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ARTICLE INFO ABSTRACT

Keywords: Experimental manipulations of testosterone have advanced our understanding of the hormonal control of traits
Androgens across vertebrates. Implants are commonly used to supplement testosterone and other hormones to organisms, as
Endocrinology they can be readily scaled to produce desired hormone levels in circulation. Concerns about pharmacological (i.e.
E:iorff:v:; hormone unnatural) doses of traditional silastic implants led to innovation in implant methods, with time-release pellets
Zebra finch and beeswax implants proposed as solutions. A study comparing silastic, time-release pellets, and beeswax im-

plants found the latter to be most effective in delivering a physiologically relevant dose. One proposed advantage
to subcutaneous beeswax implants is that they are expected to degrade within the body, thus removing the
obligation to recapture implanted individuals in the field. However, few studies have reported on dosage and no
published literature has examined the assumption that beeswax implants readily degrade as expected. Here we
present time-release androgen data in relation to implants containing varying levels of testosterone from four
separate implant studies. In addition, we report long-term persistence of subcutaneous implants, including two
cases of implants being retained for > 2 years. Finally, we offer recommendations on the composition and
implementation of beeswax implants to aid the pursuit of minimally invasive and physiologically relevant ma-
nipulations of circulating hormones.

1. Introduction supplemented testosterone to determine if the trait is recovered (Adkins-
Regan, 2005; Adkins, 1977, 1975; Balthazart et al., 1983; Berthold and
Quiring, 1944). These studies typically delivered a pharmacological (i.e.

unnatural) dose of testosterone, for example via injection of the hor-

The androgen testosterone has pleiotropic effects on morphology and
behavior, and can integrate multiple inter-linked traits underlying

phenotypes (Cox et al., 2016; Fuxjager et al., 2018; Hau, 2007; Hau and
Goymann, 2015; Lipshutz et al., 2019). Much of what we know about the
functions of testosterone has been learned through manipulations
whereby hormone signaling is suppressed or enhanced in captive or wild
vertebrates. Illustrating that a trait changes when testosterone signaling
is blocked or enhanced indicates it is under androgenic control. Early
studies in captive animals used castration of males to remove natural
testosterone production to determine if the trait is lost and then

mone, and illustrated which traits are sensitive to the hormone. How-
ever, to determine whether a trait is regulated by testosterone under
natural conditions, one must deliver a physiologically relevant dose
(Fusani, 2008; Goymann and Davila, 2017; Quispe et al., 2015).

For several decades subcutaneous testosterone implants using silastic
tubing have been used in wild animals to determine which traits are
sensitive to enhanced testosterone circulation (Balthazart et al., 1983;
Boersma et al., 2020; Cordero, 2008; Enbody et al., 2022; Fusani, 2008;
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Lahaye et al., 2014; Lindsay et al., 2016, 2011; Muck and Goymann,
2018; Sandell, 2007). Yet, two challenges of testosterone implants
endure today: 1) ensuring the dose is physiologically relevant, and 2)
designing minimally invasive implants that do not require recapture and
removal. Scaling testosterone implants to deliver a physiological dose in
wild organisms is challenging because one must first establish natural
variation in testosterone circulation across and within individuals and
then finely scale implants to mimic natural circulation. Often when
implants are scaled to deliver a physiological dose of testosterone,
sampling shortly after implantation reveals pharmacological peaks
(Goymann and Wingfield, 2014; Quispe et al., 2015). In bird studies,
testosterone contained within silastic tubing has been the most common
form of implant (Balthazart et al., 1983; de Jong, 2017; Fusani, 2008;
Gerlach and Ketterson, 2013; Lindsay et al., 2011; Moore, 1984; Peters,
2007; Podmokla et al., 2018; Siefferman et al., 2013; Sperry et al.,
2010). However, these implants require removal, which can be a major
challenge for studies of wild birds. Time-release pellets are a more recent
innovation that do not require removal because the matrix containing
the hormone is thought to be steadily digested (Fusani, 2008; Quispe
et al., 2015). An initial study found these commercially available pellets
also seem to deliver a more consistent dose over time when compared to
silastic implants, thus allowing appropriately scaled implants to main-
tain a physiological dose absent pharmacological peaks of testosterone
(Fusani, 2008). However, a subsequent study found testosterone peaked
beyond physiological levels for 1-2 weeks before leveling off for the rest
of the 90-day manipulation period (Edler et al., 2011). Another draw-
back to these pellets is that they are relatively expensive and cannot be
readily scaled by experimenters as doses are set by the manufacturer
(Fusani, 2008).

