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Parental care can be costly to parents’ fithess. As such, abandonment of the
current reproductive attempt may benefit potential future opportunities, maximising
lifetime reproductive success. Obligate brood parasitism, a reproductive strategy in
which parasites lay their eggs in the nests of other species and rely solely on
them to raise the parasitic young, is an ideal system to study brood abandonment.
Some parasitised host species have evolved anti-parasitic defences, notably clutch
abandonment (egg burial and nest desertion), that may mitigate negative consequences
of parasitism. Abandonment of clutches due to parasitism is not unlike abandonment
of reproduction in times of stress, suggesting that host responses to parasitism
could be triggered at least partly by elevated stress hormones that mediate individual
decisions. Yet, the mechanistic basis for clutch abandonment remains unclear. Here,
we experimentally parasitised clutches of yellow warblers (Setophaga petechia), a
common host of the brown-headed cowbird (Molothrus ater), with model cowbird eggs
to examine whether host circulating corticosterone (CORT) differed among females
that accepted parasitic eggs or rejected them through clutch abandonment. We
also assessed whether feather CORT, a measure of past corticosterone exposure,
differed between accepters and abandoners. Finally, we investigated whether egg
visual signals, specifically differences in maculation characteristics between model
cowbird and host eggs, predicted abandonment of experimentally parasitised clutches.
Circulating CORT was higher in females who abandoned their parasitised clutches, but
not in those who accepted, relative to controls with no egg addition. Past stress and
differences in maculation characteristics did not predict whether individuals accepted
or abandoned experimentally parasitised clutches. Moreover, differences in maculation
characteristics between the host and model cowbird eggs did not predict CORT levels
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or nest abandonment. Thus, parasitism with subsequent clutch abandonment may be
associated with elevated circulating CORT, but neither past stress nor differences in
maculation characteristics influenced abandonment. The combination of these results
contributes to our understanding of the roles of corticosterone and egg visual signals in
the context of clutch abandonment in brood parasitism specifically, and of parental care

more broadly.

Keywords: avian brood parasitism, egg rejection, egg visual signals, clutch abandonment, Setophaga petechia,

Molothrus ater, corticosterone

INTRODUCTION

Brood abandonment (Wiggins et al., 1994) occurs in a variety
of taxa from insects (Zink, 2003) to birds (Hosoi and Rothstein,
2000). Parental investment theory suggests that a parent should
invest in its current brood to the extent that it maximises lifetime
reproductive success, based on a trade-off between current and
future reproduction (Klug and Bonsall, 2010; Davies et al., 2012).
In some instances, it is beneficial for parents to abandon their
current reproductive attempt (i.e., brood abandonment) for the
benefit of potential future reproductive opportunities (Davies
et al.,, 2012). In birds, cues that can elicit clutch abandonment
vary between and within species, and may include predation
(Ackerman et al., 2003; Lima, 2009), harsh weather conditions
(Bottitta et al., 2003; Thierry et al., 2013), and poor body
condition (Groscolas et al., 2008; Spée et al., 2010, 2011).
Under these challenging circumstances, brood abandonment
can be adaptive if parents are then able to reproduce under
more favourable conditions (Sealy, 1995; Guigueno and Sealy,
2010). Although lifetime reproductive success may be maximised
through brood abandonment, abandoners may face extensive
costs associated with re-nesting and producing another brood
later in the breeding season (Wiggins et al., 1994; Verboven
and Tinbergen, 2002; Guigueno and Sealy, 2010). As such,
brood abandonment represents a key reproductive decision,
where abandoners must consider the trade-offs associated with
investing in current versus future clutches (Verboven and
Tinbergen, 2002; Johnston, 2011; Fokkema et al., 2016; Griesser
etal., 2017).

Brood parasitism, in which parasites rely solely on other
species to raise their young (Davies, 2000; Schulze-Hagen et al,,
2009; Feeney et al., 2014; Soler, 2017), exploits parental care
and imposes severe fitness costs on hosts. A parasitised host
may incur fitness costs that decrease reproductive success, such
as parasitic hatchlings evicting host eggs and nestlings (Soler
et al., 1995; Kilner et al.,, 2004), outcompeting host offspring
for food and space (Lorenzana and Sealy, 1997; Moskat et al.,
2017), or causing carry-over effects which delay and decrease
future nesting attempts in subsequent breeding seasons (Mark
and Rubenstein, 2013). To combat these costs, many host species
have evolved antiparasitic defences that reduce the impact of
parasitism on lifetime reproductive success (Rothstein, 1990;
Davies, 2000; Roldan and Soler, 2011; Medina and Langmore,
2015). For example, some hosts recognise the specific threat
posed by brood parasites and strongly defend the nest against
them during the egg-stage, when nests are most vulnerable to

parasitism, employing front-line defences (Gill and Sealy, 2004;
Lawson et al., 2021). If the parasite successfully lays an egg in the
host nest, some hosts may eject it through grasp- or puncture-
ejection to avoid raising the parasitic young while not having to
abandon a clutch entirely (Servedio and Hauber, 2006). However,
the ability to eject parasitic eggs is limited by the ability to visually
recognise a parasitic egg (Soler et al., 2017) and morphological
characteristics (Rasmussen et al., 2009; Guigueno and Sealy, 2011;
Soler etal., 2015). Birds must have a bill of sufficient gape-size and
strength to either grasp the parasitic egg or puncture it (Spaw and
Rohwer, 1987; Picman, 1989), or risk incurring significant costs
to their reproductive success by damaging their own eggs in the
process (Peer et al., 2018). An alternative antiparasitic defence is
clutch abandonment.

