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ABSTRACT: Resolving the degree to which environmental (direct)
versus genetic (indirect) benefits shape female mate choice is a
long-standing challenge, particularly for socially monogamous spe-
cies where male environmental and genetic contributions are diffi-
cult to disentangle. This study combines long-term population mon-
itoring with quantitative genetic analyses in a socially monogamous
but sexually promiscuous Australian songbird to demonstrate that
female mating preferences are driven by nongenetic environmental
benefits that increase the fitness of both the female and her offspring.
Male Red-backed Fairywrens (Malurus melanocephalus) flexibly breed
in either ornamented or unornamented plumage, and females con-
sistently prefer ornamented males. Females paired with ornamented
males bred earlier and allocated more to current reproduction yet
experienced higher survival and lifetime fitness. Furthermore, these
females produced more grand-offspring because their early-born sons
were more likely to be ornamented and to breed successfully than
the later-born sons of females with unornamented partners. Quanti-
tative genetic models showed lifetime fitness was best explained by
parental environment rather than genetic effects. Mating preferences
in this system are maintained by a combination of primary environ-
mental benefits that increase the lifetime fitness of choosy females
and secondary environmental benefits that increase the multigener-
ational fitness of those females through enhanced offspring quality
and performance.
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Introduction

Ornamental traits, such as bright nuptial coloration and
elaborate vocal signals, can be detrimental to survival yet
are commonly seen in males of many species (Andersson
1994). The evolution of such ornamentation is generally
thought to be driven by sexual selection and, in particu-
lar, by female mating preferences for ornamented males
over unornamented males (Darwin 1871; Andersson 1994).
The reasons why females exhibit mating preferences for or-
namented males, though, are complex and potentially span
multiple generations. Historically, explanations were sep-
arated into two broad categories, environmental (direct)
benefits versus genetic (indirect) benefits (Jones and Ratter-
man 2009). Hereafter, we refer to these as environmental
benefits versus genetic benefits. Within the category of en-
vironmental benefits, we further differentiate between those
that allow a female to produce more offspring (primary
environmental benefits) and those that give her more grand-
offspring via positive effects on the phenotype and repro-
ductive performance of her offspring (secondary environ-
mental benefits).

Primary environmental benefits would arise if the envi-
ronment provided by ornamented males allows their fe-
male partners to produce more offspring over their life-
time. This could happen if ornamented males are better
parents that provide higher levels of parental care, for ex-
ample, by feeding offspring at higher rates (e.g., Hill 1991).
In many systems, however, ornamented males actually pro-
vide less parental care, often forcing their female partners
to compensate by allocating more resources to raising oft-
spring (Burley 1986, 1988; Horvathova et al. 2012; Wilson
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and Burley 2021). Alternatively, if male ornamentation
functions in male-male competition for breeding territo-
ries, ornamented males could occupy superior territories
(Wong and Candolin 2005; Hasegawa et al. 2012). Abun-
dant resources on these territories would support more oft-
spring during that season and may even improve future re-
production if females experience lower reproductive costs
and higher survival. Regardless of the mechanism, primary
environmental benefits should produce a pattern whereby
females paired with ornamented males have higher lifetime
fitness than those paired with unornamented males, either
because they produce more offspring or because their oft-
spring survive better.

Secondary environmental benefits would arise if the en-
vironment provided by ornamented males allows their fe-
male partners to gain multigenerational fitness owing to
the higher quality and success of their offspring. Although
seldom explored, such benefits could result from develop-
mental plasticity in response to the paternal environment
(Griffith et al. 1999; Fitze et al. 2003). This would occur, for
example, if superior territories of ornamented males pro-
vide better resources and/or permit a shift in reproductive
timing that improves offspring phenotype but not neces-
sarily offspring number. Under this scenario, choosy females
could have more grand-offspring than less choosy females
by producing offspring of higher phenotypic quality that are
more successful in the next generation. Importantly, such
secondary environmental benefits emerge when offspring
phenotypic quality is derived from the developmental con-
ditions provided by the ornamented male rather than from
his genetic contribution.

Finally, genetic benefits would arise if heritable traits
exhibited by ornamented males allow their female part-
ners to gain multigenerational fitness owing to the higher
quality and success of their offspring. If ornamentation
signals male quality and quality has genetic underpinnings
that are heritable, then females pairing with ornamented
males will produce higher-quality offspring. This could
happen if ornamentation signals that males have “good
genes” that lead to high foraging success or the ability to
ward off disease (Zahavi 1975; Hamilton and Zuk 1982).
Similarly, if male ornamentation itself is heritable, then
females mating with ornamented males will produce “sexy
sons” that are preferred as mates in the next generation
(Fisher 1930; Weatherhead and Robertson 1979; Lande
1981). Finally, females may benefit by choosing genetically
compatible mates (Zeh and Zeh 1996) to increase off-
spring immunity (Freeman-Gallant et al. 2003) or avoid
the costs of inbreeding (Tregenza and Wedell 2002). Re-
gardless of the specific mechanism, under mate selection
for genetic benefits, females paired with ornamented males
are predicted to produce offspring of higher quality, lead-
ing to more grand-offspring for those females compared

with females that paired with unornamented males. In con-
trast to secondary environmental benefits, however, genetic
benefits emerge when offspring phenotypic quality is in-
herited from the ornamented mate.

The debate over the relative importance of environ-
mental versus genetic benefits to choosy females has been
protracted, in part because the hypotheses are complex
and not mutually exclusive (Kirkpatrick and Ryan 1991).
Theoretical and empirical studies have suggested that ge-
netic benefits may be weak in some systems (Qvarnstrom
et al. 2006; Maklakov and Arngvist 2009; Achorn and
Rosenthal 2020) and may not outweigh costs to choosy
females (Kirkpatrick and Barton 1997; Charmantier and
Sheldon 2006; Kotiaho and Puurtinen 2007). However,
the current framework used to evaluate these benefits has
empirical limitations (Jones and Ratterman 2009). First,
it has been challenging to tease apart environmental and
genetic benefits because a female’s social partner is often
also the genetic sire, thus confounding the environmental
and genetic contributions of her mate. Second, it remains
rare for studies to quantify net benefits of mate choice using
multiple measures of costs and benefits collected across
a female’s lifetime, particularly in wild vertebrates (Char-
mantier and Sheldon 2006). Finally, the possibility that
developmental plasticity could create a nongenetic link
between father and son ornamentation has not been ade-
quately explored, as studies rarely consider whether or-
namented males offer a developmental environment that
promotes offspring ornamentation in adulthood (but see
Griffith et al. 1999; Fitze et al. 2003), and we are unaware
of any studies that also monitored offspring fitness to de-
termine whether effects of paternal environment on offspring
ornamentation carry over to influence their reproductive
success (RS). Such developmental plasticity influencing the
success of offspring to compete and mate as adults could
result from a paternal environment that provides better food
during early growth (Fitze et al. 2003); mate-dependent
maternal contributions to eggs, including hormones (e.g.,
Schwabl 1993; Gil et al. 1999; Forstmeier et al. 2004; Strasser
and Schwabl 2004; Eising et al. 2006); and paternal varia-
tion in the timing of seasonal reproduction (which also de-
termines relative age of recruits).

