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Testosterone’s (T) influence on male aggressiorbkas well established in many
vertebrate species, but the impact of T on femgdgessive behaviour is poorly
understood. Among birds, a link between T and fenagigression is plausible, as
females of many species exhibit a seasonal pe@ilconcentrations at the onset of
breeding when social instability is greatest argytinay have circulating T through

much of the breeding season. However, investigat@m@amining the relationship
between T and female aggression are few and haldey conflicting results, with
experimentally or endogenously elevated T suppgiggressive behaviour in females
of some species but not others, and T elevatinig aggression at some points of the
reproductive cycle but not others. We examined¢tetionship between endogenous
levels of T and female aggression in the northardioal,Cardinalis cardinalis a

resident temperate species in which pairs exhibibpged territoriality and females

have measurable levels of T year-round, includihgtages of reproduction (incubation,
nestling feeding, etc.). Using simulated nest sitas, we assessed aggressive responses
of incubating females to intrasexual ‘intruderstla nest and quantified T levels after
each aggressive encounter. Displays of aggresswaerds ‘intruders’ varied among
females; yet, individuals showing greater levelaggression did not demonstrate higher
levels of T. These results imply that T might ngpggort maternal aggression in this

species.
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Quantifying relationships between steroid hormaanes vertebrate aggression has
received much investigative attention. Collectiyalych studies suggest that the
relationship between sex steroids and aggressivavimur is complex, as the connection
between a hormone and a behaviour can vary am@ngcéctive contexts, seasons,
sexes and species (Adkins-Regan, 2005; Goymanidyksa& Wingfield, 2007). Among
birds, testosterone’s (T) influence on male aggoedsas been researched extensively,
with many studies indicating that elevated levél$ support male aggressive behaviour
(e.g. Beletsky, Orians, & Wingfield, 1990; Gesl@hastel, & Eybert, 2004; Hau,
Wikelski, Soma & Wingfield, 2000; McGlothlin, Jawa: Ketterson, 2007; Wingfield,
1984, 1994). However, not all species show coviandietween T and aggression
(Apfelbeck & Goymann, 2011; Apfelbeck, StegherrG&ymann, 2011; DeVries,
Winters, & Jawor, 2012; Hunt, Hahn, & Wingfield, IR Lynn & Wingfield, 2008;
Moore, Walker, & Wingfield, 2004) and T elevatiofthivaggression may be context
specific (Rosvall, Peterson, Reichard, & Kettersfit.4). This has prompted recent and
interesting suggestions that the association betwWwesnd aggression in males be re-
evaluated (Goymann et al., 2007).

If the relationship between T and aggression iresi& complex, the relationship
between T and female aggression remains largepnoiasive. Even though female birds
of many species behave aggressively (e.g. Caii, Risworth, & Ketterson, 2011;
Rosvall, 2008, 2011; Sandell, 1998; Yasukawa & 8ed982), and they can have
circulating levels of T throughout the breedingsssa(e.g. Gill, Alfson, & Hau, 2007,

Jawor, 2007; Rosvall, 2013), they have receivedmiess investigative attention



(Ketterson, Nolan, & Sandell, 2005) with relativéitle emphasis on hormone
expression during aggression.

