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Synopsis Research in captive birds and mammals has demonstrated that circadian (i.e., daily) behavioral rhythms are
altered in response to increases in sex-steroid hormones. Recently, we and others have demonstrated a high degree of
individual repeatability in peak (gonadotropin-releasing hormone [GnRH]-induced sex) steroid levels, and we have
found that these GnRH-induced levels are highly correlated with their daily (night-time) endogenous peak. Whether
or not individual variation in organization and activity of the reproductive endocrine axis is related to daily timing in
wild animals is not well known. To begin to explore these possible links, we tested the hypothesis that maximal levels of
the sex steroid hormone estradiol (E,) and onset of daily activity are related in a female songbird, the dark-eyed junco
(Junco hyemalis). We found that females with higher levels of GnRH-induced E, departed from their nest in the morning
significantly earlier than females with lower stimulated levels. We did not observe a relationship between testosterone
and this measure of onset of activity. Our findings suggest an interaction between an individual’s reproductive endocrine
axis and the circadian system and variation observed in an individuals’ daily activity onset. We suggest future studies
examine the relationship between maximal sex-steroid hormones and timing of daily activity onset.

Background

success (Hau et al. 2017). While nearly all animals
Biological rhythms are highly conserved across taxa  express daily rhythms in behavior, a large degree of

(Dunlap et al. 2004) and daily timing of behaviors in
the laboratory have been shown to correlate with
internally driven circadian (i.e., daily) rhythms
(Aschoff and Wever 1966; Duffy et al. 2001). In
free-living populations, the timing of daily activity
is likely important for survival = strategies
(Pittendrigh 1954). For example, being active at a
time when predators are hunting may attract
unwanted  attention and  reduce  survival
(DeCoursey et al. 2000). Similarly, daily timing and
seasonal expression of reproductive behavior and
morphology likely have a strong influence on mating
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variation within species and populations are ob-
served (Aschoff and Wever 1966; Duffy et al. 2001;
Horne and Ostberg 1977). The mechanisms that give
rise to this variation in timing of daily activities are
not yet fully understood.

The influence of sex-steroid hormones on circa-
dian rhythms in captivity are well studied (e.g.,
Gwinner 1974; 1975; Daan et al. 1975; Morin et al.
1977; Ellis and Turek 1979; Takahashi and Menaker
1980; Guyomarc’h and Guyomarc’h 1994). For ex-
ample, in captive female hamsters, estradiol (E,)
implants lead to earlier awakening times when
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compared to females with empty implants (Morin
et al. 1977; Takahashi and Menaker 1980). In male
birds, experimentally induced and naturally increas-
ing (i.e., seasonal) levels of testosterone (T) have
been found to lengthen the active period of captive
individuals during the breeding season (Gwinner
1974, 1975). Awakening time and levels of E, are
correlated in women; females with higher levels of
E, have an earlier awakening time than females with
lower levels of E, (Bracci et al. 2014). Additional
work has shown that in mammals, including mice
and humans, the suprachiasmatic nucleus (SCN) of
the hypothalamus, which is the master circadian
clock controlling endogenous rhythms, contains an-
drogen receptors (AR) and estrogen receptors (ER),
therefore suggesting hormonal regulation of rhythms
of daily activity (Kruijver and Swaab 2002; Vida
et al. 2008; Model et al. 2015). Gonadectomy has
been found to reduce AR expression on the SCN
and result in changes to locomotor activity
(Karatsoreos et al. 2007; Iwahana et al. 2008;
Model et al. 2015). It is not yet fully established if,
similar to mammals, birds possess AR and ERs in the
core circadian machinery (e.g., SCN or pineal gland).
However, it is likely that they do possess these recep-
tors in some or all components of the circadian sys-
tem since evidence in both birds and mammals
(above) suggest that manipulation of sex steroid hor-
mones influence circadian rhythms and daily pat-
terns of behavior.

Interestingly, during the early breeding season just
prior to egg laying female birds generally emerge
from nest cavities before the sun rises (Schlicht
et al. 2014), which is approximately the same time
of year when baseline E, levels peak, as more yolky
follicles are developed (Williams et al. 2004). Female
mice have significantly higher expression of ERf in
SCN neurons compared to males (Vida et al. 2008),
therefore suggesting that E, may influence their tim-
ing of daily behaviors. Yet, there is a lack of infor-
mation about the relationships between individual
variation in E, and behavioral timing of rhythms
in non-human, free-living female vertebrates.

Circulating levels of baseline sex-steroid hormones
are typically measured from samples collected during
the daytime or after individuals had been in captivity
for several hours. Previous research attempting to
relate baseline levels of plasma T and E, to repro-
ductive timing (Chastel et al. 2003; Williams et al.
2004), behavior (Damassa et al. 1977, Wells 1984;
Eikenaar et al. 2011; Burtka et al. 2016), and other
phenotypic traits (Mcglothlin et al. 2008; Huyghe
et al. 2009) often do not observe consistent relation-
ships between the sex-steroid hormone levels and the
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traits of interest. Within males, evidence suggests
that reproductive traits are better correlated with
variation in response to an injection of
gonadotropin-releasing hormone (GnRH), which
induces a short term increase in circulating T to
maximal levels (Jawor et al. 2006, 2007), rather
than variation in baseline levels (McGlothlin et al.
2007). Recently it was found that in a captive song-
bird, the house sparrow (Passer domesticus), night-
time levels of T in both males and females are
significantly higher than daytime levels (Laucht
et al. 2011; Needham et al. 2017), suggesting hor-
mone levels obtained during the daytime may not be
fully reflective of an individual’s maximal secretion
capacity. While capturing wild individuals at night
may not always be feasible, recent evidence sug-
gests that GnRH-induced T levels are reflective of
nighttime T levels in captive house sparrows
(Needham et al. 2017). Thus, for those situations
where nighttime sampling in the wild is not feasi-
ble, GnRH challenges may provide an alternative
method to assess an individual’s maximal levels of
T and E,, which can then be utilized in investiga-
tions attempting to relate the influence of sex ste-
roids with traits of interest. Here, we investigate
relationships between GnRH-induced sex steroid
levels and our trait of interest, onset of daily ac-
tivity in a wild songbird. While previous studies
have observed relationships between activity
rhythms and (often) manipulated sex steroid hor-
mone levels (see above), our knowledge of how an
individual’s natural, maximal levels of hormones
like T and E, are related to daily activity rhythms
in the wild is lacking. Understanding the mecha-
nisms that influence daily timing behaviors in the
wild may be important for understanding differ-
ences in fitness related traits (DeCoursey et al.
2000; Graham et al. 2017a).

