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Relationships between yolk androgens and nest
density, laying date, and laying order in Western
Burrowing Owls (Athene cunicularia hypugaea)

J.L. Welty, J.R. Belthoff, J. Egbert, and H. Schwabl

Abstract: Increases in yolk androgens within and among avian clutches have been correlated with decreased incubation
time, increased aggression within a nest, increased begging behaviour, decreased immune response, and decreased life span.
Although the mechanisms that lead to variability in yolk androgens within and between clutches are not completely known,
yolk androgens can be a function of both social and environmental conditions. We were interested in if and how nesting
density, laying date, and laying order influenced yolk androgens in Western Burrowing Owls (Athene cunicularia hypugaea
(Bonaparte, 1825)) in which nest density varies considerably. In 2006 and 2007, we used radioimmunoassay to quantify the
concentrations of testosterone, Sa-dihydrotestosterone, and androstenedione in the egg yolks from one early and one late-
laid egg in 47 nests of Burrowing Owls located in the Morley Nelson Snake River Birds of Prey National Conservation
Area in southern Idaho. Nesting density had no detectable effect on yolk androgens. Yolk androgens varied temporally and
peaked in the middle of the laying season while being low before and after this time period. Within nests, late-laid eggs had
higher testosterone and dihydrotestosterone than early-laid eggs; adrostendione exhibited a similar pattern in one but not
both years of our study. It is possible that the seasonal pattern in yolk androgens that we observed is related to aspects of
mate quality for females or declining chances of fledging success for later nesting females, whereas rises in egg androgens
between early and late eggs within clutches could reflect a mechanism to assist nestlings from late-laid eggs that hatch one
to several days after their siblings to better compete for resources within the nest or promote survival in the presence of
larger siblings.

Résumé : On a établi une corrélation entre I’augmentation des androgeénes du vitellus dans et entre les couvées d’oiseaux et
la réduction du temps d’incubation, 1’augmentation de I’agression dans le nid, I’augmentation du comportement de quéte, la
réduction de la réponse immunitaire et la réduction de la durée de vie. Bien que les mécanismes qui entrainent la variabilité
des androgenes du vitellus dans les couvées et entre les couvées ne soient pas entierement connus, les androgenes vitellins
peuvent étre fonction a la fois des conditions sociales et environnementales. Nous nous sommes intéressés a savoir si et
comment la densité des nids, la date de ponte et I'ordre des pontes influencent les androgenes vitellins chez la chevéche des
terriers de I’Ouest (Athene cunicularia hypugaea (Bonaparte, 1825)) dont la densité des nids est tres variable. En 2006 et
2007, des tests radioimmunologiques nous ont permis de doser les concentrations de testostérone, de 5a-dihydrotestostérone
et d’androsténédione dans le vitellus d’un ceuf pondu t6t et d’un ceuf pondu tard dans 47 nids de chevéches des terriers
dans I’aire de conservation nationale des oiseaux de proie Morley Nelson Snake River dans le sud de 1’Idaho. La densité de
la nidification n’a aucun effet décelable sur les androgenes vitellins. Les androgenes vitellins varient dans le temps et attei-
gnent un maximum au milieu de la période de ponte et sont réduits avant et apres cette période. Au sein des couvées, les
ceufs pondus tard possedent des concentrations plus élevées de testostérone et de dihydrotestostérone que les ceufs pondus
tot; I’androsténédione suit un patron semblable durant I’une des années, mais pas durant les deux de notre étude. Il est pos-
sible que le patron saisonnier des androgenes vitellins observé soit relié a des aspects de qualité du partenaire chez les fe-
melles ou alors a un déclin de la probabilité des oisillons nés plus tard a quitter le nid avec succes; par ailleurs,
I’augmentation des androgénes vitellins entre les ceufs hatifs et tardifs dans les portées pourrait représenter un mécanisme
pour aider les oisillons au nid des ceufs tardifs, qui éclosent un a plusieurs jours apres le reste de la fratrie, de mieux faire
compétition pour les ressources au sein du nid ou pour favoriser leur survie en présence de fréres et de sceurs de plus grande
taille.
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Introduction

Variation in avian yolk androgens occurs among eggs of a
single clutch, different clutches in the same area, different
species in a given area, and similar species at different lati-
tudes (Groothuis et al. 2005; Navara et al. 2006a; Martin
and Schwabl 2008). These androgens function as regulatory
signals during the differentiation of genotype into phenotype
and mediators of phenotypic responses to environmental
changes (reviewed by Groothuis and Schwabl 2008).
Although proximate mechanisms associated with yolk andro-
gen variation are only beginning to be understood, social and
environmental factors acting on a female at the time of laying
may influence levels in eggs (Whittingham and Schwabl
2002; Tanvez et al. 2008; Hargitai et al. 2009). Females may
even be capable of fine tuning androgen content in an egg at
the time of laying to maximize reproductive success given
the current environmental conditions that they face (Pilz et
al. 2004a). Factors that influence female and yolk androgens
are relevant because increased egg androgen levels have been
correlated with multiple trade-offs between costs and benefits
including an increase in the size of the hatching muscle (Li-
par and Ketterson 2000), accelerated hatching times and in-
creased nestling growth rates (Eising et al. 2001), higher
social rank likely resulting from increased aggression
(Schwabl 1993), decreased nestling immune response (Nav-
ara et al. 2005), and reduced survival (Sockman and Schwabl
2000).

