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SUMMARY 18 

When competition for sex-specific resources overlaps in time with offspring production 19 

and care, trade-offs can occur. Steroids hormones, particularly testosterone (T), play a 20 

crucial role in mediating such trade-offs in males, often increasing competitive behaviors 21 

while decreasing paternal behavior. Recent research has shown that females also face such 22 

trade-offs; however, we know little about the role of T in mediating female phenotypes in 23 

general, and the role of T in mediating trade-offs in females in particular. Here we examine 24 

the relationship between individual variation in maternal effort and endogenous T in the 25 

dark-eyed junco, a common songbird. Specifically, we measure circulating T before and 26 

after a physiological challenge (injection of gonadotropin releasing hormone, GnRH), and 27 

determine whether either measure is related to provisioning, brooding, or the amount of T 28 

sequestered in egg yolk. We found that females producing more T in response to a 29 

challenge spent less time brooding nestlings, but provisioned nestlings more frequently, 30 

and deposited more T in their eggs. These findings suggest that, while T is likely important 31 

in mediating maternal phenotypes and female life history tradeoffs, the direction of the 32 

relationships between T and phenotype may differ from what is generally observed in 33 

males, and that high levels of endogenous T are not necessarily as costly as previous work 34 

might suggest. 35 

36 



INTRODUCTION 37 

 38 

Because time and energy can be spent only once, animals are often functionally constrained 39 

from maximally investing in all potentially beneficial traits (Lessells, 2008). Such constraints 40 

produce tradeoffs, which are key to understanding the evolution of life histories (Roff et al., 41 

2002; Stearns, 1992). One of the most important behavioral tradeoffs occurs when competition 42 

for crucial sex-specific resources overlaps in time with the need to care for offspring (Magrath 43 

and Komdeur, 2003). This tradeoff between resource acquisition and offspring care is often 44 

portrayed as a continuum with males at one end, investing more in competition for mates, and 45 

females at the opposite end, investing mainly in offspring production and care (Rosvall, 2013; 46 

Shuster and Wade, 2003; Trivers, 1972). However, recent research has shown that females also 47 

benefit from increased competitive ability in reproductive contexts (Clutton-Brock, 2009; 48 

Langmore, 1998; LeBas, 2006; Rosvall, 2011; Stockley and Bro-Jørgensen, 2011; Tobias et al., 49 

2012). Less is known about whether, and to what extent, females trade-off competitive ability 50 

with parental care, but research has shown that increased investment in traits that appear 51 

important for competitive ability (i.e. competitive traits: ornaments, armaments, aggression, etc. 52 

(Cain & Ketterson, 2012; West-Eberhard, 1983)) is often associated with decreased maternal 53 

effort (Bell et al., 2011; Dantzer et al., 2011; Fite et al., 2005; Fitzpatrick et al., 1995; Nordeide 54 

et al., 2006; Packer et al., 1995; Rosvall, 2011).  55 

 56 

In vertebrates, the sex steroids are often important in mediating this tradeoff. In particular, 57 

among males, high levels of testosterone (T) are generally associated with increased 58 

investment in traits used to compete for reproductive resources (e.g., mates, territories), at the 59 

expense of parental care and self-maintenance (Adkins-Regan, 2005; Ketterson and Nolan, 60 

1999; Wingfield et al., 2001); but see (Lynn et al., 2002). Relative to males, we know 61 

considerably less about the role of T in mediating female phenotypes in general and life history 62 



tradeoffs in particular (Ketterson et al., 2005; Staub and De Beer, 1997). However, the available 63 

data suggest that T may affect female trait expression in a manner similar to males. For 64 

example, experimentally elevating plasma T levels in females often increases the expression of 65 

traits used in same-sex competition, e.g. aggression (Rosvall, 2013; Sandell, 2007; Veiga et al., 66 

2004; Zysling et al., 2006), and often decreases some forms of maternal care (Clotfelter et al., 67 

2004; O'Neal et al., 2008; Rosvall, 2013; Rutkowska et al., 2005; Veiga and Polo, 2008). 68 

However, some components of maternal care are unaffected by experimentally elevated T 69 

(Clotfelter et al., 2004; DeVries and Jawor, 2013; Ketterson et al., 2005; O'Neal et al., 2008), and 70 

endogenous measures of T are often unrelated to female competitive traits (Elekonich, 2000; 71 

Hau et al., 2004; Jawor et al., 2006b) and maternal care (DeVries and Jawor, 2013). As a result, 72 

the relative importance of T in mediating female phenotypes and life history tradeoffs is 73 

currently unclear.  74 

 75 

In addition to shaping a female’s parental phenotype, female T production may also have 76 

important effects on offspring phenotype via maternal effects. In oviparous vertebrates, 77 

individual females vary in the amount of T that they deposit in eggs (Gil, 2003; Groothuis et al., 78 

