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Simple Summary: Octopuses are charismatic animals commonly kept in aquaria and increasingly
used for scientific research. As we begin to care for more of these animals in captivity, an under-
standing of how they perceive life in an aquarium is necessary to provide adequate welfare. Further,
octopuses have a comparably short life span, averaging about 1–2 years. Due to these factors, it is
necessary to learn more about how to care for these animals and increase their reproductive output
while living in an aquarium. In this study, we validated a noninvasive technique to measure the
glucocorticoids and reproductive hormones of the California two-spot Octopus, Octopus bimaculoides.
We tested for differences in these hormones between reproductive and senescent (animals towards
the end of their life) individuals. Reproductive individuals had higher sex hormone concentrations
than senescent individuals, while the reverse was true for stress hormones. In terms of their stress
response, reproductive individuals had a higher increase in glucocorticoids concentrations compared
to their senescent counterparts after being exposed to a stressful event. These results provide a first
step in broadening our ability to noninvasively collect hormones and expand our knowledge of how
octopus hormones change throughout their lifetime.

Abstract: Our goal was to validate the use of dermal swabs to evaluate both reproductive and
stress physiology in the California two-spot octopus, Octopus bimaculoides. Our objectives were to
(1) use dermal swabs to evaluate glucocorticoids and reproductive hormones of O. bimaculoides;
(2) determine the influence of life stage on hormone production (glucocorticoids in all individuals;
testosterone, estrogen, and progesterone in females; and testosterone in males) of reproductive
(n = 4) and senescent (n = 8) individuals to determine the effect of age on hormonal patterns; and (3)
determine whether these hormones change significantly in response to an acute stressor. For the stress
test, individuals were first swabbed for a baseline and then chased around the aquarium with a net for
5 min. Afterward, individuals were swabbed for 2 h at 15 min intervals to compare to the pre-stress
test swab. Reproductive individuals responded to the stressor with a 2-fold increase in dermal
cortisol concentrations at 15 and 90 min. Six of the eight senescent individuals did not produce a
2-fold increase in dermal cortisol concentrations. Reproductive individuals had significantly higher
sex hormone concentrations compared to senescent individuals (progesterone and estradiol measured
in females, and testosterone for both sexes). After the stressor, only reproductive males produced a
2-fold increase in dermal testosterone concentrations, while sex hormones in females showed no
change. The stress hormone cortisol was significantly higher in senescent than in reproductive indi-
viduals, independent of sex. Dermal corticosterone concentrations were highest in senescent females
followed by senescent males, and lowest in reproductive individuals regardless of sex. Dermal
swabs provide an effective and noninvasive means for evaluating octopus hormones. Application
of these indicators may be imperative as cephalopods are more commonly cultured in captivity for
experimentation, display, and consumption.

Animals 2023, 13, 3115. https://doi.org/10.3390/ani13193115 https://www.mdpi.com/journal/animals

https://doi.org/10.3390/ani13193115
https://doi.org/10.3390/ani13193115
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0001-6799-8715
https://orcid.org/0000-0003-4102-9144
https://doi.org/10.3390/ani13193115
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani13193115?type=check_update&version=1


Animals 2023, 13, 3115 2 of 15

Keywords: California two-spot octopus; cortisol; estradiol; progesterone; senescence; testosterone

1. Introduction

Aquaculture of cephalopods is important for providing a sustainable population
for public aquariums, advancement of our understanding of these behaviorally complex
organisms through scientific research, and food production. However, we need to improve
our understanding of how living in an ex situ environment affects this animal group’s
physiology. This can be challenging because of the diverse life histories found among
cephalopod species.

Cephalopods live in a variety of habitats throughout the ocean, from the deepest
depths to the shallow shores [1]. They also possess the ability to change the texture and
color of their skin [2–5] and to solve problems [6,7]. Although they tend to be regarded as
intelligent animals, cephalopods have rather short life spans, on average living approxi-
mately 1.5–2 years [8]. Almost all octopuses are semelparous [8,9], reproducing once in
their life before a swift and fatal decline in health.

In general, cephalopods invest in growth during the development phase of their
life [9,10]. Growth and sexual maturity are regulated by secretions into the blood from
the optic gland [11], which is an analog of the vertebrate pituitary gland [12]. The optic
gland helps regulate behavior through numerous hormonal pathways [12] including sexual
maturity, which is signaled by a hormone analogous to gonadotrophin (GnRH), called
oct-GnRH [13]. Oct-GnRH stimulates and regulates the synthesis and release of sex steroids
(testosterone, estradiol-17β, and progesterone). These sex hormones are present in the
sex organs and blood of octopuses [14]. While laying eggs, females will restrict growth
and devote all their resources to their ovaries [15]. Specifically, estradiol and progesterone
increase during vitellogenesis, or yolk development [16]. In males, testosterone stimulates
spermiogenesis and reproductive behaviors [14,17].

In semelparous species of octopus, after egg laying, female senescence is controlled
by the activation of the optic gland and oct-GnRH [12,15]. Males, whether they mate
or not, experience a similar decline in health around the same age as when females lay
their eggs [15]. Senescence can happen rapidly [5,18] as individuals exhibit a decline in
feeding, retraction of skin around the eyes, uncoordinated movement, lesions on the body,
and increased and undirected activity [8]. Additionally, senescing females typically are
brooding eggs, while males become more active in search of mates [5,8].

Like reproductive hormones, glucocorticoid production varies throughout an animal’s
life span due to life events and metabolic differences between life stages [19–23]. The
Hypothalamic–Pituitary–Adrenal (HPA) axis activation is well known in vertebrates. An
animal’s encounter with a perceived stressor results in the hypothalamus releasing the
corticotropin releasing hormone, which stimulates the anterior pituitary gland to release
the adrenocorticotropic hormone (ACTH) [24,25]. Then, ACTH stimulates the adrenal
glands to release glucocorticoids, including cortisol and corticosterone. These steroids
cause an increase in the release and production of glucose.

In vertebrates, the complex HPA axis can be influenced by several factors such as envi-
ronment, age, or past experiences [23,26]. The stress-physiology pathways of cephalopods
are unknown [27]. Yet, research has shown that glucocorticoids in octopuses respond to
stressors or changes in homeostasis similarly to vertebrates [27,28]. For example, juvenile
cephalopods produce a higher concentration of glucocorticoids compared to older individ-
uals [28], whereas in vertebrates, glucocorticoids can vary in concentration and function
throughout life stages [23]. Both glucocorticoids have been measured in cephalopods,
cortisol was found to be the more biologically informative glucocorticoid in cephalopod
dermal secretions [28].

