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The study of mating systems and the
effect of social behavior on the genetic
structure of animal populations is an im-
portant topic in evolutionary biology. The
theoretical approaches of Wright (1978 and
references therein) and Malecot (1969) have
been extended by many other researchers,
including Cockerham (1973), Jacquard
(1974), Smith (1974) and Nei (1977). Two
methods have been used to study mating
systems in natural populations. The more
usual approach is to assay the genetic
structure by collecting a population sam-
ple and determining allele and genotype
frequencies at one or more polymorphic
loci. The number of such studies has in-
creased rapidly in recent years, due to the
now-routine application of gel electropho-
resis in population biology. Previous re-
search on the genetic structure of rodent
populations includes that of Petras (1967),
Selander (1970), Birdsall and Nash (1973),
Myers (1974), Schwartz and Armitage
(1980, 1981), Foltz (1981), Hanken and
Sherman (1981) and Patton and Feder
(1981). A second approach involves the
analysis of pedigrees obtained by long-term
study of populations whose members are
individually marked. Because of the ob-
vious difficulties in obtaining this infor-
mation for natural populations, such stud-
ies are relatively rare. Exceptions include
the work of Howard (1949), Bulmer (1973),
Missakian (1973), Greenwood et al. (1978)
and Brown and Brown (1981).
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housie University, Halifax, Nova Scotia B3H 4]1.

Revised May 24, 1982

We here report on the genetic structure
of the black-tailed prairie dog (Sciuridae:
Cynomys ludovicianus), as determined by
electrophoretic study of four variable blood
proteins and by pedigree analysis. There
are several advantages to collecting elec-
trophoretic and pedigree data from the
same population. First, the electropho-
retic data can be used to confirm the pedi-
gree structure through paternity analysis.
This part of our research is described else-
where (Foltz and Hoogland, 1981). Sec-
ond, analysis of several types of data from
a single population may provide a better
understanding of the underlying factors
affecting its genetic structure than analysis
of only one type of data (see, for example,
Thompson and Roberts, 1980). In this pa-
per, we calculate two measures of popu-
lation structure: Wright’s (1978) genotype
fixation index, F;g, and Allen’s (1965) coef-
ficient of nonrandom mating, F,. The
mean fixation index is negative in each year
of the study, indicating an overall excess
of heterozygotes. The coefficient of non-
random mating is also negative each year,
indicating an avoidance of consanguin-
eous matings. This result is consistent
with previous behavioral research on this
species (Hoogland, 1982). We conclude
that the mating pattern can explain some,
but not all, of the heterozygote excess.

MATERIALS AND METHODS

The Study Colony.—The main study
colony occupies an area of 6.6 hectares in
Wind Cave National Park, Custer Coun-
ty, South Dakota. Within the colony, in-
dividuals live in social groups known as
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coteries, which are composed of one or two
adult males, one to six adult females, and
several yearlings and juveniles of both
sexes (King, 1955; Hoogland, 19816). Each
year, the approximately 130 adults (ani-
mals older than one year) and yearlings in
the colony are organized into approxi-
mately 25 coteries (Hoogland, 1981a).
Since 1975, all residents in the study col-
ony have been ear-tagged for permanent
identification and marked with fur dye for
visual identification (Hoogland, 1979,
1981b). Coterie compositions and mother-
offspring relationships are determined from
behavioral observations (King, 1955;
Hoogland, 1981b). Mating occurs in Feb-
ruary and March, and weaned offspring
first appear above ground in May and
June. Males and females generally first
breed when two years old. However, in
1981 six yearling females weaned litters;
in the five previous years, a total of only
four yearling females had weaned litters.
Also in 1981, five yearling males left their
natal coteries and defended breeding co-
teries; defense of a breeding coterie by a
yearling male was seen only once before
at the study colony. In this paper, the term
“reproductive female” refers to any female
that successfully weaned a litter, regard-
less of her age.

Electrophoretic Analysis.—From 1979
through 1981, blood samples were collect-
ed from all prairie dogs in the study colony
(Foltz and Hoogland, 1981). In 1981, blood
samples were obtained from 17 individu-
als living in “Ward A” of the Shirttail
Canyon colony (King, 1955), 10 km dis-
tant from the study colony; these 17 ani-
mals represented approximately 75% of the
ward population. The procedure for hor-
izontal starch-gel electrophoresis (Elec-
trostarch lot 307 and Connaught starch lot
368-2) followed that given by Selander et
al. (1971) and Harris and Hopkinson
(1976). At least 50 prairie dogs, mostly
adults, were examined for each biochem-
ical locus. For monomorphic loci, the up-
per 95% confidence limit for the frequency
of an undetected rare allele was 0.03.

