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A B S T R A C T

Migratory species often spend the non-breeding season in areas that differ in both distance from the breeding
grounds and habitat quality, which can cause a segregation of the population. In sexually dimorphic species,
differential energetic requirements and foraging strategies of each sex can lead to the use of different non-
breeding grounds. However, because migratory birds use very distant and often hard to access habitats, it is often
difficult to systematically assess a population's adult sex ratio (ASR) over time and across sites to get insights into
sexual segregation. Here we study a long-distance migratory shorebird, the Hudsonian Godwit Limosa haemas-
tica, to explore the ASR in two separated bays at Chiloé Archipelago (41°S, Chile) and evaluate potential seg-
regation of the sexes within this population during the non-breeding season. Using a molecular approach, we
developed a standardised criterion to accurately sex the individuals based on their bill length. With this criterion
we were able to sex 92% of the sample (n = 265), with the remaining corresponding to birds in the overlapping
range of bill lengths that needs to be sexed molecularly. We found that this godwit population, which breeds in
Alaska, does not present a large-scale sexual segregation between non-breeding sites but is overall male-biased
(ASR = 0.59). Interestingly however, there were significant differences in ASR between bays that were main-
tained throughout three consecutive non-breeding seasons. Further studies are needed to estimate potential
consequences of these local differences in ASR on the population dynamics of this interhemispheric migratory
species.

1. Introduction

Individuals of migratory species often spend the non-breeding
season in areas that differ in both distance from the breeding grounds
and habitat quality (Greenberg, 1986), which can lead to the spatial
segregation of populations from large geographical areas to a micro-
habitat scale (Cristol et al., 1999; Catry et al., 2005). Spatial segregation
can drive differences in survival because of the distinct pressures that
individuals may experience in food availability, competition levels,
migration distances, predation risk, parasite exposure, or weather
conditions at different sites (Cristol et al., 1999; Jönsson, 1991;
Cresswell and Whitfield, 1994; Durell, 2000; Piersma, 2007), which
could ultimately lead to ecological consequences at the population level
(Catry et al., 2005). Alternatively, individuals may show an adaptive
response through compensation (Rakhimberdiev et al., 2015). Fur-
thermore, in sexually dimorphic migratory species, the unique

energetic requirements and foraging strategies of each sex can lead to
the use of different non-breeding grounds (Alves et al. 2012, 2013a;
Duijns et al., 2014; Nebel et al., 2002; Nebel, 2005).

Two non-mutually exclusive hypotheses have been proposed to
explain the spatial segregation of sexes: i) social segregation hypotheses
and ii) habitat segregation hypotheses (reviewed by Conradt, 2005). The
sex ratio of a given population, obtained either from the offspring
(offspring sex ratio) or from adults (adult sex ratio, ASR), can provide
important insights into potential sexual segregation. The offspring sex
ratio can be controlled by the chromosomal determination system
(Pipoly et al., 2015), but also by female sex allocation due to low body
condition and food availability (Nager et al., 1999), seasonality
(Cordero et al., 2001) and mate quality (Griffith et al., 2003). However,
since many ecological factors (e.g., differences in predation risk
(Sargeant et al., 2005; O'Donnell, 1996; Post and Götmark, 2006), en-
ergetic requirements (Thomson et al., 1998; Bennett and Owens, 2002),
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and foraging behaviour (Verhulst et al., 2004; Bugoni et al., 2010)) may
affect the sex ratio throughout the course of life, offspring sex ratio does
not necessarily reflect the ASR, which is ultimately more important in
driving population dynamics. Székely et al. (2014) showed in an ex-
tensive analysis of 187 bird species that sex differential adult mortality
was the primary driver of skewed ASR, and that reduced female sur-
vival rates often lead to overall ASR male-biased populations
(Promislow et al., 1992; Owens and Bennet, 1994; Post and Götmark,
2006; Donald, 2007; Loonstra et al., 2019).

In spite of its crucial importance for understanding demographic
processes, the study of ASR in wild populations has been proven pro-
blematic because sexual differences in the behavior and ecology may
introduce potential biases to population sampling (Donald, 2007). It is
especially challenging for long-distance migratory shorebirds (e.g. Ca-
lidris canutus, C. alba, Numenius phaeopus, Limosa lapponica, L. haemas-
tica), which breed in remote areas at high latitudes in the Arctic and
move to the southern Hemisphere in few or no stops to pass the non-
breeding season (e.g. Gill et al., 2005; Senner et al., 2014). Not only is it
very difficult to capture or resight individuals systematically during
their long migration to assess the ASR (e.g. Gill et al., 2005; Senner
et al., 2014, but see Loonstra et al., 2019), but these species also exhibit
cryptic sexual dimorphism and need primary molecular confirmation in
order to establish a morphological criterion for sexing (e.g. Ayala-Pérez
et al., 2013).