Understanding octopus endocrinology contributes to comprehending cephalopod
physiology and life history, and it provides insights for diagnosing health issues and alle-
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viating the stresses of captivity as culturing [29] and octopus farming [30] become more
common. The inability to sample individuals noninvasively poses a challenge for study-
ing cephalopod endocrinology. Previous research has euthanized individuals to analyze
changes in reproductive hormones at different life stages by harvesting their reproductive
organs [14,16]. Other studies used blood draws to measure glucocorticoids [31]. The
advantage of noninvasive techniques for measuring hormones is that they allow for re-
peated sampling of the same individual. While reproductive hormones and glucocorticoids
have been measured noninvasively through feces [28], due to water circulation and group
cultures in aquaria, it can be difficult to collect feces in a standardized manner without
constant monitoring. Collecting mucus via swabs from the octopus’ skin surface may
provide a noninvasive alternative for measuring hormones. Dermal swabs have been used
previously in fish [31–36] and amphibians [36] and were recently validated for use with
three cephalopod species, Euprymna berryi, Sepia bandensis, and Octopus chierchaie, [28].

Collecting dermal mucus swabs throughout the entirety of an individual cephalopod’s
life span could determine normal hormonal changes across age and life stages. For example,
understanding changes in hormones may help determine if an individual is in poor health
from environmental factors, illness, or if it is experiencing natural senescence. Until recently,
breeding cephalopods in aquaria and laboratory settings has been difficult, and for some
species remains impossible. It is difficult to age wild-caught individuals because most
indicators of age are internal. Additionally, indicators of senescence can be like those
of various diseases or infections in cephalopods. This makes it difficult to distinguish
whether the animal is experiencing a natural decline or has a treatable illness [18]. Further,
senescence itself can look like an animal welfare issue, as the animal’s health collapses.
Whether to euthanize or allow senescent octopuses to live out their life remains an open
question in animal welfare [37]. Understanding how glucocorticoids and reproductive
hormones change throughout an individual’s lifespan may prove helpful when their
determining age and health status.

Our goal is to expand the knowledge of cephalopod endocrinology by using der-
mal mucus swabs to measure glucocorticoid and reproductive hormones in the repro-
ductive and senescent life stages in the California two-spot octopus (Octopus bimacu-
loides). O. bimaculoides was the first cephalopod species to have its genome sequenced [38]
and has since been used extensively in research [39]. The lifespan of O. bimaculoides is
15–17 months. Their life history includes three stages: juveniles [40], reproductive adults,
and post-reproductive senescent adults [41]. Death typically occurs within 2 months after
egg spawning [42]. Males senesce around the same time as females [8]. Upon reaching
adulthood, even in the absence of opportunities to mate, O. bimaculoides will senesce in
12–14 months.

Our objectives are to (1) use dermal swabs to evaluate glucocorticoids and reproduc-
tive hormones of O. bimaculoides; (2) determine the influence of life stage on hormone
production; and (3) determine whether these hormones change significantly in response to
an acute stressor. We predict that senescent individuals will produce lower concentrations
of dermal glucocorticoids and reproductive hormones than reproductive individuals, as
their health declines. We expect a larger and more immediate increase in dermal glu-
cocorticoid concentrations than concentrations of reproductive hormones in response to
an acute stressor. We also predict a difference in dermal glucocorticoid concentrations
between reproductive adults and senescent adults, as glucocorticoids have different roles
throughout the life stages of an animal [23].

2. Materials and Methods
2.1. Ethical Statement, Study Site, and Subjects

In the United States cephalopods are not regulated by the animal care and use protocol.
While not necessary to apply for IACUC approval, we followed methods established by
the regulations of Directive 2010/63/EU for cephalopods [37,43,44]. The research was
approved by Lincoln Park Zoo’s Research Committee (approval #2018-016).
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Study animals were individually housed in the mariculture room of the Marine
Biological Laboratory in Woods Hole, MA, USA. O. bimaculoides was chosen due to its
availability and its increasing use in research since the publication of their genome [38].
Animals were wild caught from the California coast using the pot fishing method, and
then sent to the Marine Biology Laboratory via overnight mail. Individuals were either
reproductive adults (2 males and 2 females) or senescent adults (3 males and 5 females).
Upon the initiation of this study, senescence was determined through common indicators.
In males, we monitored for curling of the tips of their arms, development of lesions, lack of
eating, and/or when they died, naturally, in relation to the study timing. Females were
considered to be senescent after their eggs were laid. The time between receiving the
females and laying of eggs varied by individual. Senescent females were removed from
their eggs hours before data collection. Octopus enclosures included material to den in,
such as a terra cotta pot, but otherwise, enclosures were bare. Each enclosure contained
5 gallons of seawater and was part of a larger semi-open system, housing numerous
octopuses with a flow of approximately 0.4 L/min. Octopuses had been acclimated to
these aquaria for 2–3 months before initiating this study. All were maintained on a 12:12 h
light:dark schedule. They were fed a diet of live crabs.

2.2. Swabbing Method

Octopuses remained submerged in their aquarium during swabbing to minimize
additional stress caused by the procedure. Octopuses were not restrained when swabs were
taken. Swabs were collected in the afternoon. While wearing powder-free latex gloves, a
sterilized cotton swab with a plastic handle was dipped into the aquarium and rubbed back
and forth 4 times over approximately 2.5 cm of the mantle of each individual. Swabs were
then placed in a 2.0 mL tube containing 1 mL of 70% ethanol:distilled water. To ensure
that the tube was sealed properly, swab handles were cut to fit into the 2.0 mL tube, and
parafilm was wrapped around the lid to prevent leakage or evaporation. After collection,
swabs were stored in a −32 ◦C freezer.

2.3. Validation of Glucocorticoid Analysis Using a Stress Test

Prior to beginning the stress test, individuals were swabbed to obtain a baseline
sample of dermal hormones. For the stress response, we disturbed each animal with a
small net ensuring each individual moved throughout the aquarium for 5 min. Following
the stress test, octopuses’ mantles were swabbed while they remained in their aquaria,
underwater and unrestrained. Then, individuals were swabbed every 15 min for the next
2 h, which produced 10 data points per individual. Samples were analyzed for hormone
concentrations using the methods described below.

