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Abstract  Studies in several songbird species have shown that treating females with the androgenic steroid hormone testosterone (T) can 

negatively affect female reproductive behaviors and breeding success. As the effects of T on females appear to be species-specific, it is not 

clear if similar effects of high T occur in non-songbird species. Here, we studied the effects of T supplementation on female reproductive 

behavior and oviposition in the budgerigar, Melopsittacus undulatus, a small monogamous parrot species with distinct sex differences in 

parental behavior. We experimentally increased T concentrations to male-like levels in T-treated females compared to controls and we 

allowed females to breed. We found no significant effects of treatment on the latency to enter the nestbox but T treatment significantly 

interfered with oviposition. Our results show that T-treated females were seven times less likely to produce a clutch than control females. As 

we found that T treatment had a strong inhibitory effect on oviposition, our results indicate that female budgerigars suffer fitness costs from 

male-like plasma T levels. Therefore, it may be possible that, also in non-songbird species, selection for higher T levels in males is 

constrained by a correlated response to selection which imposes fitness costs on females in terms of reproduction. Evaluating whether or not 

this is indeed the case requires further work combining different approaches to the study of the evolution of male and female testosterone 

levels [Current Zoology  61 () :  –  , 2015 ]. 

Keywords Female testosterone, Reproductive behavior, Melopsittacus undulatus, Breeding success, Intralocus sexual conflict, Antagonistic 

selection 

 

The androgenic hormone testosterone (T) plays a crucial role in controlling the expression of phenotypic traits and 

regulating physiological processes in vertebrates. Especially in males, T has obvious effects on a variety of traits and 

therefore T is often regarded as a male hormone (e.g. Owens and Short, 1995, Ball et al., 2002, Fusani, 2008). In 

females, androgens were traditionally thought to serve primarily as precursor molecules for estrogen synthesis (Staub 

and DeBeer, 1997). It has now become clear that the role of T in females has been underestimated and a growing body 

of correlational and experimental evidence shows that exogenous T can affect physiological, morphological and 

behavioral traits in females as well as in males (review in: Staub and DeBeer, 1997; Ketterson et al., 2005). 

Because T can affect a large number of traits and processes, it seems likely that T may be strongly associated with 

components that determine the fitness of an individual (McGlothlin et al., 2010). With respect to males, some evidence 

suggests that high T may cause negative effects on survival, parental care and offspring survival (e.g. Ketterson et al., 

1992; Raouf et al., 1997; Reed et al., 2006; John-Alder et al., 2009). Other studies show that males may benefit from 
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higher T levels through an increase in mating success (Alatalo et al., 1996; Borgia and Wingfield, 1991) which may be 

due to the fact that these males show more display behavior (Borgia and Wingfield, 1991; Enstrom et al., 1997) and 

increased attractivity to females (Enstrom et al., 1997; Reed et al., 2006). Furthermore, correlative and experimental 

evidence suggests that higher T levels and capacity to produce endogenous T coincide with more extra-pair offspring 

and lower levels of paternity loss (Raouf et al., 1997; Garamszegi et al., 2005; Reed et al., 2006; McGlothlin et al., 2010; 

but see: Foerster and Kempenaers, 2004).  

For females, the relationship between T and fitness is less well studied. A few recent studies indicate that females of 

some songbird species may benefit from higher T levels through a positive effect on their competitiveness (Cain and 

Ketterson, 2012, 2013; Rosvall, 2013). In contrast, other studies show that females may suffer fitness costs from high T 

levels. Exogenous T can reduce nest building behavior (Searcy, 1988; Gerlach and Ketterson, 2013), delay or inhibit 

egg laying (e.g. Searcy, 1988; Clotfelter et al., 2004; Rutkowska et al., 2005, Veiga and Polo, 2008; but see: Lopez-Rull 

and Gil, 2009), affect incubation and brooding behavior (O'Neal et al. 2008, Rosvall 2013) and decrease food 

provisioning to the offspring (Veiga and Polo, 2008; but see: O'Neal et al., 2008). Remarkably, all of the studies 

mentioned above have focused on females of songbird species. As the extent to which T affects females appears to be 

species-specific (Lahaye et al., 2012), investigating representatives of different taxa is important to evaluate whether 

similar effects of T are likely to occur in non-songbird species. 