Implants using beeswax mixed with peanut oil as the carrier matrix
for the hormone are an attractive alternative to silastic implants and
commercial time-release pellets, as they are cost-effective, can be scaled
to deliver desired doses, and are thought to be readily digestible by the
implanted organism (Quispe et al., 2015). When comparing such im-
plants to time-release pellets and silastic implants for testosterone sup-
plementation, Quispe et al. (2015) found that they were most effective at
delivering a consistent physiological dose for <2 weeks. Since this initial
beeswax/oil implant study, these implant methods have been employed
in several birds (Beck et al., 2016; Boersma et al., 2020; Khalil et al.,
2020; McQueen et al., 2021) and at least one mammal species (Matas
et al., 2020). However, information on time-release of varying dosage is
sparse apart from one corticosterone beeswax implant study by Beck
et al., (2016), which reported that 12 of 24 implanted birds had dis-
solved implants 35 days after implantation. Here we show androgen
levels resulting from three testosterone dosage levels of implants
composed of a beeswax/peanut oil matrix and administered to four bird
species. In addition, we report on unexpected long-term retention of the
beeswax and peanut oil matrix and offer considerations for future
innovation.

2. Materials and methods
2.1. Study timeline and general framework

We combined data collected across separate studies spanning from

Table 1
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2015 to 2019 in four Australian endemic passerine species (Table 1): a)
male red-backed fairy-wren (Malurus melanocephalus; (Khalil et al.,
2020)), b) male superb fairy-wren (Malurus cyaneus; (McQueen et al.,
2021)), c¢) male and female white-shouldered fairy-wren (Malurus
alboscapulatus; Boersma et al., 2020), and d) captive female zebra finch
(Taeniopygia guttata; Goymann and Schwabl, unpublished data). Each
study used similar beeswax and peanut oil implants following Quispe
et al. (2015). Implants were prepared in batches of 200 by vortexing
melted beeswax and peanut oil, loading into a 1 ml plastic syringe, then
dispensing a string of the hardened beeswax/oil mixture and cutting into
20 mg fragments. Control implants contained only beeswax and peanut
oil, and testosterone implants had a dose of crystalline testosterone
dissolved in 100 % ethanol mixed in. Proportions of beeswax and peanut
oil varied slightly as did the dose of dissolved testosterone across studies
(Table 1). We used the same batch of implants for red-backed and most
white-shouldered fairy-wrens though we slightly modified the fraction
of beeswax to peanut oil following an initial white-shouldered fairy-
wren pilot study. Implants were stored in phosphate buffered saline
(PBS) until deployment. We inserted implants subcutaneously above the
left thigh and sealed the incision site with VetBond™ (3 M).

2.2. Androgen sampling and measurement

In most cases a blood sample was taken on the day of implantation
(day 0) for later hormone analysis, and post-implantation blood sam-
pling regimen varied across studies (Figs. 1 and S1). Male red-backed
and female white-shouldered fairy-wrens were consistently sampled
6-14 days after implantation to collect pin feathers molting in response
to testosterone (Boersma et al., 2020; Khalil et al., 2020). Superb fairy-
wrens were sampled opportunistically for several months after implan-
tation, and captive zebra finches were resampled 1, 12, and 19 days after
initial implantation. Blood samples were stored on ice in the field for
red-backed and superb, but not white-shouldered fairy-wren, and for
captive zebra finches blood samples were immediately processed after
bleeding. Across studies, blood samples were spun in a centrifuge to
separate plasma for androgen analysis. Plasma was frozen in all studies
except in white-shouldered fairy-wren, in which plasma was transferred
to a 1.5 ml Eppendorf™ containing 400 ul of 100 % ethanol following
the procedures of Goymann et al. (2007).

Red-backed and white-shouldered fairy-wren samples were assayed
for total androgens following the same radioimmunoassay protocol in a
lab at Washington State University (full details in Enbody et al., 2018;
Lindsay et al., 2009). Zebra finch plasma was assayed for total andro-
gens using an established radioimmunoassay protocol at the Max Planck
Institute for Ornithology, Seewiesen following the procedures detailed
in Apfelbeck and Goymann (2011). The detection limit of the zebra finch
assay was 0.43 pg/tube. All zebra finch samples (N = 64) were assayed
in one assay with an intra-assay coefficient of variation of 1.9 %. In all
but superb fairy-wrens, hormone levels reflect total androgens due to
using an antibody (Wien Laboratories T-30003, Flanders, NJ, USA) that
cross-reacts with closely related steroids, particularly 5a-dihi-
drotestosterone (DHT). In the superb fairy-wren study, an enzyme
immunoassay kit was used to measure testosterone following Crino et al.
(2018). Androgen measurements that were below the standard curve in
were assigned a value of 1.95 pg/tube in white-shouldered and red-

Composition of implant matrix (proportion of beeswax and peanut oil), testosterone dose, and number of implanted individuals across four bird species. Number of
implanted birds shows total (number of individuals implanted with either a testosterone or control implant. Different proportions and sample sizes in white-shouldered
fairy-wren show information across two study years. Captive zebra finches were given one of two testosterone doses.

