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Realized Reproductive Success of Polygynous 
Red-Winged Blackbirds Revealed by DNA Markers 

Hypervariable genetic markers, including a novel locus-speciiic marker detected by a 
mouse major histocompatibility complex probe, reveal that multiple paternity is 
common in families of polygynous red-winged blackbirds (Agelaius phoeniceus). 
Almost half of all nests contained at least one chick resulting from an extra-pair 
fertilization, usually by a neighboring male. Genetically based measures of reproduc- 
tive success show that individual males realize more than 20% of their overall success 
from extra-pair fertilizations, on average, and that this form of mating behavior 
confounds traditional measures of male success. The importance of alternative repro- 
ductive tactics in a polygynous bird is quantified, and the results challenge previous 
explanations for the evolution of avian polygny. 

N IMPORTANT CONTROVERSY I N  

studies of avian mating systems is 
the degree to which observed so- 

cial relationships of breeding males and 
females accurately predict patterns of gene 
transfer across generations (1). The obser- 
vation of copdations between individuals 
not paired with each other (2) and parent- 
age analyses using allozymes (3) imply a 
significant lack of congruence between the 
behavioral and genetic mating systems of 
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many species and argue that alternative 
reproductive tactics such as extra-pair fer- 
tilizations by males and egg-dumping by 
females may be important components of 
individual reproductive success (4). If sig- 
nificant, such alternative reproductive be- 
haviors would also raise serious questions 
about traditional measures of reproductive 
success used in studies of avian mating 
systems ( 5 ) .  

Theory (6) suggests that extra-pair fertil- 
izations (EPFs) may be particularly impor- 
tant sources of male success in polygynous 
birds like the red-winged blackbird (Agelaius 
phoeniceus) where males provide little paren- 
tal care. In this species, field experiments 
have shown that females nesting on the " 
territories of vasectomized males often pro- 

*To whom correspondence should be addressed. 
tPresent address: Department of Biology, McMaster duced fertile eggs ( 7 ) ,  and there is evidence 
University, Hamilton, Ontario L85 4K1. that nonterritorial "floater" males are capa- 

ble of fertilizing females (8). We used a 
combination of traditional and novel hyper- 
variable genetic markers to assess the extent 
of extra-pair fertilizations in families of red- 
winged blackbirds and to identify the males 
responsible. Our results show that some 
mdes gain a substantial portion of their 
reproductive success through EPFs and pro- 
vide a detailed analysis of realized male and 
female reproductivd success in a natural pop- 
ulation of a polygynous bird. They also 
demonstrate that EPFs severely confound 
traditional measures of male success and 
hence call into question previous tests of 
explanations for the evolution of polygyny 
in these birds (9). 

To study parentage in wild blackbirds, we 
collected blood samples from adults and 
6-day-old nestlings from one low-density 
(0.1 territorial males per hectare) and two 
high-density (0.4 males per hectare) marsh- 
es near the Queen's University Biology Sta- 
tion, Chaffey's Lock, Ontario, in 1986. We 
successfully collected samples from 75% (21 
of 28) of all territorial males in these three 
marshes and from all chicks in 90% (36 of 
40) of nests on the territories of sampled 
males that had nestlings old enough to be 
bled. In total the 36 families we sampled 
consisted of 11 1 nestlings, 21 putative male, 
and 31 putative female parents; for 31 of 
these families we captured both male and 
female parents, whereas for five nests we 
only had samples from the presumed male 
parent (10). 

For parentage analyses we followed pro- 
cedures described bv Seutin et al. (11) to 
extract DNA from 'the samples and ised 
Southern Blot techniques to carry out ped- 
igree analyses on the families using two 
types of hypervariable DNA probes. First, a 
mouse class I1 major histocompatibility 
complex (MHC) cDNA probe from the 
I-alp-ha locus (12) that hybridizes to a locus- 
specific hypervariable region in the black- 
bird genome; second, two multi-locus mini- 
satellite probes, Jeffreys 33.15 (13) and the 
M2.5 repetitive sequence from the pev gene 
in mice (14). The MHC probe (15) detects 
restriction fragment length polymorphisms 
in Eco RI-cut genomic DNA that have the 
genetic characteristics of a single hypervari- 
able locus with many co-dominant alleles 
(n = 36) at low frequencies (mean allele 
frequency = 2.2%). As a result the proba- 
bility of false inclusion (16) for this locus in 
blackbirds equals 0.07, which is equivalent 
to that of many human single locus variable 
number of tandem repeat (VNTR) markers 
(17). Both mini-satellite probes have been 
used in parentage analyses of wild birds (18, 
19); each detects complex individual-specific 
band patterns in blackbirds (Fig. 1) .  