Statistical Analyses.—The data collect-
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ed in each year of the study were analyzed
separately. However, we did pool some
test statistics and degrees of freedom across
years and across loci, to increase the pow-
er of the tests. Using the electrophoretic
data for offspring born each year, we cal-
culated the within-population fixation in-
dex

Fig=1- Ho/He (1)

for each polymorphic locus, where H, is
the observed proportion of heterozygotes
and H, is the expected (Hardy-Weinberg)
proportion, determined by Levene’s (1949)
unbiased formula. At least four factors
other than avoidance of consanguineous
matings can affect genotype proportions
within populations. First, an excess of
heterozygotes is expected when the sample
consists of groups of siblings (Rasmussen,
1979). We avoided this source of bias by
randomly sorting all the animals born each
year into four or five subsamples, with at
most one offspring from each litter per
subsample. A fixation index was calculat-
ed for each subsample, and these values,
weighted by expected numbers of hetero-
zygotes (Kirby, 1975), were averaged to
give a mean fixation index per locus, Fs.
Although, as used here, F;g is a mean fix-
ation index (across_subsamples), we re-
serve the notation F;¢ for the mean fixa-
tion index across loci. Second, an excess
of heterozygotes may occur if there are al-
lele frequency differences between male
and female parents (Robertson, 1965). This
situation is particularly likely in a polyg-
ynous population because of the small
number of breeding males. Similarly, Prout
(1981) has shown that heterozygote excess
may also result if there is sex-dependent
migration between populations. The ex-
pected excess in a randomly-mating pop-
ulation due to sex-related allele frequency
differences is

Fep=1— (E Pigpjd)/(z ﬁiﬁj) 2
i%j i#j
where p° is the allele frequency among

reproductive females, p° is the average
allele frequency among adult males,



OUTBREEDING IN PRAIRIE DOGS

weighted by the number of litters fathered
by each male, and p is the overall (pooled)
allele frequency. The expected value,
based on parental allele frequencies, can
then be compared to the observed value
obtained from the offspring data. Third,
heterozygotes may be in excess if selection
acts before the offspring are censused, or
if there are differences in fertility among
the parents (Purser, 1966). The possible
effects of selection on genotype propor-
tions among the offspring are discussed
later in this paper. A fourth factor, assor-
tative mating, is assumed to be unimpor-
tant in the present study and will not be
discussed further.

Adult animals were classified by several
criteria (sex, reproductive condition, col-
ony) and tested for heterogeneity in allele
frequency by the “G” statistic (Sokal and
Rohlf, 1969). Heterogeneity between col-
onies was measured by Wright’s (1978) F¢p
statistic:

L 2
> E (i — 6:1)*
Fop=12071 ]L=1 3)
2 2 P_t(l - 151)

I
-

i

where p;; is the frequency of the ith allele
Z=1,...,L)in the jth colony (jf = 1,
2), and §; is the weighted mean frequency
of the ith allele.

We also obtained several measures of
population structure by pedigree analysis.
Since 1975, the mother and probable fa-
ther of each litter born at the study colony
have been determined from behavioral
observations (Hoogland, 1982), and start-
ing in 1979, paternities have been con-
firmed by electrophoretic data (Foltz and
Hoogland, 1981). Pedigrees for 126 adult
animals were analyzed; 73% of the pedi-
grees included at least one parent, and 24%
included at least one grandparent. In 27%
of the cases, the adult either was an im-
migrant to the study colony or had been a
resident since the first year that behavioral
observations were taken. Allen (1965) sug-
gested that the inbreeding coefficient ob-
tained by pedigree analysis (F) could be
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partitioned into a random component (F,)
and a nonrandom component (F,), where
— F - F,

Fy 1= F, 4)
(compare Thompson and Roberts, 1980 p.
449). Allen (1965 p. 195) noted that F,, “is
negative when actual matings show
avoidance of inbreeding . . . . F, appears
to be the proper quantity, rather than F,
for use in any formula that involves de-
viation of genotype frequencies from those
expected under random mating.” How-
ever, F, cannot be estimated directly from
pedigree data. Instead, we calculated F,
by the following formula

=N

where M is the number of adult males, N
is the number of reproductive females and
&;; is the coefficient of kinship (Jacquard,
1974) between the ith female and jth male.
Thus, F and F, are both average coeffi-
cients; F measures the average inbreeding
observed in the population and F, mea-
sures the average inbreeding expected if
matings were at random.

