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Abstract Fisher’s sex ratio theory predicts that on average
parents should allocate resources equally to the production of
males and females. However, when the cost/benefit ratio for
producing males versus females differs, the theory predicts
that parents may bias production, typically through underpro-
duction of the sex with greater variation in fitness. We tested
theoretical predictions in the red-necked phalarope, a polyan-
drous shorebird with sex-role reversal. Since females are
larger and therefore potentially more expensive to produce
and may have greater variation in reproductive success, we
predicted from Fisher’s hypothesis a male bias in population
embryonic sex ratio, and from sex allocation theory, female
biases in the clutches of females allocating more resources to
reproduction. We measured eggs and chicks and sexed 535
offspring from 163 clutches laid over 6 years at two sites in

Alaska. The embryonic sex ratio of 51.1M:48.9 F did not vary
from parity. Clutch sex ratio (% male) was positively corre-
lated with clutch mean egg size, opposite to our prediction.
Within clutches, however, egg size did not differ by sex. Male
phalarope fitness may be more variable than previously
thought, and/or differential investment in eggs may affect
the within-sex fitness of males more than females. Eggs
producing males were less dense than those producing fe-
males, possibly indicating they contained more yolk relative
to albumen. Albumen contributes to chick structural size,
while yolk supports survivorship after hatch. Sex-specific
chick growth strategies may affect egg size and allocation
patterns by female phalaropes and other birds.

Keywords Sex ratio . Parental investment . Red-necked
phalarope . Reproductive strategies . Sex allocation

Introduction

The widespread occurrence of equal production of males and
females in diploids has been explained in the context of
Fisher’s (1930) observation that the sexes have equal expected
reproductive value, and thus negative frequency-dependent
selection should operate strongly to maintain parity. Despite
this generality, large deviations from parity in the production
of males and females do occur, primarily related to strong
barriers to dispersal and local population structure (Hamilton
1967; Maynard Smith 1978; Charnov 1982; West 2009), or
differences in production costs (Fisher 1930), particularly
when they are non-linear (Frank 1987). In the simplest case,
assuming that offspring of either sex have the same expected
fitness, males and females should be produced in inverse
proportion to the parents’ production costs, with costs mea-
sured as opportunity or “substitution” costs (Charnov 1982).
Regardless of equilibrium population sex ratios, individual
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parents may differ in their expected payoffs for producing
male or female offspring as a result of their own condition
or environmental situation (Trivers and Willard 1973). Even
when 1:1 population sex ratios (or “population investment or
allocation ratios”, West 2009) are favored, individual parents
can obtain greater fitness returns if they are able to make
differentially competitive members of one sex, particularly a
sexually selected sex (Shuster andWade 2003), or, conversely,
differentially larger numbers of one sex versus the other.

Vertebrate populations with diffuse local population struc-
ture and overlapping generations are not the most likely places
to detect sex ratio strategies (Frank 1990; West 2009), and
rigorous studies with negative results have been published
(e.g., Postma et al. 2011). Nonetheless, positive cases have
been reported, primarily involving individual conditional
strategies of sex allocation (Komdeur et al. 1997; Clout et al.
2002 for birds; West and Sheldon 2002 for ungulates). Fewer
population-specific differences in equilibria (e.g., Badyaev
et al. 2002), which provide the best method for testing theory’s
applicability at the species level (West 2009), have been
found.

The natural history of shorebirds makes them of interest for
testing predictions from sex ratio theory. Clutch size exhibits
little variation, with a strong mode of four. Thus, trading off
numbers of offspring against brood sex composition is not a
complicating factor. Shorebird young are precocial and thus
sex differences in parental care costs after hatch will be
smaller than in species with altricial offspring, if present at
all. Despite these common features, the group has a broad
range of mating and parental care systems (Pitelka et al. 1974;
Szekely and Reynolds 1995), and it has recently been pro-
posed that adult sex ratios drive much of this variation (Liker
et al. 2013). Biases in primary or secondary sex ratios should
both contribute towards and adapt to population equilibria,
leading to different sex allocation strategies (Pitelka et al.
1974; Szekely and Reynolds 1995). In polygynous ruffs
(Philomachus pugnax), with female-only incubation, popula-
tion sex ratios are strongly female-biased at the juvenile stage
(35–40 % male, Jaatinen and Lank 2010); this may originate
in large part from sex ratios at hatch. Breeding females appear
to bias their sex allocation towards females, the less sexually
selected sex, when in poorer body condition (Thuman et al.
2003). The socially monogamous and biparental common
sandpiper (Actitis hypoleucos) shows a seasonal trend in
clutch sex ratio, with a male bias in early broods, which was
interpreted as providing the territorial sex with the advantage
of hatching earlier in the season. In the spotted sandpiper
(Actitis macularia), a faculatively polyandrous sister species
where females are the territorial sex, an opposite bias towards
the overproduction of females in earlier clutches was predict-
ed, but no pattern was found (Andersson et al. 2003). Male-
biased sex ratios at hatch have been reported in biparental
dunlin (Calidris alpina arctica) and ruddy turnstones

(Arenaria interpres), although sample sizes were small
(Reneerkens et al. 2005).

