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Abstract. We examined the genetic relationship among 
putative parents, offspring, and helpers in 224 red-cock- 
aded woodpeckers (Picoides borealis) from the Sandhills 
of North Carolina. Comparison of DNA similarity with 
a pedigree constructed from 3,823 individually-marked 
birds observed from 1979 to 1992 provided verification of 
observed relatedness in the sampled population 
(R 2 = 0.87, df = 14, P < 0.001). In this population, breed- 
ing pairs may or may not have helpers, most of which are 
males that remain on their natal territory. Our sample 
included helpers assisting their parents, helpers assisting 
a related male and an unrelated female, and helpers as- 
sisting an unrelated pair. Band by band comparison and 
examination of similarity among DNA profiles indicated 
that all offspring from non-helped nests were sired by 
their putative parents (n = 28 families). Similarly, all but 
one offspring in helped nests were also sired by their 
putative parents (n = 16 families). In the exceptional 
case, the offspring evidently was sired by a male external 
to the group. Analysis of similarity values supported the 
conclusion that matings by helpers or extra-group males 
are rare or non-existent. Our results indicate that in this 
species advantages gained by individuals remaining on 
their natal territories as helpers do not generally include 
siring offspring. 

Key words: Red-cockaded woodpecker - Picoides boreal- 
is Monogamy - DNA profiles - Cooperative breeding 

Introduction 

Cooperative breeding is a social system found in more 
than 200 bird species and several mammals in which 
some reproductively mature individuals assist in rearing 
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others' offspring. The most common system is one in 
which young remain on their natal territory and assist 
relatives, often their parents (Brown 1987; Emlen 1991). 
The behavior of such helpers can be viewed as a life histo- 
ry pattern involving delayed reproduction and dispersal, 
and altered dispersal behavior. Helpers remain on their 
natal territory until a breeding vacancy arises in their 
vicinity, either on the natal territory itself or on a neigh- 
boring territory. This contrasts with the usual life history 
pattern of birds (termed "depart-and-search" by Brown 
1987), which is to depart the natal territory during the 
first year and search for a breeding site. The evolution of 
cooperative breeding thus can be modeled in terms of 
selection between alternative life history patterns (Emlen 
1982; Stacey 1982; Woolfenden and Fitzpatrick 1984; 
Brown 1985, 1987; Walters et al. 1992a). Helping is 
thought to be favored when competition for breeding 
vacancies is especially intense because of unusual Varia- 
tion in territory quality (Koenig and Pitelka 1981; Stacey 
and Ligon 1987, 1991 ; Zack 1990; Emlen 1991; Koenig et 
al. 1992; Komdeur 1992; Walters et al. 1992a, b). Among 
factors affecting relative payoffs of the two patterns are 
greater survival of helpers due to benefits of living in a 
group on the natal territory, expected reproductive suc- 
cess at young ages lost by helpers, the probability of ac- 
quiring a breeding site by departing, the annual probabil- 
ity that a breeding vacancy will arise that a helper can fill, 
and indirect fitness benefits accrued by helpers due to 
their effect on reproductive success of those they help. 
Another major factor is opportunity for direct reproduc- 
tion by helpers, through matings with the breeding fe- 
male in the case of male helpers, and through egg dump- 
ing in the case of female helpers. Direct reproduction is 
known to occur in some species (Mumme et al. 1988; 
Rabenold et al. 1990), but because such behavior is diffi- 
cult to detect through observation alone, the extent to 
which direct reproduction by helpers occurs is unclear in 
most species. 

In this study, we address the role that helpers play in 
siring offspring in a large population of cooperatively 
breeding red-cockaded woodpeckers (Picoides borealis) 
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Table 1. Genetic evidence for extra-pair fertilizations (EPF) in cooperatively breeding birds, n refers to number of offspring sampled. Most 
helpers were offsring of breeding pair 

Species n EPF Biochemical Source 
frequency (%) technique 

Acorn woodpecker (Melanerpesformicivorus) 186 2.2 
8 33.3 

Red-cockaded woodpecker (Picoides borealis) 80 1.3 
21 0.0 

Splendid fairy-wren (Malurus splendens) 91 65-100 
Stripe-backed wren (Campylorhynchus nuchalis) 69 10.0 

43 4.6 
European bee-eater (Merops apiaster) 100 2.0 
White-fronted bee-eater (Merops bullockoides) 97 9-12 

