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significantly different between the sexes (female > male). 
Circulating pregnenolone levels were high in both sexes, 
suggesting that pregnenolone might serve as a circula- 
ting prohormone for local steroid synthesis in zebra 
finches. Furthermore, circulating testosterone levels were 
extremely low in both sexes. Additionally, we found no 
correlations between circulating steroid levels and pair-
maintenance behavior. Taken together, our data raise sev-
eral interesting questions about the neuroendocrinology 
of zebra finches.

Keywords  Affiliation · Pair bond · Songbird · Steroid 
profiling · Opportunistic breeder

Introduction

Monogamy occurs across a wide range of species, includ-
ing primates, rodents, birds, reptiles and fish (Reichard and 
Boesch 2003). Importantly, there is considerable variation 
within monogamous mating systems (Black 1996; Reich-
ard and Boesch 2003). Pair bonds can be transient (last-
ing one breeding cycle) or life-long (Reichard and Boesch 
2003). For species that form transient pair bonds, individu-
als repeatedly invest time and effort in courtship and pair-
bond formation; however, it is unclear whether significant 
investment is needed to maintain these short-term bonds. In 
sharp contrast, for species that form life-long pair bonds, it 
is arguable that the ability to maintain a pair bond is equal 
to or more important than the ability to form the initial 
bond. While the importance of pair bonds has long been 
recognized in ethology (Silcox and Evans 1982; Beletsky 
1983; Evans and Poole 1984; Black 1996), relatively little 
is known about the neuroendocrine regulation of pair-bond 
maintenance.

Abstract  Here, we studied the life-long monogamous 
zebra finch, to examine the relationship between circulating 
sex steroid profiles and pair-maintenance behavior in pairs 
of wild-caught zebra finches (paired in the laboratory 
for  >1  month). We used liquid chromatography–tandem 
mass spectrometry to examine a total of eight androgens 
and progestins [pregnenolone, progesterone, dehydroe-
piandrosterone (DHEA), androstenediol, pregnan-3,17-
diol-20-one, androsterone, androstanediol, and testos-
terone]. In the plasma, only pregnenolone, progesterone, 
DHEA, and testosterone were above the limit of quanti-
fication. Sex steroid profiles were similar between males 
and females, with only circulating progesterone levels 
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The specific affiliative behaviors associated with court-
ship, pair-bond formation, and pair-bond maintenance are 
often very similar. However, the neuroendocrine regula-
tion of an operationally defined behavior can differ across 
contexts (Hessler and Doupe 1999; Heimovics and Riters 
2008; Oliveira 2009). Furthermore, the neuroendocrine 
mechanisms regulating the initial expression of a behavior 
often differ from those regulating the maintenance of that 
behavior (Carter 1998; Adkins-Regan 2005). Therefore, 
it is possible that neuroendocrine mechanisms regulating 
pair-bond maintenance are different from those regulat-
ing pair-bond formation. Indeed, the few studies that have 
directly examined the neuroendocrine regulation of pair-
bond maintenance versus formation suggest that they are 
different (prairie voles: Aragona et  al. 2006; Resendez 
and Aragona 2013; zebra finches: Smiley et al. 2012). The 
majority of research on the neuroendocrinology of pair 
bonding has focused on initial bond formation (Prior and 
Soma 2015).

Zebra finches (Taeniopygia guttata) form genetically 
monogamous life-long pair bonds (Zann 1996; Griffith 
et  al. 2010). As an adaptation to the unpredictable envi-
ronmental conditions in central Australia, zebra finches 
may have evolved long-term pair bonds to facilitate breed-
ing flexibility and to allow pairs to rapidly initiate breed-
ing bouts under favorable environmental conditions. Thus, 
there may be fitness benefits for pairs that form life-long 
bonds rather than transient bonds (Zann 1996; Adkins-
Regan and Tomaszycki 2007). In fact, strong pair bonds are 
associated with greater reproductive success within a single 
breeding attempt (Mariette and Griffith 2012).

Beyond courtship behavior, there is mixed evidence 
implicating sex steroids in zebra finch pair bonding 

(reviewed in Prior and Soma 2015). Taken together, the evi-
dence suggests that social and environmental contexts inter-
act with sex steroids to modulate pairing behavior (Prior 
and Soma 2015). Using an open aviary behavioral assay, 
Tomaszycki et  al. (2006) found no significant effects of 
administering an aromatase inhibitor (1,4,6-androstatriene-
3,17-dione, ATD) and an androgen receptor antagonist (flu-
tamide) on pair-bond formation. In contrast, using a partner 
separation and reunion test, we found that administration 
of an aromatase inhibitor (fadrozole) rapidly increases the 
amount of time spent in close proximity, in established 
zebra finch pairs (Prior et  al. 2014). Furthermore, male 
and female zebra finches have high levels of sex steroids in 
behaviorally relevant brain regions (Prior et al. 2013). It is 
also likely that sex steroids modulate other signaling mole-
cules, which are also implicated in the regulation of pairing 
behavior (Banerjee et  al. 2013; Klatt and Goodson 2013; 
Prior and Soma 2015).