Species % beeswax % peanut oil Testosterone dose # implanted Study

red-backed fairy-wren 75 25 0.5 mg 39 Khalil et al., 2020
superb fairy-wren 80 20 1 mg 47 McQueen et al., 2021
white-shouldered fairy-wren 8075 20 | 25 0.5 mg 16 | 22 Boersma et al., 2020
zebra finch 80 20 1 mg; 2 mg 16 unpublished
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backed fairy-wren (n = 30 samples), and 177.34 pg/ml in superb fairy-
wren (n = 5 samples). The 3 non-detectable zebra finch samples were
assigned individual detection limits that depended on the respective
amount of plasma and extraction recovery (values were 23.3, 27.9, and
40.7 pg/ml). Due to variability in sample storage and assay protocols we
do not provide any comparative analyses of androgen levels across
species.

2.3. Long-term implant retention

State of implants was assessed upon opportunistic recapture of 88
individual red-backed, superb, and white-shouldered fairy-wrens. We
checked for signs of infection and noted whether implants were present.
No signs of infection were noted in superb or red-backed fairy-wrens,
and we noted one case of local inflammation in white-shouldered fairy-
wrens. All individuals were monitored for several weeks after implant-
ing and showed no signs of irritation or impairment. In rare cases (n = 3
across species), failure to seal the incision site properly led to implants
being lost within several days of initial capture. Post-implant recaptures
ranged from 18 to 400 days in red-backed fairy-wren, 6 — 499 days after
implantation in superb fairy-wren, and 7 — 828 days in white-shouldered
fairy-wren.

2.4. Statistical analysis

We first filtered all androgen samples to only include individuals
sampled within 4 weeks of implanting with a testosterone or control
implant. For all three fairy-wren species, we assessed whether
testosterone-implanted individuals had elevated androgens during this
time period using generalized additive models in R (<https://www.r-
project.org > ) version 3.6.1, using package mgcv (Wood, 2011). A
continuous days post-implant variable was included as a smoothed fixed
effect, with testosterone and control-implanted individuals separated. In
white-shouldered fairy-wren we included sex as a fixed effect due to
having samples from males and females. For zebra finch samples, we
compared each time point using package lme4 (Bates et al., 2015) to
build a linear mixed model with dose (1 mg or 2 mg) and sampling day
(0,1, 12, and 19), and the interaction between dose and sampling day as
fixed effects. Individual ID was included as a random effect in white-
shouldered fairy-wren and zebra finch due to repeated measures.

2.5. Ethical note

For each species testosterone implant and capture protocols were
approved by ethical oversight committees. Red-backed fairy-wren work
was approved by the Tulane University Institutional Animal Care and
Use Committee (IACUC 2019-1715), Cornell University IACUC
(2009-0105), Washington State University IACUC (ASAF #04573), the
James Cook University Animal Ethics Committee (A2100) and under a
Queensland Government Department of Environment and Heritage
Protection Scientific Purposes Permit (WISP15212314). Superb fairy-
wren work was conducted with approval from the Monash University
Animal Ethics Committee (BSCI/2013/10, BSCI/2016/03), Department
of Environment, Land, Water and Planning (permit no. 10007370), and
the Australian Bird and Bat Banding Scheme (authority nos. 2230,
3288). For white-shouldered fairy-wren, implant work was approved
under IAUCUC protocol #0395 and ASAF #04573, and the Conservation
and Environment Protection Authority (CEPA) in Papua New Guinea.
Finally, housing and implants in captive zebra finch was conducted
under the auspices of the Government of Upper Bavaria (permit no.
55.2-1-54-2531-107-10).

3. Results

Testosterone implantation led to marginally non-significant eleva-
tion of androgens in male red-backed (Fy5; = 14.86, P = 0.08) and
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testosterone in male superb fairy-wren (Fy 28 = 3.83, P = 0.06), likely
due to low sample sizes within 2 weeks of implantation (Fig. 1a,b).
Androgens were elevated following implantation in white-shouldered
fairy-wren (F3 35 = 8.71, P < 0.001), with the highest levels measured
7-11 days after implanting (Fig. 1¢); and sexes did not differ (F; = 0.39,
P = 0.53). In captive female zebra finch (Fig. 1d), 1 mg and 2 mg doses
did not differ in plasma androgens x2 = 0.21, DF = 1, P = 0.54), but
there was a marginally non-significant interaction between dose and
sampling day (X2 = 6.49, DF = 3, P = 0.09). Summary statistics for zebra
finch androgens across doses and sampling days are shown in Table 2a.
Testosterone was significantly elevated relative to pre-implant (day 0)
levels on days 1 and 12, but not 19 (Table 2b). Androgens sampled from
31 days to the end of sampling in all three fairy-wren species are shown
in Fig. S1. The minimum percentage of implanted individuals who
retained implants across the fairy-wren studies is shown in Fig. 2.