The Red-backed Fairywren (Malurus melanocephalus)
offers a useful system for exploring how females may ben-
efit from choosing ornamented male partners because it
provides opportunities to isolate and independently eval-
uate the ways in which environmental and genetic ben-
efits may affect female fitness over multiple generations. In
particular, Red-backed Fairywrens are socially monoga-
mous but exhibit extremely high rates of sexual promis-
cuity (Webster et al. 2008; Baldassarre and Webster 2013),
such that the environmental contribution from a female’s
social partner is often disassociated from the genetic



contribution of the male that sired her offspring. They
are also sedentary and tractable to monitor at the pop-
ulation level, meaning that we can reliably follow patterns
of social and genetic mate choice, reproductive output,
and survival across multiple generations. Moreover, some
breeding males are ornamented in conspicuous red/black
nuptial plumage, whereas other breeding males display
cryptic brown plumage similar to that of females (fig. 1).
This difference in plumage coloration is bimodal—very
few males exhibit partial ornamentation (Webster et al.
2008)—allowing for simple comparisons between females
paired with red/black versus brown males. Females clearly
prefer ornamented plumage, as red/black males are pre-
ferred as both social and extrapair mates even after control-
ling for age effects (Karubian 2002; Webster et al. 2008). Yet
the reasons why females of this species prefer ornamented
red/black males remain unclear. In this field study, we le-
verage a long-term dataset on lifetime RS of 262 female
Red-backed Fairywrens, collected over 10 breeding sea-

Figure 1: A, Adult breeding male Red-backed Fairywren in or-
namented red/black plumage. B, Adult breeding male in brown
plumage (left, with dark bill) and female (right, with pale bill). Photos
provided by the Macaulay Library at the Cornell Lab of Ornithol-
ogy. Credits: Mat Gilfedder (ML274868591; A), Hayley Alexander
(ML259414261; B).
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sons, to examine the environmental and genetic benefits
of pairing with ornamented versus unornamented males.

Methods
Study Species and Basic Field Methods

We conducted this study with two populations of color-
banded Red-backed Fairywrens located near Herberton,
Queensland, Australia (145°25'E, 17°23'S), that have been
continuously studied since 2003. During this time we cap-
tured, banded, and monitored >3,000 birds. Most analyses
are based on detailed data collected from 2009 to 2012
(N = 225 females), although we expanded the dataset to
include earlier years (2003-2012; N = 598 females) to in-
crease power when investigating female lifetime fitness
(N = 262 females), the influence of male developmental
environment (N = 114 males), and quantitative genetic
models of lifetime fitness (N = 781 both sexes).

Males of this species exhibit multiple reproductive phe-
notypes as a result of variation in the timing and develop-
ment of ornamented nuptial plumage. Nearly all males
have female-like brown plumage during the nonbreeding
season, although they all undergo a prealternate molt dur-
ing the prebreeding season. Almost all older (>2 years)
males produce ornamented red/black breeding plumage,
whereas plumage acquisition in 1-year-old males is plas-
tic; most 1-year-old males retain brown plumage through-
out the breeding season, but approximately 15% develop
red/black plumage (Karubian 2002). Observational and
experimental studies have demonstrated that plumage col-
oration is testosterone dependent, that red/black males
have higher testosterone levels within and across age clas-
ses, and that red/black males begin molting earlier in the
prebreeding season than brown males (Lindsay et al. 2009,
2011). Male plumage types exhibit distinct behavioral strat-
egies, with red/black males investing heavily in mating
effort (strong territoriality, many extraterritorial forays to
court extrapair females, low levels of parental care) and
brown breeding males investing heavily in parental effort
(weaker territoriality, few extraterritorial forays, high levels
of mate guarding and parental care; Karubian 2002; Barron
et al. 2015; Dowling and Webster 2017).

We estimated the proportion of a male’s feathers in
red/black plumage each time he was captured or observed
in the field and used it to categorize males as brown (<33%
red/black feathers), intermediate (33%-66%), or red/black
(>66%). Because plumage coloration is strongly bimodal
(Webster et al. 2008), the few breeding males with inter-
mediate plumage were omitted from all analyses. Females
in this species are thus choosing between two discrete male
types and ultimately pairing with either ornamented red/
black males or unornamented brown males.
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We captured adult birds across the prebreeding and
breeding seasons each year using mist nets. At capture,
we collected a maximum of 70 uL of blood from the jug-
ular vein into lysis buffer and quantified fat stored in the
furcular cavity on a scale from 0 (no fat) to 3 (bulging) in
0.5 increments (Lindsay et al. 2009; Barron et al. 2013).
We utilized this as our measure of female body condition
because it reflects energy stores and its independence
from body size makes it preferable to other condition in-
dexes (Gosler et al. 1998). However, fat stores are corre-
lated with the residual of the regression of mass on tarsus
length in this species (Lindsay et al. 2009), and results
remained qualitatively similar if we utilized this alterna-
tive condition metric. The seasonal onset of breeding
for this species is strongly tied to the start of the wet sea-
son, so it varies yearly with rainfall and on a small spatial
scale (Webster et al. 2010). We considered birds to be in
the prebreeding season if captured before any eggs had
been laid on the study site and considered them late breed-
ing if captured after December 1 (breeding typically con-
cludes by early January; D. G. Barron, unpublished data).
We determined the age (first breeding season vs. after first
breeding season) of previously uncaptured birds using the
degree of skull ossification (Lindsay et al. 2009) and marked
them with an Australian Bird and Bat Banding Scheme
(ABBBS) aluminum leg band and a unique combination
of three colored plastic leg bands. We observed all birds
throughout the formation of breeding groups, which con-
sist of a breeding male and breeding female, and in ap-
proximately 20% of cases, at least one male natal auxiliary
hatched the previous year (Varian-Ramos et al. 2010). Al-
though past research has found little effect of auxiliary
presence on female reproduction or survival in fairywrens
(Varian-Ramos et al. 2010; Lejeune et al. 2016), all results
reported here controlled for helper effects as appropriate.

We searched for and found nests using behavioral cues
throughout each breeding season (August-January). Once
found, nests were checked every 2-3 days, and when nest-
lings were approximately 5-8 days old, we weighed them
(0.01 g), collected up to 40 uL of blood into lysis buffer
for genetic paternity analyses (see below), and marked
them with an ABBBS leg band.

Feeding Observations

During the 2012 breeding season, we observed nestling
feeding by monitoring nests for 1 h between 3 and 6 h after
sunrise using binoculars and/or a spotting scope from a
blind setup approximately 15-25 m away the previous
day. We performed observations when nestlings were 3-
8 days old (mean = SE age = 4.6 + 0.2 days) and statisti-
cally controlled for variation in nestling age. We ensured
that researchers would not influence feeding behavior by

entering the blind quickly when no adult birds were nearby
and waiting 10 min before beginning the observation pe-
riod. In addition to recording the number of feeding visits
to the nest by each parent, we estimated size of insect prey.
We assigned prey items a value of 1 if they were smaller
than the parent’s bill, 2 if they were the size of the bill, 3
if they were twice the bill size, and 4 if they were at least
three times the size of the bill. We calculated a feeding in-
dex by multiplying the average prey size by the number of
feeding visits (Barron et al. 2015). All observations were
conducted under comparable weather conditions, and ob-
servations were omitted if any feeding adult was not iden-
tified by its color bands (N = 4). Our analyses ultimately
included feeding observations from 30 pairs (19 with red/
black males, 11 with brown males).

Maternity and Paternity Assignments

Adults and nestlings were genotyped at seven microsat-
ellite loci, as described previously (Varian-Ramos et al.
2012; Baldassarre and Webster 2013). The microsatellite
loci were highly polymorphic and informative for pater-
nity analysis (mean number of alleles per locus = 11.14,
mean expected heterozygosity = 0.75, combined exclusion
probability > 0.99). Paternity was assigned using CERVUS
(ver. 3.0; Kalinowski et al. 2007) under the assumption that
the female at the nest was the genetic mother of all of the
offspring from that nest (Webster et al. 2008; Baldassarre
and Webster 2013). Male RS was measured as the num-
ber of nestlings matching that genetic sire. Female RS was
measured as the number of nestlings fledged. As expected,
rates of extrapair paternity were high in our populations,
with 61% of offspring sired by extrapair males (952/1,555
with known paternity), although we observed large varia-
tion across years and sites (range: 35%-90%).