Allozymes Mumme et al. 1985 
Allozymes Joste et al. 1985 
DNA profiles This study 
DNA profiles Haig et al. 1993 
Allozymes Brooker et al. 1990 
DNA fingerprints Rabenold et al. 1990 
Allozymes Stevens 1988 
DNA fingerprints Jones et al. 1991 
Allozymes Wrege and Emlen 19871 

a Estimates include some brood parasitism 

in North Carolina. In this population, most helpers 
(69 %) are males that remain on their natal territory (Wai- 
ters et al. 1988; Walters 1990). Helpers most often help 
their parents, or their father or some other male relative 
and an unrelated female. When a breeding male dies, the 
oldest helper inherits the territory. If the breeding female 
is related to the inheriting male, she invariably leaves, 
whereas if she is unrelated to the inheriting male, she 
remains and breeds with him (Walters et al. 1988; Walters 
1990). There is some evidence of conflict of interest over 
breeding opportunities between breeding females and 
their helper sons even when the breeding male is still 
present (Gowaty and Lennartz 1985). Given this evidence 
of apparent incest avoidance, matings between breeding 
females and related helpers seem unlikely, but matings 
between breeding females and unrelated helpers could 
occur. In this population, males practice both the helping 
and departing patterns. An analysis of the relative pay- 
offs of the two patterns in red-cockaded woodpeckers 
indicated that if direct reproduction by helpers is ig- 
nored, fitness of males adopting the two patterns is 
roughly equivalent in our study population (Walters et al. 
1992a). If helpers sire offspring with any significant fre- 
quency, then helper fitness would exceed departer fitness, 
necessitating a reevaluation of selection for cooperative 
breeding in this population. 

We used DNA profiles to examine the frequency of 
parentage by helpers in red-cockaded woodpeckers. In 
the past few years, DNA profiles or fingerprints have 
proved to be exceedingly effective in determining parent- 
age where putative and potential parents are examined 
(reviewed in Birkhead and Moller 1992, Avise et al. in 
press). These new techniques can more accurately esti- 
mate the frequency of extra-pair copulations than previ- 
ous techniques that relied on allozyme variation. In re- 
cent years they have been used successfully to document 
that extra-pair copulations occur in such seemingly 
monogamous birds as the indigo bunting (Passerina 
cyanea, Westneat 1990), pied flycatcher (Ficedula hypoleu- 
ca, Lifjeld et al. 1991; Gelter and.Tegelstrom 1992), house 
sparrows (Passer domesticus, Wetton et al. 1992), blue tits 
(Parus caeruleus, Kempenaers et al. 1992), northern ful- 
mars (Fulmarus glacialis, Hunter et al. 1992), bull-headed 
shrikes (Lanius bucephalus, Yamagishi et al. 1993), tree 

swallows (Tachycineta bicolor, Lifjeld et al. 1993), and 
European starling (Sturnus vulgaris, Pinxten et al. 1993). 
Often extra-pair copulations are not detected by behav- 
ioral observation, but are revealed only by such genetic 
studies. Copulations by the breeding pair frequently are 
observed in red-cockaded woodpeckers, but copulations 
involving helpers have never been observed (Lennartz et 
al. 1987; Lape 1990; Walters 1990). An analysis of DNA 
profiles from a small sample of red-cockaded woodpeck- 
ers from another population revealed no cases of extra- 
pair matings (Haig et al. 1993). In this study we examine 
a much larger sample to determine the extent of extra- 
pair matings in this species. 

D ~ A  profiles have revealed highly variable rates of 
extra-pair fertilizations (EPF) in the few cooperative 
breeders studied previously (Table 1). In all of these spe- 
cies cooperative breeding is highly evolved, that is, sec- 
ondary behavioral adaptations that likely evolved within 
the context of a cooperative system are evident. Behavior 
leading to reproduction by helpers could be a secoridary 
adaptation in these systems (see also Koenig et al. 1992). 
Genetic studies of extra-pair matings are lacking for spe- 
cies like red-cockaded woodpeckers that have simpler 
systems in which secondary adaptations are lacking and 
many individuals act as departers. The role that extra- 
pair matings likely play in the origin of cooperative 
breeding is better revealed by studies of these simpler 
systems which may more closely reflect conditions under 
which cooperative breeding originates. 