One factor that may alter yolk androgens is a high concen-
tration of neighbouring conspecifics at the time of yolk pro-
duction (Schwabl 1997; Whittingham and Schwabl 2002;
Pilz and Smith 20040). Eggs of laying females exposed to
experimental territory intrusions can also contain higher yolk
androgen concentrations (Hargitai et al. 2009). A parsimoni-
ous hypothesis is that similar to males (see Goymann et al.
2007), female aggressive or territorial interactions are medi-
ated by an increase in circulating androgen levels, which is
then reflected in the yolk. However, researchers generally
find either no change or even a decrease in female circulating
androgen levels during and after the expression of aggressive
behaviour (Jawor et al. 2006; Navara et al. 2006b). Regard-
less of the mechanism, it is possible that higher yolk andro-
gen levels give nestlings a competitive advantage (e.g.,
increased aggression) in densely populated environments
(Pilz and Smith 2004b).

Yolk androgens may also vary seasonally. For example,
clutches of European Starlings (Sturnus vulgaris L., 1758)
laid earlier in the breeding season have greater concentration
of testosterone (Pilz et al. 2003), whereas later clutches in
Collared Flycatchers (Ficedula albicollis (Temminck, 1815))
have higher yolk testosterone (Michl et al. 2005). Moreover,
Poisbleau et al. (2011) reported that laying date affected the
pattern of androgen deposition into first and second eggs of
Southern Rockhopper Penguins (Eudyptes chrysocome chrys-
ocome (J.R. Forster, 1781)) in that late clutches had propor-
tionally higher androgen levels in the B egg compared with
the A egg than in early clutches. Thus, there may be species-
specific seasonal effects on egg androgens.

In addition to potential variability in yolk androgen levels
throughout the breeding season, yolk androgens often vary
within a single clutch. While within clutch variation in egg
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androgens is not fully understood, it is often associated with
hatching asynchrony (Miiller et al. 2004; Tschirren et al.
2004; Hahn 2011). Hatching asynchrony often results in
broods that show a hatching-order-dependent size hierarchy
(Clark and Wilson 1985). Younger nestlings may be at both
a size and competitive disadvantage against older, larger nest-
lings, such that they are less likely to survive to fledging
(Mock et al. 1990). An increase in yolk androgens with lay-
ing order may help compensate for this disadvantage
(Schwabl 1997; Tschirren et al. 2004; Hahn 2011). Increased
egg androgens can promote overall growth of an embryo (Fi-
sing et al. 2001; Schwabl et al. 2007) or growth of the hatch-
ing muscle (Lipar 2001), both of which result in an earlier
hatching date. Accelerated hatching allows for younger nest-
lings to be closer in size to their older siblings and, therefore,
to more effectively compete for resources (Schwabl 1993; Ei-
sing and Groothuis 2003). Higher androgens may also alter
nestling begging behaviour (e.g., Boncoraglio et al. 2006;
von Engelhardt et al. 2006).

Despite such benefits, there are also potential costs of in-
creased yolk androgens. Sockman and Schwabl (2000) dem-
onstrated that artificially increasing androgens in first-laid
eggs of American Kestrels (Falco sparverius L., 1758) de-
layed hatching, reduced overall body condition of nestlings,
and caused higher nestling mortality. Artificially increased
testosterone has also been linked to decreased immune re-
sponse (Navara et al. 2005) and increased metabolic rate
without increasing growth rate (Tobler et al. 2007). This re-
quires the nestling to consume more resources to grow at the
same rate as its siblings. Thus, natural selection may select
for an optimum yolk androgen level for each egg.

Our objective was to examine the potential effects of
(i) nesting density, (ii) laying date, and (iii) laying order on
yolk testosterone (T), 5a-dihydrotestosterone (DHT), and an-
drostenedione (A,4) to determine if and how variation in con-
centration of these androgens may be adaptive in Western
Burrowing Owls (Athene cunicularia hypugaea (Bonaparte,
1825)). Burrowing Owls are an appropriate species in which
to study these three factors because (i) nesting density varies,
(if) they are migrants in our study area and therefore poten-
tially return and begin nesting at different times of the breed-
ing season, (iii) large clutch sizes can result in a large amount
of time between the first and last egg, and (iv) partial asyn-
chronous hatching occurs.

