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A possible case of offspring sex 
manipulation as result of a biased 
adult sex ratio
Ramiro S. Arrieta 1*, Paula Cornejo 1, Bettina Mahler 2 & Paulo E. Llambías 1

Although random meiosis should prevent the facultative adjustment of offspring sex ratio, theory 
predicts that females should produce more of the sex with the higher reproductive value. We reported 
a case of offspring sex ratio manipulation in grass wrens Cistothorus platensis. Males in better body 
condition would have higher reproductive value than females due to the potential for social polygyny 
and extra-pair fertilizations. On the other hand, local demography influences reproductive strategies 
in grass wrens as male abundance affects both social polygyny and extra-pair paternity frequencies. 
We evaluated whether females bias their brood sex ratio in response to adult sex ratio and nestling 
body condition (a proxy for female’s prospects of producing high-quality males). Females raised more 
male offspring when males were less abundant in the population (female-biased adult sex ratio). 
However, we found no relationship between nestling body condition and brood sex ratio, suggesting 
that females did not bias the brood sex ratio towards males when able to raise nestlings in better 
body condition. Taken together, our results provide the first suggestive evidence that female birds can 
manipulate their offspring sex ratio in response to the adult sex ratio.

Sex ratio theory intends to explain the observed variation in the proportion of male and female offspring in 
natural populations. How parents allocate their reproductive effort to the production of sons and daughters is a 
central question in evolutionary  biology1. The study of variation in offspring sex ratio is fundamental for under-
standing the evolution of behavioral plasticity under physiological and genetic  constraints2. However, explaining 
such variation across taxa remains a major  challenge3.

In taxa with chromosomal sex determination (CSD), random meiosis should result in an equal probability 
of producing a son or a daughter, which leads to an offspring sex ratio close to parity. Although it is expected 
that CSD prevents facultative manipulation of the offspring sex  ratio4,5, theory predicts that females should exert 
some control over the sex of their offspring to produce more of the sex with the higher reproductive  value6. 
Indeed, several studies reported that female birds (i.e., the heterogametic sex) can adjust their offspring sex ratio 
to environmental and phenotypic conditions such as parental care, male attractiveness, maternal condition, 
territory quality, and food availability (reviewed in Refs.3,7–12). For instance, female tree swallows Tachycineta 
bicolor in better body condition tend to overproduce male  offspring13. Female house wrens Troglodytes aedon 
paired with males with multiple nest sites in their territories bias their offspring sex ratio towards  males14. Female 
blue tits Parus caeruleus produce more sons in their broods when paired with males with brighter ultraviolet 
coloration in their  plumage15,16 (but see Ref.17). These studies reasoned that females would use environmental 
and/or phenotypic cues to manipulate the offspring sex ratio based on the reproductive value of both sons and 
daughters. Despite several studies reporting biases in the offspring sex ratio, others failed to find such evidence 
(e.g., Refs.18,19, 20). Furthermore, studies on different populations of the same species reported inconsistent results 
(e.g., blue tit Refs.15–17,21, collared flycatcher Ficedula albicollis Refs.22,23, barn swallow Hirundo rustica Refs.18,24), 
which makes the generality of facultative offspring sex manipulation in birds still an intensely debated  issue12.

Individuals may also manipulate their offspring sex ratio in response to demographic variables that may 
affect their indirect fitness. The adult sex ratio (ASR, defined here as the proportion of adult males in the adult 
population) is a fundamental variable in demography, which influences mating competition, sexual roles, mat-
ing systems, and parental  care25.  Fisher26 reasoned that when males and females are equally costly to produce, 
frequency-dependent selection should favour a balanced offspring sex ratio. Under a biased ASR, this hypothesis 
predicts that females would increase their indirect fitness by producing more of the rarer sex in the adult popula-
tion. To our knowledge, only three studies have evaluated whether ASR influences the offspring sex ratio in birds 
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(great reed warbler Acrocephalus arundinaceus27, savannah sparrows Passerculus sandwichensis28,29, bobolinks 
Dolichonyx oryzivorus29). However, these studies found no support for such an effect.