Here we tested the hypothesis that individual var-
iation in maximum E, levels is related to female ac-
tivity onset during the breeding season. Specifically,
we predicted that, similar to observations in humans,
females departing from the nest earlier in the morn-
ing would have higher max E, levels compared to
females that depart from the nest later in the morn-
ing. Based on evidence that supplementary T in
males advances activity onset (Gwinner 1974, 1975)
and the finding that of T and E, were correlated in
pooled samples of plasma from dark-eyed juncos
(Junco hyemalis), (Rosvall et al. 2013), we addition-
ally measured GnRH-induced plasma T. This
allowed us to address whether T or E, is more
closely related to onset of activity in free-living
females.

6102 Joqueoaq z0 UO Jasn AlSISAIUN S)IS BI0Ned UHON AG 11922SS/650 L/P/6GA0BISE-0[ILE/GOl/W00 dNO dlWapese)/:sdjy Wolj papeEojumMoq


Deleted Text: ,
Deleted Text: estradiol (
Deleted Text: )
Deleted Text: ,
Deleted Text: , <xref ref-type=
Deleted Text: ,
Deleted Text: <xref ref-type=
Deleted Text: ,
Deleted Text: <xref ref-type=
Deleted Text: ,
Deleted Text: <xref ref-type=
Deleted Text: <xref ref-type=
Deleted Text: ,
Deleted Text: ,
Deleted Text: are 

Daily activity in a female songbird

Methods
Ethics

All methods used in the study were approved by the
North Dakota State University Institutional Animal
Care and Use Committee (IACUC Protocol
#A13063).

Pre-breeding trapping and blood collection

We monitored and studied a population of song-
birds, dark-eyed juncos (J. h. aikeni), near Lead,
SD, USA (44014'38"N, 103051'55"W). Females
were passively trapped prior to the onset of egg lay-
ing using seed-baited potter traps from April 17,
2016 to May 9, 2016, a time when the reproductive
system should be primed for breeding and respon-
sive to GnRH. Immediately upon capture, females
were weighed and given an intramuscular injection
of 2mg/kg of body weight dose of chicken GnRH-I
dissolved in phosphate buffered saline (concentration
of 25ng/pul; Bachem Americas Inc., product #H-
3106.0005, Vista, CA, USA) (Jawor et al. 2007;
Needham et al. 2017). Females were held in opaque
cloth bags until 30 min post-injection when a single
blood sample was collected. Due to the large amount
of plasma required by our assay to measure E, and
regulation limits on volume of blood that can be
collected, only post-GnRH samples were collected.
A pilot study conducted in this species found that
females had elevated levels of E, 30min after a
GnRH challenge compared to control females
(Needham et al. 2019). Blood samples were stored
on ice until centrifugation. Plasma samples were
stored at —20°C until assayed for plasma E,.
Testosterone was not assayed in these samples be-
cause plasma was used to measure levels of very-
low-density lipoprotein (Needham et al. 2019). All
samples were collected prior to the first egg of the
season being laid.

Determining onset of activity

Exhaustive nest searching was conducted during the
breeding season (May 10-June 30, 2016). Dark-eyed
juncos nest on the ground, making nests easy to find
and monitor (Nolan et al. 2002). To determine onset
of activity for individual females, Thermochron
iButtons (Model DS1921G-F# with iButton
Connectivity Kit Model SK-IB-R) were placed in
the nests of incubating females to record nest tem-
perature to the nearest 0.5°C every 3min for four
consecutive mornings (Graham et al. 2017a). Briefly,
nest temperature from 03:00 to 08:00 was plotted
and the first major dip in temperature was used to
indicate the timing of the first off bout of the
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morning. All first daily departure times were calcu-
lated with respect to sunrise using the United State
Naval Observatory data base (http://www.usno.navy.
mil/USNO). We have previously shown onset of ac-
tivity to be a highly repeatable behavior within this
population. A subset of females in the current study
was part of this previous study (n=24 of 30)
(Graham et al. 2017a).

Incubation trapping and blood collection

To attempt to assess sex steroid hormone levels at
the time of behavioral activity data, females were
captured from the nest using either a butterfly net
or strategically placed mist nets later in the morning
following the last recording period for iButton cal-
culation of daily activity onset (Graham et al.
2017b). GnRH injections followed the same protocol
used with pre-breeding females. A total of 30 females
had complete activity data and a blood sample col-
lected during incubation for measurement of hor-
mones. Of the 30 females, 13 females also had
pre-breeding GnRH-induced E, samples. Our goal
with this protocol design was to test whether indi-
vidual variation in maximum E, levels is related to
female activity onset at a physiologically relevant
time when females are preparing for reproduction
(pre-breeding) and a temporally similar time to the
behavior measured (incubation). However, due to
the low number of detectable samples during incu-
bation, we did not have sufficient sample size to
calculate repeatability of E, between the two time
points (n=3 females with detectable E2 levels both
pre- and post-egg laying). Blood samples were stored
on ice until centrifugation to collect plasma. Plasma
samples from incubation were assayed for plasma E,
and T.