Burrowing Owls typically nest in prairies, grasslands,
steppes, and other open areas (Haug et al. 1993), including
near irrigated agriculture in certain portions of their range
(Conway et al. 2006; Moulton et al. 2006; Restani et al.
2008). They are opportunistic predators that feed on rodents,
small birds, amphibians, reptiles, and a variety of inverte-
brates (Haug et al. 1993; Moulton et al. 2005). Burrowing
Owls are socially monogamous, and females typically lay 8—
12 eggs per clutch and incubate while their mates provision
them (Haug et al. 1993). The laying period for a given fe-
male burrowing owl can last at least 2 weeks (Haug et al.
1993; Wellicome 2005). On average, pairs produce 0.9-4.9
fledglings per nesting attempt (Haug et al. 1993; Griebel and
Savidge 2007).

Burrowing Owls nest in underground burrows that have
been excavated by other animals such as American badgers
(Taxidea taxus (Schreber, 1777)), prairie dogs (genus Cyn-
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omys Rafinesque, 1817), and other burrowing mammals,
although they also readily nest in artificial burrows placed
by researchers (Smith and Belthoff 2001; Barclay 2008).
These owls nest in both low-density (e.g., no nests within
several kilometres of a focal nest) to high-density configura-
tions (e.g., as many as 7 pairs nesting within a 400 m radius
around a focal nest; Desmond and Savidge 1996; Moulton et
al. 2005; Fisher et al. 2007), such that some investigators
have used the term “colonies” to describe the denser distribu-
tions. In addition, both male and female Burrowing Owls in-
teract aggressively with nearby conspecifics (Moulton et al.
2004; J.L. Welty, personal observation). Therefore, because
of the potential for increasing aggressive interactions among
females, increased nest density may increase yolk androgen
levels.

In northern portions of their range, Burrowing Owls are
generally present only during the breeding season (Haug et
al. 1993). Although many Burrowing Owls that breed in
Idaho appear to migrate, their migration routes and wintering
areas remain poorly known (King and Belthoff 2001). How-
ever, upon return from wintering grounds, egg laying in
Idaho generally begins in late March, peaks in April, and
may continue through early May (J.L. Welty, personal obser-
vation). We were interested in whether and how this variabil-
ity in laying date altered yolk androgens.

Finally, we examined the potential role of laying order in
altering yolk androgens, as higher androgens in late-laid
eggs frequently occurs in species with asynchronous hatching
(Schwabl 1993; Tanvez et al. 2008). Age disparities between
first- and last-hatched siblings (i.e., hatching spans) vary con-
siderably (ranging between 1 and 7 days, mode of 4 days) in
Burrowing Owls (Wellicome 2005), and this asynchronous
hatching is frequently evidenced by size discrepancy in nest-
lings after all eggs have hatched. Thus, late-laid nestlings of
Burrowing Owls may be at a competitive disadvantage,
which altered yolk androgens could help them overcome.

Materials and methods

Field study protocols were approved by the Boise State
University Institutional Care and Use Committee (Approval
No. 006-05-013). From 1997 to 2007, we studied Burrowing
Owls in and near the Morley Nelson Snake River Birds of
Prey National Conservation Area (NCA) located in south-
western Idaho, USA. The NCA encompasses 195325 ha,
~5% of which is irrigated agriculture. The agricultural areas
grow primarily alfalfa, sugar beets, and mint. The remainder
of the NCA is predominately shrub—steppe and grassland
upon which some cattle and sheep grazing occurs, primarily
during winter (USDI 1996). During the time of our study,
there were ~300 artificial burrows in the NCA available for
nesting and roosting by Burrowing Owls (Smith and Belthoff
2001; Belthoff and Smith 2003). Nesting pairs of Burrowing
Owls occupied 30-60 of these artificial burrows per year
(Belthoff and Smith 2003; J.R. Belthoff, unpublished data).

Beginning in late March of the 2006-2007 breeding sea-
sons, we monitored artificial burrows once a week for the
presence of adult Burrowing Owls. When we detected a
mated pair, we inspected the nesting chamber in an artificial
burrow to determine if the female had initiated egg laying
and to determine initial laying date. To obtain samples for
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hormone analysis, we followed Schwabl (1993) and extracted
~75 mg of egg yolk using a 25-gauge, 1/2-inch (1 inch =
2.54 cm) butterfly needle to puncture the eggshell and enter
the yolk. Yolk biopsies were repeated in the same manner for
each egg with respect to egg position and needle depth in an
attempt to sample from the same section of yolk in each egg.
We swabbed eggs with alcohol both before and after the nee-
dle puncture to reduce risk of infection and sealed the punc-
ture with either Loctite Super Glue Gel Control (Henkel
Consumer Adhesives, Inc., Avon, Ohio, USA) or silicone
(Window and Door Silicone II, Bioseal GE Sealants and Ad-
hesives, Huntersville, North Carolina, USA). We transferred
yolk samples into labeled centrifuge tubes stored on ice and,
upon returning from the field, kept them frozen them at
—20 °C until analysis.

