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NOTE / NOTE

A method to improve confidence in paternity
assignment in an open mating system

M.M. Kasumovic, L.M. Ratcliffe, and P.T. Boag

Abstract: Molecular techniques have allowed researchers studying mating systems to determine the identity of extra-
pair sires, providing more accurate measures of individual realized reproductive success. Yet, an existing problem in
such studies is the inability to assign paternity to individuals that have not been captured. This frequently arises when
only a proportion of the population is sampled or when visitors from outside the study area have access to the breed-
ing population. It is therefore difficult to assign paternity in situations where not all candidate sires are sampled be-
cause some assignments may be incorrect, especially when using a likelihood-based approach. This study outlines a
method that combines two different programs, GERUD 1.0 and CERVUS 2.0, to increase confidence in paternity as-
signment. The benefit of using these programs in conjunction is that GERUD 1.0 can reconstruct genotypes of males
that are not sampled in families where the female was sampled, and CERVUS 2.0 can use this information to better as-
sign paternity because more information is provided. We show how applying this method to Least Flycatchers
(Empidonax minimus), a sub-oscine bird with an open mating system, substantially increases confidence in paternity as-

signments.

Résumé : Des techniques moléculaires ont permis aux chercheurs qui étudient les systémes d'accouplement de déter-
miner |’identité des péeres hors couple, ce qui fournit des mesures plus précises du succes reproducteur individuel réa-
lise. Néanmoins, un des problémes dans de telles études est I'impossibilité d’ attribuer la paternité a des individus qui
n'ont pas été capturés. Une telle situation se produit lorsque seulement une partie de la population est échantillonnée
ou lorsque des visiteurs provenant de I’ extérieur de la zone d’ étude ont accés a la population qui est en train de se re-
produire. 1l est ainsi difficile d’attribuer la paternité dans des situations ou tous les péres possibles ne sont pas échantil-
lonnés, car alors certaines attributions seront erronées, particuliérement si on utilise une méthode basée sur la
vraisemblance. Nous avons mis au point une méthode qui combine deux logiciels, GERUD 1.0 e¢ CERVUS 2.0, pour
augmenter la confiance des attributions de paternité. L’avantage d' utiliser ces deux logiciels conjointement est que
GERUD 1.0 peut reconstruire le génotype de méles non échantillonnés dans les familles ou la femelle a été échantil-
lonnée et que CERVUS 2.0 peut utiliser cette information pour mieux attribuer la paternité, puisgue plus de données
sont disponibles. Nous montrons comment |’ application de la méthode au moucherolle tchébec (Empidonax minimus),
un oiseau suboscine a systéme d’accouplement ouvert, augmente de fagon significative la fiabilité des attributions de

paternité.

[Traduit par la Rédaction]

Introduction

Current behavioura research relies heavily on molecular
paternity analyses because molecular techniques are able to
inform researchers about behaviours that are difficult to ob-
serve. With the advent of high-resolution DNA markers, a
suite of different analytical approaches has been developed
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to analyze molecular information and infer paternity
(Danzmann 1997; Marshall et al. 1998; Neff et al. 2000).
Identifying whether a litter or brood contains extra-pair off-
spring is relatively simple if there are clear mismatches be-
tween genotypes, but identifying the parents of such extra-
pair offspring can be challenging. Without accurate paternity
assignment, it is difficult to determine individual realized re-
productive success. This problem can be particularly pro-
nounced in systems where social pair bonds are weak or
where copulations outside the pair bond are common and in-
clude individuals from outside the population under study
(open breeding system).

Measuring realized reproductive success is particularly
challenging in bird species with open breeding systems
where individuals are difficult to capture or are highly mo-
bile, visiting severa sites in a single day. For example,
determining the number of candidate sires is not straightfor-
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ward if many individuals visiting a population are not ob-
served or if observed individuals are not sampled. This study
demonstrates a method to increase the confidence in pater-
nity assignment in an open system using already available
analytical techniques. We show that combining two different
paternity programs, GERUD 1.0 (Jones 2001) and CERVUS
2.0 (Marshall et al. 1998), substantially improves paternity
assignment in the Least Flycatcher (Empidonax minimus), a
migratory sub-oscine with an open mating system.

Methods

Paternity data were collected from two separate Least Fly-
catcher populations (one site in 2000 and another site 18 km
away in 2001) at the Queen’'s University Biological Station
at Chaffey’s Lock, Ont. (44°34'N, 76°19'W). The Least Fly-
catcher is a socially monogamous bird species that settles
contiguously on small all-purpose territories, forming clus-
ters that resemble leks (Briskie 1994; Tarof 2001). Least
Flycatcher pairs maintain their territories throughout the
breeding season, but individuals from other sites will visit
clusters throughout the breeding season, resulting in an open
mating system. Previous research shows that 61.9% of
broods contain extra-pair offspring (Tarof 2001). In eastern
Ontario, Least Flycatchers breed in the upper canopy and are
difficult to capture, typically resulting in incomplete sam-
pling within a cluster.