Our study investigates sex ratios in the red-necked phala-
rope, Phalaropus lobatus, and due to shared life history fea-
tures, we can contrast patterns in phalaropes most directly
with the species mentioned above. Female phalaropes are
more brightly colored, approximately 20 % larger than males,
and compete aggressively for mates (Hildén and Vuolanto
1972; Reynolds 1987; Schamel et al. 2004a, b). Although
lifetime variation in reproductive success has not been quan-
tified in this species, female phalaropes are thought to have
greater variation in reproductive success than males, since
some females are polyandrous and can produce multiple
clutches per season, while males are limited to raising one
clutch per season (Hildén and Vuolanto 1972; Schamel and
Tracy 1977; Reynolds 1987; Whitfield 1990; Schamel et al.
2004a). First, if male phalaropes are less expensive to produce
and have lower variation in reproductive success, the Fisher/
Charnov model predicts a male bias in the hatching sex ratio.
Second, conditional sex allocation predicts that females being
able to allocate more resources to reproduction would benefit
by allocating reproductive effort towards producing highly
competitive daughters, while those less able to do so should
bias towards producing males. From this framework, we
analyze the relationships between measures of female repro-
ductive investment and clutch sex ratio.

Female phalaropes do not participate in incubation or
chick-rearing, therefore maternal investment in offspring is
limited to and should reasonably be measurable in qualities of
their eggs. Polyandrous female phalaropes produce larger
eggs than monogamous females (Schamel et al. 2004a), thus
egg volume may provide a proxy measure of female compet-
itiveness and/or capability for reproductive investment. In
addition to biased secondary sex ratios, several forms of sex-
biased egg quality have been found in other avian species. The
most obvious is sexual dimorphism in egg size, which has
been reported in several species (e.g., Anderson et al. 1997;
Rubolini et al. 2009). In house sparrows (Passer domesticus),
which are somewhat sexually dimorphic with slightly larger
males, Cordero et al. (2000) found that eggs containing male
embryos were significantly larger than those containing fe-
males, and concluded that females were likely allocating more
resources to male offspring due to higher condition-dependent
reproductive variance in this sex. In most species where
dimorphic eggs have been found, the male-producing eggs
have been larger (e.g., Müller et al. 2005; Rubolini et al. 2009;
Martyka et al. 2010). Various more subtle maternal sex allo-
cation strategies have been reported, including seasonal pat-
terns in sex ratio (Zijlstra et al. 1992; Andersson et al. 2003),
interactions between laying sequence, sex and egg provision-
ing within clutches (Badyaev et al. 2002), sex biases in yolk
steroid concentrations (e.g., Petrie et al. 2001; Badyaev et al.
2002; Gil 2008), and other aspects of egg provisioning (e.g.,
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Young and Badyaev 2004). However, with the exception of
raptors (e.g., Anderson et al. 1997), few studies of sex-biased
allocation in eggs have been done in species with reversed
sexual dimorphism.

Assuming that higher allocation to produce more compet-
itive female phalaropes, with their larger size and greater
potential for variation in reproductive success, could provide
greater fitness returns than allocating resources to produce
more competitive males, we make the following predictions:
(1) the embryonic sex ratio (sex ratio of all embryos, whether
successfully hatched or not) will be male-biased, based on
Fisher’s equal reproductive value but different cost hypothe-
sis. (2) Embryonic sex ratios will be female-biased early in the
season, assuming competitive advantages accrue differentially
to earlier hatched females, opposite to the pattern seen in
common sandpipers (Andersson et al. 2003). (3) Females
who are able to invest more in reproduction through larger
eggs, possibly due to better body condition, will invest more
in females, whereas less competitive individuals will bias
towards males, opposite to the pattern suggested for ruffs
(Thuman et al. 2003). (4) Individual eggs producing males
or females may differ in size or quality, with more costly eggs
more likely to produce females.

Materials and methods

Fieldwork was conducted during May–July of 1996–1999 at
Cape Espenberg, Alaska (66° 30′ N, 163° 30′ W), and May–
July of 2011–2012 near Nome, Alaska (64° 20′ N, 164° 56′
W). Both sites are located on the Seward Peninsula in western
Alaska and consist of wet lowland coastal tundra. Nests were
found by flushing incubating males and by following mated
pairs.