Nest density

We used ArcGIS version 9.2 (Environmental Systems Re-
search Institute (ESRI), Inc., Redlands, California, USA) to
calculate 10 separate measures of nest distribution as indices
of nest density. These related to distance to nearest neigh-
bour, number of nests within a focal buffer, and two separate
measures of overlap of buffers surrounding nests (Figs. la—
Ic). Distance to nearest neighbour was the shortest straight-
line distance between a focal nest and its neighbours. For
number of nests and overlap, we first constructed buffers
with a radius of 200, 400, and 600 m around each nest.
Number of nests was the count of Burrowing Owl nests
within each focal buffer. Overlap of buffers surrounding nests
were calculated as (i) percent overlap, which was the percent-
age that a focal nest buffer was overlapped by any buffers
from surrounding owl nests (0% to 100%), and (ii) complete
overlap of a focal nest, which was the combined sum of each
overlapping neighbouring nest buffer (0% to >100%;
Figs. la—1c) at each buffer distance. Ultimately, however,
these 10 density indices were strongly correlated (Spearman
correlation: rg = 10.60-0.971, with all p < 0.0001). Therefore,
we selected percent overlap with a 200 m buffer as our final
index of nest density to be used in all subsequent analyses
because Moulton et al. (2004) found that Burrowing Owls
defend their territory in response to simulated territorial in-
trusion to distances of 100 m. Thus, 200 m represents a dis-
tance by which two nests can be separated and be predicted
to have high levels of interaction. Importantly, inferences
about the effects of nest density on yolk androgens were the
same irrespective of the density index that we used in analy-
ses.

Laying date

We sampled eggs from initial laying dates that spanned the
breeding season and scored date as the integer day (0 repre-
senting 1 January and 365 representing 31 December) on
which the female began to lay eggs. If laying had already be-
gun upon first inspection, we back-calculated the initial lay-
ing date by estimating that one egg was laid every 1.5 days,
as this has been the laying time frame within our study area
(J.R. Belthoff, unpublished data). We only included nests
where 1-4 eggs had been laid upon first inspection, which
reduced need for extended extrapolation of initial laying
date. For analysis, we adjusted laying date to the yearly me-
dian.
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Fig. 1. Calculation of nest density indices for nests of Western Burrowing Owls (Athene cunicularia hypugaea) in 2006 and 2007 in the
Morley Nelson Snake River Birds of Prey National Conservation Area (NCA), southwestern Idaho. (a) Note that for nest B, the closest
neighbour is C, but C’s closest neighbour is D. Number of neighbours counts the number of owls within a buffer around the nest. Percent
overlap determines the total buffered area of a nest that other buffers overlap. Complete overlap is the sum of each neighbouring nest’s over-
lap with the focal nest. The hatched areas indicate where more than one nest overlaps the same area, and this area is counted multiple times
accordingly. (b) Locations of actual nests of Western Burrowing Owls within a portion of NCA with 200 m radius buffers. (¢) A focal burrow

has a nest density index of 69.3%.

(a) Distance to Nearest Neighbour

Number of Neighbours

Territory Overlap Focal Nest B

Complete Overlap Focal Nest B

Laying order

We were unable to determine exact laying order for all
eggs within each nest of Burrowing Owls because to do so
could have resulted in nest abandonment from the resulting
disturbance. We also wanted to limit nest visits to decrease
the possibility that our visits resulted in physiological
changes in adult females that could alter yolk androgens
(Poisbleau et al. 2009). Instead, we visited and inspected
nests only with sufficient frequency (2-3 visits/nest) and at
appropriate intervals so that we could divide eggs within a
clutch into two categories that roughly corresponded to the
first and second halves of a clutch. We refer to these as early
and late eggs, respectively. We marked eggs on the shell with
a small amount of dark ink to distinguish them as early or
late. We obtained a yolk sample from one randomly selected
early and one randomly selected late egg to determine if and
how egg androgens differed within a clutch. We avoided
sampling nests that showed obvious signs that incubation
had begun (warm eggs or signs of colour change that come
with incubation); in so doing, we ensured that we were meas-
uring hormones that had initially accumulated in the yolks
and not hormone concentrations altered through embryo
growth (Gilbert et al. 2007).
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Covariates

We also considered the influence of three potential covari-
ates on yolk androgens: year, distance from agriculture, and
female body condition. The study occurred over a 2-year pe-
riod during which time environmental conditions could have
varied, so we assessed year effects. As Burrowing Owls often
associate with irrigated agriculture where the possibility of
persistent organic pollutants could influence yolk hormone
levels (Verboven et al. 2008; Poisbleau et al. 2009), we also
measured distance to agricultural fields. Distance to irrigated
agriculture was the straight-line distance between focal owl
nests and the nearest irrigated agricultural field as measured
by ArcGIS. We also calculated an index of female body con-
dition at the time of capture, as female health may influence
yolk hormones (Verboven et al. 2003). We indexed body
condition using measurements of mass (g), wing length
(mm), tail length (mm), and culmen length (mm) obtained at
the time of female capture (usually 1-3 weeks after incuba-
tion commenced). As we did not capture females during the
laying stage because of the potential for nest abandonment,
our analyses assume that relative differences among females
in body condition during the laying stage are maintained
into the incubation stage. From these measurements, we cal-
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culated female BCI (body condition index) using a principal
components (PC) analysis of the size variables and regressing
mass on scores along the first PC (index of size). The resid-
uals from this regression were the BCI scores (Jakob et al.
1996), where positive residuals indicated owls in better body
condition than expected based on size. We were unable to
capture and measure the adult female at five nests, so we
could not calculate BCI, which left a sample of 42 nests for
some analyses. Ultimately, BCI was standardized by year for
analysis.

