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Abstract 

Broods of young merlins were compared with the adults in attendance at their nest by 
DNA fingerprinting. No offspring were found that mismatched genetically suggesting 
that intraspecific brood parasitism and extrapair fertilization are very rare in this 
population. The results are discussed in the light of the Paternity Assurance Hypothesis. 
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Introduction 

Examination of a wide variety of presumed monogamous 
avian species has shown that the exclusivity of presumed 
mating relationships frequently does not hold, and that 
extrapair copulations (EPCs) commonly occur (Ford 
1983; McKinney et nl. 1984; Birkhead et a / .  1987; Westneat 
et nl .  1990). That these EPCs result in extrapair paternity 
has been shown in a number of studies, but the frequency 
of occurrence varies considerably, ranging from’ no de- 
tectable rate among monogamous willow warblers Phyl- 
loscopzis trochiliis (Linn.) (0%: Gyllensten et a/ .  1990) and 
northern fulmars Fzilinnrus glncinlis (Linn.) (0%: Hunter 
r t n l .  1992) to the high rate seen in indigo bunting 
Pnssrriiin qniicn (Linn.) (35%: Westneat 1990). AS well as 
extrapair paternity, the assignment of parentage among 
monogamous species is confounded by the occurrence of 
intraspecific brood parasitism (IBP) in which females lay 
eggs,-that may or may not be fertilized by the resident 
male, in nests other than their own (Gowaty & Karlin 
1984; Rohwer & Freeman 1989). 

The number of young resulting from extrapair fertil- 
izations (EPFs) found in different monogamous species 
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suggests that male birds frequently care for offspring that 
are not genetically their own. The costs of this behaviour 
are such that tactics may be expected to develop which 
would prevent, or a t  least decrease, the chances of this 
happening, and/or increase the chances of detection. 
Birkhead et 01. (1987) and Mdler & Birkhead (1991) pre- 
sented the Paternity Assurance Hypothesis as a means to 
test possible mechanisms which carry out this task. The 
hypothesis suggests that males may ensure the paternity 
of the offspring in their nest through one of two 
anticuckoldry tactics. Firstly, they may prevent EPCs 
(and EPFs) by physically guarding their mate through the 
fertile period before egg-laying, thus blocking access by 
other males. Alternatively, among species where mate 
guarding throughout this susceptible period is not possi- 
ble, such as raptors and colonially breeding birds (e.g. 
seabirds) in which males must forage for prolonged peri- 
ods away from their nest and mate, high copulation fre- 
quency may increase the chances of a maIe’s paternity. 
Through frequent copulations, the territorial male may 
decrease the probability that sperm from EPCs will ferti- 
lize any offspring. The mechanisms for this paternity as- 
surance strategy include factors such as the timing of 
copulations relative to the fertile period, dilution of com- 
peting sperm, or sperm precedence (Birkhead 1988). 

The most detailed knowledge of the success of these 
reproductive strategies (i.e. EPC and IBP) in birds has 
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come from the application of highly sensitive molecular 
techniques which examine variation in DNA sequences. 
DNA fingerprinting (Jeffreys ef al. 1985) has been effec- 
tively adapted for use in birds to ascertain the relatedness 
and parentage of individuals within groups (Wetton ef al. 
1987; Burke & Bruford 1987; Burke 1989). The ability to 
assign parentage of the young in a nest to particular indi- 
viduals is also essential to the accurate assessment of an- 
nual and lifetime reproductive success (Newton 1989). 

The merlin Falco columbarius Linn. is a monogamous 
raptor that is highly territorial within breeding seasons 
(Cramp &I Simmons 1980), but which shows little mate or 
site fidelity between years in our study population 
(Warkentin ef af. 1991,1992). As with many raptoria1 spe- 
cies (reviewed in Birkhead ef al. 1987), the male merlin is 
away from the nest for long intervals during the female's 
fertile period while fulfilling his role as sole or primary 
provider of food for the female and himself (Sodhi et al. 
1992). Previously, James & Oliphant (1986) reported on 
the presence of extra birds and helpers at merlin nests. 
These were primarily yearling males which were ob- 
served bringing food into the territory, transferring prey 
to females, defending the nest against potential predators, 
and copulating with the resident female. 

As part of a long-term study of the population ecology 
of merlins breeding in the city of Saskatoon, Canada, we 
were interested in assessing the extent of EPCs occurring 
in the population, and the level of EPFs arising from these 
EPCs. In an analysis of data from breeding seasons 1988 
to 1990, EPCs accounted for 7% (3 of 44) of the copu- 
lations observed, and an additional 28 intraspecific nest 
intrusions were noted during 679 hours spent watching 
13 nests (Sodhi 1991). Here, we present the results from a 
DNA fingerprinting analysis of blood samples collected 
in 1988, and relate these to the rates of EPCs seen and the 
consequences for the Paternity Assurance Hypothesis. 