The few studies that have examined relationshipsden T and female
aggression in birds have focused on aggressivevthgrior to nesting and have
yielded conflicting results. Females of severaksge(e.g. red-winged black birds,
Agelaius phoeniceugristol & Johnson, 1994; cliff swallowBetrochelidon pyrrhonota
Smith, Raouf, Bomberger Brown, Wingfield, & Bron2()05) demonstrated a seasonal
peak in T levels during periods of intense sogciatability (e.g. territorial establishment,
mate attraction), implying that greater concentragiof T might support aggressive
behaviour. Several studies have attempted to datenwhether elevations of T
accompany displays of female aggression as prodms#te ‘challenge hypothesis’
(Wingfield, Hegner, Dufty, & Ball, 1990), yet ressilare mixed from studies attempting
to quantify such a relationship. For example, dieddevels of T were not present
following aggressive behaviour in female EuropganachatsSaxicola torquata
(Canoine & Gwinner, 2005; Gwinner, Rodl, & Schwalf94), song sparrows,
Melospiza melodigElekonich & Wingfield, 2000), spotted antbirdylophylax n.
naevioidegHou, Stoddard, & Soma, 2004), dark-eyed jundaaco hyemalig¢Jawor,
Young, & Ketterson, 2006), and African black cosc@lentropus grillii(Goymann,
Wittenzellner, Schwabl, & Makomba, 2008), but T centrations were higher in buff-
breasted wreng,hryothorus leucoti¢Gill et al., 2007), following exposure to a femal
decoy, and in dunnockByunella modularigLangmore, Cockrem, & Candy 2002), after

experimental removal of males encouraged competéinong females.



The aforementioned studies are unified in that #esessed relationships between
elevated T and female territorial aggression. Alinmaghing is known about connections
between levels of T (neither nonelevated nor ekr)aind other forms of aggressive
behaviour performed by female birds, such as mataggression. Performance of this
type of aggression is essential for insurancefefhale’s reproductive success as she
defends eggs/offspring from potential destructiod/ar brood parasitism (Nelson,

2006). Females of many avian species have detectdeVels during incubation/nestling
feeding (Ketterson et al., 2005), which in someesase not significantly lower than

peak concentrations of T characteristic of the mretling period (e.g. Jawor, 2007; Jawor
et al., 2007). Considering that circulating T ieg®nt during periods when females of
many species are aggressively defending nessspiausible that a relationship between
T and avian maternal aggression could exist. Matexggression has been well studied
in mammals (particularly rodents), and modulatibthes behaviour has been linked to a
number of hormones including oxytocin, vasopregsiagesterone and neurotransmitters
such as serotonin (Angoa-Pérez et al., 2014; B&ddbwman, 2012; de Sousa et al.,
2010; Heiming et al., 2013; Kelly & Goodson, 2084bihi, Dong, Durosko, & Leuner,
2014), but many of these hormones are also uskedtiastion, a process that birds do not
undergo, and their links with aggression may bemséary to their main use. Here we
compare circulating levels of T in female northeandinals Cardinalis cardinalis
(hereafter ‘cardinals’), that were defending thregst from a simulated conspecific
intruder to better understand how T and avian matexggression covary.

Several behavioural and physiological charactessti female northern cardinals

render them ideal candidates to examine relatipsdetween T and maternal



aggression. Cardinals are year-round residentsngiggm Central America to southern
Canada (Halkin & Linville, 1999). This species ex&lly monogamous and
multibrooded, displays prolonged territoriality, s in some areas is year-round
(Halkin & Linville, 1999; Jawor, Gray, Beall, & Bitgvisch, 2004; Gentry, n.d.), and has
a lengthy breeding season (6+ months; Halkin & liey1999). From a behavioural
perspective, female cardinals are unique among &hgale temperate zone passerines
in that they actively participate in territorialfdace through the display of male-like
aggression (e.g. conflict, song) towards intra- emersexual conspecifics for most of the
year (Halkin & Linville, 1999; Jawor et al., 2004ardinals are also open-cup nesters
that suffer a high depredation rate (Filliater, iBvesch, & Nealen, 1994, this study),
intraspecific brood parasitism is known to occunglille, 1997), and cardinals actively
defend their nests (Jawor et al., 2004). Consetyels$plays of maternal aggression at
the nest are potentially frequent as female calsliptect their reproductive investment
(Jawor et al., 2004; M. S. DeVries, personal obetoas; J. M. Jawor, personal
observations).