F, (5)

RESULTS

As described previously (Foltz and
Hoogland, 1981), four loci were polymor-
phic in the study colony: transferrin (T#f)
was polymorphic for three alleles, ester-
ase-1 (Est-1) for two alleles, nucleoside
phosphorylase (Np) for three alleles, and
6-phosphogluconate dehydrogenase (6-Pgd)
for two alleles. In addition, 21 loci were
monomorphic or nearly monomorphic (rare
alleles being undetected in samples of 50
or more animals): albumin, postalbumin,
sorbitol dehydrogenase, lactate dehydro-
genase-1, lactate dehydrogenase-2, malate
dehydrogenase, glucose-6-phosphate de-
hydrogenase, glyceraldehyde-phosphate
dehydrogenase, NADH diaphorase, in-
dophenol oxidase, creatine kinase, ade-
nylate kinase, phosphoglucomutase, ester-
ase-2, peptidase-1, peptidase-2, leucine
aminopeptidase, adenosine deaminase,
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TABLE 1. Allele frequencies for black-tailed praivie dogs in South Dakota for 6-phosphogluconate dehydro-
genase (6-Pgd), nucleoside phosphorylase (Np), esterase-1 (Est-1) and transferrin (Trf). Superscripts a, b

and c designate different alleles; N denotes sample siz
denaturation of some samples) and have been omitted.

¢. The data for 6-Pgd in 1979 are incomplete (due to

Year Category N  6-Pgd® 6-Pgd® Np° Npt Np°  Est-1°  Est-1° Ty Fitid ™
1979  Total adults 99 .192 414 .394 .286 .714 .858 .061 .08l
Reproductive females 22 205 .409 .386 .318 .682 .795 .091 .114
Reproductive males 22 159 .409 432 477 .523 .636 .205 .159
1980 Total adults 91 .256 .744 .170 .506 .324 .275 .725 .857 .061 .082
Reproductive females 30 .267 .733 .233 .450 .317 .233 .767 .900 .033 .067
Reproductive males 30 .300 .700 .117 .633 .250 .267 .733 .750 .117 .133
1981  Total adults 83 .247 753 .193 .422 .385 .283 717 .825 .109 .066
Reproductive females 37 .324 .676 .203 .459 .338 .284 .716 .838 .095 .067
Reproductive males 37 .189 .811 .176 .432 .392 .297 .703 .703 .176 .121
1981  Shirttail Canyon 17 .147 .853 .206 .235 .559 .412 .588 .941 .059 .000

fumarase, mannose phosphate isomerase
and phosphoglucose isomerase. The pro-
portion of loci that were polymorphic was
0.160, and the average number of alleles
per locus was 1.240. Based on all adult
animals alive in 1980, the mean observed
heterozygosity per individual per locus was
0.068, and the expected heterozygosity was
0.066.

Estimates of allele frequencies for each
locus are shown in Table 1 for each year
of the study. The total allele frequency es-
timates are based on all adults alive at the
main study colony in a given year. Sepa-
rate estimates are also given for two cat-
egories of adults: reproductive females and
reproductive males. These estimates cor-
respond, respectively, to »° and p° in
expression (2). There was little heteroge-
neity in allele frequency between the sexes
or among years for any locus. Table 1 also
gives estimates of allele frequencies for all
polymorphic loci in the Shirttail Canyon
sample. None of these values was signifi-
cantly different from the corresponding
value for the study colony in 1981, when
tested by the G statistic. However, the
pooled G statistic was significant (13.93,
6 d.f., P < .03), indicating moderate het-
erogeneity between colonies. The mean Fg
value between colonies for the four loci
was .028 (range: .020-.037).

Genotype frequencies and estimates of
within-population fixation indices for off-
spring born in the main study colony are

presented in Table 2. Nine of the 11 in-
dices were negative, indicating an excess
of heterozygotes, but different loci exhib-
ited different patterns. Est-1 consistently
exhibited the greatest excess of heterozy-
gotes, whereas Np showed either a slight
excess of heterozygotes or a deficiency (in
1981). T¥f exhibited a moderate excess of
heterozygotes in all years. The Fg values
for 1979, 1980 and 1981 were —.085,
—.075 and —.022, respectively; the grand
mean was —.058. None of the 11 fixation
indices was significantly different from 0,
when tested by the G statistic. However,
the 95% confidence interval for the grand
mean (—.097, —.018) did not include zero,
suggesting an overall tendency for geno-
type proportions to depart from the Hardy-
Weinberg expectations in the direction of
heterozygote excess. To determine if the
Fs values were homogeneous across loci
and across years, we performed a two-way
analysis of variance on the fixation indices
calculated for the various subsamples, us-
ing the approach of Neel and Ward (1972).
The F;s values were homogeneous across
years but not across loci; the interaction
term was nonsignificant (Table 3).