In clutch abandonment, hosts abandon clutches in response
to brood parasitism. The abandoned clutch may consist of only
parasitic eggs or it may include a mix of parasitic eggs and
their own (Hosoi and Rothstein, 20005 Soler et al., 2015). Hosts
abandon their clutches via either nest desertion followed by
renesting at a new site or burial of the parasitised clutch followed
by a new clutch laid in a superimposed nest (Guigueno and Sealy,
2010). Abandonment is costlier than egg ejection in terms of
energy and time invested, as host eggs may be lost and nests need
to be rebuilt (Clark and Robertson, 1981; Sealy, 1995; Moskét
and Honza, 2002; Guigueno and Sealy, 2009; Soler et al., 2015).
Clutch abandonment varies among species, as well as within
and between conspecifics (Hosoi and Rothstein, 2000; Guigueno
and Sealy, 2010). Only some host species reject parasitised
clutches by abandonment, and within these species, individuals
may vary in the forms of egg rejection they employ, using,
for example, ejection or desertion (Servedio and Hauber, 2006;
Honza et al., 2007) or nest desertion and egg burial (Sealy, 1995).
The underlying mechanisms that influence within- and between-
species variability in responses and the cues that trigger parents
to abandon their nests remain unexplained (Abolins-Abols and
Hauber, 2018; Avilés, 2018).

Hormones play a crucial role in modulating behaviour (Tata,
2005) and mediate many behavioural adjustments in birds,
including antiparasitic responses (Bonier et al., 2009; Ruiz-Raya
et al., 2018; Abolins-Abols and Hauber, 2020). Specifically, the
glucocorticoid hormone corticosterone (CORT) is a principal
mediator of the behaviours of birds as it increases in response
to environmental stressors (Siegel, 1980). CORT is often used
as an index of stress, although it is only one part of the
integrated stress response and is an approximation of whole
animal “stress” (MacDougall-Shackleton et al.,, 2019). Indeed,
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CORT has a role in a broad variety of functions unrelated
to stress, such as regulating metabolism (Ouyang et al., 2013;
MacDougall-Shackleton et al., 2019). Nevertheless, elevated
CORT is associated with behavioural changes that promote
individual survival (Wingfield, 2003; Angelier et al., 2009; Crossin
et al, 2012), such as increasing vigilance while decreasing
expression of reproduction-related behaviours (Wingfield et al.,
1998; Wingfield, 2003; Schoenle et al., 2017). Therefore, CORT
represents a promising candidate to explore as a proximate
mediator of host responses to brood parasitism (Békony et al.,
2009). Simply the presence of a parasitic egg in the nest may
increase the host’s circulating CORT levels (Ibafiez-Alamo et al.,
2012; Mark and Rubenstein, 2013; Schoenle et al., 2017) and
recent evidence suggests that antiparasitic defences may be
partly mediated by CORT. Abolins-Abols and Hauber (2020)
experimentally manipulated CORT levels in egg grasp-ejecting
American robins (Turdus migratorius) and found that parasitised
clutches were more likely to be accepted when potential increases
in baseline CORT levels were inhibited. As baseline CORT
changes in response to experimental parasitism, it thus can
provide further insight into the mechanisms mediating a host’s
response, including clutch abandonment (Landys et al., 20065
Ruiz-Raya et al., 2018; Scharf et al., 2021).

Individual allostatic load (one interpretation of “stress”) is
related to CORT levels at both short- and long-time scales, with
acute (relatively short-term) responses reflected in circulating
levels. It is possible that stressful events earlier in the life of
an individual influence current behaviours as well. Analyses
of CORT in feathers provide a long-term measure of CORT,
inferring past stress during feather growth over the moulting
period (Bortolotti et al., 2008, 2009; Sherriff et al., 2011). During
feather growth when cell differentiation is occurring, circulating
CORT continually diffuses in a time-dependent manner through
the blood quill into highly vascularised follicles along the entirety
of the feather (days-to-weeks, Lattin et al., 2011; Jenni-Eiermann
et al, 2015; Freeman and Newman, 2018; Aharon-Rotmann
et al.,, 2021). Feather CORT can thus be used as a biomarker
for an integrated measure of CORT secretion representing
stress levels over a longer period, rather than to a specific
environmental stressor as revealed by measures of circulating
CORT from plasma (Fairhurst et al., 2013). Hence, feather CORT,
representing general conditions from a different phase of the
annual cycle, may be associated with how individuals respond to
current reproductive decisions due to cumulative allostatic load
over time (Martinez-Padilla et al., 2013; Hansen et al., 2016).
This idea is analogous to the developmental stress hypothesis,
which predicts that stress early in life can affect behaviour and
stress responses later in life, such as a major reproductive decision
like abandoning a clutch (Nowicki et al., 2002; Spencer and
MacDougall, 2011).