Red-cockaded woodpeckers are cavity-nesting, terri- 
torial, non-migratory birds that inhabit mature pine 
forests in the southeastern United States. Their biology is 
well described in a recent review (Walters 1990) and three 
symposium volumes (Thompson 1971; Wood 1983; 
Costa et al. in press). Although up to four helpers may 
occur in a single group, the most common social unit is 
an unassisted pair, and only a small fraction of groups 
contain more than one helper (Walters et al. 1988; Wal- 
ters 1990). Helpers assist in territorial defense, cavity con- 
struction, incubation (they have brood patches), and 
feeding of nestlings (Ligon 1970; Lennartz and Harlow 
1979; Lennartz et al. 1987; Walters et al. 1988; Walters 
1990). About 30% of helpers become breeders each year, 
half by inheriting breeding status on their natal territory 



and half by dispersing to a nearby territory (Walters 
1990). 

Methods 

Study population. Red-cockaded woodpeckers were studied from 
1979 to 1992 across a l10,000-ha study area in the Sandhills region 
of south-central North Carolina. The study area includes roughly 
half the Sandhills population of approximately 370 groups. The 
area includes the resort towns of Southern Pines and Pinehurst, 
military instillations at Camp Mackatl and Fort Bragg, and the 
state-managed Sandhills Game Lands. Although development is 
extensive within some sites, general habitat characteristics include 
second-growth longteaf pine (Pinus palustris) with scattered old- 
growth trees, an understory of oaks (Quercus spp.), and ground 
cover of wire grass (Aristida stricta). The study area is described in 
detail in Carter et al. (1983), Walters et al. (1988), and Carter et ai. 
(in press). 

Each year, adults and nestlings were individually marked with 
unique combinations of colored leg bands. Adults were sexed using 
the presence (males) or absence (females) of the red cockade, a small 
patch of red feathers just behind the eye at the margin of the birds' 
white cheek patch. Young were sexed as fledglings using the pres- 
ence (males) or absence (females) of a red crown patch. Each year 
group members were identified and their social status (e.g., breeding 
male, helper) was determined. Criteria for assigning status are de- 
scribed in detail in Walters et al. (1988). Reproduction was moni- 
tored in each group, culminating in identification of fledged young. 
Additional details of population monitoring are found in Walters et 
al. (1988). 

Pedigree analyses. We were able to assemble a pedigree for all red- 
cockaded woodpeckers studied in the Sandhills population 
(n = 3,823) as a result of long-term monitoring of individuals de- 
scribed above (see Blackwell 1991). From this pedigree, relatedness 
(r), defined as the proportion of genes that are identical by descent 
between two individuals, was calculated for all pairs of birds. To 
group categories of helpers, a kinship value, defined as the probabil- 
ity that a gene chosen randomly from one individual is identical by 
descent with a gene chosen randomly from another individual, was 
calculated between helpers and offspring. 

Blood sampling. Blood samples were collected for use in preparing 
D N A  profiles from 224 red-cockaded woodpeckers between 1990 
and 1992. Adults and fedglings were captured and sampled in au- 
tumn (September-November), and nestlings were sampled during 
banding. We used blood sampling guidelines approved by the 
American Ornithologists' Union (Oring et al. 1988). Following 
venipuncture of the brachial or jugular vein with a 27-gauge needle, 
approximately 0.2 ml of blood was collected in a heparinized cryo- 
genic tube and frozen until analysis. The blood sampling technique 
did not cause injury or death to any woodpeckers. Further, survival 
of birds whose blood was sampled did not appear to be reduced. 
The proportion of banded nestlings that fledge in this population is 
0.85 (range among years = 0.80-0.87; unpub, data), whereas the 
proportion of sampled nestlings that fledged was 0.83 (n = 72; see 
also Stangel and Lennartz 1988). Survival rates of adults and 
fledglings captured and sampled during autumn were actually 
higher than survival rates of birds observed or captured (but not 
sampled) during the same season reported in an earlier study (Wai- 
ters et al. 1988; Table 2). Of those birds sampled as nestlings, sur- 
vival of those that fledged to age 1 was high for males (0.67, n = 30, 
versus 0.43 in the study population, Walters et al. 1988), and average 
for females (0.30, n = 30, versus 0.32). 