On finding a nest, we floated the eggs to estimate stage of
incubation, initiation date, and hatch date (Liebezeit et al.
2007). Egg length and width were measured to the nearest
0.1 mm using calipers and weighed to the nearest 0.1 g using a
10 g pesola scale. Clutches in Espenberg were usually found
during laying and so fresh egg mass, which correlates strongly
with calculated egg volume, was also measured. Clutches in
Nome were generally found during incubation, after eggs had
lost mass, and therefore measurements of egg mass were not
used from this site. Egg volume was calculated using the
formula volume=0.44077×length in cm×(width in cm)2+
0.211, which accounted for 93 % of variation in actual red-
necked phalarope egg volume (Väisänen et al. 1972). We
calculated the density of eggs from Espenberg as
mass/calculated volume; these values will also vary due to
differences in egg shape. As a crude index of shape, we
calculate “elongation” as egg length/egg width. At both
Nome and Espenberg, complete clutches were protected with
predator exclosures to maximize nest success and therefore

sample size. At Espenberg, extremely high predation levels
nonetheless necessitated collecting clutches after several days
of incubation and using tissue from the embryos for sex
analyses. This allowed us to associate individual egg metrics
with sex, but no chick measurements were collected at this
site. Eggshell thickness at the middle of the egg and at both
ends was measured for eggs collected at Espenberg, using
calipers accurate to 0.025 mm. At Nome, we visited nests
regularly during incubation and daily once the first signs of
hatch were visible. Since all four eggs within a phalarope
clutch normally hatch within 24 h, we could not associate
individual egg measurements with a specific chick, and there-
fore sex, in clutches that hatched. We measured chick tarsus
and culmen length to the closest 0.1 mm using calipers and
mass to the closest 0.1 g using a 10 g pesola scale. One or two
claws were clipped to produce a small blood sample for
molecular sexing, which was collected on filter paper and
later dried. Unhatched eggs were dissected and embryo tissue
was used, if present, to determine chick sex and test for pre-
hatch sex-biased mortality (Cichon et al. 2005; Pérez et al.
2006). As we report sex ratios of all chicks or embryos
sufficiently developed to provide a tissue sample, our samples
fall between the classical definitions of primary (conception)
and secondary (hatching) sex ratios (Mayr 1939); therefore,
we refer to our data as embryonic sex ratios.

Adult morphometrics

At both sites, we caught adults using a variety of methods,
including mist nets, walk-in traps, bow nets, and salmon dip
nets strung with mist netting. Each bird was given a unique
color band combination and a numbered metal band. Exposed
culmen was measured to the nearest 0.1 mm using calipers,
flattened wing chord was measured to the nearest 0.5 mm
using a straight ruler, and mass was measured to the nearest
0.5 g using a 100 g pesola scale.

Metrics of incubating males were available from nearly all
nests, but since females are only present at the nest for a short
time while laying, it is difficult to determine maternity. For a
subset of the Cape Espenberg data set, however, we could
connect individual females with their nests, primarily through
behavioral observations of their pairings with individually-
marked males subsequently found on the nests (Schamel et al.
2004b).

Molecular sexing

Different DNA sexing techniques were used for samples from
the two sites. Each method was tested using blood from six
known-sex adults. Females had two bands near the leading
edge of the gel front, while males had one band (Griffiths et al.
1998; Kahn et al. 1998).
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Nome Blood samples from live chicks were stored on filter
paper and dried. Tissue samples from failed embryos were
kept in ethanol and frozen at −40 °C. DNAwas isolated from
blood samples using Instagene Matrix (Bio-Rad, Hercules,
CA); tissue samples were treated with proteinase K and am-
monium acetate. All DNAwas resuspended in TE buffer. PCR
was run on both blood and tissue samples using primers
2669R and 2602F. The products of PCR were run on agarose
gel, and visualized with SybrSafe (Life Technologies,
Carlsbad, CA).

Cape Espenberg DNA was extracted using a salt extraction
procedure (modified from Miller et al. 1988), and cleansed of
excess protein from DNA using phenol/chloroform. PCR was
run using primers 2917F and 3088R (Ellegren 1996). PCR
products were run on agarose gel, stained with ethidium
bromide, and photographed under UV light.

Analyses

We express sex ratio as the percent of males in a clutch or
population. We tested for deviations from a population-wide
embryonic sex ratio of 0.5 and for deviations from binomial
expectations for clutch sex ratios using goodness-of-fit chi-
square tests, restricted to 3 and 4 egg clutches for the latter.
Non-random sex allocation would be supported if the distri-
bution of sex ratios among clutches does not fit a binomial
distribution (Postma et al. 2011), although failure to find such
deviations would not rule out sex allocation occurring among
individuals of different qualities, e.g., if similar numbers of
females skewed their clutch sex ratios in each direction. Using
data from Nome, we tested whether the sex of an egg affected
the likelihood that the embryo would die prior to hatch using
generalized linear mixed models (PROC GLIMMIX, SAS),
with clutch as a random factor and restricting the unhatched
sample to those from nests where one or more other eggs
hatched.

Analyses involving mean sex ratios of clutches used data
from both sites, but analyses involving the sex of individual
eggs were restricted to the Espenberg data, while those ad-
dressing sex-biased egg mortality and chick size were restrict-
ed to Nome. Chick size was indexed with the first principal
component based on mass, tarsus length, and culmen length.
The PCA index accounted for 43 % of the variation in chick
measurements, with positive loadings for all variables

We assessed the effects of potential covariates of clutch sex
ratio using binomial logistic regressions (events per trial struc-
ture, dependent variable = number of males/number of eggs
sexed per clutch) on egg characteristics, parental male and
female morphometrics, and annual and seasonal (initiation
date) effects. For multiple regression analyses, we report
likelihood ratio χ2 for full model effects and Wald χ2 for
partial effects.

