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ABSTRACT: Testosterone is an important mediator of behavior, morphology and 

physiology. A cascade of signals regulates the amount of testosterone (T) circulating 

in the plasma; in response to stimulus the hypothalamus releases gonadotropin-

releasing hormone (GnRH), which triggers secretion of gonadotropins from the 

pituitary, stimulating the synthesis and release of T from the gonads. Previous work 

has shown that changes to the social environment can alter circulating T-levels, 

which may have important fitness consequences, but it is currently unclear whether 

these changes are due to alterations in the signal from the brain, or changes in the 

ability of the pituitary and gonads to respond to this signal. Further, the strength 

and direction of response to a changing environment may differ according to life-

history strategy. Species with genetically determined alternative strategies offer a 

pathway for examining these differences. Here we use a finch with a genetically 

determined polymorphism, the Gouldian finch (Erythrura gouldiae), to determine 

whether T-levels change in response to social environment. We also use injections 

of GnRH to determine whether these changes are due to alterations in the ability of 

the pituitary and gonads to respond to this signal. We found that social environment 

(presence of females) had a rapid effect on male circulating T-levels, and that this 

difference was reflected in responsiveness to GnRH. We observed no overall morph 

differences in T-levels, but we did observe morph differences in the pattern of T 

secretion across environments, and morph differences in the repeatability of T-

levels across time and environment.  

Keywords: challenge hypothesis, color polymorphism, gonadotropin-releasing 

hormone (GnRH challenge), Gouldian finch, HPG axis, testosterone  



  

1. INTRODUCTION 

Steroid hormones play an important role in mediating vertebrate behavior, 

morphology, and physiology (Adkins-Regan, 2005). Because steroids can regulate 

gene expression throughout the body, they are often involved in coordinating entire 

suites of traits. Testosterone (T) is a particularly well-studied mediator of 

reproductive phenotypes. The concentration of circulating T is regulated by the 

hypothalamic-pituitary-gonadal axis (HPG axis). Internal or external stimulus 

provokes the hypothalamus to release gonadotropin releasing hormone (GnRH), a 

neuropeptide, which stimulates the anterior pituitary to release the gonadotropins, 

luteinizing hormones (LH) and follicle stimulating hormone (FSH), which provoke 

the gonads (Leydig cells) to produce and release T, and potentially other steroids 

(Adkins-Regan, 2005; Goymann, 2009; Oliveira, 2004). Differences in T levels might 

arise from individual variation in any of these components, as well as other aspects 

such as receptor density and binding globulins (Adkins-Regan, 2005; Bergeon Burns 

et al., 2014; Hau, 2007).  

 

The stimuli responsible for activating the HPG axis vary by species. Two of the most 

salient stimuli for males are same-sex competition and the presence of females 

(Adkins-Regan, 2005; Goymann, 2009; Oliveira, 2004; Wingfield et al., 1987; 2001), 

though the relative importance of the two is unclear (Adkins-Regan, 2005; Gwinner 

et al., 2002). Further, it is as yet undetermined whether the observed changes in 

circulating T levels in response to stimuli reflect changes in the amount of GnRH the 

brain secretes, or changes in the sensitivity of the pituitary and gonads to that 



  

signal. Recent work has also shown that elevation of male T levels in response to 

social stimuli and competition, is variable and context dependent (Addis et al., 2010; 

Adkins-Regan, 2005; Apfelbeck and Goymann, 2011; Goymann, 2009; Oliveira, 

2004; Rosvall et al., 2014; 2012b). Together, these data suggest that the sensitivity 

of the HPG axis may change in response to social environments. One way of 

examining this possibility is to administer a standardized dose of GnRH (GnRH 

challenge), which bypasses the brain as a source of variation, allowing examination 

of the pituitary and gonad’s ability to respond, i.e. secrete T (Bergeon Burns et al., 

2014; Goymann, 2009; Hau, 2007; Jawor et al., 2006). Research has shown that the 

GnRH challenge is a powerful tool for understanding the evolution of the HPG axis 

across individuals, populations, sub-species and closely related species (Atwell et al., 

2014; Barron et al., 2015; Bergeon Burns et al., 2014; Goymann, 2009; Moore et al., 

2002; Rosvall et al., 2014; Wingfield et al., 2001; 1987).  