Quantitative Genetic Analyses

Quantitative genetic variance components for total gen-
etic offspring were estimated using MCMCglmm (ver. 2.36;
Hadfield 2024) and remotes (ver. 2.5.0; Csardi 2024) in
R (ver. 4.4.1; R Core Team 2024), which estimates ran-
dom and fixed effects using generalized linear mixed mod-
els that can accommodate both Gaussian and non-Gaussian
traits (Hadfield 2010; Wilson et al. 2010). Total genetic
offspring was modeled using a Poisson distribution because
mating events were rare and most males did not mate;
weak inverse Wishart priors were used (Hadfield 2010;
Wilson et al. 2010). Convergence and diagnostic criteria
were met, and autocorrelations were less than 0.1 (Had-
field 2019), which yielded effective sample sizes of 2,000
or more for all variances and fixed effects. Posterior dis-
tributions were estimated from 1,600,000 Markov chain



Monte Carlo iterations sampled at 500-iteration intervals
after an initial burn-in of 300,000 iterations. Plots of the
traces and posterior distributions were visually inspected,
and the autocorrelation among samples was calculated to
ensure that all models converged properly. The best model,
using the deviance information criterion, contained the
random effects additive genetic variance, maternal environ-
mental variance, and social sire environmental variance
(table S1; tables S1-S3 are available online). The fixed ef-
fects in this final model were site, sex, and year of first breed-
ing season.

The extreme promiscuity of Red-backed Fairywrens to-
gether with the large sample size of mating events (often
with repeats of the same parents within or across broods)
provided a useful opportunity to disentangle genetic versus
environmental contributions of male partners. Our quan-
titative genetic models included 781 individuals with com-
plete measures of lifetime RS from their first breeding sea-
son until their death. Of these, 196 birds from 137 broods
were monitored starting as nestlings. The identity of the
mother, social father, and genetic father were known for
195, 195, and 169 of the nestlings, respectively. We could
compare the genotypes of the social and genetic sires for
186 nestlings and found that 63% were sired by extrapair
males. This dataset provided good representation for all
possible iterations of male contributions: environmental
contributions only (i.e., a given male is the social father but
not the genetic father), genetic contributions only (i.e., a
given male is the genetic father but not the social father),
and combined environmental and genetic contributions
(i.e., a given male is both the social father and the genetic
father). This was key to our ability to separate the indi-
vidual effects of genetics, female environment, and social
mate environment.

Statistical Analyses

We assessed the influence of male plumage on female re-
productive effort (see below), number of eggs, average nes-
tling mass, fledging and recruitment rates, breeding onset
day, body condition, and number of grand-offspring using
mixed models. These modeled male plumage type as a fixed
factor and included repeated measurements of individual
females (random factor) across nests, seasons (prebreeding
vs. late breeding), or years. We also analyzed the associa-
tion between a female’s age and her male partner’s age
and plumage using a mixed models analysis with female
ID as the random factor. Because 40% of breeding pairs di-
vorced across years (D. G. Barron, unpublished data), and
because our decade-long investigation included regular ob-
servations of female performance, many females in our
study had repeated measurements across multiple different
male partners. Our mixed models approach was thus able to
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separate the effects of male characteristics from differences
attributable to female characteristics.

Our analysis of the relationship between male plumage
and shifts in breeding onset relative to annual site-specific
mean onset dates used a similar analytical approach (mixed
models), although we treated the site/year as the repeated
subject (two sites across 4 years) and included the mean
breeding onset day and its interaction with male plumage,
female age, and male age as fixed factors. Because we did
not collect repeated measures of nestling feeding by pairs,
we analyzed the relationship between male plumage type
and both food per nestling and prey size with a multiple re-
gression. However, when investigating sex-specific feeding
effort in association with male plumage, we used a mixed
models analysis with feeding observations of both males
and females, fixed factors of sex and male plumage X sex,
and a random effect of nest ID. We employed multiple re-
gressions to examine the relationships between a female’s
proportion of social mates (over her lifetime) that were red/
black and both her lifespan and her lifetime RS and to in-
vestigate whether a son’s developmental environment pre-
dicts his adult RS. We assessed the relationship between a
son’s adult RS and his plumage color using an analysis of
variance (ANOVA). Female annual survival and son plum-
age color were compared with male plumage with logistic
regression because of their binary nature.

Since theoretical considerations propose that male orna-
mentation might affect multiple aspects of female reproduc-
tive investment in positive or negative directions (Haaland
etal. 2017), we used principal components analyses (PCAs)
to account for autocorrelation of factors and variable direc-
tion of effects. Our estimates of female annual reproductive
effort were based on a PCA of four correlated reproductive
metrics: number of nesting attempts, number of eggs, num-
ber of nestlings, and number of fledglings. The first princi-
pal component had an eigenvalue of 2.18, explained 55%
of the variance, and loaded positively with all reproduc-
tive metrics (table S2); this clear reflection of variation in
reproductive effort led to its sole inclusion in subsequent
analyses. The second principal component had an eigen-
value of 1.42, explained 36% of the variance, and appeared
to reflect lower renesting rates after successfully fledging
young, since it loaded heavily and positively with number
of fledglings but negatively with number of nesting attempts
and eggs (table S2). This measure did not vary with male
plumage type (F, 2555 = 1.33, P = .25) or breeding onset
date (F, 40 = 1.95, P = .16) but was rather a product of
reproductive variation among years (F; ;55 = 2.61, P =
.05) and study sites (F, 75, = 4.79, P = .03). The third
principal component had an eigenvalue of 0.27 and ex-
plained only 7% of the variance, so it did not meet the Kai-
ser criterion for inclusion (eigenvalue > 1; Kaiser 1960) and
was not considered further.
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Analyses of yearlong measures from females omitted
those that changed social mates and/or auxiliary helpers
during a breeding season to ensure that male characteris-
tics and group dynamics were consistent and could be ac-
curately assigned. We assessed female survival using logis-
tic regression to model the probability of surviving from
the first breeding season (age = 1 year) to a subsequent
season (age > 2 years). This approach avoids possible
carryover effects from previous breeding seasons and is
adequate given high detection probabilities in these popula-
tions (Karubian et al. 2008). Because our analysis of breed-
ing onset in relation to population means did not account
for repeated measures on a given female, we avoided pseudo-
replication across years by restricting the analysis to a fe-
male’s first representation in our 2009-2012 database (age
range: 1-6 years).

A priori statistical models consisted of the following
variables and related interactions (as appropriate): male
plumage (red/black vs. brown), breeding onset day (Julian
date), fledge day (Julian date; son plumage and RS), sea-
son (prebreeding vs. late breeding; body condition), and
sex (male vs. female; nestling feeding). To account for cov-
ariates that could confound male plumage, all analyses in-
cluded site, year, and auxiliary presence as fixed factors
(except none for female age, no auxiliary presence for life-
span and lifetime RS, and no year for nestling feeding). We
also included the following continuous covariates, as indi-
cated: female age (all except annual survival, lifespan, and
lifetime RS), male partner age (all except lifespan and life-
time RS), day of year (capture day for female condition and
nestling mass, observation day for nestling feeding, fledge
day for son plumage color and RS, and breeding onset day
for all others except female age, annual survival, lifespan,
and lifetime RS), time of day (nestling feeding), number of
nestlings (nestling feeding and mass, fledging rate), number
of fledglings (recruitment rate, son plumage color and RS),
and nestling age (nestling feeding and mass). When ana-
lyzing relative feeding effort of males and females, we con-
sidered the day x sex interaction, since relative effort could
vary across the breeding season. Similarly, we included age x
average breeding onset date and age x season interactions
in analyses of breeding onset (relative to site/year) and body
condition, respectively, since male and female age could in-
fluence annual shifts in breeding onset and seasonal changes
in female body condition. When assessing the effects of
developmental environment on son plumage color and RS,
we considered the social and genetic fathers’ plumage sep-
arately by independently adding them to the final model;
this avoids confounds when the social father is the genetic
father.