Liquid chromatography–tandem mass spectrometry 
(LC–MS/MS) can measure multiple steroids simultane-
ously with higher specificity than immunoassays (Koren 
et  al. 2012). Measuring multiple steroids has several ben-
efits. First, circulating levels of sex steroid precursors (e.g., 
dehydroepiandrosterone, DHEA) rather than the sex ster-
oids themselves can be correlated with social behaviors, 
such as aggression (Soma et al. 2004, 2008; Fokidis et al. 
2013). Second, characterizing sex steroid profiles elucidates 
“upstream” and “downstream” endocrine mechanisms. For 
example, active sex steroids can be produced locally in the 
brain from inactive precursors (prohormones) in the blood, 
and thus it is valuable to measure circulating levels of pro-
hormones (Schmidt et  al. 2008). Third, LC–MS/MS can 
measure less commonly studied steroids, such as those in 

Fig. 1   Steroidogenic pathway 
highlighting the traditional 
pathways to 5α-DHT and the 
“backdoor” pathway to 5α-DHT 
(italicized). Steroids that we 
examined with LC–MS/MS 
are boxed. In the plasma, four 
steroids were present at levels 
above our limit of quantification 
(LOQ): pregnenolone, proges-
terone, DHEA, and testosterone. 
Trace levels [above the limit 
of detection (LOD) but not the 
LOQ] were present for andro- 
stenediol and androsterone
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the “backdoor” pathway to 5α-dihydrotestosterone (5α-
DHT) (Fig. 1) (Auchus 2004). The backdoor pathway was 
identified in some mammalian species, but has been nearly 
unstudied in birds (Fokidis et al. 2015). The backdoor path-
way to 5α-DHT by-passes testosterone (Fig. 1) and might 
be important for local steroidogenesis when systemic levels 
of testosterone are low (Auchus 2004).

Here, we used LC–MS/MS to measure sex steroid 
profiles of wild-caught zebra finches that were paired 
in captivity. We examined eight androgens and proges-
tins: pregnenolone, progesterone, DHEA, androstenediol, 
pregnan-3,17-diol-20-one, androsterone, androstanediol 
(ADIOL), and testosterone. This allowed us to (1) identify 
which steroids are present in the circulation of wild-caught 
zebra finches and (2) examine relationships between ster-
oid profiles and pair-maintenance behavior. Based on our 
previous results, we predicted that circulating androgens 
would be positively correlated with pair maintenance (Prior 
and Soma 2015). Additionally, previous work in develop-
ing rodents and tammar wallabies (Shaw et al. 2000) sug-
gests that, if the backdoor pathway is used, ADIOL would 
be elevated in the circulation.

Materials and methods

Subjects

Wild zebra finches (N =  22 individuals) were caught on 
Fowlers Gap Arid Zone Research Station, NSW, Australia 
(Griffith et  al. 2008) in September 2012 (austral spring), 
during a period when breeding was occurring in adjacent 
areas of the field station, and placed into outdoor aviar-
ies (220 cm × 160 cm × 200 cm). All aviaries had natu-
ral lighting and a one-way viewing screen for behavioral 
observations. Subjects were given access to seed and water 
ad libitum. Subjects (N = 11 males and 11 females) were 
placed in five aviaries that housed four birds each (2 males 
and 2 females) and in a sixth aviary that housed two birds 
(1 male and 1 female). As the wild birds were initially 
unmarked, we were unable to ascertain whether any of 
the birds were paired with each other previously, and thus 
the birds are likely to have established new pairings at the 
start of this experiment. For this reason, the birds were left 
largely undisturbed for 1 month prior to data collection.

The aviaries were outfitted with nest boxes and nesting 
materials (natural grasses from the area), and we continued 
to supply nesting materials throughout the study. All of the 
newly established pairs engaged in nest building. However, 
during the 2½  months of this study, only one pair bred. 
Most of these pairs began breeding following the comple-
tion of this study and there was an abundance of breeding 
throughout the nestbox colonies of Fowlers Gap, and thus 

these captive pairs were in a “pre-breeding” state for this 
study.

Identification of pairs

All birds were banded with a colored leg band for identi-
fication. At the end of the 1-month habituation period, one 
researcher (NHP) observed the individuals to identify pairs. 
Even when not breeding, pairs build and maintain a roost 
nest (Kikkawa 1980; Zann 1996). Paired individuals selec-
tively engage in affiliative behavior with their partner (e.g., 
allopreening and clumping) (Zann 1996; Elie et al. 2011). 
Thus, pairs were defined as male–female dyads found 
clumping together (either inside or outside a nest). Pairs 
were stable for the duration of the study.

General timeline

Behavioral observations and blood samples were collected 
at three timepoints: timepoint 1 (day 0, this occurred after 
the 1-month habituation period), timepoint 2 (~day 31), 
and timepoint 3 (~day 38). For the one pair that bred, we 
observed behavior and collected blood samples at times 
that corresponded to key points during the breeding cycle. 
For this one pair, timepoint 2 corresponded to incubation 
(day 19) and timepoint 3 corresponded to chick-rearing 
(day 34).

Behavioral observations

At each timepoint we conducted four, 10-min behavioral 
observations, two morning (0800–1200 h) and two evening 
(1700–1900 h) observations. Typically morning and even-
ing observations were collected from consecutive days. 
At timepoint 1, eight of the pairs had one evening obser-
vation. Thus we have a total of 11 or 12 behavioral obser-
vations for every pair. At each behavioral observation, one 
observer (NHP) stood outside the aviary and scored behav-
ior through the one-way viewing screen. Behavioral scor-
ing was spoken into a microphone and later transcribed.

We scored several types of behavior, including forag-
ing, affiliative behavior, and aggression. Five behaviors 
were classified as affiliative: clumping (in physical contact 
and facing the same direction while perched), allopreen-
ing, coordinated preening (male and female self-preening 
at the same time), co-nesting, and overall time engaged 
in coordinated activities (coordinated foraging, preening, 
and nesting). Occasionally, we did observe chases asso-
ciated with nest defense, however those behaviors were 
extremely rare (data not shown). The most common affili-
ative behaviors were clumping and co-nesting, and thus 
we used these to determine total time spent “affiliating” 
(see “Results”).
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Brachial blood samples

For each timepoint, blood samples were collected from 
the brachial vein of both the male and female of each pair 
(between 0800 and 1300  h). All individuals in an avi-
ary were caught and bled within 13  min (mean ±  SEM 
6.9 ± 0.40 min) of entering the aviary. All subjects in an 
aviary were sampled at the same time to reduce the effect 
of stress from repeated chases.

