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Summary. This paper outlines a method for esti-
mating rates of successful alternative reproductive
tactics from parental exclusions known through the
use of genetic markers. We review a method for
calculating the probability of excluding a putative
father when he is not the actual father. We adapt
this method to model two mating tactics of concern
to sociobiologists: extrapair copulations (EPCs)
and intra-specific egg parasitism (egg-dumping).
Four different types of parental exclusions are pos-
sible (both male and female, male only, female only,
and ambiguous). The two models predict different
proportions of each type of exclusion. Models are
also generated for the case when the putative
mother’s or father’s genotypes are not available.

We used parental exclusions from an electro-
phoretic study of indigo buntings (Westneat 1987b)
to demonstrate these methods. The distribution of
parental exclusions in the buntings departed signif-
icantly from the predictions of the egg-dumping
model, but agreed well with those of the EPC mod-
el. The probability of detection for the EPC model
(0.401) was then used to estimate the actual rate
of extra-pair fertilizations (0.421 of all the young
sampled). We present a method for calculating a
confidence interval on this estimate, which ranged
from 0.247 to 0.659. We concluded that these meth-
ods will allow the quantitative study of the success
of alternative reproductive tactics in a wide variety
of species.

Introduction

Individuals of many species pursue a variety of re-
productive tactics (Cox and Le Boeuf 1977; Oring
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1982; McKinney et al. 1984; Davies 1985; Dunbar
1985). For instance, among birds, both intraspecific
egg parasitism or egg-dumping (laying eggs in an-
other individual’s nest) and extra-pair copulations
(EPCs, copulations in which at least one of the
participants is paired to a third individual) have
been documented in a wide variety of species
(Yom-Tov 1980; Ford 1983; Brown 1984; Gowaty
and Karlin 1984; McKinney et al. 1984; Gavin and
Bollinger 1985; Frederick 1987; Westneat 1987a,
b). In order to estimate the frequency of extra-pair
fertilizations or successful egg parasitism field re-
searchers have often relied solely on observational
methods (Gladstone 1979; Birkhead et al. 1985;
Frederick 1985).

For a number of reasons, behavioral observa-
tions usually cannot provide accurate estimates of
the number of young resulting from these repro-
ductive tactics. First, even intensive observations
under the best conditions cannot produce a com-
plete record of behavior (e.g. Werschkul 1982; Fre-
derick 1987; Westneat 1987a). Second, reproduc-
tive tactics are likely to differ considerably in con-
spicuousness, so that estimates of reproductive suc-
cess based on behavioral observations are likely
to be biased (Fitch and Shugart 1984). Third, in
species lacking an intromittent organ (such as most
birds), copulation may not reliably indicate insemi-
nation (Fisher 1971). Fourth, the effects of sperm
competition, sperm precedence, and optimal timing
of fertilization are poorly known for most animals
(Cheng et al. 1983; Smith 1984). Without this infor-
mation, it is not possible to assign the parentage
of many offspring to particular individuals. Fifth,
female receptivity to extra-pair matings varies con-
siderably among individuals and species, and it is
unknown what effect these differences have on fer-
tilization rates (Cox and Le Boeuf 1977; Van Tien-
hoven 1983; Fitch and Shugart 1984; Frederick
1985). Finally, ege- -dumping with removal of the
host’s egg (as in inter-specific parasites; Wyllie
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1981), would impede estimation of the rates of egg-
dumping.

Genetic markers, such as plumage polymor-
phisms (Burns et al. 1980) and electrophoretically
distinct allozymes (Sherman 1981; Mock 1983),
provide a potentially more accurate method for
measuring the frequency of successful alternative
(or conditional) reproductive tactics. The latter
technique has been used successfully in a variety
of organisms: ground squirrels (Foltz and Hoog-
land 1981; Hanken and Sherman 1981), mice (Ras-
mussen 1964; Foltz 1981), bats (McKracken and
Bradbury 1977), rhesus monkeys (Duvall et al.
1976; Curie-Cohen et al. 1983) and several species
of birds (Gowaty and Karlin 1984; Gavin and Boll-
inger 1985; Joste et al. 1985; Mumme et al. 1985;
Westneat 1987b).

Genetic markers can be used to assign the par-
entage of individual offspring to a particular adult
only when there is a large number of independent
and polymorphic loci (see Silver 1982). The more
common use of these markers is to exclude a puta-
tive parent as the actual parent of the offspring.
The distinction between these uses is paramount
(Chakraborty etal. 1974; Barrowclough et al.
1985). Throughout this paper, we will concentrate
on the use of genetic markers for exclusion and
not for inclusion.