Female cardinals also demonstrate unique pattérigmduction. For example,
female cardinals have measurable concentratiomgpoésent year-round (Jawor, 2007)
that are higher than many values previously redddefemales of other avian species
(reviewed in Ketterson et al., 2005). Furthermtine,annual T profile of female
cardinals is nearly identical to that of males (dg&007). Prior work with the
population assessed here also suggests that feardieals can significantly increase T
concentrations in response to standardized gor@antreleasing hormone (GnRH)

injections during the nonbreeding through prebreggieriods (see DeVries, Holbrook,



Winters, & Jawor, 2011; Jawor, Hooker, & Mohn, 20ft further details) but not

during offspring feeding (DeVries & Jawor, 2013)véh that female cardinals are highly
aggressive at the nest and have considerable doattens of circulating T year-round,
we hypothesize that a relationship exists betweandimaternal aggression in this
species. In this study we assessed whether cimogl@tlevels of incubating female
cardinals vary by behavioural context (aggressemsws nonaggressive) and whether
baseline T concentrations covary with the degresggfessive behaviour displayed in

response to a simulated intrasexual, conspecifteuder’ at the nest.

<HI>METHODS
<H2>General Field Methods

This research was conducted at th&e Thoreau Environmental Research and
Education Center property owned by the Universit$authern Mississippi in
Hattiesburg, Mississippi. In this population of diauals, females begin building nests in
late March to early April and the breeding seasibenocontinues through mid- to late
September. This study was performed during AprikeJwithin the 2008-2011 breeding
seasons. Nests were located through systematichsegifrom mid-March through early
June. To determine whether circulating T covarigh iehaviour during aggressive
interactions, female cardinals were either capt@usthg mist nets) at the nest following
aggressive response to a simulated nest intrddlerd9) or captured at the nest without
exposure to a potential ‘intrudeRE 17). Most females were randomly subjected to
only one treatment (aggressive contékt; 24; nonaggressive contekt= 12); however,

because of the relatively finite size of this p@tian, some individuals were captured in



both aggressive and nonaggressive contékts §; accounted for in statistical analyses;
see below). To prevent subjecting an individughe potential stress of repeated capture
at the nest within a short period (which might haegative impacts on incubation
behaviour), females that were exposed to bothrirexaits were only exposed to one
randomly selected treatment within a single bregdigason (e.g. a female captured
during an aggressive encounter in 2010 was captaraehonaggressive context in 2011).
No individuals were repeatedly sampled within algrireatment. All simulated
intrusions were performed and all birds were cagatiand processed (blood collected,
banded) between 0600 and 1200 hours. Upon capimepf removal from net was
noted and birds were processed following procedpregously described for cardinals
(DeVries et al., 2011, 2012). Processing includeddbcollection (brachial vein
puncture) for T and corticosterone (CORT) analybasding individuals (U.S. Fish and
Wildlife (USFWS) band, plus a unique combinatiorptstic colour bands) and
recording morphometric measures as part of onga@sgarch (handling time <10 min).
Birds were released from the point of capture atabnclusion of processing. Blood
samples were centrifuged and plasma was extraotéér@zen at —20 °C until hormonal
analyses. All procedures performed in this studsevire accordance with ASAB/ABS
Guidelines for the treatment of animals in beharabtesearch and teaching and
European Union Directive 2010/63/EU for animal expentation. Furthermore, this
work was conducted under USFWS banding permit nui2®é79, Mississippi
Department of Wildlife, Fisheries, and Parks sdfentollecting permit number 0201101
and was approved by the Institutional Animal Caré se Committee of the University

of Southern Mississippi (protocol number 110922 88lvage of adult cardinals for



taxidermic decoy preparation was approved underWSEpecial purposes permit

number MB135338-0.