2.4. Sample Processing and Hormonal Analysis

We processed all samples at the Davee Center for Epidemiology and Endocrinology (Lin-
coln Park Zoo, Chicago, IL, USA) using previously described methods [28]. Briefly, samples
were mixed for 5 min in a mixer (Glas-col, Terre Haute, IN, USA; setting
60–70 rpm). Then, 500 µL of ethanol from each sample was pipetted into a new, pre-labeled
15 × 75 mm test tube. Under forced air in a warm water bath (60 ◦C), aliquots were dried
down and 2–3 glass beads were added to each tube, along with 500 µL of phosphate-buffered
saline (PBS; 0.2 M NaH2PO4, 0.2 M Na2HPO4, NaCl). We briefly vortexed tubes and then son-
icated them for 20 min. Finally, for 30 min, samples were shaken again on the Glas-col mixer
(60–70 rpm) and stored at 5 ◦C until they were analyzed using an enzyme immunoassay (EIA).

We used a previously described cortisol EIA to measure cortisol concentrations with
dermal swabs [35,36]. Briefly, the polyclonal cortisol antiserum (R4866) and horseradish
peroxidase (HRP), provided by C. Munro (University of California, Davis, CA, USA),
were used and diluted to 1:375,000 and 1:200,000, respectively, in a 96-well plate that
was coated with goat anti-rabbit antibody (1:1000, Arbor Assay, Ann Arbor, MI, USA).
The cross-reactivity of cortisol antibody has been previously reported [45,46]. The cor-
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tisol EIA was biochemically validated by demonstrating parallelism between binding
inhibition curves of swab hormones (2 × concentrated to 1:16) and the cortisol standard
(r = 0.993) and significant recovery of cortisol added to pooled ethanol from swab samples
(y = 1.100 × −6.422, R2 = 0.993, p < 0.001). Assay sensitivity was 1.95 pg/well and intra-
and inter-assay coefficients of variation were <15%.

Progesterone polyclonal antiserum (CL425; University of California, Davis, CA, USA)
and HRP were used at a dilution of 1:70,000 and 1:1,000,000, respectively, and used on
similarly prepared plates as described above, except we used a secondary goat anti-mouse
immunoglobulin G (IgG) (A008, Abor Assays, Ann Arbor, MI, USA) as described by Glaeser
et al. [47]. Cross-reactivities of the progesterone antibody were previously reported [45,48].
We biochemically validated the progesterone EIA by demonstrating the parallelism between
binding inhibition curves of swabs and the progesterone standard (r = 0.995); the significant
recovery of exogenous progesterone (0.78–200 pg/well) added to swabs (y = 0.910 ×−0.511,
R2 = 0.999; p < 0.001).

Estradiol polyclonal antiserum (R0008; University of California, Davis, CA, USA)
and HRP were used at a dilution of 1:250,000 and 1:200,000, respectively. We used the
same prepared plates as the cortisol EIA. Cross-reactivities of the estradiol antibody were
previously reported [49]. We biochemically validated the estradiol EIA by demonstrating
the parallelism between binding inhibition curves of swabs and the estradiol standard (r
= 0.994); and the significant recovery of exogenous estradiol (1.95–250 pg/well) added to
swabs (y = 0.999 × −3.461, R2 = 0.998; p < 0.001).

Testosterone horseradish peroxidase (HRP) ligands and polyclonal antiserum (R156/7;
University of California, Davis, CA, USA) were used at dilutions of 1:750,000 and 1:375,000,
respectively, on the same prepared plates as the cortisol and estradiol EIAs. Antiserum cross-
reactivities for testosterone were previously reported [50]. We validated the testosterone
EIA by demonstrating the parallelism between binding inhibition curves of swabs and the
testosterone standard (r = 0.975); and the significant recovery of exogenous testosterone
(1.17–300 pg/well) added to swabs (y = 1.035 × −3.784, R2 = 0.999; p < 0.001).

2.5. Data Analysis

For glucocorticoid analysis, a sample was considered elevated after the stress test
if glucocorticoid concentrations were at least twice (2-fold higher or 200%) that of the
pre-stressor, baseline sample [21]. We consider a value less than that to indicate little
response to the stress test. While other researchers have validated the use of dermal swabs
to measure changes in glucocorticoids of other aquatic species, such as Mola mola, using
a 1.5-fold increase or higher as an indicator of a stress response [35], we considered the
2-fold (or 200%) increase to be indicative of a response to a stressor since our understanding
of cephalopod stress physiology is limited. Regardless, we report the increase above
baseline and invite future consideration of appropriate cut-offs for a demonstrable increase
in response to a stressor. To determine the effects of age, sex, and the interaction of the
two on reproductive (testosterone, progesterone, and estradiol) and stress (cortisol and
corticosterone) hormone concentrations, we used a repeated measures analysis of variance
with 10 time points for each individual (rmANOVA) (SYSTAT13). Univariate F-tests tested
for effects independent of time, such as age and sex. In the univariate tests, individuals
represent the unit of replication. If there were overall effects of time on any of these
hormones (after adjusting for experiment-wise error rates), we only considered the linear,
quadratic, or cubic terms as biologically meaningful. For females, we tested for the effect of
age on the reproductive hormones, progesterone and estradiol. Conditions for normality
were met, though this may be due to the small number of individuals and having a single
measurement per individual per time point. Given the small number of individuals, all
results should be considered as instructive, not definitive.



Animals 2023, 13, 3115 6 of 15

3. Results
3.1. Glucocorticoid Analysis

For all individuals, dermal corticosterone concentrations remained below the 2-fold
threshold for 2 h after the stressor, except for one reproductive male at times 60 and
75 min after the stress test (Figure 1). For dermal cortisol, a 2-fold increase in concentration
was observed in three of the four reproductive individuals after the stressor. Due to this
result, corticosterone may not be biologically informative for identifying acute stress in
O. bimaculoides. In fact, dermal corticosterone levels were higher (univariate analysis:
F1,8 = 15.84, p < 0.005) in senescent (1907.1 ± 161.9 ng/mL ethanol) than in reproductive
(935.9 ± 122.6 ng/mL ethanol) individuals (Figure 2). There were no significant effects of
sex, sex by age, or time.
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Figure 1. Dermal corticosterone concentrations (ng/mL ethanol) over time after a stress test (chas-
ing octopus around for 5 min with a net) for (A) reproductive females, (B) senescent females,
(C) reproductive males, and (D) senescent males. The circles indicate an elevated response that
is at least 2-fold above the pre-swab sample.
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Figure 2. Senescent octopus (8 individuals) had higher (p < 0.05) dermal corticosterone concentrations
(mean ± SEM ng/mL ethanol) than reproductive individuals (4 individuals) before and after a stress
test (chasing octopus around for 5 min with a net). Temporal trends were not significant.