Interestingly, the effects of T on female fitness may have an indirect consequence for male T levels. Selection for 

higher plasma T levels in males, even when beneficial to them, may be constrained if a correlated response to selection 

has a negative impact on female fitness (Ketterson et al., 2005; Møller et al., 2005). Such an intralocus sexual conflict 

can arise when the genes that underlie trait expression are shared between the sexes (Lande, 1980; Bonduriansky and 

Chenoweth, 2009). It is unclear whether or not there is such an intralocus sexual conflict over T levels (Goymann and 

Wingfield, 2014a, b; Groothuis et al., 2014; Buchanan and Fanson, 2014; but see: Garamszegi, 2014; Ketterson 2014) 

but comparative studies in birds and fishes have revealed a correlation between male and female T levels (Wingfield, 

1994; Wingfield et al., 2000; Ketterson et al., 2005; Møller et al., 2005; Mank, 2007; but see: Goymann and Wingfield, 

2014a). This correlation suggests that directional selection for higher T levels in males may result in a correlated 

increase in female circulating plasma T concentrations (Ketterson et al., 2005; Møller et al., 2005; Mank, 2007). 

Moreover, a selection study in bank voles Myodes glareolus provides convincing evidence for the assumption that 

sexually antagonistic selection is acting on T (Mills et al., 2012). Although this indicates that there may be an intralocus 

sexual conflict with respect to plasma T concentrations, it has been suggested that there is not necessarily a strong effect 

on evolutionary processes (Møller et al., 2005; Bonduriansky and Chenoweth, 2009). A range of mechanisms has been 

described to reduce or even resolve constraints on evolution, even when correlated responses to selection occur (Møller 

et al., 2005; Bonduriansky and Chenoweth, 2009; see Peterson et al., 2013, 2014 for examples of sex-specific 

expression of T-dependent traits caused by sex-specific gene expression). Increasing plasma T levels in females to 

male-like levels and studying whether elevated T levels are indeed detrimental to females has been shown to be a first 

step in identifying a potential intralocus sexual conflict over plasma T levels (e.g. De Ridder et al., 2002; Rutkowska et 

al., 2005; Veiga and Polo, 2008; Lopez-Rull and Gil, 2009). If eliminating sexual dimorphism in circulating plasma T 

levels by supplementing females with exogenous T affects female fitness, studying the effects of more subtle changes in 

plasma T levels is a logical next step.  

The budgerigar Melopsittacus undulatus is a small monogamous parrot species which breeds in nest cavities or 

nestboxes (Brockway, 1964; Juniper and Parr, 1998). The sexes have different reproductive roles. The female occupies 

a nesting site by repeatedly visiting and entering a nestbox while males rarely enter nestboxes unless the female is 

inside (Brockway, 1969). The female is the sole incubator of the eggs and in the first stages after hatching, most direct 



LAHAYE SEP et al.: Testosterone inhibits oviposition in a parrot species 

  3

parental care to the offspring is provided by the female (Brockway, 1964; Stamps et al., 1985). The male seldom feeds 

young nestlings but he will feed the female and the older nestlings in later stages of the breeding cycle (Stamps et al., 

1985). Male budgerigars express higher plasma T levels than females (Whitaker, 1990). The expression of several male 

behavioral and morphological traits that are important in determining female mate choice and breeding success in the 

budgerigar (e.g. courtship behaviors: Massa et al., 1996; Moravec et al., 2010; and color displays: Whitaker, 1990; 

Abbassi and Burley2012), is enhanced by treating males with exogenous T (Whitaker, 1990; Brockway, 1968, 1974). 

This indicates that male budgerigars with higher plasma T levels may experience an increase in reproductive success 

through a positive effect on traits such as mate acquisition behavior, courtship effort and attractiveness to females. 