Preparation of DNA profiles. D N A  profiles were prepared at Theri- 
on Corporation (Troy, New York) using the following procedures: 
D N A  was isolated from 15 p.1 of blood using a variation of a non- 
organic extraction technique (Grimberg et al. 1989). D N A  was 
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Table 2. Comparison of survival rates a of Sandhills North Carolina, 
red-cockaded woodpeckers captured and sampled b, birds captured 
but not sampled c, and birds seen but not captured ° 

Period Age of Class of Survival n 
bird bird rate 

August-December Fledgling Captured 0.528 159 
Fledgling Not captured 0.556 178 
Adult Captured 0.745 542 
Adult Not captured 0.796 309 

September-November Fledgling Sampled 0.741 27 
Adult Sampled 0.838 117 

a Survival from time of 
b This study 
° Waiters et al. 1988 

observation to following breeding season 

cleaved independently (conditions specified by the supplier) with 20 
units of restriction endonuclease HaeIII (BRL, Bethesda, Mary- 
land) per microgram of DNA. Completeness of digestion was mon- 
itored by comparison with controls on an agarose gel, and then 1 gg 
of digested D N A  from each individual was loaded onto a 1% 
agarose analytical gel. Molecular weight sizing standards (MWSS) 
were loaded in up to three lanes so that samples were bracketed by 
MWSS (Fig. 1). The set of standard D N A  fragments of known 
molecular size is composed of 48 bands ranging from 0.504 to 
34.679 kilobase pairs. Gels were run in 40 mN Tris, pH 7.8, 1 mM 
EDTA for a total of 1200 volt-hours. 

D N A  was transferred from the gel to a nylon membrane (Bio- 
dyne B, Pall Corporation) using an alkaline transfer technique de- 
scribed by the manufacturer. Two unrelated probes, OPT-5 and 
OPT-6, were constructed from repeat sequences published in Jar- 
man et al. (1986), Shin et al. (1985) and Jackson et al. (1986), respec- 
tively. The mouse per probe (Shin et al. 1985) has been frequently 
used in previous D N A  profile studies of birds (e.g., Gibbs et al. 
1990; Smith et al. 1991; Lifjeld et al. 1993; Westneat 1993). No 
significant overlap of bands was detected when autoradiographs 
from a single blot for both probes were superimposed, thus, we 
consider that each probe detected a different set of minisatellites 
(Georges et al. 1988). Probes were labelled with 32p (NEN, Boston) 
by primer extension and unincorporated nucleotide was removed 
on a Nuc-Trap column (Stratagene, La Jolla, CA). Hybridizations 
were carried out at 50°C in 5x  SSPE (1 x = 150mM NaC1, 
10 mM sodium phosphate, 1 mM EDTA), 2% SDS, 1 mg/ml her- 
ring testes D N A  and 1% PEG for 18 h. Membranes were washed at 
55°C in 2 x SSPE, 1% SDS, covered with plastic and exposed to 
X-ray film at - 7 0 ° C  for 1-5 days. 

DNA fragment scoring and analyses. Each D N A  fragment (band) 
was independently scored by four investigators (SMH, JHP, J. 
Belthoff, N. Casna). Discrepancies in scoring were resolved through 
mutual rescoring. Bands that were lighter than the lightest, easily 
detected MWSS were not scored. Putative parents, offspring and 
helpers were run next to each other on the same gel. Band sizes were 
hand-digitized to calculate band-sharing among individuals on all 
gels. Band sizes for each individual were determined by comparison 
to the MWSS within the range of 13.823-3.222 kb. Using this 
method, the sizing error within and between gels is estimated to be 
0.6% of band size (Balazs et al. 1989, 1990; Risch and Devlin 1992). 
Therefore, during comparisons to determine band-sharing between 
individuals, bands were considered to be a match when their respec- 
tive sizes overlapped within a range of +0.9% of each band size 
(i.e., total range is equal to 3 SD or 1.8% of band size). These values 
are consistent with Galbraith et al. (1991) who suggest that the 
distance between bands be at least 2.8 SD before they are declared 
different at the 0.05 level. With these band-sharing data, similarity 
(S), calculated as the ratio of bands shared/total number of bands 
scored for a pair of individuals (Lynch 1988), was calculated for all 
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Fig. 1. DNA profiles from red-cockaded woodpeckers 
from the North Carolina Sandhills population using 
probes OPT-5 (left) and OPT-6 (right). Molecular 
weight size standards (MWSS) were run twice on each 
gel (fragment sizes are shown in number of base pairs). 
The family shown had son as helper. See text for de- 
tails on scoring 

pairs of individuals sampled (n = 25,202 pairwise comparisons). 
Because probes were independent, similarity values for each probe 
were combined and are presented as composite data throughout the 
paper. 

Autoradiograms of all offspring were examined for possession of 
bands absent from putative parents that could have arisen by muta- 
tion or incorrect parental assignment. Two methods were used. 