2005; Groothuis and Schwabl, 2008). Experimental studies have shown that variation in the 79 

amounts of steroid hormone in the egg can have large effects on developing offspring both in 80 

the short-term and long-term, facilitating rapid growth and begging, and shaping adult 81 

morphology and competitive ability, but can also be costly in terms of immune function 82 

(Groothuis et al., 2005; Groothuis and Carere, 2005; Navara et al., 2005). Further, T has been 83 

implicated as a factor influencing primary sex ratios in birds (Correa et al., 2011; Rutkowska 84 

and Cichoń, 2006). Despite these potentially important consequences, less is known about the 85 

proximate mechanisms controlling the amount of T sequestered, and it is unclear whether the 86 

transfer of hormones is actively controlled by the female, or due to passive transfer (Groothuis 87 

and Schwabl, 2008; Müller et al., 2011; Schwabl, 1993). Previous studies have failed to find a 88 



relationship with circulating T and yolk T (Navara et al., 2005). However, other work has 89 

shown that individual ability to produce T predicts the amount of T a female deposits in her 90 

eggs (Jawor et al., 2007; Müller et al., 2011). Understanding the relationship between 91 

individual T profiles and yolk T is crucial to developing a greater understanding of the role of 92 

steroid-mediated maternal effects in shaping offspring development and phenotypic evolution. 93 

 94 

Currently, the majority of studies examining the role of T in mediating female phenotypes, 95 

particularly in birds, have utilized a phenotypic engineering approach, in which T is 96 

experimentally altered (Adkins-Regan, 2005; Ketterson et al., 2005; Williams, 2008). 97 

Experimental studies of this type are crucial for revealing the causal relationship between T 98 

and phenotype. However, there are limits to what we can learn from phenotypic engineering 99 

(McGlothlin et al., 2008; 2007; 2010).  We currently have very little information regarding the 100 

role of individual variation in endogenous testosterone in mediating female behavior or 101 

adjusting offspring phenotype via maternal effects (Groothuis et al., 2005; Williams, 2012; 102 

2008). To fully understand the evolution of hormonally mediated phenotypes we must also 103 

examine the relationship between naturally existing hormonal and behavioral variation (Cain 104 

and Ketterson, 2012; DeVries and Jawor, 2013; McGlothlin et al., 2007; Moore et al., 2002). 105 

  106 

Here we examine the relationships between endogenous T and maternal effort (behavior and 107 

yolk hormone deposition), in the dark-eyed junco (Junco hyemalis carolinensis), a common 108 

songbird often used as a model for exploring the relationships between hormones and 109 

behavior in free-living animals (e.g. (Deviche et al., 2001; Holberton et al., 2008; Ketterson and 110 

Nolan, 1999; Ketterson et al., 1992; McGlothlin et al., 2010; Raouf et al., 1997). Previous work 111 

has shown that experimentally elevated T in female juncos leads to increased aggression 112 

(Zysling et al., 2006), and reduced maternal care in some, but not all, measures (Clotfelter et al., 113 

2004; O'Neal et al., 2008). More recently, we found that endogenous T production ability is 114 



positively related to female-female aggression (Cain and Ketterson, 2012), and that females 115 

tradeoff some forms of maternal care (brooding and egg size) with intra-sexual aggression 116 

(Cain & Ketterson, in press). To determine whether T may play a role in mediating this tradeoff 117 

or maternal phenotype in general, we examined the relationships between two measures of 118 

endogenous T, circulating T before and after a physiological challenge in the form of an 119 

injection of gonadotropin releasing hormone (or GnRH), and three measures of maternal 120 

effort: brooding, provisioning, and the amount of T sequestered in the yolk. Based on previous 121 

studies using experimentally elevated T, we predicted that endogenous T measures would be 122 

negatively related to maternal behavior, and positively related to yolk T. Alternatively, other 123 

work suggests that the relationships between T and maternal care may be more complicated 124 

(Dantzer et al., 2011; DeVries and Jawor, 2013; Spinney et al., 2006; Swett and Breuner, 2009; 125 

Veiga and Polo, 2008).  126 

 127 

METHODS 128 

STUDY SPECIES, SITE, AND GENERAL METHODS 129 

This study took place on and around Mountain Lake Biological Station, in Giles Co., Virginia  130 

(37°22’N, 80°32’W), from April 15-August 10 2008, 2009, and 2010. Juncos are a socially 131 

monogamous, mildly dimorphic songbird (Nolan et al., 2002). Females build nests, incubate 132 

eggs, and brood nestlings; males assist in feeding and nest defense. General field methods are 133 

described in detail elsewhere (McGlothlin et al., 2010). Briefly, resident individuals were 134 

captured using baited potter traps and mist nets, and marked with numbered metal bands and 135 

unique combinations of color bands. Females were aged as young (first breeding season) or old 136 