For a CORT response to be initiated, a stressor must appear
that causes the hypothalamus to initiate the hypothalamic-
pituitary-adrenal cascade leading to CORT secretion. For
brood parasite hosts, one such stressor may be the visual
recognition of a host egg, as visual differences in colour or
maculation between host and parasite eggs often drive host
responses (Rothstein, 1974, 1990; Brooke and Davies, 1988;

Lyon, 2003; Manna et al., 2017; Goémez et al, 2021). The
ability of a parent to successfully recognise their own eggs or
a discordant egg within their clutch and reject a parasitic egg
or parasitised clutch should be adaptive, as the host would
no longer incur the costs associated with brood parasitism
(Hauber et al., 2019; Ducay et al, 2021). However, visual
signal recognition ability may largely rely on the extent of
differences in maculation between parasitic and host eggs
(Rothstein, 1982; Lahti, 2006; Cassey et al., 2008; Spottiswoode
and Stevens, 2010; Honza and Cherry, 2017; Hanley et al., 2019).
Common cuckoo (Cuculus canorus) egg rejection increases
with differences in appearance, such as extent of maculation
and spot size, between cuckoo and host eggs (Davies, 2000).
Appearance-based discrimination also occurs in brown-headed
cowbird (Molothrus ater, cowbird hereafter) hosts (Segura et al.,
2016; Dainson et al, 2017). Thus, the ability to recognise a
parasitic egg may initiate rejection via egg ejection, but the
role of differences in egg visual signals in the context of
clutch abandonment is less clear (Davies and Brooke, 1989a;
Langmore et al, 2005; Spottiswoode and Stevens, 2010). In
addition to egg visual signals stimulating rejection, they may
also affect circulating CORT levels. Indeed, Eurasian blackbirds
(Turdus merula) have higher circulating CORT levels when
parasitised with non-mimetic eggs than mimetic ones (Ruiz-
Raya et al., 2018). Hence, clutch abandonment may then be
mediated by increases in circulating CORT initiated by the
extent of maculation characteristic differences between parasitic
eggs and their own.

The yellow warbler (Setophaga petechia, hereafter “warbler”)
is a common North American passerine that is frequently
parasitised by the brown-headed cowbird. They are the only host
of the cowbird known to regularly reject parasitised clutches by
two forms of clutch abandonment: nest desertion and egg burial
(Clark and Robertson, 1981; Sealy, 1995; Mico, 1998; Hauber
et al., 2006; Guigueno and Sealy, 2012). About 35% of female
yellow warblers bury cowbird eggs, sometimes with their own
eggs, and attempt to re-nest, whereas 12% of females desert the
nest entirely and renest at a new site (Sealy, 1995). If parasitism
occurs early in the laying period, roughly 50% of females bury
(Clark and Robertson, 1981). However, warblers rarely desert
when parasitised during incubation, possibly due to significant
costs related to time lost and building an entirely new nest
(Guigueno and Sealy, 2009). In addition, warblers are more likely
to bury or desert parasitised clutches early in the breeding season
when there is time to re-nest (Guigueno and Sealy, 2010). Due to
high costs of clutch abandonment, warblers may rely on multiple
stimuli when making their decision, such as interaction with the
adult parasite at the nest (Guigueno and Sealy, 2011). Whereas
the colours of the egg background (off-white) and maculation
(dark brown) are similar between warbler and cowbird eggs
(Guigueno and Sealy, 2009; Guigueno et al., 2014), the extent of
differences in maculation characteristics (maculation cover and
spot profile) between cowbird and warbler eggs have not been
quantitatively measured despite obvious qualitative differences
noted in the field.

Here, we experimentally parasitised nests of warblers
with model cowbird eggs to investigate the relationship
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between CORT levels (current circulating via plasma and past
via feathers), differences in maculation characteristics, and
abandonment of parasitised clutches. As circulating CORT
can change rapidly in response to environmental stressors
(Wingfield, 2003), we predicted that circulating CORT would
be higher in females who accepted (1a) model cowbird eggs,
and (1b) those who abandoned experimentally parasitised
clutches compared to controls. Given that accepters and clutch
abandoners both received model cowbird eggs, we expected that
individuals who experienced elevated past CORT would have an
amplified current CORT in response to the presence of parasitic
eggs (Martinez-Padilla et al., 2013; Hansen et al.,, 2016). Control
individuals and individuals who received eggs each come from a
random sample, but within the group of individuals who received
eggs, abandoners and accepters would presumably split non-
randomly if past stress played a role. Therefore, (2a) we reasoned
that control individuals would have intermediate feather CORT
levels between accepters and clutch abandoners with a greater
variance than each of the two experimentally parasitised groups.
We also explored two alternatives that (2b) increased feather
CORT would be associated with increased circulating CORT and
increase the probability of clutch abandonment and that (2c),
if an individual experienced past stress and carry-over effects
existed, hosts would not be able to pay the costs of abandonment
and thus, individuals with higher feather CORT would be more
likely to accept. As such, we predicted significant differences
in means and variance among all three groups (control,
accepters, and abandoners), with the greatest difference between
abandoners and accepters. Finally, because differences in egg
visual signals between cowbird and host eggs could potentially
influence circulating CORT and the probability of abandoning a
parasitised clutch (Ruiz-Raya et al., 2018), we assessed the extent
of differences in egg maculation characteristics between warbler
and model cowbird eggs added to clutches. We predicted that
(3a) circulating CORT would be positively associated with the
extent of differences in egg maculation characteristics between
host and model cowbird eggs and (3b) accepters would have
smaller differences in maculation characteristics compared to
clutch abandoners. The combination of these analyses provides
us with a fuller understanding of the effects of hormones and
egg visual signals in the context of clutch abandonment in brood
parasitism specifically, and of parental care more broadly.