1. We made visual comparison of offspring bands with those of 
putative parents and helpers. Putative parents were considered to 
be true genetic parents when offspring DNA profiles contained 
fewer mismatched bands than could be attributed to mutation (less 
than three mismatched bands per probe; Lifjeld et al. 1993). In all 
cases where one probe detected mismatched bands attributed to 
mutation by this criterion, the second probe was used to confirm 
the presence or absence of a significant number of mismatched 
bands. 

2. We also compared similarity between offspring, putative par- 
ents and helpers. Although it is difficult to determine parentage 
between helpers and putative parents when helpers are offspring of 
putative parents, comparison of similarity values can suggest that 
helpers sire offspring if offspring share a higher percent of bands 
with putative mothers and helpers than with putative fathers. We 
divided the data into cases in which helpers were related to the 
breeding female and cases in which they were not, as a contrast in 
similarity values between these classes is expected if helpers engage 

in mating, given the observed incest avoidance behavior in this 
species (see above). 

Statistical methods. We performed a weighted least-squares linear 
regression that regressed mean similarity against relatedness to ex- 
amine the relation between relatedness and similarity. Because of 
lack of independence among similarity values, we calculated an 
unbiased estimate of the standard error of mean similarity (follow- 
ing Lynch 1.990) at each level of r. The inverse, squared, unbiased 
standard errors of similarity were used as weights in the linear 
regression. Unbiased standard errors and the weighted regression 
were calculated using programs written by M. Lynch. The relation- 
ship between mean similarity among putative parents, offspring, 
and helpers in families that were helped or not helped by helpers 
related to the breeding female or by helpers unrelated to the female 
was examined using a t-test with unequal variances (SAS 1990). We 
chose a significance level of 0.05 throughout the paper. 

Resu l t s  

Relationship between DNA similarity and relatedness 

H y b r i d i z a t i o n  p a t t e r n s  for  O P T - 5  a n d  O P T - 6  w e r e  h i g h -  
ly v a r i a b l e  a m o n g  r e d - c o c k a d e d  w o o d p e c k e r s  (Fig. 1), 



0.8 ¸ 

R 2 = 0 . 8 7  

df=  14 
0.7 P < 0.001 

0.6 

0.4 
0.0 0'.2 0'.4 0'.6 0.8 

Fig. 2. Least-squares linear regression of mean (± unbiased SE) 
similarity with relatedness calculated from the Sandhills, North 
Carolina red-cockaded woodpecker pedigree 
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Table& Mean (±SE) similarity among offspring, parents, and 
helpers of Sandhills, North Carolina red-cockaded woodpeckers 
using combined results from probes OPT-5 and OPT-6. All helpers 
were males. Kinship in helper/offspring comparisons reflects rela- 
tionship of helper to breeding male 

Comparison Kinship Similarity (± SE) N 

FAMILIES: 
All sibs 0.5 0.66 ± 0.01 75 
Mother and offspring 0.5 0.65 _+ 0.01 92 
Father and offspring 0.5 0.65 ± 0.01 115 

HELPERS: 
Full-sib helper and offspring 0.5 0.67 ± 0.02 18 
5/8 related helper and offspring 0.375 0.64 _+ 0.02 5 
Half-sib helper and offspring 0.25 0.59 ± 0.02 17 
Uncle helper and offspring 0.25 0.69 1 
Cousin helper and offspring 0.125 0.58 ± 0.04 4 
Unrelated helper and offspring 0.0 0.45 ± 0.05 5 

The mean (_+ SE) number of restriction fragments scored 
per individual using combined probes for all woodpeck- 
ers sampled was 45.1 _+ 0.7 (n = 224 individuals). Overall, 
mean similarity (_+ SE) for both unrelated woodpeckers 
(r = 0, n = 24,615) and all 224 woodpeckers sampled 
was 0.52_+0.01 (n = 25,202). Calculation of relatedness 
among all sampled birds resulted in 20 categories of re- 
latedness ranging from r = 0 to 0.75, thus indicating a 
complex pedigree. Similarity ranged from 0.19 to 0.95. 
There was a significant correlation between mean simi- 
larity and relatedness (R2= 0.87, df= 14, p<0.001; 
Fig. 2.). Correlation was based on 15 groups of related- 
ness, rather than 20, due to small sample sizes within 
groups where r = 0.0019 (n = 2), r = 0.0039 (n = 3), 
r = 0.1562 (n = 1), r = 0.3125 (n = 3), and r = 0.625 
(n = 3). This result supported the putative pedigree con- 
structed from observations of individually-marked birds. 
Individual similarity measures for these r values over- 
lapped in some cases, hence, it was not possible to deter- 
mine exact relatedness between two birds based on indi- 
vidual similarity values. 