(after first breeding season) using plumage, eye coloration and mark-recapture data from 137 

previous years (Nolan et al., 2002). We searched the study site daily for nests of all resident 138 

females. When located, nests were marked and then monitored to determine the social pair 139 



and the commencement of egg laying. Within 24h of clutch completion, the third laid egg of 140 

each female’s first nesting attempt was collected (2008, n= 42; 2009, n= 35; 2010, n= 31). If egg 141 

order was unknown we selected the largest egg, as the 3rd egg is often largest (Nolan et al., 142 

2002).  143 

 144 

PARENTAL BEHAVIOR  145 

In 2009 and 2010, we measured maternal behavior for all females that had both been 146 

administered GnRH challenges (see below), and had a nest that survived to the nestling stage, 147 

which limited the sample size (2009: n = 12; 2010: n= 16). To quantify maternal behavior we 148 

videotaped each nest for 4 consecutive hours (0900-1700) at day 3 post-hatching. A single 149 

observer watched all tapes at a later date and determined the number of female feeding trips, 150 

the number of brooding bouts, and the length of each brooding bout. Mean brooding bout was 151 

calculated by summing the total amount of time spent brooding and dividing by the number of 152 

brooding bouts. If the female was still brooding at the end of the tape that brooding event was 153 

excluded. Mean brood bouts ranged from 244s – 1588s, mean of 663s. We used a Campbell 154 

CR10 data logger located on the study site to record ambient temperature at 1400 (mid-point 155 

for most recordings). A female’s age category (young or old) had no effect on brooding or 156 

provisioning (mean brooding bout: t28 = -0.11, P= 0.91; provisioning rate: t28 = -1.06, P= 0.30), 157 

nor did year (provisioning rate; t28 = -1.27, P= 0.22, mean brooding bout; t28 = 1.15, P= 0.26), 158 

ambient temperature (mean brooding bout, R2 = 0.01, P= 0.62; provisioning rate, R2= 0.002, P= 159 

0.87), or date (mean brooding bout, R2 = 0.002, P= 0.79; provisioning rate, R2= 0.003, P= 0.77). 160 

There was a negative relationship between the two measures of parental behavior (R2= 0.28, 161 

P= 0.0047, n= 28); i.e. females that brooded most tended to feed less frequently.  162 

 163 

GNRH CHALLENGES 164 



Testosterone production is regulated by the hypothalamic-pituitary-gonadal (HPG) axis. The 165 

hypothalamus responses to a variety of external and internal stimuli by releasing 166 

gonadotropin-releasing hormone (GnRH), stimulating the pituitary to release luteinizing 167 

hormones (LH), which then travels via the bloodstream to the gonads, which response by 168 

releasing sex steroids, including T (Adkins-Regan, 2005; (Jawor et al., 2006a)). To measure 169 

individual variation in ability to produce testosterone, we challenged females’ HPG axis by 170 

administering an injection of GnRH to produce a transient increase in circulating T (2008: n= 171 

18; 2009: n= 26; 2010: n= 19). This procedure stimulates individuals to release maximal T 172 

levels (Cain and Ketterson, 2012; Jawor et al., 2007; 2006a; McGlothlin et al., 2007; Moore et 173 

al., 2002; Wingfield et al., 1991), and is repeatable in both sexes (Jawor et al., 2006a; Rosvall & 174 

Bergeon Burns unpublished). In female juncos the most robust response to GnRH is during the 175 

7 days prior to oviposition, when females are rapidly yolking eggs (Jawor et al., 2007). We 176 

challenged females only during this stage, identifying females that were heavy and had the 177 

distinctive “torpedo-like” shape typical of yolking songbirds (Cain and Ketterson, 2012). Mean 178 

mass for female juncos early in the breeding season is 21.5g ± 0.18 (mean, s.e.) (Cain and 179 

Ketterson, 2012), mean mass for challenged females was 24.7 ± 1.44. Challenged females were 180 

captured during the pre-breeding season and transported to a central processing area. An 181 

initial blood sample (initial T) was taken from the wing, followed by an intramuscular injection 182 

of 50 µL of a solution containing 1.25 µg of chicken GnRH- I (Sigma L0637; American Peptide 183 

54-8-23). After exactly 30 minutes a second blood sample was taken (post-challenge T). 184 

Samples were centrifuged and the plasma was drawn off and frozen at -20 C° until assayed.  185 

We recorded time at capture (capture time) and the total amount of time elapsed between 186 

capture and the initiation of the challenge (handling time, mean = 1696s).  187 

 188 

PLASMA TESTOSTERONE ASSAYS 189 



Plasma T concentrations for 2009 and 2010 were determined using commercially available 190 