Within the Americas up to 99% of the Alaskan breeding population
of the sexually dimorphic Hudsonian godwit (Limosa haemastica; here-
after godwits) (Fig. 1) spends the non-breeding season in Chiloé Ar-
chipelago (Chile) and adjacent bays in continental Chile (Andres et al.,
2009). In Chiloé, godwits are distributed in three core areas (Andres
et al., 2009) located within a small geographical region (< 200 km)
which share similar food availability (Micael and Navedo, 2018). In-
dividuals from these three areas do not mix extensively (J.G.Navedo
unpublished data), a pattern also found in other migratory shorebirds
(Navedo and Gutiérrez, 2019). The objectives of our study were to (i)
develop standardized criteria to sex godwits based on the length of a
morphometric variable validated by molecular sexing, which is a fast
and inexpensive alternative to molecular sexing, and (ii) assess the ASR
of this godwit population on their non-breeding grounds.

2. Materials and methods

2.1. Bird sampling

Godwits were captured at two bays of Chiloé, Chile (Caulín 41°49 S,
73°63 W and Pullao 42°28 S, 73°41 W) separated from each other by
70 km, during the austral summer throughout three consecutive seasons
(2016-17, 2017-18, and 2018-19) and two periods per season,
November and March, as ‘arrival and ‘departure’ captures, respectively.
A total of 345 godwits were captured using cannon nets during high
tide in 16 capture events (nine in Caulín and seven in Pullao, Table S1),
and maintained in ad hoc cages until being processed, following ap-
proved bioethics protocol and animal capture permissions. Each animal
was weighed and ringed, and morphological structures of bill, tarsus
(‘maximum tarsus’, Redfern and Clark, 2001), and wing length were
measured by a single person (JGN). A blood sample was taken from
each bird from the right jugular vein and stored in tubes with 96%
ethanol at 4 °C until laboratory analyses. Given the behavior of the
species during high tide we believe that our sampling is representative
of the population. During high tide godwits formed large flocks that
include most of the individuals in the bay, which are continuously
flying, mixing, and slowly walking upwards following rising tides
(usually during a period of more than 2 h) before the net was fired to
capture them. Captures in November took place when most of the birds
had already arrived from southward migration (Senner et al., 2014), so
we don't expect to have an effect due to a differential migration be-
tween sexes.

2.2. Molecular sexing

DNA was extracted from blood samples using a commercial kit
(E.Z.N.A Tissue kit DNA extraction, Omega Bio-tek, USA) following
manufacturer's instructions. For the PCR, we used previously described
primers P0, P2, and P8 (Griffiths et al., 1998; Han et al., 2009) in a
multiplex of 10 μL per sample (1.1 μL of DNAse-free water, 5 μL of
AbmMasterMix (Applied Biological Materials Inc, Canada), 0.5 μL of
each primer, 0.4 μL of MgCl, and 2 μL of DNA template) and a modified
protocol as follows: an initial denaturation at 94 °C for 3 min, followed
by 30 cycles of 94 °C for 30 s, 53 °C for 30 s, and 72 °C for 45 s, and a
final extension at 72 °C for 5 min. The amplified products were sepa-
rated by electrophoresis and visualized under UV light. Statistical ana-
lyses.

We identified adults in November based on distinct moulting pat-
terns of flight feathers and in March based on presence of breeding
plumage on individuals. Only adults were included in analysis since we
aimed to calculate the ASR. After a preliminary Principal Component
Analysis, we choose bill length as the most dimorphic variable between
males and females (PC1 Bill 0.92, Tarsus 0.38). Wing length was dis-
carded because birds were in active wing-feather moult during some of
the capture events.

With bill length selected, we used it to predict the sex of each bird
using an Inverse Estimation (package “investr”, Greenwell and
Schubert-Kabban, 2014), which is intended to infer the unknown value
of the explanatory variable using an observed value of the response
variable (Greenwell and Schubert-Kabban, 2014). To test the accuracy
of the model, we sexed both molecularly and morphologically a new set
of birds (n = 57) and compared the assigned sex with a Kappa Cohen
Test of Agreement.