Parentage 

Visual inspection of autoradiograms indicated there were 
no instances of non-parental bands found among the 28 
families (48 offspring) where putative parents raised 
chicks without helpers. Examination of 16 groups (32 
offspring) where putative parents, helpers, and offspring 
were sampled resulted in only one clear indication that 
parentage had been improperly assigned. In this case, the 
chick resulted from a nest that had been helped by a 
cousin (the putative father's nephew). A total of 11 non- 
parental bands were counted, but only two of the non- 
parental bands were found in the helper. Similarity be- 
tween the offspring and her mother, father and cousin- 
helper were 0.62, 0.55, and 0.61 respectively. Three other 
siblings were sampled and showed no sign of non- 
parental bands. 

Similarity values for full siblings, putative mother-off- 
spring comparisons and putative father-offspring com- 

par±sons did not differ, as expected if extra-pair matings 
are rare or absent (Table 3). There was no sex bias in 
mean similarity between mothers and sons/daughters or 
fathers and sons/daughters. Mean similarity between 
helpers and offspring varied by their degree of relatedness 
(Table 3). Putative fathers of offspring that were helped 
had slightly lower similarity with offspring than that be- 
tween fathers and offspring in families that were not 
helped among groups that were completely sampled 
(Table 4). The lower similarity of fathers in helped groups 
characterized both groups with helpers related to the 
breeding female and groups with helpers unrelated to the 
female, but was significantly lower only among the latter. 
Although such a difference is predicted if helpers mate 
with females unrelated to them, the difference was due as 
much to somewhat high similarity between putative fa- 
thers and offspring in groups with no helpers (compared 
to similarity between putative mothers and offspring in 
these same groups: Table 5) as to somewhat low similar- 
ity between putative fathers and offspring in helper 
groups. Furthermore, the difference vanished when the 
data set was expanded to include partially sampled 
groups (Table 4) or when only one offspring per family 
was included. There was no difference in mother/off- 
spring similarity in any comparison made suggesting in- 
traspecific brood parasitism was rare or absent (Table 4). 
Similarity values between putative mother and offspring 
were higher than putative father and offspring in groups 
in which helpers were unrelated to the putative mother, 
but again this difference was not apparent in partially 
sampled groups (Table 5) or when only one offspring per 
family was included in the analysis. 

Discussion 

Extra-pair fertilizations in cooperative breeders 

Our data suggest that extra-pair matings in red-cockaded 
woodpeckers are rare or nonexistent, confirming the re- 
sults of an earlier study involving a much smaller sample 
(Haig et al. 1993). Although some patterns in similarity 
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Table 4. Mean similarity (+SE) between putative parents and off- 
spring for groups where offspring were helped or not helped in 
Sandhills, North Carolina red-cockaded woodpeckers using results 
from probes OPT-5 and OPT-6. Complete groups are those where 
putative parents, helpers, and offspring were sampled; partial 
groups are those where not all members were sampled; t-test results 

indicate difference between mean similarity in putative mother/off- 
spring or father/offspring comparisons where no helpers were 
present vs mean similarity of parent/offspring comparisons in 
helped groups. P values are results of t-tests; n represents number of 
offspring/putative parent comparisons 

Comparison Complete groups Partial groups 

n Similarity P n Similarity P 

Father/offspring-no helpers 48 
all helped groups 32 
helpers related to mother 14 
helpers not related to mother 18 

Mother/offspring-no helpers 48 
all helped groups 32 
helpers related to mother 14 
helpers not related to mother 18 

0.66 ,+ 0.02 
0.62 ,+ 0.01 
0.63 ,+ 0.02 
0.62 ,+ 0.02 
0.64 ,+ 0.01 
0.66 ,+ 0.01 
0.65 ,+ 0.03 
0.67 ,+ 0.01 

58 0,66 _+ 0.01 
0.06 57 0.65 _+ 0.01 0.37 
0.34 23 0,65 _+ 0.02 0.59 
0.05 34 0,64 +_ 0.02 0.38 

49 0,64 _+ 0.01 
0.33 43 0.66 _+ 0.01 0.15 
0.73 14 0.65 _+ 0.03 0.66 
0.24 29 0.67 ,+ 0.01 0.09 