It is also important to realize that genetic
markers can only reveal a fraction of what we shall
call stray genes (genes in offspring from individuals
other than the putative parents), because the geno-
types of putative and actual parents will in some
cases be the same. Thus estimates of the frequencies
of stray genes will be consistently underestimated
by genetic markers. If genetic markers are used
to estimate the frequencies of young that come
from successful alternative reproductive tactics,
then one must take into account the probabilities
of excluding one or both of the putative parents.

A large body of literature on calculating the
probability of exclusion in humans (Neel and
Schull 1954; Chakraborty et al. 1974; for reviews
see Silver 1978, 1982), although primarily oriented
toward specialized legal issues, can be adapted to
sociobiological applications. Separately, Wrege
and Emlen (1987) have made a similar calculation.
In this paper we review the general method for
estimating the probability of detection of stray
genes. We will adapt this method for an examina-
tion of two alternative reproductive tactics that are
of concern to many sociobiologists: extra-pair fer-
tilizations and intra-specific egg-dumping. We dis-
cuss ways in which cases of parental exclusions
can be used to identify which of these behavioral

causes of stray genes occurs in a population. We
also show how the probability of detection can be
used to estimate the frequencies of stray genes, and
we present a formula for calculating confidence in-
tervals on these estimates.

In order to demonstrate the use of these meth-
ods we apply them to electrophoretic data collected
by Westneat (1987b) during a study of mating pat-
terns of indigo buntings (Passerina cyanea). These
data are intended as examples; a full presentation
of the raw data is published elsewhere (Westneat
1987b).

Basic model

The probability of detection depends on the genotypes of the
putative parents and the actual parents. The probability of de-
tection (d) for a single genetic locus is the probability of detec-
tion (e;) for each arrangement of putative and actual parental
genotypes weighted by the probability of that arrangement (a;)
summed over all arrangements, or

d= Z e;a; )

The simplest model for our purposes applies to a single
locus with two alleles as genetic markers. The model assumes
that allelic frequencies are in Hardy-Weinberg equilibrium,
dominance of one allele is negligible, and all possible parents
are picked randomly from the population. The effects of viola-
tions of these assumptions on the calculation will be discussed
later.

EPC model

This model calculates the probability of detection when the
female has mated with a male other than the putative father.
Suppose a male with genotype AA pairs with a female with
genotype AA. All of their offspring would also be AA. However,
suppose the female actually copulated with another male of
genotype AB. This mating would only be detected if the off-
spring turned out to be AB, which has a probability of 0.5.
Note that without the assumption that the female is the mother,
we cannot tell which parent is excluded. The probability of
detection of 0.5 must be weighted by the probability of the
mating arrangement. This probability is based on the Hardy-
Weinberg combinations of allele frequencies for each of the
three genotypes (i.e. AA=p% AB=2pgq, BB=¢?). In this exam-
ple, the probability of the mating arrangement is p* x p? x 2pq,
or 2p%q, and so the probability of detection (0.5) multiplied
by the probability of the arrangement is p°q. In the simple
two allele model there are 27 different possible mating arrange-
ments (3 adults and 3 genotypes). Additional examples of mat-
ing arrangements are shown in Table 1. Thus for a single locus
with two alleles, the overall probability of detection (d) for each
locus is the sum of the weighted probabilities of detection over
all matings,

p’a+3p* > +4p* ¢ +3p7 ¢* +pq° 2
which simplifies to

pq(1—pq), (3)
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Table 1. Selected examples of the calculation of the probability of detection for both models with a two-allele locus. The probability
of detection (e;) for each mating arrangement (probability of occurrence is a) is partitioned into the probabilities for each type

of exclusion
EPC model
Putative Mother Actual e; a;
father father
Both Male only  Female only Ambiguous Total
AA AA AA - 0 - 0 0 p®
AB - 0 - 0.5 0.5 2pq
AA BB AB - 0.5 - 0 0.5 2p® ¢
Egg-dumping model
Putative Mother Actual Mother e a;
father father
Both Male only  Female only Ambiguous Total
AA AA AA BB 0 0 0 1.0 1.0 r°q?
AB BB 0.5 0 0 0.5 1.0 2p°¢?
AA BB AB AB 0 0.25 0.25 0 0.5 4p*q*
where p and g (p+g=1) are the frequencies of the alleles (Neel
and Schull 1954). g 100 b b Y v
We should note here that our method of tallying arrange- 5 o Voo
ments of genotypes differs slightly from the method of others. w ¢ al"m:/v/ /u/"/
For example, Neel and Schull (1954) focused on the possible & o072 / ,/s alleles " e
genetic identity of the second parent given a particular parent- 5 ) / 3 alleles _/./'/
child combination. Wrege and Emlen (1987) have tallied the - y e "2 alleles
offspring genotypes that exclude particular putative parents E 048 / D/ — skewed frequencies
without specifying the actual parent(s). We have focused on i!;l n/ . /'/
the probability of exclusion with two putative parents and one Q / /./
(or two) actual parents. Our equation for a two-allele locus 4 0.24 1
reduces to Neel and Schull’s expression and is presumably a "
generalization of Wrege and Emlen’s (1987) method.
The probability of detection based on any one locus is 1 3 5 7 9 1 13 15