Generally, the blood samples were collected 1–2  days 
after the last behavioral observation (1.5 ± 0.1 days). For 
timepoint 1, blood samples were collected 2 days before the 
first behavioral observations for seven pairs and 1–2 weeks 
after the first behavioral observations for four pairs. Plasma 
was obtained by centrifugation of heparinized capillary 
tubes. Samples were kept frozen until further processing. 
Of the 66 samples, 62 were successfully analyzed (2–3 
plasma samples per subject).

Steroid analysis: liquid chromatography–tandem mass 
spectrometry

Based on pilot work, steroid extraction and LC–MS/MS 
protocols were adapted for avian plasma from the protocol 
in Adomat et al. (2012). These changes included a longer 
LC gradient, multiple reaction monitorings for additional 
steroids, and modified extraction conditions. A brief sum-
mary of our finalized protocol is described below. High 
extraction efficiencies and low ion suppression allowed the 
use of neat steroid standards for calibration, similar to Ado-
mat et  al. (2012). Extracts from equivalently spiked char-
coal-stripped serum showed negligible accuracy bias.

Samples (~30  µL of plasma) were adjusted for pH 
using 20  µL of 1  M NaOH, and then deuterated testos-
terone, 5α-DHT  and ADIOL (d3-testosterone, d3-DHT, 
d3-ADIOL, C/D/N Isotopes Inc., QC, Canada) were added 
as internal standards. Steroids were then extracted using 
2,000  µL of 60:40 (v/v) hexane:ethyl acetate for 30  min, 
and the upper layer was collected. This was followed by 
two similar extractions, which were pooled with the initial 
extract. This modified extraction protocol ensured a high 
extraction efficiency. Pooled extracts were dried in a cen-
trifugal vacuum evaporator (Centrivap, Labconco).

The resulting residues were derivatized using 2-fluoro-
1-methylpyridinium p-toluene-4-sulfonate (FMP, Sigma, 
Oakville, ON, Canada), which enhances sensitivity for 
hydroxylated steroids. More specifically, FMP was dis-
solved in dichloromethane to yield a 20 mM solution, and 
then 4  µL/mL of triethylamine was added. This solution 
was prepared immediately prior to use. Individual samples 
were then treated with 400  µL of the FMP solution and 
allowed to react at room temperature for 1 h. Then 50 µL 
of methanol was added to quench any residual reagent for 

15  min, after which the samples were again dried in the 
Centrivap. The dried extracts were then reconstituted in 
50 µL of 50 % methanol, centrifuged at 20,000 g for 5 min 
to sediment any remaining particulates, and transferred into 
LC vials with low volume inserts for analysis by LC–MS/
MS.

Analysis was carried out with a Waters Acquity UPLC 
Separations Module coupled to a Waters Quattro Premier 
XE Tandem Mass Spectrometer (Waters Corporation, 
MA, USA). A 2.1 ×  100  mm BEH 1.7  µM C18 column 
was used for the steroid samples (Waters Corporation, 
MA, USA). The mobile phases were water and acetoni-
trile, both containing 0.1 % formic acid, using the follow-
ing gradient: 0  min, 10  %; 0.5  min, 10  %; 1  min, 20  %; 
7 min, 30 %; 13 min, 35 % (%acetonitrile). This was fol-
lowed by a column flush of 95 % acetonitrile and re-equi-
libration, for a total run length of 18  min. Column tem-
perature was 35 °C, and injection volume was 15 μl. The 
mass spectrometer was set at unit resolution, capillary was 
3  kV, source and desolvation temperatures were 120 and 
300 °C, respectively, desolvation and cone gas flows were 
1,000 and 50 L/h, and the collision cell pressure was held 
at 4.6 × 10−3 mbar. All data were collected in electrospray 
(positive mode) (ES+) by multiple reaction monitoring 
for steroids. Instrument parameters were optimized for the 
mass to charge ratio (m/z) values, and corresponding frag-
ments of the oxime-steroids monitored for each multiple 
reaction monitoring.

Steroid quantification

Data processing was conducted using Quanlynx (Waters 
Corporation, MA, USA) and exported to Excel for further 
analysis. Peak area-under-the-curve ratios were used for 
quantification, with d3-DHT as the internal standard for all 
steroids but T and ADIOL.

Calibration samples consisted of neat standards (6 stand-
ards ranging from 0.02 to 10  ng/mL), and observed ster-
oid levels were normalized to sample volume. The limit 
of detection (LOD) ranged from approximately 0.01 to 
0.02 ng/mL (3× the background); the limit of quantifica-
tion (LOQ) was approximately 10× background (±20  % 
accuracy). Recoveries and conversions to derivatized ster-
oid species were >80 % for each steroid.

Statistics

All statistics were conducted in R v 2.12.2 (R Core Team 
2012). Figures were made in R and GraphPad Prism 
(GraphPad Software Inc., CA, USA).

Given that only one pair changed their breeding sta-
tus during the experiment and that initial statistical mod-
els showed no effect of Timepoint (within-subjects factor, 
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rmANOVA), sex steroid levels were averaged across the 
three Timepoints for each individual (see “Results”). To 
determine if there was a sex difference in steroid levels, 
Mann–Whitney tests were conducted. Additionally, lin-
ear regressions were conducted to determine if there was 
a relationship between (1) female and male steroid levels 
within a pair, and (2) levels of different steroids within an 
individual. Data were transformed as necessary.

Time spent affiliating was not affected by Timepoint 
(within-subjects factor, rmANOVA), and thus time spent 
affiliating was averaged across the three timepoints for each 
pair. To determine if sex steroid profiles correlated with 
pair-maintenance behavior, we conducted linear regres-
sions on the female and male sex steroid levels and time 
spent affiliating (%). Data were transformed as necessary.