In this study, we report a case of offspring sex ratio manipulation in a grassland passerine, the grass wren 
Cistothorus platensis. The grass wren is an excellent model to study offspring sex ratio manipulation as males 
have higher reproductive value than females due to the potential for social polygyny and extra-pair  paternity30,31. 
Hence, it is expected that males would exhibit higher reproductive variance than females, and that males in bet-
ter body condition would have higher reproductive value than females. On the other hand, demography seems 
to influence reproductive strategies as both social polygyny and extra-pair paternity frequencies are affected by 
male grass wren  abundance30,31. We took advantage of a drastic variation in the ASR over three breeding seasons 
(2015–2017) to evaluate whether females biased their offspring sex ratio in response to adult sex ratio or nestling 
body condition (a proxy for female’s prospects of producing high-quality males). If females bias their offspring sex 
ratio to produce more of the rare sex, we expect a negative relation between ASR and brood sex ratio. However, 
if females bias their offspring sex ratio when able to raise high-quality males, we expect a higher proportion of 
males in broods (i.e., male-biased brood sex ratio) containing nestlings in better body condition.

Results
We were able to sex 199 nestlings from 43 broods. Four nestlings belonging to four different broods could not be 
sexed as we failed to obtain PCR products from those individuals. In 2015, the ASR was biased towards females 
(binomial test, p = 0.04; Supplementary Table S1) and a significantly higher number of male offspring was pro-
duced in the broods (binomial test, p = 2.39e−3; Supplementary Table S1). Also, social polygyny was frequent; 16 
out of 26 males (61%) bred with more than one female simultaneously. However, social polygyny was infrequent 
in 2016 and 2017 (range 0–29%).

Nestling body condition was estimated from 195 nestlings. Brood sex ratio (defined in “Methods”) was not 
affected by nestling body condition (χ2 = 0.09, p = 0.75, Supplementary Table S2). However, we found a significant 
effect of the ASR on the brood sex ratio (χ2 = 6.14, p = 0.01; Supplementary Table S2; Fig. 1).

Discussion
Our results strongly suggest that female grass wrens can manipulate their brood sex ratio. Since our analysis only 
included complete broods, departure from a binomial distribution was not caused by sex-differential mortal-
ity, suggesting that a physiological mechanism was  involved10,32. Although our study only spanned over three 
breeding seasons, it is worth noticing that when breeding males were scarce, females consistently biased their 
brood sex ratio towards males (i.e., most sampled broods were male-biased). Accordantly, the brood sex ratio 
was negatively associated with the ASR.

Fisher’s26 hypothesis predicts that under a biased ASR, females would increase their indirect fitness by pro-
ducing more of the sex that is rare in the adult population. The negative association between brood sex ratio 
and ASR suggests that female grass wrens may adjust their brood sex ratio to the rare sex. Since sex-differential 
mortality can be ruled out, the offspring sex ratio must have been biased within the female reproductive tract. 
Hormones circulating in the breeding female around the time of sex determination could influence the direc-
tion of sex allocation (reviewed in Refs.10,32). For instance, female spotless starlings Sturnus unicolor implanted 
with testosterone produce a higher proportion of sons in their broods than females receiving empty control 
 implants33. Similarly, female zebra finches Taeniopygia guttata injected with testosterone during egg-laying tend 
to produce male-biased  broods34. Studies integrating physiological, genetic, and ecological levels are needed to 
fully understand how these mechanisms work.