 

Testosterone is important in regulating life-history trade-offs, i.e. the relative 

amount of time and energy invested in courtship, parenting, competition and self-

maintenance (e.g., Gross 1996; Ketterson et al., 1992; Lank 2002). These trade-offs 

impose constraints, and theory predicts that individuals will attempt to maximize 

fitness by optimizing investment across different life-history traits (Roff et al., 2002; 

Stearns, 1992). Because individuals often differ in terms of condition, 

circumstances, and environments, the optimal resolution may also differ. High levels 

of (T) are generally associated with investment in reproductive behavior, e.g. 

intense courtship behavior or same-sex competition, along with reductions in 



  

parental behavior and increased predation risk (Cox, 2005; Ketterson et al., 1991; 

Stoehr and Hill, 2000; Trainor and Marler, 2001). In a handful of species, these 

different life-history strategies have become exaggerated into completely different 

morphs, with distinct morphology, behavior and physiology (Lank et al., 1995; 

Sinervo and Lively, 1996; Svensson et al., 2005; Tuttle, 2003). The extent to which 

testosterone underlies polymorphism is currently unclear (Huyghe et al., 2009; 

Pryke et al., 2007; Sinervo et al., 2000; Swett and Breuner, 2009). Recently, 

researchers have begun using the GnRH challenge to approach this problem, 

however, the results have been inconsistent (Barron et al., 2015; Mills et al., 2008; 

Spinney et al., 2006). One potential explanation for this inconsistency is that because 

morphs often vary in how they manage life-history trade-offs, they may differ in 

HPG responsiveness differently according to the environment.  

 

Here, we use the genetically polymorphic Gouldian finch (Erythrura gouldiae) to 

begin addressing these broad questions. Gouldian finches have three genetically 

determined morphs that differ in head color (red, black and yellow), behavior, and 

physiology. The red morph is socially dominant and aggressive, and shows a 

reduction in parental care in competitive environments (Pryke et al., 2007; 2012).  

The black morph is subordinate to the red morph and does not alter parental care in 

competitive environments (Pryke et al., 2012; 2007). In isolation, the morphs do not 

differ in circulating T levels, but when social competition intensifies, red males 

increase circulating T levels while black males decrease their T levels (Pryke et al., 

2007). The yellow morph is dominated by both the red and black morphs, and is 



  

extremely rare in free-living populations (1 in ~3000) (Brush and Seifried, 1968; 

Franklin et al., 2005). Here, we focus on the more common black and red morphs to 

address three questions, 1) do testosterone levels change according to social 

environment and are changes reflected in gonad sensitivity to GnRH, 2) how rapidly 

does sensitivity change, and 3) do the morphs differ in how the HPG axis responds 

to changing social environments.  

2. METHODS 

2.1 Social environment manipulations 

We used wild-type Gouldian finches raised in a large colony (Canberra, Australian 

Capital Territory, Australia) for this experiment. All males were in their second year 

of adult plumage, and not molting. Gouldians are tropical and not photosensitive, 

breeding season is determined by rainfall and food availability. To assure males 

were in breeding condition they were fed on a low-quality diet from 20 Nov – 28 

Dec 6 2014, simulating the non-breeding season, and then switched to high-quality 

food on 29 Dec 2015 and kept at that diet for the remainder of the experiment 

(Pryke et al., 2012). On 6 Jan 2015, to manipulate social environment and level of 

competition, males were introduced into large, unfamiliar indoor/outdoor flights 

(indoor: 2.4 m long, 1.2 m wide, 3 m high; outdoor: 6m x 2.6m x 3m). There were 8 

flights of males, each flight housed 4 males (2 red and 2 black), each equipped with 

only 2 nest-boxes and 2 food bowls, in order to reduce resource availability and 

stimulate resource competition.  

 



  

We manipulated social environment in two ways. In Period 1, males competed only 

for nest-boxes, however, half of the males were isolated from females (Isolated 

males) while the other half was allowed to see and hear females and thus primed for 

reproduction (Primed males); see Figure 1 for a schematic of treatments. Thus, 

Isolated males competed for dominance rank and nest-box ownership in the 

absence of females, while Primed males competed in the presence of potential 

mates. After a 48 hour adjustment period to the new social group and housing, all 

males were administered a GnRH challenge (see 2.2 GnRH Challenge).  

 

In Period 2, we then further altered social environment by introducing females into 

all eight flights. In this period both isolated and primed males competed for both 

nest-boxes and mates. Females had previously been held in female only flights, 

separated by morph, with visual and vocal male contact. For all 8 replicates (4 

isolated flights and 4 primed flights), one female of each morph was introduced, so 

that each flight was comprised of 2 males of each morph and 1 female of each morph 

for at total of 6 birds per flight (Figure 1). Our aim in adding only two females was to 

stimulate intense mate competition. Females were added one week after the first 

GnRH challenge. Two days after female introduction, a second GnRH challenge was 

administered to all males.  