Results

Sex steroid profiles

Of the eight steroids that we investigated, two were below 
our LOD in every plasma sample: pregnan-3,17-diol-20-
one and androstanediol (ADIOL). We were able to detect 
trace amounts (>LOD) of androstenediol and androsterone 
in a small number of samples (Table  1). Importantly, the 
5α-reduced steroid precursors associated with the backdoor 
pathway were largely non-detectable in plasma, despite the 
low detection limit of the LC–MS/MS assay. Specifically, 
circulating ADIOL was non-detectable, which we had 
predicted would be elevated if the backdoor pathway was 
being used.

Four steroids were present in plasma at concentrations 
above our LOQ: pregnenolone, progesterone, DHEA, and 
testosterone (Table 1). Circulating steroid levels did not sig-
nificantly differ across the three timepoints (pregnenolone: 

F(1,58)  =  1.04, P  =  0.312; progesterone: F(1,58)  =  0.24, 
P = 0.625; DHEA: F(1,58) = 0.01, P = 0.917; testosterone 
F(1,58) = 1.07, P = 0.306). Thus, steroid levels were aver-
aged across the three timepoints for each individual.

Circulating pregnenolone, DHEA and testosterone were 
not significantly different in females and males (Fig.  2a, 
c, d: pregnenolone: W = 62, P = 0.949; DHEA: W = 77, 
P = 0.300; testosterone: W = 44, P = 0.277). Circulating 
progesterone levels were higher in females than in males 
(Fig. 2b: progesterone: W = 92, P = 0.041). There was no 
relationship between female and male levels of any steroid 
within a pair (pregnenolone: R2 =  0.04, P =  0.568; pro-
gesterone: R2 =  0.0005, P =  0.947; DHEA: R2 =  0.13, 
P =  0.280; testosterone: R2 =  0.05, P =  0.525). In both 
females and males, circulating pregnenolone levels 
were correlated with circulating DHEA levels (females: 
R2 =  0.45; P =  0.023; males: R2 =  0.89; P  <  0.001). In 
contrast, circulating pregnenolone levels were not cor-
related with circulating testosterone levels (females: 
R2 = 0.14; P = 0.250; males: R2 = 0.01; P = 0.762).Inter-
estingly, circulating pregnenolone concentrations were an 
order of magnitude higher than any other steroid measured 
(Table 1). Additionally, circulating testosterone levels were 
extremely low (<0.2 ng/mL) (Table 1; Fig. 2d).

Behavior of pairs

A summary of common behaviors, including affiliation, 
nesting, preening and foraging behavior is presented in 
Table  2. Co-nesting and clumping were the most com-
mon affiliative behaviors (Table 2). Thus, time spent nest-
ing (coordinated) and clumping were summed (time spent 
affiliating) within each behavioral observation. Overall, 
time spent affiliating was higher in the evening (W = 36, 
P = 0.014). Time spent affiliating in the morning and even-
ing were correlated across pairs (R2 =  0.71; P =  0.001); 

Table 1   Descriptive statistics for circulating steroid levels in captive wild-caught zebra finches analyzed by LC–MS/MS

Samples were collected from females (N = 29 samples from 11 females) and males (N = 33 samples from 11 males). The percent of samples 
greater than the limit of detection (LOD) and the subset of those greater than the limit of quantification (LOQ) are given. For the samples that 
were greater than the LOQ, descriptive statistics are given. For androstenediol and androsterone, some samples were above the LOD, but no 
samples were above the LOQ

Pregnenolone Progesterone DHEA Androstenediol Pregnan-3,17-diol-
20-one

Androsterone ADIOL Testosterone

% Total sam-
ples > LOD

100 90 100 19 0 5 0 44

% Total sam-
ples > LOQ

100 48 100 0 0 0 0 31

Min (ng/mL) 0.23 0.04 0.03 0.04

Max (ng/mL) 18.88 1.81 1.67 1.60

Mean ± SEM  
(ng/mL)

5.54 ± 0.50 0.41 ± 0.09 0.46 ± 0.04 0.26 ± 0.08
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thus for each pair we averaged time spent affiliating for the 
three to four observations per timepoint. Furthermore, time 
spent affiliating did not significantly differ across the three 
timepoints (F(1,120)  =  1.29, P  =  0.258). Therefore, time 
spent affiliating was averaged across the three timepoints 
for each pair and compared to circulating sex steroid pro-
files within pairs. Despite variation in both time spent affili-
ating and circulating steroid levels of males and females, 
there was no relationship between steroid levels and pair-
maintenance behavior (Table 3; Fig. 3).  

Discussion

By using LC–MS/MS, we were able to develop a 
broader sex steroid profile for zebra finches and to cor-
relate these sex steroid profiles with pair-maintenance 
behavior. While the pairs did vary in time spent affiliat-
ing, there was no relationship between this variation and 
sex steroid profiles of males and females. However, our 
results do raise several important questions regarding the 
neuroendocrinology of zebra finches. Sex steroid pro-
files were similar in males and females. In addition, both 
males and females had circulating pregnenolone levels 
an order of magnitude higher than the other steroids, 
highlighting the potential importance of this largely 
understudied prohormone. In contrast to high pregnen- 
olone levels, other circulating steroid levels were rela-
tively low. Importantly, despite a sensitive assay, we did 
not detect any circulating ADIOL, providing no evidence 
(at least from plasma) that the backdoor pathway is used 
in zebra finches. Taken together, these results raise the 
hypothesis that local steroid production may be elevated 
in wild zebra finches.