Senescent females had considerably higher dermal cortisol concentrations than senes-
cent males (F1,78 = 30.947, p < 0.001; 1010.8 ± 52.5 and 552.9 ± 57.9 ng/mL ethanol,
respectively). Reproductive males and females had similar dermal cortisol concentrations
(F1,38 = 0.042 p < 0.8; 358.8 ± 54.1 and 342.3 ± 56 ng/mL ethanol, respectively). Thus,
senescent individuals had higher (univariate analysis: F1,8 = 27.2, p < 0.001) cortisol con-
centrations than reproductive individuals (Figures 3 and 4). There was an interaction
(univariate analysis: F1,8 = 8.23, p < 0.025) between age and sex. There were no significant
effects of time or interactions of time with sex and age.
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around for 5 min with a net) for (A) reproductive female (2 individuals) and (B) senescent female
(5 individuals) Octopus bimaculoides. The pre-swab serves as a baseline value for each individual. The
circles indicate an elevated response of at least 2-fold higher than the pre-swab sample.
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Figure 4. Dermal cortisol concentrations (ng/mL ethanol) over time after stress test (chasing octopus
around for 5 min with a net) for (A) reproductive male (2 individuals) and (B) senescent male
(3 individuals) Octopus bimaculoides. The pre-swab serves as a baseline value for each individual.
The circles indicate an elevated response of at least 2-fold higher than the pre-swab sample.

When examining changes in dermal cortisol concentrations, one reproductive female
(OB3) responded with a 2-fold increase in dermal cortisol concentrations, while the other
reproductive female (OB4) experienced a 1.6-fold change, but it did not meet the 2-fold
threshold (Figure 3A). None of the senescent females produced a 2-fold increase in dermal
cortisol levels after the stressor, except for one female (OB10) at 60 min (Figure 3B). Both
reproductive males responded to the stressor with a 2-fold increase in dermal cortisol
concentrations (Figure 4A). The senescent males did not produce a 2-fold response in
dermal cortisol except for one male (OB7) at 0, 15, and 120 min (Figure 4B).

3.2. Effect of Age and Sex on Reproductive Hormones

Both dermal progesterone (univariate analysis: F1,5 = 78.9, p < 0.001) and estradiol
(univariate analysis: F1,5 = 7.6, p < 0.05; Figure 5) concentrations were higher in reproductive
females (progesterone: 1261.7 ± 39.9; estradiol: 4618.9 ± 575.9 ng/mL ethanol) than in
senescent females (progesterone: 753.1 ± 23.0; estradiol: 2162.2 ± 280.4 ng/mL ethanol;
Figure 5). There were no significant effects of time or time by age on progesterone or
estradiol (Figure 5).
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indicate a significant difference (univariate F-tests: F1,5 = 7.6, * p < 0.05; F1,5 = 78.9, *** p < 0.001,
respectively) between reproductive and senescent females.
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Of all hormones, testosterone showed the most varied effects from sex, age, and
time. Reproductive males (875.8 ± 76.3 ng/mL ethanol) and females (872.9 ± 49.4 ng/mL
ethanol) had higher concentrations than senescent males (644.6 ± 50.5 ng/mL ethanol)
and females (341.4 ± 24.2 ng/mL ethanol) (Figure 6). The effect of age was signifi-
cant (univariate analysis: F1,8 = 22.6, p < 0.001) but not so for sex (univariate analysis:
F1,8 = 3.64, p = 0.093) or the interaction of sex with age (univariate analysis: F1,8 = 3.50,
p = 0.098). There were significant time effects but only as the interaction of time with age
(multivariate analysis: F9,72 = 2.41, p < 0.02), and the three-way interaction of time by age
by sex (multivariate analysis: F9,72 = 2.06, p < 0.05). These emerged from significant linear
relationships of time with age (polynomial test of order 1: F1,8 = 10.33, p < 0.02), and time
with age by sex (polynomial test of order 1: F1,8 = 6.85, p < 0.05). Only reproductive males
showed a significant increase in testosterone at 75 min post-stressor, while all other groups
had relatively constant dermal testosterone levels with time, unaffected by the stressor.
Reproductive females maintained a higher dermal testosterone level than senescent females
over all time points (Figure 6), whereas it is only at 75 min post-stressor that reproductive
males have a significantly higher testosterone level than senescent males (Figure 7).Animals 2023, 13, x 11 of 18 
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3.3. Effect of the Stress Test on Reproductive Hormones

For reproductive and senescent females, dermal progesterone, estradiol, and testos-
terone concentrations remained below the 2-fold change threshold over the post-stressor
period (Figure 7). Similarly, in senescent males, dermal testosterone concentrations did not
have a 2-fold change post-stressor. However, both reproductive males had a 2-fold peak in
testosterone concentrations at 105 min post-stressor (Figure 8).
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4. Discussion

Endocrinological knowledge is crucial for improving husbandry and promoting the
reproduction of animals managed under human care. However, current techniques make it
difficult to obtain samples noninvasively in aquatic animals, such as cephalopods. Here,
we successfully measured glucocorticoids and reproductive hormones in the common, ex
situ reared O. bimaculoides using a noninvasive dermal swab technique. Additionally, we
used a known stressor, chasing octopuses with a net for 5 min, to test for a biological stress
response. This type of procedure has been used to validate stress physiology analyses in
other species [23]. Here, this biological stressor invoked elevated cortisol (a 2-fold increase
in cortisol from the pre-stressor sample) in both reproductive males (at 15 and 75 min) and
one of two reproductive females (at 0, 15, and 90 min). The other reproductive female
(OB4) experienced a 1.6-fold increase in glucocorticoids, likely due to individual differences
or past experiences [23,26]. For six of the eight senescent individuals, dermal cortisol
concentrations remained below the 2-fold threshold after the stress test. We expected to
observe a stress response after the acute stressor in the reproductive life stage, but not in
senescent individuals because there would be no adaptive reason for such a response, as
their biological systems have begun to shut down as their body degrades [8]. However,
two senescent individuals did have a 2-fold increase in response to the stressor (one male,
OB2, at 0 min and one female, OB10, at 60 min).

