Old Dominion University

ODU Digital Commons

Biological Sciences Faculty Publications Biological Sciences

2019

Habitat Saturation Results in Joint-Nesting Female Coalitions in a
Social Bird

Sahas Barve
Old Dominion University, sahasbarve@gmail.com

Walter D. Koenig
Joseph Haydock

Eric L. Walters
Old Dominion University, ewalters@odu.edu

Follow this and additional works at: https://digitalcommons.odu.edu/biology_fac_pubs

Cf Part of the Biology Commons, Forest Biology Commons, and the Poultry or Avian Science Commons

Original Publication Citation
Barve, S., Walters, E. L., Koenig, W. D., & Haydock, J. (2019). Habitat saturation results in joint-nesting
female coalitions in a social bird. The American Naturalist, 193(6), 830-840. doi:10.1086/703188

This Article is brought to you for free and open access by the Biological Sciences at ODU Digital Commons. It has
been accepted for inclusion in Biological Sciences Faculty Publications by an authorized administrator of ODU
Digital Commons. For more information, please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu/
https://digitalcommons.odu.edu/biology_fac_pubs
https://digitalcommons.odu.edu/biology
https://digitalcommons.odu.edu/biology_fac_pubs?utm_source=digitalcommons.odu.edu%2Fbiology_fac_pubs%2F383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=digitalcommons.odu.edu%2Fbiology_fac_pubs%2F383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/91?utm_source=digitalcommons.odu.edu%2Fbiology_fac_pubs%2F383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/80?utm_source=digitalcommons.odu.edu%2Fbiology_fac_pubs%2F383&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

VOL. 193, NO. 6 THE AMERICAN NATURALIST JUNE 2019

Habitat Saturation Results in Joint-Nesting

Female Coalitions in a Social Bird

Sahas Barve,"* Walter D. Koenig,” Joseph Haydock,’ and Eric L. Walters'

1. Department of Biological Sciences, Old Dominion University, Norfolk, Virginia 23529; 2. Lab of Ornithology, Cornell University, Ithaca,
New York 14850; 3. Department of Biology, Gonzaga University, Spokane, Washington 99258

Submitted June 29, 2018; Accepted January 11, 2019; Electronically published April 17, 2019

ABSTRACT: Joint nesting by females and cooperative polyandry—
cooperatively breeding groups with a male-biased breeder sex ratio—
are little-understood, rare breeding systems. We tested alternative
hypotheses of factors potentially driving these phenomena in a popu-
lation of joint-nesting acorn woodpeckers (Melanerpes formicivorus).
During periods of high population density and thus low indepen-
dent breeding opportunities, acorn woodpecker females formed joint-
nesting coalitions with close kin. Coalitions were typically associated
with groups with a male bias. We found strong evidence for both inter-
and intrasexual conflict, as joint nesting conferred a fitness benefit to
some males, a significant fitness cost to females, and no gain in per
capita reproductive output for either sex. Such conflict, particularly the
cost to females, may be an important reason why joint nesting is rare
among cooperatively breeding taxa.

Keywords: acorn woodpecker, cooperative breeding, cooperative poly-
andry, cobreeding, population density, reproductive skew.

Introduction

Cooperative breeding systems among vertebrates exist in a
variety of forms, including monogamous pairs with non-
breeding helpers, joint-nesting monogamous pairs, and
cobreeding polygamous individuals with or without non-
breeding helpers (Cockburn 1998). The number of breeders
of each sex in a cooperatively breeding social group is driven
by a combination of the physical environment, including food
(Koenig 1981a); the social environment, including the sex ra-
tio of the population (Clutton-Brock and Harvey 1978); evo-
lutionary history (Ligon and Burt 2004; Ekman and Ericson
2006); and the sexual conflicts that arise as each sex tries to
maximize its fitness (Davies 1989).

Cooperative polyandry is a mating system where the num-
ber of breeding males exceeds the number of breeding
females, with multiple males provisioning the offspring (Faa-
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borg and Patterson 1981; Hatchwell 2009). Three forms of
cooperative polyandry, found in both mammals and birds,
include (1) a coalition of two males breeding with one fe-
male (Terborgh and Goldizen 1985); (2) a coalition of two
or more males breeding cooperatively with more than one
female, where each female has a separate nest and males pro-
vision the offspring at more than one nest (Heinsohn et al.
2007); and (3) a coalition of males breeding cooperatively
with two or more joint-nesting females, raising offspring to-
gether in one nest where all group members provision or care
for the offspring (Vehrencamp and Quinn 2004; Gilchrist
2006).

In birds, cooperative polyandry involving joint-nesting
females is rare, occurring in only about 2.5% of cooperatively
breeding taxa (Vehrencamp 2000; Riehl 2013) or ~0.2%
of all avian species, assuming a prevalence of cooperative
breeding of 9% (Cockburn 2006). Thus, a comprehensive
analysis of the costs and trade-offs of joint nesting is re-
quired to understand the factors that might drive the rarity
of this behavior given the otherwise widespread spatial and
phylogenetic distribution of cooperative breeding among
avian taxa.

Joint nesting may reduce individual fitness in some taxa
because of the physiological challenges associated with rais-
ing a combined brood, equal to the individual potential
clutch size, summed over all joint-nesting females. Yet in
the scarcity of independent breeding opportunities, joint
nesting is likely to be more beneficial than forgoing repro-
duction (Gowaty 1981). In some taxa, joint nesting leads
to greater nesting success than independent breeding due
to cooperative nest defense (Riehl and Strong 2018). Joint
nesting is also associated with species where males engage
in a significant proportion of incubation (McRae 19964; Veh-
rencamp and Quinn 2004).

Intraspecific brood parasitism is considered a potentially
important behavioral precursor and evolutionary pathway
to joint nesting among females (McRae 1996b). If the breed-
ing female is not able to evict the parasitizing female, the
latter may be permitted to provision the combined off-
spring (Bebbington et al. 2017). If the parasitizing female
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is related to the breeding female, however, inclusive fitness
benefits may offset any direct fitness losses (Yom-Tov 1980;
McRae 1996b; Zink and Lyon 2016).

Investigators of joint-nesting or cobreeding female sys-
tems have proposed three ecological hypotheses to explain
its evolution: (1) resource availability—resources for repro-
duction are sufficient for multiple females to breed together
(Eggert and Miiller 1992); (2) resource defense—multiple
females can defend a resource (i.e., territory) better against
challengers than a single female (Hannon et al. 1985); and
(3) habitat saturation (supersaturation)—habitat satura-
tion constrains independent breeding, leading to the forma-
tion of joint-nesting coalitions (Vehrencamp 2000; Dickin-
son and Hatchwell 2004).

The resource availability hypothesis predicts that female
coalitions should be larger in high-quality territories or in
times of resource abundance, while the resource defense hy-
pothesis posits that coalitions that win reproductive con-
tests for a breeding vacancy in high-quality territories should
be larger than those in low-quality territories. The resource
availability and resource defense hypotheses are not mutually
exclusive because it is difficult to tease apart the confound of
whether high-quality territories host large coalitions because
of the abundance of resources or because high-quality terri-
tories are prized and lead to competition among larger coa-
litions.