All analyses began with a full model. A priori variables
of interest were retained regardless of significance. Non-
significant covariates and interactions were sequentially

removed until all P < .10; these terms lack test statistics
and are simply denoted as NS (nonsignificant) when de-
scribed in the results. Variable statistics are reported in the
text only when relevant, although we provide full model
details and complete statistical results for each analysis in
table S3. Of particular note, we explored all possible effects
of parental age but found few associations with dependent
variables. Figure means and Cohen’s d effect sizes (table S3)
were corrected for significant covariates. We used NCSS
(2016; ver. 11.0.24) to conduct all statistical analyses except
quantitative genetic analyses (see above); program-specific
settings and additional details are provided in the README
file in the Dryad Digital Repository (https://doi.org/10.5061
/dryad.sbcc2frb9; Barron et al. 2024).

Ethics Statement

Animal procedures were approved by the Institutional An-
imal Care and Use Committees at both Washington State
University (3067, 3653) and Cornell University (2009-
0105) and by the Animal Ethics Committee at James Cook
University (A1004, A1340, A1691). Research was conducted
with all necessary permits from the Queensland govern-
ment and the ABBBS.

Results

To elucidate all possible benefits to females of choosing
ornamented males, we asked whether females paired with
attractive red/black males (a) increase reproductive effort
through earlier breeding, (b) increase parental care and
nestling quality, (¢) enhance body condition, (d) improve
annual survival and lifetime fitness, (e) produce better oft-
spring with higher RS, and (f) gain genetic or environmen-
tal benefits for their offspring.

Female Reproductive Effort and Timing

We found that females paired with red/black males laid
more eggs per year (F, 50, = 11.62, P < .001) and exhib-
ited higher annual reproductive effort (PCl: F, 59 =
4.83, P = .03; fig. 2A; table S2) compared with females
paired with brown males. The greater annual reproduc-
tive effort of females paired with red/black males resulted
largely from their timing of breeding, as females paired
with red/black males began nesting earlier in the sea-
son (F) 300 = 15.19, P < .001; fig. 2C), and breeding on-
set date strongly predicted female annual reproduction
(eggs: F) .5, = 60.20, P<.001; PCl: F,,;; = 98.36,
P <.001). This pattern was particularly pronounced in
early-breeding years when the entire population bred ear-
lier on average. In those years, females paired with red/black
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Figure 2: Females paired with ornamented red/black males showed
greater reproductive effort than those paired with brown males. Spe-
cifically, females with red/black males exhibited higher annual repro-
ductive effort (principle component 1: number of nesting attempts,
number of eggs, number of nestlings, number of fledglings; table S2;
N = 260 measures from 190 females; A) and increased nestling
feeding (average prey size x hourly feeding rate; N = 30 male/fe-
male pairs; B) and began breeding earlier in the season (Julian date;
N = 327 measures from 225 females; C). Means are corrected for
significant covariates (table S3), and error bars denote 1 SE.

males began breeding an average of 31 days earlier than
females paired with brown males (male plumage x average
nest date: F, 50 = 3.81, P = .05; fig. S1, available on-
line); this time is sufficient to produce and fledge one addi-
tional brood (mean =+ SE nest duration = 26.3 + 0.2 days;
D. G. Barron, unpublished data).
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Older females were more likely to pair with older males
(F\ 2006 = 15.45, P <.001) and more frequently obtained
red/black mates (F, 5,5 = 9.08, P < .01). After control-
ling for the effect of male plumage, there was limited evi-
dence that female age could influence reproductive effort
and timing. Older females bred earlier (F, 5,0, = 19.72,
P <.001) and displayed a nonsignificant trend toward
greater reproductive effort (F, ,,,5 = 3.52,P = .06). How-
ever, older females did not lay more eggs per year (NS) or
exhibit a stronger breeding date advance in early-breeding
years (female age x avgerage nest date: NS). There was no
evidence for independent associations between male age
and reproductive effort (NS), breeding onset date (NS), or
breeding date advance in early-breeding years (male age x
average nest date: NS). Importantly, an analysis restricted
to pairs where both the male and the female were in their
first breeding season revealed the same pattern in which
females paired with red/black males began breeding earlier
(F,n = 6.32, P = .01) and had greater annual reproduc-
tive effort (eggs: F, ,; = 4.27,P = .04; PCI: F, 5, = 5.71,
P = .02).

Parental Care and Nestling Quality

Patterns of nestling provisioning varied across male plum-
age types: in pairs with brown males there was no dif-
ference in feeding by the two parents (N = 11, F, ,; =
2.37, P = .13), whereas females provided the majority
of feeding in pairs with red/black males (N = 19, F, ,, =
40.16, P < .001). Because of this compensatory feeding
by females (male plumage x sex: F,,, = 6.22, P = .02;
fig. 2B), nestlings received a similar amount of food re-
gardless of their social father’s plumage type (F,, =
0.26, P = .61). Red/black males (Barron et al. 2015) and
their female partners (F,,, = 4.80, P = .04) fed larger
prey items to their offspring than did pairs with brown
males. Ultimately, nestling mass was unrelated to male
plumage type (F, 150 = 0.02, P = .88). Nestlings raised
by pairs with red/black and brown males were similarly
likely to fledge (F) 100 < 0.01, P = .95) and be recruited
into the population in the subsequent year (F, ,s,; = 0.09,
P = .77).

Female Body Condition

Female prebreeding condition did not predict the plum-
age type of the male to which she later paired (F, ;s =
1.73, P = .19). Despite their greater reproductive and
parental effort, females that paired with red/black males
improved body condition across the breeding season
(Fi,17s = 14.03, P <.001), whereas those paired with
brown males did not (F, ,,s = 1.42, P = .23). The change
in female body condition across the course of the breeding
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season was thus dependent on the plumage color of their
mate (male plumage x season: F, ;; = 4.34, P = .04;
fig. 3A).

Female Survival and Lifetime Fitness

Females paired with red/black males during their first
breeding season were more likely to survive to the follow-
ing breeding season than were females paired with brown
males (N = 145, x> = 4.76, P = .03; fig. 3B). Further-
more, females that paired more often with red/black males
across their lifetime lived longer (F, ,;, = 9.31, P < .01)
and had greater lifetime RS (F, 5y = 5.25, P = .02) than
those that paired with red/black males less frequently. Re-
sults remain similar when we restricted analyses to females
that paired exclusively with males of a single plumage type
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Figure 3: Prebreeding female body condition did not predict plumage
of male breeding partners (A). Females paired with ornamented red/
black males improved condition across the breeding season (A) and
survived at higher rates (B), whereas those paired with brown males
experienced no change in condition (A) and survived at lower rates
(B). Body condition was estimated from fat in the furcular hollow
(scale of 0-3) and analyzed from 185 captures of 142 females. Sur-
vival probability was from the first to the second breeding season for
145 females. Means are corrected for significant covariates (table S3),
and error bars denote 1 SE.

throughout their life (lifespan: F, ,,; = 11.64, P < .001;
fig. 4A; RS: F, 5, = 6.69, P = .01; fig. 4C) or when we re-
stricted to only females that switched male plumage type
across years (lifespan: F, ,, = 18.29, P <.001 ; fig. 4B; RS:
Fs = 8.09, P < .01; fig. 4D).

Offspring Phenotype and Multigenerational Fitness

The reproductive benefits to females of early-season breed-
ing with red/black males extended beyond the number of
offspring that they produced. Females that began breeding
earlier in the season had more grand-offspring in the fol-
lowing year (F, 4, = 4.82, P = .03). This was at least
partly because their sons (the philopatric sex; Varian-
Ramos et al. 2010) performed better; a female’s surviv-
ing sons produced more offspring on average when she
began breeding earlier (F, o, = 9.03, P = .01). This mul-
tigenerational fitness benefit seems to arise because males
born earlier in the season were more likely to have red/
black breeding plumage in the next year (N = 106, x> =
31.23, P <.001; fig. 5), and males with red/black plum-
age had higher RS (F, ,o, = 19.68, P < .001; fig. 5). Thus,
males born early in the season sired more offspring than
did males born later in the season (F, ; = 13.12, P <
.001).