EIA kits (Assay Designs, Inc., #901-065) as described elsewhere (Clotfelter et al., 2004; Jawor 191 

et al., 2007). We added 2000cpm of tritiated T (H3-T) to calculate recovery efficiencies prior to 192 

two rounds of diethyl ether extractions. Samples were then dried down with N2 and re-193 

suspended in 300ul of assay buffer and 50ul of ethanol. All samples were run in duplicate; a 194 

four-parameter logistic curve-fitting program (Microplate Manager; Bio-Rad Laboratories, Inc.) 195 

was used to determine concentrations. Plasma T concentrations for 2008 were determined 196 

using long-column chromatography followed by a radio-immunoassay as part of a separate 197 

experiment, described in Cain & Ketterson 2012. These values were used only for examining 198 

the relationship between plasma and yolk T. For all samples, values were corrected for 199 

incomplete recoveries; average recovery was 90%.  Both initial and post-challenge T values 200 

were normal after a logit transformation (Shapiro-Wilk test: P>0.15 for both). Three samples 201 

were excluded because there was a problem with the challenge (bled at the wrong time) or the 202 

hormone assay (unusually high or low recoveries). The time of day the challenge occurred had 203 

no detectable relationship with initial or post-challenge T (all P > 0.35). 204 

 205 

YOLK TESTOSTERONE ASSAYS 206 

The concentration of testosterone in yolk was determined using a testosterone enzyme-207 

immunoassay kit (EIA), (Catalog # ADI-901-065) (Enzo Life Sciences Intl., Inc., Plymouth 208 

Meeting, PA), following a modified ethanol extraction (Kozlowski et al., 2009). Previously 209 

frozen eggs were allowed to semi-thaw to permit separation of the yolk from the albumin. We 210 

recorded the total egg mass and yolk mass and transferred yolks to 2ml Eppendorf tubes. Mean 211 

yolk mass was 0.504g ± 0.006 (mean, s.e.). After the yolk thawed fully, we added 500ul of 212 

distilled water and several glass mixing beads, then vortexed thoroughly until yolks were 213 

completely homogenized.  For hormone extraction, 50ul of the yolk solution was transferred to 214 

a clean 1.5ml Eppendorf, and then further diluted with an additional 100ul of distilled water. 215 



Tritiated testosterone (2000 cpm H3-T) was added to the homogenate for calculation of 216 

extraction recoveries, and mean sample recovery was 82%. Homogenate was then vortexed 217 

and incubated at 37C for 1hr to allow the native and tritiated hormone to equilibrate. After 218 

incubation, 300ul of 100% ethanol was added to each sample. Samples were again vortexed 219 

and put on a shaker at 500rpm for 5min. Samples then were allowed to sit at room 220 

temperature for 10 min to incubate and settle.  After incubation, samples were spun in a micro-221 

centrifuge for 10min at 13,000 rpm. The supernatant was decanted into a 13x100 borosilicate 222 

culture tube and dried down using a forced air manifold and warm water bath. Dried samples 223 

were then rehydrated with 50ul of 100% ethanol and 300ul of assay buffer.  Assays were run 224 

in accordance with kit directions and as described for plasma samples with two exceptions. 225 

First, because mean testosterone levels were above optimal levels for the assay, all samples 226 

were run at a 1:10 dilution. Second, kit standards were replaced by standards made from 227 

pooled and diluted yolk extract in order that samples and standards be of comparable matrices. 228 

Values were normally distributed after natural log transformation (Shapiro-Wilk W test, P> 229 

0.15). 230 

ASSAY VALIDATION 231 

To determine whether substances present in the extract interfered with the accuracy of the 232 

assay, or introduced bias (Engelhardt and Groothuis, 2005), we pooled extracts from 5 yolks 233 

prepared as above and performed a serial dilution of 1:4, 1:8, 1:16, 1:32, 1:64 and 1:128. Serial 234 

dilutions were parallel to the standard curve (ANCOVA, dilution by concentration interaction, 235 

P= 0.47). We also created five replicates of the diluted sample pool (1:50) and spiked each with 236 

a serial dilution of a known standard (i.e. 1000, 630, 320, 125, and 62.5 pg/ml) provided with 237 

the assay kit. Spiked recoveries were 91% of expected values.  238 

 239 

This modified technique produced T concentration similar to what has been reported 240 

previously in this species. T concentration in yolks using this method ranged from 1.58 to 241 



18.79 pg/mg, (mean, s.e.) 7.107 ± 0.454 pg/mg, and recoveries averaged 82.85%. Lipar et al. 242 

(1999) used long column RIAs to determine yolk T and report mean T value of 7.63 pg/mg, 243 

with recoveries of 71%; Jawor et al. (2007) also used RIAs and reported a mean T value of 1.71 244 

pg/mg, with 58% recoveries.  245 

STATISTICAL ANALYSIS 246 

All analyses were done in JMP 10 (SAS Institute Inc.). To examine the relationship between 247 

hormone measures and parental behavior, we used the hormone measure as the dependent 248 

variable, allowing us to examine the relationship between T and the behavior of interest while 249 

holding the other variables constant (e.g. date, mass, year, capture time, handling time) (Jawor 250 

et al. 2006a; McGlothlin et al. 2007). However, we make no assumption about whether the 251 

relationship is causal, or in which direction any causality may operate. We used BIC (Bayesian 252 