Hormone assays

We performed radioimmunoassay using the modified
Schwabl (1993) yolk hormone protocol. Yolk biopsies were
homogenized in 300 pL of deionized water and
~2000 counts/min of tritiated A4, DHT, and T were added
to each sample to determine extraction efficiency. After equi-
librating overnight at 4 °C, free steroids were extracted twice
using 4 mL 30:70 (v/v) petroleum ether : diethyl ether. The
samples were redissolved in 1 mL 90% ethanol and incubated
at =20 °C overnight to precipitate neutral lipids. Samples
were centrifuged at 1500 rev/min (400g) for 5 min at 4 °C,
decanted into a new tube, and dried using compressed nitro-
gen in a 50 °C water bath. Samples were resuspended in
1 mL 10:90 (v/v) ethylacetate : isooctane (EA:IO). The solu-
tion was transferred to a glass column containing diatoma-
ceous earth, dH,O, and a 1:1 mixture of propylene
glycol : ethylene glycol for hormone extraction. We used
4.0 mL of 2:98 EA:IO to extract A;,. DHT was extracted
with 4.5 mL of 10:90 EA:IO. T was extracted using 4.5 mL
of 30:70 EA:IO. Steroid fractions were dried in a 45 °C
water bath and resuspended in 550 uL. PBS with 0.1% gelatin
(PBSg). Of this solution, 100 pLL was used to quantify extrac-
tion efficiency and 100 uL duplicates (A4 and T) or 200 uL
duplicates (DHT) were used in the assays. The antibodies
were T 3003 (Wien Laboratories) for T and DHT, and
A 1707 (Wien Laboratories) for A,. The labeled steroids
were NET-533 for T, NET-544 for DHT, and NET 469 for
A4. We performed assays separately by year following each
field season. Intra-assay variation for 2006/2007 samples
was 6.0%/7.3% for T, 10.6%/12.6% for DHT, and 9.2%/9.8%
for A4. Minimum detectable levels were 0.249 pg/mg for T,
0.246 pg/mg for DHT, and 0.561 pg/mg for A,.

Data analysis

We analyzed effects of nest density index, laying date, lay-
ing order (one early-laid egg versus one late-laid egg within a
clutch), year, distance to agriculture, female BCI, and the
lower order (i.e., two-way) interactions among these factors
on log-transformed yolk androgens of Burrowing Owls using
a mixed model approach in SAS version 9.2 (SAS Institute
Inc. Cary, North Carolina, USA). Laying date had a curvi-
linear relationship with T, DHT, and A4, so we fit an expo-
nential term to better approximate this relationship. Laying
order was modeled as a repeated measure in each case. We
evaluated Akaike’s information criterion corrected for small
sample size (AIC.) (Burnham and Anderson 2002) and ex-
amined p values on interaction terms to determine if main ef-
fects models or models including interactions were most
appropriate. For both T and DHT, main effects models had
either the lowest AIC, score (T) or AIC, scores that differed
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minimally from other models (DHT), and none of these mod-
els had interaction terms with significant p values; thus, we
present results from main effects only models for T and
DHT. For A4, AIC, was lowest for a model that included the
year X laying order interaction, and examination of p values
indicated this interaction term was significant. Therefore, for
this interaction, A4 means for early and late eggs were com-
pared separately by year using ¢ tests in the LSMEANS op-
tion on PROC MIXED. Means + SE are presented unless
otherwise indicated.

Results

We collected 48 yolk samples from 24 nests in 2006 and
46 samples from 23 nests in 2007. Yolk T, DHT, and A4
averaged 10.8 + 0.81 pg/mg yolk (range: 0.4-39.2 pg/mg),
8.4 + 0.56 pg/mg yolk (range: 0.6-27.0 pg/mg), and 15.2 +
1.24 pg/mg yolk (range: 0.7-62.4 pg/mg), respectively (n =
94 eggs from n = 47 nests in each case). T did not differ be-
tween years, but mean DHT was greater in 2006 (10.3 +
0.92 pg/mg yolk, n = 48) than in 2007 (6.3 + 0.42 pg/mg
yolk, n = 46) (Table 1).

Nest density

Many nests of Burrowing Owls had nearest neighbours
that were located within 250 m (median = 247 m, range:
84-3470 m, n = 47 nests). The index for nest density, i.e.,
overlap within a 200 m buffer, averaged 32.0% + 3.27%
(n = 46, range: 0.0%-95.9%). Despite substantial overlap val-
ues in many cases, we did not detect an effect of nest density
on T, DHT, or A4 concentrations in owl egg yolks (Table 1).