highest when the allele frequencies are equal and declines as
one allele approaches a frequency of 1.0. For any single two-
allele locus, the maximum probability of detecting a case of
successful extra-pair copulation occurs when p=g, and is 0.185.

This simple model can be expanded to calculate probabili-
ties of detection based on loci with more than two alleles
(Wiener et al. 1930; Silver 1978). In general the procedure is
the same as for two alleles. Additional alleles increase the
number of arrangements of genotypes exponentially and thus
greatly increase the complexity of the equation for (d). For ex-
ample, for three alleles there are 216 (3 adults and 6 possible
genotypes) and for four alleles 1000 (3 adults and 10 possible
genotypes) arrangements of genotypes. A general equation for
multiple alleles was developed by Chakravarti and Li (1983).
The probability of detection (d) is given by

1—2a,+as+3(aya,—as)—2(a2—a,) )

k
where a,= Y p, p; is the frequency of the ith allele, and k is
i=1
the number of alleles. In the case of two alleles, this equation
reduces to equation (3).

Additional alleles increase the probability of detection the
most when allele frequencies for a locus are equal (Fig. 1), and
only slightly if their frequencies are strongly skewed towards
one allele (Wiener et al. 1930; Silver 1978).

NUMBER OF LOCI

Fig. 1. The effect of the number of loci on the probability of
detection (EPC Model) for loci with different numbers of alleles.
All alleles are of equal frequency except for the curve labelled
2 alleles (skewed frequency) where p=0.9 and ¢ =0.1. Equations
(4) and (5) were used to generate the curves

If two or more independently segregating loci are used for
parental exclusion, the overall probability of detection, D, is
one minus the product of one minus the probability of detection
at each locus (d;; Wiener et al. 1930; Chakraborty et al. 1974),
or

1= [T(—dy )
i=1

The more loci, the higher the probability of detection, al-
though each additional locus adds successively less to the over-
all probability of detection (Fig. 1; Chakraborty et al. 1974).
Wrege and Emlen (1987) give a formula for combining the (d;)
for several loci. Their equation reduces to the above.

If one of the putative parents’ genotypes is unknown, then
the probability of detection is much lower. If the putative fa-
ther’s genotype is unknown, then the probability of detection
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Table 2. Equations for the probability of detection of each type of exclusion under the EPC and egg-

dumping models for a two allele locus

Type of exclusion

Both male Male only Female only Ambiguous
and female exclusion
EPC model 0 2p% ¢* 0 pa(p>+4q3)
Egg d‘lilr{lping P’ ¢*(p*+4%) PP (p*+4pg+q>) PP (PP +4pa+a®)  2pq(pt+4q?)
mode

is quite small. Several authors have generated models for esti-
mating rates of mixed parentage in species in which both the
putative and actual fathers are unknown (Birdsall and Nash
1973; Foltz 1981; Hanken and Sherman 1981). In these models,
the general method is to discover how often more than one
male has fertilized a female’s litter. Since there is no putative
father to exclude, these models calculate the probability of de-
tecting three or more paternal alleles in the litter. These models
therefore apply specifically to species in which females are not
associated with a particular male and copulate with more than
one male.

Using a slight modification of the EPC model, we have
derived an equation to describe the probability of detection
when the genotype of the mother is unknown. Because the fe-
male’s genotype is unknown, stray genes will be detected only
if the offspring’s genotype excludes the male (see Tables 1 and
2). As before, equation (1) is used, but in this case most of
the probabilities of detection (e;) for each mating arrangement
are less than in the general EPC model. For two alleles, equation
(1) gives a sum that reduces to

2p*q? Q]
As in the case in which the putative father is unknown,

the probability of detection is considerably reduced (by at least
33%) if the genotype of the female is unknown.

Egg-dumping model

The EPC model discussed above assumes that the putative
mother is the actual mother of the offspring. However, in many
species, the putative mother is not always the actual mother.
For example, in some species adoption has been observed (Pier-
otti 1980; Curie-Cohen et al. 1983) and in birds intraspecific
nest parasitism (egg-dumping) also occurs (Yom-Tov 1980;
Brown 1984; Gowaty and Karlin 1984; Frederick 1985; Emlen
and Wrege 1986). Although maternal exclusion is not directly
considered in the literature on parental exclusions in humans,
some of the same methods apply.