 

2.2 GnRH Challenges and hormone assays 

To measure individual ability to produce testosterone, we challenged males with an 

injection of gonadotropin-releasing hormone (GnRH). An injection of GnRH, referred 



  

to as a GnRH challenge, produces a transient increase in circulating T which returns 

to normal within 2hrs of the challenge (Jawor et al., 2006; Moore et al., 2002; 

Wingfield et al., 1991), and is repeatable in both sexes in dark-eyed juncos (Junco 

hyemalis) (Jawor et al. 2006a; Rosvall unpublished). All males in a flight were caught 

in one catching event using a butterfly net; all males were captured within 3min, 

and time between capture and first bleed (handling time) was recorded. Because the 

aim of this study was to examine treatment and morph differences in gonad 

sensitivity to GnRH, all males received an injection of GnRH and we used circulating 

T levels from before the challenge to determine T-levels before the challenge rather 

than administer a control injection. The initial blood sample (pre-challenge T) was 

followed by an intramuscular injection of 20 µL of a solution containing 2.0 µg of 

chicken GnRH- I (Sigma L0637; American Peptide 54-8-23). This dosage was 

designed to stimulate maximal T production and is in the range used in other 

species (DeVries and Jawor, 2013; Goymann et al., 2015; Jawor et al., 2006; Moore et 

al., 2002; Schoech et al., 1996). After exactly 30 minutes a second blood sample was 

taken (post-challenge T). Samples were centrifuged and the plasma was drawn off 

and frozen at -20 C° until assayed.  We recorded time at capture (capture time), the 

total amount of time elapsed between capture and the initiation of the challenge 

(handling time), and mass (to the nearest 0.5g).  

 

Total testosterone concentration was measured in duplicate from plasma samples, 

using a Cayman Enzyme Immunoassay kit (582701, assay sensitivity = 32 pg/mL, 

maximum known cross-reactivity: 27.49% and 18.9% for for 5α and 5β -



  

dihydrotestosterone, and 3.7% for androstenedione). Kit instructions were followed 

and procedures are described in Pryke et al. (2013). Three hormone values were 

undetectable and set as the lowest possible value for the plate they were assayed on 

using the standard curve. Three standard samples of known T concentration were 

placed randomly on each plate (4 plates total) for calculation of intra-assay (mean, 

9.2%) and inter-assay variation (9.3%). All samples for an individual male were 

assayed on the same plate to minimize the effects of inter-plate variation, but 

sample location was randomized across the plate. 

 

2.3 Statistical analysis 

To examine the effects of social environment, morph, and potential differences in 

how the morphs respond to female presence we used two linear mixed models, one 

for each period (i.e. before or after introducing females into flights). The dependent 

variable for both models were testosterone level (natural log transformed), with 

social environment (isolated or primed), morph, and whether the T sample was pre 

or post injection of GnRH, as well as all two and three-way interactions as fixed 

effects, and bird identity as a random factor. The initial model also included the 

following covariates: male mass, time of day, and the time elapsed between capture 

and first blood sample (handling time). Non-significant covariates were removed in 

a backwards-stepwise manner (p >0.10 to remove).  

 

To determine whether T-levels differed between sampling periods (i.e. before vs. 

after female introduction), and whether males were repeatable in their T levels 



  

across challenge, we used linear mixed models with T-level as the dependent 

variable, and social environment (isolated vs. primed), sampling period (before and 

after female release into flights), and whether the T sample was pre or post injection 

of GnRH, as well as all interactions, as fixed effects, and bird identity as a random 

factor. Because previous research suggests that morphs respond differently to social 

competition (Pryke et al., 2007; Pryke and Griffith, 2009), and the 3-way interaction 

between morph x social environment x pre/post challenge suggested morph 

differences (see Table 1 and section 3.1), we built separate models for each morph. 

We also used the proportion of variance explained by bird identity in each model to 

estimate adjusted repeatability (Lessells and Boag, 1987; Nakagawa and Schielzeth, 

2010). All analyses were conducted in JMP 11 (SAS Institute Inc.). In all models, the 

fixed effect significance was assessed using Wald statistics tested against a Χ2 

distribution on the appropriate degrees of freedom. 

 

3. RESULTS 

3.1 Effect of social treatment on T in period 1, before female introduction 

In both social environment treatments (isolated and primed) and both morphs (red 

and black), T-levels were higher post-challenge relative to pre-challenge (Table 1, 

Figure 2A). Two days after being moved to competitive breeding flights, isolated 

males (i.e. no female contact) had significantly lower pre and post-challenge T-levels 

compared to primed males, i.e. males in contact with females (Table 1, Figure 2A). 