Information Criterion) minimum scores to objectively select the predictive variables. The 253 

beginning model included the parental behavior of interest, year, and factors that have 254 

previously been shown to influence response (date, mass, capture time, handling time). 255 

For most of the females that received a GnRH challenge we also collected an egg (2008, n=26; 256 

2009, n=11; 2010, n=19). Females were only included in this analysis if they received the GnRH 257 

challenge in the same year the egg was collected.  The final model was run in a multiple 258 

regression analysis. To examine the relationships between yolk T, initial T and post-challenge 259 

T we used multiple regression models with yolk T as the dependent variable, with year and 260 

initial or post-challenge T as predictors.  261 

 262 

To illustrate relationships between post-challenge T and behavior we calculated leverage plots 263 

pairs. Leverage pairs are derived from the residual error without the effect in the model and 264 

the actual residuals from the best-fit line, similar to a partial correlation (Sall, 1990). Finally, to 265 

visualize potential patterns of covariation between variables of interest we constructed a 266 

network model, see Figure 2 (Huffman et al., 2012). Specifically, we used the calculated 267 



coefficient of determination (adjusted R2) from each multiple regression model, i.e. tests 268 

examining relationship between hormones measures and maternal behavior/yolk T, to 269 

construct a correlation matrix between measures of hormonal phenotype and maternal care. 270 

We then used Cytoscape software (version 2.3) to construct a force-weighted network model 271 

to visualize the emerging network. Each node represents a variable of interest, colored 272 

according to type of trait (hormone measures are blue, maternal effort is orange, egg metrics 273 

are yellow). Lines connecting nodes denote the nature of the relationship between the 274 

variables (solid lines are positive; dashed lines are negative, faint lines indicate no detectable 275 

relationship). The length of the line is inversely related to the strength of the relationship; 276 

short lines indicate stronger relationships. 277 

 278 

RESULTS 279 

MATERNAL BEHAVIOR AND TESTOSTERONE  280 

Initial T was negatively, but not significantly, related to brooding (F 1, 16 = 2.74, R2= 0.16, P= 281 

0.12), and unrelated to provisioning (P> 0.45). Post-challenge T was negatively related to 282 

brooding; females that produce more T brooded for shorter intervals (Fig. 1 & 3, Table 1, 283 

Overall model Adj. R2= 0.98, F6, 12= 33.03, P= 0.0007; mean brooding bout, b= -0.002, P= 284 

0.0011). In the final model, date, year, mass, capture time and handling time, were all 285 

significant variables. Post-challenge T was positively related to provisioning behavior; females 286 

with higher T provisioned their young more often than females with lower T (Fig 1 & 3, Table 1. 287 

Overall model Adj. R2= 0.80, F4, 12= 12.27, P= 0.0028: provisioning rate, b= 3588, P= 0.0468). In 288 

the final model, year, mass, and handling time, were significant variables.   289 

YOLK T AND MATERNAL T  290 

Controlling for year, there was a positive correlation between yolk T and post-challenge T 291 

(Figure 2 & 3, Full model, F2, 47=3.20, Adj. R2= 0.13, P= 0.0324; post challenge T, P =0.0128; year, 292 



P=0.13). There was no detectable relationship between initial T and yolk T (P>0.25). Yolk mass 293 

and yolk T were not related (R2= 0.003, P= 0.88), and neither yolk mass nor yolk T differed 294 

between years (all P> 0.25). Yolk mass was unrelated to post-challenge T (P>0.50). However, 295 

there was a positive trend between yolk mass and initial T (Fig. 3, R2= 0.05, P=0.1244). 296 

 297 

DISCUSSION 298 

We examined the relationships between endogenous T and three measures of maternal effort 299 

(provisioning, brooding and yolk T deposition) in females to determine whether endogenous T 300 

is potentially mediating female parental phenotypes and if so, whether the relationship in 301 

females is similar to that in males and previous experimental studies on females.  We found 302 

that females capable of producing more T in response to a physiological challenge (injection of 303 

GnRH) spent less time brooding nestlings, congruent with predictions based on previous 304 

experimental studies. However, in contrast to experimental studies in both females and males, 305 

we found that high T females provisioned more frequently. Finally, we found that females 306 

producing more T in response to GnRH also deposited greater concentrations of T in the yolk. 307 

STRONGER RELATIONSHIPS WITH POST-CHALLENGE T 308 

We found significant relationships between maternal effort and post-challenge T but not 309 

between behavior and initial T (Fig. 3). The lack of relationship between initial T and behavior 310 

is similar to other studies reporting no association between endogenous T and female behavior 311 