Previous studies have shown that female budgerigars respond markedly to T manipulation by developing a more male-

typical morphological and behavioral phenotype (Nespor et al., 1996; Lahaye et al., 2012, 2014) while T-treatment does 

not seem to affect female attractiveness to males (Lahaye et al., 2013). Although this implies that female budgerigars 

are sensitive to activational levels of T, it remains unclear whether T imposes fitness costs on females by interfering 

with female-typical reproductive behaviors and reproductive success.  

To investigate this, we increased plasma T concentration to male-like levels in T-treated females (T-females) 

compared to controls (C-females) and we allowed the females to breed. We tested whether this T supplementation 

affects the following reproductive behaviors and measures of breeding success: latency to enter the nestbox, latency to 

initiate egg laying and clutch size. If females experience fitness costs from exogenous T, we expect to find a negative 

effect on the investigated reproductive behaviors and measures of breeding success.   

1 Material and Methods 

1.1 Study species and housing 

We randomly selected 54 female and 54 male budgerigars with a green plumage from our captive stock. The birds 

had been obtained from local breeders as juveniles and had been maintained in our animal facilities for at least seven 

months. Twenty-seven female and male birds were one year old and had no breeding experience, the other 27 females 

and males were approximately two years old and had produced a clutch in a previous breeding season but they had no 

experience with raising a brood. Before the experiment, the birds had been housed in two single-sex outdoor aviaries (8 

m wide × 2.5 m deep × 2.3 m high). During the experimental period, the females were housed with a randomly selected 

male in separate indoor breeding cages (60 cm wide × 40 cm deep × 50 cm high) in one room. As budgerigars are a 

highly social species which breeds colonially (Brockway, 1964; Wyndham, 1981), we allowed the pairs auditory and 

visual contact to increase breeding success. When housed indoors, the birds were maintained on a light regime of 15:9 

(L:D). Food (commercial budgerigar seed mix, Nifra Van Camp bvba, Belgium), water and cuttlebone were provided 

ad libitum.  

1.2 Breeding rounds  

On March 2 2010, we established 54 pairs for a first breeding round. The pairs were established randomly and we 

always made sure that the male and the female of each pair were unrelated and unfamiliar with each other. We also 

made sure that all one year old females were paired with two year old males and all two year old females with one year 

old males. By pairing birds of different age classes, we aimed to increase breeding success as previous experiences with 

the study species have shown that breeding success in experienced birds may be higher than in inexperienced birds (our 

personal observation). This first breeding round was used to collect data for a within-individual comparison before and 

after treatment and it allowed us to select successful pairs as our previous experiences with budgerigars had shown that 

pairs regularly fail to breed (our personal observation).        
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On March 24, the pairs were provided with a nestbox (15 cm wide × 15 cm deep × 25 cm high) with centrally 

placed wood shavings as nesting material and all pairs were allowed to breed. Nestboxes were inspected daily between 

0800 and 1100 local time. Upon entering the nestbox, the wood shavings offered as nesting material are spread by the 

female, either actively or passively (our personal observation). As males very rarely enter the nestbox unless the female 

is inside (Brockway, 1969), the spreading of the nesting material is a reliable indicator for entering of the nestbox by the 

female. We calculated “latency to enter the nestbox” as the number of days until the female entered the nestbox after the 

offering of the nestbox. We calculated “latency to lay” as the number of days until the first egg was laid after the female 

entered the nestbox for the first time. All eggs were collected and replaced by plastic dummy eggs to avoid interruption 

of egg laying. A total of 49 pairs produced a clutch and all females completed their clutch between April 5 and 28. After 

clutch completion, the nestboxes were removed and we selected pairs for the second breeding round. The pairs were 

selected based on the timing of clutch completion. We only selected pairs that did not differ more than 12 days with 

respect to the date of completion of the first clutch. We also took into account female age by making sure that we 

selected the same number of pairs with one and two year old females for each treatment group (see ‘Hormone 

manipulations and blood sampling’). A total of 36 pairs met our criteria. The pairs were allowed at least one week 

before the females received their implant (on April 27, see ‘Hormone manipulations and blood sampling’).  