Genetic versus Environmental Effects

Even after controlling for fledge day, males raised by red/
black social fathers were more than twice as likely to de-
velop red/black plumage (brown father = 9%, red/black
father = 19%; N = 104, x> = 3.62, P = .05) compared
with males raised by brown social fathers. This associa-
tion with early-life environment was not a consequence
of genetic effects, as a son’s plumage and RS in his first
breeding season were not associated with the genetic
sire’s plumage type during the son’s natal year (plum-
age: N =52, x> =122, P= .27 RS: F,,, = 0.01,
P = .91) or during the sire’s first breeding season (plum-
agee N =053, x> =127, P= .26; RS: F, 4, = 0.02,
P = .83).

Similarly, quantitative genetic modeling of variation in
lifetime RS indicated that parental (i.e., developmental)
environmental effects were stronger than additive ge-
netic effects. The proportion of the phenotypic variance
explained by additive genetic effects (i.e., the heritability)
was 0.01, with the lower bound of the 95% confidence
interval very close to zero and only 40% of the posterior
distribution at or above 0.01. The proportion explained by
maternal environmental effects was 0.22, and the prop-
ortion explained by social sire environmental effects was
0.14 (table S1). Although the lower bounds of the 95%
confidence intervals were close to zero for the latter two
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Figure 4: Females lived longer (years; A, B) and fledged more offspring across their lives (C, D) when paired more often with ornamented
red/black males. Bar graphs (A, C) show females that paired exclusively with males of a single plumage type during all of their reproductive
years (N = 204), whereas scatterplots (B, D) show females that paired with males of both plumage types across different years (N = 58).
For illustrative purposes, scatterplots display raw jittered values that do not consider covariates. Means are corrected for significant
covariates (table S3), and error bars denote 1 SE. RS = reproductive success.

estimates, 95% and 85% of the posterior distributions, re-
spectively, were at or above 0.01.

Discussion

Analysis of our decade-long dataset revealed that female
Red-backed Fairywrens gain considerable benefits from

pairing with ornamented red/black males (fig. 6). Females
with ornamented partners produced more offspring per
breeding season and had higher survival, both of which
contributed to higher lifetime RS. Furthermore, females
with ornamented partners produced sons that were more
likely to develop ornamented plumage and sire offspring
in their first breeding season, increasing the number
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Figure 5: Male offspring that fledged earlier in the year (Julian date) were more likely to adopt ornamented red/black plumage (N = 106) and
to sire offspring (reproductive success; N = 105) during their first breeding season. Means are corrected for significant covariates (table S3),

and error bars denote 1 SE.
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of grand-offspring for those females. Genetic benefits
appear to be weak or nonexistent in this system. Rather,
environmental benefits underlie female mate preferences,
with an earlier seasonal onset of breeding being dispro-
portionately responsible for the observed benefits. Red/
black males facilitated early-season breeding, which con-
ferred both primary environmental benefits that increased
lifetime fitness and secondary environmental benefits that
increased multigenerational fitness. The primary environ-
mental benefits arose because early-season breeding with
ornamented males allowed females to increase reproduc-
tive output while simultaneously improving body condition,
resulting in a longer lifespan filled with more productive
breeding seasons. The secondary environmental benefits
arose because offspring displayed developmental plastic-
ity in response to paternal environment, with ornamented
males providing the early-season developmental condi-
tions for sons to become ornamented and breed early
themselves in the following generation. This study demon-
strates the power of nongenetic benefits to shape female
mating preferences and reveals that female Red-backed
Fairywrens prefer ornamented red/black males as social
mates because complementary environmental benefits
combine to generate substantial fitness gains for the female
and her offspring. Below we discuss these results in more
detail.

Primary Environmental Benefits

In this study female Red-backed Fairywrens paired with
ornamented red/black males bred earlier in the season
and showed greater reproductive effort yet improved con-
dition over the course of the breeding season, leading to
increased survival and higher lifetime reproductive out-
put. Thus, the costs of reproduction appear to be lower for
those females than for females paired with unornamented
males. What might account for the association between
female condition and male plumage type? There are at least
three possibilities.

First, the observed correlation might occur if females
paired with ornamented red/black males are of higher
quality (e.g., older and/or in better condition) than those
paired with brown males, allowing them to reap the ben-
efits of earlier breeding and increased effort. Indeed, al-
though early breeding by females was predicted by the
plumage color of their partners, it was also explained by
female age, as older females were more likely to pair with
older red/black males (see also Karubian 2002). This as-
sortative pairing by age could possibly produce the cor-
relation between female lifetime fitness and plumage color
of her mates (fig. 4). However, female age did not predict
the extent of breeding onset advance in early-breeding years
and was not associated with reproductive effort, nestling
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feeding, body condition, or son’s plumage color and RS.
Assortative pairing also was unrelated to female energetic
state, as prebreeding body condition did not predict part-
ner plumage type. In short, female age does not appear to
explain the observed benefits of mating with ornamented
males.

More likely, the ornamentation and quality of a fe-
male’s partner may itself allow earlier breeding and its
associated benefits (Weggler 2006). Although it remains
unclear what specific attributes of ornamented males might
reduce female reproductive costs, paternal experience seems
unlikely given that older red/black males feed nestlings
less (Barron et al. 2015) and that male age did not inde-
pendently predict female reproductive effort, timing of
breeding onset, nestling feeding, offspring quality, female
condition, female survival, or son’s plumage color and RS.
It seems more likely that females benefit from superior
resources on the territories of ornamented males (Martin
1987; Lampe and Espmark 2003; Ritschard and Brumm
2012). Numerous studies have shown that food availability
constrains the start of egg laying (Arcese and Smith 1988;
Schoech and Hahn 2007) and that food abundance (Nagy
and Holmes 2005) and early breeding (Martin 1987; Weg-
gler 2006) promote greater reproductive output in multi-
brooded species. Reproductive costs arising from low food
availability are difficult to distinguish from those arising
from perceived predation risk (Creel and Christianson
2008), as predator avoidance reduces foraging efficiency
(Cresswell 2008). Not surprisingly, similar patterns emerge,
and predation risk can affect territory choice (Thomson
et al. 2006), female condition (Fontaine and Martin 2006)
and parental care (Ghalambor and Martin 2001), and the
quantity and quality of offspring produced (Thomson et al.
2006; Zanette et al. 2011, 2024). In the Red-backed Fairy-
wren, ornamented red/black males are more dominant (Kar-
ubian et al. 2008) and territorial (Barron et al. 2015) than
brown males, and pairs with ornamented males fed larger
prey items to their offspring than did pairs with brown
males (this study; Barron et al. 2015). This suggests that
ornamented males may defend high-quality territories
with better or more safely accessed food resources that al-
low early breeding and mitigate female reproductive costs.
Importantly, we have not quantified variation in terri-
tory quality, resource availability, or predation risk, so we
are unable to fully assess this possibility. However, such
resource-based benefits of pairing with red/black males
could also explain the strong parental environmental ef-
fects from our quantitative genetic analyses (table S1).

Alternatively, it is possible that females paired with
ornamented males benefit not because of resources that
those males or their territories provide but rather simply
because ornamented males are ready for breeding earlier
in the season. This would occur if early breeding is favorable



276 The American Naturalist

but unornamented brown males are somehow constrained
from doing so. Females of this species benefit from early-
season breeding, as it is associated with higher food availabil-
ity (Welklin et al. 2021), improved nesting success (Karubian
2002), and more nesting attempts (this study). In another
Malurus fairywren species, males that molt into breeding
plumage earlier experience higher RS, although few males
can tolerate the costs of early molt when environmental con-
ditions are particularly dry (Cockburn et al. 2008). In our
study species, breeding onset is similarly linked to the onset
of the annual rainy season (Webster et al. 2010; Welklin
et al. 2022). Older males and those in better physiological
condition produce higher levels of testosterone (Lindsay
et al. 2009), which in turn stimulates early molt, prema-
ture development of sperm storage organs, and produc-
tion of ornamented plumage (Lindsay et al. 2011; Barron
et al. 2013; Welklin et al. 2021). Pairing often occurs well
in advance of the breeding season, and a hormonally me-
diated increase in mate courting and territoriality likely
leads ornamented males to pair much earlier than unorna-
mented males (Welklin et al. 2021, 2022). Ornamented
males may thus be better able to handle the physiological
(Peters 2000, 2007) and social (Welklin 2020) costs of early-
season reproduction. Accordingly, females that pair with
ornamented males may begin breeding earlier, regardless
of territory quality, compared with females that pair with
brown males.