Sex steroid profiles

The circulating testosterone levels reported here are sur-
prisingly low: ~0.12 ng/mL in males and ~0.03 ng/mL in 
females. Circulating testosterone has been measured in 
non-domesticated or wild zebra finches only two times pre-
viously (Vleck and Priedkalns 1985; Perfito et  al. 2007). 
Using a radioimmunoassay (RIA), Perfito et  al. (2007) 
reported slightly higher circulating testosterone levels 

Fig. 2   Circulating levels of 
pregnenolone (a), DHEA (c), 
and testosterone (d) were 
not significantly different in 
males and females. Circulating 
progesterone levels (b) were 
higher in females than in males 
(W = 92, P = 0.041). Over-
all, circulating levels of these 
steroids were very low, with 
the exception of pregnenolone. 
Circulating pregnenolone levels 
were an order of magnitude 
greater than those of other ster-
oids examined. *P < 0.05

Female Male
0

2

4

6

8

Pr
eg

ne
no

lo
ne

 (n
g/

m
L)

Female Male
0.0

0.2

0.4

0.6

0.8

D
H

EA
 (n

g/
m

L)

Female Male
0.0

0.1

0.2

0.3

0.4

Pr
og

es
te

ro
ne

 (n
g/

m
L)

Female Male
0.00

0.05

0.10

0.15

0.20

Te
st

os
te

ro
ne

 (n
g/

m
L)

a b

c d

*

Table 2   Behaviors in the morning and evening

Average time (s) spent engaging in behaviors per 10 min observation 
(in the morning and evening) (mean ± SEM)

Morning Evening

Affiliation

 Clumping 12 ± 5 51 ± 18

 Allopreening 2 ± 1 6 ± 3

Nesting

 Female 35 ± 14 50 ± 19

 Male 20 ± 8 36 ± 14

 Coordinated 36 ± 15 83 ± 24

Preening

 Female 3 ± 1 10 ± 3

 Male 16 ± 5 14 ± 3

 Coordinated 4 ± 1 6 ± 3

Foraging

 Female 1 ± 1 6 ± 5

 Male 2 ± 1 1 ± 1

 Coordinated 1 ± 1 1 ± 1
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(0.2–0.5 ng/mL in males and 0.14–0.15 ng/mL in females, 
depending on habitat), but found fewer detectable samples 
than the present study (36 vs. 44 %). Vleck and Priedkalns 
(1985) pooled plasma samples from 5 to 16 individuals, 
and testosterone levels were still close to the detection limit 
(<0.3 ng/mL) in males. Together, these studies and the pre-
sent study suggest that circulating testosterone levels might 
be lower in non-domesticated than domesticated zebra 
finches. In domesticated zebra finches, plasma testosterone 
levels in males are often 1–3 ng/mL (Adkins-Regan et al. 
1990; Kabelik et  al. 2011; Prior et  al. 2013). However, it 
is possible that captivity (rather than domestication per se) 

influences the HPG axis (Calisi and Bentley 2009; Dickens 
and Bentley 2014).

In addition, the methods used to quantify steroids dif-
fer across studies. LC–MS/MS is highly specific, and we 
expected our values to be slightly lower than those deter-
mined with immunoassays. Circulating testosterone levels 
in domesticated zebra finches have been quantified with 
LC–MS/MS and are higher than the testosterone levels we 
report here (Koren et  al. 2012; Prior et  al., unpublished 
results). To confirm that our results were similar using a 
RIA, we used a validated RIA protocol (Prior et al. 2013) 
to quantify testosterone in a subset of eight plasma sam-
ples from zebra finches in this study, and we saw simi-
larly low levels of circulating testosterone (mean ± SEM 
ng/mL: male, N  =  4, 0.14  ±  0.04; female, N  =  4, 
0.08 ± 0.01).

To our knowledge, none of the other steroids exam-
ined here have been quantified in non-domesticated 
zebra finches. Circulating DHEA and progesterone lev-
els reported here are slightly lower  than, but similar, to 
levels reported in domesticated zebra finches using LC–
MS/MS (Koren et  al. 2012) and are lower than levels 
reported in domesticated finches using RIA (progesterone: 
Pröve1983; Taves et  al. 2016; DHEA: Soma et  al. 2004; 
Fokidis et al. 2013; Prior et al. 2013). Importantly, DHEA 
and progesterone may regulate social behavior in zebra 
finches (progesterone: Smiley et al. 2012; DHEA: Fokidis 
et al. 2013). Furthermore, DHEA can be rapidly metabo-
lized into active steroids in the zebra finch brain (Pradhan 
et al. 2008).

Table 3   R2 values between circulating steroid levels and pair-level 
affiliative behavior

R2 P value

Pregnenolone

 Female 0.31 0.073

 Male 0.04 0.567

Progesterone

 Female 0.31 0.078

 Male 0.12 0.291

DHEA

 Female 0.002 0.887

 Male 0.006 0.812

Testosterone

 Female 0.004 0.853

 Male 0.18 0.183
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Fig. 3   Circulating steroid levels and affiliative behavior. Plasma 
steroid levels were averaged across timepoints for each individual. 
Time spent affiliating (clumping and co-nesting) was also averaged 
across timepoints for each pair. There were no significant correlations 

between plasma steroid levels and affiliative behavior: pregnenolone 
(a), progesterone (b), DHEA (c), and testosterone (d). Females data 
points are open circles, and male data points are closed circles
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Surprisingly, we measured relatively high levels of  
circulating pregnenolone. While pregnenolone levels have 
been largely unstudied in songbirds, the circulating concen-
trations of pregnenolone in Japanese quail (Coturnix japon-
ica) and red jungle fowl (Gallus gallus) are lower than 
what we report here (Tsutsui and Yamazaki 1995; Ericsson 
et  al. 2014). Circulating levels of pregnenolone were cor-
related with circulating levels of DHEA (possibly an adre-
nal steroid) but not testosterone (a gonadal steroid). This 
pattern suggests that pregnenolone is secreted primarily 
by the adrenals. Interestingly, Ericsson et  al. (2014) com-
pared pregnenolone levels (measured with LC–MS/MS) 
in domesticated chickens and red jungle fowl and found 
higher levels in domesticated chickens (~5 vs. ~1 ng/mL). 
Future work could compare pregnenolone in domesticated 
and non-domesticated zebra finches.