Laying date

The mean date on which owls laid their first egg was 15
April (integer day: 105 =+ 1 days; range: 28 March to
12 May, n = 47 nests). The pattern of variation in T, DHT,
and A4 across the laying season was similar. The concentra-
tion of each hormone was low early in the season, peaked in
mid-season, and declined as the end of the laying season ap-
proached. As such, all three androgens showed a significant
curvilinear relationship with laying date (Table 1, Fig. 2).

Laying order

Yolk T and DHT were both significantly greater in late
eggs (Table 1). T and DHT concentrations were 7.5 =+
1.01 pg/mg yolk (range: 0.4-39.2 pg/mg yolk) and 7.1 =+
0.70 pg/mg yolk (range: 0.6-25.2 pg/mg yolk) in early eggs
(n = 47) and 13.9 + 1.04 pg/mg yolk (range: 2.2-29.4 pg/mg
yolk) and 9.6 + 0.83 pg/mg yolk (range: 2.7-27.0 pg/mg
yolk) in late eggs (n = 47), respectively. The same significant
pattern of differences occurred between early and late eggs
for A4 but only in 2007, which gave rise to the significant
interaction between year and laying order (Table 1) for A4
(2007 Early: 7.9 + 1.92 pg/mg yolk, range = 0.7-37.4 pg/
mg yolk, n = 23; 2007 Late: 17.5 + 2.21 pg/mg yolk,
range = 3.7-46.0 pg/mg yolk, n = 23; t4;) = 5.88, P <
0.0001; 2006 Early: 18.3 + 2.34 pg/mg yolk, range = 3.0-
43.1 pg/mg yolk, n = 24; 2006 Late: 16.4 + 2.71 pg/mg
yolk, range = 1.4-62.4 pg/mg yolk, n = 24; 1 = 1.05,
P = 0.30). For T, DHT, and A,, there was an absolute in-
crease in egg yolk androgens from early to late eggs in 42,
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Table 1. Results of three mixed model analyses to assess main variables contributing to variation in log-
transformed levels of (a) testosterone (T), (b) Sa-dihydrotestosterone (DHT), and (¢) androstenedione
(A4) in egg yolks from eggs of Western Burrowing Owls (Athene cunicularia hypugaea) from the Mor-
ley Nelson Snake River Birds of Prey National Conservation Area (NCA), southwestern Idaho.

Estimate SE df t )4
(@) T.
Fixed effects
Intercept 2.51 0.22 36 11.23 <0.001
Distance to agriculture -0.00 0.00 36 1.14 0.26
Laying date 0.04 0.02 36 2.51 0.02
Laying date? -0.01 0.00 36 -3.41 <0.001
< Nest density index 0.32 0.33 36 0.96 0.34
g Female body condition index 0.09 0.12 36 0.77 0.45
E‘ Year 0.24 0.21 36 1.14 0.26
o Laying order (early relative to late) -0.95 0.14 42 -6.89 <0.001
8 Random effects
’8‘ Within-nest covariance 0.24 0.11
O Residual (overall error) 0.41 0.09
=) (b) DHT.
N Fixed effects
s Intercept 2.13 0.17 36 12.30 <0.001
s Distance to agriculture -0.00 0.00 36 -0.61 0.55
(ﬁ Laying date -0.00 0.01 36 -0.15 0.88
2 Laying date? -0.00 0.00 36 -2.52 0.02
c . Nest density index 0.18 0.09 36 —0.69 0.50
8%\ Female body condition index 0.00 0.01 36 0.62 0.54
g o Year 0.40 0.16 36 2.47 0.02
Eg Laying order (early relative to late) -0.41 0.10 42 —4.05 <0.001
5 Random effects
% § Within-nest covariance 0.16 0.07
o Residual (overall error) 0.22 0.05
oo
c5 (©) Ag.
LL Fixed effects
% Intercept 2.85 0.25 36 11.55 <0.001
= Distance to agriculture 0.00 0.00 36 0.11 0.92
S Laying date 0.02 0.02 36 1.41 0.16
= Laying date? -0.00 0.00 36 -2.71 0.01
% Nest density index 0.00 0.00 36 0.11 0.91
O Female body condition index —0.15 0.12 36 -1.22 0.23
g Year -0.31 0.27 36 -1.15 0.26
8 Laying order (early relative to late) -0.53 0.20 42 -2.72 0.01
_ Laying order X year 1.56 0.32 41 4.94 <0.001
8 Random effects
: Within-nest covariance 0.20 0.12
% Residual (overall error) 0.54 0.12
O

35, and 29 of 47 nests, respectively. In only 3 (6.4%) nests

were all three androgens higher in the early-laid egg.

Covariates

Distance to irrigated agriculture averaged 3.0 + 0.41 km

(median = 1.0 km, n = 47 nests, range: 0.1-12.9 km). Fe-
male body condition averaged 4.9 + 1.9 (n = 42 adult fe-
males, range: —34.3 to 41.0). Neither distance to agriculture
nor female body condition appeared to affect yolk androgens
in eggs of Burrowing Owl (Table 1).