Secondary Environmental Benefits

In addition to the primary environmental benefits to life-
time RS described above, females paired with ornamented
males also produced sons that were more likely to develop
ornamented plumage and breed in their first year of life,
leading to a high number of grand-offspring for those fe-
males. This did not appear to be due to genetic benefits
(see below) but rather to secondary environmental bene-
fits: males that fledged early in the breeding season were
more likely to survive and produce ornamented plumage
in their first year than were males that fledged late in the
breeding season. Other recent studies have shown that the
developmental environment can influence adult sexual
signal expression (Griffith et al. 1999; Evans and Sheldon
2012; Ruell et al. 2013; Walker et al. 2013; Hubbard et al.
2015). Our study expands on this by directly linking changes
in adult sexual signal expression to changes in RS within
the same study subjects. Females paired with ornamented
males bred early in the season and were more likely to pro-
duce ornamented sons that successfully produced offspring
in their first breeding season. This novel finding demon-
strates that choosy females can receive secondary environ-
mental benefits that improve multigenerational fitness when
the developmental environment provided by ornamented

males enhances the sexual signal expression and RS of oft-
spring in adulthood.

There are at least four reasons why males born ear-
lier might be more likely to develop an ornamented phe-
notype in their first breeding season. First, if breeding
conditions are better early in the season (e.g., more food),
then early-fledging males could develop better body con-
dition, thus making them more likely to breed and develop
ornamented plumage (Barron et al. 2013) than those fledg-
ing later when conditions are poor. Indeed, many birds time
breeding to coincide with peak food availability (Lack 19505
Komdeur 1996), including this species (Welklin et al. 2021),
suggesting that food availability will decrease as the breed-
ing season progresses. Second, early-fledging males may
establish dominance or associations with females in pre-
breeding foraging flocks (Welklin et al. 2022), which can af-
fect social cues that influence acquisition of ornamented
plumage by young males (Welklin 2020, 2021). Third,
early-fledging males may experience earlier gonadal de-
velopment and thus may be more capable of producing
testosterone levels necessary for early-season molt and
production of ornamented plumage (Lindsay et al. 2011).
Finally, and perhaps most likely, early-fledging males sim-
ply have more time to acquire resources and develop, lead-
ing to improved condition and reproductive ability when
the breeding season arrives. These mechanisms may not
act independently but rather may be linked. The effect of
parental environment on a son’s adult ornamentation could
rest on long-lasting developmental modifications. For birds
it is well established that maternal effects can shape the
adult phenotype of offspring (e.g., Schwabl 1993; Gil et al.
1999; Forstmeier et al. 2004; Strasser and Schwabl 2004;
Eising et al. 2006), although developmental plasticity aris-
ing from paternal effects is less documented (but see Grif-
fith et al. 1999; Fitze et al. 2003; Méndez et al. 2021) and
may represent an underappreciate source of phenotypic
variation.

Genetic Benefits

The “sexy sons” pattern in which ornamented males are
more likely to have ornamented sons is generally thought
of as a genetic benefit to choosy females brought about by
heritable male traits (Jones and Ratterman 2009). How-
ever, we found little evidence for genetic influences on
ornamentation or offspring quality: the likelihood that a
male would acquire ornamented plumage and breed early
was not associated with his genetic father’s plumage pheno-
type, and we found only very weak additive genetic ef-
fects (from the sire) compared with strong environmental
effects (from the social father) on the reproductive per-
formance of males. Thus, although choosy females benefit
by having higher-quality offspring (ornamented sons) that



have high fitness in their own generation, this effect does
not appear to be driven by genetic benefits.

Although our results revealed pronounced effects of
parental (developmental) environment on sexual ornamen-
tation and RS of sons (see above), they do not completely
exclude the possibility of genetic benefits. Importantly, the
benefits to females we describe above pertain to social pair-
ing with ornamented males, but females in this species also
prefer ornamented males as extrapair mates (Karubian 2002;
Webster et al. 2008). If the costs of extrapair mating are
low, then females may benefit from even small genetic ef-
fects on offspring quality. In fact, other studies have sug-
gested that genetic benefits of mate choice may be weak
(Moller and Alatalo 1999; Qvarnstrom et al. 2006; Makla-
kov and Arnqvist 2009; Achorn and Rosenthal 2020) and/
or context dependent (Gerlach et al. 2012). Although some
genetic benefits (good genes, sexy sons, genetic compatibil-
ity) of mating decisions may accrue to female Red-backed
Fairywrens when mating with ornamented males, such ben-
efits are likely to be small compared with the environmen-
tally derived benefits to females and their sons described
above.

Conclusions

This study demonstrates that females pairing with or-
namented males receive primary environmental benefits
that increase their annual reproductive output and sur-
vival and give rise to greater lifetime RS. In addition, these
females also benefit by producing sons that are more likely
to adopt an ornamented phenotype and have high RS in
their first breeding season. Although this latter effect is
generally expected to arise through genetic benefits, we
found no heritable basis for phenotype or fitness. Instead,
this multigenerational fitness advantage results from sec-
ondary environmental benefits whereby developmental plas-
ticity in response to paternal environment, specifically early
breeding, yields higher-quality offspring. Combined, these
two environment-based benefits allow females with orna-
mented breeding partners to produce more descendent kin
(grand-offspring) than females with unornamented part-
ners. Female mating preferences for ornamented males and
the environment they provide can affect both the quantity
and the quality of offspring produced, leading to fitness ben-
efits that cascade across generations.

Acknowledgments

We thank C. W. Varian-Ramos and J. Dowling for criti-
cal assistance with data collection and M. Wolak for help
with quantitative genetic analyses. We also appreciate lo-
gistical support provided by B. Congdon, T. Daniel, and
D. Westcott and the tireless efforts of numerous field tech-

Females Benefit from Attractive Mates 277

nicians. S. Emlen and S. Sillett provided valuable feed-
back on the manuscript, and H. Alexander, M. Gilfedder,
and C. Holden produced pictures and illustrations used
in figures. This work was supported by the National Sci-
ence Foundation through grants to M.S.W. and H.S.
(grants 0213075, 0818962) and a graduate traineeship to
D.G.B. (grant 0549425).

Statement of Authorship

D.GB., H.S., and M.SSW. conceptualized the research. D.G.B.,
D.T.B, WRL, JK, and M.SW. collected field data. D.G.B.
completed statistical analyses, D.T.B. completed pater-
nity analyses, and P.A.C. completed quantitative genetic
analyses and created associated script. H.S., J.K., and
M.S.W. acquired funding. D.G.B. curated, validated, and
visualized data and wrote the first draft of the manuscript.
All authors contributed to methodology and manuscript
revisions.

Data and Code Availability

All data and the R code used for quantitative genetic anal-
yses have been deposited in the Dryad Digital Repository
(https://doi.org/10.5061/dryad.sbec2frb9; Barron et al. 2024).

Literature Cited

Achorn, A. M,, and G. G. Rosenthal. 2020. It’s not about him: mis-
measuring “good genes” in sexual selection. Trends in Ecology
and Evolution 35:206-219.

Andersson, M. 1994. Sexual selection. Princeton University Press,
Princeon, NJ.

Arcese, P, and J. N. M. Smith. 1988. Effects of population density
and supplemental food on reproduction in song sparrows. Journal
of Animal Ecology 57:119-136.

Baldassarre, D. T., and M. S. Webster. 2013. Experimental evidence
that extra-pair mating drives asymmetrical introgression of a sex-
ual trait. Proceedings of the Royal Society B 280:20132175.

