selection Hypothesis.  Breeding males actually have 3 types of litters from which to choose regarding copulation with the mother: (a) no copulation, (b) copulation shared with >1 other male, and (c) exclusive copulation.  In terms of confidence of paternity, c>b>a.  Conversely, the order of preference for infanticide and cannibalism should be a>b>c.  In the previous paragraph I summarized information regarding predicted preference of (a) versus the combination of (b+c).  Information so far indicates the predicted preference of (b) versus (c) as well.  Specifically, in 8 of the 9 cases (89%) in which an infanticidal attacked a litter of a female with whom he had copulated, the female also had copulated with >1 other male--i.e., we have observed only 1 case in which the killer alone had copulated with the victimized mother.  Marauders thus seem to avoid litters for which their confidence of paternity is 100%, but small sample sizes to this point preclude statistical significance (P > 0.100, 2x2 chi-square test).  Longterm research will allow me to examine preferences of infanticidal males further.    

Evidence just presented supports the Litter Selection Hypothesis, but students and I nonetheless have observed 9 cases in which a Utah prairie dog male killed the offspring of a female with whom he copulated.  These 9 cases account for 8% (9/120) of the litters that we watched for infanticide in 1996-2000.  Except for humans (Dickemann 1975; Daly & Wilson 1988), the frequent killing of juveniles by males with whom the mother copulated is unknown for any other animal living under natural conditions.  Anecdotal reports of such infanticide come from primates such as red howlers and chimpanzees (Crockett & Sekulic 1984; Fossey 1984).  

Could the 9 cases in which a male Utah prairie dog killed the offspring of females with whom he copulated represent another kind of discrimination?  Recall that 67% of Utah prairie dog females copulate with >2 males (Figure 1), and that multiple copulations lead to multiple paternity at a frequency of 43% (Haynie 2001; page C-3).  The co-existence of multiple paternity and infanticide by breeding males leads to the next hypothesis.  

Intralitter Discrimination Hypothesis: When an adult male kills juveniles of a female that copulated with him and other males, he should discriminate between his own offspring and juveniles sired by the other male.  

In theory, natural selection perhaps should favor Utah prairie dog males that somehow can distinguish between their own and other male's offspring within the same multiply-sired litter--so that killers can selectively eliminate only juveniles sired by other males.  In practice, however, good evidence for such paternal discrimination in any context is conspicuously lacking for animals living under natural conditions (Holmes 1986a, 1986b; Burke et al. 1989; Alexander 1990; Sherman 1991; Hiraiwa-Hasegawa & Hasegawa 1994).  

Infanticidal Utah prairie dog males sometimes cannibalize the entire victimized juvenile.  To investigate the Intralitter Discrimination Hypothesis, I originally planned to interrupt cases of cannibalism by descending from my observation tower and scaring the killer away from the carcass--so that I could guarantee a blood sample from the victim.  But such interruptions might make the infanticidal male more or less likely to kill again--and thus would bias estimates of the frequency of infanticide under natural conditions.  Instead, I will collect a blood sample when part of the carcass is still aboveground naturally after all prairie dogs have submerged for the night.  A partial carcass still might be aboveground if the infanticidal male ceases cannibalism for some reason, perhaps because of satiation (e.g., male-R55 in 2000)--or if he gets interrupted by another prairie dog (e.g., as happened to male-R22 in 1996) or by a raven (as for male-21 in 1997).  This revised plan still will allow me to investigate the Intralitter Discrimination Hypothesis (albeit with smaller sample sizes), but will not contaminate the estimate of the frequency of infanticide under natural conditions.  If partially cannibalized carcasses at the end of the day are too rare, then the importance of the Intralitter Discrimination Hypothesis will compel me to re-consider the interruption of infanticides, especially at the Junction, North, and Wood Colonies.  