Methods 

Study area and data collection 

The study was conducted on a population of merlins 
breeding in Saskatoon, Canada (52'07'N 106'38 W) 
which is located in the aspen-parkland region at the 
northern edge of the Great Plains of North America (see 
detailed- description of study area in Warkentin & James 
1988). The biology and breeding behaviour of this popu- 
lation has been monitored at varying levels since 1971 
(Oliphant & Haug 1985; Warkentin et al. 1991). As part of 
the yearly monitoring, breeding merlins at each nest are 
trapped and the chicks banded following procedures de- 
scribed in Warkentin ef al. (1990). 

Blood samples were collected from 20 merlin families: 
putative mother, putative father and two to five young. 

. 

Analyses were conducted on nine complete families (both 
putative parents and 31 nestlings) and nine 'single-par- 
ent' families (in which only one of the putative parents 
was sampled and 29 nestlings). For two nests, samples 
were obtained from both adults but not the chicks. Blood 
was taken from the brachial vein; 0.1 mL was placed in 0.5 
mL of lysis buffer (100 mM Tris pH 8.0,lOO mM EDTA, 10 
mM NaCl, 0.5% sodium lauryl sulphate), and stored at 
4 "C until shipping. 

DNA fingerprinting of merlins 

DNA extraction. Approximately 100 pL of the blood/ 
buffer solution was mixed with 20 pL of 10 mg/mL 
proteinase K and incubated overnight at 55°C. The 
proteinaceous material was removed by three organic 
solvent extractions: one each in buffered phenol, phenol/ 
chloroform/isoamyl alcohol (24:23:1 v/v) and chloro- 
form/isoamyl alcohol (23:l v/v) according to standard 
procedure. The DNA was precipitated with two volumes 
of absolute ethanol at -20 "C, and recovered by centrifu- 
gation. The resulting DNA pellet was washed briefly in 
70% ethanol, air dried, and then resuspended in 150 pL of 
TE buffer (10 m~ Tris, 1 mM EDTA, pH 8.0) overnight at 
55 "C. 

DNA restriction and electrophoresis 

Fifteen microlitres of the resuspended DNA was digested 
to completion overnight at 37 OC in a total volume of 20 
pL using 20 units of HaeIII, in the presence of 4 m~ 
spermidine HCI. This was done essentially following the 
manufacturer's instructions except that 10 units were 
used for approximately 6 h, then an additional 10 units 
were added and incubation continued overnight to en- 
sure adequate digestion. After digestion, the exact con- 
centration of DNA was determined by Hoechst 33258 
fluorometric assay (Labarca & Paigen 1980) using a TKO 
100 minifluorometer (Hoefer), and then the concentration 
of all samples was adjusted to 0.15 pg/pL with 2 x BPB 
(10 x BPB: 20% w/v Ficoll400,O.Z M EDTA pH 8.0,0.25% 
w/v Bromophenol Blue, 0.25% w/v Xylene cyanol FF). A 
4 p L  aliquot of each sample was electrophoresed through 
a 0.8% agarose minigel, and examined for evidence of 
degradation or incomplete digestion (in which case, fresh 
samples were prepared). 

Forty microlitres (6 pg) of the digested DNA, together 
with 5 pL of internal standard, were loaded into the wells 
of a 20x24 cm 1% w/v agarose gel prepared with 
1 x TAE buffer (40 m~ Tris acetate, 1 mM EDTA pH 8.0), 
The internal molecular weight standards consisted of a 
mixture of h DNA fragments (h  EcoRI, h EcoRI / HindIII, h 
HindIII and uncut A). After all DNA fingerprinting was 
completed, the standards were detectable by hybridiza- 
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tion to randomly primed 32P-labelled h DNA. This allowed 
accurate size estimation of all the fragments, even if the gel 
was distorted during blotting. The samples were 
electrophoresed for 40 h at 40V. 