The habitat saturation hypothesis predicts that habitat
saturation should lead to a higher mean number of breeder
females per group due to a decrease in independent breed-
ing opportunities. The prediction is independent of terri-
tory quality and suggests that females may cobreed when
independent breeding opportunities are rare and any direct
fitness greater than zero should be favored over remaining
as a nonbreeding helper.

Regardless of the ecological drivers of joint nesting, fe-
male coalition size affects the individual fitness of female
and male breeders in opposite ways. For example, females
are predicted to derive greater fitness benefits in polyandrous
groups where male breeders outnumber female breeders
(Chao 1997). The increased number of breeder males pre-
sumably can provision a larger number of nestlings, in-
creasing each individual female’s reproductive output. Thus,
although females maximize fitness when they are the sole
breeder with multiple cobreeding males, joint-nesting fe-
male coalitions likely increase per capita fitness by associat-
ing with groups where the sex ratio is male biased. In con-
trast, sole breeder males gain highest fitness benefits in
polygynous groups with multiple joint-nesting females (Veh-
rencamp 2000). Thus, at the individual level, a male-biased
sex ratio increases per capita fitness for females, but a female-
biased sex ratio increases per capita fitness for males.

Per capita fitness of cobreeding males in groups with
joint-nesting females may be influenced in two ways: (1) as-

Joint Nesting in Acorn Woodpeckers 831

suming that a single male cannot monopolize matings with
multiple females, reproductive skew among males is likely
to decrease, and (2) because of the larger number of young
produced by joint-nesting females relative to a singleton fe-
male, per capita reproduction by males is likely to increase.
If, however, the group does not produce proportionally
more offspring per breeder male, then while some males
benefit from increased equity in parentage, the per capita
fitness benefits for all breeder males would be determined
by the overall output of the group. These differences in how
direct benefits to males and females are influenced by the
number of breeders of the same and opposite sex highlight
the inter- and intrasexual conflicts related to fitness in po-
lygynandrous taxa.

Acorn woodpeckers (Melanerpes formicivorus) live in
polygynandrous social groups at the Hastings Natural His-
tory Reservation that frequently include cobreeding males
(~52% of groups), joint-nesting females (~21% of groups),
and nonbreeding helpers of both sexes (~65% of groups;
Haydock and Koenig 2003; Koenig et al. 2016). Cobreeding
males and joint-nesting females are closely related within
sex: mean relatedness among cobreeding males is 0.46 while
between joint-nesting females is 0.41 (Koenig and Mumme
1987; J. Haydock, W. D. Koenig, and E. L. Walters, unpub-
lished data). Groups with a single breeding female have, on
average, a polyandrous sex ratio of breeders (mean number
of breeder males per female = 1.76, n = 611). Mating out-
side of the group or between breeders and helpers is rare
(Dickinson et al. 1995). Moreover, no traits suggesting dom-
inance within cobreeding males or females are known (Hay-
dock and Koenig 2002, 2003; Koenig et al. 2011a).

Adults may disperse to become breeders in nonnatal
groups, but acorn woodpeckers do not disperse to become
helpers in such groups as is sometimes found in other coop-
eratively breeding species (Groenewoud et al. 2018). Over
the course of the 50-year study, the population has in-
creased approximately threefold, attributed almost entirely
to the addition of new groups within the study area (N. D. G.
Hagemeyer, M. B. Pesendorfer, W. D. Koenig, and E. L.
Walters, unpublished manuscript).

Although largely insectivorous, acorn woodpeckers are
dependent on oak acorns (Quercus spp.) as food (Koenig
et al. 1995), which they hoard in defended storage facilities
known as granaries (Koenig et al. 2011b). Autumn acorn
crops, which vary considerably from year to year, are an im-
portant predictor of both adult woodpecker survivorship
and woodpecker productivity the following spring (Koenig
and Walters 2015). Owing to the critical importance of this
food resource, acorn crops have been quantified at Hastings
Natural History Reservation since 1980 (Koenig et al. 1994).

The quality of each territory was assigned to each social
group in each year of the study based on the size of the
group’s granaries (1: <1,000 storage holes; 2: 1,000-2,500;
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3: >2,500). High-quality territories are occupied almost
continuously, while low-quality territories are often aban-
doned during years of low acorn availability (Hannon et al.
1987).

The dependence of this species on acorns, the ability to
measure territory quality, the determination of molecular
parentage, and the collection of detailed demographic data,
combined with the increase in population size observed over
the course of the long-term study, provide a unique opportu-
nity to test hypotheses driving the size of female coalitions in
a cooperatively polygynandrous taxon.

Hypotheses and predictions. We quantified individual fit-
ness costs and benefits of joint nesting for both males and
females and tested predictions related to the drivers of for-
mation, size, and maintenance of joint-nesting female coa-
litions in acorn woodpeckers (table 1). There were three
predictions of the resource-based hypotheses: (1) the num-
ber of joint-nesting females in social groups should be greater
in higher-quality territories and in years following abun-
dant acorn crops, (2) per capita female reproduction should
increase with female coalition size, and (3) singleton fe-
males should be more likely to be replaced by a coalition
of two or more females in high-quality territories. The pop-
ulation density-based hypothesis predicted that the num-
ber of joint-nesting females in a social group should in-
crease with population density.

We quantified costs and benefits to individual fitness by
examining whether reproductive skew in breeder males de-
creased with an increasing number of breeder females in the
group and whether groups with female coalitions fledged

more offspring per breeder male. We tested for trade-offs
in joint-nesting females by examining whether female coa-
lition size varied positively with the number of breeder
males in the group and whether reproductive skew among
females changed with increasing female coalition size.

Methods
Field Methods and Ecology of Acorn Woodpeckers

We assembled a 34-year (867 group years) demographic
data set spanning 1982-2016 throughout which acorn wood-
pecker groups (n = 72) were censused continuously. Group
size varied from two to 15 (mean = SD = 4.98 + 2.16),and
coalition size of female breeders ranged from one to three
(mean = SD = 1.33 % 0.56) while that of males ranged from
one to seven (mean =+ SD = 1.89 +1.13). We used only
groups that had been monitored continuously for the entire
period by keeping the study area perimeter consistent, al-
lowing population size to be used as a proxy for density.
The number of active groups and population size varied with
year (groups: range = 29-72, median = 42; population size:
range = 92-313, median = 152).