In addition to individual differences within species, there can also be differences
between congeneric species. Species’ differences in ecology or physiology can alter how
they respond to a stressor [51]. For example, after physiologically stimulating the stress
pathway with an injection of ACTH in Octopus chierchiae, a female produced dermal
cortisol concentration peaks at 15 and 45 min post-injection [28]. A 2-fold increase was
also observed in the hummingbird bobtail squid and the stumpy-spined cuttlefish, which
are also cephalopods, after an ACTH challenge [28]. In the present study, we used a
biological stress test to validate the use of dermal hormone analysis. While both measured
a stimulation of the stress axis resulting in elevated glucocorticoids, the stress response
to this biological stressor (via creating a stressful biological event) may be dependent on
the individual’s experience and sensitivity to handling [23]. Further analysis is needed
to examine the differences in initiating stress pathways via a biological stressor versus a
physiological stressor.
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Age also can influence glucocorticoid production since it can have different roles [52] and
functionality during different life stages [53]. Here, we observed varying amounts of dermal
glucocorticoid production with the reproductive individuals (~300 ng/mL ethanol) producing
significantly lower dermal cortisol concentrations than senescent females (~1000 ng/mL ethanol)
and senescent males (~500 ng/mL ethanol). This could be because senescent females were removed
from their eggs hours before the experiment to perform the stress test. However, senescent males
also had relatively higher levels of dermal cortisol compared to reproductive individuals. This
could indicate that they are currently under chronic stress from senescence or have higher levels of
cortisol concentrations during this life stage in general. These results may provide evidence that
senescence is chronically stressful or that stress physiology may be altered during this life stage.

Additionally, chronic stress has been shown to dampen the response to acute stres-
sors [54]. Perhaps, under higher glucocorticoid concentrations, including significantly
higher corticosterone, they reallocate resources such as mobilizing glucose and other nu-
trients while they cease consuming food, and their bodies degrade. These preliminary
results suggest changes in physiology as an octopus becomes senescent. However, more
investigation into stress pathways and senescence will be necessary to understand this
relationship more fully. While we observed significantly higher reproductive hormones
in reproductive than senescent individuals, and vice versa for stress hormones, our total
number of individuals is small (n = 12), and these results should be seen as instructive and
not definitive.

Just as the role of glucocorticoids changes throughout life stages, reproductive hor-
mones are expected to change as well. Cephalopods produce the same reproductive steroid
hormones as vertebrates, including estradiol 17-β, progesterone, and testosterone [55].
Here, we determined that in O. bimaculoides, dermal estrogen and progesterone concen-
trations were higher for the reproductive females in comparison to senescent individuals.
This was expected since the senescent individuals had already mated, and all females laid
eggs. Since all individuals were wild caught, we were unable to determine their exact age
or whether the reproductive females had previously mated and were close to being ready
to lay eggs. It is known that in Octopus vulgaris, estrogen and progesterone levels increase
during egg development and preparation of egg laying and then decrease after the repro-
ductive system is primed to lay eggs [16]. In comparison, egg-laying vertebrates produce
higher levels of progesterone before laying eggs. In other animals, such as mammals, after
the oocyte is ovulated, estradiol begins to decrease while progesterone increases [56].

In Octopus vulgaris, reproductive hormones occur at higher concentrations in the sexual
organs, suggesting that cephalopods have a reproductive system that, like vertebrates,
is under endocrine control [14]. Our study provides some support. In females, dermal
testosterone concentrations were significantly higher in reproductive than senescent indi-
viduals. Dermal testosterone levels were comparable between reproductive females and
males. Yet, dermal testosterone levels in reproductive males only significantly exceeded
that of senescent males some 75 min following an acute stressor. A previous study found
that the testosterone production of Octopus maya males increased as they became mature
but decreased as they aged [17]. Similarly, testosterone in O. maya females decreases after
sexual maturation and slightly increases towards the end of their life [17].

Chronic stressors are known to suppress reproduction, but acute stressors must be
particularly severe or repeated to negatively affect reproduction [56]. For example, poorly
timed acute stressors could disrupt critical reproductive events, causing a suppression
in reproduction [25], and a decrease in estradiol and testosterone concentrations [57].
However, it is unknown if acute stressors have an overall negative effect on reproduction
output [25,58]. Our results indicate that acute stressors did not affect dermal reproductive
hormones in the short term in all but the two reproductive males that exhibited a 2-fold
increase in dermal testosterone at 105 min post-stressor. Their response could be associated
with a behavioral response to a threat, such as aggression. Higher levels of testosterone
are known to cause aggression in vertebrates [59,60]. Aggression in octopuses has been
observed in mating displays [10] and antagonistic signals [61]. Testosterone may play a
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role as a behavioral mediator of circumstances beyond just modulating sperm production
and mating. However, further research is necessary to determine the relationship between
testosterone and behavior. In the other individuals, we observed consistent concentrations
of the reproductive hormones over time. This consistency demonstrates the ability of the
dermal swab method to produce repeatable results within individuals over time.

Finally, when examining the effects of glucocorticoid production on reproductive
hormones, we need to be concerned about the possibility of the cross-reactivity of an-
drogens, such as testosterone and cortisol to the EIA antibodies, as observed in previous
research [23]. However, we did not observe a direct correlation. For instance, the dermal
testosterone concentrations that peaked at 90 min did not correspond to a peak in dermal
cortisol concentrations. Dermal cortisol concentrations produced a 2-fold increase at 15 min,
demonstrating that these two EIA antibodies did not cross-react with the other steroid.
However, biologically, testosterone and cortisol may respond similarly to stress by prepar-
ing an animal for aggressive social interactions. For example, high-ranking male baboons
(Papio anubis) had increased testosterone concentrations along with glucocorticoids [62].
Aggression is known in cephalopods [10,63,64]; however, testosterone has never been
measured in relation to this aggression.

5. Conclusions

This study exposes changes in dermal glucocorticoid and reproductive hormone
concentrations between the reproductive and senescent life stages of O. bimaculoides. This
is the first time dermal swabs have been used to measure reproductive hormones for any
species. We found that reproductive individuals were more likely to have a 2-fold increase
in dermal glucocorticoid concentrations; however, most reproductive hormones, apart from
testosterone in reproductive males, were not influenced by a biological stressor. This may
indicate that reproductive hormones are less susceptible to acute stressors; however, due to
the low sample size, further studies are necessary.