On May 7, the 36 selected pairs were provided with a nestbox and allowed a second breeding round. At this point, 

plasma T concentrations were significantly elevated in T-treated females compared to control females (see ‘Results’). 

Inspection of the nestboxes was identical to the first breeding round, but the eggs were left in the nest for incubation. 

The experiment was ended on July 14. Females that had failed to enter the nestbox and/or lay eggs by this date received 

a value of 70 for latency to enter the nestbox and/or latency to lay as by then, 70 days had passed since the offering of 

the nestbox. 

1.3 Hormone manipulations and blood sampling 

On April 27 2010, 36 females (selected based on the first breeding round; see ‘Breeding rounds’), received a silastic 

tubing implant (Degania silicone; length: 7 mm, 1.47 mm i.d., 1.96 mm o.d.). Implants were packed with 4 mm of 

crystalline T (Fluka 86500, 3.52 ± 0.03 mg) or left empty and sealed on both ends with silastic glue. Assignment to 

either the testosterone group (T-females, n =18) or the control group (C-females, n =18) was random, controlling for 

age class (10 one year old and 8 two year old females for each treatment) and body weight. Implants were inserted 

subcutaneously along the left flank under local anesthesia (Xylocaine, 10% spray) and the incision was sealed with 

tissue adhesive (Histoacryl, Braun). Implants of this size were selected based on previous work in female budgerigars 

because they successfully increased plasma T to male-like levels (Whitaker, 1990; Lahaye et al., 2012). Throughout the 

breeding season, captive male budgerigars show plasma T levels which are significantly higher than those in females 

(maximal difference in T levels between the sexes: males: 1.2 ± 1.0 ng/mL, n =13; females: 0.06 ± 0.01 ng/mL, n =13; 

Whitaker 1990; see also appendix from Ketterson et al. 2005). Blood samples were collected eight days after 

implantation and were centrifuged at 7000 rpm for 10 minutes within two hours after sampling. The plasma fraction of 

50-150 µL was removed and stored at -70°C until a hormone assay was performed. Plasma T concentrations were 

quantified by radioimmunoassay (RIA) using a commercial double antibody system purchased from MP Biomedicals 

(Solon, Ohio). Our hormone assay techniques have been reported previously (Van Hout et al., 2010). Briefly, 500 µL of 

a 50/50 mixture of cyclohexane/ethylacetate was added to 50 µL plasma. After centrifugation and snap freezing, the 

upper organic phase was transferred to a new tube and dried by vacuum centrifugation. This procedure was repeated 

and the combined extract was dried by vacuum centrifugation. The dried samples were dissolved in 25 µL steroid 

diluent buffer and further treated following the protocol of the RIA kit. The specification sheet provided by the 

company indicates that the primary antibody used in this assay does not cross-react significantly with other androgens 
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beside T (5 -dihydrotestosterone: 3.4%; 5 -androstane-3 , 17 -diol: 2.2%; 11-oxo-testosterone: 2%; all other 

steroids: <1%). T standards ranged from 0.1 ng/mL to 10 ng/mL but the effective detection limit could be extended to 

0.05 ng/mL owing to the concentration effect of the extraction procedure. For a total of 8 samples of C-females, no T 

concentration could be measured because the plasma T concentrations were below the detection level. The intra-assay 

coefficient of variation was 4.6% – 9.1 % (medium - low/high concentrations) and all samples were measured within 

the same assay. 

1.4 Data analysis 

We analyzed all data using the statistical package SAS® 9.2 (SAS Institute, Cary, NC, 2008). Data were checked for 

normality and, if not normally distributed, log (x + 1) transformed. We used student’s t-tests to analyze differences in 

body weight and latency to lay between the two female groups prior to the implantation and to investigate the effect of 

treatment (T-treated and control) on plasma T levels and clutch size after implantation. Fisher-exact tests were used to 

compare the proportion of T- and C-females that entered the nestbox and initiated egg laying. A repeated measures 

ANOVA was performed to investigate effects of treatment on body weight and latency to enter the nestbox in relation 

to period (before and after implantation) and female age (one and two year old) as fixed effects and their interactions. 