Individual sex and egg attributes were available from Cape
Espenberg, and individual sex and chick data from Nome. We
present mean and standard error values for male and female
egg and chickmetrics.We tested for sex differences in egg and
chick metrics using generalized linear mixed models (PROC
GLIMMIX) with a binomial distribution, a logit link, and
clutch as a random factor. With subsets of data from
Espenberg, we assessed whether male and female eggs dif-
fered in shell thickness and tested whether offspring sex or egg
shape were related to laying order.

All analyses were done in SAS version 9.3 (SAS Institute
2010). The primary data used in this analysis are available
online as Appendix 1.

Results

Population embryonic sex ratios We found no differences in
annual population embryonic sex ratios, and therefore have
pooled years within sites. Sex ratios, measured at both the
individual egg level, or as the means of clutch sex ratios, did
not differ from parity at either site or in the pooled data set
(pooled: egg level 51.1 % male χ2=0.11, df=1, p=0.73
clutch level 50.9 %, SE=2.1 %; Table 1). The distributions
of clutch sex ratios did not differ significantly from those
expected under a binomial distribution (pooled samples,
goodness-of-fit chi-square: three-egg clutches n=46, χ2=
2.2, df=3, p=0.53; four-egg clutches n=99, χ2=4.5, df=4,
p=0.34). There was a marginally non-significant difference in
sex ratio between successfully hatched eggs and embryo
mortalities, (unhatched 25 % male, n=16, hatched 52.6 %
male, n=251; F1,185=3.56, p=0.06), but the sample of un-
hatched eggs was small.

Clutch sex ratios We found no evidence of seasonal or annual
effects on clutch sex ratios. In a two-variable model (n=162
clutches, 566 eggs), neither nest initiation date (Wald χ2=
0.42, df=1, p=0.52) nor year (Wald χ2=5.8, df=5, p=0.32,
no significant interaction, Wald χ2=2.2, df=5, p=0.32, p=
0.82) predicted clutch sex ratio. Clutch sex ratio was not
associated with the mother’s or father’s size (three-variable
models of wing, culmen, and mass: females n=37, LR χ2=
0.51, df=3, p=0.92; males n=138 LR χ2=3.2, df=3, p=
0.37). However, females who produced eggs of larger mean
size also produced more males: clutch sex ratio varied posi-
tively with bivariate logistic regressions of mean egg width,
length, and calculated egg volume, in the pooled dataset
(Table 2, Fig. 1). Significant or nearly significant regressions
of sex ratio on these variables occurred independently at each
site: egg width and volume at Nome (width: n=91, LR χ2=
3.52, df=1, p=0.061; volume: n=91, LR χ2=3.41, df=1, p=
0.065) and egg length and volume at Espenberg (length: n=
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70, LR χ2=3.90, df=1, p=0.048; volume: n=70, LR χ2=
3.06, df=1, p=0.038). This relationship between sex ratio and
egg size was independent of initiation date. Egg size increased
slightly with later laying dates (egg volume: slope=+
0.006 cm3/day, being ca. 0.18 cm3 or about 3 % larger, at
the end of the ca. 30-day season than at the start; mixed model,
clutch as random factor, no year or interaction effects, initia-
tion date: num df=1, 768, F=4.43, p=0.04) years. A model of
sex ratio as a function of initiation date, year, and egg volume
confirmed a positive effect of egg volume, but no effect on
season or year (volume: Wald χ2=6.33, df=1, p=0.02; initi-
ation date: Wald χ2=1.95, df=1, p=0.16; year: Wald χ2=
6.15, df=5, p=0.29).

Egg and chick level analyses Sex-specific descriptive statistics
for eggs and chicks of known sex are presented in Table 3.
Despite the general relationship between mean egg size and sex
ratio, we did not detect a difference in the volumes of eggs
containing males or females within clutches (logistic regression
with clutch identity as random factor: F(1,191)=1.80, p=0.18).
We also used logistic regression to model clutch sex ratios as a
function of individual egg volume, egg sex, and their interac-
tion. Egg volume again predicted clutch sex ratio (Wald χ2=
5.4, df=1, p=0.02), but there was no significant effect of
volume on individual egg sex (Wald χ2=0.1, df=1, p=0.77),
nor a significant interaction, indicating that eggs of both sexes
increased in size similarly with sex ratio (Waldχ2=0.5, 1 df, p=
0.47). The positive relationships between clutch sex ratios and
egg size thus derive primarily from differences in the general
size of eggs laid by each female and her sex ratio, rather than the
different sizes of male and female eggs within clutches.

There were no size differences between male and female
chicks, as the principal component of chick size was not a
predictor of chick sex (F1,162=0.35, p=0.56). In the subset of
clutches where laying order was known, we found no
relationship between order and egg sex (estimate=−0.01,
F1,91=0.01, p=0.95).