MATERIALS AND METHODS
Study Design

The study was conducted within a radius of 35 km of Kalamazoo,
MI, United States (42°17'24"N, 85°35'09”W), between May and
June in 2010, 2011, and 2019. Nest sites were situated in habitats
consisting of marshes and shrubs where yellow warblers were
abundant and cowbirds were observed daily.

We found nests by observing singing males and females
carrying nest-building materials. We sought to find nests as early
in the breeding season as possible, ideally in the preliminary
nest building stages, to ensure proper timing of experimental
parasitism. We visited nests during the building stage every 2 days

until nest-lining was complete. We then monitored the nests daily
to identify the day of the first egg laid. Eggs were numbered in
their laying order with a non-toxic permanent marker. Because
natural parasitism by cowbirds is too infrequent at our field sites
to provide a sufficient sample size, we made puncturable artificial
eggs out of plaster of Paris, closely mimicking cowbird eggs
in shape, colouration, weight and volume (see Guigueno et al.,
2014). Two model cowbird eggs were added to each experimental
nest, which does occur naturally (Kuehn, 2009), to increase the
likelihood the females detected the clutch manipulation. On
laying day 1, we added two cowbird eggs to the warbler’s clutch
between 6:00 and 12:00 (Eastern Daylight Time), to limit the gap
to the cowbirds’ egg laying window. The nests were monitored
daily over the next 6 days to observe laying progression and to
record acceptance or clutch abandonment via nest desertion or
burial. Egg burial was recognised by the slight pushing down of
the eggs and/or the addition of lining material over the eggs, while
desertion was recognised when the female was not observed at
the nest for 3 days in a row and eggs were cold (Guigueno and
Sealy, 2010). One out of every three nests found were randomly
chosen to act as controls and did not receive model cowbird
eggs. Control nests were monitored at the same frequency as the
experimental group.

Circulating Plasma Corticosterone

Female warblers abandon on 2-3 days after parasitism, with
burials occurring after 2.3 £ 0.1 days and nest desertion after
2.5+ 0.3 days (mean =+ SE, Guigueno and Sealy, 2010). Therefore,
we collected a blood sample on laying day 4 to capture a snapshot
of the females circulating CORT during this critical period.
We captured females between 8:00 and 14:00 (Eastern Daylight
Time). This time window was chosen to minimise time of day
differences among individuals, while giving time to capture hard-
to-capture birds and to sample multiple females on the same
day. We sampled a small number of females after 12:00 pm to
ensure that we collected blood samples on the appropriate day
in the female’s laying cycle. On laying day 4, mist nets were
placed near the focal host nest to passively capture the female. We
then aimed to collect a blood sample from the alar vein within
3 min of capture, recording the time from capture to sample
acquirement. In nine cases, sampling time exceeded 3 min, which
would increase CORT due to acute stress of capture (Romero
and Reed, 2005); therefore, we ran a correlation analysis between
capture time and CORT level of all individuals and estimated
at 3 min the CORT level for those females whose sampling
time was prolonged. Each female was banded with a numbered
United States Fish and Wildlife Service aluminium band and a
unique combination of colour bands before being released to
ensure we did not resample females within or between years.
Blood samples were kept on ice until they were centrifuged to
separate plasma from red blood cells. The separated plasma was
pipetted into a separate labelled vial and frozen in a —20°C
freezer for long-term storage.

Plasma corticosterone was determined using an enzyme-
linked immunosorbent assay (ELISA) kit from ENZO Life
Sciences, Inc. (Farmingdale, NY, United States), following kit
instructions. This ELISA has been previously validated and used
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to measure plasma corticosterone in multiple songbirds including
sparrows (Wada et al., 2007; Ouyang et al., 2021), wrens (Strange
et al., 2016), finches (Kraft et al., 2021) and swallows (Sarpong
etal, 2019). Plasma samples were diluted to fall within the range
of the standard curve, generally 1:40 or 1:50, incubated with 1%
steroid displacement reagent, and run in triplicate or duplicate
depending on the sample volume. All samples from a single year
were run on the same plate; the intra- and inter-assay coeflicient
of variation were less than 10%. Assay sensitivity was calculated
to be 20.34 pg/ml and all samples read above that value.

Feather Corticosterone

During capture of the female warbler on the fourth laying day, the
outermost rectrices (R6) on both sides of the tail were collected.
We included both second-year and after second-year individuals
within our study. Second-year individuals grew feathers during
their juvenal moult in the nest, while after second-year birds grew
rectrices feathers as part of their complete moult on the breeding
grounds between June and September (Pyle et al., 1997). As such,
birds within both age-classes grew sampled feathers within the
previous breeding season, but, in non-overlapping timeframes.
As such, we tested for differences between second-year and after
second-year individuals using a linear model on R Statistical
Package (R Core Team, 2020), with age as a predictor and feather
CORT as the dependent variable. As there were no significant
differences between age and feather CORT (p = 0.61), we merged
the two groups for subsequent analyses.

Extraction of corticosterone from feathers was conducted
following a procedure similar to that previously described in
Bortolotti et al. (2008). The calamus was removed and the length
and weight of the feather were recorded using a digital caliper and
an analytical balance, respectively. The feather (vane and rachis)
was cut and minced into small pieces and put into a 50 ml conical
tube with 10 ml of methanol. The tubes were sonicated for 30 min
in a sonicating bath and then incubated overnight at 50°C in a
shaking water bath. The next morning, the methanol was filtered
through a 70 pwm cell strainer and further filtered through a
0.22 pm cellulose acetate syringe filter into a glass tube. Methanol
was evaporated by placing tubes into a 50°C shaking water bath in
a fume hood. Once evaporated, samples were reconstituted with
1 ml ELISA assay buffer with gentle rocking for 3 h. Samples were
transferred to microcentrifuge tubes and frozen at —20°C until
assayed no more than 7 days later.