Individuals that remained on their natal territory with
their putative parents were categorized as helpers (Koenig
et al. 2016). Group members not living on their natal terri-
tories or living with birds of the opposite sex that were non-
relatives were considered putative breeders (Koenig et al.
1998). Parentage determination has generally supported

Table 1: Hypotheses and their predictions for the formation and size of joint-nesting female coalitions

Hypothesis and prediction

Response variable Predictor variable(s)

Resource-based hypotheses:
Female coalitions will be larger in higher-quality territories
Female coalitions will be larger in high acorn crop years

Female coalitions have higher per capita reproduction per female

than singleton females

Singleton females on high-quality territories will be evicted by larger

coalitions
Population-based hypothesis:
Mean female coalition size increases with population size
Effect on female fitness:
Reproductive skew in females is not affected by coalition size

Female coalition size is positively related to the number of breeder

males in the group
Effect on male fitness:

Reproductive skew in males decreases with an increase in female

coalition size

Young fledged per breeder male increases with female coalition size

Coalition size
Coalition size
Young fledged

Territory quality
Acorn crop
Coalition size

Turnover rate Territory quality

Number of breeder females Population size

Reproductive skew index in Number of breeder

females females
Number of breeder females Number of breeder
males

Reproductive skew index in Number of breeder

breeder males females
Per capita young fledged per Number of breeder
breeder male females

Note: Included are the response variables and fixed effects used to test each prediction in linear mixed models.
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these demographic assumptions, including the finding that
not all putative breeder males sire young at any particular
nest but that with longer tenure in a group, most putative
breeders eventually sire offspring (Haydock and Koenig
2002).

Turnover in breeders of a particular sex is driven by sev-
eral factors, including but not limited to individual mortal-
ity, number of breeders of that sex, and, in some circum-
stances, number of helpers of the same sex in the group
(Koenig et al. 1994, 2016). We define a turnover as the re-
placement of all breeders of a particular sex due to dispersal
or death. We recorded group size, number of breeders of
each sex, number of helpers of each sex, and number of
young fledged for each social group for each breeding at-
tempt (n = 867).

Breeder Female Turnover Index

Individuals in the study population become breeders by ei-
ther dispersing to a new territory or inheriting their natal
territory when the opposite-sex parent dies (Haydock et al.
2001; Koenig et al. 2016). To see whether female coalitions
more frequently fill the breeding vacancy created by the dis-
appearance of singleton females, we used only instances where
all breeder females were replaced during a “power struggle”—
an event in which competing coalitions fight for a breeding
vacancy (Koenig 1981b; Hannon et al. 1985). Joint dispersal
is common, and thus for groups that experienced a turnover
in breeder females, we calculated the direction of change in
the number of breeder females—that is, whether the group
had the same, more, or fewer breeder females following the
turnover.

Given a maximum of three females in a breeding coali-
tion, the degree of change in the number of breeder females
could range from a minimum of —2 (three females replaced
by one female) to a maximum of +2 (one female replaced
by three females). We calculated mean female turnover
for each of the three territory quality categories and repeated
the analysis by combining groups in low- and medium-quality
territories and compared them against groups in high-quality
territories to test whether larger female coalitions were more
likely to win breeding vacancies in high-quality territories.

Methods of Parentage Assignment

Adult acorn woodpeckers were caught opportunistically at
nests or in roosting cavities (Stanback and Koenig 1994),
banded with a unique color combination to facilitate later
identification, and sampled to collect 75 uL of blood for
genotyping. Likewise, nestlings (usually ~21 days of age)
were banded and had a similar volume of blood drawn.
Blood was stored in Longmire’s solution (Longmire et al.
1988) and temporarily stored at —20°C on-site until it was
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shipped to Gonzaga University and stored at —80°C for sub-
sequent DNA extraction and analysis.

Because of the complex social structure of acorn wood-
pecker groups, particularly the close relatedness of cobreed-
ing males and joint-nesting females (which are often full
siblings but unrelated to opposite-sex breeders), parentage
assignment is challenging despite the absence of extragroup
parentage (Dickinson et al. 1995). We typically used eight
microsatellite loci for these analyses, but up to 16 were used
when needed, developed for acorn woodpeckers using pro-
tocols modified from Armour et al. (1994), Gibbs et al. (1997),
and Jones et al. (2002). Amplicons for each locus were pro-
duced in three multiplexed polymerase chain reactions
(QIAGEN Multiplex Plus) and sized on an Applied Bio-
systems 3730 DNA analyzer using Liz 500 as a molecular
weight standard. Genotypes were assigned using GeneMapper
version 5 (Applied Biosystems), and all allele calls were checked
manually for accuracy.

We determined parentage using CERVUS (Marshall et al.
1998) and accepted assignments that produced at least 95%
confidence for a single mother-father-offspring triad (based
on logarithm of the odds scores), which thus excluded every
other possible triad of group members, including all individ-
uals that had been observed in the group within 2 years prior
to an offspring being produced. We dropped all cases where
offspring could be assigned to more than one triad with 95%
confidence. We used a 2-year time period in the analysis to
include birds we may have mistakenly considered absent
from the group at the time an offspring was produced.

Parentage Analyses and Parentage Skew Index

To investigate whether male or female breeders received fit-
ness benefits by the addition of joint-nesting females in the
group, we calculated the B index of reproductive skew for
cobreeding males and joint-nesting females for each group
and each nest as follows:

~ n\’ 1
P o) - (ow)
where i was each breeding attempt, p; was the proportion of
parentage assigned to a breeder for each breeding attempt, n;
was the tenure of the individual in the group (which we set
to 1 since we calculated skew for each breeding attempt), N,
was the total tenure, N was the number of breeders of the sex
in question (therefore N, was equal to N), and K was the total
number of young genotyped in the nest. The B index (hence-
forth “skew index”) varies from —1 to +1, where +1 equals
complete reproductive monopoly, 0 equals reproductive
equitability, and —1 indicates greater than expected equita-
bility (Nonacs 2000).

Apart from how equally reproduction is shared, the skew
index is influenced by the number of individuals that can
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potentially parent offspring, the number of offspring pro-
duced, and the tenure of each individual in the group. We
tested whether the number of breeder females in the group
affected the skew among males in groups with one, two, or
three breeder females and whether skew in breeder females
differed among coalitions of two or three breeder females.

Statistical Analyses

Linear mixed models were used for all analyses (table 1),
where group size (a metric that covaries with number of
breeder females, number of breeder males, and number of
helpers) and territory identity were treated as random ef-
fects. Likewise, in models testing differences in reproduc-
tive skew, number of breeder males and territory identity
were also treated as random effects. Analyses were con-
ducted in R 3.3.1 (R Development Core Team 2018). The
package ImerTest was used for linear mixed models (Kuz-
netsova et al. 2015), and the package data.table (Dowle et al.
2017) was used for data set manipulation.

Results
Resource-Based Hypotheses

Female coalition size was not predicted by either territory
quality (B = 0.001,df = 300,P = .97;fig. 1a) or the prior
autumn’s acorn crop (B = —0.03,df = 748, P = .29), al-
though groups in high-quality territories had on average

more than one breeder female (mean + SD = 1.35 * 0.63).
There was no significant difference in the frequency with
which singleton females replaced a larger coalition than
vice versa, irrespective of whether territory quality was di-
vided into three (B = 0.08, df = 123, P = .66; fig. 1b)
or two (B = —0.13, df = 123, P = .88) levels. The num-
ber of nestlings fledged in each breeding attempt was posi-
tively associated with the number of breeder females in a
group (B = 0.50, df = 820, P < .001), but groups with
two and three joint-nesting females did not fledge propor-
tionally more offspring than groups with singleton females
(fig. 1o).