4. Discussion

Exogenous testosterone studies have been integral to establishing
which traits are under androgenic control. Though effects of pharma-
cological (i.e. unnaturally high) doses can reveal important information
about hormone response mechanisms (Ketterson, 2014; Ketterson et al.,
2005), physiologically-relevant manipulations are needed to establish
which traits are sensitive to androgens under natural settings (Fusani,
2008; Goymann and Wingfield, 2014; Quispe et al., 2015). Delivering a
physiological rather than pharmacological dose is an enduring challenge
in hormone manipulation studies. We combined data collected across
four separate implant studies using beeswax and peanut oil implants
scaled to deliver 3 separate doses of testosterone. As reported in the
initial paper introducing beeswax and peanut oil implants in female
Japanese quail (Quispe et al., 2015), androgens peaked within a week of
implanting and remained elevated for approximately 2 weeks (Fig. 1).
This elevation period appeared to hold both for males and females,
despite exogenous testosterone often causing declining androgen levels
in males with intact testes due to negative feedback (Brown and Follett,
1977; Fusani, 2017; Turek et al., 1976). However, we note that most of
our androgen measurements were from female white-shouldered
fairywren and zebra finch, so cannot exclude the possibility that some
males exhibited negative feedback following implantation (but see male
response in Fig. 1a-b). Finally, in captive female zebra finch, 1 mg and 2
mg doses did not result in differences in plasma androgen levels. The
dosage and time-release information we report here should provide a
valuable reference for researchers aiming to deliver a physiological dose
of testosterone to their respective study organisms, especially studies of
small passerine bird species.

One proposed benefit of using implants composed of beeswax and
peanut oil in wild organisms is that these materials should be readily
dissolved, thus not requiring recapture and removal (Quispe et al.,
2015). However, we found that implants were retained in many in-
dividuals for several months and even years in some cases, with two
individual white-shouldered fairy-wrens captured with intact implants
> 2 years after implantation. At a bare minimum, ~50 % of implants
were retained six months after manipulation, and > 25 % remained after
one year (Fig. 2). Documentation of long-term implant retention was not
a motivation of any of the studies we combine here, so we only have
information from opportunistic recaptures in each fairy-wren species.
Hence the percentages we report in Fig. 2 are surely an underestimation
of how many individuals retained implants at each time point. In some
cases of implants being retained for 6 months or more, implants were
notably smaller than their initial size, but not fully dissolved (n = 5 of
16). That implants were diminished over time in these cases coupled
with the fact that several individuals showed no implants within 6
months suggests that implants can be digested. Importantly, we
excluded individuals who were suspected to have lost implants through
improper sealing of the implant site, so individuals recaptured without
implants presumably digested implants as expected. Given that wax is
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Fig. 1. Plasma androgen concentrations (ng/ml) measured within 30 days of implantation with a control (blank) or testosterone (approx. doses = 0.5 mg, 1 mg, and
2 mg) implant across four species. A. red-backed fairy-wren (RBFW; n = 7 males), B. superb fairy-wren (SUFW; n = 12 males), C. white-shouldered fairy-wren
(WSFW; n = 9 males, 43 females), D. captive zebra finch (ZEFI; n = 63 females). Individual hormone levels starting on day of implantation (day 0) are shown with
loess lines showing the trend for each implant type.

Table 2 100
Plasma androgen concentration of zebra finch by dose and sampling day (a), and
post-hoc Tukey comparisons of sampling day (b). Bold values reflect significant 907
different concentrations in androgens between sampling days. B 804
c
a) Plasma androgens by ZEFI implant dose % 70
4
Dose Day  Mean (ng/ Std. dev. 2 404
c
ml) <
1mg 0 0.10 0.16 g 50
2 0 0.04 0.02 o
] me * 404
mg 1 3.78 2.42 c
2mg 1 4.84 3.34 5 304
1mg 12 285 451 £
2mg 12 0.28 0.21 E 20+
1mg 19 0.18 0.16
2mg 19 058 0.76 104
b) Post-hoc comp. across ZEFI androgen 0 i 1 1 1 1 1
sampling days 1 3 6 12 18 28
Comparison 5 SE 2 P Months post—implant
Ovs1 3.68 1.10 3.36 <0.01 Fig. 2. Minimum percentage of implants retained across months of study of
Ovs12 276  1.10 2.51  <0.05 free-living fairywrens. Implant retention was assessed on recapture of 88 in-
0vs19 0.09 110 0.08 0.94 dividual red-backed, superb, and white-shouldered fairy-wrens. Only 16 of 88
lvsl12 —0.93 113 ~0.82 0.83 implanted individuals were confirmed to have fully dissolved implants during
Lvsl9 -360 113 -817 <001 the study. Minimum percentage of implants retained reflects recaptures of in-
12vs19 —267 113 -236  0.06 V- P 8 P P

dividuals with visible implants at each time interval accounting for the running
total of individuals who lost implants. Actual percentage of retained implants is
poorly water soluble, we suspect that the beeswax fraction of implants likely to be considerably higher than what is shown here. Two white-
took the longest to degrade. Replacing beeswax with a more water sol- shouldered fairy-wren females were recaptured at the end of our study > 27