I will follow the methods of Borries et al. (1999) to determine if the killer is the father of the victim when the killer had copulated with the mother.  I will aim for a sample size of 20 blood samples from victimized potential offspring at the Horse Corral, Junction, North, and Wood Colonies over the next 5 years.  This target seems reasonable, because I observed 9 cases in 1996-2000 at the Horse Corral Colony alone when a male killed juveniles of a female with whom he had copulated.  If the DNA-fingerprints show that victims consistently are not the offspring of the killer, then the Intralitter Discrimination Hypothesis will be supported.  If l6/20 = 80% of the victims are not offspring, for example, then P < 0.010 (binomial test, with the assumption that numbers of the killer's offspring and non-offspring in multi-sired litters are equal).  If victims frequently are the offspring of the killer, then the hypothesis will not be supported.  Completion of the DNA-fingerprints will allow me to test the assumption of equality of siring success among >2 males that copulate with the same female.  

If infanticidal males can discriminate between their own and other males’ offspring within an unweaned litter, then marauded litters sometimes should yield 1 or 2 offspring--the juveniles sired, recognized, and spared by the infanticidal male.  Marauded litters frequently do produce juveniles, but occasionally the infanticidal male kills all juveniles--1 at a time, over several days.  Such cases of whole-litter infanticide do not support the Intralitter Discrimination Hypothesis--unless they are cases in which the infanticidal male did not sire any offspring even though he copulated with the mother.  Perhaps males cannot discriminate between their own and other males' offspring within the same litter, but somehow can recognize litters for which the probability of siring success is especially low (Huck et al. 1982; Perrigo et al. 1990; see also Wolff and Cicirello 1989)--so that the advantages of cannibalism outweigh the small probability of killing 1-2 offspring.  Perhaps, for example, a male is more likely to attack a litter when he was the last male to copulate with the mother, so that his chances of siring offspring are low (Haynie 2001).  Longterm research will allow me to explore these and other intriguing questions.  Prairie dogs are among the few animals that allow researchers to study infanticide under natural conditions, rather than merely to document its existence.

SECTION III: LEVELS OF INBREEDING

Among animals in general (Greenwood 1980; Shields 1982, 1993; Pusey 1987; Smith 1993), and ground-dwelling squirrels in particular (Barash 1989; Holekamp & Sherman 1989; Armitage 1991), individuals usually avoid matings with close genetic relatives (for which the coefficient of genetic relatedness, r, > 0.250).  Black-tailed and Gunnison's prairie dogs, for example, avoid extreme inbreeding by 4 different mechanisms (Hoogland 1995, 1999).  Remarkably, these mechanisms do not operate, or operate only weakly, for Utah prairie dogs.  Specifically, young males frequently mature and copulate in the natal territory, breeding males retain the same breeding territory for several consecutive years, yearling females routinely come into estrus when the father is still in the home territory, and estrous females respond to (rather than ignore) courtship behaviors of fathers, brothers, and sons.  As a result, I already have detected more cases of extreme inbreeding in 6 years at the Horse Corral Colony of Utah prairie dogs than I detected in 16 years of research with black-tailed prairie dogs (Hoogland 1995).  Utah prairie dogs thus offer an excellent opportunity to investigate the costs and benefits of extreme inbreeding under natural conditions.    

I hypothesize that frequent extreme inbreeding is ubiquitous among Utah prairie dogs and is not limited to the Horse Corral Colony.  To investigate this crucial hypothesis, students and I will look for similar inbreeding at the Junction, North, and Wood Colonies.  In the first 2 years we will concentrate on establishing mother-offspring and sibling-sibling genetic relationships by marking juveniles as they first emerge from the natal burrow.  After we have established these baseline kinships, we will look for incestuous matings in third and later years.  As usual, we will collect blood samples for DNA-fingerprints in all years to confirm kinships and paternities.  Frequent observations of incest at the Junction, North, and Wood Colonies will support the hypothesis of ubiquitous extreme inbreeding, whereas a paucity of observations will offer no support.  If we fail to see frequent incest at other colonies, then we will search for factor(s) that make the Horse Corral unique regarding inbreeding.  Regular extreme inbreeding might result from severe isolation, for example, so that individuals have few good opportunities for dispersal.  This explanation seems unlikely because, as noted above, 6 different colonies are <3 km away from the Horse Corral Colony; 2 of these colonies are < 0.5 km away.  Students and I have documented emigration of marked individuals from the Horse Corral Colony to 4 of these 6 nearby colonies.  Immigration into the Horse Corral Colony from outside colonies also occurs.  Intensive trapping at the Horse Corral, Junction, North, and Wood Colonies over the next 5 years is likely to verify more inter-colonial dispersals.  