The EPC model can be adapted to calculate the probability
of detection if egg dumping is assumed to be the only source
of stray genes. This model makes the same genetic assumptions
as the EPC model, but in addition assumes that the parasitic
female has mated with some male other than the host female’s
mate. If the parasitic female mated exclusively with the same
male (as in a polygynous relationship; quasi-parasitism; Emlen
and Wrege 1987) then the probability of detecting the dumped
egg is identical to the probability from the EPC model.

The probability of detecting a dumped egg is calculated
in the same manner as in the case of EPCs, by summing the
probability of detection (e;) times the probability of the mating
arrangement (a;) over all of the possible mating arrangements
(for examples, see Table 1). For a two allele locus, there are

81 arrangements (4 adults, 3 genotypes). The solution to equa-
tion (1) eventually reduces to

pa2p*+3p°q+8p> ¢* +3pg* +24%) (7

where p and g are allele frequencies. At any given combination
of allele frequencies, this probability is higher than the probabil-
ity of detecting an extra-pair fertilization because alleles exclud-
ing putative parents can come from two individuals instead
of one as in the case of EPCs. For a single, two-allele locus
the maximum probability of detection is 0.273 (when p=g).
Equations for loci with more than two alleles can be gener-
ated. We have an equation for three alleles, but it is too cumber-
some to present here. To our knowledge a general equation
for multiple alleles similar to equation (4) has not been derived.

Comparison of the EPC
and egg-dumping model

Although most types of exclusions do not allow identification
of the cause of the stray genes in particular cases, extra-pair
fertilizations and egg-parasitism do produce different distribu-
tions of types of exclusions and thus permit some evaluation
of the causes of stray genes in the population. If stray genes
come only from EPCs, then we expect that only two types of
exclusions will be observed; the genotype of the offspring can
either be unambiguously incompatible with the putative father
(for instance if the putative father is AA and the offspring is
BB) or incompatible with either the putative father or female
but not both (ambiguous; if the male is AA, female AA, and
the offspring is AB). Exclusion of the male and ambiguous ex-
clusion also occur in the case of egg-dumping. However, egg-
dumping should also result in unambiguous exclusion of the
putative mother and, if the female was inseminated by a different
male, in simultaneous exclusion of both putative parents (puta-
tive parents both AA, offspring BB).

The two models predict different distributions of these four
types of exclusion. The equations for calculating the probabili-
ties of each type of exclusion under each model are shown
in Table 2. These equations were constructed by examining each
mating arrangement and partitioning the total probability of
detection from that arrangement (e;) into the probabilities for
each type of exclusion (see Table 1). Although we have equa-
tions for the types of exclusions for both models in the case
of three alleles, we have not presented them because they con-
tain a large number of terms and are quite cumbersome. A
Basic computer program containing these additional equations
is available from the authors.

To illustrate the uses of these models for investigation of
the behavioral causes of stray genes and for estimation of the
rates of stray genes, we use data collected by Westneat (1987b)
on a marked population of indigo buntings near Niles in south-



western Michigan studied from May through August in 1983
and 1984. Small biopsies of the pectoralis muscle of each adult
were removed upon capture and from each offspring at age
5-7 days (for details of the technique see Baker 1981; Westneat
et al. 1986). Muscle samples were then analyzed by Westneat
(1987b) by standard techniques for starch-gel electrophoresis.

Results

To illustrate the calculation of probabilities of de-
tection and frequencies of stray genes, we analyze
data from one year (1984). Data from 1983 are
also used in an analysis of the distribution of types
of exclusion. Nine polymorphic loci were found in
1984 (Table 3). All but one of the loci fit Hardy-
Weinberg distributions of genotype frequencies (to-
tal of 17 G-tests in two years on adult gene frequen-
cies only; Sokal and Rohlf 1969). The locus (PGI)
that did not fit Hardy-Weinberg in 1984 was very
close to Hardy-Weinberg expectations in 1983. He-
terozygotes exhibited banding patterns consistent
with the known subunit structure for each enzyme
(Avise et al. 1980; C.F. Aquadro, personal commu-
nication). No evidence of linkage disequilibrium
between loci was found in pairwise G-tests on the
observed distribution of individuals with 0, 1, or
2 heterozygous loci for all 36 combinations of loci
in 1984 (for details of these analyses, see Westneat
1987b).