<H2>Simulated Nest Intrusions

We conducted simulated nest intrusions from Aprilgine in 2008N = 3), 2009
(N=9), 2010 = 14) and 2011N = 3) to capture female cardinals following aggness
behaviour at the nest. After each nest was locdtédncubation watches were
performed on two separate days to determine eacalés preferred flight paths to and
from the nest. Pilot work with this species hagibthat simulated nest intrusions
performed prior to the third day of incubation @uiduce nest abandonment (Jawor,
2000); therefore, simulated nest intrusions wetlg parformed on days 3—-12 of
incubation (no nest abandonment occurred afterav®pned simulated nest intrusions
in this study). All simulated nest intrusions wemnducted as follows. While a focal
female was away from her nest, we placed a fenaatiiral taxidermy mount within 1 m
of the nest cup and erected closed mist nets apregsred flight paths. Camouflaged
researchers retreated 10—-15 m away from the nes$isterve the female’s reaction to the
‘intruder’. Upon the return of the focal femalette nest area, the trial began and her
behavioural response to the decoy was assignedgrassive proximity score modified
from a similar study (Kontiainen et al., 2009): hggressive posturing (e.g. crest
flattening, head lowering, wing waving) from a diste >5 m; 2 = aggressive posturing
from distances of 2-5 m; 3 = aggressive posturiitgizv2 m; 4 = ‘mild’ attack on decoy
(e.g. swooping, pecking at decoy’s feet, face);'Bajor’ attack on decoy (e.g. multiple

hits on decoy in quick succession, knocking dedbwpfoperch). The decoy was allowed



to remain in position for 5 min or until it was hgally struck by the focal female. After
either 5 min following the return of the focal felm#&o the nest area, or a physical attack
on the ‘intruder’, the decoy was removed and wenegdanmist nets to capture females
upon returning to the nest post-intrusion. Follagvihe female’s response to the decoy,
nets remained open for 1 h. Once captured, we rechfiemales from the net and bled
them within 3 min of capture in the net to assessuilating T levels. Aggressive score
(1-5), time during simulated nest intrusion forsast approach to the decoy (mean: 56 s,
range 1-300 s), time of capture (time recordedregxantil capture following the
completion of the simulated nest intrusion: me&¥als, range 100-3120 s) and day of
incubation (day 3-12) were recorded and each iddaliwas quickly processed. If
females were not captured within 1 h of the beharabitrial, the capture attempt was
stopped. Because male and female cardinals sharemawphic song and vocalizations
(Halkin & Linville, 1999) and because male pair nimrs were present during 62% of
trials, additional measures such as song or chipjpeguency performed exclusively by
females could not be reliably determined and tliasat included in our analyses.
Capture success using the aforementioned procedigd2.5% (29 captures/40

attempts).

<H2>Nonaggressive Sampling

To quantify levels of circulating T in incubatifgmales not engaged in
aggressive behaviour (i.e. controls), we captueedales Nl = 17) at the nest without
exposure to a simulated nest intrusion during G0N = 8) and 2011N = 9) breeding

seasons. Similar to techniques used for simulagstiintrusions, we determined the



preferred flight paths of ‘control’ females to aindm the nest during 1 h incubation
watches conducted on two separate days prior &piue attempt. During a capture
attempt, nets were placed in a female’s prefefightfpaths while she was away from
the nest. When captured upon returning to the mestemoved individuals from the net
and bled them (via brachial vein puncture) withimi® of capture to assess circulating
levels of T, then we banded them, noted the dagafbation and released them at the

point of capture. Nets remained open for 1 h oil satcessful capture.

<H2>Testosterone Analyses

We analysed testosterone using an enzyme immunogsigg Enzo Life
Sciences, Inc., Farmingdale, NY, U.S.A., number-06%, antibody sensitivity =
5.67 pg/ml plasma) following methods outlined invdies et al. (2011, 2012) and Jawor
(2007). This assay has fairly low cross-reactiwtth other androgens (testosterone
100%,; 19-hydroxytestosterone 14.6%; androstendia?fé; dehydroepiandrosterone
0.72%; and oestradiol 0.40%). Tritiated testoster@®00 cpm, BiT; PerkinElmer) was
added to each sample (30 ul of plasma) to alloviifercalculation of recoveries
following extraction (&) with diethyl ether (mean recoveries = 89%). Eotisavere
resuspended and diluted to 350 ul with ethanolemsady buffer. Concentrations of T
were calculated using a four-parameter logistivetitting program (Microplate
Manager; Bio-Rad Laboratories, Hercules, CA, U.pakd corrected for incomplete
recoveries. Plasma samples from each individua¢\aaalysed on the same plate and
locations of all samples were randomized withirigdaStandards of known T

concentration were also placed within each platedtculation of intra- and interassay



variation. Intra-assay variation for T analyseggethfrom 5.30 to 9.00%; interassay

variation was 3.7%.