Hormone assays

Plasma E, levels were measured following the man-
ufacturer’s guidelines using a commercially available
enzyme immunoassay kit (Enzo Life Sciences, Cat #
ADI-900-174) that has previously been used in song-
birds, including the dark-eyed junco (Gall et al
2013; Wilcoxen et al. 2015; Needham et al. 2019).
Briefly, hormones were extracted (3x) from 100 uL
of plasma using diethyl ether, dried in nitrogen gas
at 25°C, and reconstituted in assay buffer overnight
(1:4.3 dilution). When 100 uL of plasma was not
available, the concentration was adjusted (n=1).
Reconstituted samples were plated in duplicate
(100 puL per well) and concentrations were calculated
using a four-parameter logistic curve-fitting program
(Microplate Manager; Bio-Rad Laboratories, Inc.).
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The sensitivity of the assay is 14.0 pg/mL and this
value was conservatively assigned to any individuals
measuring below the detection limit (n=4 of 13
pre-breeding, n=22 of 30 incubating). Pre-
breeding females were run as part of a larger set of
samples (n=13 of 94) across three plates. Inter-plate
variation was 5.4% and intra-plate variation ranged
from 3.0% to 8.8% (plates 1:4.2%, 2:3.0%, 3:8.8%)
(Needham et al. 2019). All incubating female samples
fit on a single plate and intra-plate variation was
calculated at 3.71%.

Plasma T from the samples collected during incu-
bation was also measured following the manufac-
turer’s guidelines of a commercially available
enzyme immunoassay kit on a single plate (Enzo
Life Sciences, ADI-900-065). Hormones were
extracted (2x) from 30 uL of plasma using diethyl
ether, dried under nitrogen gas at 25°C, and recon-
stituted with assay buffer overnight (1:10 dilution).
Concentration was adjusted for samples that did not
have 30 uL of plasma available after running the E,
assay (n=7 of 30). Reconstituted samples were
plated in duplicate (100 uL per well) and concentra-
tions determined using a five-parameter logistic
curve-fitting program (Microplate Manager, Bio-
Rad Laboratories, Inc.). Samples that were below de-
tection limit (n=3) were set at sensitivity of the
assay (5.67 pg/mL). Intra-plate variation was calcu-
lated at 4.12%.

Statistical analyses

All statistical analyses were conducted in R version
3.2.2 (R Core Team 2015) using package Ime4 (Bates
et al. 2015). Hormone concentrations were non-
normally distributed, thus these values were natural
log transformed for all models which improved nor-
mality. We first tested for a correlation between T
and E, from our samples collected during incuba-
tion; this relationship was previously reported from
pooled plasma samples from multiple GnRH injected
female juncos (Rosvall et al. 2013). A correlation
between these values would allow future researchers
to measure T as a proxy for E,, which requires less
than one third the amount of plasma to assay using
commercially available enzyme immuno-assays. To
confirm whether there was collinearity between E,
and T, we ran a linear model to determine if E,
and T were correlated in incubating females with
detectable levels of both T and E, (n=38).
However, the lack of a relationship allowed us to
include E, and T values as independent variables in
a single model (see “Results” section).

J. L. Graham et al.

To test for relationships between pre-laying
GnRH-induced E, levels and onset of activity during
incubation, we used a linear mixed-effects model
with onset of activity recorded over 4days as the
dependent variable and pre-breeding E, levels during
incubation as the independent variable. A second
linear mixed-effects model was run comparing onset
of activity with T and E, values in all 30 incubating
females. This model additionally included the day of
the year that final behavioral samples were measured
(May 1=1). Sampling occurred over a 44day pe-
riod, thus we wanted to account for any potential
changes in timing of behavior with respect to sunrise
across the reproductive season (Graham et al
2017a). In both models, female ID was included as
a random effect to control for repeated measures in
nest departure time. Effect sizes (r) for the mixed-
effects model were calculated using the formula pro-
vided by Nakagawa and Cuthill (2007).

Results

Individuals with higher levels of GnRH-induced E,
during both pre-breeding (F; ;; = 5.27, P=0.04, r =
—0.27, Fig. 1) and incubation (F; 56 = 6.26, P=10.02,
r = —0.18, Fig. 2) displayed earlier nest departure
times during incubation. GnRH-induced T was not
related to onset of daily activity (Fj,s = 0.65,
P=0.43, r=0.06, Fig. 3). We additionally observed
a trend for females sampled later in the season rising
earlier relative to sunrise compared with females
sampled earlier in the season (Fj,s = 3.66,
P=0.07, r = —0.14). There was not a significant
correlation between GnRH-induced T and E, in in-
cubating  females (F; 4 = 0.35, P=0.57,
Supplementary Fig. S1). A summary of E, and T
data from both time-points is reported in Table 1.

Discussion

We found that individual variation in pre-breeding
levels of GnRH-induced E, is related to daily behav-
ior activity patterns in free-living female songbirds.
Stimulated-E, samples collected immediately follow-
ing iButton behavioral data during incubation were
undetectable in the majority of samples. In incubat-
ing females, maximal levels of T were not correlated
with onset of activity. There was a trend for incu-
bating females recorded later in the season to awaken
earlier relative to sunrise compared with females
recorded earlier in the season. We additionally did
not find a relationship between GnRH-induced
plasma T and E,.