The significant heterogeneity in F;g val-
ues across loci suggested a possible role for
selection, and prompted a more detailed
examination of the genetic structure of the
main study colony. We examined the po-
tential effect of selection on genotype pro-
portions in two ways. First, we counted



TABLE 2. Genotype frequencies, Fis values and G statistics for fit to Hardy-Weinberg proportions among offspring born in a black-tailed prairie dog colony.

Expected Fis values, from expression (2), are shown in parentheses. d.f. denotes degrees of freedom; other notation as in Table 1.

6-Pgd Np
Year N alg alb blb Fi G(14df.) ala alb b/b alc blc cle Fie G(3df.)
1979 58 .052 .086 .207 121 431 .103 —.018 4.73
(—.002)
1980 82 .049 415 .536 -.079 .58 .012 .244 .280 .110 .256 .098 —.001 3.23
(—.001) (—.021)
1981 117% .068 .385 .547 .006 .01 .061 112 .233 172 .293 .129 .087 5.99
(—.024) (—.002)
Est-1 ) I
ala alb blb Fps G(1df) ala alb bl alc ble cle Fis G(3df)
1979 55%* .091 .564 .345 ~.170 2.19 463 .296 .000 .148 .074 .019 —.067 4.84
(—.026) (—.023)
1980 82 .024 415 .561 —.138 2.36 756 .098 .000 .146 .000 .000 -.080 2.65
(—.002) (—.028)
1981 117* .060 466 474 —.111 1.72 513 325 .000 .110 .026 .026 —-.070 12.54
(—.001) (—.018)

* 116 for Np and Est-1.
** 54 for Trf.

SO0 ATIIVEd NI ONIIddd.L10

LLT



278

TABLE 3. Analysis of variance of Fig values among
offspring born in a black-tailed prairie dog colony.
Notation as in Table 2.

Source of variation d.f. Mean square F-value
Within 41 01823

Locus 3 .06687 3.67%
Year 2 .02802 1.54
Locus X year 5 .00707 .39

*P < .02,

the numbers of heterozygous and homo-
zygous offspring born to heterozygous fe-
males. For a two-allele system, heterozy-
gous females are expected to produce 50%
heterozygous offspring if there are no se-
lective differences among genotypes. This
expectation does not depend on the pater-
nal genotype(s) or on the mating system
(e.g., multiple paternity, inbreeding), and
is thus fairly robust. Unfortunately, this
test does not generalize to systems of more
than two alleles. Therefore, in applying
the test we combined rare alleles as nec-
essary to reduce each polymorphic locus
to two alleles. Analysis of segregation ra-
tios among offspring born to heterozygous
females revealed a significant excess of
heterozygotes (P < .05) in one of 11 cases
(Est-1 in 1981); however, the pooled G
statistic was not significant (9.88, 11 d.f.,
P > .5). In six cases there was a deficiency
of heterozygous offspring and in five cases
heterozygotes were in excess. In general,
there was no tendency for heterozygous
females to produce an excess of heterozy-
gous offspring. Second, for each locus we
performed a one-way analysis of variance
on the square-root transformed litter sizes
classified according to maternal genotype;
significant differences in mean litter size
would suggest possible selective differ-
ences among genotypes. For all loci tested,
we observed no significant effect of ma-
ternal genotype on mean litter size in any
of the three years.

Only in 1981 was a probable case of
inbreeding (father-daughter) observed
which resulted in offspring. Because 37
females in the main study colony produced
litters that year, the observed inbreeding
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coefficient (F) was .25/37 or .007. In all
other years of this study, the observed in-
breeding coefficient was 0. In each year,
however, the number of observed cases of
inbreeding was less than the number ex-
pected under random mating. Therefore,
F, was negative, indicating avoidance of
consanguineous matings. For 1979, 1980
and 1981, the values of F, were —.004,
—.006 and —.003, respectively.