Our approach was to use both types of 
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probes in such a way as to apply the relative 
strengths of each for parentage analysis (for 
example, the simplicity and scoreability of 
the single-locus marker versus the high re- 
solving power of the complex genetic profile 
generated by the multi-locus probes). To 
identifjr nestlings whose genotypes did not 
match those of their parents, we initially 
screened all W e s  with the MHC probe 
and identified chicks with alleles with sizes 
(in kilobases) three or more standard devia- 
tions different fiom the size of any parental 
allele (1 7). We then used at least one of the 
mini-satellite probes to confirm the MHC 
results by comparing band-sharing d- 
cients between all chicks and their putative 
parents (20). In all cases, d t s  fiom both 

types of markers were in agreement in con- 
firming either genetic matches or mis- 
matches between parents arid ospring. 

For parentage assignments, we adopted a 
two-step procedure in which we first used 
the simple single-locus genotypes to screen 
for possible parents at the population level 
and then a mini-satellite probe to choose a 
parent fiom this select group of adults. 
More speafically, with data fiom the initial 
MHC analysis, we calculated the size of the 
smy MHC allele in the mismatched chick 
and then identified all adults in the popula- 
tion with MHC alleles within 10% of the 
stray allele's size. We then used one of the 
mini-satellite probes to identif) which adult 
of this subset (usually duee or h e r  indi- 

Fig. 1. Examples of the restriction fragment pat- 
terns obtained \vith (A) the mousc JMHC I-alpha 
probe (12) and Eco RI-cut DNA and (B) the 1 I Jeffrcys 33.15 mini-satellite prohe (13) and Alu - 
I-cut DSA for the samc nvo families of red- 3) * 

C 

winged blackbirds located in the terricon of a 
single malc (MI) .  Each famil!. contained a single I) 
chick ( I  and 6) \\hose LMHC and mini-satclllte 
profiles did not match those ofthcir putative male 
parent but did match the profiles of nvo different i 
neighboring males (M, and IM,, respect~vcl!.). 
Arrows indicate MHC and mini-satellite bands 
present in the assigned malcs tvhich also occur in - 
each of the mismatched chicks hut xvhich are not 1 - 2.1 

found in the resident male. The figure also shows a case where the mini-satellite probe confirms a match 
bcnr.een a putative male parent and his offspring that was ambiguous based on the MHC data alone. 
The paternal LMHC allele in chick 4 is shared by both the resident territorial male (,MI) and a neighbor 
(M,). Rand-sharing coefficients (D) (20) benvcen thc chick and each of the mro males confirm that the 
res~dent male is itc true father [D(M, and 4) = 0.52; D(M, and 4) = 0.121. Methods used for the 
MHC analysis arc described elsev.,hcre ( 15). Protocols for the mini-satellite analyses were the same with 
the follo\ving exceptions: 4 kg of gcnomic DNA was digested rvith Alu I or Hae 111, run through 30 
cm 0.8% agarosc gels at 1.2 v!cm for 48 h, blotted onto Hybond-N+ nylon membrane in 20 x saline 
sodium citrate (SSC), hybridized with purified inserts of one of the mini-satellite probes in 0.263.21 
Na,PO,, 7% SDS, 1 m.ll EDTA (pH 8.0). and 1% USA (301, and then washed in 2 x SSC; 0.1% SDS 
at 65°C. The mean frequeny of allclcs detected by the MHC probe in blackbird DNA cut with Eco RI 
is 0.022; hence, the probability of hvo unrelated individuals sharing the same genotype is 4.8 x 
(1.F). For the two mini-satellite probes, the number of bands detected per bird and the proportion of 
bands shared between unrelated inditiduals depended on the probe-enzyme combination uscd: for the 
same 11 unrelated individuals run on a single gel the number of scoreable bands (n )  in the 2.5- to 25-kb 
size range varied from 17.72 2 0.35(SE) (pcrlHae 111) to 23.3 2 0.37 (33.15Hae III), whereas the 
proportion of bands shared benveen individuals (D) based on visual comparisons ranged between 
0.1 1 2 0.008 (perlAlu I) to 0.23 2 0.012 (33.15Hae 111). Because data from sib-ships indicate that 
individual bands segregate independently (?I) ,  the probability of nvo unrelated individual blackbirds 
having the same fingerprint profile ( D )  ( 18) is < 2 x 10- '"or any of the probe-enzyme combinarions 
used here. 

viduals), if any, had a genetic profile that 
matched that of the chick and hence could 
be assigned as the true genetic parent. 