Taken together, low circulating sex steroid levels in these 
finches in combination with relatively high circulating 
pregnenolone levels raises questions about local steroid- 
ogenesis in tissues such as the brain (Vanson et al. 1996). 
In other songbirds, brain synthesis of androgens and estro-
gens, either de novo from cholesterol or from a circulating 
sex steroid precursor, is higher when circulating sex ster-
oids are extremely low (i.e., during non-breeding periods) 
(Schmidt et al. 2008; Pradhan et al. 2010). Future studies 
should examine the potential role of circulating pregnen- 
olone as a prohormone in wild and domesticated zebra 
finches.

The backdoor pathway to 5α‑DHT

We had predicted circulating ADIOL would be elevated if 
the backdoor pathway was being used, based on observa-
tions from tammar wallaby pouch young (Auchus 2004). 
ADIOL is secreted by the pouch young testes and travels to 
the skin and urogenital tract, where it is locally converted 
to 5α-DHT, when circulating testosterone is low (Auchus 
2004). During this time, plasma levels of ADIOL are higher 
in males than females (Shaw et al. 2000).

We saw low plasma levels of testosterone in both female 
and male finches; however, we saw little evidence that 
5α-reduced steroids in the backdoor pathway were present 
in circulation. Only a small number of plasma samples had 
detectable androsterone levels. Nonetheless, we cannot rule 
out the possibility that this pathway is used locally in the 
zebra finch brain for 5α-DHT synthesis, and future work 
should explore this possibility.

Evidence of progestins and androgens regulating pair 
bonding in zebra finches

Classically, progesterone is considered to be a reproductive 
steroid in females. However, progesterone is also important 

for the expression of both female and male parental behav-
ior and may reflect pairing status in male birds (reviewed 
in: Lynn 2015). Furthermore, there is also evidence that it 
may regulate pairing behavior. Smiley et al. (2012) found 
that progesterone treatment to female zebra finches pro-
moted courtship and nesting behaviors when administered 
prior to pairing, however progesterone treatment had no 
effect on pair-maintenance behavior when administered 
after pair-bond formation. Consistent with this, we found 
no relationship between male or female progesterone lev-
els and pair-maintenance behavior (time spent affiliating). 
However, we did not look during pair-bond formation, and 
it is possible there may have been a relationship during that 
time.

Research examining the regulatory role of testoster-
one in pair bonding has largely focused on male song 
associated with courtship. After initial bond formation 
(~2 weeks), directed and undirected male songs also func-
tion as affiliative behaviors associated with bond mainte-
nance and appear to synchronize breeding throughout the 
year (Dunn and Zann 1996; Zann 1996). However, male 
song is not necessary for pair-bond maintenance (Tomaszy-
cki and Adkins-Regan 2006). While there is extensive work 
highlighting the importance of testosterone in the develop-
ment and regulation of male song (Arnold 1975; Williams 
et al. 2003; Remage-Healey et al. 2009), the regulatory role 
of testosterone on male song associated with bond mainte-
nance has not been directly examined.

The evidence for a role of androgens in regulating non-
song pairing behavior is also mixed. Administration of flu-
tamide (an anti-androgen) and ATD (an aromatase inhibi-
tor) in male zebra finches decreased male aggression and 
female approaches during pair-bond formation and court-
ship, but had no effect on any other courtship behaviors 
(Tomaszycki et al. 2006). There have only been a few stud-
ies examining the role of sex steroids in zebra finch pair-
bond maintenance (review: Prior and Soma 2015). Here, 
our results are difficult to interpret because circulating tes-
tosterone levels were very low in both males and females. 
We saw no relationship between circulating testosterone 
and affiliation associated with pair-bond maintenance.

Conclusions

The zebra finch is an extensively used animal model for 
neuroscience and behavioral studies, and yet surprisingly 
little is known about the physiology of wild or non-domes-
ticated zebra finches. This is one of the first studies to use 
LC–MS/MS to examine steroid profiles of songbirds. While 
we found no evidence that sex steroids are involved in regu-
lating pair-maintenance behavior in non-domesticated zebra 
finches, our data raise several interesting questions about 
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the neuroendocrinology of domesticated and non-domes-
ticated zebra finches. The combination of low circula- 
ting testosterone levels and high circulating pregnenolone 
levels in non-domesticated zebra finches raises interesting 
questions about (1) the effect of domestication on zebra 
finch sex steroid profiles and HPG function, and (2) the 
role of elevated pregnenolone in both males and females.

Acknowledgments  This research was made possible by an impres-
sive support staff at Fowlers Gap Semi-Arid Zone Research Station, 
University of New South Wales Australia. Specifically, thank you to: 
Keith Leggett, Garry Dowling, Mark Tilley and Vicki Dowling for 
logistical support at Fowlers Gap. For help with the aviary set up, 
thank you to Dr. Emilie Perez, Ingrid Boucaud, and Dr. Clementine 
Vignal. For help with R Statistics and statistical analyses, thank you 
to Dr. Laura Weir and Dr. Jeffery Joy. For comments on the manu-
script, thank you to Dr. Benjamin Sandkam, Dr. Matthew Taves, 
and three anonymous reviewers. Funding sources included: Cana-
dian Institutes of Health Research (CIHR) Operating Grant 133606 
to KKS; National Science Foundation graduate research fellow-
ship (NSF GRFP) to NHP; and Australian Research Council Grant 
DP130100417 to SCG and KLB.

Compliance with ethical standards 

Animal welfare statement  All applicable international, national, 
and/or institutional guidelines for the care and use of animals were 
followed.