Inbreeding depression occurs among captive populations of animals such as Burchell's zebras, caribou, brown-headed spider monkeys, and chimpanzees (Seal 1978; Warwick & Legates 1979; Ralls et al. 1979, 1988; Lacy et al. 1993).  However, despite rigorous research with numerous animals (Rowley et al. 1986; Rood 1987; Bulger & Hamilton 1988; Craig & Jamieson 1988), clear evidence of inbreeding depression for individuals living under natural conditions is elusive (Jimenez et al. 1994; Keller et al. 1994; Saccheri et al. 1998).  One reason for this rarity, perhaps, is that a demonstration of inbreeding depression requires not only large sample sizes, but also precise information on paternity.  This discussion leads to the next hypothesis. 

Inbreeding Depression Hypothesis.  Utah prairie dogs under natural conditions should experience inbreeding depression. 

Utah prairie dogs provide an excellent opportunity to investigate the Inbreeding Depression Hypothesis at the Horse Corral Colony, for 2 reasons.  First, I have detailed pedigrees for all residents except immigrants, some as deep as 5 generations.  Second, incestuous matings involving mother-son, father-daughter, and sister-brother are common.  To investigate possible inbreeding depression, I will examine the survivorship, reproduction, and body mass at weaning for individual offspring versus the kinship of parents.  Determining paternity and the level of inbreeding for each offspring will be straightforward when the mother copulates with only 1 male, but will require DNA-fingerprints when she copulates with >2 males.  Poorer survivorship, lower reproduction, and lower body mass at weaning for inbred offspring (r > 0.250 for parents) versus outbred offspring (r < 0.250) will support the Inbreeding Depression Hypothesis.  Equivalent or enhanced estimates of survivorship, reproduction, and body mass for inbred offspring will offer no support.  One advantage of my longterm research is that it will allow investigation of inbreeding depression that might express itself only in F2 and later generations (Fisher 1965; Crow & Kimura 1970; Falconer 1981).  

If individuals cannot, or do not, easily discriminate among kin and nonkin, then natural selection might favor multiple matings by females to reduce the risk of inbreeding depression (Stockley et al. 1993; see also Brooker et al. 1990; Newcomer et al. 1999).  This reasoning leads to the next hypothesis, which links the issues of multiple mating and inbreeding depression.  

Promiscuity to Avoid Inbreeding Depression Hypothesis (PAIDH): Utah prairie dog females copulate with >2 males to promote multiple paternity and thereby lower the probability that a close genetic relative will sire all offspring.    

Stockley et al.'s (1993) argument assumes inbreeding depression.  Support for the Inbreeding Depression Hypothesis would therefore be support for PAIDH as well.  If the avoidance of extreme inbreeding is important, however, then individuals simply should refuse to copulate with close kin.  But such kin recognition is not always possible or feasible (Hamilton 1987; Alexander 1990; Hepper 1991; Sherman et al. 1997).  Black-tailed and Gunnison's prairie dogs, for example, do not seem to discriminate between close and more distant kin in behavioral interactions (Hoogland 1995, 1996b, 1999).  Utah prairie dogs evidently do not discriminate between close and more distant kin either (Hoogland 2001, 2002), but I will investigate this issue further by comparing rates and intensity of aggression versus kinship of the interactants.  The finding that individuals do not discriminate among different levels of kin would support PAIDH.  Specifically, copulating with several males might be a mechanism to promote multiple paternity so that a (unrecognizable?) father, son, or full-brother will not sire all offspring within a litter.  Notice that I will investigate whether individuals do or do not seem to discriminate among various classes of kin, rather than the more formidable issue of whether they can or cannot make such discriminations (Holmes 1990; Beecher 1991; Sherman et al. 1997).  