This study uses a newer technique to measure hormones by collecting dermal mucus,
therefore, we recognize that there are still limitations. The method of swabbing the animal
may itself be stressful. Collecting swabs at greater time intervals may help with lowering
stress levels compared to collecting swabs at 15 min intervals. However, the stress was
minimized by swabbing individuals underwater without moving them to another aquar-
ium. In a previous study, there was found to be no significant difference between swabs
taken in tandem underwater or above water [28]. The results in this study expand on that
consistency with reproductive hormones lacking the 2-fold change in concentration, which
is required to indicate a response from a stressor.

Further, glucocorticoids for cephalopods need to be analyzed using HPLC (high-
performance liquid chromatography) to confirm which glucocorticoids are present and
measured by our hormone EIA analysis. Our results are based on a small number of indi-
viduals, and individual variability is very common when analyzing an animal’s response to
stressors [65]. Therefore, we highly recommend further research into cephalopod hormonal
changes along with behavioral observations to expand our understanding of cephalopod
endocrinology. We also suggest investigations into whether hormone concentrations are
constant throughout the entirety of the octopus’s body, to ensure there are no biases for
where the mucus is collected.

By studying changes in hormones throughout reproductive and senescent life stages,
we can obtain a more complete picture, detailing longitudinal changes of cephalopod
reproduction. Long-term studies using swabbing techniques on individuals—from ju-
venile to senescent—could permit measures of changes in reproductive hormones and
glucocorticoids throughout their life. Exploration of diurnal changes of glucocorticoids
and sex hormones will also be important, to understand how the time of day for collec-
tions may influence hormone measurements. Brief changes in testosterone in reproductive
males should also be investigated further to demonstrate whether testosterone modifies
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individual behavior, such as aggression, along with the relationship between testosterone
production and the presence of spermatozoa.

In the wild, senescent individuals do not last long, as they make easy prey. But
under human care, they can live to their natural death. As the observer, looking in at the
animal in decline may seem a stressful process. Investigating glucocorticoids during the
progression of senescence may broaden our understanding and inform us of how to create
more favorable welfare conditions under human care.

Author Contributions: Conceptualization, S.C., D.S., J.S.B. and R.M.S.; Methodology, S.C., D.S., J.S.B.
and R.M.S.; Validation, R.M.S.; Formal analysis, S.C., J.S.B. and R.M.S.; Investigation, S.C.; Resources,
B.G., T.S. and R.M.S.; Data curation, S.C.; Writing—original draft, S.C.; Writing—review and editing,
S.C., B.G., D.S., J.S.B. and R.M.S.; Visualization, S.C.; Supervision, B.G., T.S., J.S.B. and R.M.S.; Project
administration, S.C.; Funding acquisition, R.M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financially supported by The Davee Foundation.

Institutional Review Board Statement: Due to the use of invertebrates in the United States, approval
was not necessary. Research was approved by Lincoln Park Zoo’s Research Committee; approval
#2018-016.

Informed Consent Statement: Not Applicable.

Data Availability Statement: These data are available per request made to the corresponding author,
S. Chancellor.

Acknowledgments: We thank Dan Calzarette for help caring for the animals used in this study.
We thank Katie Fowler from Lincoln Park Zoo’s Endocrinology Laboratory for technical assistance.
We also thank the Brown lab at UIC for valuable discussion and feedback. The Davee Foundation
provided funding for this research. We would like to thank the Marine Biological Laboratory’s
Cephalopod Initiative for the use of animals and facilities.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Zylinski, S.; Johnsen, S. 10—Visual cognition in deep-sea cephalopods: What we don’t know and why we don’t know it. In

Cephalopod Cognition; Cambridge University Press: Cambridge, UK, 2014; pp. 223–241.
2. Chubb, C.; Chiao, C.C.; Ulmer, K.; Buresch, K.; Birk, M.A.; Hanlon, R.T. Dark scene elements strongly influence cuttlefish

camouflage responses in visually cluttered environments. Vis. Res. 2018, 149, 86–101. [CrossRef] [PubMed]
3. Mather, J.A.; Alupay, J.S. An ethogram for Benthic Octopods (Cephalopoda: Octopodidae). J. Comp. Psychol. 2016, 130, 109.

[CrossRef]
4. Hough, A.R.; Case, J.; Boal, J.G. Learned control of body patterning in cuttlefish Sepia officinalis (Cephalopoda). J. Molluscan Stud.

2016, 82, 427–431. [CrossRef]
5. Mather, J.A. Behaviour Development: A Cephalopod Perspective. Int. J. Comp. Psychol. 2006, 19, 98–115. [CrossRef]
6. Kuba, M.J.; Byrne, R.A.; Meisel, D.V.; Mather, J.A. When do octopuses play? Effects of repeated testing, object type, age, and food

deprivation on object play in Octopus vulgaris. J. Comp. Psychol. 2006, 120, 184. [CrossRef]
7. Richter, J.N.; Hochner, B.; Kuba, M.J. Pull or push? Octopuses solve a puzzle problem. PLoS ONE 2016, 11, e0152048. [CrossRef]

[PubMed]
8. Anderson, R.C.; Wood, J.B.; Byrne, R.A.; Octopus, R.A.B. Octopus Senescence: The Beginning of the End. J. Appl. Anim. Welf. Sci.

2002, 5, 275–283. [CrossRef]
9. Hanlon, R.T.; Messenger, J.B. Cephalopod Behaviour, 2nd ed.; Cambridge University Press: Cambridge, UK, 2018.
10. Huffard, C.L.; Caldwell, R.L.; Boneka, F. Male-male and male-female aggression may influence mating associations in wild

octopuses (Abdopus aculeatus). J. Comp. Psychol. 2010, 124, 38–46. [CrossRef] [PubMed]
11. Wells, B.Y.M.J.; Wells, J. Hormonal Control of Sexual Maturity in Octopus. J. Exp. Biol. 1959, 36, 1–33. [CrossRef]
12. Wang, Z.Y.; Ragsdale, C.W. Multiple optic gland signaling pathways implicated in octopus maternal behaviors and death. J. Exp.