DiscussioN

From behavioral observations, Hoog-
land (1982) reported that prairie dogs at
the study colony avoid close inbreeding,
despite the small number of adults (fewer
than 100 in each year of the study). Sev-
eral aspects of the social system contrib-
ute to the avoidance of consanguineous
matings (Hoogland, 1982). First, males usu-
ally disperse from their natal coterie ter-
ritories as yearlings (thus avoiding mother-
son and sister-brother matings), whereas
females are more sedentary. Second,
breeding males usually change their cote-
rie of residence after one or two years (thus
avoiding father-daughter matings). Third,
yearling females are more likely to come
into estrus when their fathers are no long-
er present in the home coterie than when
their fathers are still present. Fourth, when
adult male relatives are present in the home
coterie, estrous females usually avoid them
and mate with other males. However, the
probable occurrence of one father-daugh-
ter mating in 1981 demonstrates that
avoidance of close inbreeding in the black-
tailed prairie dog is not absolute. Reports
of inbreeding avoidance in other verte-
brates have been reviewed by Greenwood
(1980), Hoogland (1982) and Shields (1982).

One obvious limitation of our study is
that consanguinity prior to 1975 was un-
detected in the pedigree analysis. As a re-
sult, both F and F, increased in magni-
tude from year to year, reflecting the
greater depth of the pedigrees in the later
years of the study. Jacquard (1974 p. 171)
noted that “an inbreeding coefficient can-
not be regarded as an estimate of any real
quantity, but is simply a measure of in-
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formation.” Therefore, we have not at-
tempted to compare the inbreeding coef-
ficients obtained by us to those reported
for other species. Our results emphasize
the amount of effort required to obtain in-
formation about consanguinity in a natu-
ral population. Although the data were
collected over a seven-year period, the
pedigrees were barely adequate to detect
consanguinity.

Compared to pedigrees, electrophoretic
data are easier to collect but more difficult
to interpret. The mean fixation index
(—.058) was significantly different from 0,
indicating an overall trend for genotype
frequencies at polymorphic loci to depart
from the Hardy-Weinberg expectations in
the direction of heterozygote excess. The
fixation indices obtained from the off-
spring born in the main study colony were
significantly different across loci, but were
homogeneous across years. This observa-
tion suggested that the heterozygote excess
might be caused by selective differences
among genotypes. However, there was no
tendency for heterozygous females to pro-
duce more than 50% heterozygous off-
spring, which might have been expected
if there were gametic or early zygotic se-
lection at one or more loci. Although fe-
males heterozygous for Est-1 produced a
nominally significant excess of heterozy-
gotes in 1981, the F g value for that locus
was closer to O in that year than in the
previous two years. Also, there were no
genotype-dependent differences in aver-
age litter size, and hence no evidence for
fertility or early zygotic selection. It would
be interesting to repeat this analysis with
a larger sample size, and to consider the
effect of the male genotype on segregation
ratios and litter sizes. A second explana-
tion for differences in F,¢ values across
loci would be sex-related allele frequency
differences. However, the “expected” Fg
values obtained from expression (2) were
generally much closer to O than the ob-
served values (Table 2), indicating that al-
lele frequency differences between male
and female parents can not explain all of
the observed excess of heterozygotes. Per-
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haps the best explanation for these results
is simply that avoidance of consanguine-
ous matings, selection and sex-related al-
lele frequency differences are all involved
in determining genotype frequencies in the
offspring.

The suggestion that black-tailed prairie
dogs are relatively “outbred” is supported
by the high observed heterozygosity (com-
pared to other rodents; see Smith et al.,
1978) and by the moderate heterogeneity
between the main study colony and the
Shirttail Canyon colony. Also, rates of mi-
gration among colonies are relatively high.
The average annual migration rate into
the main study colony, expressed as the
number of immigrants who reproduced
divided by the total number of reproduc-
tively-active animals in the colony was .028
for females and .104 for males. Outbreed-
ing may turn out to be a common expla-
nation for heterozygote excess in natural
populations, but this conclusion will re-
quire further research.

SUMMARY

The genetic structure of the black-tailed
prairie dog (Cynomys ludovicianus) was
studied by an electrophoretic analysis of
four polymorphic blood proteins and by
pedigree analysis. Only one probable case
of close inbreeding (father-daughter) was
observed in a three-year period; the av-
erage inbreeding coefficient was less than
that expected if matings were at random.
The evidence for nonrandom mating was
consistent with behavioral observations
taken at the main study colony. In nine of
11 instances, polymorphic loci exhibited
an excess of heterozygotes (that is, nega-
tive fixation indices). The existence of lo-
cus-specific differences among fixation in-
dices suggested that some factor in addition
to the avoidance of close inbreeding was
causing the excess of heterozygotes. Two
possible explanations for this result are se-
lective differences among genotypes and
sex-related allele frequency differences.
Additional evidence for outbreeding in the
black-tailed prairie dog is (a) the relatively
high heterozygosity within colonies, (b) the
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relatively low genetic heterogeneity among
colonies and (c) the high rate of male mi-
gration among colonies.
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