To calculate the probability of detecting an ex-
tra-pair fertilization in 1984, we substituted the al-
lele frequencies (Table 3) for each locus into the
EPC model with the appropriate number of alleles.
The probabilities of detection for each locus were
combined using equation (5) to provide an overall
probability of detection of 0.401 (Table 3). Sepa-
rately, the probability of detecting each of the four
types of exclusion (male excluded, female excluded,
both excluded, ambiguous exclusion) was calculat-
ed for each locus. The probabilities within each
type were then combined using equation (5) to give
probabilities of detecting each type of exclusion
over all loci (Table 4). The probability of detecting
a dumped egg was also calculated for each type
of exclusion at each locus. The rarest alleles in four
and five allele loci were lumped because we did
not have equations for more than three alleles
under the egg-dumping model. Those probabilities
were also combined using equation (5) to give over-
all probabilities for each type of exclusion.

It is important to realize that the overall proba-
bility of detection calculated from the data in Ta-
ble 3 with equation (5) is not equivalent to the sum
of the probabilities of each type of exclusion. Equa-
tion (5) calculates the probability of detecting an
exclusion at one or more loci. Similarly, the overall
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Table 3. Allele frequencies, relative mobilities, standard devia-
tions, and probabilities of detection for nine polymorphic loci
found in indigo bunting muscle (Westneat 1987b)

Enzyme Relative  Allele N Probability
mobility  frequency of detection
(d)
a-GPD 100 0.973+0.011 220  0.0209
60 0.018 +0.009
135 0.009 +0.006
6-PGD 100 0.926+0.017 230 0.0732°
60 0.035+0.012
148 0.022+0.010
120 0.01340.007
208 0.004 +0.004
GOT 100 0.92440.017 236  0.0706
27 0.059 4 0.008
200 0.01740.008
PGM 100 0.979 4 0.009 234 0.0208
70 0.013+0.007
144 0.004 +0.004
217 0.004 +0.004
PGI 100 0.91140.019 236  0.0745
240 0.089+0.019
IDH 100 0976 +0.011 206  0.0229
185 0.024 +0.011
MPI 100 0.94940.018 156  0.0488
105 0.038 +£0.015
94 0.013+0.009
PEPTB 100 0.897+40.020 232 0.0983
115 0.052+0.015
79 0.047+0.014
90 0.004 +0.004
PEPTC 100 0.931+0.017 234 0.0655
114 0.0514+0.014
90 0.009 +0.006
74 0.009 +0.006

Overall probability of detection =1— ] (1—d;)=0.401

i=1

2 The two rarest alleles were lumped; this did not affect the
number of exclusions

probability of each type of exclusion is the proba-
bility of detecting that type of exclusion at one
or more loci; additional exclusions of that type
at other loci are ignored. However, in rare in-
stances offspring will have genotypes that, for ex-
ample, exclude the putative father at one locus and
exclude one of the parents (ambiguous exclusion)
at another locus. In analyses of the distribution
of types of exclusion, these individuals are counted
under both types of exclusion. This creates no
problem with independence as long as the loci seg-
regate independently.

To investigate which type of stray genes (EPCs
or egg-dumping) occurred in indigo buntings we
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Table 4. Partitioning of the probability of detection into proba-
bilities for each type of exclusion (based on the data in Table 3
and from Westneat 1987b)

Type of exclusion

Table 5. Comparison of observed types of exclusion with predic-
tions from two models of stray genes (EPC and Egg-dumping).
These data are from Westneat (1987b). The expected distribu-
tions are based on the frequencies in Table 4 and the total
number of observed exclusions

Both male  Male Female Ambiguous
and female only only exclusion
EPC model
Absolute frequency
1983 0.000 0.063 0.000 0.331
1984 0.000 0.066 0.000 0.357
Expected proportion of types
1983 0.000 0.159 0.000 0.841
1984 0.000 0.156 0.000 0.844
Egg-dumping model
Absolute frequency
1983 0.016 0.036 0.036 0.352
1984 0.013 0.037 0.037 0.346
Expected proportion of types
1983 0.036 0.081 0.081 0.802
1984 0.030 0.086 0.086 0.798

Types of exclusion

Both male  Male Female Ambiguous
and female only only exclusion
Observed distribution
1983 0 4 0 6
1984 0 6 0 23
Total 0 10 0 29
Expected distribution: EPC model
1983 0.0 1.6 0.0 84
1984 0.0 45 0.0 24.5
Total 0.0 6.1 0.0 329

Expected distribution: Egg-dumping model

1983 0.4 0.8 0.8 8.0
1984 0.9 25 2.5 23.1
Total 1.3 33 33 311

compared the observed distribution of types of ex-
clusions with those predicted by both of the mod-
els. To achieve a reasonable sample size for this
comparison, we have added data from 1983 to that
of 1984. Comparison of offspring genotypes with
those of putative parents revealed a total of 10
cases of exclusion (N =97 offspring analyzed) in
1983 and 27 cases of exclusion in 1984
(N =160 offspring) (Westneat 1987b). Only two
types of exclusion were observed; 8 young had ge-
notypes that excluded the putative father, 27 young
had genotypes that excluded one or the other of
the putative parents (ambiguous exclusion), and
two young had genotypes that excluded the male
at one locus, and excluded one or the other of
the putative parents at another locus. Thus a total
of 39 exclusions were observed.