Female identity was included in the repeated statement. Because repeated observations were made on single individuals, 

residual values may be correlated. Therefore, we tested several covariance structures (i.e. compound symmetry, serial 

autocorrelation and unstructured) to select the best fitting regression model based on BIC values, which turned out to be 

the serial autocorrelation model. The Satterthwaite correction was used to adjust the degrees of freedom (Littell, 1996). 

These analyses were followed by post-hoc comparisons using t-statistics with adjusted P-values (Pa) for multiple testing 

using Tukey corrections. We started with the complete model and subsequently dropped step by step all non-significant 

terms. At each step, the term that gave the smallest contribution (largest P-value) was excluded. Values are reported as 

mean ± SE. Significance was calculated at the P<0.05 significance level. 

  

2 Results 

2.1 Condition and plasma T concentration  

Before treatment, T- and C-females did not differ in body weight, indicating that the females were randomly 

distributed between treatments (t34 = 0.49, P = 0.63). T treatment successfully increased plasma T concentrations about 

20 times in T-females compared to C-females (T-females: 1.88 ± 0.32 ng/mL, range: 0.28 – 3.73 ng/mL; C-females: 

0.085 ± 0.017 ng/mL, range: 0.05 – 0.21 ng/mL; t17.8=-8.99, P<0.0001). After controlling for female age, we found no 

significant effect of treatment on body weight (Table 1). 

2.2  Nestbox behavior and breeding success 

The proportion of females that entered the nestbox did not differ between the treatments (16 out of 18 T-females 

versus 18 out of 18 C-females, Fisher-exact; P = 0.49). Before as well as after the treatment, T- and C-females that 

entered the nestbox showed no significant difference for latency to enter the nestbox, irrespective of female age (before: 

T-females: 2.94 ± 0.38 days, C-females: 2.39 ± 0.32 days; after: T-females: 2.75 ± 0.69 days, C-females: 2.16 ± 0.09 

days, Table 1, Fig. 1A). The proportion of females that produced a clutch differed significantly between the treatments, 

with C-females being more likely to lay eggs (2 out of 18 T-females versus 14 out of 18 C-females, Fisher-exact; P = 

0.0001). Before treatment, females from either experimental group did not differ significantly for latency to lay (T-

females: 8.83 ± 0.55 days, C-females: 9.22 ± 0.70 days; t34 = 0.44, P > 0.66). When considering only the females that 

produced a clutch after treatment, C-females needed on average 15.50 ± 2.56 days to lay the first egg, while the only 

two T-females that laid eggs needed respectively 26 and 49 days (Fig. 1B). The 14 C-females and two T-females that 
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produced a clutch laid together respectively 83 and 10 eggs. The two T-females both produced a clutch of five eggs. 

The 14 C-females laid on average 5.71 ± 0.35 eggs (range: 4 – 9 eggs, Fig. 1C). The mean number of eggs did not differ 

significantly between egg-laying T- and C-females (t13 = 1.92, P = 0.08, Fig. 1C).   

3 Discussion 

In this study, we increased plasma T concentrations in T-treated female budgerigars to male-like levels compared to 

controls, and we investigated the resulting fitness consequences by studying female reproductive behavior and breeding 

success.  

3.1  Entering of the nestbox 

Females of both treatments were equally likely to enter the nestbox. While plasma T levels within the high male 

physiological range can masculinize the vocal and socio-sexual behavior of female budgerigars (Nespor et al., 1996; 

Lahaye et al., 2012), our findings show that exogenous T does not inhibit female-typical behaviors such as entering a 

nestbox.  Our results confirm a previous study that also found no effect of T treatment on nestbox entering behavior in 

female budgerigars (Brockway, 1969). T-females that entered the nestbox needed on average about half a day more to 

show this behavior for the first time than C-females but this difference was not statistically significant. Hence, T 

supplementation does not seem to affect the time needed to display nestbox entering behavior. Nestbox entering and 

occupation in budgerigars is controlled by estrogens (Brockway, 1969; Hutchison, 1975a). Our findings indicate that T 

treatment does not seem to suppress the action of estrogens with respect to entering the nestbox. It has been shown that 

even very low levels of estrogens can stimulate female budgerigars to enter a nestbox (Brockway, 1969; Hutchison, 

1975a). As we did not ovariectomize females, it may be that the ovaries still produced sufficient estrogens to activate 

the entering of the nestbox. Alternatively exogenous T may have been used as a precursor for the biosynthesis of 

estrogens through aromatase activity (Nelson, 2011). 