Barron, D. G., H. Schwabl, P. A. Carter, D. T. Baldassarre, W. R.
Lindsay, J. Karubian, and M. S. Webster. 2024. Data from: Fe-
males with attractive mates gain environmental benefits that in-
crease lifetime and multigenerational fitness. American Naturalist,
Dryad Digital Repository, https://doi.org/10.5061/dryad.sbcc2frb9.

Barron, D. G., M. S. Webster, and H. Schwabl. 2013. Body condition
influences sexual signal expression independent of circulating
androgens in male red-backed fairy-wrens. General and Com-
parative Endocrinology 183:38-43.

. 2015. Do androgens link morphology and behavior to pro-
duce phenotype-specific behavioral strategies? Animal Behaviour
100:116-124.

Burley, N. 1986. Sexual selection for aesthetic traits in species with
biparental care. American Naturalist 127:415-445.

. 1988. The differential-allocation hypothesis: an experimental

test. American Naturalist 132:611-628.



https://doi.org/10.5061/dryad.sbcc2frb9
https://doi.org/10.5061/dryad.sbcc2frb9

278 The American Naturalist

Charmantier, A., and B. C. Sheldon. 2006. Testing genetic models of
mate choice evolution in the wild. Trends in Ecology and Evolu-
tion 21:417-419.

Cockburn, A., H. L. Osmond, and M. C. Double. 2008. Swingin’ in
the rain: condition dependence and sexual selection in a capri-
cious world. Proceedings of the Royal Society B 275:605-612.

Creel, S., and D. Christianson. 2008. Relationships between direct preda-
tion and risk effects. Trends in Ecology and Evolution 23:194-201.

Cresswell, W. 2008. Non-lethal effects of predation in birds. Ibis
150:3-17.

Csardi, G. 2024. remotes: R package installation from remote re-
positories, including “GitHub.” Version 2.5.0. https://cran.r-project
.org/web/packages/remotes.

Darwin, C. 1871. The descent of man, and selection in relation to
sex. J. Murray, London.

Dowling, J., and M. S. Webster. 2017. Working with what you've
got: unattractive males show greater mate-guarding effort in a
duetting songbird. Biology Letters 13:20160682.

Eising, C. M., W. Miiller, and T. G. G. Groothuis. 2006. Avian mo-
thers create different phenotypes by hormone deposition in their
eggs. Biology Letters 2:20-22.

Evans, S. R, and B. C. Sheldon. 2012. Quantitative genetics of a
carotenoid-based color: heritability and persistent natal environ-
mental effects in the great tit. American Naturalist 179:79-94.

Fisher, R. A. 1930. The genetical theory of natural selection. Cla-
rendon, Oxford.

Fitze, P. S., B. Tschirren, and H. Richner. 2003. Carotenoid-based
colour expression is determined early in nestling life. Oecologia
137:148-152.

Fontaine, J. J., and T. E. Martin. 2006. Parent birds assess nest pre-
dation risk and adjust their reproductive strategies. Ecology Letters
9:428-434.

Forstmeier, W., D. W. Coltman, and T. R. Birkhead. 2004. Mater-
nal effects influence the sexual behavior of sons and daughters
in the zebra finch. Evolution 58:2574-2583.

Freeman-Gallant, C. R., M. Meguerdichian, N. T. Wheelwright,
and S. V. Sollecito. 2003. Social pairing and female mating fi-
delity predicted by restriction fragment length polymorphism
similarity at the major histocompatibility complex in a songbird.
Molecular Ecology 12:3077-3083.

Gerlach, N. M., J. W. McGlothlin, P. G. Parker, and E. D. Ketterson.
2012. Promiscuous mating produces offspring with higher life-
time fitness. Proceedings of the Royal Society B 279:860-866.

Ghalambor, C. K., and T. E. Martin. 2001. Fecundity-survival trade-
offs and parental risk-taking in birds. Science 292:494-497.

Gil, D.,J. Graves, N. Hazon, and A. Wells. 1999. Male attractiveness
and differential testosterone investment in zebra finch eggs. Science
286:126-128.

Gosler, A. G.,J. J. D. Greenwood, J. K. Baker, and N. C. Davidson.
1998. The field determination of body size and condition in pas-
serines: a report to the British Ringing Committee. Bird Study
45:92-103.

Griffith, S. C,, I. P. F. Owens, and T. Burke. 1999. Environmental
determination of a sexually selected trait. Nature 400:358-360.

Haaland, T. R, J. Wright, B. Kuijper, and I. I. Ratikainen. 2017.
Differential allocation revisited: when should mate quality affect
parental investment? American Naturalist 190:534-546.

Hadfield, J. 2010. MCMC methods for multi-response generalized
linear mixed models: the MCMCglmm R package. Journal of Sta-
tistical Software 33:1-22.

. 2019. MCMCglmm course notes. https://github.com/jarro

dhadfield/MCMCglmm/blob/master/vignettes/CourseNotes.pdf.

. 2024. MCMCglmm: MCMC generalised linear mixed mod-
els. R package version 2.36. https://cran.r-project.org/web/packages
/MCMCglmm.

Hamilton, W. D., and M. Zuk. 1982. Heritable true fitness and
bright birds: a role for parasites? Science 218:384-387.

Hasegawa, M., E. Arai, M. Watanabe, and M. Nakamura. 2012.
Female mate choice based on territory quality in barn swallows.
Journal of Ethology 30:143-150.

Hill, G. E. 1991. Plumage coloration is a sexually selected indicator
of male quality. Nature 350:337-339.

Horvathova, T., S. Nakagawa, and T. Uller. 2012. Strategic female
reproductive investment in response to male attractiveness in
birds. Proceedings of the Royal Society B 279:163-170.

Hubbard, J. K., B. R. Jenkins, and R. J. Safran. 2015. Quantitative
genetics of plumage color: lifetime effects of early nest environ-
ment on a colorful sexual signal. Ecology and Evolution 5:3436—
3449.

Jones, A. G., and N. L. Ratterman. 2009. Mate choice and sex-
ual selection: what have we learned since Darwin? Proceedings
of the National Academy of Sciences of the USA 106:510001-
$10008.

Kaiser, H. F. 1960. The application of electronic computers to fac-
tor analysis. Educational and Psychological Measurement 20:141-
151.

Kalinowski, S. T., M. L. Taper, and T. C. Marshall. 2007. Revising
how the computer program CERVUS accommodates genotyping
error increases success in paternity assignment. Molecular Ecol-
ogy 16:1099-1106.

Karubian, J. 2002. Costs and benefits of variable breeding plumage
in the red-backed fairy-wren. Evolution 56:1673-1682.

Karubian, J., T. S. Sillett, and M. S. Webster. 2008. The effects of
delayed plumage maturation on aggression and survival in male
red-backed fairy-wrens. Behavioral Ecology 19:508-516.

Kirkpatrick, M., and N. H. Barton. 1997. The strength of indirect
selection on female mating preferences. Proceedings of the Na-
tional Academy of Sciences of the USA 94:1282-1286.

Kirkpatrick, M., and M. J. Ryan. 1991. The evolution of mating
preferences and the paradox of the lek. Nature 350:33-38.

Komdeur, J. 1996. Seasonal timing of reproduction in a tropical bird,
the seychelles warbler: a field experiment using translocation. Jour-
nal of Biological Rhythms 11:333-346.

Kotiaho, J. S., and M. Puurtinen. 2007. Mate choice for indirect
genetic benefits: scrutiny of the current paradigm. Functional Ecol-
ogy 21:638-644.

Lack, D. 1950. The breeding seasons of European birds. Ibis 92:288-
316.

Lampe, H. M., and Y. O. Espmark. 2003. Mate choice in pied
flycatchers Ficedula hypoleuca: can females use song to find high-
quality males and territories? Ibis 145:E24-E33.

Lande, R. 1981. Models of speciation by sexual selection on poly-
genic traits. Proceedings of the National Academy of Sciences of
the USA 78:3721-3725.

Lejeune, L., M. van de Pol, A. Cockburn, M. Louter, and L. Brouwer.
2016. Male and female helper effects on maternal investment
and adult survival in red-winged fairy-wrens. Behavioral Ecology
27:1841-1850.