The observed distribution of types of exclusions
is shown in Table 5. To calculate the expected dis-
tributions under each model, we calculated the ex-
pected proportion of types of exclusion from each
model by dividing the probabilities of detection
for each type by the total probability of detection
(see Table 4). Finally, the 39 exclusions were parti-
tioned into the expected distributions using the ex-
pected proportions of each type of exclusion under
each model (Table 5).

Comparison of the observed distribution to the
expected suggests that the observed exclusions

came from extra-pair fertilizations. No female ex-
clusions of either type (female only or both male
and female) were observed. In fact the observed
distribution of exclusions is significantly different
from that expected from the egg-dumping model
(G=12.3, df =3, P <0.01), and not significantly dif-
ferent from the expectation of the EPC model
(G=1.98, df=1, P>0.05; Sokal and Rohlf 1969;
see Table 5). Nest checks made during egg-laying
confirmed that egg-dumping is at least a rare event
in this population (Westneat 1987b, unpublished
data).

Estimating the frequency
of stray genes

If egg-dumping is very rare in buntings, then all
the parental exclusions in 1984 (16.9% of all off-
spring sampled) were the result of extra-pair fertil-
izations. However, since the probability of detec-
tion under the EPC model was 0.401 in 1984, the
observed 27 cases (offspring with genotypes exclud-
ing putative parents) in that year should only be
40% of the actual number of cases. A simple back
calculation, dividing the observed rate by the prob-
ability of detection, provides an estimate of the ac-
tual rate of extra-pair fertilizations (0.421 of all
young).

There is, however, some sampling error asso-



ciated with this estimate. First, the observed fre-
quency of cases (0.169) will be distributed as a bino-
mial. This observed rate will therefore have a stan-

dard deviation of ]/(0.169)(0.831)/ 160 (Hays 1981),
which is 0.029.

Second, since the probability of detection de-
pends on the frequencies of alleles, then the error
in each d; will be a function of the error in the
allele frequencies. Allele frequencies are also dis-

tributed as binomials, so again 6=]/pg/N. In the
cases of loci with three and four alleles, the stan-
dard deviation for each allele was calculated as
a binomial with all the other allele frequencies
lumped. To calculate the standard deviation, s; on
d;, we used values for the allele frequencies within
their standard deviation that gave the most ex-
treme deviation in d;.

The error in the overall probability of detection
(D) can be calculated for multiple loci by a method
developed by Dana Quade of the Department of
Biostatistics at the University of North Carolina,
Chapel Hill. If loci are independent, and the
number of loci is not too small (less than 8 to
10), then the confidence interval is

§ 21— dy?

1—[1_"‘[ (—dye VA ] ®)

where z is the normal critical value, d; is the proba-
bility of detection for the ith locus, and s? is the
variance in d; for the ith locus (see Appendix for
the derivation).

Because the derivation of equation (8) is based
on a logarithmic function, the confidence interval
is not symmetrical. For the allele frequencies in
Table 3 the probability of detection of 0.401 has
a 95%-confidence interval of 0.343 to 0.454.

To calculate the confidence interval for the esti-
mated rate of extra-pair fertilizations, we combined
the confidence interval on the observed frequency
of extra-pair fertilizations with the confidence in-
terval on the probability of detection (D). This
gives an interval larger than 95%, since sampling
errors in both the probability of detection and the
observed rate are not expected to vary in the same
direction to the same extent. For the bunting data
of 1984, the 95 + %-confidence interval on the esti-
mated rate of extra-pair fertilizations is 0.247 to
0.659.

Discussion

Estimates of the probability of detecting a case of
stray genes allow a much more quantitative use
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of electrophoretic data. For indigo buntings this
procedure has allowed the calculation of rates of
extra-pair fertilizations and the elimination of egg-
dumping as a significant behavioral cause of stray
genes.