Egg metrics Controlling for mass, female eggs were smaller
in calculated volume and male eggs larger, and controlling for
volume, female eggs were heavier and male eggs lighter (egg
volume F1,171=7.0, p=0.009, egg mass F1,171=5.8, p=0.02;
Table 3). There were no sex differences in egg shell thickness
(F1,104=0.01, p=0.92) that could contribute to this pattern.
Eggs did not differ statistically in any size metric with respect
to laying order (Table 4).

Discussion

We tested for biases in population embryonic sex ratio, rela-
tionships between clutch sex ratio and maternal investment,
and sex differences in egg metrics in the red-necked phala-
rope, a shorebird with a polyandrous sex-role reversed mating
system, breeding at two sites over 6 years. We predicted an
overall male-biased sex ratio and female-biased sex ratios in
the clutches of females investing more in reproduction. We
found no evidence for a substantial bias in population embry-
onic sex ratio or non-random distributions of sex ratios among
clutches. We found no relationship between clutch sex ratio
and initiation date within a season, between sites or years.
Opposite to our prediction that females investing more in
reproduction would bias towards females, or that females
would hatch from larger eggs, clutch sex ratio (proportion of
males) increased, rather than decreased, with average egg size
in the clutch (Fig. 1). Females that laid larger eggs produced
more males, while females laying smaller eggs produced
female biases, at both sites. This pattern could occur if females
made larger female-producing eggs when they produced few-
er females and made smaller female-producing eggs when
producing more females. However, there was no sex differ-
ence in egg size within clutches, and the slope of the relation-
ship between egg size and sex ratio was the same for male and
female eggs, with no significant difference in elevation. We
thus have no evidence that individual females bias their egg
size by sex. However, we did find that clutch average egg
density decreased with increasing proportion of males, and
individual eggs producing males appear to be less dense,
which we interpret as implying a higher ratio of yolk to
albumen (see below).

We found a marginally non-significant trend (p=0.06)
towards a sex bias in pre-hatch mortality. Of 16 embryo
mortalities, 12 were female and 4 were male. Although the
small sample size limits the strength of conclusions we can
draw, our results are consistent with higher embryonic mor-
tality in males in species where males are larger and/or more
ornamented (Whittingham and Dunn 2001; Rutkowska and
Cichoń 2002; Cichon et al. 2005; Pérez et al. 2006). As yet, no
reason has been discovered for this disparity, but it has been
suggested that if one sex is more costly to produce, that sex
should suffer higher mortality, especially if resources are
limited. If a female mortality bias is real, hatching sex ratios
would be somewhat higher than our embryonic sex ratios
(e.g., Nome embryonic sex ratio=50.5 % male, n=305,

Table 1 Site-specific and pooled
embryonic sex ratios (hatched +
unhatched eggs)

Population sex ratio Nome Espenberg Pooled data

Eggs (% male, N) 50.5, 305 51.9, 264 51.1, 569

Clutch means (% male ± SE%, N) 49.8±3.0 %, 93 52.3±2.29 %, 70 50.9±2.1 %, 163
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hatching sex ratio=52.6 % male, n=251), but any such bias
would not be due to sex allocation by females, if this is defined
as processes affecting the primary sex ratio.

Population sex ratio

We found no support for the predicted overall male bias in
embryonic sex ratio. Two classes of explanations may account
for this. First, sex ratio theory may be insufficiently developed
to apply to this system as we predicted. Parental investment in
phalaropes occurs in two stages: first, during egg-laying by
the female, and second, during incubation and chick-rearing
by the male. Our egg measures only capture female invest-
ment, and complementary strategies by males could theoreti-
cally alter our predictions. Whether males could or would
invest differently by sex during incubation and parental care
was not addressed.

Alternatively, our assumptions about the costs of biased sex
allocation may need reexamination. The most general possi-
bility is that the temporal or energetic costs of biasing sex
ratio, which are currently unknown, outweigh any potential
benefit. Despite robust findings of skewed sex ratios in some
avian species, the mechanism responsible for this process is
not understood. One proposal is that females reabsorb ova that
are not the desired sex (Emlen 1997), resulting in energetic
and timing costs (Pike and Petrie 2003). In the short arctic
summer, female phalaropes that produce their first clutch
quickly may be more likely to find a second mate. If skewing
the sex ratio of their first clutch requires extra time and energy,
benefits from adjusting the sex ratio may be outweighed byT

ab
le
2

B
iv
ar
ia
te
lo
gi
st
ic
re
gr
es
si
on
s
of

cl
ut
ch

se
x
ra
tio

on
cl
ut
ch

m
ea
n
eg
g
va
ri
ab
le
s,
us
in
g
ev
en
ts
/tr
ia
ls
tr
uc
tu
re
.E

gg
vo
lu
m
e
is
ca
lc
ul
at
ed

fr
om

an
eq
ua
tio

n
in
vo
lv
in
g
le
ng
th
an
d
w
id
th
(s
ee

“M
at
er
ia
ls

an
d
m
et
ho
ds
”)
.D

f=
1
fo
r
al
la
na
ly
se
s.
S
ig
ni
fi
ca
nt

re
su
lts

ar
e
in

ita
lic
s.
n/
a
=
da
ta
no
ta
va
ila
bl
e

N
om

e
E
sp
en
be
rg

Po
ol
ed

V
ar
ia
bl
e

O
dd
s
ra
tio

es
tim

at
e
(9
5
C
I)