Genetic analyses revealed a high level of 
extra-pair fertilizations in these birds. For 
nests for which both putative parents had 
been sampled, 14 of 31 nests (45%) had at 
least one chick whose MHC and DNA 
fingerprint genetic profiles did not match 
with one of its parents. Adding the results 
fiom the five male-only nests increases this 
ratio to 17 of 36 nests (47%). Of all chicks 
sampled for both types of nests, 28% (31 of 
111) had genotypes not compatible with 
one parent. In all cases the excluded adult 
was the putative male parent (Fig. 1). Ter- 
ritorial male densitv within a marsh was 
positively correlatd with the overall fk- 
quency of illegitimate chicks: the proportion 
of illegitimate chicks was significantly higher 
in the two marshes with relatively high male 
densities [frequency of EPFs: 32% (30195 
chicks)] as compared to the marsh with 
lower male density [fkquency of EPFs: 6% 
(1116 chicks); G = 5.82; P I 0.051. The 
proportion of nests with one or more mis- 
matched chicks also increased with male 
density [52% (16 of 31 nests) versus 6% (1 
of 5 nests)], but not significantly 
(G = 1.68; P > 0.05). Thus, contrary to 
previous reports (21), EPFs due to male 
cuckoldry are frcquent in this species. In 
contrast, and unlike certain other birds (4),  
there is no evidence for intraspecific brood 
parasitism by females. 

Previous studies have rarely been able to 

iden* the genetic parents of mismatched 
young. Our two-step paternal assignment 
procedure demonstrates that cuckolding 
males are often neighbors who hold territo- 
ries on the marsh (Fig. 2). For this analysis, 
we concentrated on a single high density 
population (Barb's Marsh) for which we had 
;hi most complete sampl& of nd ings  and 
adults. We were able to identi@ the true 
genetic father of 26 of the 28 chicks that 
d t e d  fiom an EPF (22). All sampled 
resident males were excluded as genetic fa- 
thers of the two remaining mismatched 
chicks, both fiom the same nest. Their fa- 
thers could have been one of the two resi- 
dent males fbr which we had no blood 
samples (Fig. 2) or one of the nonresident 
floater males that are abundant in this pop 
ulation (23). In 20 of the 26 (77%) sudess- 
11 paternal assignments, the true father held 
a territory bordering on the territory con- 
taining the mismatched chick's nest (Fig. 2). 
In nests with illegitimate chicks, the maxi- 
mum number of males fathering young was 
two, usually the resident and one other 
male. In one case, two neighbors each fa- 
thered a single chick in a nest with only two 
young. Multiple neighbors did, however, 
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Fig. 2. Realized reproductive suc- 
cess of male red-winged blackbirds 
holding territories on Barb's 
Marsh. The fraction in each territo- 
ry represents the number of chicks 
sired by a resident male over the 
number sampled from nests on his 
territory. Arrows describe instances 
of extra-pair fertilizations: the ori- 
gin of the arrow shows the identity 
of the cuckolding male; the arrow- 
head, the territory in which he fer- 
tilized chicks; and the number in 
the circle, the number of extra-pair 
chicks he sired. Only the resident 
males were sampled on territories A and B; territory C contained an unsampled male and no nesting 
females; and territory D had a male and nesting females, none of which were sampled. 

father chicks in separate nests within the 
same resident male's territory. 