A critical point of discussion is that the assump-
tions of our models might not apply in all cases.
First, all alleles must fit the Hardy-Weinberg distri-
bution. We assumed the one locus (PGI) in the
buntings in 1984 did not fit the Hardy-Weinberg
distribution as a result of sampling error, because
(1) that locus was very close to Hardy-Weinberg
equilibrium in 1983, (2) out of 17 statistical tests
one is fairly likely to be significant by chance alone,
(3) all of the population was not sampled. Some
species, especially those with restricted dispersal
patterns might not have genotype frequencies in
Hardy-Weinberg equilibrium, and some enzymes,
such as serum esterases, have notoriously unpre-
dictable banding patterns (McGovern and Tracy
1981; Mumme et al. 1985). A test for deviations
from Hardy-Weinberg predictions is therefore pre-
requisite to any use of these models.

One problem with testing for fit to the Hardy-
Weinberg distribution is that one accepts the null
hypothesis of no difference. This is dangerous if
the power of the statistical test is low. For the bunt-
ing data, the power of the G-test used was 60%
against the alternative that there was a 30% skew
from Hardy-Weinberg expectations in the number
of heterozygotes (at a single locus). This skew
would result in a 23% difference in the probability
of detection for that locus, calculated by using
genotype frequencies instead of allele frequencies
(see below). However, the overall probability based
on nine loci would be in error by only 3%. In
addition, the direction of this difference depends
on the direction of the skew in the number of
heterozygotes. If one concluded erroneously that
a locus fit Hardy-Weinberg prediction when in ac-
tuality there was a surplus of heterozygotes, then
one would be overestimating the probability of de-
tection. If several loci are used to calculate the
probability of detection, this becomes less of a con-
cern, unless most of the loci are skewed in the same
direction.

Our models can be modified to correct for de-
viations from Hardy-Weinberg expectations by us-
ing genotype frequencies rather than allele frequen-
cies. Instead of plugging allele frequencies into the
general equations given in this paper, one could
use the observed frequencies of genotypes to calcu-
late the probability of each mating arrangement.
Wrege and Emlen (1987) used this procedure in
their study of parentage in bee-eaters. The use of
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observed genotype frequencies does have some
drawbacks. First, the equations for calculating the
probability of detection become more cumber-
some, especially with 3 or 4-allele loci. This occurs
primarily because using genotypes increases the
number of variables (p and q replaced with p?, 2pq,
and g%). The use of genotype frequencies also in-
creases the error on the probability of detection
(D), since by switching to genotypes the sample
size is reduced by a half. Unless there is some rea-
son to believe several loci in the population do
not fit Hardy-Weinberg expectations, we advocate
the use of allele frequencies instead of genotype
frequencies.

Combining probabilities of detection from dif-
ferent loci depends on using independently segre-
gating loci. In most cases, loci are unlikely to be
linked since they are assayed at random with re-
spect to their locations on chromosomes. Linkage
would reduce the probability of detection. Equa-
tions for calculating the probability of detection
that take linkage into account have been developed
for human parental exclusion (Smouse and Adams
1983) and could be adapted for addressing issues
in sociobiology.

In our models we also assume that alleles are
codominant. For most soluble proteins, codomin-
ance is the most common situation (Manwell and
Baker 1970). But some genetic markers, such as
plumage polymorphisms, do not have codominant
alleles. For these cases, models designed to take
dominance into account could be adapted from
the literature on human parental exclusion (Neel
and Schull 1954; MacCluer and Schull 1963).

Finally, we have assumed that matings occur
randomly with respect to genotype. In some spe-
cies, EPCs or egg dumping are likely to involve
relatives. Mumme et al. (1985) found this problem
in their analysis of acorn woodpeckers. MacCluer
and Schull (1963) and Salmon and Brocteur (1978)
have derived models to calculate probabilities of
detecting close-relative matings in humans.

An interesting ramification of equations to cal-
culate the probability of detection was the use of
these equations to separate the behavioral causes
of stray genes. However, separation of the behav-
ioral causes of stray genes might be more difficult
in other species in which both egg-dumping and
EPCs are known to occur (Frederick 1987; Wrege
and Emlen 1986; 1987). Our models could be ap-
plied to such cases by fitting the observed distribu-
tion of types of exclusions to a weighted mixture
of the EPC and egg-dumping models using a maxi-
mum likelihood procedure (Westneat, unpublished
data). For example if 85% weighting of the EPC

Table 6. Probabilities of detection for some published analyses
of soluble enzymes found in the blood and muscle of passerine
birds. Species with the largest number of individuals genotyped
were selected from the references. Probabilities of detection were
calculated under the EPC model

Species Number of Probability
polymorphic loci  of detection

Catharus ustulatus® 4 0.260

Catharus guttatus® 6 0.446

Dendroica coronata® 11 0.756

Seirus noveboracensis® 13 0.915

Passerella iliaca® 11 0.441

Junco hyemalis® 7 0.457

2 Avise et al. (1980)
® Barrowclough and Corbin (1978)
¢ Zink (1982)

model and 15% weighting of the egg-dumping
model provided the best fit to the observed distri-
bution of types of exclusions, one could use these
weightings as estimates of the relative proportions
of the observed exclusions resulting from these
tactics. Use of the appropriate probability of detec-
tion would give an estimate of the frequency of
the number of young resulting from each reproduc-
tive option.