While we found that T treatment does not significantly affect the entering of the nestbox in budgerigars, T treatment 

reduces nesting behavior (i.e. likelihood of building one or more nests) in female red-winged blackbirds Agelaius 

phoeniceus and dark-eyed juncos Junco hyemalis (Searcy, 1988; Gerlach and Ketterson, 2013). Possibly, these studies 

found a stronger inhibitory effect on nesting behavior because they were conducted in wild populations of species 

which construct a more or less complex nest. Compared to those species, the captive budgerigars in the present study 

merely entered a nestbox provided in an otherwise relatively less stimulating cage environment. Furthermore, when we 

studied nestbox behavior, we only focused on the entering of the nestbox and not on the later stages of nestbox oriented 

behavior such as steady nestbox occupation (Brockway, 1969). During steady nestbox occupation, the female spends an 

increasing amount of time within the nestbox (Brockway, 1969). These later stages are stimulated by the action of the 

hormone prolactin and non-hormonal factors (e.g. male courtship, vocalizations of other females, and darkness inside 

the nestbox; Brockway, 1965; Hutchison, 1974; Hutchison, 1975b). It may be that T prevents females from completing 

later behavioral stages such as steady nestbox occupation (Brockway, 1969), for example by inhibiting prolactin 

secretion (Hall et al., 1984; Sinha et al., 1984).  

3.2 Egg laying 

Before T treatment, all experimental females had produced a clutch, indicating that all females were physically able 

to lay eggs and that the conditions favored breeding. After manipulation, most C-females produced a clutch but only 

two out of 18 T-females laid eggs within ten weeks after presenting the nestbox. While we found that T treatment 

significantly decreased the probability that a female laid eggs, clutch size did not differ significantly between T- and C-

females. Several studies have reported suppressive effects of exogenous T on egg laying. In the red-winged blackbird 

11 out of 12 females failed to produce eggs following implantation with T (Searcy 1988). Similarly, female zebra 
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finches, Taeniopygia guttata, injected with a high T dose during oviposition temporarily or permanently stopped laying 

eggs, while females that received a lower T dose produced smaller clutches compared to controls (Rutkowska et al. 

2005). Female dark-eyed juncos supplemented with T implants to prolong the naturally occurring plasma T spring 

peaks, were also less likely to produce a clutch and females that did initiate egg laying produced smaller clutches 

(Gerlach and Ketterson, 2013). T manipulation of female spotless starlings, Sturnus unicolor, did not inhibit oviposition 

but it also reduced clutch size (Veiga and Polo, 2008; but see: Lopez-Rull and Gil, 2009). It is possible that we found no 

effect of treatment on clutch size because of the small sample size and because of large differences in clutch size among 

individuals in this species, irrespective of treatment (Juniper and Parr, 1998, our personal observation).  

We found that the two T-females that produced a clutch needed more time before the onset of egg laying than most 

controls. In spotless starlings it has been found that T-treated females experience a delay in the onset of egg laying 

(Veiga and Polo, 2008), although evidence is not consistent (Lopez-Rull and Gil, 2009). The onset of egg laying is 

delayed in T-treated females of the dark-eyed junco as well (Clotfelter et al., 2004). Females that need more time before 

initiating egg laying may suffer fitness costs. A delay in the onset of egg laying may decrease breeding success (Price et 

al., 1988; Verhulst and Nilsson, 2008) for example through negative effects on clutch size, offspring recruitment and the 

probability of producing a second clutch (review in: Verhulst and Nilsson, 2008).  