Once the method of sexing was validated, we used a general linear
model (GLM) to examine differences in ASR between bays, using the
number of males and females, instead of the proportion, as the response
variable with a binomial distribution, and the bay (Caulín and Pullao),
period (arrival and departure) and their interaction as predictive vari-
ables. We calculated the odds ratio (OR) for differences in the occur-
rence of males between bays. The level of support for each model were
evaluated by ΔAIC. Candidate models with Akaike differences less than

Fig. 1. Sexual dimorphism of Hudsonian godwits on the bill length. The smaller
male can be seen above and the larger female below.
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2 are assumed to have substantial support for best suitability. Akaike
weights (ωi) were additionally used to determine the evidence of sup-
port for each model. Thus, the best model was selected considering the
lowest AIC value and larger Akaike weights. All analyses were per-
formed using R software (R Core Team, 2018).

3. Results

From all adult individuals sampled, the molecular sexing identified
194 males and 151 females. On average morphological measurements
were wing length (female: 219.5 ± 5.6 mm; male: 209.9 ± 5.0 mm),
tarsus length (female: 69.7 ± 2.1 mm; male: 64.3 ± 5.0 mm), and bill
length (female: 87.0 ± 3.7 mm; male: 73.9 ± 5.0 mm) (n = 345).
Since bill length of each sex did not differ between sites, we included all
data in a single linear model. The inverse estimation of bill length based
on the sex (n = 288) determined a value of 77.2 mm (95% CI: 75.7-
78.6 mm) for males and 85.2 mm (95% CI: 83.8-86.6 mm) for females.
Using these values, we would have been able to sex 92% of the samples
(n = 265), with an 8% of the birds within the overlapped range left as
undetermined birds that need molecular sexing or other methods
(Fig. 2). The evaluation of the accuracy of the model reached a 100%
agreement between the morphological and molecular methods (Kappa
Cohen Test of Agreement, κ = 1). Additionally, we formulated an
equation to sex godwits based on bill and tarsus length which gives an
opportunity to sex godwits within the overlapping range (see
Supplementary Material).There were no statistical differences in ASR
between seasons at either bay (Caulín p = 0.4339, Pullao p = 0.9427);
therefore, we pooled data of all three seasons together to improve
statistical power. Pullao bay (ASR = 0.65±0.04) showed significantly
more males than females that Caulín bay (ASR = 0.55± 0.1) (GLM, Z
= 2.159, p = 0.03, OR 1.61, 95% CI = 1.02-2.52, p = 0.03) (Fig. 3).
The overall ASR value was 0.59 and was significantly different from an
equal ASR (one-way ANOVA, F(1,30) = 10.71, p = 0.003). No differ-
ences were found in the ASR by period and the interaction term with
bay (Table 1).

4. Discussion

Here we propose a range of bill length values to accurately sex
Hudsonian godwits, with values equal or under 77.2 mm corresponding

to males, and values equal or over 85.2 mm corresponding to females.
Sexes overlap between both bill length measurements. Prater et al.
(1977) described a range of bill length values of≤84 mm for males and
of ≥85 mm for females to determine the sex of Hudsonian godwits,
without establishing any overlapping range. This methodology was
already used by Johnson et al. (2007) who suggested that there may be
a strong male bias based on morphological measurements in one of the
study areas (Pullao). However, by using Prater's criterion with our data
we would have overestimated the proportion of males by 8.8%. In
addition, since there were more females (60% of birds) than males
within the overlapping range of bill length (see Supplementary
Material), ASR based on Prater's criterion alone provides even a greater
underestimation of the number of females. Interestingly, we were able
to unravel significant differences at a local scale in the proportion of
males and females associated with each bay, with a higher proportion
of females in Caulín than in Pullao.

Because 99% of the Alaskan breeding population spends the austral
summer in Chiloé (Andres et al., 2009), our results indicate a 0.59 male
bias in this population, with no large-scale sexual segregation at non-
breeding grounds within Chiloé. Given the sexual dimorphism in the
bill length, which is a strong predictor of foraging niche (Selander,
1966; van Gils et al., 2016), the different sexes might have access to
different prey sizes based on prey burying depth (Alves et al., 2013b;
Duijns et al., 2014). This can lead to small-scale differential space use as
seen in other shorebird species depending on the prey distribution and
accessibility (Zharikov and Skilleter, 2002; Catry et al., 2012; Alves
et al., 2013b) that may explain the observed differences in ASR between
sites. Furthermore, there may also be interspecific competition between
sexes with the bigger sex (females) able to outcompete and displace
males from areas of higher quality (Both et al., 2003; Catry et al., 2012;
Masero et al., 2017). This was observed for an allopatric species, the
black-tailed godwit (Limosa limosa islandica) which uses rice fields to
forage in their non-breeding grounds in Africa. Masero et al. (2017)
found spatial segregation, with the socially dominant sex (females)
using freshwater rice fields and the socially subordinate sex (males)
using sea-influenced rice fields, paying thus extra costs of maintaining
osmoregulation via salt-gland functioning (Gutiérrez et al., 2012), ul-
timately resulting in differences in immune responsiveness and body
condition between sexes.