Population-Based Hypothesis

Mean female coalition size of all groups in the population
was positively associated with population size (B = 0.12,
df = 760, P = .001; fig. 2).

Effect of Joint-Nesting Females on Fitness

Parentage assignments were based on genotyping of 673 male
and 587 female potential parents. Sample sizes for specific
analyses are provided below.

Influence of Joint-Nesting Females on Breeder Male Fitness.
Reproductive skew for males was calculated based on pater-
nity assignments of 3,313 nestlings in 716 nests. Reproduc-
tive skew among males decreased in groups with more than
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Figure 1: a, Number of breeder females as a function of territory quality. Differences are not statistically significant. b, Mean turnover index
bar plot (positive values = replaced by a larger number of females, 0 = replaced by the same number of females, negative values = replaced
by a smaller number of females) as a function of territory quality. Mean turnover indexes are not statistically significant across territory
quality. ¢, Mean number of young fledged per breeding attempt as a function of the number of breeder females in the social group. Error
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one female; thus, a larger proportion of the breeder males
benefited from female joint nesting (B = —0.13, df = 193,
P <.001; only groups with more than one breeder male
were included) but was not significantly different between
groups with two and three breeder females (Kruskal-Wallis
test, x> = 0.01, df = 1, P = .98; fig. 3a). Within a nest,
young fledged per breeder male did not change with the
number of breeder females (B = 0.09, df = 651, P = .35).

Influence of Joint-Nesting Females on Breeder Female Fitness.
Reproductive skew among two- and three-female coalitions
was calculated using maternity assignments for 406 nestlings
(two-female nests, n = 104; three-female nests, n = 11).
The number of breeder males was a significant predictor of
female coalition size (B = 0.08, df = 742, P < .001; fig. 3b).
Skew was significantly higher in three- versus two-female coa-
litions (Wilcoxon ranked sum test, W = 41, P < .001; fig. 3¢).
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Figure 3: a, Male reproductive skew per nest as a function of the number of breeder females. b, Number of breeder males as a function of the
number of breeder females. Each mean in b is significantly different from the other two. ¢, Female reproductive skew per nest as a function of
the number of breeder females. The n values in parentheses represent the number of nests used in the analyses. Symbols show significant

differences. Error bars denote standard errors.
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Discussion

Our results support the hypothesis that joint-nesting coa-
litions in female acorn woodpeckers formed when popula-
tion density was high and independent breeding opportuni-
ties were low and thus were driven by habitat saturation and
not by territory quality, acorn abundance, or the ability of
larger coalitions to win power struggles in high-quality ter-
ritories. In terms of the fitness consequences of female joint
nesting on males, we found that reproductive skew among
males in groups with two and three females was significantly
lower than in groups with a singleton breeder female and that
the number of young fledged per male was not affected by the
number of joint-nesting females. Thus, a more equitable di-
vision of paternity may provide direct fitness for some males,
but on average, in groups with more than one male, male re-
productive output does not change with variation in breeder
female number. Females increase individual fitness by form-
ing coalitions in groups where the number of breeder males is
greater than the number of breeder females, thus maintain-
ing a beneficial, polyandrous sex ratio, but coalitions of fe-
males nonetheless suffer fitness costs by a reduction in per
capita reproductive output compared to singleton females.

Habitat saturation has been considered a potentially im-
portant mechanism driving the frequency of polygynan-
drous breeding systems for at least 35 years (Koenig and
Pitelka 1981; Emlen 1982). More recently, the “supersatura-
tion” hypothesis of Dickinson and Hatchwell (2004) pro-
poses that cooperative polygamy evolves in populations liv-
ing at high density due to decreased independent breeding
opportunities. This hypothesis predicts that as competition
for breeding opportunities intensifies with increased popu-
lation density, individuals will form same-sex coalitions to
win breeding vacancies and eventually achieve breeding op-
portunities as cobreeders. Thus, habitat saturation poten-
tially facilitates the formation of joint-nesting female coa-
litions, a relatively rare behavior even among cooperative
breeders and one that is exhibited by only ~21% of the so-
cial groups in the population studied here (Haydock and
Koenig 2003).

Other factors almost certainly play important roles for
the evolution of joint nesting. For example, female cobreed-
ers in acorn woodpeckers as well as other joint-nesting taxa,
including house mice (Mus musculus) and dormice (Glis
glis), are close kin. This suggests that inclusive fitness ben-
efits of nesting with close relatives may be an important fac-
tor offsetting the reproductive costs of joint nesting (Man-
ning et al. 1995; McRae 19964; Pilastro et al. 1996). Another
important common trait between acorn woodpeckers and
other taxa with joint-nesting females is males substantially
contributing to the incubation of eggs. Male incubation is
hypothesized to be an important precursor for joint nesting,
as incubating males might allow multiple females to lay

within the nest or prevent females from destroying eggs laid
by other females (Vehrencamp 2000). How or if male incu-
bation directly drives joint nesting in acorn woodpeckers
remains to be determined.

Female coalitions may also form through female helpers
inheriting breeding status and becoming cobreeders follow-
ing breeder male turnover. However, this is rare among acorn
woodpeckers. In our long-term data set, only 69 out of 2,966
females followed have inherited breeding status following
breeder male turnover compared to 298 out of 3,214 males
that have inherited following a breeder female turnover. The
number of breeder male turnovers explained very little varia-
tion in population size (R* = 0.09, df = 27, P =.06), sug-
gesting that the observed increase in the number of breeder
females per group with population density was driven by a
combination of larger coalitions winning competitions for fe-
male turnovers and female helpers inheriting territories.

Acorn woodpeckers are one of only five altricial avian
taxa known to exhibit joint nesting (Vehrencamp 2000; Riehl
2013). Because of the importance of parental provisioning
in these species, resource-based hypotheses predict that fe-
male coalitions should form and persist in high-quality ter-
ritories and that such coalitions should otherwise evict sin-
gleton females from such territories. Our results did not
support either prediction. Our index of territory quality mea-
sured a group’s capacity to store acorns based on the size of
the group’s granary (Hannon et al. 1985). Because these stor-
age facilities can take decades to construct, territories with
large granaries are relatively rare and are highly prized (Koe-
nig et al. 1995). There are other features, however, associ-
ated with high-quality territories that remain to be tested,
such as the number and quality of nesting and roosting sites
within these territories, factors that could potentially affect
overall territory quality in this species (Koenig and Walters
2014).

Female acorn woodpeckers were unable to produce pro-
portionally more offspring relative to singleton breeder
females. Two important factors may drive reproductive
output in the population. The first is the habitat being spa-
tiotemporally heterogeneous (Koenig et al. 2011b; Koenig
and Walters 2015). Even though acorn woodpeckers are
primarily insectivorous, the previous year’s acorn crop has
a strong effect on reproductive output (Koenig et al. 2011b).
This results in resource availability within a particular ter-
ritory varying across years (Koenig et al. 2008). Thus, coa-
litions of two and three females producing two and three
times the number of offspring as singletons, respectively,
may not be ecologically feasible due to poor acorn crop
irrespective of territory quality (Hannon et al. 1987).