Discussion

Ours is one of only a small number of studies of yolk an-

drogens in raptors and among the first reports in owls. We
documented the consistent presence of three androgens in
egg yolks of Burrowing Owls and evaluated three factors
that might drive variability in their concentrations: nest den-
sity, laying date, and laying order. Our findings suggest that
yolk androgens of Burrowing Owls do not correlate with
nesting density but can vary both within a nest and among
nests throughout the breeding season. Moreover, patterns of
differences in yolk androgens between early and late eggs
and through the breeding season remained substantially simi-
lar between years of study.

Despite relatively small nearest neighbour distances, sub-
stantial overlap of focal buffers around nests of Burrowing
Owls, and marked variability in T, DHT, and A, levels
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Fig. 2. Log-transformed levels of (a) testosterone (T), (b) Sa-
dihydrotestosterone (DHT), and (c) androstenedione (As) in egg
yolks of Western Burrowing Owls (Athene cunicularia hypugaea) in
nests from 2006 and 2007 and early and late eggs in relationship to
laying date in the Morley Nelson Snake River Birds of Prey Na-
tional Conservation Area (NCA), southwestern Idaho (n = 94 eggs
from 47 clutches).
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among nests, there was no evidence of a nest density effect
on yolk androgens of Burrowing Owls. One possible explan-
ation is that neighbouring females did not interact with suffi-
ciently high frequency or intensity to affect their hormonal
milieu preceding or during the egg-laying period. For in-
stance, nesting Burrowing Owls respond to simulated territo-
rial intrusion with more aggressive approaches when
intruders are within 50 m, but they respond more frequently
with vocal displays when conspecifics are >100 m away
(Moulton et al. 2004). Median distance to nearest nests was
~250 m, so neighbouring owls were sometimes more than
100 m away from one another. Thus, they may have re-
sponded simply with vocalizations rather than more aggres-
sive behaviours (Moulton et al. 2004), while the latter may
be needed to substantially alter yolk androgen levels. Alter-
natively, with documented extra-pair fertilizations in Burrow-
ing Owls (Johnson 1997), this potential for extra-pair matings
may select for behaviour on the part of males that protects
paternity. Males may therefore engage in forms of mate
guarding during the laying period, as occurs in other raptors
(Mougeot 2004). Such behaviour by males could limit forays
of females into other territories where aggressive interactions
with residents could subsequently alter circulating hormone
levels. Whatever the cause, our observational results indicate
that egg androgens do not vary predictably with nest density
in Burrowing Owls.

Additionally, neither distance of the nest to irrigated agri-
cultural fields nor adult female BCI affected yolk androgens.
Theoretically, there is potential for agricultural pesticides or
other human activities in agricultural areas to alter hormones
in adults and therefore affect their eggs (Verboven et al.
2008; Poisbleau et al. 2009). Despite such potential, we
found no previous studies in birds that documented effects
of agriculture or pesticides on egg androgens. However, the
potential effects of pesticides on owls could vary with type
of pesticide being used, relative persistence of the pesticides,
and frequency of application, among other factors. This infor-
mation is not available for owls nesting in the NCA because
detailed pesticide records are not available from agricultural
agencies. In addition to agriculture having no apparent effect,
the lack of an adult female BCI effect in Burrowing Owls is
similar to that reported by Pilz et al. (2003), who found no
relationship between body condition and yolk androgens in
European Starlings.

Burrowing Owls in the NCA initiated egg laying as early
as late March and as late as mid-May. T, DHT, and A4 in
eggs of Burrowing Owls were typically low early in the sea-
son, mean levels peaked near mid-season, and levels declined
toward the end of the nesting season. Verboven et al. (2003)
found that egg androgens increased from early to late eggs
within a clutch but documented no change with laying date
in Lesser Black-backed Gulls (Larus fuscus L., 1758). In
contrast, Pilz et al. (2003) observed higher egg yolk andro-
gens in European Starlings earlier in the season perhaps be-
cause young that fledge early have a higher success rate, and
females invested more by increasing yolk androgens in nest-
lings for which success is most likely. Michl et al. (2005)
found Collared Flycatchers increase yolk androgens in
clutches laid later in the season. They hypothesized that older
males, who are better foragers, nest earlier in the season, and
later nesting females must compensate for younger, inexper-
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ienced males by increasing yolk androgens in those eggs
which has been linked with increased nestling begging be-
haviour resulting in increased provisioning by the males
(Eising et al. 2001). Finally, Poisbleau et al. (2011) demon-
strated that laying order and laying date can interact to influ-
ence androgen levels. These studies suggest species-specific
patterns in androgens in relation to laying date. We speculate
that male Burrowing Owls that nest early in the year may be
of higher quality, as they are able to migrate earlier in the
season, and, as a result, females may produce eggs with
lower androgens because the likelihood of fledging success
is already high. Moreover, there is frequently a decline in the
number of fledglings of Burrowing Owls per nest as the nest-
ing season progresses (J.R. Belthoff, unpublished data). Con-
sequently, females may have laid eggs with lower yolk
androgens late in the season because of the decreased likeli-
hood of success and possible poorer male quality.