Feather corticosterone was determined using an ELISA from
ENZO Life-Sciences Inc., following the kit instructions with the
extension of the standard curve by one value on the low end
(total range: 20,000 - 6.4 pg/ml). All samples from a single
year/season were run on the same plate in triplicate without
dilution. Assay sensitivity was 6.4 pg/ml and all samples read well
above this value. Intra- and inter-assay coeflicients of variation
were less than 10%. Corticosterone values were normalised
to feather length.

Egg Visual Signals

On laying day 4, we collected the last laid egg. Some nests were
inaccessible because of height or heavy vegetation and as a result,
it was only possible to determine clutch size but not possible to

either mark or sample the eggs, resulting in smaller sample sizes
for eggs when compared to circulating CORT samples collected
from females (Table 1).

We followed a similar egg image analysis procedure as Hauber
et al. (2018). The fourth laid warbler eggs were each compared
to one standardised model cowbird egg. Eggs were placed on
their side on a colour standard card with a ruler and were
photographed with a digital camera mounted on a tripod. The
eggs were each photographed four times, with a 90° rotation
along the axis between photos. Image analysis on warbler and
model cowbird eggs was done using Adobe Photoshop®. We first
cropped each egg image into three sections along its long axis:
(1) apex-end third, (2) middle-region third, and (3) blunt-end
third. We quantified maculation coverage percentage within each
third by converting the maculated area to black (RGB = 0,0,0)
and the non-maculated area to white (RGB = 255,255,255).
We then measured the percentage of black pixels within each
third. We obtained the maculation coverage percentage for each
third by finding the mean of the percentages between the four
images for each egg. We calculated the absolute difference in
maculation coverage percentage between the blunt and apex
ends for all eggs, thus producing a measure of end-to-end
maculation coverage variation. The model cowbird egg’s end-
to-end maculation coverage value was then subtracted from the
warbler egg’s maculation coverage, providing a measure of the
end-to-end difference in maculation coverage between these two
eggs. As such, a positive value signified that the host egg had
greater variation than the cowbird model egg and a negative value
would indicate that there was less variation.

We obtained an average spot length-to-width ratio of the apex
and blunt thirds by randomly selecting five spots within each
third of each egg image. The mean spot ratio within each of the
apex and blunt thirds of the egg was then averaged across the four
images for each egg, which we termed average spot profile. We
then calculated the absolute difference in spot profile between the
blunt and apex ends for all eggs, to have a consistent measure
of within-egg end-to-end variation. We used the absolute spot
profile difference for both the cowbird model egg and host egg.
Finally, we subtracted the model cowbird egg’s absolute difference
in within-egg spot profile variation from that of the host egg,
producing either a positive or negative value. As such, positive
value signified that the host egg had greater spot profile variation

TABLE 1 | Summary of CORT and egg visual signals measurements
organised by treatment.

Factor Egg added Control
Accepted Clutch abandoned (burial or
desertion)
Plasma CORT 19 6 15
Feather CORT 16 5 8
Egg visual signals 12 3 NA

"Accepted” are experimentally parasitised clutches accepted by the warbler,
“Clutch abandoned” are those that were either buried or deserted, and “Control”
are the nests monitored without being experimentally parasitised.
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than the cowbird model egg and negative values indicated there
was less variation.

Statistical Analysis

All statistical analyses were conducted on R Studio (2021) with R
Core Team (2020). Data were categorised into three treatment
groups; controls, accepters, and abandoners, as detailed above.
All graphs were constructed using “ggplot2” (Wickham, 2016)
and “ggsignif” (Ahlmann-Eltze and Patil, 2019) packages for R.
All data are presented as mean =+ SE.

We took a two-analysis approach to explore the effects
of experimental parasitism, testing whether egg addition was
associated with elevated CORT and then testing whether egg
addition and abandonment combined were associated with
elevated CORT compared to controls. We reasoned that
combining accepters and abandoners in a single experimental
group would result in an inflated variance. Similarly, the
statistical power for the comparison between accepters and
abandoners would be low, and therefore we would expect
lower ability to detect a difference if it existed. Before
analysis, circulating CORT data were normalised using a log-
transformation. There was one unusually small outlier that we
corrected to one, which was still the lowest data point, to
avoid deformations in the log-transformation. We had a priori
directional predictions for (1a) and (1b), expecting higher CORT
levels in experimental treatments compared to controls. As such,
we used one-tailed Student’s ¢-test (using the “t.test” function) to
detect differences between groups. To test the prediction that egg
addition alone would result in higher CORT in accepters than in
controls (1a), we excluded the outcome of clutch abandonment.
To test the prediction that circulating CORT was associated
with clutch abandonment (1b), abandoners were compared to
controls. Because variance was similar between accepters and
controls, but about half for abandoners versus controls, we ran
t-tests with homogenous versus heterogeneous variances for
predictions (1a) and (1b), respectively.