The use of such best fit procedures to estimate
the relative proportions of stray genes caused by
EPCs or egg-dumping must be viewed with some
cuation. Most parental exclusions are ambiguous
(see Tables 4 and 5). If a small number of exclusions
are observed, the error on the best fit will probably
be large. This means that researchers should con-
sider both the quality of the estimates they wish
to obtain and the sampling effort needed when con-
templating a study of parentage in species with
both EPCs and egg-dumping.

A related concern about the use of genetic
markers for parental exclusion is that the number
of polymorphic enzymes obtained is often so small
that the probability of detection is slight (Barrow-
clough et al. 1985; Mumme et al. 1985). For in-
stance, several researchers have found very few po-
lymorphic enzymes in avian blood, and studies us-
ing this tissue alone have led to inconclusive results
Frederick 1985; Mumme et al. 1985). However, the
published data show much higher isozyme variabil-
ity in avian muscle tissue (Table 6), and the devel-
opment of relatively benign biopsies for muscle tis-
sue (Baker 1981; Westneat 1986; Westneat et al.
1986) and feather pulp (Marsden and May 1984)
will probably allow the use of these tissues in a
variety of birds (but see Frederick 1986). Thus
through the use of more productive tissues and



the estimation of error we present here, electropho-
retic studies of parental exclusion are probably fea-
sible in many more species than has been previous-
ly thought.

At the same time, we second the cautions of
Mumme et al. (1985) in recommending a pilot
study before any full-scale investigation of parent-
age is actually undertaken. Preliminary sampling
of 20-30 individuals should give an idea of the
feasibility of obtaining the desired tissue and also
working estimates of the enzyme variability and
of the probability of detection. Behavior suggesting
stray genes, such as extra-pair consortships and
copulations or dumped eggs, should be quantified
to obtain preliminary estimates of the frequencies
and types of stray genes in the population. How-
ever, observational methods can underestimate the
actual rates of stray genes (Westneat 1987a, b). If
a sufficient sample size (200 young) and a reason-
able probability of detection (0.3-0.5) can be ob-
tained, electrophoresis will provide important in-
formation no matter how few cases of exclusion
are detected.

Finally, our models have been designed with
birds in mind. However, other organisms can satis-
fy the assumptions of our models. The EPC model
applies in any situation in which a particular male’s
parentage is in question. In mammals, males often
defend harems of females (Le Boeuf 1974; Clutton-
Brock et al. 1982). In many of these situations, sub-
ordinate males appear to gain some copulations
with females (Duvall et al. 1976; Curie-Cohen et al.
1983). Paternal exclusion in these situations might
allow more precise estimation of the reproductive
success gained by both dominant and subordinate
males. The egg-dumping model similarly would ap-
ply to species, such as fish (Baylis 1981) or insects
(Tallamy 1985), in which individuals sometimes
care for eggs laid by another individual. It is our
hope that the methods we have addressed in this
paper will provide some additional tools for re-
search on alternative reproductive tactics in a vari-
ety of species.
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He, Peter Wrege, and Christopher Davies have independently
and simultaneously developed a similar procedure to analyze
parental exclusions in bee-eaters (Wrege and Emlen 1987).

Appendix

Dana Quade of the Department of Biostatistics at the Universi-
ty of North Carolina, Chapel Hill, derived the following method
for calculating the confidence interval on the overall probability
of detection (D):

The overall probability of detection (4) is a product of
the probabilities of detection (§;) for i independent loci;

n

1-[T(1-3) )

i=1

Since the expectation of §; is d; and the variance is s7?, the
confidence interval on 4 will be a function of the variance for
each §;(s?).

Suppose t;=log (1 —d;). The expectation of ¢; is therefore
approximately

log(1—3) @)
and the estimated variance (from a Taylor expansion) of ¢; is
st/(1—dy)? 3)

The expectation of the sum of t;, Y ¢;, is
i=1

3 log( —d) @

with a variance of

n

Z Sez/(l—di)z ©)

i=1
If the number of independent d, is not too small (no less than

8-10), then Y ¢, should be approximately normal. Thus, the

i=1
n

confidence interval on Y log(1—4;) is
i=1
Y log(l—d)+z7/ 3 si/(1—d) ()
i=1 i=1
and the confidence interval on 1— [] (1—4,) is
i=1
+21/ 3 s —di)z]
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