The second factor that may drive reproductive output is
the number of nestlings fledged possibly being constrained
by the number of eggs that can be incubated successfully.
For example, ratites have a large body mass—-to—egg mass
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ratio that facilitates the incubation of large clutches (Rahn
et al. 1975; Meiri et al. 2015). The ability to incubate a large
clutch is considered an important step in the evolution of
joint nesting in this taxonomic group (Vehrencamp and
Quinn 2004). Unlike ratites, acorn woodpeckers have large
eggs relative to body size (Koenig et al. 2009), limiting the
number of eggs that can be incubated efficiently as is seen
in other joint-nesting passerines (Baglione et al. 2006). For
example, in nests with eight or more eggs (about twice the
average clutch size laid by a single acorn woodpecker fe-
male), mean hatching success was 0.71 (n = 38) compared
with 0.83 (n = 875) across nests with less than eight eggs. As
cavity nesters, acorn woodpeckers are also restricted by the
size of the nest cavity, a constraint that potentially affects
clutch size (Slagsvold 1989; Wiebe et al. 2006). Thus, envi-
ronmental and ecological factors, combined with physiolog-
ical limitations, may constrain the number of nestlings pro-
duced by females with significant costs for females breeding
in a coalition (Bebbington et al. 2017).

Our findings do not support the hypothesis that female
coalitions in acorn woodpeckers form because they are able
to better compete for high-quality territories. Territory de-
fense by all group members is well documented in acorn
woodpeckers (Koenig et al. 2016), as it is in other coopera-
tively breeding taxa, such as pukekos (Porphyrio melanotus;
Lambert et al. 1994) and both Asiatic and African lions
(Panthera leo; Mosser and Packer 2009; Chakrabarti and
Jhala 2017). Nonetheless, once established, even singleton
breeder female acorn woodpeckers are rarely challenged by
larger coalitions; rather, turnovers generally occur only when
there is a breeding vacancy (Mumme et al. 1988). Group ter-
ritorial defense also makes calculation of the tenure of female
coalitions irrelevant since male breeders and helpers defend
territories and thus females are not ousted simply because
they lose coalition members. Tenure length of an individual
is thus likely associated with a combination of both territory
quality and group size. Moreover, the coalition size of closely
related females involved in power struggles to fill a breeding
vacancy may be larger than the number of females that even-
tually settle on the territory (Hannon et al. 1985). Hence, co-
alition size may be most critical during the power struggle it-
self rather than postturnover when routine territory defense
has been established.

We found a strong effect of female joint nesting on indi-
vidual fitness in both males and females. In males, female
joint nesting increased equity in parentage within a clutch.
Extragroup parentage is rare in this species (Haydock and
Koenig 2003), and since joint-nesting females lay eggs syn-
chronously with males showing intense mate guarding
(Mumme et al. 1988), one male is unlikely to monopolize
matings with multiple females in social groups where other
breeder males are present. Thus, compared to groups with a
single breeder female, reproductive skew was dramatically
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reduced among breeder males in groups with joint-nesting
females (fig. 3a). However, the mean number of young
fledged per breeder male did not increase with an increase
in the number of joint-nesting females. Thus, more males
gained parentage, but overall, individual males did not re-
ceive increased direct fitness benefits as the number of joint-
nesting females increased.

We found that reproductive skew for females was low
in joint-nesting female pairs but significantly increased in
three-female coalitions (fig. 3¢). Female acorn woodpeckers
in coalitions maintain equity in reproduction by removing
and destroying eggs until all joint-nesting females lay syn-
chronously in the same nest in both two- and three-female
coalitions (Mumme et al. 1988). Our findings, however,
suggest that three-female coalitions may not be able to syn-
chronize laying as effectively. The significant increase in
skew when coalition size increased from two to three (fig. 3¢)
resulted in a significant loss in direct fitness for at least
one of the females. Dominance hierarchies within female
coalitions are difficult to discern, and thus we were unable
to tease apart loss in fitness based on social dominance.
There is an additional fitness cost to females, however, as
three-female coalitions fledged only ~1.5 times the number
of nestlings as singleton females (fig. 1c), half the number
needed to maintain per capita fitness.

Despite the potential loss in fitness by being part of a co-
alition, females may increase reproductive output by joint
nesting in groups with a male-biased sex ratio of breeders
(Chao 1997). Females in such groups benefit from multiple
males provisioning offspring, a pattern observed in Gala-
pagos hawks (Buteo galapagoensis; Faaborg and Patterson
1981) and dunnocks (Prunella modularis; Davies 1989). De-
spite their presence, nonbreeding helpers in acorn wood-
pecker groups do not provision as much as breeders (Koenig
and Walters 2012). Thus, joint-nesting female acorn wood-
peckers are predicted to increase direct fitness by living in a
group with a male-biased cobreeder sex ratio (Chao 1997).

Other factors influencing fitness consequences of joint
nesting remain to be tested. For example, individuals liv-
ing on high-quality territories have higher annual survival
probability (Koenig et al. 2016), but whether longer life
offsets the fitness costs of joint nesting is unknown. Similarly,
because we are unable to differentiate between death and dis-
persal of individuals (Koenig et al. 1996), it is possible that
joint nesting is a temporary arrangement for young females,
dispersing again whenever an independent breeding oppor-
tunity arises. Finally, individual reproductive success in any
given year is driven by a wide range of factors, including
the previous year’s acorn crop, home group size and compo-
sition (number of helpers and breeders), and territory qual-
ity, to name a few (Koenig et al. 2016), and is also driven by
the bird’s age and body condition. These confounding vari-
ables make it difficult to tease apart the costs of joint nesting
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on the fitness of individuals when they are in a cobreeding
coalition or breeding independently.

Our results highlight the influence of both ecological and
demographic factors and the sexual conflicts inherent in
driving the evolution and maintenance of mating systems.
To the extent that habitat saturation motivates joint nest-
ing in females, it remains to be determined why this phe-
nomenon is not more common among other cooperatively
breeding taxa. Males in cooperatively breeding species often
benefit by forming coalitions to acquire and defend high-
quality territories (Mumme et al. 1988) or through cooper-
ative courtship displays, such as in turkeys (Meleagris gallo-
pavo; Krakauer 2005) and lance-tailed manakins (Chiroxiphia
lanceolata; DuVal 2013). Moreover, a cobreeding male that
joins a breeding pair can provision nestlings, potentially in-
creasing reproductive output (Chao 1997).