Southern blot f ing 

Large DNA fragments (210 kbp) retained within the gel 
were depurinated in situ by immersing the gel in 0.2 M 

HCl for 15 min (Meinkoth & Wahl1984). They were dena- 
tured for 40 min in 1.5 M NaCI, 0.5 M NaOH solution, and 
neutralized in two changes of 1.5 M NaCI, 1 M Tris pH 7.4 
for 30 min each. The DNA fragments were then trans- 
ferred (Southern 1975) overnight to Zeta-probe GT nylon 
membranes (Biorad) in 20xSSC ( 3 ~  NaCI, 0.3 M Na 
citrate). The membranes were rinsed briefly in 2 x SSC, 
then dried by baking in uacuo at 80°C 

Hybrid iza f ion 

The membranes were pre-hybridized for 6-8 h in 500 mL 
of 1 x SSC, 1 % SDS, 1 % blotto (1 % w/v low fat milk pow- 
der, 0.01% w/v Na azide), at 65°C with constant agita- 
tion. Riboprobe derivatives of the Jeffreys minisatellite 
probes 33.6 and 33.15 were radiolabelled to high specific 
activity by in uitro transcription from a T7 RNA polymer- 
ase promoter, as described by Carter et al. (1989). The 
membranes were removed briefly from the hybridization 
chamber while the probe was added (1.2 x lo5 c.p.m./ 
mL), and the membranes then returned. Hybridization 
was allowed to continue overnight at 65 "C, then the mem- 
branes were washed five or six times in pre-warmed 
1 x SSC (0.1 70 SDS) at 65 "C for a total of approximately 3 
hours. The membranes were wrapped in Saranwrap 
while still damp, and exposed overnight to X-ray film (Fuji 
RX) with two calcium tungstate intensifying screens. This 
exposure was used to gauge the ideal duration of 
additional exposures, both with and without intensifying 
screens. After suitable exposures were completed, the 
probe was removed from the membranes by washing 
them first in two changes of 0.4 M NaOH solution at 45 "C 
for 20 min each, then once in 0.1 x SSC (0.5% w/v  SDS, 20 
mM Tris pH 7.5), also at 45°C. The membranes were then 
hybridized to additional probes as before. 

Fingerprint analysis 

Samples were screened using both riboprobe derivatives 
of the original Jeffreys probes (33.6 and 33.15; Jeffreys 
et aI. 1985). There was a small amount of redundancy in 
the data produced with the two probes, as a few bands 
appeared in the same place on the separate blots. How- 
ever, we have analysed both sets of results as they com- 
plement each other, and do show informative differences. 

The presence and position of the major bands were re- 
corded in each track to generate the fingerprint profiles, 
and these were used for comparisons within families (pu- 
tative parents and nestlings). Bands were only included 
when it was certain that the band was shared or not 
shared (novel) by other members of the family. Where 
any doubt occurred, the region adjacent to the uncer- 
tainty was omitted from all members of the pedigree. 
Bands in the same position for members of a family were 
assumed to be the same, irrespective of their intensity. 
This is a conservative measure that will result in a higher 
estimate of band-sharing and similarity, and lessen the 
probability of misidentifying true offspring as being the 
result of an extrapair fertilization. 

There was variation in the quality of some profiles: 
small amounts of blood occasionally led to very small 
quantities of DNA, and hence faint fingerprints. In an at- 
tempt to compensate for this, we have used the 'similarity 
coefficient' F = 2Ne,/(Na + N J  (Wetton et al. 1987; Lynch 
1990). This is based upon the number of bands No,, shared 
between two profiles that have Nm and N, bands, respec- 
tively. It is less susceptible to a low number of scorable 
fragments in one profile than is a straightforward esti- 
mate of band-sharing. F ranges from zero when the pro- 
files have no bands in common to unity when they are 
identical. 

Results 

Fingerprints for 33 of the 34 adults and 54 of the 66 nest- 
lings were generated. The DNA from the remaining indi- 
viduals was not adequate for fingerprint analysis due to 
degradation of the samples, or the presence of an insuffi- 
cient amount of DNA for successful hybridization. Prob- 
ing with pSPT 19.6 and pSPT 18.15 produced a mean k SE 
of 19.46 k 0.52 and 17.12 5 0.63 bands, respectively, 
among the adults scored. There is no evidence that the 
sexes differ in the number of bands scored with the two 
probes. Similarity coefficients between these presumably 
unrelated pairs (knowledge of relationship based on 
long-term banding of population, see references above) 
averaged 0.389 k 0.031 and 0.263 k 0.035 for probes pSPT 
19.6 and pSPT 18.15. 