When the reproductive value of male and female offspring differs, theory predicts that parents should bias 
their offspring sex ratio towards the sex that provides the higher fitness  gain5,6. Factors such as parental care, male 
attractiveness, maternal condition, territory quality, and food availability directly impact on female’s capability to 
produce nestlings in better body condition (reviewed in Refs.3,12). Several studies have documented that females 
can adaptively manipulate their offspring sex ratio in response to environmental and/or phenotypic conditions, 

Figure 1.  Relationship between brood sex ratio and adult sex ratio in south temperate grass wrens. The raw 
data (points) and model predictions with 95% confidence intervals (blue line and shaded area) are shown.
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improving the reproductive value of their offspring (reviewed in Refs.10–12). The influence of maternal condi-
tion on offspring sex ratio has been validated in many bird species, where mothers in good condition bias their 
investment towards producing sons (e.g., Ref.10,35). In grass wrens, females in good condition or/and in high 
quality territories would increase their fitness by producing high-quality sons. High-quality males should be able 
to monopolize more than one female to breed polygynously and/or to invest more time courting neighboring 
females to obtain extra-pair fertilizations. However, nestling body condition was not associated with offspring 
sex ratio, suggesting that females did not bias the brood sex ratio towards males when able to raise nestlings in 
better body condition.

To summarize, our study provides the first suggestive evidence that female birds may adjust their brood sex 
ratio in response to the ASR. While the consistent bias towards males across broods observed in 2015 points to 
an underlying factor that similarly affected most breeding wrens, the association between brood sex ratio and 
ASR suggests that a demographic variable may be involved. However, our results relied on a three years dataset 
and should be taken with caution. A bigger sample size spanning over several years will be needed to establish 
the validity of our results.

Methods
Study site
Fieldwork was conducted in the floodplain of the Uspallata Stream and Mendoza River (32° 38′ 10″ S, 69° 22′ 16″ 
W, 1800 m a.s.l.), Mendoza Province, Argentina. Our study site spanned approximately 120 ha and consisted of 
small swamps and pockets of riparian grasslands dominated by pampas grass Cortaderia selloana36. Seasonal-
ity is pronounced, with temperatures below freezing and occasional snowfall during the austral winter (mean 
temperature = 7 °C) and higher temperatures in the austral summer (mean temperature = 14 °C).

Study species
The grass wren is a small (c. 9 g), insectivorous monomorphic passerine, broadly distributed throughout South 
 America37,38. At our study site, grass wrens are year-round territorial and predominantly socially monogamous. 
However, social polygyny is frequent when breeding males are less abundant in the  population31,39. Grass wrens 
present low to moderate rates of extra-pair  paternity30. Both sexes collaborate in building the nest and in feeding 
the nestlings, but only females incubate the eggs and brood the  young31,40. Clutch size ranges from 4 to 6 eggs 
and the incubation period is 14–18  days40. The nestlings remain in the nest for 12–19  days39.

General field procedures
We carried out intensive fieldwork over three breeding seasons (from October to February 2015–2017). At the 
beginning of each season, we captured males with mist-nets by stimulating aggressive behavior with song play-
back. Females were caught by herding them to the mist-net or by setting the mist-net close to the nest while 
they were feeding nestlings (8–12 days old). Adults were marked with a numbered aluminum ring and a unique 
combination of colored leg bands.

We monitored territories daily to determine social pairs and located nests by using parental behavioral cues 
(i.e., observing individuals with nesting material or with food to feed nestlings) and systematic searching. Thus, 
we were able to identify both social female and male from every nest. Nests were monitored until all nestlings 
fledged or the nesting attempt failed. We marked nestlings aged 7–8 days with numbered aluminum rings and 
collected blood samples. All blood samples were collected from the brachial vein and stored in lysis buffer until 
DNA extraction. When nestlings were 10 days old, we weighted them to the nearest 0.1 g on a 10 g Pesola Micro 
Spring Scale and measured their tarsus length to the nearest 0.1 mm with an SPI polymid dial caliper. We then 
estimated nestling body condition by using residuals from a regression of body mass on tarsus length.