Clearly, T can have negative effects on female reproduction in terms of egg laying in songbird species and - as our 

results show - also in representatives of other taxa, such as the parrot family (Psittacidae). The extent to which 

exogenous T has been found to affect oviposition differs between studies, potentially due to differences in the extent to 

which plasma T levels were experimentally increased (supranormal: Searcy, 1988; Rutkowska et al., 2005; within the 

physiological range of the species: Veiga and Polo, 2008; Lopez-Rull and Gil, 2009, this study; or within the female 

physiological range: Clotfelter et al., 2004; Gerlach and Ketterson, 2013). Our results indicate that experimentally 

increasing plasma T levels in female budgerigars to male-like levels is sufficient to induce strong adverse effects such 

as inhibition of oviposition. Based on our data on oviposition, we can conclude that male-like plasma T levels are 

detrimental for female budgerigar breeding success. 

3.3 Mechanisms for the action of T 

Our results show that T affects female breeding success but the mechanisms through which T exerts this effect 

urgently need to be addressed more directly. These mechanisms may differ according to the stage of the breeding cycle 

(Gerlach and Ketterson, 2013). As our results show, treating females with exogenous T during the early stages of the 

reproductive cycle may strongly affect breeding success through effects on physiological processes such as oviposition. 

With respect to oviposition, it is possible that high levels of T interfere with the normal physiological reproductive 

functions in females causing suppressive effects (Rutkowska et al., 2005). The exact mechanisms of such potential 

interference have been little studied but evidence from pigeons and albatrosses indicate that T may delay follicle 

maturation or negatively affect the production of egg yolk (Goerlich et al., 2009; Crossin et al., 2012). Important new 

insights may be achieved by investigating the effects of exogenous T on the different components of the hypothalamic-

pituitary-gonadal axis, which is a primary regulatory system for the production of steroid hormones. 

During the later stages of the breeding cycle, increased T may largely affect breeding success through effects on 

parental behavior (e.g. nestling brooding, provisioning, nest defense). For example, T-treated female tree swallows 

Tachycineta bicolor and spotless starlings respectively incubate less and feed their chicks fewer times per hour, which 

may decrease breeding success (Veiga and Polo, 2008; Rosvall, 2013; but see: Clotfelter et al., 2004; O'Neal et al., 2008 

for studies in dark-eyed juncos which found no such effects). The mechanisms through which T influences behavior, in 

males as well as in females, have only been studied in a few bird species but it seems that these mechanisms may be 

species-specific as well as behavior-specific (review in: Adkins-Regan, 2012).  
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3.4  Evolutionary implications and female physiological range 

Males are generally thought to experience a fitness advantage of high T in terms of increased reproductive success 

(e.g. Alatalo et al., 1996; Raouf et al., 1997; Garamszegi et al., 2005). This indicates that selection may favor males 

with higher T levels, although not all evidence is consistent (Reed et al., 2006; McGlothlin et al., 2010; see also Adkins-

Regan 2008 for a discussion on the target of selection: i.e. hormone levels versus other factors within the hormonal 

cascade such as for example androgen receptors). Even when beneficial to males, selection for higher T levels in males 

may be constrained if a correlated response to selection imposes fitness costs on females (Ketterson et al., 2005). We 

found that in the budgerigar exogenous T does not seem to interfere with entering the nestbox but T-females experience 

a decrease in breeding success as T treatment strongly inhibits egg laying. Hence, our results show that elevated T 

levels are detrimental for female fitness. These findings suggest that it is possible that in the budgerigar an evolutionary 

constraint, caused by T-induced negative effects on female breeding success, may hinder selection for higher T levels in 

males. Before concluding that this is indeed the case, more studies are however needed. In this study, we elevated 

plasma T levels in females to male-like levels, which creates an extreme condition in which males and females no 

longer show sexual dimorphism with respect to T levels. This manipulation provides information about whether or not 

females with high T levels would be successful and therefore it allows formulating hypotheses about the probability that 

this phenotype would be able to spread within the population if it were to arise (Ketterson, 2014). However, females 

would probably never experience such sudden pharmacological doses of T under natural conditions (Goymann and 