L
ik
el
ih
oo
d

ra
tio

χ
2

p
n

O
dd
s
ra
tio

es
tim

at
e
(9
5
C
I)

L
ik
el
ih
oo
d

ra
tio

χ
2

p
n

O
dd
s
ra
tio

es
tim

at
e
(9
5
C
I)

L
ik
el
ih
oo
d

ra
tio

χ
2

p
n

W
id
th

(m
m
)

1.
6
(1
.0
–2
.7
)

3.
52

0.
06
1

91
1.
34

(0
.8
0–
2.
25
)

1.
21

0.
27

70
1.
48

(1
.0
–2
.1
)

4.
44

0.
03
5

16
1

L
en
gt
h
(m

m
)

1.
1
(0
.9
–1
.4
)

0.
95

0.
33

91
1.
35

(1
.0
–1
.8
)

3.
90

0.
04
8

70
1.
22

(1
.0
–1
.5
)

4.
44

0.
03
5

16
1

V
ol
um

e
(c
c)

1.
87

(0
.9
6–
3.
64
)

3.
41

0.
06
5

91
1.
93

(0
.9
2–
4.
06
)

3.
06

0.
08
0

70
1.
92

(1
.1
7–
3.
14
)

6.
76

0.
01
0

16
1

M
as
s
(g
)

n/
a

n/
a

n/
a

n/
a

1.
3
(0
.7
–2
.4
)

0.
60

0.
44

63
n/
a

n/
a

n/
a

n/
a

D
en
si
ty

(m
g/
cc
)

n/
a

n/
a

n/
a

n/
a

0.
99

(0
.9
8–
1.
00
)

4.
28

0.
03
8

63
n/
a

n/
a

n/
a

n/
a

Fig. 1 Relationship between average egg volume per clutch and clutch
sex ratio. As average volume increases, clutch sex ratio becomes signif-
icantly more male-biased. For illustrative purposes, we show a linear
regression with slope=0.17 proportion of males per cc of egg
volume, (n=161, r2=0.05, F=8.09, p=0.005)
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the decreased likelihood of being polyandrous. However,
other species of shorebirds appear to have skewed sex ratios
at hatch (e.g., Andersson et al. 2003; Thuman et al. 2003;
Reneerkens et al. 2005), which suggests that whatever mech-
anisms operate are permissive for arctic nesting shorebirds in
general.

A more specific possibility is that since the sexes do not
differ measurably in size at hatch, most of the development of
sexual dimorphism occurs after the period of the female
parental care we measured, which stopped at egg laying. An
equal embryonic sex ratio may be adaptive despite the large
differences in adult size and variance in reproductive success
if a female’s allocation has little effect on those characteristics.
Finally, variance in male fitness may be greater than previ-
ously assumed, or females might face different costs when
influencing variance in fitnesses within each sex (see below).

Seasonal and intraclutch effects

Seasonal trends in sex ratio would be adaptive if one sex
benefited more from hatching earlier (or later) in the season
than the other. Such trends have been found in a variety of
avian taxa including raptors (Dijkstra et al. 1990), warblers

(Neto et al. 2010), and shorebirds (Szekely et al. 2004),
although only in American and European kestrels has an
adaptive significance been shown (Dijkstra et al. 1990;
Smallwood and Smallwood 1998). In both kestrel species,
the percentage of males hatched declined over the season.
Males that hatched early in the season were more likely to
breed the following year than males that hatched late, but this
seasonal effect was not seen in females. Thus, females breed-
ing early in the season gained an advantage by producing
moremales, and females breeding later in the season produced
more females, as sons they produced were less likely to breed
the following year.

We found no seasonal effects on sex ratio in any year or in
the combined data set. As red-necked phalaropes show low
natal philopatry, and there is no known way to accurately age
adults, there is currently no way of knowing if hatch date
affects yearling breeding likelihood or success. Apparent sea-
sonal effects might also be observed if female age or condition
affected both initiation date and sex ratio.We found no effect of
female size or condition on sex ratio, although this is compli-
cated by the laying of multiple nests by some females. In
conclusion, there do not appear to be strong seasonal patterns
in sex ratios of clutches laid by female red-necked phalaropes.