Female coalitions can produce more offspring than sin-
gleton females, but this is offset by limited food resources,
physiological constraints on brooding and incubation due
to relative egg size, and added provisioning requirements
for the augmented number of young (Bebbington et al.
2017) that results in decreasing per capita reproductive out-
put for each additional breeder female (Vehrencamp 2000).
Females thus incur a significant loss in direct fitness when
joint nesting compared to independent breeding. The mea-
ger direct fitness benefits are nevertheless greater than re-
maining as a helper with no direct fitness. Coalitions of fe-
males are thus likely maintained through an “uneasy truce”
where the loss of direct fitness is a trade-off for the low
probability of successful dispersal as a singleton (Mumme
et al. 1988; Chao 1997). These physical, physiological, so-
cial, behavioral, and environmental factors likely limit the
number of species that can maintain a cooperatively polyan-
drous mating system with joint-nesting females even though
populations of most cooperatively breeding taxa experience
habitat saturation to some extent (Emlen 1982).

Acknowledgments

We thank our colleagues, the 150+ field and lab assistants
who have assisted with the project since 1979, and the edi-
tors and reviewers, including Christina Riehl and Susan
McRae, for their valuable comments that helped improve
the manuscript. We also thank the Museum of Vertebrate
Zoology, University of California, Berkeley, for logistic sup-
port. Support for the project has been provided by the Na-
tional Science Foundation, most recently via grants 1I0S-
1455881, 10S-1455900, and DEB-1256394.

Literature Cited

Armour, J. A., R. Neumann, S. Gobert, and A. J. Jeffreys. 1994. Iso-
lation of human simple repeat loci by hybridization selection. Hu-

I, 3:599-605.

Baglione, V., D. Canestrari, ]. M. Marcos, and J. Ekman. 2006. Ex-
perimentally increased food resources in the natal territory pro-

mote offspring philopatry and helping in cooperatively breeding
carrion crows. w 273:1529-1535.
Bebbington, K., E. A. Fairfield, L. G. Spurgin, S. A. Kingma, H. Dug-
dale, J. Komdeur, and D. S. Richardson. 2017. Joint care can out-
weigh costs of nonkin competition in communal breeders. Bghayz

inualsbealagy 29:169-178.
Chakrabarti, S., and Y. V. Jhala. 2017. Selfish partners: resource par-

titioning in male coalitions of Asiatic lions. [N
28:1532-1539.

Chao, L. 1997. Evolution of polyandry in a communal breeding sys-
tern. [ 3:668-674.

Clutton-Brock, T. H., and P. H. Harvey. 1978. Mammals, resources
and reproductive strategies. Naturg 273:191-195.

Cockburn, A. 1998. Evolution of helping behavior in cooperatively
brecding bivd. N . 117

. 2006. Prevalence of different modes of parental care in birds.

273:1375-1383.

Davies, N. B. 1989. Sexual conflict and the polygamy threshold. An-
iii—— 38:226-234.

Dickinson, J., J. Haydock, W. Koenig, M. Stanback, and F. Pitelka.
1995. Genetic monogamy in single-male groups of acorn wood-
peckers, Melanerpes formicivorus. | N 4:765-770.

Dickinson, J. L., and B. J. Hatchwell. 2004. Fitness consequences of
helping. Pages 48-66 in W. D. Koenig and J. L. Dickinson, eds.
Ecology and evolution of cooperative breeding in birds. Cambridge
University Press, Cambridge.

Dowle, M., A. Srinivasan, J. Gorecki, T. Short, S. Lianoglou, E. Anton-
yan, and M. M. Dowle. 2017. data.table: extension of “data.frame.”
R package version 1.0. http://CRAN.R-project.org/package = data
.table.

DuVal, E. H. 2013. Does cooperation increase helpers’ later success as
breeders? a test of the skills hypothesis in the cooperatively dis-

playing lance-tailed manakin. _ 82:884-

893.

Eggert, A.-K,, and J. K. Miiller. 1992. Joint breeding in female bury-
ing bt I 1 37

Ekman, J., and P. G. Ericson. 2006. Out of Gondwanaland; the evolu-

tionary history of cooperative breeding and social behaviour amon
crows, magpies, jays and allies. H
273:1117-1125.

Emlen, S. T. 1982. The evolution of helping. I. An ecological con-
straints model. | NN 119:29-39.

Faaborg, J., and C. B. Patterson. 1981. The characteristics and occur-
rence of cooperative polyandry. [bis 123:477-484.

Gibbs, M., D. A. Dawson, C. McCamley, A. F. Wardle, T. Burke, and
J. A. L. Armour. 1997. Chicken microsatellite markers isolated
from libraries enriched for simple tandem repeats. jia—"
ics 28:401-417.

Gilchrist, J. S. 2006. Reproductive success in a low skew, communal

breeding mammal: the banded mongoose (Mungos mungo). Be-
e

Gowaty, P. A. 1981. An extension of the Orians-Verner-Willson model
to account for mating systems besides polygyny. I
ist 118:851-859.

Groenewoud, F., S. A. Kingma, M. Hammers, H. L. Dugdale, T. Burke,
D. S. Richardson, and J. Komdeur. 2018. Subordinate females in the
cooperatively breeding Seychelles warbler obtain direct benefits by

joining unrelated groups. | NGGcTTTTNE :7:1251-1263.

All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2FBF00171678&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=8069306&crossref=10.1093%2Fhmg%2F3.4.599&citationId=p_1
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=8069306&crossref=10.1093%2Fhmg%2F3.4.599&citationId=p_1
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=9589582&crossref=10.1111%2Fj.1365-2052.1997.00184.x&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=9589582&crossref=10.1111%2Fj.1365-2052.1997.00184.x&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1093%2Fbeheco%2F8.6.668&citationId=p_5
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2FS0003-3472%2889%2980085-5&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2FS0003-3472%2889%2980085-5&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=16600890&crossref=10.1098%2Frspb.2005.3431&citationId=p_16
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2Fs00265-006-0229-6&citationId=p_20
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=16777748&crossref=10.1098%2Frspb.2006.3481&citationId=p_2
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2Fs00265-006-0229-6&citationId=p_20
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=347308&crossref=10.1038%2F273191a0&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F283888&citationId=p_17
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=29622934&crossref=10.1093%2Fbeheco%2Farx137&citationId=p_3
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F283875&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=29622934&crossref=10.1093%2Fbeheco%2Farx137&citationId=p_3
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F283875&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1146%2Fannurev.ecolsys.29.1.141&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=23444919&crossref=10.1111%2F1365-2656.12057&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1474-919X.1981.tb04051.x&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=29750837&crossref=10.1111%2F1365-2656.12849&citationId=p_22
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=29622932&crossref=10.1093%2Fbeheco%2Farx118&citationId=p_4
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1365-294X.1995.tb00277.x&citationId=p_11
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=16777726&crossref=10.1098%2Frspb.2005.3458&citationId=p_8

Hannon, S. J., R. L. Mumme, W. D. Koenig, and F. A. Pitelka. 1985.

Replacement of breeders and within-group conflict in the cooper-
atively breeding acorn woodpecker. _
higlagy 17:303-312.

Hannon, S.J., R. L. Mumme, W. D. Koenig, S. Spon, and F. A. Pitelka.
1987. Poor acorn crop, dominance, and decline in numbers of

acorn woodpeckers. [ N | NN 56:197-207.