<H2>Corticosterone Analyses

Considering that the presence of a simulated ‘deruat the nest might elicit a
stress response in incubating females, we alsesssdevels of corticosterone (CORT)
in all individuals captured in both behavioural taxts. Similar to our T analyses, we
used an EIA (Arbor Assays, LLC, Ann Arbor, MI, UAS. number K014-H5, antibody
sensitivity 16.9 pg/ml) to determine levels of aiating CORT (as in DeVries & Jawor,
2014). This assay has limited cross-reactivity witier glucocorticoids (corticosterone
100%,; desoxycorticosterone 12.3%; aldosterone 0,@2%isol 0.38%). Approximately
2000 cpm of B-CORT (PerkinElmer) was added to each sample (1 plasma) to
allow for the calculation of recoveries followingple extraction with diethyl ether (mean
recoveries = 88%). Extracts were resuspended Wibh4 of assay buffer.
Concentrations of CORT were calculated using a-fasameter logistic curve-fitting
program (Microplate Manager) and corrected for mptete recoveries. Plasma samples
from each individual were analysed on the sames@atl the location of all samples was
randomized. Samples from a homogenized plasma(podhern bobwhiteColinus
virginianug served as standards and were placed in four nathalmations within each
plate for calculation of intra- and interassay &foin. Intra-assay variation for CORT

analyses ranged from 4.41 to 9.19%; interassagtvami was 4.78%.

<H2>Statistical Analyses



Data were analysed with SPSS 16.0 (SPSS, Chitlagd,S.A.). To account for
interassay variation, we calculated correctiondecfrom multiple standards of known
hormone concentration placed randomly throughoct @asay and applied a correction
factor to all T and CORT samples. All correctednl €ORT values were then In-
transformed for statistical analyses. We usedealimixed model (LMM) to examine
the effects of numerous variables on T and CORTeoinations. Fixed factors within
the model included behaviour context (simulated m#gusion versus control), year and
day of incubation, while mass and hormone levelewatered as covariates. Individual
identity was the random repeated effect to acctarmepeated sampling across
treatments. We also used general linear models (§ltdMexamine the effects of
aggression score (1-5), time of closest approadedoy and time until capture on levels
of T and CORT of females captured during simulatest intrusions. Because blood
sampling of all individuals was completed withim, we excluded handling time from

statistical analyses.

<HI>RESULTS
<H2>Behavioural Context Comparison and Hormone Levels

All females assessed during simulated nest intngsitisplayed some level of
aggressive behaviour during the trial: leveNl=0), level 2 N = 2), level 3 N = 10),
level 4 (N = 5), level 5 N = 12). Overall, the highest level of response §itally
striking the intruder) was the most prevalent. Malere present in 62% of the trials; yet
male presence had no effect on focal female T $efretlependent samplegest:ty;

=1.6,P =0.12), CORT concentrationts4£ 0.42,P = 0.67) or level of aggression shown



(t27 = 1.36,P =0.18). Males were not observed during nonaggressorgrol captures.
Results indicate that T concentrations of inculzptémale cardinals captured
following aggressive nest defence or during nonaggjve contexts did not significantly
differ (Table 1). In addition, there was no sigegiint effect of year, day of incubation,
concentrations of CORT or mass on T concentraiioe#ther behavioural context (Table
1, Fig. 1). Concentrations of CORT also did nohs8igantly differ between behavioural
contexts F1 20= 0.54,P = 0.47). Furthermore, there was no significantaotf year,
day of incubation, concentrations of T or mass @RT concentrations in simulated nest
intrusion and control females (&lvalues < 1.78, alP values > 0.14). Table 2
summarizes means and ranges of T and CORT contensraf females captured within

each behavioural context.