Biol. 2018, 221, jeb185751. [CrossRef]
13. Minakata, H.; Shigeno, S.; Kano, N.; Haraguchi, S.; Osugi, T.; Tsutsui, K. Octopus gonadotrophin-releasing hormone: A

multifunctional peptide in the endocrine and nervous systems of the cephalopod. J. Neuroendocrinol. 2009, 21, 322–326. [CrossRef]
[PubMed]

14. D’Aniello, A.; Di Cosmo, A.; Di Cristo, C.; Assisi, L.; Botte, V.; Di Fioe, M.M. Occurrence of Sex Steroid Hormones and Their
Binding Protiens in Octopus vulgaris Lam. Biochem. Biophys. Res. Commun. 1996, 227, 782–788. [CrossRef] [PubMed]

https://doi.org/10.1016/j.visres.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29913248
https://doi.org/10.1037/com0000025
https://doi.org/10.1093/mollus/eyw006
https://doi.org/10.46867/IJCP.2006.19.01.02
https://doi.org/10.1037/0735-7036.120.3.184
https://doi.org/10.1371/journal.pone.0152048
https://www.ncbi.nlm.nih.gov/pubmed/27003439
https://doi.org/10.1207/S15327604JAWS0504_02
https://doi.org/10.1037/a0017230
https://www.ncbi.nlm.nih.gov/pubmed/20175595
https://doi.org/10.1242/jeb.36.1.1
https://doi.org/10.1242/jeb.185751
https://doi.org/10.1111/j.1365-2826.2009.01852.x
https://www.ncbi.nlm.nih.gov/pubmed/19210294
https://doi.org/10.1006/bbrc.1996.1585
https://www.ncbi.nlm.nih.gov/pubmed/8886010


Animals 2023, 13, 3115 14 of 15

15. O’Dor, R.K.; Wells, M.J. Reproduction versus somatic growth: Hormonal control in Octopus vulgaris. J. Exp. Biol. 1978, 77, 15–31.
16. Di Cosmo, A.; Di Cristo, C.; Paolucci, M. Sex steroid hormone fluctuations and morphological changes of the reproductive system

of the female of Octopus vulgaris throughout the annual cycle. J. Exp. Zool. 2001, 289, 33–47. [CrossRef] [PubMed]
17. Avila-Poveda, O.H.; Montes-Pérez, R.C.; Koueta, N.; Benítez-Villalobos, F.; Ramírez-Pérez, J.S.; Jimenez-Gutierrez, L.R.; Rosas, C.

Seasonal changes of progesterone and testosterone concentrations throughout gonad maturation stages of the Mexican octopus,
Octopus maya (Octopodidae: Octopus). Molluscan Res. 2015, 35, 161–172. [CrossRef]

18. Gestal, C.; Pascual, S.; Guerra, Á.; Fiorito, G.; Vieites, J.M. Handbook of Pathogens and Diseases in Cephalopods; Springer:
Berlin/Heidelberg, Germany, 2019. [CrossRef]

19. Azevedo, A.; Bailey, L.; Bandeira, V.; Dehnhard, M.; Fonseca, C.; de Sousa, L.; Jewgenow, K. Age, sex and storage time influence
hair cortisol levels in a wild mammal population. PLoS ONE 2019, 14, e0222963. [CrossRef]

20. Monfort, S.L.; Mashburn, K.L.; Brewer, B.A.; Creel, S.R. Evaluating Adrenal Activity in African Wild Dogs (Lycaon pictus) by Fecal
Corticosteroid Analysis. J. Zoo Wildl. Med. 1988, 29, 129–133.

21. Romero, L.M. Physiological stress in ecology: Lessons from biomedical research. Trends Ecol. Evol. 2004, 19, 249–255. [CrossRef]
[PubMed]

22. Schell, C.J.; Young, J.K.; Lonsdorf, E.V.; Santymire, R.M. Anthropogenic and physiologically induced stress responses in captive
coyotes. J. Mammal. 2013, 94, 1131–1140. [CrossRef]

23. Touma, C.; Palme, R. Measuring fecal glucocorticoid metabolites in mammals and birds: The importance of validation. Ann. N. Y.
Acad. Sci. 2005, 1046, 54–74. [CrossRef] [PubMed]

24. Moberg, G.P.; Mench, J.A. The Biology of Animal Stress: Basic Principles and Implications for Animal Welfare; CABI: Wallingford, UK, 2000.
25. Palme, R.; Rettenbacher, S.; Touma, C.; El-Bahr, S.M.; Moestl, E. Stress hormones in mammals and birds: Comparative aspects

regarding metabolism, excretion, and noninvasive measurement in fecal samples. Ann. N. Y. Acad. Sci. 2005, 1040, 162–171.
[CrossRef]

26. Bechert, U.; Hixon, S.; Schmitt, D. Diurnal variation in serum concentrations of cortisol in captive African (Loxodonta africana) and
Asian (Elephas maximus) elephants. Zoo Biol. 2021, 40, 458–471. [CrossRef]

27. Larson, S.E.; Anderson, R.C. Fecal hormones measured within giant pacific octopuses Enteroctopus dofleini. J. Aquat. Anim. Health
2010, 22, 152–157. [CrossRef]

28. Chancellor, S.; Abbo, L.; Grasse, B.; Sakmar, T.; Brown, J.S.; Scheel, D.; Santymire, R.M. Determining the effectiveness of using
dermal swabs to evaluate the stress physiology of laboratory cephalopods: A preliminary investigation. Gen. Comp. Endocrinol.
2021, 314, 113903. [CrossRef] [PubMed]

29. Vaz-Pires, P.; Seixas, P.; Barbosa, A. Aquaculture potential of the common octopus (Octopus vulgaris Cuvier, 1797): A review.
Aquaculture 2004, 238, 221–238. [CrossRef]

30. Vidal, E.A.; Villanueva, R.; Andrade, J.P.; Gleadall, I.G.; Iglesias, J.; Koueta, N.; Rosas, C.; Segawa, S.; Grasse, B.; Franco-Santos,
R.M.; et al. Cephalopod culture: Current status of main biological models and research priorities. Adv. Mar. Biol. 2014, 67, 1–98.
[PubMed]

31. Malham, S.K.; Lacoste, A.; Gélébart, F.; Cueff, A.; Poulet, S.A. A first insight into stress-induced neuroendocrine and immune
changes in the octopus Eledone cirrhosa. Aquat. Living Resour. 2002, 15, 187–192. [CrossRef]