Within the profiles of the broods for which we have 
two putative parents, there are a few bands that do not 
match with either adult. Using probe pSPT 19.6, there is 
one individual with two and 12 with single mismatching 
bands. Probe pSPT 18.15 reveals seven nestlings with a 
single mismatching band. There is a nonsignificant asso- 
ciation between the presence of such novel bands de- 
tected with the two probes (Fisher's exact test; P = 0.07). 
Such mismatches could either be due to incorrect assign- 
ment of parentage, or to mutation, or a combination of 
both. To test which of the alternatives is more likely in 
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Mlsmatchlng Bands 

Fig. 1 The number of bands (black) in each progeny profile that 
cannot be matched with bands in the profiles of the adults in at- 
tendance at the nest. Also shown (in white) are the number of 
bands mismatching when a random (fake) male was substituted 
for the attendant male and compared with the progeny profile. (a) 
Probe 33.15; (b) probe 33.6. 

these birds, we manipulated the data by replacing the 
male fingerprint profile with that of the individual near- 
est to the brood on the autoradiograph, but from a sepa- 
rate nest site. In this way, one adult was 'forced' to be a 
nonparent, and the number of bands mismatching with 
both adults would then be due to non-parentage. The re- 
sults ar& shown in Fig. 1. With both probes, we observe 
many more mismatching bands when a single adult is 
known to be a non-parent than in the situation that is 
found in nature (Table 1). 

Only one (3.2%) of the faked trios revealed fewer than 
three novel bands with probe pSPT 19.6, and none with 
pSPT 18.15. This virtual lack of overlap in mismatching 
bands with both probes suggests that a trio of male, fe- 

Table 1 Number of bands present in the progeny individuals that 
cannot be assigned to the attendant adults. N = normal adults. 
A = one adult faked from adjacent pedigree in autoradiograph 
(see text) 

19.6 N 31 0.452 0.102 
19.15 N 31 0.226 0.076 
19.6 A 31 5.677 0.260 
19.15 A 31 6.194 0.446 

bands is very likely to include at least one nonparent. 
There were none of these among the two-parent families 
analysed. 

There are also 29 nestlings from nests at which only a 
single adult was trapped, and these cannot of course be 
analysed in the same way. However, we can compare the 
progeny with their attendant adult using F as described 
above. It is apparent from Fig. 2 that the similarity values 
calculated are approximately normally distributed, and 
so we have analysed them by ANOVA. Using probe pSPT 

0 0.1 0.2 0.3 0.4 0 .5  0 6 0.7 0 . 8  0.9 1 

s ~ i a d t y  betrean adult and neatllng 

Fig. 2 Similarity between adult and progeny profiles for probes 
33.15 (a) and 33.6 (b). The data from the adults in attendance are 
shown in comparison with those for randomly chosen (fake) 

male and nestling with more than two mismatching males, 
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Table 2 Similarity coefficient between adults and progeny in the 
broods reported in this study. T = Two-parent families; S = Single- 
parent families; A = Faked families constructed as reported in the 
text 

Probe Sex Type N Mean SE 

.6 

.6 

.6 

.6 

.6 

.6 

.15 

.15 

.15 

.15 

.I5 

.15 

Male 
Female 
Male 
Female 
Male 
Female 
Male 
Female 
Male 
Female 
Male 
Female 

T 
T 
5 
S 
A 
A 
T 
T 
S 
S 
A 
A 

31 0.665 
31 0.648 
17 0.580 
12 0.591 
31 0.256 
31 0.638 
31 0.619 
31 0.578 
17 0.627 
10 0.596 
31 0.179 
31 0.579 

0.078 
0.090 
0.121 
0.110 
0.013 
0.014 
0.096 
0.126 
0.115 
0.069 
0.01 I 
0.023 

19.6, there is no evidence of heterogeneity of F across 'sin- 
gle parent' broods for either male or female attendants. 
Using probe pSPT 18.15, again there is uniformity among 
the attendant males, but the females do show some evi- 
dence of heterogeneity. In particular, the females at 
broods 8804 and 8812 show low similarities with their 
nestlings. However, these females also possess the lowest 
number of scorable bands in their own profiles with this 
probe. While there should not be a correlation between 
the number of bands in a profile and the similarity coeffi- 
cient, the lack of supporting evidence from mismatching 
bands, or the data with the other probe, leads us to con- 
clude that this result is due to statistical artefact. The simi- 
larities between nestlings and attendant male and female 
are given in Table 2, and are shown in Fig. 2 for probes 
pSPT 18.15 and 19.6. The comparable data for faked par- 
ents are also shown, and it is clear that there is very little 
overlap. 