uble, but still moldable material should shorten implant degradation months (823 and 828 days) after implantation, with implants ~ 1/2 the orig-
. inal size.
time.
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We altered the fraction of beeswax to peanut oil slightly from 80:20
to 75:25 between field seasons in our white-shouldered fairy-wren study
(Table 1). This was done to reduce crumbling of implants that often
occurred when pinched with forceps during setting in our pilot season.
Increasing the oil fraction of implants improved their solidity and we
noted fewer cases of crumbling in our second field season. Because the
delivered dose of testosterone is determined by the size and shape of the
implant, any crumbling should result in implants being discarded and
replaced to ensure delivery of the desired dose. We did not note any
difference in dissolution of these two implant batches in the field, and
due to inconsistent recapture and rare cases of dissolution we cannot
adequately compare how different proportions of beeswax and peanut
oil affected rate of dissolution (n = 1 dissolved implant of 7 recaptured
from 80:20 beeswax:oil batch, and 4 dissolved of 23 recaptured from
75:25 batch).

5. Conclusions

Beeswax/peanut oil implants are a cost-effective tool for delivering a
scalable dose of hormones for around two weeks. However, our long-
term field studies suggest the implants take considerably longer to
fully degrade than previously suspected. While retained implants do not
appear to affect physiology and behavior, their continued presence
might pose a challenge for researchers interested in manipulating hor-
mones in subsequent seasons. Replacing the beeswax fraction with a
more readily digestible material should improve the rate at which im-
plants degrade. Such modifications of the matrix should be validated for
the hormone levels they result in. Implants should also be checked for
hormone levels they produce in males and females as one cannot
necessarily assume that sexes metabolize and excrete exogenous hor-
mones in the same way. Continued innovation in hormone manipulation
and delivery methods is important to optimize approaches that are cost-
effective, minimally invasive, and mimic natural dynamics of hormone
release as much as possible.

CRediT authorship contribution statement

Jordan Boersma: Conceptualization, Methodology, Software, Vali-
dation, Formal analysis, Investigation, Resources, Data curation,
Writing — original draft, Writing — review & editing, Visualization,
Project administration. Alexandra McQueen: Methodology, Investiga-
tion, Resources, Data curation, Writing — review & editing. Anne Peters:
Resources, Project administration, Writing — review & editing, Super-
vision. Joseph F. Welklin: Investigation, Data curation. Sarah Khalil:
Investigation, Data curation, Writing — review & editing. René Quispe:
Writing — review & editing. Wolfgang Goymann: Investigation, Re-
sources, Data curation, Writing — review & editing. Hubert Schwabl:
Investigation, Resources, Data curation, Writing — review & editing,
Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank the many field and lab technicians across the four projects
that comprise this study. For red-backed fairy-wren work, we thank field
technicians Mary Margaret Ferraro, Maria Smith, David Weber, Sarah
Duff and Malcom Moniz for their assistance in collecting samples in the
field, and thank Southeast Queensland Water for access to our field site.
The superb fairy-wren project was made possible thanks to field assis-
tants Alessandro Turchi, Zachary Emery, Flavia Barzan, Anna Radkovic,
Julia Kovacs, and Luke Ford. White-shouldered fairy-wren work

General and Comparative Endocrinology 330 (2023) 114124

wouldn’t have been possible without the support and hospitality pro-
vided by the Baivapupu clan in Western Province, Papua New Guinea, in
addition to Erik Enbody, Ian Hoppe, John Anthony Jones, Kevin
McDonald, and James Weller. Funding came from the National Science
Foundation (I0S-1354133 and IRES-1460048) and Tulane University
Department of Ecology and Evolution (to S.K.) for red-backed fairy-wren
work, and S.K. was supported by an NSF Graduate Research Fellowship
during part of this work. Superb fairy-wren work was funded by the
Holsworth Wildlife Research Endowment and the Ecological Society of
Australia (to A.M.), and the Australian Research Council (grant numbers
FT10100505 and DP150103595 to A.P.). The American Ornithological
Society (to J.B.) and NSF I0S-1352885 (to H.S.) supported white-
shouldered fairy-wren work. Finally, the zebra finch implant study
was thanks to support from the Max Planck Society and R.Q. was sup-
ported by Convocatoria Nacional Subvencion a la Instalacion en la
Academia 2021 N°SA77210088-ANID-Chile.

References

Adkins, E.K., 1975. Hormonal basis of sexual differentiation in the Japanese quail.
J. Comp. Physiol. Psychol. 89, 61-71. https://doi.org/10.1037/h0076406.

Adkins, E.K., 1977. Effects of diverse androgens on the sexual behavior and morphology
of castrated male quail. Horm. Behav. 8, 201-207. https://doi.org/10.1016/0018-
506X(77)90037-X.

Adkins-Regan, E., 2005. Hormones and animal social behavior. Princeton University
Press.

Apfelbeck, B., Goymann, W., 2011. Ignoring the challenge ? Male black redstarts
(Phoenicurus ochruros) do not increase testosterone levels during territorial conflicts
but they do so in response to gonadotropin-releasing hormone 3233-3242. 10.1098/
rspb.2011.0098.