Since some breeding pairs raised two broods during the same season, one brood of each breeding pair was 
chosen randomly for our sex ratio analysis. Thus, we avoided pseudoreplication in our dataset.

Sex determination of nestlings
DNA was extracted following a standard protocol of dehydration and precipitation with ethanol and  NaCl41. 
We determined nestling sex by using PCR amplification (2550F–2718R primers) of CHD1 genes located on the 
Z and W sex  chromosomes42. PCR was carried out in a total volume of 10 µL with the following final reaction 
conditions: 10 mM TrisHCl pH 8.3, 1.5 mM MgCl2, 200 mM of each dNTP, 0.5 µM of each primer, 0.5 U of Taq 
polymerase, and 50–200 ng of genomic DNA. We performed PCR amplifications under the following thermal 
cycling conditions: initial denaturation (95 °C, 2 min), followed by 35 cycles of strand denaturation (94 °C, 30 s), 
primer annealing (45 °C, 30 s), and DNA extension (72 °C, 30 s). The program concluded with a final cycle of 
72 °C for 2 min. PCR products were separated by electrophoresis for 30 min at 90 V in a 2.5% agarose gel stained 
with GelRed Nucleic Acid Stain (Biotium, Hayward, CA, USA) and visualized under UV light. Males were identi-
fied by the presence of a 700 bp band (Z-chromosome) and females by the presence of both a 700 bp band and 
a 500 bp band (W-chromosome). We validated the sexing procedure by using DNA from 6 adults of known sex 
(3 females and 3 males), and in all 6 cases our protocol correctly identified the sex of adults. Additionally, we 
confirmed that the sex assigned through this protocol as nestlings matched the sex assigned as breeding adults 
(based on behavioral and morphological traits) in 31 individuals.

Adult and offspring sex ratios
Based on field observations of banded individuals and territorial boundaries, we calculated the ASR as the 
proportion of breeding adult males in the breeding adult population. We deemed as breeding adults all individu-
als (males and females) that occupied a territory. Field observations suggest that ‘floaters’ (i.e., non-territorial 
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individuals) are uncommon in our study population as most males and females of known age (banded as nest-
lings) started breeding during their first year, and all adult birds that were captured in mist nets and banded were 
observed breeding or defending territories the year when they were captured.

We calculated the brood sex ratio as the proportion of male offspring in the brood. To correctly estimate 
the offspring sex ratio at the population level, it is necessary to prevent any potential biases resulting from sex-
related mortality before sex  determination43. Thus, only broods where mortality was zero (all eggs hatched and 
all nestlings survived until sampling) were included (43 out of 69). Additionally, a minimum brood size of three 
nestlings was chosen due to increased bias in broods containing fewer  nestlings44.

Statistical analysis
For each year, we determined whether both the offspring sex ratio at the population level and ASR deviated from 
parity by comparing the total number of male and female individuals using a binomial test.

We tested whether females adjust the brood sex ratio using a generalized linear mixed model with a logit-
link function and binomial error distribution. The brood sex ratio was set as the response variable, correcting 
for brood size by binding the number of male and female nestlings per brood using the cbind command. Both 
nestling body condition and ASR were set as explanatory variables. Nest identity was included as a random 
factor to account for nonindependence of nestlings within broods. Neither father nor mother identities were 
set as random factors as only 13% of males and 7% of females were repeated among sampled broods. The lme4 
package was used for this  analysis45.

Analyses were performed in  R46. The effects of nestling body condition and ASR on brood sex ratio were eval-
uated by comparing each model with a null model through likelihood ratio test against a chi-square  distribution47.

Ethical approval
Fieldwork permits (resolution 459 and 1564) were provided by the Secretaría de Ambiente y Desarrollo Sus-
tentable, Dirección de Recursos Naturales Renovables, Mendoza, Argentina. All methods were carried out in 
accordance with relevant guidelines and regulations.

Data availability
Authors can confirm that all relevant data are included in the paper and/or its supplementary information files.
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