Table 3 Sex-specific metrics of
individual eggs from Cape
Espenberg and chicks fromNome
pooled across clutches. Egg vol-
ume is calculated from an equa-
tion involving length and width
(see “Materials and methods”)

Variable Females Males

Mean 95 % CL N Mean 95 % CL N

Eggs

Length (mm) 2.94 2.93 2.96 126 2.96 2.95 2.97 137

Width (mm) 2.06 2.05 2.07 126 2.07 2.06 2.08 137

Shape (length/width) 1.43 1.42 1.44 126 1.43 1.42 1.44 137

Volume (cc) 5.75 5.69 5.81 126 5.81 5.75 5.87 137

Mass (g) 6.33 6.24 6.42 111 6.35 6.28 6.43 125

Density (g/cc) 1.099 1.094 1.104 111 1.092 1.087 1.096 125

Chicks

Tarsus (mm) 18.7 18.5 19.0 113 18.9 18.7 19.1 127

Culmen (mm) 7.75 7.65 7.85 113 7.71 7.63 7.80 127

Mass (g) 4.29 4.16 4.41 112 4.29 4.19 4.39 127

Table 4 Mean and standard de-
viations of metrics and sex ratios
of red-necked phalarope eggs of
known laying order. Elongation =
length/width, volume calculated
from length and width (see “Ma-
terials andmethods”). None of the
measures varies significantly with
order (metrics: ANOVA, sex ra-
tio: logistic regression, all
p>0.25)

Metric Egg number (n)

1 (21) 2 (20) 3 (23) 4 (28)

Length (cm) 2.92+0.10 2.94+0.10 2.96+0.07 2.98+0.10

Width (cm) 2.05+0.06 2.08+0.06 2.08+0.05 2.07+0.05

Elongation 1.42+0.05 1.42+0.05 1.43+0.04 1.44+0.05

Volume (cc) 5.64+0.41 5.80+0.41 5.85+0.36 5.81+0.36

Density (g/cc) 1.097+0.022 1.100+0.015 1.094+0.023 1.099+0.025

Sex ratio (proportion male) 0.62 0.50 0.59 0.61
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In species with asynchronous hatching, adjusting sex with
laying order can affect the level of competition between
chicks, which may differ greatly in size (e.g., Genovart et al.
2003; Lezalova et al. 2005). Precocial phalarope chicks hatch
within 24 h of each other, likely making hatching asynchrony
and the size disparity between chicks that this can create less
important compared to species where chicks hatch over
the course of several days and are fed by their parents. We
found no relationship between laying sequence and an egg’s
sex, but our power to test this was limited.

Re-examining assumptions about fitness variance and sex
allocation

We interpreted the Trivers-Willard hypothesis as predicting
that females in better condition should overproduce the sex
with higher variance in fitness. Given that female phalaropes
with larger reproductive investment in egg production pro-
duce more males, might male phalaropes actually be the sex
with higher variation in fitness? Lifetime fitness has never
been quantified in this species, given the difficulty of follow-
ing survivorship and breeding success in long-lived individ-
uals who may move between breeding attempts within a
season and have low breeding site fidelity. Females have been
assumed to vary more in fitness, as only some individuals are
polyandrous (see “Introduction”). Nonetheless, males vary in
fitness in other ways. If a female lays a clutch for a second
mate, one or more of these eggs can be fertilized by sperm
from her first mate (Schamel et al. 2004b). Males may differ
systematically in the number of offspring that hatch or survive
until fledging. Differential incubation capacity, which could
relate to male body size or condition, would generate further
variation in male reproductive success (English 2014).
Genetic evidence supports the hypothesis that male and
female phalaropes have similar variances in reproductive
success. Corl and Ellegren (2012) assessed the relative
amount of sexual selection occurring in six species of shore-
birds through measurement of the variation in the genetic
diversity of uniparentally- versus biparentally-transmitted
genes. The patterns of diversity in red-necked phalaropesmost
closely resembled those found in monogamous species, and
differed from those found in more highly polygamous species.
Thus, fitness may be more variable in male red-necked phal-
aropes than previously considered and females may benefit
more from producing more competitive males.

Finally, even if intrasexual variance is lower in males than
in females, it is possible that selection on sex investment at the
egg stage acts more strongly through conditional male devel-
opment. If the sexes develop in such a way that variance in
male fitness is influenced more than variance in female fitness
by differential investment in eggs, selection could act on
investment in eggs. For example, variance in traits contribut-
ing to female fitness may be determinedmore by incubation or

post-care events that the female does not control. Thus, even if
female fitness varies more, variance in egg investment could
have more effect on male fitness.

Sex biases in egg characteristics

Male-producing eggs had lower density values than female-
producing eggs, at both the clutch and individual egg levels
(Tables 2 and 3), and clutch egg density decreased as egg size
increased. These patterns could be driven by sex effects on
egg shape and/or egg composition. Our simple index of egg
shape, based on length and width, was identical for male and
female eggs (Table 3), but shape could nonetheless differ in
more complex ways. Egg shape can vary with laying order
(e.g., Blanco et al. 2003; Rubolini et al. 2009); therefore, any
sex bias with laying order could produce differences in egg
shape between the sexes. Although we found no sex ratio
difference with respect to egg order, our power was limited.
Väisänen et al. (1972) reported that fourth eggs of 28 red-
necked phalarope clutches were longer than earlier eggs; we
fail to duplicate this result in our comparably-sized data set
(Table 4). To our knowledge, sex biases in laying order have
not been found in shorebirds, and shape differences with
laying order appear to be rare (Nol et al. 1997). Lislevand
et al. (2005) found that egg width, but not length, differed with
laying sequence, but found no difference in size between male
and female eggs in the northern lapwing. In contrast, Nol et al.
(1997) found no difference in egg width or length with laying
order in the semipalmated sandpiper. We suggest that a shape
bias beyond length and width is unlikely to account for the
density difference between male and female eggs.