Length-normalised feather CORT data was subsequently log-
transformed to meet the assumption of normality. Levene’s
test was used to test for variance between the treatment
groups using “leveneTest” function of the “car” package (Fox
and Weisberg, 2019). To investigate the relationship between
accepted, abandoned and controls clutches we used a generalised
linear model using the “glm” function. If significant, we
planned to do post hoc tests between all three groups to test
predictions 2a and 2b.

For egg visual signals, analyses were conducted using only
eggs from experimentally parasitised nests, where the warblers
would have been confronted with the sight of the model cowbird
eggs. We ran two linear models using the “/m” function: one
associating corrected log-CORT with difference in within-egg
maculation coverage variation, and a second pairing corrected
log-CORT and within-egg spot profile variation between the host
egg and the model cowbird eggs. Additionally, we used one-tailed
Student’s two-sample ¢-tests (“t.test” function in R) to determine
whether maculation coverage and spot profile variation were
greater among warblers that abandoned their experimentally
parasitised clutch relative to those that accepted.

RESULTS

Our sample consisted of a total of 40 yellow warbler nests, with 25
experimentally parasitised and 15 control nests (Table 1). Within
the experimentally parasitised group, 19 females accepted the
experimental parasitism (76%), and 6 abandoned their parasitised
clutch (24%) through either desertion (n = 4) or burial (n = 2).

Circulating Plasma Corticosterone
A total of 40 circulating CORT samples were collected (Table 1).
Circulating CORT levels of accepters were not different than
controls (t = 0.45, df = 33, p = 0.33; Figure 1A). In contrast,
circulating CORT levels of abandoners were significantly higher
than controls (¢ = 1.96, df = 15, p = 0.03; Figure 1B).

Feather Corticosterone

Feather samples from 29 individuals were collected (Table 1).
Variances were similar across treatments (F 56 = 0.43, p = 0.65;
Figure 2). Mean feather CORT concentrations were similar
among treatment groups (Fz 6 = 0.11, p = 0.89; Figure 2); as
such, post hoc tests were not conducted.

Egg Visual Signals
In total, 22 warbler eggs were analysed (Table 1). The model
cowbird egg had an end-to-end maculation coverage variation
of 36.6% and an end-to-end spot profile variation ratio of
0.04. Contrastingly, the warbler eggs had an average end-to-end
maculation coverage variation of 33.3 £ 2.32% and an average
end-to-end spot profile variation ratio of 0.16 % 0.07.
Circulating CORT levels were not associated with differences
in within-egg maculation coverage variation between cowbird
model and host eggs (R?> = —0.05, p = 0.44; Figure 3A), nor were
they associated with spot profile (R* = 0.09, p = 0.27; Figure 3B).
Separating the correlation between treatments (accepted versus
abandoned) did not change the results. Further, differences in
maculation coverage (df = 13, t = —0.43, p = 0.66) and spot profile
(df = 13, t = —0.01, p = 0.50) variation between eggs were not
greater in abandoners compared to accepters (Figures 4A,B).

DISCUSSION

In this study, we examined mechanisms associated with clutch
abandonment in a frequently parasitised host of the brown-
headed cowbird, the yellow warbler, which regularly rejects
naturally parasitised clutches via egg burial and nest desertion
two forms of clutch abandonment (Sealy, 1995). Circulating
CORT levels were higher in females who abandoned their
parasitised clutches, either by egg burial or nest desertion, relative
to females at control nests in which no model cowbird eggs
were added (Figure 1B). Simply adding model cowbird eggs
to clutches did not increase circulating CORT, as females that
accepted cowbird eggs did not have elevated CORT relative to
controls (Figure 1A). In addition, past stress, as approximated
by feather CORT, did not predict whether females accepted
or abandoned experimentally parasitised clutches (Figure 2).
Finally, differences in egg visual signals, as measured by
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differences in maculation coverage and spot profile variation
between the model cowbird egg and host eggs, did not predict
abandonment nor were they correlated with circulating CORT
levels of females who abandoned their nests (Figures 3, 4).
Several explanations for the increased CORT in abandoners
relative to controls are possible. First, females with naturally
higher circulating CORT may be more likely to abandon
their nests, such that the presence of a parasitic egg might
not alter host CORT levels. That is, individuals with high
CORT are more predisposed to abandon for any reason,
and the presence of a parasitic egg may tip them past the
threshold of abandonment. Second, the presence of a parasitic
egg might increase CORT, but only in some females, which
then abandon the nest. Third, a parasitic egg might increase
CORT in all females, but females whose CORT levels exceed
a certain threshold may be more likely to abandon the nest
than those whose CORT remains below the threshold. Fully
resolving these differences would require a study design in

which blood samples were collected before and after parasitism,
preferably coupled with experimental manipulations of CORT
via injections or implants. These approaches require capturing
females multiple times during laying, which may substantially
increase abandonment, thereby overwhelming any experimental
effect due to experimental parasitism. Our data provides
information to target appropriate hormone concentrations for
future implant studies for testing these ideas.

Circulating Corticosterone (Plasma)

Circulating glucocorticoids, such as CORT, vary in response to
environmental stressors (Siegel, 1980; Wingfield, 2003). In our
study, females who abandoned their parasitised clutch had higher
circulating CORT, relative to females with control clutches that
were not parasitised (Figure 1B). However, circulating CORT
did not differ between control and accepter females. Females
were sampled 3 days (laying day 4) after the clutch manipulation
(laying day 1), suggesting that abandoners in the population
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may have had a more pronounced endocrine response than
accepters (Figure 1A). Given that clutch abandonment is a
generalised response, similar increases in circulating CORT occur
in association with other abandonment-triggering factors, such
as inclement weather (Romero et al., 2000; Thierry et al., 2013).
Therefore, circulating CORT could provide us with a broader
understanding of how environmental stressors, whether biotic or
abiotic, affect nest abandonment in birds.