The results also suggest there may be a morph difference in response according to 

social environment (isolated versus primed); isolated red males showed a reduced 



  

response to GnRH, i.e. lower post-challenge T-levels (Table 1). There was no effect of 

mass, handling time, or time of day on T-levels (all p >0.20).   

 

3.2 No effect of social treatment on T in period 2, after female introduction 

Two days after the introduction of females, T-levels were higher after the GnRH 

challenge in both morphs, but there was no detectable difference between 

previously isolated and primed males (Table 1, Figure 2B). There was no effect of 

morph or social environment, and no morph x social environment effect on male T 

levels (all p >0.20). There was no effect of mass, handling time or time of day on pre 

or post-challenge T-levels (all p >0.20).   

 

3.3 Morph differences in T levels across time 

In black males, there was no overall effect of social environment (isolated vs. 

primed), or sampling period (before or after introduction of females) on T-levels 

(Table 2, Figure 3A). However, there was a social environment by sampling period 

interaction; previously isolated males showed an increase in T in period 2 (after 

females were introduced), while previously primed male T-levels decreased in 

period 2 (Table 2, Figure 3A). 

 

In red males, we observed a significant social environment by sampling period 

interaction; previously primed males did not alter their T levels when females were 

introduced, while previously isolated males showed a strong increase in T levels 

after female introduction, particularly post-challenge T levels, i.e. in response to 



  

GnRH (Table 2, Figure 3B). As a result, T levels were higher overall in period 2, after 

females were introduced, and there was a trend for T levels to be higher in primed 

males (Table 2, Figure 3B).  

 

Table 1: Linear mixed model analyses of testosterone levels before and after a 

GnRH challenge according to morph and treatment. Each challenge analyzed 

separately.  

Sampling period: Prior to female introduction (n=64) 

Fixed effects (n=64) Est. coefficient SE Wald’s t p Value  

Intercept 6.0 -  - 

Morph a 0.05 0.1 0.5 0.6 

Pre/post-challenge b 0.5 0.1 10.1 <0.0001 

Social environment c 0.4 0.1 4.1 0.0003 

Morph x Social environment -0.04 0.1 -0.4 0.7 

Morph x Pre/post-challenge 0.02 0.05 0.4 0.7 

Social environment x Pre/post-challenge -0.01 0.05 -0.2 0.8 

Morph x Social environ x Pre/post-challenge -0.07 0.05 -1.5 0.145 

Random effects     

Repeatability (Bird ID, n=32) 0.29 0.1  65% 

Residual error 0.15 0.04  35% 

Sampling period: After female introduction (n=64) 

Fixed effects     



  

Intercept 6.02 -  - 

Morph a -0.2 0.2 -1.2 0.2 

Pre/post-challenge b 0.6 0.2 6.9 <0.0001 

Social environment c -0.08 0.2 -0.5 0.6 

Morph x Social environment -0.1 0.2 -0.8 0.4 

Morph x Pre/post-challenge 0.001 0.09 0.1 0.9 

Social environment x Pre/post-challenge 0.007 0.09 0.08 0.9 

Morph x Social environ x Pre/post-challenge -0.008 0.09 -0.09 0.9 

Random effects     

Repeatability (Bird ID, n=32) 0.8 0.3  60% 

Residual error 0.5 0.1  40% 

a Red relative to black morph, b Relative to pre-challenge, c Relative to isolated males  

 

 

 

 

 

 

  



  

Table 2. Linear mixed model analysis of testosterone levels before and after a GnRH 

challenge, according to treatment, and sampling period (before or after introducing 

females). Morphs are analyzed separately. 

 

Black morphs     

Fixed effects Est. coefficient SE Wald’s t p Value  

Intercept 5.9 -  - 

Social environment 1 0.09 0.2 0.5 0.6 

Period 2 -0.1 0.1 0.9 0.4 

Pre/post-challenge 3 0.6 0.1 4.95 <0.0001 

Social environment x Period 0.3 0.1 2.7 0.01 

Social environ x Pre/post challenge -0.04 0.1 -0.4 0.7 

Period x Pre/post challenge -0.05 0.1 -0.5 0.6 

Social environ x Pre/post x Period -0.04 0.1 -0.4 0.7 

Random effects     

Repeatability (Bird ID) 0.3 0.2  25% 

Residual error 0.8 0.2  75% 

Red morphs     

Fixed effects Est. coefficient SE Wald’s t P Value  

Intercept 6.0 -  - 

Social environment 1 0.3 0.2 1.6 0.1 

Period 2 0.2 0.2 -3.0 0.004 



  