<H2>Additional Variables within Simulated Nest Intrusso

When examining females captured within aggressorgexts, results suggest that
year, day of incubation, mass, concentrations oRT(aggression score, time of closest
approach and time until capture were not signifigaassociated with T concentrations
of females captured following simulated nest intyas (allF values < 3.01, aP values
> 0.16; Fig. 2). The aforementioned variables alece not significantly associated with
circulating levels of CORT of incubating femalesessed following aggressive
encounters (alF values < 0.49, aP values > 0.40; Fig. 3). Relationships between
aggression scores and year assessed, day of ilybaass, time of closest approach to
the decoy and time until capture were also nonBggmit (allF values < 1.75, aP

values > 0.24). Because T levels can increasetimigh following aggressive interactions,



we compared T and CORT in individuals captured tzeémd after 15 min (post-
simulated nest intrusion) as this is an accepted point for when T concentrations
might increase based on hypothalamic—pituitary—gdahaxis functioning (DeVries et al.,
2011, 2012; Jawor et al., 2007). We found no efdétime on T concentrations (females
captured pre-15 mim\ = 11; females captured post-15 niihF 18;t,7 = 1.5,P = 0.14)

or on CORT concentrations (pre-15 mihz= 11; post-15 minN = 15;t,, = 0.17,

P = 0.86).

<H1>DISCUSSION
<H2>Testosterone and Maternal Behaviour

Even though females of several avian species exbalaik concentrations of T at
the onset of breeding (e.g. Cristol & Johnson, 188vith et al., 2005), relatively few
studies have reported elevations of T accompandisggays of female aggression during
the prebreeding period (but see Gill et al., 2Q@figmore et al., 2002). In addition,
correlations between nonelevated (baseline) T ggdeasion have not been
demonstrated (Jawor et al., 2006). This curremtysiodicates a similar relationship for
female cardinals in that T did not significantlyfer for females captured following
aggressive behaviour during incubation when contbr@onaggressive birds captured
during incubation. Nor did T covary with the lewé#laggression shown during defence of
the nest; yet, the hormone was readily circulatingoncentrations not unlike those
previously reported for the prebreeding period (m&zoncentrations: prebreeding =
0.87 ng/ml, DeVries et al., 2011; incubation = 0n8@ml, this study). Female cardinals

in this population can increase circulating T ispense to GnRH injections immediately



prior to breeding (DeVries et al., 2011), but tlaynot significantly respond to such
injections when feeding offspring (DeVries & Jaw®d13), suggesting that females of
this species might lose the ability to transielilyrease T concentrations during
offspring care. Experimentally elevated T has beported to delay the onset of
breeding (Clotfelter et al., 2004), decrease imnfunetion (Zysling et al., 2006), reduce
maternal care (Viega & Polo, 2008), reduce hatckingress (Rosvall, 2013) and alter
the primary sex ratio of broods (Veiga, Vifiuelay@oo, Aparicio, & Polo, 2004) in
females of some avian species. In addition, higicentrations of egg yolk androgens
can have detrimental effects on embryo hatchabditywth, immunity and survival
(Mazuk, Bonneaud, Chastel, & Sorci, 2003; Navail,, & Mendonca, 2005; Sockman
& Schwabl, 2000). It is plausible that selectiors nat favoured significant elevations in
circulating T in female birds regardless of stinduring some parts of the breeding
season because high concentrations of T, and trevioairs influenced by T, might be
detrimental to female fitness (Rosvall, 2011, 204.8;see Navara, Siefferman, Hill, &
Mendonca, 2006; Whittingham & Schwabl, 2002, foamples in which aggression leads
to higher egg T but does not change adult behaviour