We observed that higher GnRH-induced E, levels
in female dark-eyed juncos, particularly in samples
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Fig. 1 Pre-breeding levels of GnRH-induced E, were negatively
with onset of daily activity during incubation (r = —0.27,

P =0.04); females with higher post-GnRH E, during the pre-
breeding period. (Note for visualization purposes the average of
daily activity onset time relative to sunrise is plotted. The sta-
tistical linear mixed effects model included each day as a separate
data point controlling for individual.)
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Fig. 2 GnRH-induced levels of E, are correlated with onset of
activity in incubating female dark-eyed juncos (r = —0.18,
P=0.02). (Note for visualization purposes the average of daily
activity onset time relative to sunrise is plotted. The statistical
linear mixed effects model included each day as a separate data
point controlling for individual.)

collected prior to laying, were correlated with earlier
onset of daily activity (i.e., first nest departure).
Samples from pre-breeding females offered a time
when individuals were preparing for reproduction
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Fig. 3. While most females had detectable levels of GnRH-in-
duced T, there was no relationship with onset of activity
(r=0.06, P=0.43). (Note for visualization purposes the average
of daily activity onset time relative to sunrise is plotted. The
statistical linear mixed effects model included each day as a
separate data point controlling for individual.)

and had an active and sensitive hypothalamic—pitu-
itary—gonadal (HPG) axis. One drawback to sam-
pling at this pre-breeding time point is that it is
not possible to directly temporally relate hormone
response and behavior since hormone sampling was
temporally distinct from behavioral sampling that
was obtained during incubation. Thus, we also col-
lected hormone samples from incubating female
dark-eyed juncos to compare hormone levels to be-
havioral observations taken at the same time-period.
While E, levels were, in general, lower during the
incubation period and many samples were below
the detection limit of the assay, we observed the
same pattern as with the females sampled just prior
to breeding; females with higher levels of E, follow-
ing GnRH-injection initiated daily activity earlier
than females with lower stimulated E, levels. Thus,
we cautiously suggest a functional link between an
individual’s reproductive endocrine axis and patterns
of daily activity, though the direction of this link is
as of yet unknown. Experimental captive studies in
mammals and birds indicate that manipulation of
sex-steroid hormones alters aspects of the circadian
system or daily timing of behavioral rhythms
(Gwinner 1974, 1975; Daan et al. 1975; Morin
et al. 1977; Takahashi and Menaker 1980; Albers
1981). The current data collected from free living
birds are also in agreement with an observational
study in humans that found a correlation between
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Table 1 Summary of GnRH-induced E, and T data for 30
females with behavioral recordings of activity onset during
incubation

Time — Hormone n Mean(pg/mL) Range (pg/mL)
Pre-breeding E, 13 40.20 = 837 14.0-112.11
Incubation E, 30 27.03 = 4.78 14.0-118.69
Incubation T 30 479.83 = 6147 5.67-1503.11

Undetectable levels are reported as the lowest detection limit of the
assay (E, = 14pg/mL, T = 5.67 pg/mL). Mean values reported *=
SEM.

early awakening and higher levels of E, in women
(Bracci et al. 2014).

While we observed relationships between post-
GnRH E, and onset of daily activity during both
pre-breeding and incubation, we found many indi-
viduals with undetectable hormone levels from sam-
ples obtained during incubation. Indeed, while we
were able to detect circulating concentrations of E,
in nearly 70% of samples in the period leading up to
laying, we were only capable of detecting E, in
roughly one quarter of our samples obtained from
incubating females. Regulatory mechanisms during
incubation may dampen the responsiveness of the
pituitary and/or ovary to GnRH stimulation. In
mammals and birds, baseline E, levels fluctuate dras-
tically throughout the breeding cycle (Elias et al.
1984; Williams et al. 2004) and baseline levels have
been observed to quickly drop back to non-breeding
levels following laying in another songbird, the
European starling (Sturnus vulgaris) (Williams et al.
2004). GnRH-induced levels of T in females are also
significantly reduced during incubation compared to
pre-breeding (George and Rosvall 2018), suggesting a
significant decline in sensitivity of the pituitary and/
or ovary to upstream (i.e., GnRH) stimulation after
laying has ended. Elevated levels of prolactin may act
as one mechanism that may be responsible for the
significant decline in sensitivity of the axis during
incubation; high levels of prolactin may suppress
the response of the gonads to a surge in LH
(Bailey 1950; Zadworny et al. 1989; Sharp and
Blache 2003), which could result in lower E, levels
that our assay was unable to detect. This would re-
sult in the increase in the number of undetectable
hormone samples from incubating females versus
pre-breeding females.

Our finding that GnRH-induced E, levels mea-
sured during pre-breeding are correlated with onset
of activity during incubation suggests that between-
individual relationships linking E, and activity onset
persist across different reproductive phases; those
individuals with the highest maximal levels of E,

J. L. Graham et al.

during the pre-breeding stage are likely always awak-
ening earliest. We do note that our field study was
only able to find nests of 13 individuals that were
sampled prior to breeding, thus our statistical power
may be low with increased leverage held by single
points. Female awakening and nest departure time
has been found to be repeatable across the winter
months (Stuber et al. 2015). Similar relationships
between E, and onset of activity at two time-points
also suggest onset of activity is repeatable within
individuals across the breeding season, but further
work with a larger sample size is needed to address
this relationship. Furthermore, steroid hormones
which classically act via intracellular receptors that
alter transcription (e.g., E,) often influence biological
responses over prolonged time-periods (Nelson and
Kriegsfeld 2016). Thus, although the pre-breeding
hormone samples were temporally distinct from the
activity data collection, when considering that both
pre-breeding and incubation relationships with nest
departure time showed similar patterns in the pre-
dicted direction suggest a biologically relevant
relationship.