Balthazart, J., Schumacher, M., Ottinger, M.A., 1983. Sexual differences in the Japanese
quail: Behavior, morphology, and intracellular metabolism of testosterone. Gen.
Comp. Endocrinol. 51, 191-207. https://doi.org/10.1016/0016-6480(83)90072-2.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models
Using lme4. J. Stat. Softw. 67, 1-48.

Beck, M.L., Davies, S., Moore, L.T., Schoenle, L.A., Kerman, K., Vernasco, B.J., Sewall, K.
B., 2016. Beeswax corticosterone implants produce long-term elevation of plasma
corticosterone and influence condition. Gen. Comp. Endocrinol. 233, 109-114.
https://doi.org/10.1016/j.ygcen.2016.05.021.

Berthold, A.A., Quiring, D.P., 1944. The transplantation of testes. Bull. Hist. Med. 16,
399-401.

Boersma, J., Enbody, E.D., Jones, J.A., Nason, D., Lopez-Contreras, E., Karubian, J.,
Schwabl, H., 2020. Testosterone induces plumage ornamentation followed by
enhanced territoriality in a female songbird. Behav. Ecol. 31, 1233-1241. https://
doi.org/10.1093/beheco/araa077.

Brown, N.L., Follett, B.K., 1977. Effects of androgens on the testes of intact and
hypophysectomized Japanese quail. Gen. Comp. Endocrinol. 33, 267-277. https://
doi.org/10.1016/0016-6480(77)90251-9.

Cordero, P.0.J., 2008. Exogenous testosterone in female spotless starlings reduces their
rate of extrapair offspring 345-354. 10.1016/j.anbehav.2008.01.019.

Cox, R.M., McGlothlin, J.W., Bonier, F., 2016. Integrative and Comparative Biology
Hormones as Mediators of Phenotypic and Genetic Integration : an Evolutionary
Genetics Approach. Integr. Comp. Biol. 56, 126-137. https://doi.org/10.1093/icb/
icw033.

Crino, O.L., Jensen, S.M., Buchanan, K.L., Griffith, S.C., 2018. Evidence for condition
mediated trade-offs between the HPA- and HPG-axes in the wild zebra finch. Gen.
Comp. Endocrinol. 259, 189-198. https://doi.org/10.1016/j.ygcen.2017.11.025.

Edler, R., Goymann, W., Schwabl, 1., Friedl, T.W.P., 2011. Experimentally elevated
testosterone levels enhance courtship behaviour and territoriality but depress
acquired immune response in Red Bishops Euplectes orix. Ibis (Lond. 1859). 153,
46-58. 10.1111/j.1474-919X.2010.01075.x.

de Jong, B., et al., 2017. Testosterone reduces promiscuity of female blue tits (Cyanistes
caeruleus): an experimental study. Ethology 123 (1), 69-82. https://doi.org/
10.1016/j.jpurol.2017.09.020.

Enbody, E.D., Boersma, J., Schwabl, H., Karubian, J., 2018. Female ornamentation is
associated with elevated aggression and testosterone in a tropical songbird. Behav.
Ecol. 29, 1056-1066. https://doi.org/10.1093/beheco/ary079.

Enbody, E.D., Sin, S.Y.W., Boersma, J., Edwards, S.V., Ketaloya, S., Schwabl, H.,
Webster, M.S., Karubian, J., 2022. The evolutionary history and mechanistic basis of
female ornamentation in a tropical songbird. Evolution N. Y. https://doi.org/
10.1111/evo0.14545.

Fusani, L., 2008. Endocrinology in field studies: Problems and solutions for the
experimental design. Gen. Comp. Endocrinol. 157, 249-253. https://doi.org/
10.1016/j.ygcen.2008.04.016.

Fusani, L., 2017. Field techniques in hormones and behavior, Second Edi. ed, Reference
Module in Life Sciences. Elsevier. 10.1016/B978-0-12-809633-8.01052-9.

Fuxjager, M.J., Miles, M.C., Schlinger, B.A., 2018. Evolution of the androgen-induced
male phenotype. J. Comp. Physiol. A Neuroethol. Sensory, Neural. Behav. Physiol.
204, 81-92. https://doi.org/10.1007/s00359-017-1215-3.


https://doi.org/10.1037/h0076406
https://doi.org/10.1016/0018-506X(77)90037-X
https://doi.org/10.1016/0018-506X(77)90037-X
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0015
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0015
https://doi.org/10.1016/0016-6480(83)90072-2
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0030
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0030
https://doi.org/10.1016/j.ygcen.2016.05.021
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0040
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0040
https://doi.org/10.1093/beheco/araa077
https://doi.org/10.1093/beheco/araa077
https://doi.org/10.1016/0016-6480(77)90251-9
https://doi.org/10.1016/0016-6480(77)90251-9
https://doi.org/10.1093/icb/icw033
https://doi.org/10.1093/icb/icw033
https://doi.org/10.1016/j.ygcen.2017.11.025
https://doi.org/10.1016/j.jpurol.2017.09.020
https://doi.org/10.1016/j.jpurol.2017.09.020
https://doi.org/10.1093/beheco/ary079
https://doi.org/10.1111/evo.14545
https://doi.org/10.1111/evo.14545
https://doi.org/10.1016/j.ygcen.2008.04.016
https://doi.org/10.1016/j.ygcen.2008.04.016
https://doi.org/10.1007/s00359-017-1215-3

J. Boersma et al.

Gerlach, N.M., Ketterson, E.D., 2013. Experimental elevation of testosterone lowers
fitness in female dark-eyed juncos. Hormones and Behavior 63 (5), 782-790.
https://doi.org/10.1016/j.yhbeh.2013.03.005.