A relationship between circulating T and materrggrassion could exist for
female cardinals, but ‘baseline’ (or nonelevateaf)aentrations of the androgen may
sufficiently support aggressive behaviour duringuimation. In this study, T
concentrations were not statistically differentizn aggressive and nonaggressive
contexts; however, T concentrations of simulatest mgrusion birds were slightly higher
than those of controls. While we did not detediagigtically significant effect of time

after experiencing a simulated nest intrusion a@oicentrations, there could still be an



effect of minor T increases on behaviour. Sterahiones are powerful even at low
concentrations (Adkins-Regan, 2005) and subtlesemss in concentrations could be of
biological importance even if not statisticallysificant. In many studies of male
aggressive behaviour significant increases in Thatebserved until 10-15 min after an
aggressive stimuli is perceived (Goymann et al072®Vingfield et al., 1990). While T
concentrations in female cardinals experiencingralated nest intrusion were not
significantly different before or after 15 min, ndid general T concentrations at the time
of capture covary with time following exposure teimulated nest intrusion, we cannot
rule out completely that increases in T (even momwes) play a role here. This could
only be resolved if individual females were captubefore and after simulated nest
intrusions. Males of some tropical species thatvspwlonged territoriality have been
proposed to be more sensitive to low concentratidregrculating T (Hau et al., 2000).
Greater numbers of androgen receptors in the lbmajht allow such species to use T
more efficiently (Adkins-Regan, 2005) and avoidegpatal costs of chronically elevated
circulating androgens (e.g. energetic costs, deeteanmunity, higher mortality;
Wingfield, Lynn, & Soma, 2001). Very little is knawabout the efficiency with which T
is used by female birds, but considering that figihcentrations of T could interfere with
multiple aspects of female reproduction (Clotfetterl., 2004; Rosvall, 2013), greater
sensitivity to lower concentrations of the hormém®ugh regulation of androgen
receptor density in the brain could be a likely@oe mechanism supporting female
aggression. Research in male birds has shownrtisainne circumstances circulating
concentrations of steroid hormones do not chamggead, it is the brain that changes,

allowing for a greater or lesser behavioural respdi€anoine, Fusani, Schlinger, & Hau,



2007; Rosvall et al., 2012; Soma, Hartman, Windfiél Brenowitz, 1999; Soma et al.,
2000; Soma, Sullivan, & Wingdfield, 1999). Given tifiamale cardinals have measurable
concentrations of circulating T year-round (Java®Q7) but do not intensely elevate T
following aggressive encounters or GnRH stimulatiatinin the breeding season
(DeVries & Jawor, 2013; this study), it is possitilat females of this species could have
increased sensitivity to lower concentrations aluE to greater numbers of androgen
receptors in the brain and that receptor expressiofd change through the breeding
season. Future studies assessing receptor numaetiam are needed in this and other

species to fully address these questions.

<H2>Other Potential Hormones

Lastly, alternate hormones, androgen precurscasidrogen metabolites could
have a role in the regulation of female aggreskeleaviour (Wingfield, Moore,
Goymann, Wacker, & Sperry, 2006). For example, detgpiandrosterone (DHEA; an
androgen precursor that can be converted to Théas reported to support territorial
aggression during the nonbreeding season in maléeamale spotted antbirds (Hau et al.,
2004) and may have a role in nonbreeding aggressidrsong in male song sparrows
(Soma & Wingfield, 2001; Soma, Wissman, Brenow&ta\Vingfield, 2002).
Furthermore, oestrogen (E2) is a metabolite ofal thight also contribute to the
regulation of aggression through either circulatiogcentrations or the conversion of T
to E2 in the brain by the enzyme aromatase (AdRegan, 2005). Aromatization of T
into E2 has been shown to mediate aggression ia daganese quaioturnix japonica

(Schlinger & Callard 1990), but little is known afsimilar relationship in female birds.



Oxytocin, which acts as a modulator of aggressimahaffiliative behaviours in birds, and
which induces egg laying, might also be influenttahggression during incubation
(Goodson, Schrock, & Kingsbury, 2015; Johnson, 26EHy & Goodson, 2014).
Although concentrations of oxytocin following theset of incubation should decrease,
activation of various brain nuclei following an rease and then a decrease in this
hormone could be influential.