Hatchwell, B. J. 2009. The evolution of cooperative breeding in birds:
kinship, dispersal and life history. ﬁ
I 364:3217-3227.

Haydock, J., and W. D. Koenig. 2002. Reproductive skew in the

olygynandrous acorn woodpecker. _
99:7178-7183.

. 2003. Patterns of reproductive skew in the polygynandrous
acorn woodpecker. |GG 162:277-289.

Haydock, J., W. D. Koenig, and M. T. Stanback. 2001. Shared parent-
age and incest avoidance in the cooperatively breeding acorn wood-
pecker. R 10:1515-1525.

Heinsohn, R., D. Ebert, S. Legge, and R. Peakall. 2007. Genetic evi-
dence for cooperative polyandry in reverse dichromatic Eclectus
parrots. R 74:1047-1054.

Jones, K. C., K. F. Levine, and J. D. Banks. 2002. Characterization of
11 polymorphic tetranucleotide microsatellites for forensic appli-
cations in California elk (Cervus elaphus canadensis). Molecular
Ecology Resources 2:425-427.

Koenig, W. D. 1981a. Reproductive success, group size, and the evo-
lution of cooperative breeding in the acorn woodpecker. Adaarican

Ddkiatis 117:421-443.

. 1981b. Space competition in the acorn woodpecker: power
struggles in a cooperative breeder. NN 29:396-409.

Koenig, W. D., J. Haydock, and M. T. Stanback. 1998. Reproductive
roles in the cooperatively breeding acorn woodpecker: incest avoid-
ance versus reproductive competition. | 151:243-
255.

Koenig, W. D., and R. L. Mumme. 1987. Population ecology of the
cooperatively breeding acorn woodpecker. Princeton University
Press, Princeton, NJ.

Koenig, W. D., R. L. Mumme, W. J. Carmen, and M. T. Stanback.
1994. Acorn production by oaks in central coastal California: var-
iation within and among years. Eeglagy 75:99-109.

Koenig, W. D., and F. A. Pitelka. 1981. Ecological factors and kin se-
lection in the evolution of cooperative breeding in birds. Pages 261
280 in R. D. Alexander and D. Tinkle, eds. Natural selection and so-
cial behavior: recent research and new theory. Chiron, New York.

Koenig, W. D., D. J. Schaefer, S. Mambelli, and T. E. Dawson. 2008.
Acorns, insects, and the diet of adult versus nestling acorn wood-
peckers. 79:280-285.

Koenig, W. D., P. B. Stacey, M. T. Stanback, and R. L. Mumme 1995.
Acorn woodpecker (Melanerpes formicivorus), version 2.0. In A. F.
Poole and F. B. Gill, eds. The Birds of North America. Cornell Lab
of Ornithology, Ithaca, NY. https://birdsna.org.

Koenig, W. D., D. Van Vuren, and P. N. Hooge. 1996. Detectability,

philopatry, and the distribution of dispersal distances in verte-
braces [ 11511517

Koenig, W. D., and E. L. Walters. 2012. An experimental study of
chick provisioning in the cooperatively breeding acorn woodpecker.

Eibalogy 118:566-574.

. 2014. What we don’t know, and what needs to be known,
about the cooperatively breeding acorn woodpecker Melanerpes

Sformicivorus. | 49:221-232.

Joint Nesting in Acorn Woodpeckers 839

. 2015. Temporal variability and cooperative breeding: testing
the bet-hedging hypothesis in the acorn woodpecker. Rigsoaciigs
I 232:20151742.

Koenig, W. D., E. L. Walters, and J. Haydock. 2009. Helpers and egg
investment in the cooperatively breeding acorn woodpecker: test-
ing the concealed helper effects hypothesis. |
—— G 3:1659-1665.

. 2011a. Fitness consequences of within-brood dominance in

the cooperatively breeding acorn woodpecker. [N

e 65:2229-2238.

. 2011b. Variable helper effects, ecological conditions, and the
evolution of cooperative breeding in the acorn woodpecker. Amers
immimting 178:145-158.

.2016. Acorn woodpeckers: helping at the nest, polygynandry,
and dependence on a variable acorn crop. Pages 217-236 in W. D.
Koenig and J. L. Dickinson, eds. Cooperative breeding in verte-
brates: studies of ecology, evolution and behavior. Cambridge Uni-
versity Press, Cambridge.

Krakauer, A. H. 2005. Kin selection and cooperative courtship in wild
turkeys. Natirg 434:69-72.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2015.
ImerTest: tests in linear mixed effects models. R package ver-
sion 2.0. http://CRAN.R-project.org/package =ImerTest.

Lambert, D. M., C. D. Millar, K. Jack, S. Anderson, and J. L. Craig.
1994. Single- and multilocus DNA fingerprinting of communally

breeding pukeko: do copulations or dominance ensure reproduc-
tive success?

theliS4 91:9641-9645.
Ligon, J. D., and D. B. Burt. 2004. Evolutionary origins. Pages 5-34 in

W. D. Koenigand J. L. Dickinson, eds. Ecology and evolution of co-
operative breeding in birds. Cambridge University Press, Cambridge.

Longmire, J. L., A. K. Lewis, N. C. Brown, J. M. Buckingham, L. M.
Clark, M. D. Jones, L. J. Meincke, et al. 1988. Isolation and molec-
ular characterization of a highly polymorphic centromeric tandem
repeat in the family Falconidae. Gokguaias 2:14-24.

Manning, C. J., D. A. Dewsbury, E. K. Wakeland, and W. K. Potts.
1995. Communal nesting and communal nursing in house mice,
Mus musculus domesticus. | SN 50:741-751.

Marshall, T. C., J. Slate, L. E. B. Kruuk, and J. M. Pemberton. 1998.
Statistical confidence for likelihood-based paternity inference in
natural populations. | 7:639-655.

McRae, S. B. 1996a. Brood parasitism in the moorhen: brief encoun-
ters between parasites and hosts and the significance of an evening
laying hour. | RN 27:311-320.

. 1996b. Family values: costs and benefits of communal nesting

in the moorhen. |G 52:225-245.
Meiri, S., A. Feldman, and L. Kratochvil. 2015. Squamate hatchling

size and the evolutionary causes of negative offspring size allome-
vy, N .51

Mosser, A., and C. Packer. 2009. Group territoriality and the benefits
of sociality in the African lion, Panthera leo. SN
78:359-370.

Mumme, R. L., W. D. Koenig, and F. A. Pitelka. 1988. Costs and ben-
efits of joint nesting in the acorn woodpecker. [N
ist 131:654-677.

Nonacs, P. 2000. Measuring and using skew in the study of social be-
havior and evolution. |G 156:577-589.

Pilastro, A., E. Missiaglia, and G. Marin. 1996. Age-related reproduc-
tive success in solitarily and communally nesting female dormice

(Glis glis). |G 239:601-608.