SECTION-IV: UNCERTAINTY OF MATERNITY

DNA-fingerprints indicate a startling result for Utah prairie dogs: females commonly rear offspring of other females.  Specifically, fingerprints completed so far show that 5% (10/219) of juveniles that emerged from a nursery burrow did not belong to the mother of that burrow.  Further, 16% of emergent litters (9/56) had >1 juvenile that did not belong to the mother.  

How do unweaned Utah prairie dog offspring get from one nursery burrow to another before the first appearance of juveniles aboveground?  One possibility is that a mother might give birth to offspring in another mother's nursery burrow.  Such intraspecific litter parasitism (ILP) would be similar to intraspecific brood parasitism among birds (Ribbink 1977; Yom-Tov 1980; Rohwer and Freeman 1989; Petrie and Moller 1991).  In the few days prior to parturition, expectant mothers sometimes visit the nursery burrows of other mothers, but the reason for these visits is almost invariably to steal nest material.  On the actual date of parturition, however, a Utah prairie dog mother remains in her own nursery burrow for most of the day (see also Hoogland 1995, 1997).  To this point students and I have uncovered no evidence for ILP.  We realize that such ILP might be exceedingly subtle, however, so we will continue to focus attention on females on the expected day of parturition (29 or 30 days after copulation).    

In addition to laying eggs in, or transferring eggs into, neighboring nests, cliff swallows sometimes transfer young juveniles into foreign nests (Brown and Brown 1996).  Though we have looked carefully, students and I have not seen comparable transfers by Utah prairie dog mothers.  We frequently have seen mothers transfer their own offspring aboveground (N > 40), but the transfers have always been to unoccupied burrows rather than to nursery burrows of other females.  

Burrows of Utah prairie dogs are more complex than burrows of black-tailed and Gunnison's prairie dogs (Hoogland 1995, 1999)--and perhaps are more complex than those of any other ground-dwelling squirrel.  Students and I have documented several burrows that have >10 entrances, and a few have >15 entrances.  In particular, the "nursery burrow" of 1 mother—more precisely, the nest and natal burrow entrance of 1 mother--sometimes has an underground connection to the "nursery burrow" of another mother.  Thus, the most likely explanation for the co-occurrence of juveniles from >2 litters at the same nursery burrow entrance is that mothers transfer juveniles underground from one nest to another in the same tunnel.  Perhaps juveniles transfer themselves when they are old enough (probably at about 4 weeks after birth).  

Juvenile non-offspring at the home nursery burrow--here called foster offspring--nurse from the foster mother, sometimes aboveground (this study; see also Hoogland et al. 1989).  Such nursing suggests that foster offspring might represent a cost to Utah prairie dog mothers--especially if transfers occur when juveniles are small so that cumulative milk to foster offspring over time is more voluminous.  Because of widespread infanticide, however, foster offspring also might be useful to mothers and thereby offset lost milk and other costs.  Via "protection by dilution" (Hamilton 1971; Bertram 1978; McKaye 1981; Wilkinson 1992), for example, the probability that a mother will lose her own offspring to infanticide might be lower when foster offspring are also in the home nest.  This reasoning leads to the next hypothesis, which links the issues of infanticide and uncertain maternity. 

Dilution Hypothesis: Mothers with foster offspring in their litters will rear more offspring to first emergence than mothers with only their own offspring, because the foster offspring will offer protection by dilution against infanticide.  