The lack of a correlation between T and E, from
samples obtained during the incubation phase was
unexpected. Previously, a positive correlation between
pooled E, and T samples after a GnRH-challenge was
reported in photo-stimulated, captive female dark-
eyed juncos (Rosvall et al. 2013). Sampling during
incubation may be a contributing factor to the lack
of a correlation between T and E, in our study. Our
sample size was greatly reduced due to few detectable
E2 samples during incubation compared with pre-
breeding, reducing the likelihood of detecting a cor-
relation. Unfortunately, we were unable to assay T
during the pre-breeding period due to limitations
on plasma volume. Future work is needed to under-
stand the relationships between these two steroid hor-
mones throughout the breeding season.

We did not detect a relationship between GnRH-
induced T and activity onset during incubation. One
explanation for the lack of a relationship is the lack
of a correlation between T and E, during incubation.
Alternatively, there may be sex-specific differences in
AR and ER abundance on the SCN. Previous work
in mammals has found that males have higher ex-
pression of AR (Iwahana et al. 2008) but females
have higher expression of ER in the SCN (Vida
et al. 2008). Finally, behavioral timing in females
may be less sensitive to T and more responsive to
E, as captive studies reporting an effect of sex-
steroid implants on female circadian behavior have
also solely used E, and not T (Morin et al. 1977;
Takahashi and Menaker 1980).
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Daily activity in a female songbird

While timing of nest initiation was not the focus
in this study, recent evidence points to a relationship
between daily rhythms and reproductive timing in
the wild where those who awaken earliest also breed
at earlier dates (Graham et al. 2017a). In wild great
tits (Parus major), implants that provide prolonged
nighttime-like levels of melatonin and weaken circa-
dian rhythms in captive birds (Turek et al. 1976;
Beldhuis et al. 1988) delayed activity onset in free-
living males (Greives et al. 2015), but also led to
delayed onset of clutch initiation in free-living
females (Greives et al. 2012), further suggesting a
relationship between daily rhythms and seasonal tim-
ing. As seasonal timing has been shown to influence
annual reproductive success (Perrins 1970; Bourdon
and Brinks 1982; Olsson and Shine 1997; Dawson
and Clark 2000; Lepage et al. 2000; Doody et al.
2004; Low et al. 2015), a better understanding of
the mechanisms, including sex-steroid hormones,
that may link endogenous daily rhythms and sea-
sonal timing is warranted. Interestingly, while many
studies have documented the clear advantages of ear-
lier seasonal breeding, few individuals breed during
this optimal time, thus causing continued explora-
tion of the mechanisms controlling timing of sea-
sonal breeding (Verhulst and Nilsson 2008; Wilson
and Nussey 2010; Low et al. 2015). It is possible that
individuals with higher maximal levels of sex-steroid
hormones (likely occurring at night) (Laucht et al.
2011) are able to prepare for breeding sooner. For
example, evidence suggests that spermatogenesis
occurs at night and that the diel peak of T at night
helps regulate this process (Riley 1937; Suresh and
Moudgal 1995). The ability of high maximal levels of
E, to influence not only variation in daily rhythms,
but also its potential relationship with seasonal tim-
ing of breeding at the individual level, requires fur-
ther research in free-living individuals.

We observed substantial (>1h) variation between
the onset of daily activity during the incubation pe-
riod. In additional to interactions with seasonal tim-
ing systems (see above), this variation in onset of
daily behavioral activity may also be influenced by
additional selective pressures. For example, early ris-
ers may have increased time for foraging, but could
experience sleep debt (Ouyang et al. 2017) and per-
haps generate a greater number of reactive oxygen
species and elevated oxidative stress (McEwen 2006).
Furthermore, cooler early morning temperatures
may impact embryonic development of the eggs of
early morning rising mothers (DuRant et al. 2013).
Future work will be needed to more fully understand
both the mechanistic basis giving rise to this varia-
tion in daily timing, but also the likely selective

1065

pressures acting to shape these endogenously-driven
patterns of behavior.

Conclusion

Our study provides evidence for a relationship be-
tween maximum-induced levels of the sex-steroid
hormone E, and daily timing of activity onset in
the wild. This is an important first step in under-
standing how hormones may interact with or regu-
late daily timing behaviors. However, future work is
needed to determine if these findings hold in other
species and are related to timing during other life
history traits. We suggest future studies with access
to technology that is capable of remotely monitoring
activity patterns outside of the incubation period ad-
dress whether similar relationships between sex ste-
roid hormones and daily behavioral patterns occur
during the pre-breeding and egg laying stages in free-
living female birds. Our current understanding of
how maximal production of E, from the HPG axis
relates to individual variation in behavior is limited
and future experimental work is needed to better
understand the regulatory effects of E, on timing
of behavior in free-living organisms.

Acknowledgments

The authors thank the members of the NDSU
Department of Biological Sciences Behavior,
Ecology, and Evolution Research Seminar who pro-
vided valuable statistical advice for this data (N.
Dochtermann, J. Sweetman, J. Hamilton, B. Helm,
and R. Royaute). The authors additionally thank
members of our extended lab group: A. Sirman, A.
Kucera, M. Angelucci, A. Ghimire, P. Klug, B. Kaiser,
C. Egan, W. Reed, and N. Snyder for feedback dur-
ing data analysis and the writing process.