Table 5. Mean similarity (,+ SE) between putative parents and off- 
spring for groups where offspring were helped or not helped in 
Sandhills, North Carolina red-cockaded woodpeckers. Complete 
groups are those where putative parents, helpers, and offspring were 
sampled; partial groups are those where not all members were 
sampled; t-test comparisons are between mean similarity of puta- 

tire mothers/offspring and putative fathers/offspring. Similarity val- 
ues represent combined data from probes OPT-5 and OPT-6; P 
values are results of t-tests; n represents number of offspring/puta- 
tive parent comparisons for complete groups and number of moth- 
er/offspring and father/offspring comparisons for partial groups 

Complete groups 

Mother/offsp. Father/offsp. 
Comparison n similarity similarity 

Partial groups 

Mother/offsp. Father/offsp. 
P n similarity similarity P 

Mother/offspring vs Father/offspring 
in non-helped groups 
in helped groups 
helper related to mother 
helper unrelated to mother 

80 0.65 ,+ 0.01 0.65 ,+ 0.01 
48 0.64 ,+ 0.01 0.66 ,+ 0.02 
32 0.66 -+ 0.01 0.62 ,+ 0.01 
14 0.65 ,+ 0.03 0.63 ,+ 0.02 
18 0.67 ,+ 0.01 0.62 ,+ 0.02 

0.98 92/115 0.65 ___ 0.01 0.65 + 0.01 0.69 
0.27 49/58 0.64 __ 0.01 0.66 ,+ 0.01 0.19 
0.07 43/57 0.66 _+ 0.01 0.65 ,+ 0.01 0.33 
0.65 14/23 0.65 ,+ 0.03 0.65 ,+ 0.02 0.95 
0.02 34/29 0.64 _+ 0.02 0.67 ,+ 0.01 0.22 

values suggested that helpers unrelated to the b r e e d i n g  
female sire some offspring, these results were equivocal 
and were insignificant in the most  appropriate  statistical 
analyses. Interpretation of such results generally will be 
suspect until distributions of similarity values are better 
understood. The definitive evidence is the paternity ex- 
clusion analysis. With this methodology, we detected on- 
ly one possible case of extra-pair fertilization, but the 
male involved clearly was not one of the helper males 
within the group. Given that only 1 instance in 80 was 
observed, it is possible that this case represents an error 
or artifact related to the methodology. More likely, fe- 
males may occasionally mate with a male outside their 
group. In either case, our data indicate that reproductive 
activity by helper males is not a prime factor in the 
maintenance of cooperative breeding in this species. The 
life-history pattern of helpers evidently is selected due to 
advantages accrued in becoming and performing as a 
breeder, and possibly through indirect fitness benefits re- 
sulting from helping behavior. 

The frequency of extra-pair matings is much higher in 
some of the cooperatively breeding species previously 
subjected to genetic analysis (Table 1). In the case of the 
spendid fairy wren, extra-pair matings are with individu- 

als from other groups, not helpers within the group 
(Brooker et al. 1990). Species with higher frequencies of 
extra-pair matings tend to have more complex social sys- 
tems, that is, they are characterized by large group sizes, 
nearly universal adopt ion of the helping strategy and the 
presence of adaptat ions that presumably evolved within 
the context of a cooperative breeding system, for example 
a high frequency of joint dispersal by siblings. Reproduc- 
tive activity by helpers might also be secondarily evolved. 
Far  too few species have been analyzed to enable the 
evolutionary comparisons necessary to test this idea (see 
Ligon 1993). However, already it is at least clear that 
direct reproductive benefits to helpers are not a necessary 
condition for the maintenance of cooperative breeding, 
and that such benefits are not a widespread characteristic 
of cooperative breeding systems. 

Given that red-cockaded woodpecker  helpers unrelat- 
ed to the breeding female commonly pair with that fe- 
male when the breeding male dies, it is rather surprising 
that reproductive activity is absent while the breeding 
male is present. What  mechanisms prevent matings be- 
tween helpers and breeding females? One possibility is 
mate-guarding by the breeding male, but the available 
evidence indicates this is an unlikely explanation. In the 
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Sandhills population during one breeding season, males 
appeared to guard their mates in groups that included 
helpers unrelated to the breeding female, but not in 
groups that included only helpers related to the female or 
no helpers at all. Distances between the breeding male 
and female were significantly reduced during the fertile 
period in such groups, but not in groups in which helpers 
were related to the female or groups without helpers 
(Lape 1990). However this pattern was not evident during 
a second breeding season (Lape 1990). If mate-guarding 
occurs, apparently it occurs only in some of the groups in 
which it would be expected. Mate-guarding usually is 
most evident where extra-pair matings occur fairly fre- 
quently (e.g., Mineau and Cooke 1979; Mumme et al. 
1983; Frederick 1987), whereas they are infrequent in red- 
cockaded woodpeckers. 