(DeVries and Jawor, 2013; Elekonich, 2000; Hau et al., 2004; Jawor et al., 2006a). This lack of 312 

association may be because circulating levels can rapidly change in response to uncontrollable 313 

sources of variation, thereby obscuring relationships, e.g. social interactions, time of day, etc. 314 

Consequently, the stronger relationships we observed with post-challenge T may have arisen 315 

because GnRH induced T, is less perturbable by the stimuli that may have influenced initial T, 316 

allowing us to detect patterns that would normally be obscured. Alternatively, the costs 317 



associated with high levels of circulating T (García-Vigón et al., 2008; Gerlach and Ketterson, 318 

2013; Ketterson et al., 2005; O'Neal et al., 2008; Rosvall, 2013; Rutkowska et al., 2005; Veiga 319 

and Polo, 2008) may favor females that maintain circulating T at low levels, particularly once 320 

breeding has commenced. In support of this, research in juncos has shown that captive females 321 

did not elevate T after an aggressive interaction (Jawor et al., 2006a), circulating T measured 322 

immediately after a simulated intrusion during incubation was unrelated to aggression 323 

(Rosvall et al., 2012), and that incubating and brooding females do not respond to the GnRH 324 

challenge (Jawor et al., 2007).  325 

 326 

However, females do increase T in response to GnRH before incubation begins, and individual 327 

ability to produce T during this period is related to fitness relevant behaviors weeks later (Cain 328 

& Ketterson 2012, this study). This suggests that individual GnRH responses during this critical 329 

period, when competitive ability may influence mate or territory selection, is likely to be an 330 

informative proxy for individual responsiveness to stimuli or sensitivity to steroids more 331 

generally, a possibility supported by several lines of research in juncos. Individual response to 332 

GnRH is repeatable in both sexes, and the source of individual variation appears to be 333 

individual differences in gonad function, suggesting that GnRH response is a property of the 334 

individual (Bergeon Burns & Rosvall, unpublished). Further, female aggression, which is 335 

positively related to post-challenge T (Cain and Ketterson, 2012), is also related to individual 336 

differences in the level of steroid receptor mRNA (Rosvall et al., 2012). Finally, it is important 337 

to note that in the final models examining these relationships, other factors were also 338 

significantly related to post-challenge T (see Table 1), as has been reported in previous work 339 

(Cain et al., 2013; Cain and Ketterson, 2012; Jawor et al., 2007; 2006a; McGlothlin et al., 2010; 340 

2007). This suggests than individual responsiveness the GnRH may be a affected by 341 

downstream factors (Jawor et al., 2007; 2006a), which could also be important in regulating T 342 

and T-mediated phenotypes in females. 343 



 344 

TESTOSTERONE & MATERNAL CARE 345 

Our finding that females capable of producing more T in response to the GnRH challenge also 346 

brood for less time is consistent with the generality that higher T levels are associated with 347 

reductions in parental care in both sexes (Ketterson et al., 2005; 1992; Rosvall, 2013; Stoehr 348 

and Hill, 2000; Trainor and Marler, 2001; Veiga and Polo, 2008; Wingfield et al., 2001). More 349 

specifically, it is congruent with previous work in juncos that found reduced brooding in 350 

females with T elevated experimentally (O'Neal et al., 2008). Together, these findings support 351 

the possibility that T may mediate tradeoffs between reproductive competition and maternal 352 

care, suggesting an important cost for high T in females. A recent examination of the costs of 353 

aggression in junco females found that more aggressive females, which tend to produce more T 354 

in response to GnRH (Cain and Ketterson, 2012), have hatchlings of lower mass than do less 355 

aggressive females (Cain and Ketterson, in press); mass is an important predictor of survival in 356 

songbird nestlings (Starck and Ricklefs, 1998). The negative relationship reported here 357 

between T and brooding may partially explain this pattern. Reduced brooding or incubation, 358 

may lead to slower developmental rates, forcing nestlings to devote more energy to 359 

thermoregulation and reducing the amount of energy available for growth (Ardia et al., 2010). 360 

Because only females brood in this species, reduced brooding may present an important cost 361 

for females with high T, and lead to selection favoring reduced T in females. If male and female 362 

T levels are genetically correlated, these costs could constrain male T (Ketterson et al., 2005; 363 

2009).  364 

 365 

In contrast to the typical pattern of negative relationships between parental care and 366 

testosterone, we found a positive relationship between provisioning and T. However, because 367 

the relationship between T and female maternal behavior is so rarely examined, it is difficult to 368 

say whether this relationship is unusual. In experimental studies, females with elevated T 369 



either show reduced maternal care relative to controls, or there is no effect, depending on the 370 

form of care and the species examined. In spotless starlings (Sturnus unicolor), T females 371 

showed delayed egg laying and reduced provisioning rates (Veiga and Polo, 2008); in tree 372 

swallows, T-females showed reduced incubation and hatching success (Rosvall, 2013); in 373 

juncos, T-females showed reduced brooding, nest defense, and nest success, but there was no 374 

effect on incubation, provisioning, nestling quality or extra-pair offspring production 375 