Funding

This work was supported by the National Science
Foundation (T.J.G.; 10S-1257527 and IOS-
1755128), the North Dakota Experimental Program
to Stimulate Competitive Research Doctoral
Dissertation Assistantship and the Linz Family
Ornithology Scholarship (both to J.L.G.). The sym-
posium that gave rise to this manuscript was sup-
ported by NSF 10S-1833590.

Supplementary data
Supplementary data available at ICB online.

6102 Joqueoaq z0 UO Jasn AlSISAIUN S)IS BI0Ned UHON AG 11922SS/650 L/P/6GA0BISE-0[ILE/GOl/W00 dNO dlWapese)/:sdjy Wolj papeEojumMoq


Deleted Text: , <xref ref-type=
Deleted Text: ,
Deleted Text: ,
Deleted Text: , <xref ref-type=
Deleted Text: , <xref ref-type=
Deleted Text: <xref ref-type=
Deleted Text: ,
Deleted Text: ,
Deleted Text:  
Deleted Text: (ROS) 
Deleted Text: estradiol
Deleted Text: hypothalamic-pituitary-gonadal (
Deleted Text: )
Deleted Text: estradiol
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icz112#supplementary-data

1066

References

Albers HE. 1981. Gonadal hormones organize and modulate
the circadian system of the rat. Am ] Physiol Regul Integr
Comp Physiol 241:R62-6.

Aschoff J, Wever R. 1966. Circadian period and phase-angle
difference in chaffinches (Fringilla coelebs L.). Comp
Biochem Physiol 18:397-404.

Bailey RE. 1950. Inhibition with prolactin of light-induced go-
nad increase in white-crowned sparrows. Condor 52:247-51.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear
mixed-effects models using Ime4. J Stat Softw 67:1-48.

Beldhuis HJ, Dittami JP, Gwinner E. 1988. Melatonin and the
circadian rhythms of feeding and perch-hopping in the
European starling, Sturnus vulgaris. ] Comp Physiol A
164:7-14.

Bourdon RM, Brinks JS. 1982. Calving date versus calving
interval as a reproductive measure in beef cattle. ] Anim
Sci 57:1412-7.

Bracci M, Manzella N, Copertaro A, Staffolani S, Strafella E,
Barbaresi M, Copertaro B, Rapisarda V, Valentino M,
Santarelli L. 2014. Rotating-shift nurses after a day off:
peripheral clock gene expression, urinary melatonin, and
serum 17-[Beta]-estradiol levels. Scand ] Work Environ
Health 40:295-304.

Burtka JL, Lovern MB, Grindstaff JL. 2016. Baseline hormone
levels are linked to reproductive success but not parental
care behaviors. Gen Comp Endocrinol 229:92-9.

Chastel O, Lacroix A, Kersten M. 2003. Pre-breeding energy
requirements: thyroid hormone, metabolism and the tim-
ing of reproduction in house sparrows Passer domesticus. ]
Avian Biol 34:298-306.

Daan S, Damassa D, Pittendrigh CS, Smith ER. 1975. An
effect of castration and testosterone replacement on a cir-
cadian pacemaker in mice (Mus musculus). Proc Natl Acad
Sci U S A 72:3744-7.

Damassa DA, Smith ER, Tennent B, Davidson JM. 1977. The
relationship between circulating testosterone levels and
male sexual behavior in rats. Horm Behav 8:275-86.

Dawson RD, Clark RG. 2000. Effects of hatching date and egg
size on growth, recruitment, and adult size of lesser scaup.
Condor 102:930-5.

DeCoursey PJ, Walker JK, Smith SA. 2000. A circadian pace-
maker in free-living chipmunks: essential for survival? J
Comp Physiol A 186:169-80.

Doody JS, Georges A, Young JE. 2004. Determinants of repro-
ductive success and offspring sex in a turtle with environ-
mental sex determination. Biol J Linn Soc Lond 81:1-16.

Duffy JF, Rimmer DW, Czeisler CA. 2001. Association of in-
trinsic circadian period with morningness—eveningness, usual
wake time, and circadian phase. Behav Neurosci 115:895-9.

Dunlap JC, Loros JJ, DeCoursey PJ. 2004. Chronobiology: bi-
ological timekeeping. Sunderland, MA: Sinauer Associates.

DuRant SE, Hopkins WA, Hepp GR, Walters JR. 2013.
Ecological, evolutionary, and conservation implications of
incubation temperature-dependent phenotypes in birds.
Biol Rev Camb Philos Soc 88:499-509.

Eikenaar C, Whitham M, Komdeur J, van der Velde M,
Moore IT. 2011. Endogenous testosterone is not associated
with the trade-off between paternal and mating effort.
Behav Ecol 22:601-8.

J. L. Graham et al.

Elias E, Bedrak E, Yagil R. 1984. Estradiol concentration in
the serum of the one-humped camel (Camelus dromeda-
rius) during the various reproductive stages. Gen Comp
Endocrinol 56:258-64.

Ellis GB, Turek FW. 1979. Changes in locomotor activity as-
sociated with the photoperiodic response of the testes in
male golden hamsters. ] Comp Physiol 132:277-84.

Gall MD, Salameh TS, Lucas JR. 2013. Songbird frequency
selectivity and temporal resolution vary with sex and sea-
son. Proc Biol Sci 280:20122296.