Pre/post challenge 3 0.5 0.05 10.3 <0.0001 

Social environment x period 0.2 0.05 4.1 0.0002 

Social environment x Pre/post 0.04 0.05 0.7 0.5 

Period x Pre/post -0.06 0.05 -1.2 0.2 

Social environ x Pre/post x Period 0.02 0.05 0.5 0.7 

Random effects     

Repeatability (Bird ID) 0.4 0.2  70% 

Residual error 0.6 0.04  30% 

1 Relative to Isolated, 2 Relative to before females were introduced, 3 Relative to pre-

challenge 

 

 

 

4. DISCUSSION 

We investigated how social environment affects circulating T-levels and gonad 

sensitivity to GnRH (i.e. T-levels in response to an injection of GnRH) in two 

genetically determined morphs of the Gouldian finch. Males that were in a 

reproductively competitive scenario (i.e. competing for nest-boxes and dominance) 

but visually and vocally isolated from females for 48 hours (isolated), had 

significantly lower T-levels than males competing in the same scenario, but in the 

presence of females (primed). However, within 48 hours of introducing females to 

both groups, this difference was no longer detectable. We also found that the 

morphs showed different patterns of T-levels across changing social environments. 



  

In black males, introducing females had no overall effect on T-levels, but isolated 

males increased T slightly while primed males showed decreased T-levels. In 

contrast, in red males introducing females in the isolated group resulted in a strong 

increase in overall T-levels, while introducing females to the primed males had no 

effect on T levels. Finally, pre and post-challenge T levels were highly repeatable in 

red males, but substantially less so in black males.  

 

4.1 Effect of social environment on T levels 

Previous work has shown that both male-male competition and the presence of 

females can have an effect on T levels in male songbirds (Goymann, 2009; Ketterson 

et al., 1992; Wingfield et al., 1987). For example, male brown-headed cowbirds 

(Molothrus ater) housed with females maintain peak T levels longer than males 

housed singly (Dufty and Wingfield, 1986). In starlings, 60min of females exposure 

was sufficient to elevate male T levels (Pinxten et al., 2003). In other studies, male-

male competition for reproductive resources had a similar effect (Gwinner et al., 

2002; Ketterson et al., 2001; Wingfield et al., 1987). Male starlings competing for 

nest-boxes elevate their T levels, even in the absence of females (Gwinner et al., 

2002). However, there is little data available to tease apart the relative importance 

of the two stimuli (i.e. male-male competition versus female stimulation).  

We found that in Gouldian finches, circulating T levels were higher in males 

competing for nest-boxes in the presence of females than in males competing in the 

absence of females. In contrast, a similar study in starlings found no difference in T-

levels between males presented with either a nest-box only, a nest-box with a male 



  

competitor, or a nest-box and a female. This suggests that in starlings the nest-box is 

the important stimulus for T secretion in starlings (Gwinner et al., 2002), while in 

Gouldian finches, the presence of females facilitates an increase in circulating T. This 

species difference may be indicative of the differences in mating system and 

breeding behavior. Starlings are a facultatively polygynous species, capable of 

utilizing a wide variety of nest cavity types, and males usually acquire a next-box 

before advertising to females (Gwinner et al., 2002; Pinxten et al., 2003). Gouldian 

finches are a socially monogamous, specialized cavity nester (hollow Eucalypt 

branches), have more equitable parental care (males assist in incubation), and pairs 

often establish cavity ownership together (Brazill-Boast et al., 2013; 2010; Pryke 

and Griffith, 2006).  

Though previous studies have shown that competition and female stimulation can 

affect circulating T-levels, little is known about whether these effects are due to 

differences in gonad responsiveness. Here, we found that the manipulating social 

environment resulted in differences in gonad responsiveness, as well as circulating 

levels. In just 48 hours, males that were visually and vocally isolated from females 

showed a reduction in T-levels produced in response to a physiological challenge 

(GnRH injection). This finding supports a recent study in free-living dark-eyed 

juncos, which reported that circulating T-levels in response to a simulated 

territorial challenge were not different to controls, with one important exception. 

Males whose mates were re-nesting after a recent predation event (< 48 hours 

previously) had very high circulating T-levels after a simulated territorial challenge 

(Rosvall et al., 2014), supporting the possibility that social environment is an 



  

important mediator for HPG function. Our study is the first to demonstrate that 

these short-term changes (within 48 hours) in circulating T levels and 

responsiveness to social challenges, may be partially attributable to alterations in 

sensitivity to GnRH, e.g. fewer GnRH receptors on pituitary cells, fewer 

gonadotropin (LH & FSH) receptors in the gonad itself (i.e. Leydig cells), or a 

reduction in the ability of the gonad to respond to LH and FSH (Bergeon Burns et al., 

2014; 2013; Hau, 2007; Rosvall et al., 2012a). These results suggest that males can 

rapidly adjust the ‘machinery’ of the HPG axis and hence rapidly adjust to changing 

breeding opportunities. 