To investigate the Dilution Hypothesis, I will compare the number of "true" (genetic) offspring reared to first emergence for mothers that do and do not have foster offspring.  Larger litters for mothers with foster offspring will support the Dilution Hypothesis, but equivalent litters for mothers with foster offspring will offer no support.  Evidence that mothers actively “steal” foster offspring—rather than merely passively accept them—would further support the Dilution Hypothesis.  Smaller litters for mothers with foster offspring would indicate that communal nursing and other costs of foster offspring outweigh possible benefits related to protection by dilution.      

Infanticide is not the only cause of mortality for unweaned Utah prairie dog juveniles.  Long-tailed weasels, for example, sometimes kill unweaned juveniles (Hoogland 2001).  Weasels often kill only 1-2 juveniles at a time rather than the entire litter, and sometimes, inexplicably, leave their victims aboveground.  Consequently, weasels as well as infanticidal males might promote natural selection of females who have foster young mingled with their own young.  If they can discriminate between their own and foster young, perhaps mothers will try to enhance protection by dilution of own offspring via “selfish herd” effects by placing foster offspring in peripheral, more vulnerable positions of the home nest (Hamilton 1971; McKaye 1981).  

In my discussion of the Intralitter Selection Hypothesis (page C-10), I emphasized the importance of securing DNA-fingerprints from Utah prairie dog victims of infanticide.  DNA-fingerprints from victims of infanticide and predation also will be important for the Dilution Hypothesis.  If victims commonly are foster offspring, then the Dilution Hypothesis will be supported.  The absence of foster offspring among victims of infanticide and predation will offer no support.  

SECTION V: CONSERVATION AND POPULATION DYNAMICS 

Despite frequent incest, rampant infanticide, and high uncertainty of maternity, the study colony of Utah prairie dogs at Bryce Canyon National Park has increased in size since I initiated research there in 1995.  Via behavioral observations and live-trapping, students and I will study the demography of the Horse Corral, Junction, North, and Wood Colonies over the next 5 years.  Our findings will be directly relevant to the behavioral ecology described in this proposal, and also will be important for efforts to save Utah prairie dogs from extinction (Roberts et al. 2000).  

RESULTS FROM PREVIOUS RESEARCH

Previous research has allowed me to investigate pivotal issues in behavioral ecology such as the evolution of coloniality (1979a, 1979b, 1981a), alarm calling (1983, 1995, 1996a), nepotism versus competition (1986), communal nursing (1989), and levels of inbreeding (1982, 1992).  More recently, I have investigated infanticide (1995, this study), demography (1997, 1999), multiple mating (1998a, this study), mating systems (1995, 1999), prairie dogs as keystone species (2002), and conservation (2001, 2002, book in prep.).  Recent collaborations in these areas include Sugg et al. 1996; Dobson et al. 1997, 1998, 2001; Haynie et al. 1999, in prep.; Miller et al. 2000.         

SIGNIFICANCE OF PROPOSED RESEARCH

Utah prairie dog females regularly mate with close kin.  Perhaps to reduce inbreeding depression, females promote multiple paternity by copulating with several males in rapid succession.  Multiple paternity, in turn, affects choice of victims by infanticidal males.  And to protect their own offspring against infanticide, mothers might accept, or even steal, foster offspring.  Longterm research with marked Utah prairie dogs of known ages and genealogies will allow me to study the occurrence and interaction of extreme inbreeding, multiple mating, infanticide, and uncertainty of maternity at several colonies under natural conditions.

The Utah prairie dog is a keystone species of the western grasslands of North America, and is in grave danger of extinction (Miller et al. 1994, 2000).  My research is the primary source of longterm data necessary for population viability analyses (PVAs) and recovery plans (Roberts et al. 2000).  I will continue to make my data available to conservation biologists and wildlife managers who are trying to save Utah prairie dogs from extinction.  



















Figure 1.  Number of different males with whom Gunnison’s and Utah prairie	dogs females copulate.
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