George EM, Rosvall KA. 2018. Testosterone production and
social environment vary with breeding stage in a compet-
itive female songbird. Horm Behav 103:28-35.

Graham JL, Cook NJ, Needham KB, Hau M, Greives TJ.
2017. Early to rise, early to breed: a role for daily rhythms
in seasonal reproduction. Behav Ecol 28:1266-71.

Graham JL, Mady RP, Greives TJ. 2017. Experimental im-
mune activation using a mild antigen decreases reproduc-
tive success in free-living female Dark-eyed Juncos (Junco
hyemalis). Can J Zool 95:263-9.

Greives TJ, Kingma SA, Beltrami G, Hau M. 2012. Melatonin
delays clutch initiation in a wild songbird. Biol Lett 8:330-2.

Greives TJ, Kingma SA, Kranstauber B, Mortega K, Wikelski
M, van QOers K, Mateman AC, Ferguson GA, Beltrami G,
Hau M. 2015. Costs of sleeping in: circadian rhythms in-
fluence cuckoldry risk in a songbird. Funct Ecol 29:1300-7.

Guyomarc’h C, Guyomarc’h J-C. 1994. Testosterone levels and
the free running rhythm of feeding activity in Japanese quail
in darkness. Gen Comp Endocrinol 96:165-71.

Gwinner E. 1974. Testosterone induces “Splitting” of circa-
dian locomotor activity rhythms in birds. Science 185:72—4.

Gwinner E. 1975. Effects of season and external testosterone
on the freerunning circadian activity rhythm of European
starlings (Sturnus vulgaris). ] Comp Physiol 103:315-28.

Hau M, Dominoni D, Casagrande S, Buck CL, Wagner G,
Hazlerigg D, Greives T, Hut RA. 2017. Timing as a sexually
selected trait: the right mate at the right moment. Philos
Trans R Soc Lond B Biol Sci 372:20160249.

Horne JA, Ostberg Q. 1977. Individual differences in human
circadian rhythms. Biol Psychol 5:179-90.

Huyghe K, Husak JF, Herrel A, Tadi¢ Z, Moore IT, Van
Damme R, Vanhooydonck B. 2009. Relationships between
hormones, physiological performance and immunocompe-
tence in a color-polymorphic lizard species, Podarcis meli-
sellensis. Horm Behav 55:488-94.

Iwahana E, Karatsoreos I, Shibata S, Silver R. 2008.
Gonadectomy reveals sex differences in circadian rhythms
and suprachiasmatic nucleus androgen receptors in mice.
Horm Behav 53:422-30.

Jawor JM, McGlothlin JW, Casto JM, Greives TJ, Snajdr EA,
Bentley GE, Ketterson ED. 2006. Seasonal and individual
variation in response to GnRH challenge in male dark-eyed
juncos (Junco hyemalis). Gen Comp Endocrinol 149:182-9.

Jawor JM, Mcglothlin JW, Casto JM, Greives TJ, Snajdr EA,
Bentley GE, Ketterson ED. 2007. Testosterone response to
GnRH in a female songbird varies with stage of reproduc-
tion: implications for adult behaviour and maternal effects.
Funct Ecol 21:767-75.

Karatsoreos IN, Wang A, Sasanian J, Silver R. 2007. A role for
androgens in regulating circadian behavior and the supra-
chiasmatic nucleus. Endocrinology 148:5487-95.

6102 Joqueoaq z0 UO Jasn AlSISAIUN S)IS BI0Ned UHON AG 11922SS/650 L/P/6GA0BISE-0[ILE/GOl/W00 dNO dlWapese)/:sdjy Wolj papeEojumMoq



Daily activity in a female songbird

Kruijver FP, Swaab DF. 2002. Sex hormone receptors are
present in the human suprachiasmatic nucleus.
Neuroendocrinology 75:296-305.

Laucht S, Dale J, Mutzel A, Kempenaers B. 2011. Individual
variation in plasma testosterone levels and its relation to
badge size in House Sparrows Passer domesticus: it's a
night-and-day difference. Gen Comp Endocrinol 170:501-8.

Lepage D, Gauthier G, Menu S. 2000. Reproductive conse-
quences of egg-laying decisions in snow geese. ] Anim Ecol
69:414-27.

Low M, Arlt D, Part T, éberg M. 2015. Delayed timing of
breeding as a cost of reproduction. J Avian Biol 46:325-31.

McEwen BS. 2006. Sleep deprivation as a neurobiologic and
physiologic  stressor: allostasis and allostatic load.
Metabolism 55:520-3.

McGlothlin JW, Jawor JM, Ketterson ED. 2007. Natural var-
iation in a testosterone-mediated trade-off between mating
effort and parental effort. Am Nat 170:864-75.

Mcglothlin JW, Jawor JM, Greives TJ, Casto JM, Phillips JL,
Ketterson ED. 2008. Hormones and honest signals: males
with larger ornaments elevate testosterone more when chal-
lenged. J Evol Biol 21:39-48.

Model Z, Butler MP, LeSauter J, Silver R. 2015.
Suprachiasmatic nucleus as the site of androgen action
on circadian rhythms. Horm Behav 73:1-7.

Morin LP, Fitzgerald KM, Zucker 1. 1977. Estradiol shortens
the period of hamster circadian rhythms. Science 196:305-7.

Nakagawa S, Cuthill IC. 2007. Effect size, confidence interval
and statistical significance: a practical guide for biologists.
Biol Rev Camb Philos Soc 82:591-605.

Needham KB, Dochtermann NA, Greives TJ. 2017. Consistent
individual variation in day, night, and GnRH-induced tes-
tosterone concentrations in house sparrows (Passer domes-
ticus). Gen Comp Endocrinol 246:211-7.