Another possibility is that helpers are reproductively 
suppressed through some hormonal mechanism, but this 
seems unlikely. The ultimate advantage that would main- 
tain such a mechanism in helpers unrelated to the breed- 
ing female is unclear. Further, data from the few coopera- 
tive breeders studied suggest that helpers related to the 
breeding female may not be physiologically ready to 
breed, but helpers unrelated to the breeder of the oppo- 
site sex usually are (Reyer et al. 1986; Mays et al. 1991). 
A behavioral mechanism preventing mating between 
helpers and breeding females seems most likely. Such a 
mechanism could act through lack of attempts by helpers 
or unresponsiveness by females. 

Population structure in red-cockaded woodpeckers 

Our comparison of mean r and S values represents one of 
the largest, most complex pedigrees analyzed in this way 
to date (see also Piper and Parker Rabenold 1992; Haig 
et al. 1994). As predicted by Lynch (1988, 1991), these 
comparisons are most robust when made between close 
relatives. Still, the relationship between S and r is consis- 
tent across a large range of relatedness values. Resolution 
of the relationship is more difficult as r tends toward 0, as 
with our lowest five r values (Fig. 2). Similar trends, al- 
though using far fewer categories of relatedness, have 
been reported for a small South Carolina population of 
red-cockaded woodpeckers (Haig et al. 1993), as well as 
indigo buntings (Passerina cyanea, Westneat 1990); Eu- 
ropean bee-eaters (Jones et al. 1991), Hispaniolan parrots 
(Amazona ventralis, Brock and White 1991), African lions 
(Felis leo, Gilbert et al. 1991), red-winged blackbird (Age- 
laius phoeniceus, Reeve et al. 1992), stripe-backed wrens 
(Piper and Parker Rabenold 1992), Japanese black cattle 
(Mannen et al. 1993), California condors (Gymnogyps 
californianus, Geyer et al. 1993), and Micronesian king- 
fishers (Halcyon cinnamomina cinnamomina; Haig and 
Ballou, unpubl, data). 

Although mean values of S for a relatedness class ac- 
curately reflect relatedness, S is sufficiently variable that 
it does not accurately indicate relatedness for particular 
pairs of individuals. However, the results do provide 
some insight into population structure. Compared with 
the South Carolina population examined by Haig et al. 

(1993), Sandhills red-cockaded woodpeckers have signifi- 
cantly lower similarity among unrelated birds (Savannah 
River, SC 2 = 0.55_+0.01, Sandhills, NC 2 = 0.52_+ 
0.01). The low similarity is not unexpected given the great 
discrepancy in population size (Sandhills = 1,100 birds; 
Savannah River = 25 birds). Allozyme data do not par- 
allel these results (Stangel et al. 1992). While mean het- 
erozygosity for the Fort Bragg area of the Sandhills study 
area was 7.7%, for the Sandhills Game Lands portion of 
the study area it was 4.2%. Mean heterozygosity for the 
Savannah River population was 7.5%. Heterozygosity 
may be unsually high for a small population at Savannah 
River because the population consists of birds originat- 
ing from Savannah River and birds translocated there 
from the much larger population of the Francis Marion 
National Forest. 

Because social organization is a prime influence on the 
genetic structure of populations, it has a strong influence 
on effective population size (Ne; Wright 1969). For a 
given adult population, effective size likely would be con- 
siderably different if helpers participate in clutch produc- 
tion than if they do not. Estimates of effective size for 
red-cockaded woodpecker populations have assumed 
that the species is monogamous, that helpers do not par- 
ticipate in mating, and that extra-pair copulations with 
males outside the group do not occur (Reed et al. 1988, 
1993). It is possible that prior to fragmentation and de- 
cline of red-cockaded woodpecker populations, more 
helpers were present and may have participated in copu- 
lating with the breeding female. However, our results in- 
dicate that the assumption of monogamy is reasonable 
for current populations and that reported Ne values need 
not be adjusted to account for deviations from 
monogamy. This is an important result because recovery 
objectives for this endangered species are based on esti- 
mates of Ne (U.S. Fish and Wildlife Service 1985). 
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