We studied a total of two clusters. In 2000, 75% (15/20)
of the clustered individuals and two other nonterritorial
males were sampled. In 2001, 79% (15/19) of the clustered
individuals and one other nonterritorial male were sampled.
Nonterritorial males were considered to be visitors to the
clusters, since they were never seen before or after the day
of capture. Thirty-seven offspring were sampled from 10
nests in 2000: in 5 nests, both parents were sampled; in 3
nests, only the males were sampled; and in 2 nests, only the
female was sampled. In the 2001 cluster, 42 offspring were
sampled from 11 nests: in 7 nests, both parents were sam-
pled; in 2 nests, only the male was sampled; and in 2 nests,
only the female was sampled.

Species-specific microsatellites were used for paternity
analysis (Tarof et al. 2001). Table 1 presents levels of heter-
ozygosity and allele numbers for both populations. The total
exclusion probability with all four loci and both parents
known, as calculated by CERVUS 2.0, was 99.2% in 2000
and 98.5% in 2001. We assumed no egg dumping occurred,
since there were no genotype mismatches between mothers
and their offspring. GERUD 1.0 was used first to analyze the
microsatellite data and then CERVUS 2.0 was used to assign
paternity.

GERUD 1.0 is a computer program that reconstructs un-
known parental genotypes by subtracting the known parental
genotype from the known progeny array (Jones 2001). It can
be downloaded from http://www.bcc.orst.edu/~jonesal. Since
the female is the known parent in this study, the unknown
reconstructed genotypes are those of males. After determin-
ing the possible paternal genotypes, the program uses infor-
mation from patterns of segregation of alleles in the progeny
aswell as alelic frequencies in the adult population to deter-
mine which of the genotypic combinations are most proba-
ble. Using this program, paternal genotypes can be
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Table 1. The expected heterozygosity and allele
number of sampled individuals from two clusters of
Least Flycatchers (Empidonax minimus) breeding in
2000 and 2001.

2000 2001
Locus He N, He I\
227 0.938 14 0.881 11
Z1 0.854 9 0.873 9
C23 0.829 9 0.851 7
D46 0.848 8 0.756 7

Note: H, is the expected heterozygosity and N, is the
number of alleles at the locus. Only adults were used in
this calculation. n = 17 in 2000 and n = 16 in 2001.

reconstructed when the maternal genotype is known and
then compared with the observed genotypes of males within
the cluster to determine paternity. Furthermore, GERUD 1.0
can reconstruct the genotypes of males in the cluster that
have not been sampled. Care must be taken, since GERUD
1.0 assumes perfect genotyping of al individuals.

Since GERUD 1.0 determines extra-pair paternity through
clutch information, the program was initialy used to exam-
ine each clutch and determine the minimum number of fa-
thers required to sire the offspring within the nest and
therefore the number of nests that contained extra-pair
young. Secondly, GERUD 1.0 was used to reconstruct all the
paternal genotypes in nests within the cluster where the fe-
male was sampled. The reconstructed genotypes were then
compared with the actual genotypes of sampled males.
GERUD 1.0 also reconstructed the genotypes of males that
sired offspring in nests where the social male was not sam-
pled. In these cases, we assumed that the male for which the
genotype was reconstructed was the unsampled social male,
since the reconstructed genotypes did not match those of
other sampled males and it is more likely that the socia
male, rather than an unsampled, unobserved visiting male,
was the father.

After completing the analysis using GERUD 1.0,
CERVUS 2.0 was used to assign paternity. CERVUS 2.0isa
paternity assignment program that uses a likelihood-based
approach and alelic frequencies to determine which one of
the sampled individuals is the most likely paternal sire (Mar-
shall et al. 1998). CERVUS 2.0 can be downloaded from
http://helios.bto.ed.ac.uk/evolgen/cervus/cervus.html. Pater-
nity assignments occur at the individual level rather than the
family level, i.e., each offspring is treated as an individual
parentage test. Unlike GERUD 1.0, CERVUS 2.0 takes ac-
count of scoring errors and mutations and requires informa-
tion only from candidate parents, though assignments may
have greater confidence if the known parent is used.
CERVUS 2.0 performs well in situations where the majority
of potential sires is known, though confidence in assign-
ments decreases as the proportion of candidate sires that are
sampled also decreases (Slate et al. 2000).

CERVUS 2.0 was used in two different trials. The first
trial was performed to analyze the paternity using only sam-
pled individuals from the clusters. Paternity was then ana-
lyzed using the genotypes of sampled individuals plus al the
genotypes reconstructed by GERUD 1.0 (i.e., genotypes of
those individuals that were not sampled). Using the recon-
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structed genotypes of social males, we could assign paternity
to nests and also determine whether the male gained any ex-
tracpair paternity from other nests within the cluster. For
each trial, the number of candidate sires was calculated as
the number of males settled in the cluster plus the number of
unknown males seen visiting the cluster and the number of
males seen within 500 m of the cluster. Therefore, the pro-
portion of males sampled was calculated by dividing the
number of males sampled by the number of candidate sires,
giving conservative estimates of 65% in 2000 and 50% in
2001. We assumed a 1% mistyping rate and assigned pater-
nity at both a strict confidence level of 95% and a relaxed
confidence level of 80% (Marshall et a. 1998). Results of
the two trials performed with CERVUS 2.0 were compared
between trials and with the results from GERUD 1.0. As-
signments were then checked manually to insure there were
no mismatches.