Wingfield, 2014a). Hence, once it has been established that female fitness is affected in the absence of sexual 

dimorphism in plasma T levels, it may also be important to look at more subtle changes in plasma T level. Several 

studies, mainly in dark-eyed juncos, have investigated the effects of exogenous T on fitness by increasing female 

plasma T levels within the female physiological range by prolonging the T values that females naturally experience 

during a spring peak (e.g. Clotfelter et al., 2004; O'Neal et al., 2008; Gerlach and Ketterson, 2013). Possibly, the results 

of these studies are valuable for assessing whether the potential costs of high T would indeed be relevant in the process 

of selection in a natural system (De Jong, 2013; Gerlach and Ketterson, 2013; Goymann and Wingfield, 2014a). 

Furthermore, studies that look at a more gradual increase in female plasma T concentration may reveal dual effects of T 

by causing trade-offs between for example fecundity and competitiveness (i.e. Cain and Ketterson, 2012, 2013).  

Although T manipulations within the high physiological range of females are more likely to simulate the natural 

process of T increase in the absence of sexually antagonistic selection, it may also be important to take into account the 

timing and duration of manipulation when studying the effects of increased T values on female fitness. In blue tits 

Cyanistes caeruleus and great tits Parus major, it has been found that prolonging female peak values has detrimental 

effects on female fitness while T manipulations within the female range during the period that peak values naturally 

occur have no effect or a positive effect on fitness-related traits (De Jong, 2013). This inconsistency in results suggests 

that different types of manipulation reveal different results. Therefore, it may be useful to also focus on for example the 

causes and consequences of within individual variation in hormone concentrations, the outcome of creating divergent 

selection lines for T or the fitness effects of a decrease in plasma T levels (McGlothlin et al., 2010; Mills et al., 2012; 

De Jong, 2013). Clearly, our understanding of the effects of T on fitness is far from complete and by using several 

approaches in future studies, more answers may be obtained.  

In conclusion, we found that also in non-songbird species, females may suffer fitness costs from high T levels in 

terms of reduced breeding success. Our results indicate that it may be possible that, also in non-songbird species, an 

evolutionary constraint occurs which hinders selection for higher plasma T levels in males by a correlated response to 

selection causing negative effects on female reproductive success. Evaluating whether or not this is indeed the case 
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requires further work combining different approaches to the study of the evolution of male and female testosterone 

levels. 
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Fig. 1 Female reproductive behavior and measures of breeding success 

Values for latency to enter the nestbox (A), latency to initiate egg laying (B) and clutch size (C) for T-females (black markers) and C-females (open 

markers) before (triangles) and after (circles) treatment. Females that had failed to enter the nestbox and/or lay eggs by the end of the experiment 

received a value of 70 for latency to enter the nestbox and/or latency to lay (see: Material and Methods for more information). Values behind the 

markers indicate sample sizes (i.e. number of females). 
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Table 1 Repeated measures ANOVA for body weight (nT = 18, nC = 18) and latency to enter the nestbox for T- and C-females (nT = 16, nC = 18)   

                   

 Body weight Latency to enter nestbox   

 df F P df F P   

Age 1, 34 2.15 0.15 1, 30.5 1.22 0.28  

Treat 1, 33 0.29 0.59 1, 31.1 2.02 0.17  

Period 1, 35 0.23 0.63 1, 32.5 0.26 0.61  

Treat*period 1, 33 0.07 0.79 1, 30.9 0.00 0.97  

Age*period 1, 34 1.16 0.29 1, 32.1 4.71 0.07  

Treat*age 1, 32 0.02 0.89 1, 30 0.24 0.62  

Treat*age*period 1, 32 2.22 0.15 1, 30.2 0.97 0.33   

        

Treat (treatment: T and C), period (before and after T implantation), age (one or two years old) and their interaction were included in the model as fixed effects.  

The degrees of freedom, F-value and P-value are given for the last step where the variable was included in the model. Significant differences are given in bold (P < 0.05). 
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