This capability to adjust sensitivity may be a way in which males mitigate the costs 

of high T levels, allowing males to damp down the HPG responsiveness until it is 

needed (Goymann, 2009; Ketterson and Nolan, 1994; Ketterson et al., 1996; 

McGlothlin et al., 2007; Wingfield et al., 2001). Numerous studies have shown that 

exogenous T can be costly for songbirds of both sexes (Ketterson et al., 1992; 1991; 

Wingfield et al., 2001), and there are similar patterns regarding endogenous T levels 

(McGlothlin et al., 2007; 2010). Previous work in Gouldian finches has revealed 

similar patterns; in competitive scenarios, red males increase T levels, but decrease 

paternal care and immune function while increasing corticosterone levels (Pryke et 

al., 2007), resulting in reduced offspring production (Pryke and Griffith, 2009). It is 

unclear from the current study how rapidly, and at which points along the HPG axis 

such changes occur. However, research assessing the contribution of the 

components of the HPG axis in male juncos, found that individual differences in T 

levels were highly repeatable whether males were challenged with GnRH or with 



  

LH. Further, they found that gonad mass, rather than LH receptor transcript 

abundance, predicted T in response to GnRH (Bergeon Burns et al., 2014). This 

suggests the rapid change in responsiveness to GnRH we report may be due to an 

alternation of the gonads themselves, but further investigation is clearly required.  

Further, testosterone and gonad function are also regulated by gonadotropin-

inhibitory hormone (GnIH), suggesting that some of the observed changes may be 

due to shifts in the production and release of GnIH in response to social stimuli 

(Dawson, 2008; Deviche et al., 2006; Tsutsui et al., 2010). 

 

 

4.2 Morph differences in sensitivity to GnRH 

Our results suggest important, but subtle differences in how Gouldian finch morphs 

respond to changing social environments. Previous work has shown that circulating 

hormones in red and black males did not differ when the morphs were in isolation, 

or when the proportion of red to black males was low (Pryke et al., 2007). However, 

when the proportion of red males was high (more than one third), simulating a 

more competitive environment, red males increased T-levels after 1 week of 

competition, whereas black males did not (Pryke et al., 2007). In our study, though 

our proportion was above the level at which Pryke et al. detected morph differences, 

we found no overall morph difference T-levels after 2 days of competition. However, 

by comparing T-levels in different sampling periods, i.e. before and after female 

introduction, within each morph, we observed contrasting patterns.  In black males, 

there was a decrease in T-levels after female introduction in primed males (previous 



  

female exposure). This suggests that black males reduced T-levels when 

competition for a mate increased, echoing the previous result (Pryke et al., 2007). 

Further, because this pattern was seen also in post-challenge T-levels, it suggests 

that this decrease is not due to differences in signals from the brain alone, but at 

least partially due to the ability of the pituitary or gonads to respond to that signal. 

 

In contrast, primed red males maintained their T-levels after female introduction 

(Period 2), and isolated red males showed strong increases in T levels after females 

were added. The response by red males to the introduction of females (i.e. no 

change in primed males and strong increase in isolated males), resulted in higher T 

levels overall after females were introduced. Thus, in contrast to black males, red 

males responded to stronger competition with higher T levels. This difference was 

most apparent in the ability of the gonads to respond to GnRH (post-challenge 

levels), and supports the possibility that red males are more responsive to the 

competitive environment than black males (Pryke et al., 2007; Pryke and Griffith, 

2009). 

 

Other studies investigating morph differences in response to GnRH challenges have 

reported inconsistent results. In captive white-throated sparrows, a genetically 

polymorphic species, the more aggressive white-morph produced significantly more 

T in response to GnRH than the tan-morph (Spinney et al., 2006).  GnRH can 

stimulate the release of both LH and FSH, and a study examining the relative roles of 

the two in the genetically polymorphic common side-blotched lizards (Uta 



  

stansburiana) found that both gonadotropins caused an increase in male T. 

However, the magnitude of the increase was dependent on the morph and 

gonadotropin (Mills et al., 2008). The above studies, together with our findings, 

suggest that some aspects of the HPG axis are conditional to male genotype. 