In Chiloé, both bays have equivalent biomass of Polychaeta (Micael

Fig. 2. Bill length distribution of Hudsonian godwits with males (n = 194) in dark grey and females (n = 151) in light grey. The rectangle denotes the overlapping
range of bill length values in which godwits need to be sexed molecularly (77.2-85.2 mm, n = 80).
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and Navedo, 2018) the most consumed prey by godwits (Martínez-Curci
et al., 2015), but different anthropogenic pressure by means of density
of seaweed and shellfish harvesters (and accompanying dogs) during
the low tide (Navedo et al., 2019). Besides the additional costs (not
measured) of flying in response to flushing (Collop et al., 2016), Navedo
et al. (2019) estimated that godwits lose 17 min on average of active
foraging time per diurnal low-tide period at the disturbed bay (Caulín).
This could have consequences on energy acquisition and storage since
coastal migratory shorebirds have relatively high levels of energy ex-
penditure (Kersten and Piersma, 1987) and have limited time to forage
due to the tidal cycle. In this sense we would expect to find a higher
proportion of females using bays of higher quality. Although godwits
captured in Pullao are proportionally more male-biased, this bay and
surrounding bays support up to 52% of the Pacific coast population
(Andres et al., 2009) compared with (12%) Caulín and surroundings, so
a high proportion of the female godwits in Chiloé effectively use the bay
with comparatively lower human pressure at intertidal areas.

On the other hand, little is known about the offspring sex ratio of
this species, but other godwits do not have a sex-bias at hatching (e.g.
Loonstra et al., 2019). Differential survival of female and male chicks
has not been explored yet, but Senner et al. (2017) did not find en-
ergetic constraints on chicks at the Beluga Bay breeding site (Alaska)
which could result in differences in survival between the dimorphic

sexes (Loonstra et al., 2018, 2019). If the skewed sex ratio on the non-
breeding grounds is caused by differential survival of the adult females,
further analyses of habitat quality could help to determine the processes
behind the observed ASR at either bay in Chiloé.

The lack of differences between seasons in the ASR indicates the
consistency of the male-biased trend in this population. Additionally,
the development of the morphological sexing based on the bill length
measures gives opportunities for ongoing and future studies in which
researchers can accurately sex captured individuals from this species,
while only needing incur to use the time consuming and more ex-
pensive molecular sexing for a small fraction (around 8%) of the po-
pulation within the overlapping range of bill lengths. This will allow the
design of comparative studies based on banded male and female god-
wits in many different scientific topics (e.g. survival, physiology, be-
havior or habitat selection), as well sexing Hudsonian godwits speci-
mens for museum-collection studies (e.g. Bosque and Pacheco, 2019).
Given the overarching importance of Chiloé for the Alaskan breeding
population (Senner et al., 2014), detailed studies are needed to un-
derstand the dynamics behind the apparent spatial segregation between
bays and the differential pressures endured by the individuals, and its
relative importance in the conservation of this and other species be-
longing to the worldwide threatened Numeniini tribe (Pearce-Higgins
et al., 2017).

5. Conclusion

We found that the Alaskan population of Hudsonian godwits is
male-biased in their non-breeding grounds, with differences in the ASR
between study sites. Although we did not find a large-scale sexual
segregation, sexes might be using the habitat in different ways to sup-
port their differential energetic requirements due to the inverse sexual
dimorphism. The criterion to sex the large majority (92%) of adult in-
dividuals based on the bill length alone will support further advanced
studies in this species, specifically allowing selection of birds with
known sex before deploying tags on them, or selecting a balanced

Fig. 3. Bootstrapped points estimated with CI (95%) of the adult sex ratio (ASR) (proportion of males) of Hudsonian godwits at two bays within Chiloé (Chile) and
periods.

Table 1
Explanatory models of adult sex ratio (ASR) selected by Akaike Information
Criterion for small samples (AICc) with site and period as predictive variables
(see text for details).

Model Rank Variables df AICc ΔAICc weight

1 Site 2 74.6 0.00 0.573
2 Null model 1 76.6 2.06 0.205
3 Site + Period 3 77.6 3.05 0.124
4 Period 2 79.2 4.66 0.056
5 Site*Period 4 79.8 5.19 0.043
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subset of individuals to enter an experimental treatment in associated
aviaries (e.g. Gutiérrez et al., 2019).
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