All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2Fj.anbehav.2007.01.026&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2F0003-3472%2895%2980134-0&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=25557433&crossref=10.1111%2Fjeb.12580&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=19701482&crossref=10.1007%2Fs00265-009-0773-y&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=19701482&crossref=10.1007%2Fs00265-009-0773-y&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F286115&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2FBF00293208&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2FBF00293208&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1469-7998.1996.tb05946.x&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=15744300&crossref=10.1038%2Fnature03325&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1439-0310.2012.02043.x&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=11997473&crossref=10.1073%2Fpnas.102624199&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=11997473&crossref=10.1073%2Fpnas.102624199&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=9633105&crossref=10.1046%2Fj.1365-294x.1998.00374.x&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2Fj.anbehav.2009.04.024&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2Fs00265-011-1231-1&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2Fs00265-011-1231-1&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=3384438&crossref=10.1016%2F0888-7543%2888%2990104-8&citationId=p_54
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1557-9263.2008.00174.x&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.3161%2F173484714X687091&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F376888&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F283726&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F283726&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.2307%2F3677262&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F284812&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F284812&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F660832&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F660832&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.2307%2F4809&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=26400744&crossref=10.1098%2Frspb.2015.1742&citationId=p_44
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=26400744&crossref=10.1098%2Frspb.2015.1742&citationId=p_44
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=11412372&crossref=10.1046%2Fj.1365-294X.2001.01286.x&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1016%2FS0003-3472%2881%2980099-1&citationId=p_33
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1006%2Fanbe.1996.0169&citationId=p_59
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F316995&citationId=p_63
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=7937821&crossref=10.1073%2Fpnas.91.20.9641&citationId=p_52
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=7937821&crossref=10.1073%2Fpnas.91.20.9641&citationId=p_52
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.2307%2F1939386&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=21237947&crossref=10.1016%2FS0169-5347%2896%2920074-6&citationId=p_41
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=19805429&crossref=10.1098%2Frstb.2009.0109&citationId=p_26
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=19805429&crossref=10.1098%2Frstb.2009.0109&citationId=p_26

840 The American Naturalist

Rahn, H., C. V. Paganelli, and A. Ar. 1975. Relation of avian egg
weight to body weight. Auk 92:750-765.

R Development Core Team. 2018. R: a language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna. https://www.R-project.org.

Riehl, C. 2013. Evolutionary routes to non-kin cooperative breeding
in bird. [ 001 52> 4

Riehl, C., and M. J. Strong. 2018. Stable social relationships between
unrelated females increase individual fitness in a cooperative bird.

285:20180130.

Slagsvold, T. 1989. On the evolution of clutch size and nest size in
passerine birds. Essglagia 79:300-305.

Stanback, M. T., and W. D. Koenig. 1994. Techniques for capturing
birds inside natural cavities. Journal of Field Ornithology 65:70—
75.

Terborgh, J., and A. W. Goldizen. 1985. On the mating system of the

cooperatively breeding saddle-backed tamarin (Saguinus fuscicol-
. I 19" 2%.

Ry - & p?
Y @ i i

Vehrencamp, S. L. 2000. Evolutionary routes to joint-female nesting
in birds. [ 11:334-344.

Vehrencamp, S. L., and J. S. Quinn. 2004. Joint laying systems. Pages 177
196 in W. D. Koenig and J. L. Dickinson, eds. Ecology and evolu-
tion of cooperative breeding in birds. Cambridge University Press,
Cambridge.

Wiebe, K. L., W. D. Koenig, and K. Martin. 2006. Evolution of clutch
size in cavity-excavating birds: the nest site limitation hypothesis
revisited. [N 167:343-353.

Yom-Tov, Y. 1980. Intraspecific nest parasitism in birds. Riglagieal
Rexieus 55:93-108.

Zink, A. G., and B. E. Lyon. 2016. Evolution of conspecific brood par-
asitism versus cooperative breeding as alternative reproductive tac-

tics. | 157:35-47.

Associate Editor: Christina Riehl
Editor: Russell Bonduriansky

Two female woodpeckers attending a joint nest. Photo © Bruce Lyon.

All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1007%2FBF00295541&citationId=p_71
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1469-185X.1980.tb00689.x&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1111%2Fj.1469-185X.1980.tb00689.x&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=29643212&crossref=10.1098%2Frspb.2018.0130&citationId=p_68
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.1093%2Fbeheco%2F11.3.334&citationId=p_72
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F684127&citationId=p_76
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&crossref=10.2307%2F4084786&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=23921394&crossref=10.1007%2FBF00384308&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&system=10.1086%2F499373&citationId=p_74
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F703188&pmid=24132311&crossref=10.1098%2Frspb.2013.2245&citationId=p_67

	Habitat Saturation Results in Joint-Nesting Female Coalitions in a Social Bird
	Original Publication Citation

	Habitat Saturation Results in Joint-Nesting Female Coalitions in a Social Bird

	Cit p_8:1: 
	Cit p_11:1: 
	Cit p_4:1: 
	Cit p_22:1: 
	Cit p_18:1: 
	Cit p_14:1: 
	Cit p_7:1: 
	Cit p_21:2: 
	Cit p_3:2: 
	Cit p_21:1: 
	Cit p_3:1: 
	Cit p_17:1: 
	Cit p_6:1: 
	Cit p_20:2: 
	Cit p_2:1: 
	Cit p_20:1: 
	Cit p_16:1: 
	Cit p_9:2: 
	Cit p_9:1: 
	Cit p_5:1: 
	Cit p_19:2: 
	Cit p_19:1: 
	Cit p_1:2: 
	Cit p_1:1: 
	Cit p_15:1: 
	Cit p_26:2: 
	Cit p_26:1: 
	Cit p_41:1: 
	Cit p_37:1: 
	Cit p_52:2: 
	Cit p_52:1: 
	Cit p_63:1: 
	Cit p_59:1: 
	Cit p_33:1: 
	Cit p_29:1: 
	Cit p_44:2: 
	Cit p_44:1: 
	Cit p_25:1: 
	Cit p_47:2: 
	Cit p_47:1: 
	Cit p_62:2: 
	Cit p_62:1: 
	Cit p_58:1: 
	Cit p_32:2: 
	Cit p_32:1: 
	Cit p_28:1: 
	Cit p_43:1: 
	Cit p_39:1: 
	Cit p_54:1: 
	Cit p_46:2: 
	Cit p_46:1: 
	Cit p_61:1: 
	Cit p_57:1: 
	Cit p_27:2: 
	Cit p_27:1: 
	Cit p_42:1: 
	Cit p_49:1: 
	Cit p_64:1: 
	Cit p_23:2: 
	Cit p_23:1: 
	Cit p_34:1: 
	Cit p_45:2: 
	Cit p_45:1: 
	Cit p_60:1: 
	Cit p_56:1: 
	Cit p_30:1: 
	Cit p_67:1: 
	Cit p_74:1: 
	Cit p_69:1: 
	Cit p_65:1: 
	Cit p_76:1: 
	Cit p_72:1: 
	Cit p_68:1: 
	Cit p_75:2: 
	Cit p_75:1: 
	Cit p_71:1: 