On the basis of this parentage analysis, we 
calculated realized reproductive success 
(sampled chicks fathered through both 
within- and extra-pair fertilizations) for 13 
male blackbirds resident on the intensively 
studied marsh and compared it with esti- 
mates of their apparent reproductive success 
(chicks from sampled nests on a male's ter- 
ritory). Seven of 13 males obtained one or 
more EPFs; chicks sired in this fashion made 
up an average of 21% (range 0% to 67%) of 
a male's total realized success. There was also 
a significant positive correlation between the 
realized paternity in a male's own nests 
(percentage of young sired by the resident 
male) and the number of chicks fathered on 
other males' territories [Kendall rank corre- 
lation, tau = 0.405 (corrected for ties), 
P = 0.051. Thus, the gains and losses of 
paternity by individual males did not bal- 
ance each other (24); rather, individuals 
who were successful in fertilizing females 
breeding on their own territories were also 
successful in gaining matings with females 
on other territories. As a consequence, the 
standardized variance in male reproductive 
success [varian~e/(mean)~] (25) was 56% 
higher when based on realized success 
(0.39) as compared to apparent success 
(0.25). This increase, however, was not 
significant when tested by a randomization 
procedure (26), likely because of the small 
number of males in the sample. Finally, we 
found no correlation whatsoever between 
apparent and realized male reproductive suc- 
cess [Kendall rank correlation, tau = 0.126 
(corrected for ties), P = 0.591 suggesting 
that the traditional measure of male success 
(nestlings produced) used in field studies of 
birds (27) may be inaccurate in species 
where EPFs commonly occur. In contrast, 
apparent measures of female reproductive 
success in this species are not affected by 
uncertain maternity. 

Our results have a number of important 
technical and evolutionary implications. We 

used a cloned heterospecific MHC locus to 
detect a hypervariable genetic marker suit- 
able for parentage analysis in a wild bird. 
This suggests that the large number of 
M H C  loci already available from mice, hu- 
mans, and other vertebrates (28) may be a 
valuable source of single-locus hypervariable 
genetic markers for parentage analysis in 
wild vertebrates that precludes the time- 
consuming procedure of isolating species- 
specific markers from genomic libraries. 
Such locus-specific markers would be espe- 
cially valuable for parentage assignment 
studies that require the screening of large 
numbers of potential parents as the simple 
banding patterns of such markers can be 
more accurately scored than the complex 
profiles revealed by traditional mini-satellite 
probes, especially when comparing the pro- 
files of different individuals between blots. 

From an evolutionary standpoint, our re- 
sults argue that EPFs are an important 
source of reproductive success for at least 
some males in this species and show the 
extent to which territorial males may adopt a 
mixed reproductive strategy in a polygynous 
bird. In addition, the level and pattern of 
EPFs we detected seriously confounds tra- 
ditional measures of male reproductive suc- 
cess. This argues for a reexamination of the 
results of past studies in this area and under- 
lines the need to use genetic parentage tech- 
niques based on DNA markers to augment 
simple measures of male reproductive suc- 
cess. For example, in studies of avian polyg- 
yny, the number of females a male attracts is 
often used as a measure of male mating 
success on the basis of the assumption that 
females mate exclusively with the owner of 
the territory on which they nest (9). Consis- 
tent with these studies, we indeed found a 
significant positive relation between appar- 
ent male success and harem size [measured 
as the maximum number of reproductively 
active females on a male's territory; Kendall 
rank correlation, tau = 0.679 (corrected for 
ties), P = 0.00121. However, the relation is 
markedly nonsignificant [tau = 0.217 (cor- 

rected for ties), P = 0.831 when realized 
male success, which incorporates the effects 
of EPFs on paternity, is used. This result 
reinforces the view that for this and other 
species, the choice by a female of where to 
nest may be distinct from her choice of 
which male she mates with ( 1 ) :  this mav 

\ ,, 

explain why attempts to find support for 
general models for the evolution of polygy- 
nv in birds have been unsuccessful 129). 

\ ,  

Because males that were most successful at 
gaining fertilizations on their own territories 
were also most successful in gaining fertili- 
zations on other males' territories, the next 
question should be what phendtypic at- 
tributes, if any, confer high fitness on this 
select group of individuals. 
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A Trans-Acting Factor That Binds to a GT-Motif in a The activity of the rice P ~ Y A  promoter 
was assayed by means of microprojectile- 

Phytochrome Gene Promoter mediated gene transfer (13, 14) into etio- 

The regulatory photoreceptor, phytochrome, controls the expression of numerous 
genes, including its own p h y A  genes, which are transcriptionally repressed in response 
to light. Functional analysis of a rice p h y A  gene promoter, by means of microprojec- 
tile-mediated gene transfer, indicates that a GT motif, GCGGTAATT, closely related 
to elements in the promoters of a number of other light-regulated genes, is critical for 
expression. Partial complementary DNA clones have been obtained for a rice nuclear 
protein, designated GT-2, that binds in a highly sequence-specific fashion to this motif. 
Mutational analysis shows that the paired G's are most crucial to binding. GT-2 has 
domains related to certain other transcription factors. Northern blot analysis shows 
that GT-2 messenger RNA levels decline in white light although red and far red light 
pulses are ineffective. 