References

Adkins-Regan E (2005) Hormones and Animal Social Behavior. 
Princeton University Press, NJ

Adkins-Regan E, Tomaszycki ML (2007) Monogamy on the fast 
track. Biol Lett 3:617–619

Adkins-Regan E, Abdelnabi M, Mobarak M, Ottinger MA (1990) 
Sex steroid levels in developing and adult male and female zebra 
finches (Poephila guttata). Gen Comp Endocrinol 78:93–109

Adomat HH, Bains OS, Lubieniecka JM, Gleave ME, Guns ES, Grgi-
latti TA, Reid RE, Riggs KW (2012) Validation of a sequential 
extraction and liquid chromatography–tandem mass spectromet-
ric method for determination of dihydrotestosterone, androsten-
ediol, and androstenediol-glucuronide in prostate tissues. J Chro-
matogr B 902:84–95

Aragona BJ, Liu Y, Yu YJ, Curtis JT, Detwiler JM, Insel TR, Wang 
Z (2006) Nucleus accumbens dopamine differentially mediates 
the formation and maintenance of monogamous pair bonds. Nat 
Neurosci 9:133–139

Arnold AP (1975) The effects of castration and androgen replacement 
on song, courtship, and aggression in zebra finches (Poephila 
guttata). J Exp Zool 191:309–325

Auchus RJ (2004) The backdoor pathway to dihydrotestosterone. 
Trends Endocrinol Metab 15:432–438

Banerjee SB, Dias BG, Crews D, Adkins-Regan E (2013) Newly 
paired zebra finches have higher dopamine levels and immediate 
early gene Fos expression in dopaminergic neurons. Eur J Neu-
rosci 38:3731–3739

Beletsky LD (1983) Aggressive and pair-bond maintenance songs of 
female red-winged blackbirds (Agelaius phoeniceus). Z Tierpsy-
chol 62:47–54

Black JM (1996) Partnerships in Birds: The Study of Monogamy. 
Oxford University Press, USA

Calisi RM, Bentley GE (2009) Lab and field experiments: are they the 
same animal? Horm Behav 56:1–10

Carter CS (1998) Neuroendocrine perspectives on social attachment 
and love. Psychoneuroendocrinology 23:779-818

Dickens MJ, Bentley GE (2014) Stress, captivity, and reproduction in 
a wild bird species. Horm Behav 66:685–693

Dunn AM, Zann R (1996) Undirected song encourages the breeding 
female zebra finch to remain in the nest. Ethology 102:540–548

Elie JE, Mathevon N, Vignal C (2011) Same-sex pair-bond is 
socially equivalent and as strong as male–female relationship 
in a life-long monogamous songbird. Behav Ecol Sociobiol 
65:2197–2208

Ericsson M, Fallahsharoudi A, Bergquist J, Kushnir MM, Jensen 
P (2014) Domestication effects on behavioural and hormo-
nal responses to acute stress in chickens. Physiol Behav 
133:161–169

Evans S, Poole TB (1984) Long-term changes and maintenance of 
the pair-bond in common marmosets, Callithrix jacchus jacchus. 
Folia Primatol 42:33–41

Fokidis HB, Prior NH, Soma KK (2013) Fasting increases aggression 
and differentially modulates local and systemic steroid levels in 
male zebra finches. Endocrinology 154:4328–4339

Fokidis HB, Adomat HH, Kharmate G, Hosseini-Beheshti E, Guns 
ES, Soma KK (2015) Regulation of local steroidogenesis in the 
brain and in prostate cancer: Lessons learned from interdiscipli-
nary collaboration. Front Neuroendocrinol 36:108–129

Griffith SC, Holleley CE, Mariette MM, Pryke SR, Svedin N (2010) 
Low level of extrapair parentage in wild zebra finches. Anim 
Behav 79:261–264

Griffith SC, Pryke SR, Mariette M (2008) Nest box use by the zebra 
finch Taeniopygia guttata: implications for reproductive success 
and research. Emu 108:311–319

Heimovics SA, Riters LV (2008) Evidence that dopamine within 
motivation and song control brain regions regulates birdsong 
context-dependently. Physiol Behav 95:258–266

Hessler NA, Doupe AJ (1999) Social context modulates singing-
related neural activity in the songbird forebrain. Nat Neurosci 
2:209–211

Kabelik D, Schrock SE, Ayres LC, Goodson JL (2011) Estrogenic 
regulation of dopaminergic neurons in the opportunistically 
breeding zebra finch. Gen Comp Endocrinol 173:96–104

Kikkawa J (1980) Seasonality of nesting by zebra finches at Armi-
dale, NSW. Emu 80:13–20

Klatt JD, Goodson JL (2013) Oxytocin-like receptors mediate pair 
bonding in a socially monogamous songbird. Proc R Soc B 
280:2012–2396

Koren L, Ng ESM, Soma KK, Wynne-Edwards KE (2012) Sample 
preparation and liquid chromatography–tandem mass spectrom-
etry for multiple steroids in mammalian and avian circulation. 
PLoS ONE 7(2):e32496

Lynn SE (2015) Endocrine and neuroendocrine regulation of fathering 
behavior in birds. Horm Behav. doi:10.1016/j.yhbeh.2015.04.005

Mariette MM, Griffith SC (2012) Nest visit synchrony is high and 
correlates with reproductive success in the wild Zebra finch Tae-
niopygia guttata. J Avian Biol 43:131–140

Oliveira RF (2009) Social behavior in context: hormonal modulation 
of behavioral plasticity and social competence. Integr Comp Biol 
49:423–440

Perfito N, Zann RA, Bentley GE, Hau M (2007) Opportunism at 
work: habitat predictability affects reproductive readiness in 
free-living zebra finches. Funct Ecol 21:291–301