There was clear evidence for greater concentrations of an-
drogens in later laid eggs within individual clutches of Bur-
rowing Owls. Finding a pattern of increasing yolk androgens
with laying order has been common since Schwabl’s (1993)
first report on Atlantic Canaries (Serinus canaria (L.,
1758)). For example, Sockman and Schwabl (2000) found an
increase with laying order in American Kestrels. Additonally,
Schmaltz et al. (2008) reported increases of T within clutches
of Smooth-billed Anis (Crotophaga ani L., 1758), but they
found no effect of density on T, which is similar to our ob-
servations in Burrowing Owls. In one of the only other pub-
lished studies on yolk androgens in owls, Hahn (2011) found
that only the first egg had lower androgen concentrations
than the rest of the clutch in a captive population of Eastern
Screech-Owls (Megascops asio (L., 1758)). How these results
compare with free-living Screech-Owls is unknown, but it is
similar to the Burrowing Owls that we studied in that a pat-
tern of increasing androgen concentration between early and
later eggs occurs. One factor, asynchronous hatching, appears
to be a common element in many of the species for which
late-laid eggs have higher yolk androgens (e.g., Schwabl
1993; Schmaltz et al. 2008; Tanvez et al. 2008). This is true
for Burrowing Owls as well.

Even though it may appear to occur in a relatively safe en-
vironment, one of the most competitive periods in a bird’s
life may be the nestling period (Ros 2008). Increasing andro-
gens may decrease incubation time in late-laid eggs (Eising et
al. 2001; Schwabl et al. 2007) and increase competitiveness
and food begging among the nestlings that hatch from them
(Schwabl 1993; Eising and Groothuis 2003). This increase in
aggression and begging can in turn allow younger nestlings
who receive higher androgen levels to more effectively com-
pete for the resources available within a nest (Schwabl 1993;
Ros 2008; Miiller and Eens 2009) and, in times of limited
resources, the competition can be fierce. For example, if en-
vironmental conditions decrease prey populations, this in turn
can impact predators, as there may not be sufficient resources
to support all nests or all nestlings within a nest. Smith and
Johnson (1985), in a 7-year study of Townsend ground squir-
rel (Spermophilus townsendi Bachman, 1839) in southern
Idaho, found that in one drought year grass cover decreased
from 14.9% to >1%, and this resulted in a 50% decline in
the population of ground squirrels. Declines in prey density
can have a direct negative effect on raptor density, breeding

189

success, and fledgling survival (Rutz and Bijlsma 2006;
Wiens et al. 2006; Sergio et al. 2008). Although Burrowing
Owls feed mainly on rodents other than ground squirrels
(Moulton et al. 2005, 2006), when rodent populations decline
like this, younger nestlings of Burrowing Owls may gain
some advantage from the physiological results of greater
yolk androgens. On the other hand, later-hatched nestlings
may act as a final food source for their older, stronger sib-
lings. Rather than being compensatory, increased yolk andro-
gens in later-laid eggs could facilitate brood reduction in poor
food environments by potentially initiating a developmental
program in these chicks that cannot be energetically sup-
ported. Under these circumstances, smaller nestlings may
simply starve and be consumed by nest mates after their
death, as we have observed portions of their remains in nest
burrows with obvious signs that they have been fed upon by
conspecifics. In contrast, when food is plentiful, higher an-
drogen levels in later eggs may help these nestlings compete
with older siblings for food within the nest and allow these
nestlings to become competitive as adults.

In addition to the factors related to yolk hormone variabil-
ity which our study addressed, it is likely that others contrib-
ute. For example, Gil et al. (2004, 2006) found greater
amounts of yolk T in eggs of Zebra Finches (Taeniopygia
guttata (Vieillot, 1817)) when the female was exposed to pre-
ferred male songs and in eggs of Barn Swallows (Hirundo
rustica L., 1758) when mates had experimentally elongated
tails. However, Navara et al. (2006¢) found female House
Finches (Carpodacus mexicanus (Statius Muller, 1776)) in-
creased egg yolk androgen concentrations in eggs sired by
less attractive males. Kingma et al. (2008) determined that
experimentally altering a male’s appearance to a more domi-
nant state increased T in the subsequently laid eggs of their
mates. It is likely that factors related to male quality also op-
erate in Burrowing Owls, although this remains to be exam-
ined.

In summary, despite the potential for increased aggressive
interactions among females nesting in areas of higher owl
density, there was no apparent effect of nest density on yolk
androgens in Burrowing Owls. Instead, variability in yolk an-
drogens appeared to be a product of both the within-nest en-
vironment (laying order) and the external environment
(laying date) in which the eggs were laid. Determining how
variance in egg androgens differentially affects nestling de-
velopment, behaviour, survival, and fitness in Burrowing
Owls are important next steps.
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