P HYTOCHROME IS A BINARY MOLECU- 

lar switch that regulates plant gene 
expression in response to light (1-3). 

This photoreceptor is reversibly intercon- 
vertible between its inactive Pr form and its 
active Pfr form by red (R) and far red (F) 
light. However, the molecular mechanism 
by which the regulatory signal is transduced 
from Pfr to responsive genes remains un- 
known (3-7). 

We have focused on the genes for phy- 
tochrome itself to study this transduction 
mechanism. Transcription of phyA genes in 
monocots is repressed within 5 min o f  Pfr 
formation, and repression occurs in the ab- 
sence of protein synthesis (8-1 1). These data 

indicate that all components necessary for 
transduction exist in the cell before light 
perception. Similarities between sequence 
motifs in different monocotphyA promoters 
(8, 11, 12) suggest that these motifs could 
be functionally important. These motifs in- 
clude tandem GT elements related to the 
motif GTGTGGTTAAT that has been im- 
plicated in the phytochrome-regulated 
expression of a pea vbcS gene and that binds 
to a factor, designated GT-1, detected in 
crude nuclear extracts (3, 5, 6). Indeed, a 
factor in rice nuclear extracts binds to a rice 
phyA promoter fragment containing tan- 
dem GT elements, and the binding is com- 
pleted by an oligonucleotide with the se- 
quence GTGTGGTTAAT ( 1 1). We have 
therefore examined here the potential role of 

lated rice seedlings (Fig. 1). Deletion analy- 
sis showed that the -364 to + 111 bp 
fragment used here supports the same level 
of expression as a fragment from -2 kb to 
+ 11 1 bp upstream (15). The wild-type pro- 
moter (Fig. 1, plasmid 702) responded re- 
versibly to R and F light, indicating that this 
fragment contains the sequences necessary 
for autoregulation of phyA genes in rice 
cells. The TATA element alone (plasmid 
717) supported expression at -25% of the 
maximum wild-type level with no significant 
effect of light. Thus, sequences that deter- 
mine differences in transcriptional activity 
between high-Pfr and low-Pfr cells reside 
between - 364 and - 3 1 bp in the rice phyA 
promoter. Deletion of both GT elements 
(plasmid 71 l ) ,  or linker-substitution muta- 
tion (16) of the 3' element (plasmid 712), 
showed that at least the 3' motif (-228 to 
-219 bp) functions as a positive element 
in transcriptional activation in cells with low 
Pfr levels (Fig. 1). The alternative, that 
this motif functions as a negative element 
that causes repression in response to high 
Pfr levels and derepression upon Pfr deple- 
tion, is unlikely because removal of this 
sequence did not lead to derepression in the 
presence of high Pfr levels (plasmids 71 1 
and 712). 

An oligonucleotide containing both of 
the tandem GT motifs from the rice phyA 
promoter (-242 to -219 bp) was used to 

~ ~ i \ , ~ ~ ~ i ~  of ,-dihrnia, Berkeleym,S, Depament of GT motifs in the autoreguiated expression isolate ~ D N A  clones prodicing proteins 
Agriculture, Plant GeneExpression Center, 800Buchan- of the rice phyA gene. We also report the that bound to these elements (17, 18). The 
an Street, Albany, CA 94710. characterization of a partial cDNA clone insert from the largest positive clone (des- 
*Current address: Plant Molecular Biology Center, encoding a protein that binds in a highly ignated XGT-2) was used for overexpres- 
Montgomery Hall 325, Northern Illinois University, sequence-specfic manner to one of two GT DeKalb, IL 60115-2861. 

sion of the protein product, GT-2, which 
tTo  whom correspondence should be addressed. motifs in this promoter. was then examined for specificity of bind- 
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