 

In contrast, recent work in a species with discrete phenotypic types, but not genetic 

determined polymorphisms, reported a different pattern. Male red-backed fairy-

wrens (Malurus melanocephalus) display three discrete breeding phenotypes that 

differ in plumage, and behavior (Karubian, 2002). Though breeding types differ in 

circulating androgen levels (T and 5α-dihydrotestosterone) (Lindsay et al., 2009), 

there were no breeding type differences in the amount of androgens produced in 

response to GnRH (Barron et al., 2015). This lack of difference may be due to the 

plastic nature of these breeding types. Though breeding types show marked 

differences, which type a male expresses can change rapidly (Karubian et al., 2011), 

and the phenotypic changes appear to be strongly related to circulating T levels 

(Karubian et al., 2011; Lindsay et al., 2009; 2011). Thus, males may benefit from 

maintaining the ability to respond to GnRH, so that when the opportunity arises (e.g. 

when the social cues regarding the opportunity for mating change) the male can 

rapidly respond (Barron et al., 2015). Further support for this possibility comes 

from experimental removal experiments that showed rapid increase in fecal 

androgen metabolites in males shifting from socially subordinate to breeding roles 

during the breeding season (Karubian et al., 2011). 

 



  

To date, the most detailed work examining how GnRH response relates to fitness 

relevant phenotypic traits has been done in the dark-eyed junco. In this North 

American sparrow, individual ability to respond to GnRH is related to behavior and 

morphology in both sexes (Cain et al., 2012; Cain and Ketterson, 2013; 2012; Jawor 

et al., 2006; 2007; McGlothlin et al., 2007; 2008). Research examining the potential 

sources of individual variation found that T production was strongly linked to testis 

mass (Bergeon Burns et al., 2014), suggesting that some of the morph differences 

we observed may be due to testis differences. A comparison of two sub-species of 

junco (J. h. carolinensis and J. h. aikeni) that differ in aggression and morphology 

found no sub-species difference in circulating T, LH produced in response to GnRH, 

or T produced in response to LH or GnRH (Bergeon Burns et al., 2014; 2013). 

However, there was a sub-species difference in mRNA abundance in LH receptor in 

the testes, and androgen receptor in the hypothalamus, suggesting differences in 

regulatory feedback may contribute to sub-species differences (Bergeon Burns et al., 

2014). Similarly, a comparison of two recently diverged populations of the same 

sub-species (J. hyemalis thurberi), reported a population difference in seasonal 

circulating T patterns, and in post-challenge T, but that this difference was 

undetectable in a common garden study (Atwell et al., 2014). This may indicate that 

the observed population differences in GnRH responsiveness may be due to 

differences in social environment, as our results suggest.  

 

4.3 Repeatability in T levels  



  

High repeatability may reflect high heritability of a trait, long-term environmental 

effects (e.g. maternal effects), or short-term environmental effects (Boake, 1989; 

Falconer, 1981; Lessells and Boag, 1987). Repeatability provides an upper estimate 

for heritability, suggesting that there may be high genetic variance for male T-levels. 

We found moderate repeatability rates overall, suggesting that T-levels may be an 

important target for selection to shape male phenotype in this species. Whether the 

repeatability estimates we observed reflect heritability is currently unclear. Little is 

known overall about the heritability of steroid production ability, despite its 

obvious potential evolutionary importance (Evans et al., 2006; Ketterson et al., 

2001; Pavitt et al., 2014). Significant repeatability in response to GnRH was also 

observed in male dark-eyed juncos, despite substantial seasonal variation, while 

pre-challenge T-level were not repeatable (Jawor et al., 2006). Recent research in 

wild red deer calves (Cervus elaphus) using animal model analyses found that T-

levels were heritable (0.16) in both sexes (Pavitt et al., 2014), and similar approach 

in captive bank voles (Myodes glareolus) reported that male T-level heritability was 

0.32 (Schroderus et al., 2010). Further, research in zebra finch (Taeniopygia 

guttata), a species closely related to the Gouldian finch, has revealed that the 

reactivity of the hypothalamic-pituitary-adrenal axis is capable of responding to 

artificial selection (Evans et al., 2006). These results suggest that Gouldian male T-

levels have an important genetic component, and thus T-levels should be able to 

respond to selective pressure, should it exist. 

 



  

We also found an unexpected morph difference in repeatability; red males were 

substantially more consistent in their T-levels. In red males 70% of variance was 

explained by identity (repeatability), while in black males identity explained only 

30% of variance. This indicates that in black males, within individual variance is 

high relative to between individual variance, while in red males the reverse is true. 