Pradhan DS, Yan Y, Soma KK (2008) Rapid estrogen regulation of 
DHEA metabolism in the male and female songbird brain. J 
Neurochem 104:244–253

Pradhan DS, Newman AEM, Wacker DW, Wingfield JC, Schlinger 
BA, Soma KK (2010) Aggressive interactions rapidly increase 

http://dx.doi.org/10.1016/j.yhbeh.2015.04.005


	 J Comp Physiol A

1 3

androgen synthesis in the brain during the non-breeding season. 
Horm Behav 57:381–389

Prior NH, Soma KK (2015) Neuroendocrine regulation of long-term 
pair maintenance in the monogamous zebra finch. Horm Behav. 
doi:10.1016/j.yhbeh.2015.04.014

Prior NH, Heimovics SA, Soma KK (2013) Effects of water restric-
tion on reproductive physiology and affiliative behavior in an 
opportunistically-breeding and monogamous songbird, the zebra 
finch. Horm Behav 63:462–474

Prior NH, Yap KN, Soma KK (2014) Acute and chronic effects of 
an aromatase inhibitor on pair-maintenance behavior of water-
restricted zebra finch pairs. Gen Comp Endocrinol 196:62–71

Pröve E (1983) Hormonal correlates of behavioural development in 
male zebra finches. In: Balthazart J, Pröve E, Gilles R (eds) Hor-
mones and behaviour in higher vertebrates. Springer, Berlin, pp 
368–374

R Core Team (2012) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna. 
http://www.R-project.org/

Reichard UH, Boesch C (2003) Monogamy: Mating Strategies and 
Partnerships in Birds, Humans and Other Mammals. Cambridge 
University Press, UK

Remage-Healey L, Oyama RK, Schlinger BA (2009) Elevated aro-
matase activity in forebrain synaptic terminals during song. J 
Neuroendocrinol 2:191–199

Resendez SL, Aragona BJ (2013) Aversive motivation and the main-
tenance of monogamous pair bonding. Rev Neurosci 24:51–60

Schmidt KL, Pradhan DS, Shah AH, Charlier TD, Chin EH, Soma 
KK (2008) Neurosteroids, immunosteroids, and the Balkaniza-
tion of endocrinology. Gen Comp Endocrinol 157:266–274

Shaw G, Renfree MB, Leihy MW, Shackleton CH, Roitman E, Wil-
son JD (2000) Prostate formation in a marsupial is mediated by 
the testicular androgen 5 alpha-androstane-3 alpha,17 beta-diol. 
Proc Natl Acad Sci USA 97:12256–12259

Silcox AP, Evans SM (1982) Factors affecting the formation and 
maintenance of pair bonds in the zebra finch, Taeniopygia gut-
tata. Anim Behav 30:1237–1243

Smiley KO, Vahaba DM, Tomaszycki ML (2012) Behavioral effects 
of progesterone on pair bonding and partner preference in 
the female zebra finch (Taeniopygia guttata). Behav Process 
90:210–216

Soma KK, Alday NA, Hau M, Schlinger BA (2004) Dehydroepian-
drosterone metabolism by 3β-hydroxysteroiddehydrogenase/
Δ5–Δ4 isomerase in adult zebra finch brain: sex difference and 
rapid effect of stress. Endocrinology 145:1668–1677

Soma KK, Scotti MAL, Newman AEM, Charlier TD, Demas GE 
(2008) Novel mechanisms for neuroendocrine regulation of 
aggression. Front Neuroendocrinol 29:476–489

Taves MD, Losie JA, Rahim T, Schmidt KL, Sandkam BA, Ma C, Sil-
versides FG, Soma KK (2016) Locally elevated cortisol in lym-
phoid organs of the developing zebra finch but not japanese quail 
or chicken. Dev Comp Immunol 54:116–125

Tomaszycki ML, Adkins-Regan E (2006) Is male song quality impor-
tant in maintaining pair bonds? Behaviour 143:549–567

Tomaszycki ML, Banerjee SB, Adkins-Regan E (2006) The role of 
sex steroids in courtship, pairing and pairing behaviors in the 
socially monogamous zebra finch. Horm Behav 50:141–147

Tsutsui K, Yamazaki T (1995) Avian neurosteroids. I. Pregnenolone 
biosynthesis in the quail brain. Brain Res 678:1–9

Vanson A, Arnold AP, Schlinger BA (1996) 3β-Hydroxysteroid dehy-
drogenase/isomerase and aromatase activity in primary cultures 
of developing zebra finch telencephalon: dehydroepiandroster-
one as substrate for synthesis of androstenedione and estrogens. 
Gen Comp Endocrinol 102:342–350

Vleck C, Priedkalns J (1985) Reproduction in zebra finches: hormone 
levels and effect of dehydration. Condor 87:37–46

Williams H, Connor DM, Hill JW (2003) Testosterone decreases the 
potential for song plasticity in adult male zebra finches. Horm 
Behav 44:402–412

Zann RA (1996) The Zebra Finch: a Synthesis of Laboratory and 
Field Studies. Oxford University Press, USA

http://dx.doi.org/10.1016/j.yhbeh.2015.04.014
http://www.R-project.org/

	Sex steroid profiles and pair-maintenance behavior of captive wild-caught zebra finches (Taeniopygia guttata)
	Abstract 
	Introduction
	Materials and methods
	Subjects
	Identification of pairs
	General timeline
	Behavioral observations
	Brachial blood samples
	Steroid analysis: liquid chromatography–tandem mass spectrometry
	Steroid quantification
	Statistics

	Results
	Sex steroid profiles
	Behavior of pairs

	Discussion
	Sex steroid profiles
	The backdoor pathway to 5α-DHT
	Evidence of progestins and androgens regulating pair bonding in zebra finches

	Conclusions
	Acknowledgments 
	References