(Clotfelter et al., 2004; Gerlach et al., 2013; O'Neal et al., 2008). In contrast, though white-376 

striped morph white-throated sparrow females (Zonotrichia albicollis) are more aggressive 377 

and engage less in maternal care relative to tan morphs, the morphs do not differ in circulating 378 

T levels (Spinney et al., 2006; Swett and Breuner, 2009). Our understanding of why within a 379 

species T affects some traits and not others, and why species differ in trait sensitivity, is 380 

currently quite limited. However, there is some indication that species’ trait sensitivity to T 381 

depends on female life histories and the relative importance of competition versus maternal 382 

care for those females (Rosvall, 2013). 383 

 384 

Only one previous study has examined covariation between female T production ability (i.e. 385 

post-challenge T) and provisioning rates. That study addressed this question in female 386 

northern cardinals (Cardinalis cardinalis), and found no relationship between the two 387 

measures (DeVries and Jawor, 2013). The observed difference in the relationships between T 388 

and provisioning in cardinal and junco females likely stems from differences in female life 389 

histories as well as important differences in study methodology. The cardinal is a non-390 

migratory resident that defends territories year-round (Halkin and Linville, 1999), while the 391 

junco migrates away from the breeding grounds and winters in flocks (Nolan et al., 2002). 392 

Further, in the cardinal study GnRH challenges were administered during the nestling period. 393 

However, cardinal females, like juncos females, did not elevate T in response to GnRH during 394 

the nestling period (DeVries and Jawor, 2013; Jawor et al., 2007). In contrast, we administered 395 



GnRH challenges in the pre-breeding season, during the period that female juncos exhibit the 396 

most robust response to a GnRH challenge (Jawor et al., 2007).  397 

 398 

A final alternative explanation for the positive relationship between T and provisioning is that 399 

current definitions of maternal care, and of what makes a ‘good mother’, may be overly 400 

simplistic. While T does often lead to reductions in some forms of maternal care, high T levels 401 

may be important for other forms of maternal care, particularly when successful reproduction 402 

requires competition (Rosvall, 2013). In the junco, females capable of producing more T in the 403 

pre-breeding season may be more competitive, and acquire higher quality mates or territories 404 

than lower T females (Cain and Ketterson, 2012; Cain et al., 2011). As a result, though they 405 

brood less, they may be able to provision more and thus neutralize some negative effects of 406 

higher T (Cain & Ketterson, in press). Previous work in this population found that more 407 

aggressive females, which produce more T in response to GnRH, have greater nest success in 408 

some years (Cain & Ketterson, 2012; Cain & Ketterson, in press), suggesting that these high T 409 

females may actually be better mothers, if the metric used is greater offspring survival.  410 

 411 

A similar pattern can be seen in other species. For example, in red squirrel females 412 

(Tamiasciurus hudsonicus), increased fecal androgens are associated with less time in the nest 413 

but more time devoted to territory defense and resource acquisition, which may increase 414 

juvenile survival and optimize female reproductive success (Dantzer et al., 2011). 415 

Experimentally elevating T in female tree swallows decreases incubation but increases 416 

aggression (Rosvall, 2013), which is important for acquiring a nest cavity, a necessary 417 

reproductive resource (Rosvall, 2008), and similar findings were reported in spotless starlings 418 

(Veiga and Polo, 2008). This pattern suggests that T may facilitate female ability to acquire 419 

resources important for indirect offspring care. This may generate tradeoffs with other forms 420 

of maternal care, but nevertheless may lead to improved reproductive success. Thus, caution is 421 



warranted when interpreting findings; a reduction in one form of maternal care or behavior 422 

may not inherently be poor mothering (Rosvall, 2013; Stiver and Alonzo, 2009).  423 

 424 

YOLK TESTOSTERONE 425 

In addition to maternal behavior, females can also affect offspring phenotype via the amount of 426 

steroid sequestered in the yolk (Gil, 2003; Groothuis et al., 2005; Schwabl, 1993). We found a 427 

positive relationship between T produced in response to a GnRH challenge and the amount of T 428 

deposited in yolk, replicating a finding from a previous study in juncos (Jawor et al., 2007), and 429 

in canaries (Serinus canaria) (Müller et al., 2011). In most species studied to date, yolk T 430 

functions as an anabolic steroid, stimulating growth and begging, although often at the cost of 431 

reduced immune function (Gil, 2003; Groothuis et al., 2005; Groothuis and Carere, 2005; Lipar 432 

and Ketterson, 2000; Schwabl, 1993); but see (Cox, 2005; Navara et al., 2005; Sockman and 433 