Brood parasitism per se does not appear to affect circulating
CORT levels in female yellow warblers. Our results show that
simply adding model cowbird eggs, without the host abandoning
the clutch, was not associated with higher circulating CORT
relative to control females. The absence of a difference between
controls and accepters, contrary to our prediction, suggests
that females who did not abandon experienced a comparable
level of stress compared to unparasitised (control) individuals,
a finding that differs from previous research. For instance,
a common cuckoo host, the Eurasian blackbird, experienced
increased circulating CORT following experimental parasitism
(Ruiz-Raya et al., 2018). The difference in findings could depend
on several factors including parasitism rates, predation rates,
breeding season length, and other life history traits (Bokony

et al., 2009). The fact that our study focused on a species with
a variable abandonment response to parasitism may explain the
different pattern of circulating CORT variation that we observed
compared to species with more consistent responses such as
Eurasian blackbirds (Ruiz-Raya et al,, 2018). Our results are
in line with the findings of Abolins-Abols and Hauber (2020),
who found a causal link between stress-induced CORT and
egg ejection rate in American robins, an egg ejecter species.
Together, these findings suggest circulating CORT may mediate
antiparasitic responses across different parasite-host systems and
across rejection methods (Ibafiez-Alamo et al., 2012; Mark and
Rubenstein, 2013; Schoenle et al., 2017).

Past Corticosterone (Feathers)

Feather CORT, in contrast to circulating plasma CORT, indicates
a long-term past “stress” history (Bortolotti et al., 2008),
integrating levels of circulating CORT across the moult period.
Our predictions (2a and 2b) that abandoners and accepters would
have higher and lower past CORT than controls, respectively,
focused on whether an individual’s prior state could predict a
response to the future stressor of experimental parasitism. As
such, these predictions resemble those of the developmental
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stress hypothesis, which proposes that stress early in life (e.g.,
nestling nutritional state) can affect behaviour and cognition later
in life (e.g., adult song quality). Although this hypothesis focused
primarily on song quality and nutrition (Nowicki et al., 2002), it
was later applied to broader contexts including other sexually
selected traits (Spencer and MacDougall, 2011). We proposed
a similar reasoning to explain why abandoners and accepters
co-exist in some host populations, including yellow warblers
(Sealy, 1995; prediction 2a). However, feather CORT was not
associated with the hosts response to the model cowbird eggs
(Figure 2). In addition, variance in feather CORT among the
three treatment groups (control, accepted, abandoned) was
similar (Figure 2). These results contrast with our predictions
that control individuals, who did not experience the stress
of experimental parasitism, would display more variable stress
histories and that experimental females would respond to
parasitism according to their past stress histories (Bortolotti et al.,
2008), thereby splitting the experimental parasitism groups into
accepters and abandoners. Thus, feather CORT levels of female
warblers did not predict responses to parasitism. This lack of an
effect could occur if stress during moult was not high enough
to induce carry-over effects (O’Connor et al, 2014). Overall,
these results suggest that past stress, as measured through feather
CORT, does not predict abandonment of parasitised clutches in
yellow warblers within this study. Nonetheless, feather CORT
only provides a proxy of CORT levels near the time of moult, and
warblers may be responding to other time windows, such that an
additional study is warranted.

Egg Visual Signals
The role of visual pattern differences in egg recognition has
been widely established in other species, primarily in ejecters
(Cassey et al., 2008; Spottiswoode and Stevens, 2010; Honza and
Cherry, 2017; Hanley et al., 2019). In response to increased egg
recognition by hosts, some specialist brood parasites, such as
common cuckoos, have evolved eggs that mimic the colour and
maculation of their host (Davies and Brooke, 1989a,b; Kilner,
2006; Kilner and Langmore, 2011; Spottiswoode and Stevens,
2011; Thorogood et al, 2019). However, in generalist brood
parasites such as brown-headed cowbirds, egg visual signals differ
from hosts to a greater extent compared to specialist parasites,
and thus, the signals may be more noticeable and reduce the
opportunity for the co-evolution of egg mimicry (Davies, 2000;
Kriiger, 2007). For instance, many cowbird hosts lay eggs that
differ to varying degrees in colour and/or maculation from
cowbird eggs, like those of yellow warblers (Abernathy and Peer,
2014). Warblers in our study had greater intra-egg maculation
coverage and spot profile variation than the model cowbird egg
(Figures 3, 4), and females could have potentially used this egg
visual signal as a cue to abandon their parasitised clutch. Indeed,
yellow warblers can determine their clutch has been manipulated
using both tactile and visual cues (Guigueno and Sealy, 2012),
but, prior to this study, the extent of differences in maculation
were not quantitatively analysed.