Goymann, W., Dévila, P.F., 2017. Acute peaks of testosterone suppress paternal care:
Evidence from individual hormonal reaction norms. Proc. R. Soc. B Biol. Sci. 284
https://doi.org/10.1098/rspb.2017.0632.

Goymann, W., Landys, M.M., Wingfield, J.C., 2007. Distinguishing seasonal androgen
responses from male-male androgen responsiveness-Revisiting the Challenge
Hypothesis. Horm. Behav. 51, 463-476. https://doi.org/10.1016/j.
yhbeh.2007.01.007.

Goymann, W., Wingfield, J.C., 2014. Male-to-female testosterone ratios, dimorphism,
and life history — what does it really tell us ? 25, 685-699. https://doi.org/
10.1093/beheco/aru019.

Hau, M., Goymann, W., 2015. Endocrine mechanisms, behavioral phenotypes and
plasticity: known relationships and open questions. Front. Zool. 12, S7. https://doi.
org/10.1186/1742-9994-12-S1-S7.

Hau, M., 2007. Regulation of male traits by testosterone : implications for the evolution
of vertebrate life histories 133-144. 10.1002/bies.20524.

Ketterson, E.D., 2014. Male and female testosterone — is one sex made in the image of
the other ? A commenton Goymann and Wingfield In search for a theory of
testosterone in female birds : a comment on Goymann and Wingfield 702-704.
10.1093/beheco/aru091.

Ketterson, E.D., Nolan, V., Sandell, M., 2005. Testosterone in females: mediator of
adaptive traits, constraint on sexual dimorphism, or both? Am. Nat. 166, S85-S98.

Khalil, S., Welklin, J.F., McGraw, K.J., Boersma, J., Schwabl, H., Webster, M.S.,
Karubian, J., 2020. Testosterone regulates CYP2J19-linked carotenoid signal
expression in male red-backed fairywrens (Malurus melanocephalus). Proceedings of
the Royal Society B 287, 20201687. https://doi.org/10.1098/rspb.2020.1687.

Lahaye, S.E.P., Eens, M., Darras, V.M., Pinxten, R., 2014. Bare-part color in female
budgerigars changes from brown to structural blue following testosterone treatment
but is not strongly masculinized. PLoS One 9, e86849.

Lindsay, W.R., Webster, M.S., Varian, C.W., Schwabl, H., 2009. Plumage colour
acquisition and behaviour are associated with androgens in a phenotypically plastic
tropical bird. Anim. Behav. 77, 1525-1532. https://doi.org/10.1016/j.
anbehav.2009.02.027.

Lindsay, W.R., Webster, M.S., Schwabl, H., 2011. Sexually selected male plumage color is
testosterone dependent in a tropical passerine bird, the red-backed fairy-wren
(Malurus melanocephalus). PLoS One 6, e26067.

Lindsay, W.R., Barron, D.G., Webster, M.S., Schwabl, H., 2016. Testosterone activates
sexual dimorphism including male-typical carotenoid but not melanin plumage
pigmentation in a female bird. J. Exp. Biol. 219, 3091-3099. https://doi.org/
10.1242/jeb.135384.

Lipshutz, S.E., George, E.M., Bentz, A.B., Rosvall, K.A., 2019. Evaluating testosterone as a
phenotypic integrator: From tissues to individuals to species. Mol. Cell. Endocrinol.
496, 110531 https://doi.org/10.1016/j.mce.2019.110531.

General and Comparative Endocrinology 330 (2023) 114124

Matas, D., Doniger, T., Sarid, S., Asfur, M., Yadid, G., Khokhlova, 1.S., Krasnov, B.R.,
Kam, M., Degen, A.A., Koren, L., 2020. Sex differences in testosterone reactivity and
sensitivity in a non-model gerbil. Gen. Comp. Endocrinol. 291, 113418 https://doi.
org/10.1016/j.ygcen.2020.113418.

Muck, C., Goymann, W., 2018. Exogenous testosterone does not modulate aggression in
sex - role - reversed female Barred Buttonquails , Turnix suscitator. J. Ornithol.
10.1007/5s10336-018-1615-3.