Schwabl, 2000). Exposure to T in the egg can also alter offspring ability to produce T later in 434 

life (Cain et al., 2013; Müller et al., 2011; Pfannkuche et al., 2011), and influence primary sex 435 

ratio (Correa et al., 2011; Rutkowska and Cichoń, 2006), suggesting another potential avenue 436 

by which females can influence offspring and grand-offspring fitness (Clutton-Brock et al., 437 

1986; Trivers and Willard, 1973). 438 

 439 

Previous studies on females in this population have found that aggressive females produce 440 

more T in response to GnRH (Cain and Ketterson, 2012), and in some years, produce smaller 441 

eggs and lighter hatchlings (Cain and Ketterson, in press). However, those nestlings gained 442 

mass faster than nestlings of less aggressive females, potentially neutralizing any negative 443 

effects that stem from the production of smaller eggs. The positive relationship between post-444 

challenge T and yolk T suggests one way that nestlings of aggressive females may “catch-up”. If 445 

more aggressive females deposit more T in their eggs, this may stimulate greater growth. In 446 

tree swallows, higher aggressive interaction rates were positively correlated with yolk T 447 



(Whittingham and Schwabl, 2002), supporting this possibility. The faster growth rates of 448 

aggressive female nestlings may have also been further fueled by greater provisioning rates 449 

observed in high T females. Thus, individual variation in yolk T may be another way that 450 

females influence offspring quality and survival, outside of traditional measures of maternal 451 

care (Gil, 2003; Groothuis et al., 2005; Jawor et al., 2007; Ruuskanen et al., 2012). Another 452 

possibility is that high levels of yolk T may result in increased begging, motivating parents to 453 

provision more frequently. Thus, the positive relationship female T production and 454 

provisioning may be an indirect product of yolk T initiating behavioral differences in chicks, 455 

rather than a direct effect of T on female behavior. Differences in yolk T levels may also 456 

contribute to the year observed differences in nest success, e.g. females with high T levels may 457 

be more successful under competitive conditions, but not in conditions where resources are 458 

plentiful (Cain & Ketterson, in press). As the results reported here are correlative, determining 459 

which of these possibilities underlies the observed patterns in the junco will require further 460 

empirical study.  461 

 462 

CONCLUSION 463 

Steroid hormones play a key role in mediating life-history tradeoffs (Adkins-Regan, 2005; 464 

Ketterson and Nolan, 1999; Wingfield et al., 2001; Zera and Bottsford, 2001), however we 465 

know little about the tradeoff between competition and maternal effort in females. The 466 

physiological mechanisms underlying this tradeoff in females have rarely been examined 467 

directly, particularly in regards to endogenous steroid levels (DeVries and Jawor, 2013; 468 

Rosvall, 2013). The findings reported here support the possibility that T may play a similar role 469 

in females as has been reported in males, increasing competitive behavior at the expense of 470 

maternal effort. However, we also found unexpected positive relationships between some 471 

measures of maternal behavior and T. Together these results suggest that while T is likely 472 

important in maternal phenotypes and mediating tradeoffs, high transient levels of T are not 473 



necessarily as costly as previous work using experimental elevations of T might suggest (e.g. 474 

Gerlach et al., 2013, Veiga and Polo, 2008). These incongruent findings underscore the need for 475 

additional data on T in females, particularly on the relationships between endogenous T and 476 

behavior. Such data is essential if we are to further our understanding of how selection shapes 477 

T-mediated phenotypes in females in specific, and proximate regulation of life histories more 478 

generally. 479 

 480 
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Figure and table captions 711 

Figure 1: Scatter plots relating parental behavior (left: brooding behavior; right: provisioning 712 

behavior) to ability to produce T in response to GnRH challenge. Points in the scatter plots 713 

for T are leverage pairs, akin to partial correlation (see statistical methods), P values are 714 

from single effects in multiple regression.  715 

 716 
 Figure 2: Scatterplot illustrating the correlation between female ability to produce T in 717 

response to a GnRH challenge (post challenge T) and the concentration of yolk T (ng/g) 718 

deposited in eggs. Lines and symbols differ according to year; 2008, cross and dashed line; 719 

2009, x and dotted line, 2010 square and solid line. 720 

 721 
Figure 3: Network model illustrating the relationships between measures of hormonal 722 

phenotype and maternal behaviors. Each node represents a variable of interest, colored 723 

according to type of trait (hormone measures are blue, maternal effort is orange, egg 724 

metrics are yellow). Lines connecting nodes denote the nature of the relationship between 725 

the variables (solid lines are positive; dashed line is negative, faint lines indicate a trend 726 

that is not statistically significant). The length of the line is inversely related to the strength 727 

of the relationship; short lines are stronger. Notice tight clustering around post-challenge T 728 

as compared to initial T. 729 

 730 

 731 

Table 1: Final multiple regression models of the relationship between ability to produce 732 

testosterone in response to a GnRH challenge and measures of parental effort.  733 
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