Though this finding was not expected, it may reflect morph differences in life 

history. If red male’s fitness is more dependent on competitive ability and T 

production ability (Pryke et al., 2012; 2007; Pryke and Griffith, 2009), individuals 

may be favored to be more consistent. Alternatively, this may reflect morph 

differences in investment in the dominance hierarchy. Red males may persist in 

aggression, dominance, or courtship behaviors, which are likely to be related to T-

levels, whether they win a nest-box and female or not. In contrast, black males are 

submissive to red males and may reduce investment in dominance and courtship 

behaviors once pairs are formed or nest-boxes acquired. Alternatively, the morphs 

may differ in how labile testis size is in response to changing social environments; 

testis mass is strongly related to T production in response to GnRH in other species 

(Bergeon Burns et al., 2014). Current research is investigating the relationship 

between T-levels prior to female introduction and eventual breeding success, which 

will shed light on this result.  

 

5. Conclusion: 

Our results suggest that male responsiveness to stimulus from the brain (GnRH) is 

quickly altered by social environment. The observed reduction in sensitivity may be 



  

an important way that males mitigate the potential costs associated with high T-

levels (Wingfield et al., 2001), and may partially explain recent reports that some 

male songbirds fail to respond to a social challenge with an increase in T (Addis et 

al., 2010; Apfelbeck and Goymann, 2011; Rosvall et al., 2014; 2012b).  We also found 

that males recovered their sensitivity rapidly when social environment changed and 

mating opportunities were presented. This result supports the hypothesis that 

social cues regarding the level competition and mating opportunities influence not 

only circulating T levels, but also male ability to rapidly respond to new stimuli 

(Barron et al., 2015; Hirschenhauser and Oliveira, 2006; Oliveira, 2004; Rosvall et 

al., 2014; 2012b).  

 

Further, though we found no morph differences in pre or post-challenge T-levels, we 

did find that the morphs displayed different patterns of T secretion across social 

environment. These differences were subtle, only detectable when repeatedly 

examining individuals of both morphs in different social environments. These 

results suggest that though circulating T is unlikely to drive the observed morph 

differences in behavior per se (Barron et al., 2015; Spinney et al., 2006), endocrine 

differences may nevertheless play a role in maintaining alternative strategies, and 

the generation and maintenance of phenotypic variation (Pryke et al., 2007). Our 

findings add to growing evidence that HPG function may be important in 

determining individual, population, and species variation in behavior, morphology 

and physiology (Atwell et al., 2014; Cain and Ketterson, 2013; 2012; Deviche et al., 

2001; Ketterson et al., 2009; McGlothlin et al., 2010; McGlothlin and Ketterson, 



  

2008; Mills et al., 2008; Moore et al., 2002; Pryke et al., 2007; Pryke and Griffith, 

2009; 2006; Sinervo et al., 2000; Spinney et al., 2006)  
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Figure captions 

 

Figure 1: Schematic of social environment manipulations. Black rectangles 

represent flights; the thick horizontal line is a visual and vocal barrier, the dashed 

line is a barrier that permits vocal and visual contact, but no physical contact (heavy 

mesh). Panel A: in Period 1, males competed for ownership of nest boxes in two 

environments; isolated males had no contact with females (upper), primed males 

were allowed visual and vocal contact (lower). Males were challenged with GnRH 48 

hours after treatment began. Panel B: in Period 2, one female of each morph was 

introduced into each flight, allowing males to compete for mates as well as nest 

boxes.  A second GnRH challenge occurred two days after female introduction. There 

were four replicates of both isolated and primed groups. 

 

Figure 2: Effect of social environment on pre and post GnRH-challenge T levels, 

according to treatment (Isolated males, white bars; Primed males, hashed bars). 

Both morphs (red and black) are included. Panel A: Testosterone levels in Period 1, 

during nest box competition, before females were released in flights; Panel B: 

Testosterone levels in Period 2, during nest box and mate competition, after females 

were released in flights. Values are untransformed (± SE). Asterisks denote 

significant differences from the full model, which used natural log transformed 

values; see Table 1 for analysis.   

 



  

Figure 3: Male pre and post-challenge T-levels according to morph, social 

environment (isolated or primed), and sampling period (before or after introducing 

females). Panel A depicts black morph males; Panel B depicts red morph males. 

Values are untransformed (± SE). Asterisks denote significant differences from the 

full model, which used natural log transformed values; see Table 2 for analysis.   
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Highlights 

 

Testosterone production in response to exogenous gonadotropin releasing hormone 

(GnRH challenge) depends on social environment and color polymorphism 

 

KE Cain & SR Pryke  

 

• Is circulating testosterone (T) higher when competing in the presence 

females?  

• Are differences due to changes in responsiveness to GnRH or color 

polymorphism?  

• Male finches isolated from females had lower T before and after a GnRH 

challenge. 

• 48 hours after introducing females, differences were no longer detectable. 

• Color morphs showed different patterns of T secretion across environments.  

 