Visual recognition of parasitism via differences in
maculation could modulate CORT changes. As such, we
examined whether differences in maculation and spot profile

variation between warbler eggs and our model cowbird eggs
correlated with circulating CORT (prediction 3a, Figure 3).
Increased differences in visual signals could be associated
with increases in circulating CORT and a decrease in parental
care (Angelier et al, 2009). However, circulating CORT was
not correlated with differences in maculation characteristics
(Figure 3). Perhaps differences between cowbird and yellow
warbler egg maculation were simply not large enough to
stimulate a response. Indeed, some yellow warbler eggs
look nearly identical to brown-headed cowbird eggs in
maculation characteristics, and anti-parasitic behaviours in
yellow warblers may be mediated primarily through tactile,
rather than visual, cues (Guigueno and Sealy, 2009, 2012;
Guigueno et al., 2014). Yet another possibility is that individuals
that rejected experimental parasitism had higher baseline
CORT, although we might still expect that abandonment
would be associated with an interaction between CORT levels
and visual signals.

Differences in egg maculation characteristics could be an
important cue in eliciting egg rejection in brood-parasitic hosts,
as has been shown in ejecters, but the same may hold true for
clutch abandoners. Thus, we also examined whether differences
in maculation characteristic variation predicted whether hosts
accepted or abandoned their experimentally parasitised clutches
(prediction 3b, Figure 4). However, abandoners did not show
greater variation in maculation coverage or spot profile between
their eggs and the model cowbird eggs, relative to accepters
(Figure 4). Although yellow warblers from a previous study
gazed longer at manipulated clutches, this increased gaze time
only occurred between eggs that differed in both background
colour and maculation (i.e., blue vs. off-white; brown maculation
vs. none; Guigueno and Sealy, 2012). In addition, tactile cues,
as measured by the warblers’ egg probing and body shifting
during incubation, had a stronger effect than visual cues
(Guigueno and Sealy, 2012). To abandon a clutch, females
simply need to recognise they have been parasitised and use
other cues such as tactile recognition of volumetric differences
between the larger parasitic egg and the smaller host eggs
(Guigueno and Sealy, 2012) and interaction with the adult
parasite (Guigueno and Sealy, 2011). In sum, yellow warblers,
as with other hosts that use clutch abandonment as an
antiparasitic defence, seem to rely less on visual signals than
egg-ejecting hosts to distinguish between their own eggs and
the parasitic egg.

CONCLUSION AND FUTURE RESEARCH

We explored the effects of current (plasma) CORT, past
(feathers) CORT, and differences in egg maculation variation
in the context of clutch abandonment in parasitised yellow
warblers. We found evidence that current stress, as approximated
by circulating CORT in plasma, was associated with clutch
abandonment, but we did not find that maculation or
past stress played a role. To further explore the action of
CORT, future studies could experimentally increase CORT
to determine whether this manipulation elicits abandonment
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by female warblers. This approach would be opposite of
that of Abolins-Abols and Hauber (2020)’s, in which authors
decreased ejection in an American robin (Turdus migratorius)
by experimentally decreasing CORT synthesis with mitotane
injections. Robins normally eject at a high rate (ie, ~
90%; Croston and Hauber, 2014), so decreasing CORT would
result in more individuals accepting cowbird eggs. In contrast,
yellow warblers normally abandon 20-30% of experimentally
parasitised clutches, but up to about 44% of naturally parasitised
clutches (Sealy, 1995; Guigueno and Sealy, 2011), possibly
because females interact with the adult parasite (Guigueno
and Sealy, 2011). As such, in yellow warblers, increasing
circulating corticosterone, via time-release pellets or silastic
implants (Torres-Medina et al., 2018), for example, would
potentially result in a larger number of abandoners than
observed in our current study (ie., a larger sample size)
and would allow for causal, as opposed to correlational,
conclusions. Experimentally increasing rates of abandonment
through hormone manipulations would still reflect rates seen
naturally, as cowbird parasitism and associated abandonment
rates vary greatly geographically in yellow warblers (Kuehn,
2009). In sum, we conclude that circulating CORT was associated
with abandonment of experimentally parasitised clutches and
advocate for follow-up studies that manipulate hormone levels to
explore causal mechanisms.

In addition to manipulative studies, more research is
needed to understand the role of other hormones and
life history in mediating responses to brood parasitism.
Hormones other than or in addition to CORT could influence
clutch abandonment. Testosterone, progesterone, prolactin, and
mesotocin may all play roles in abandonment of parasitised
clutches, although this has primarily been examined in
hosts that eject cowbird or cuckoo eggs, such as American
robins and Eurasian blackbirds, respectively (Abolins-Abols
and Hauber, 2018; Ruiz-Raya et al., 2020). In addition,
stress is a mediator of life-history trade-offs (Bdokony et al.,
2009; Bonier et al., 2009; Abolins-Abols and Hauber, 2018),
and it would be valuable to incorporate parasitism status
and sympatry with cowbirds in a large-scale analysis to
examine interactions between hormones, life history traits,
and brood parasitism. There is a great opportunity for future
research to take a comprehensive endocrine approach in
examining the costliest form of rejection in brood-parasitic hosts,
clutch abandonment.

This study provides initial findings pertaining to the
endocrine correlates of clutch abandonment in brood-parasitic
hosts and confirms that egg visual signals play a less
important role in eliciting abandonment than tactile cues.
The yellow warbler-cowbird system provides a strong model
to address mechanistic questions of clutch abandonment, and
our research invites future experimental studies incorporating
additional species that abandon clutches from diverse host-
parasite systems. Our study, along with the proposed follow-up
studies, will contribute to a comprehensive understanding of
the intricate links between brood parasitism, hormones, and
clutch abandonment, and the fitness-related trade-offs between
incurring versus avoiding costs associated with brood parasitism
and clutch abandonment.
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