Lindsay, W. R., M. S. Webster, and H. Schwabl. 2011. Sexually se-
lected male plumage color is testosterone dependent in a tropical



https://cran.r-project.org/web/packages/remotes
https://cran.r-project.org/web/packages/remotes
https://github.com/jarrodhadfield/MCMCglmm/blob/master/vignettes/CourseNotes.pdf
https://github.com/jarrodhadfield/MCMCglmm/blob/master/vignettes/CourseNotes.pdf
https://cran.r-project.org/web/packages/MCMCglmm
https://cran.r-project.org/web/packages/MCMCglmm

passerine bird, the red-backed fairy-wren (Malurus melanocephalus).
PLoS ONE 6:€26067.

Lindsay, W. R,, M. S. Webster, C. W. Varian, and H. Schwabl.
2009. Plumage colour acquisition and behaviour are associated
with androgens in a phenotypically plastic tropical bird. Animal
Behaviour 77:1525-1532.

Maklakov, A. A, and G. Arnqgvist. 2009. Testing for direct and in-
direct effects of mate choice by manipulating female choosiness.
Current Biology 19:1903-1906.

Martin, T. E. 1987. Food as a limit on breeding birds: a life-history
perspective. Annual Review of Ecology and Systematics 18:453—
487.

Méndez, V., J. A. Gill, B. Périsson, S. R. Vignisson, T. G. Gun-
narsson, and J. A. Alves. 2021. Paternal effects in the initiation
of migratory behaviour in birds. Scientific Reports 11:2782.

Moller, A. P., and R. V. Alatalo. 1999. Good-genes effects in sexual
selection. Proceedings of the Royal Society B 266:85-91.

Nagy, L. R., and R. T. Holmes. 2005. Food limits annual fecundity of
a migratory songbird: an experimental study. Ecology 86:675-
681.

NCSS. 2016. NCSS 11 statistical software. Version 11.0.24. https://
WWW.NCSS.COm.

Peters, A. 2000. Testosterone treatment is immunosuppressive in
superb fairy-wrens, yet free-living males with high testosterone
are more immunocompetent. Proceedings of the Royal Society B
267:883-889.

. 2007. Testosterone and carotenoids: an integrated view
of trade-offs between immunity and sexual signalling. Bioessays
29:427-430.

Qvarnstrom, A., J. E. Brommer, and L. Gustafsson. 2006. Testing
the genetics underlying the co-evolution of mate choice and or-
nament in the wild. Nature 441:84-86.

R Core Team. 2024. R: a language and environment for statistical
computing. Version 4.4.1. R Foundation for Statistical Comput-
ing, Vienna. https://www.R-project.org.

Ritschard, M., and H. Brumm. 2012. Zebra finch song reflects cur-
rent food availability. Evolutionary Ecology 26:801-812.

Ruell, E. W.,, C. A. Handelsman, C. L. Hawkins, H. R. Sofaer,
C. K. Ghalambor, and L. Angeloni. 2013. Fear, food and sexual
ornamentation: plasticity of colour development in Trinidadian
guppies. Proceedings of the Royal Society B 280:20122019.

Schoech, S. J., and T. P. Hahn. 2007. Food supplementation
and timing of reproduction: does the responsiveness to supple-
mentary information vary with latitude? Journal of Ornithology
148:5625-5632.

Schwabl, H. 1993. Yolk is a source of maternal testosterone for
developing birds. Proceedings of the National Academy of Sciences
of the USA 90:11446-11450.

Strasser, R., and H. Schwabl. 2004. Yolk testosterone organizes be-
havior and male plumage coloration in house sparrows (Passer
domesticus). Behavioral Ecology and Sociobiology 56:491-497.

Thomson, R. L., J. T. Forsman, F. Sarda-Palomera, and M.
Monkkonen. 2006. Fear factor: prey habitat selection and its con-
sequences in a predation risk landscape. Ecography 29:507-514.

Tregenza, T., and N. Wedell. 2002. Polyandrous females avoid costs
of inbreeding. Nature 415:71-73.

Varian-Ramos, C. W., J. Karubian, V. Talbott, I. Tapia, and M. S.
Webster. 2010. Offspring sex ratios reflect lack of repayment by
auxiliary males in a cooperatively breeding passerine. Behavioral
Ecology and Sociobiology 64:967-977.

Females Benefit from Attractive Mates 279

Varian-Ramos, C. W., W. R. Lindsay, J. Karubian, and M. S. Webster.
2012. Female red-backed fairy-wrens (Malurus melanocephalus) do
not appear to pay a cost for high rates of promiscuity. Auk 129:529-
536.

Walker, L. K., M. Stevens, F. Karadas, R. M. Kilner, and J. G. Ewen.
2013. A window on the past: male ornamental plumage reveals the
quality of their early-life environment. Proceedings of the Royal
Society B 280:20122852.

Weatherhead, P. J., and R. J. Robertson. 1979. Offspring quality
and the polygyny threshold: “the sexy son hypothesis.” American
Naturalist 113:201-208.

Webster, M. S., J. Karubian, and H. Schwabl. 2010. Dealing with un-
certainty: flexible reproductive strategies by a tropical passerine
bird in an unstable ecological and social environment. Pages 123—
153 in R. Macedo, ed. Advances in the study of behavior: behavioral
ecology of tropical animals. Elsevier, San Diego, CA.

Webster, M. S., C. W. Varian, and J. Karubian. 2008. Plumage
color and reproduction in the red-backed fairy-wren: why be a
dull breeder? Behavioral Ecology 19:517-524.

Weggler, M. 2006. Constraints on, and determinants of, the annual
number of breeding attempts in the multi-brooded black redstart
Phoenicurus ochruros. Tbis 148:273-284.

Welklin, J. F. 2020. Social and environmental causes and repro-
ductive consequences of ornamented plumage in the red-backed
fairywren (Malurus melanocephalus). PhD diss. Cornell University,
Ithaca, NY.

WelKlin, J. F., S. M. Lantz, S. Khalil, N. M. Moody, J. Karubian, and
M. S. Webster. 2021. Social and abiotic factors differentially affect
plumage ornamentation of young and old males in an Australian
songbird. Animal Behaviour 182:173-188.

. 2022. Photoperiod and rainfall are associated with seasonal
shifts in social structure in a songbird. Behavioral Ecology 34:136-
149.

Wilson, A. J., D. Réale, M. N. Clements, M. M. Morrissey, E.
Postma, C. A. Walling, L. E. B. Kruuk, and D. H. Nussey. 2010.
An ecologist’s guide to the animal model. Journal of Animal Ecology
79:13-26.

Wilson, K. M., and N. T. Burley. 2021. Female differential alloca-
tion in response to extrapair offspring and social mate attractive-
ness. Ecology and Evolution 11:7278-7291.

Wong, B. B. M., and U. Candolin. 2005. How is female mate choice
affected by male competition? Biological Reviews of the Cam-
bridge Philosophical Society 80:559-571.

Zahavi, A. 1975. Mate selection: selection for a handicap. Journal
of Theoretical Biology 53:205-214.

Zanette, L. Y., M. C. Allen, T. D. Williams, M. A. Fowler, F. Cris-
cuolo, S. Zahn, and M. Clinchy. 2024. Fear of predators reduces
body and physiological condition affecting offspring survival and
the “quality” of the survivors. Functional Ecology 38:1061-1074.

Zanette, L. Y., A. F. White, M. C. Allen, and M. Clinchy. 2011. Per-
ceived predation risk reduces the number of offspring songbirds
produce per year. Science 334:1398-1401.

Zeh, J. A., and D. W. Zeh. 1996. The evolution of polyandry. L.
Intragenomic conflict and genetic incompatibility. Proceedings of
the Royal Society B 263:1711-1717.

Associate Editor: Gregory F. Grether
Editor: Erol Ak¢ay


https://www.ncss.com
https://www.ncss.com
https://www.R-project.org