Needham KB, Bergeon Burns CM, Graham JL, Bauer CM,
Kittilson JD, Ketterson ED, Hahn TP, Greives TJ. 2019.
Changes in processes downstream of the hypothalamus
are associated with seasonal follicle development in a song-
bird, the dark-eyed junco (Junco hyemalis). Gen Comp
Endocrinol 270:103-12.

Nelson RJ, Kriegsfeld LJ. 2016. An introduction to behavioral
endocrinology (5th edition). Sunderland, MA: Sinauer.
Nolan V, Ketterson ED, Cristol DA, Rogers CM, Clotfelter
ED, Titus RC, Schoech S]J, Snajdr E. 2002. Dark-eyed junco
(Junco hyemalis). Poole A, Gill F, editors. BNAO. Ithica,

NY: Cornell Lab of Ornithology.

Olsson M, Shine R. 1997. The seasonal timing of oviposition
in sand lizards (Lacerta agilis): why early clutches are bet-
ter. ] Evol Biol 10:369-81.

Ouyang JQ, de Jong M, van Grunsven RH, Matson KD,
Haussmann MF, Meerlo P, Visser ME, Spoelstra K. 2017.
Restless roosts: light pollution affects behavior, sleep, and phys-
iology in a free-living songbird. Glob Chang Biol 23:4987-94.

Perrins CM. 1970. The timing of birds’ breeding seasons. Ibis
(Lond 1859) 112:242-55.

Pittendrigh CS. 1954. On temperature independence in the
clock system controlling emergence time in Drosophila.
Proc Natl Acad Sci U S A 40:1018-29.

R Core Team. 2015. R: A language and environment for sta-
tistical computing. Vienna: R Foundation for Statistical
Computing. (https://www.R-project.org).

1067

Riley GM. 1937. Experimental studies on spermatogenesis in
the house sparrow, Passer domesticus (Linnaeus). Anat Rec
67:327-51.

Rosvall KA, Bergeon Burns CM, Hahn TP, Ketterson ED.
2013. Sources of variation in HPG axis reactivity and in-
dividually consistent elevation of sex steroids in a female
songbird. Gen Comp Endocrinol 194:230-9.

Schlicht L, Valcu M, Loés P, Girg A, Kempenaers B. 2014. No
relationship between female emergence time from the
roosting place and extrapair paternity. Behav Ecol
25:650-9.

Sharp PJ, Blache D. 2003. A neuroendocrine model for pro-
lactin as the key mediator of seasonal breeding in birds
under long-and short-day photoperiods. Can ] Physiol
Pharmacol 81:350-8.

Stuber EF, Dingemanse NJ, Kempenaers B, Mueller JC. 2015.
Sources of intraspecific variation in sleep behaviour of wild
great tits. Anim Behav 106:201-21.

Suresh R, Moudgal NR. 1995. A role for nocturnal serum
testosterone surge in regulating spermatogenesis in the
adult non-human primate. Endocrine 3:487-92.

Takahashi JS, Menaker M. 1980. Interaction of estradiol and
progesterone: effects on circadian locomotor rhythm of fe-
male golden hamsters. Am J Physiol Regul Integr Comp
Physiol 239:R497-504.

Turek FW, McMillan JP, Menaker M. 1976. Melatonin: effects
on the circadian locomotor rhythm of sparrows. Science
194:1441-3.

Verhulst S, Nilsson J-A. 2008. The timing of birds’ breeding
seasons: a review of experiments that manipulated timing
of breeding. Philos Trans R Soc Lond B Biol Sci
363:399-410.

Vida B, Hrabovszky E, Kalamatianos T, Coen CW, Liposits Z,
Kall6 1. 2008. Oestrogen receptor o and  immunoreactive
cells in the suprachiasmatic nucleus of mice: distribution,
sex differences and regulation by gonadal hormones. J
Neuroendocrinol 20:1270-7.

Wells RS. 1984. Reproductive behavior and hormonal corre-
lates in Hawaiian spinner dophins, Stenella longirostris. In:
Perrin WF, Brownell Jr. RL, DeMaster DP, editors.
Reproduction on Whales, Dolphins, and Porpoises.
Cambridge: Reports of the International Whaling
Commission, Special Issue 6.

Wilcoxen TE, Horn DJ, Hogan BM, Hubble CN, Huber SJ,
Flamm J, Knott M, Lundstrom L, Salik F, Wassenhove SJ,
et al. 2015. Effects of bird-feeding activities on the health of
wild birds. Conserv Physiol 3:cov058.

Williams TD, Kitaysky AS, Vézina F. 2004. Individual varia-
tion in plasma estradiol-17f and androgen levels during
egg formation in the European starling Sturnus vulgaris:
implications for regulation of yolk steroids. Gen Comp
Endocrinol 136:346-52.

Wilson AJ, Nussey DH. 2010. What is individual quality?
An evolutionary perspective. Trends Ecol Evol
25:207-14.

Zadworny D, Shimada K, Ishida H, Sato K. 1989.
Gonadotropin-stimulated estradiol production in small
ovarian follicles of the hen is suppressed by physiological
concentrations of prolactin in vitro. Gen Comp Endocrinol
74:468-73.

6102 Joqueoaq z0 UO Jasn AlSISAIUN S)IS BI0Ned UHON AG 11922SS/650 L/P/6GA0BISE-0[ILE/GOl/W00 dNO dlWapese)/:sdjy Wolj papeEojumMoq


https://www.R-project.org

	icz112-TF1