Alternatively, inhibitory effects of hormones, suaé progesterone (P4), could
influence aggressive behaviour in female cardiriaigally discovered in some
mammalian species, P4 can have a modulating effefdmale aggression, with higher
concentrations of the hormone inhibiting aggresbefeaviour but lower concentrations
allowing for its occurrence (e.g. Davis & Marlef(B; de Sousa et al., 2010; Fraile,
McEwen, & Pfaff, 1988; Kolhert & Meisel, 2001). Siar results were reported for a
sex-role-reversed bird species, the African blamkcal (Goymann et al., 2008). In a
study by Goymann et al. (2008), P4 concentratidrisroale coucals were reported to be
significantly lower in individuals engaged in agsgere behaviour than in females
assessed in nonaggressive contexts. Although edscine not a sex-role-reversed
species, they share some behavioural attributésAfitcan black coucals in that females
of both species perform male-typical behaviourshsas singing and territorial defence.
Thus, it is plausible that circulating T, or chasge concentrations of T, are not
necessary to support aggression in incubating #sreaid that neurological changes as
well as alternative hormones need investigatioritfeir influences on this behaviour to

be understood.



<H2>Conclusions

Our findings suggest that incubating female cadinlo not significantly elevate
circulating concentrations of T following resporeantrasexual, conspecific ‘intruders’
at the nest; nor does general circulating T coordpwith the level of aggression shown.
Considering our study is one of the few to investtggconnections between endogenous
circulating androgens and maternal aggressionténotorial aggression) in birds, it
would be premature at this point to draw definitbeaclusions concerning this hormone—
behaviour relationship. Yet results of this study similar to those that have examined
relationships between circulating T and femaldttaial aggression in birds, which
suggests that high concentrations of androgenstmagtbe necessary to support
aggressive behaviour in females. It is plausibée H#ggression in female birds is
influenced by greater sensitivity to lower concetians of T, androgen precursors and
metabolites, or modulated by additional hormongsréwent the potentially negative
impacts of elevated T on female reproduction (@etpyed ovulation, reduced egg
production, negative maternal effects). Howevetil amore research is conducted to
investigate links between hormones and female behg\generalized relationships

between T and female aggression cannot be formed.
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Tablel
Linear mixed model analysis assessing the impalebévioural context (aggressive or
nonaggressive), year, day of incubation, corticoste (CORT) concentration and mass

on testosterone (T) concentrations of incubatimgelle cardinals

Fixed effects Estimate df F P
Behaviour context —0.97 1, 19.67 0.11 0.74
Year 2,19.66 1.09 0.36
Day of incubation 9, 19.48 1.29 0.30
CORT 0.07 1,19.32 0.22 0.64

Mass -0.01 1, 20.00 0.59 0.81




Table2
Means and SEs of testosterone (T, ng/ml) and astécone (CORT, ng/ml), and ranges
of T and CORT of female cardinals captured in pasgontrol) and aggressive

(simulated nest intrusion, SNI) contexts

T CORT

Mean Range Mean Range

SNl 0.96 (0.06) 0.35-1.65 8.67 (0.91) 1.00—21.1

Control 0.77 (0.08) 0.26-1.20 6.73 (0.94) 1.41-12.8




Figure 1. Relationship between testosterone (T) and cotiecose (CORT)
concentrations of incubating female cardinals aagatuluring simulated nest intrusions
(filled circles) and nonaggressive contexts (opecias). Testosterone and CORT were

not correlated (Pearson correlation coefficiesit= 0.45,P = 0.78).

Figure 2. Relationship between testosterone (T) concentratia time until capture of

incubating female cardinals captured in aggressiveexts (simulated nest intrusions).

Figure 3. Relationship between corticosterone (CORT) conmatinhs and time until
capture of incubating female cardinals captureaggressive contexts (simulated nest

intrusions).
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