Results

Over both years, atotal of 12 nests had both the male and
the female sampled, and the results of the analysis per-
formed with GERUD 1.0 agreed with the paternity assign-
ments obtained with CERVUS 2.0 for al of the 48 offspring
from these 12 nests (four of which were extra-pair) both
with and without using reconstructed genotypes. In the five
nests where only males were sampled, CERVUS 2.0 as-
signed paternity only to sampled males, even when all re-
constructed male genotypes were used. Paternity was
assigned to the social males for 14 of 18 offspring from
these five nests and to neighbouring males for the other 4
offspring.

In the other four nests, only the females were sampled and
data from social males were not available. When CERVUS
2.0 adone was used to assign paternity, paternity was
assigned to different males throughout the cluster at low
confidence (i.e., below 80%) for 9 of the 13 offspring. The
remaining four offspring (from two different nests) were as-
signed to neighbouring males at 95% confidence. Since
CERVUS 2.0 cannot assign paternity to males that have not
been sampled, GERUD 1.0 was used to reconstruct the ge-
notypes of the social males. When the reconstructed geno-
types were used, CERVUS 2.0 assigned paternity of two of
the four nests (six offspring) solely to the reconstructed
males with 95% confidence. For the other two nests (four
offspring), paternity was still assigned to the two sampled
neighbours with 95% confidence. Two of the three remain-
ing offspring were assigned to the reconstructed social males
with 95% confidence. For the final assignment, the genotype
that GERUD 1.0 reconstructed did not match the genotype
of any sampled individual or any of the reconstructed geno-
types of males from other families. Therefore, the fina as-
signment was assumed to be a visiting male that was not
sampled or observed. The CERVUS 2.0 analysis supported
this assignment when all reconstructed genotypes were used.
Since having a single social sire or two sires (the unsampled
social male and a neighbouring sampled male) is more parsi-
monious than having multiple neighbouring sires, and since
the GERUD 1.0 assignments agreed with the CERVUS 2.0
assignments, paternity was assigned to the social males that
were not sampled.
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Discussion

All reconstructions of genotypes of sampled males by
GERUD 1.0 matched the CERVUS 2.0 assignments. Geno-
types of a total of three males that were not sampled but
were observed as social males were reconstructed, and one
mal e that was neither sampled nor observed was classified as
a visitor to the cluster. CERVUS 2.0 correctly assigned pa-
ternity to al the males for which genotypes were recon-
structed when the reconstructed genotypes from GERUD 1.0
were used. CERVUS 2.0 also assigned paternity to five so-
cial males whose female partner was not sampled and could
therefore not be used in GERUD 1.0. Without the use of
GERUD 1.0, paternity could not be assigned to four nests
(13 offspring; 4 extra-pair) and without the use of CERVUS
2.0, paternity could not be assigned to five nests (18 off-
spring; 4 extra-pair). Therefore, by combining both pro-
grams, the success rate of paternity assignment increased by
16.5% compared with the use of GERUD 1.0 alone and by
22.8% compared with the use of CERVUS 2.0 alone. These
results suggest that these particular breeding clusters of
Least Flycatchers exhibit moderate levels of extra-pair pater-
nity (16.5% EP nestlings) and that EPY are sired predomi-
nantly (92.3%), though not exclusively (7.7%), by other
males residing in the same cluster.

Clearly, these specific values should be interpreted with
caution, since they are contingent on our small sample sizes
and specified assumptions. Nevertheless, we conclude that
combining both programs substantially improved confidence
in paternity assignment, since results obtained with both pro-
grams were in agreement and clarified paternity assignments
in situations where one of two social parents was not sam-
pled. Using both programs worked better than simply using
either one alone, since GERUD 1.0 aone could not assign
paternity in cases where the female was not sampled, and
CERVUS 2.0 itself lacked data from males that were not
sampled and therefore assigned paternity incorrectly to
neighbouring males at low confidence. Using both programs
together allowed CERVUS 2.0 to use the data made avail-
able by GERUD 1.0 to better estimate the reproductive suc-
cess of both sampled and unsampled males.

In addition, there are factors that could increase the valid-
ity of assignments while using this approach. Confidence in
male genotypic reconstructions and paternity assignments
will increase if a greater number of molecular markers are
used and (or) a greater number of offspring are sampled per
brood, since this increases the accuracy of paternal geno-
typic reconstructions and decreases the probability of assign-
ing paternity incorrectly. However, even with this approach,
it is still difficult to assign paternity in situations where both
parents are unknown, since male genotypes cannot be recon-
structed and paternity is therefore assigned at very low con-
fidence.

Overall, we suggest that this approach can provide better
information on the distribution of paternity throughout popu-
lations, where incomplete sampling of parents is common
and unavoidable. This improved information can aid in the
determination of the level of extra-pair paternity within a
population and the proportion of offspring that are sired by
visiting males, rather than residents. Overall, this approach
may improve the understanding of variability in realized re-
productive success between males.
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