An alternative explanation is that the differences in calcu-
lated egg density result from differences in the proportions of
yolk versus albumen in eggs containing males or females. The
density of egg components has only been well-studied in
domestic fowl, where yolk is less dense than albumen (Meuer
and Egbers 1990; Akashi et al. 1997). If this finding extends to
phalaropes, our results suggest that female-producing eggs
contain relatively more albumen and male-producing eggs
relatively more yolk. Whole egg density (excluding shell) can
be represented by the equation total density=% yolk×yolk
density+% albumen×albumen density. Using density esti-
mates from Akashi et al. (1997), of albumen=1.034 g/ml,
yolk=1.006 g/ml, a change in overall egg density of 0.001 g/
cc could represent an almost 10 % change in the proportion of
yolk. Directly applying these values based on chicken eggs to
our sex difference in density of 0.007 g/ml produces impossi-
bly large differences in percent yolk, but nonetheless illustrates
that small differences in egg density can translate into large
differences in the proportions of egg components, specifically a
substantially larger proportion of albumen in female eggs.
Albumen, which is used or absorbed prior to hatch, is thought
to contribute to the structural size of the chick. Conversely, a
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higher proportion of yolk would make chicks less vulnerable to
starvation, as yolk is an energy source not only for the embryo,
but also for precocial chicks. If the maternal costs and benefits
for providing the components of an egg differ with the sex of
the embryo, there may be different optimal amounts of each
component for each sex.

Why might female phalaropes benefit from more albumen,
and males from more yolk? Domestic chicken eggs with
albumen experimentally removed produced smaller and ligh-
ter chicks than control eggs (Hill 1993). Larger initial struc-
tural chick size might be more important to female chicks,
which achieve larger adult size, whereas male chicks may
prioritize higher survivorship. Sex-role reversal would favor
such allocation. Additionally, there may be sex differences in
the survivorship probabilities of chicks due to the composition
of the egg. In barn swallows (Hirundo rustica), males appear
to be more affected by the amount of albumen in an egg:
chicks of both sexes were smaller when hatched from eggs
with albumen removed; however, only male chicks suffered
from lowered immune response (Bonisoli-Alquati et al. 2008).
Our results are consistent with another study of sex-based
differential allocation of egg components in ring-billed gulls
(Larus delawarensis). Chin et al. (2012) found relatively more
albumen in eggs of the larger sex despite no difference in egg
size. Finally, there may be sex-related differences in the con-
stituents of each egg component, such as differences in the
concentration of steroid hormones (e.g., Gil 2008). More
research in this area would help to clarify this phenomenon,
for example, a non-destructive method of quantifying egg
composition would better allow us to determine how it varies
with egg size and how it affects chick morphology and
survival.

Egg density varies not only with sex ratio, but with egg
size, as these two variables are positively correlated. Studies
of variation in egg composition with egg size show inconsis-
tent patterns, and few are from shorebirds. Within precocial
species, larger eggs generally have disproportionately large
yolks (Williams 1994); however, there are many exceptions,
including the lapwing, the only shorebird for which this
information has been published (Galbraith 1988). More
studies have examined the effect of egg size on chick
size and survival (e.g., larger whimbrel chicks had
higher survival, Grant 2008), but these are not broken
down by sex.

Finally, one aspect of our data is inconsistent with
the hypothesis advanced above. If chick body size is
prioritized by females, we should have detected this in
our chick metrics, but we did not. If females are struc-
turally larger, but males carry larger yolk reserves, their
masses might be similar despite differences in body
composition related to growth strategy. Closer examina-
tion of chick morphology would help determine if di-
morphic differences are in fact present.

Conclusion

In summary, although we found that the population sex ratio
did not differ from parity, female phalaropes who laid larger
eggs bias production towards male offspring, and those laying
smaller eggs were female-biased. Eggs producing males were
less dense than eggs producing females, which may indicate a
difference in egg composition, with female eggs having rela-
tively more albumen and less yolk. Our results contradict our
predictions of population-wide male-biased embryonic sex
ratios and biased investment in individual female offspring,
as per Fisher’s and the Trivers-Willard hypotheses, under the
assumptions that females are more costly to produce and have
greater variation in fitness. Given our results, we must reex-
amine the assumption that females’ reproductive success is
more variable than that of males and consider the adaptive
benefits of male-producing eggs being larger and having
greater yolk reserves.
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