Discussion 

Despite the presence of young merlins as extra birds and 
helpers at nests (James & Oliphant 1986) and the opportu- 
nities for copulation with the resident female that this. 
presents, as well as the reported incidence of EPCs in this 
population (Sodhi 1991), the data presented in this paper 
suggest that EPFs are probably not occurring. Levels of 
EPF vary widely in other monogamous species across a 
wide range of taxa (see review by Birkhead & Mdler 
1992). However, few researchers have considered the ge- 
netic consequences of EPCs for birds in the two groups 
(colonial nesters and raptors) identified by Birkhead et nl. 
(1987) as being constrained in their ability to perform 
mate guarding as an anticuckoldry strategy. Among colo- 

nial seabirds, Hunter et of. (1992) found that, despite the 
absence of male northern fulmars from the nest for pro- 
longed periods, and the high frequency of EPCs which 
occurred, no EPFs were recorded in their study popula- 
tion. Hunter et al. (1992) suggest that male fulmars may 
be able to ensure their paternity through frequent 
copulations which could allow them to attain a higher 
proportional representation among the sperm present in 
the female. No detailed reports of DNA fingerprinting 
studies of raptors have yet been published. In a prelimi- 
nary study of EPFs among sparrowhawks Accipiter nisus 
(Linn.), about 10% of broods contained offspring that 
may have resulted from EPFs (T. Darwen, personal com- 
munication). 

As predicted by the Paternity Assurance Hypothesis 
for species that are unable to guard their mate for exten- 
sive periods, the copulation rates of merlins are relatively 
high (6O/pair/clutch, Sodhi 1991). Simmons (1990) found 
a number of examples among raptors of species in which 
males provide most of the food at the nest, but do not 
guard their mate or have comparatively high copulation 
frequencies. Based on this, he suggested that at an 
interspecific level, the Paternity Assurance Hypothesis is 
not supported by the data collected for several raptor spe- 
cies. However, male merlins appear able to successfully 
pursue the strategy of protecting their paternity through 
frequent intrapair copulations. Although the exact 
mechanism of sperm competition (reviewed by Birkhead 
1988) in merlins is unknown, where EPCs do occur, males 
in this population appear able to maintain paternity of the 
young in their nests. 

There is no strong evidence of egg dumping in this 
population from fingerprinting analysis of two-parent 
families, or one-parent families where we analysed the 
female. Although observational evidence over an 8-year 
period indicates the possibility of egg-dumping (Sodhi 
1991; Warkentin et al.  unpublished data), there is no evi- 
dence of this among the 41 progeny that can be directly 
compared with an attendant female. However, it should 
be noted that observing no intraspecific brood parasitism 
within a sample of 41 nestlings does not differ signifi- 
cantly (i.e. at P = 0.05) from an expected frequency of up 
to 8.5%. 

As part of a parallel study of raptors, Wetton & Parkin 
(in preparation) have generated a series of 'single locus' 
probes for screening falcon minisatellites. Details of these 
will be published elsewhere, but we have applied them to 
the present birds. Nine of these probes are available, each 
of which recognizes a separate locus. We examined those 
broods for which we have two adults and at least three 
nestlings, a total of nine families. Every single one of 30 
progeny matches with both adults at all 9 loci, strengthen- 
ing our belief that there are no extrapair progeny in this 
group of merlins. 
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The frequency of EPC has been positively correlated 
with breeding density (Merller 1985). Assuming that the 
success rate of EPCs would increase with a higher fre- 
quency of occurrence, and given that this population has 
the highest breeding density of merlins reported (Sodhi 
et al. 1992), one might expect that if EPFs were occurring 
on a regular basis in this species, at even a low frequency, 
the chances of detecting them in our study area would be 
high. Sodhi (1991) observed an EPC rate of 770, which 
suggests that we should observe 3.3 EPFs among the 47 
nestlings that we can compare directly with an attendant 
male. The probability of observing none can be got from 
(o.93)47 = 0.033 which is statistically just significant. 

Thus, because of the relatively small sample size, we 
can only say that the observed lack of maternal mis- 
matches suggests a level of IBP of less than 5% within our 
population. However, the lack of any evidence of EPFs is 
significant, and m a y  indicate w h y  Simmons’ (1990) ob- 
servation holds true that the rates of EPC seen in raptorial 
species are consistently low in comparison with other 
taxa. 
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This paper resulted from a collaboration between two research 
groups. David Parkin, Jon Wetton, Roy Carter and Alistair Curzon 
use molecular genetic tools to examine animal populations, par- 
ticularly thoseof avian species. Lynn Oliphant, Paul James and fan 
Warketkin are studying the factors that control life time reproduc- 
tive success in birds of prey through their long-term study of 
population dynamics in urban-breeding merlins. 