McQueen, A., Delhey, K., Szecsenyi, B., Crino, O.L., Roast, M.J., Peters, A., 2021.
Physiological costs and age constraints of a sexual ornament: an experimental study
in a wild bird. Behavioral Ecology 32 (2), 327-338. https://doi.org/10.1093/
beheco/araal43.

Moore, M.C., 1984. Changes in territorial defense produced by changes in circulating
levels of testosterone: a possible hormonal basis for mate-guarding behavior in
white-crowned sparrows. Behaviour, 88(3-4), 215-226. Behaviour 88 (3-4),
215-226.

Peters, A., 2007. Testosterone treatment of female Superb Fairy-wrens Malurus cyaneus
induces a male-like prenuptial moult, but no coloured plumage. Ibis 149 (1),
121-127. https://doi.org/10.1111/j.1474-919X.2006.00616.x.

Podmokla, E., Drobniak, S.M., Rutkowska, J., 2018. Chicken or egg? Outcomes of
experimental manipulations of maternally transmitted hormones depend on
administration method-a meta-analysis. Biological Reviews 93 (3), 1499-1517.
https://doi.org/10.1111/brv.12406.

Quispe, R., Trappschuh, M., Gahr, M., Goymann, W., 2015. Towards more physiological
manipulations of hormones in field studies: Comparing the release dynamics of three
kinds of testosterone implants, silastic tubing, time-release pellets and beeswax. Gen.
Comp. Endocrinol. 212, 100-105. https://doi.org/10.1016/j.ygcen.2015.01.007.

Sandell, M.I., 2007. Exogenous testosterone increases female aggression in the European
starling (Sturnus vulgaris). Behav. Ecol. Sociobiol. 62, 255-262. https://doi.org/
10.1007/500265-007-0460-9.

Siefferman, L., Liu, M., Navara, K.J., Mendonga, M.T., Hill, G.E., 2013. Effect of prenatal
and natal administration of testosterone on production of structurally based plumage
coloration. Physiological and Biochemical Zoology 86 (3), 323-332. https://doi.org/
10.1086/670383.

Sperry, T.S., Wacker, D.W., Wingfield, J.C., 2010. The role of androgen receptors in
regulating territorial aggression in male song sparrows. Hormones and Behavior 57
(1), 86-95. https://doi.org/10.1016/j.yhbeh.2009.09.015.

Turek, F.W., Desjardins, C., Menaker, M., 1976. Antigonadal and progonadal effects of
testosterone in male House Sparrows. Gen. Comp. Endocrinol. 28, 395-402. https://
doi.org/10.1016/0016-6480(76)90147-7.

Wood, S.N., 2011. Fast stable restricted maximum likelihood and marginal likelihood
estimation of semiparametric generalized linear models. J. R. Stat. Soc. Ser. B Stat.
Methodol. 73, 3-36. https://doi.org/10.1111/j.1467-9868.2010.00749.x.


https://doi.org/10.1016/j.yhbeh.2013.03.005
https://doi.org/10.1098/rspb.2017.0632
https://doi.org/10.1016/j.yhbeh.2007.01.007
https://doi.org/10.1016/j.yhbeh.2007.01.007
https://doi.org/10.1093/beheco/aru019
https://doi.org/10.1093/beheco/aru019
https://doi.org/10.1186/1742-9994-12-S1-S7
https://doi.org/10.1186/1742-9994-12-S1-S7
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0130
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0130
https://doi.org/10.1098/rspb.2020.1687
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0135
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0135
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0135
https://doi.org/10.1016/j.anbehav.2009.02.027
https://doi.org/10.1016/j.anbehav.2009.02.027
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0145
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0145
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0145
https://doi.org/10.1242/jeb.135384
https://doi.org/10.1242/jeb.135384
https://doi.org/10.1016/j.mce.2019.110531
https://doi.org/10.1016/j.ygcen.2020.113418
https://doi.org/10.1016/j.ygcen.2020.113418
https://doi.org/10.1093/beheco/araa143
https://doi.org/10.1093/beheco/araa143
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0188
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0188
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0188
http://refhub.elsevier.com/S0016-6480(22)00149-6/h0188
https://doi.org/10.1111/j.1474-919X.2006.00616.x
https://doi.org/10.1111/brv.12406
https://doi.org/10.1016/j.ygcen.2015.01.007
https://doi.org/10.1007/s00265-007-0460-9
https://doi.org/10.1007/s00265-007-0460-9
https://doi.org/10.1086/670383
https://doi.org/10.1086/670383
https://doi.org/10.1016/j.yhbeh.2009.09.015
https://doi.org/10.1016/0016-6480(76)90147-7
https://doi.org/10.1016/0016-6480(76)90147-7
https://doi.org/10.1111/j.1467-9868.2010.00749.x

	Unexpected long-term retention of subcutaneous beeswax implants and additional notes on dose and composition from four test ...
	1 Introduction
	2 Materials and methods
	2.1 Study timeline and general framework
	2.2 Androgen sampling and measurement
	2.3 Long-term implant retention
	2.4 Statistical analysis
	2.5 Ethical note

	3 Results
	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