32. De Mercado, E.; Larrán, A.M.; Pinedo, J.; Tomás-Almenar, C. Skin mucous: A new approach to assess stress in rainbow trout.
Aquaculture 2018, 484, 90–97. [CrossRef]

33. Guardiola, F.A.; Cuesta, A.; Esteban, M.Á. Using skin mucus to evaluate stress in gilthead seabream (Sparus aurata L.). Fish
Shellfish Immunol. 2016, 59, 323–330. [CrossRef] [PubMed]

34. Schultz, D.R.; Perez, N.; Tan, C.K.; Mendez, A.J.; Capo, T.R.; Snodgrass, D.; Prince, E.D.; Serafy, J.E. Concurrent levels of
11-ketotestosterone in fish surface mucus, muscle tissue and blood. J. Appl. Ichthyol. 2005, 21, 394–398. [CrossRef]

35. Santymire, R.M.; Young, M.; Lenihan, E.; Murray, M.J. Preliminary Investigation into Developing the Use of Swabs for Skin
Cortisol Analysis for the Ocean Sunfish (Mola mola). Animals 2022, 12, 2868. [CrossRef]

36. Santymire, R.M.; Manjerovic, M.B.; Sacerdote-Velat, A. A novel method for the measurement of glucocorticoids in dermal
secretions of amphibians. Conserv. Physiol. 2018, 6, coy008. [CrossRef] [PubMed]

37. Sykes, A.V.; Baptista, F.D.; Gonçalves, R.A.; Andrade, J.P. Directive 2010/63/EU on animal welfare: A review on the existing
scientific knowledge and implications in cephalopod aquaculture research. Rev. Aquac. 2012, 4, 142–162. [CrossRef]

38. Albertin, C.B.; Simakov, O.; Mitros, T.; Wang, Z.Y.; Pungor, J.R.; Edsinger-Gonzales, E.; Brenner, S.; Ragsdale, C.W.; Rokhsar, D.S.
The octopus genome and the evolution of cephalopod neural and morphological novelties. Nature 2015, 524, 220–224. [CrossRef]

39. Albertin, C.B.; Simakov, O. Cephalopod Biology: At the Intersection Between Genomic and Organismal Novelties. Annu. Rev.
Anim. Biosci. 2020, 8, 71–90. [CrossRef]

40. Boyle, P.R. Cephalopod Life Cycles. In Species Accounts; Academic Press: London, UK, 1983; Volume 1.
41. Robin, J.P.; Roberts, M.; Zeidberg, L.; Bloor, I.; Rodriguez, A.; Briceño, F.; Downey, N.; Mascaro, M.; Navarro, M.; Guerra, A.; et al.

Transitions during cephalopod life history: The role of habitat, environment, functional morphology and behaviour. Adv. Mar.
Biol. 2014, 67, 361–437. [CrossRef] [PubMed]

42. Forsythe, J.W.; Hanlon, R.T. Behavior, body patterning and reproductive biology of Octopus bimaculoides from California.
Malacologia 1988, 29, 41–55.

https://doi.org/10.1002/1097-010X(20010101/31)289:1%3C33::AID-JEZ4%3E3.0.CO;2-A
https://www.ncbi.nlm.nih.gov/pubmed/11169491
https://doi.org/10.1080/13235818.2015.1045055
https://doi.org/10.1007/978-3-030-11330-8
https://doi.org/10.1371/journal.pone.0222963
https://doi.org/10.1016/j.tree.2004.03.008
https://www.ncbi.nlm.nih.gov/pubmed/16701264
https://doi.org/10.1644/13-MAMM-A-001.1
https://doi.org/10.1196/annals.1343.006
https://www.ncbi.nlm.nih.gov/pubmed/16055843
https://doi.org/10.1196/annals.1327.021
https://doi.org/10.1002/zoo.21619
https://doi.org/10.1577/H09-027.1
https://doi.org/10.1016/j.ygcen.2021.113903
https://www.ncbi.nlm.nih.gov/pubmed/34529999
https://doi.org/10.1016/j.aquaculture.2004.05.018
https://www.ncbi.nlm.nih.gov/pubmed/24880794
https://doi.org/10.1016/S0990-7440(02)01173-7
https://doi.org/10.1016/j.aquaculture.2017.10.031
https://doi.org/10.1016/j.fsi.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27818341
https://doi.org/10.1111/j.1439-0426.2005.00650.x
https://doi.org/10.3390/ani12202868
https://doi.org/10.1093/conphys/coy008
https://www.ncbi.nlm.nih.gov/pubmed/29479435
https://doi.org/10.1111/j.1753-5131.2012.01070.x
https://doi.org/10.1038/nature14668
https://doi.org/10.1146/annurev-animal-021419-083609
https://doi.org/10.1016/B978-0-12-800287-2.00004-4
https://www.ncbi.nlm.nih.gov/pubmed/24880797


Animals 2023, 13, 3115 15 of 15

43. Fiorito, G.; Affuso, A.; Basil, J.; Cole, A.; de Girolamo, P.; D’angelo, L.; Dickel, L.; Gestal, C.; Grasso, F.; Kuba, M.; et al. Guidelines
for the Care and Welfare of Cephalopods in Research–A consensus based on an initiative by CephRes, FELASA and the Boyd
Group. Lab. Anim. 2015, 49 (Suppl. S2), 1–90. [CrossRef]

44. Smith, J.A.; Andrews, P.L.; Hawkins, P.; Louhimies, S.; Ponte, G.; Dickel, L. Cephalopod research and EU Directive 2010/63/EU:
Requirements, impacts and ethical review. J. Exp. Mar. Biol. Ecol. 2013, 447, 31–45. [CrossRef]

45. Loeding, E.; Thomas, J.; Bernier, D.; Santymire, R. Using fecal hormonal and behavioral analyses to evaluate the introduction of
two sable antelope at Lincoln Park Zoo. J. Appl. Anim. Welf. Sci. 2011, 14, 220–246. [CrossRef]

46. Young, K.M.; Walker, S.L.; Lanthier, C.; Waddell, W.T.; Monfort, S.L.; Brown, J.L. Noninvasive monitoring of adrenocortical
activity in carnivores by fecal glucocorticoid analyses. Gen. Comp. Endocrinol. 2004, 137, 148–165. [CrossRef]

47. Glaeser, S.S.; Edwards, K.L.; Wielebnowski, N.; Brown, J.L. Effects of physiological changes and social life events on adrenal
glucocorticoid activity in female zoo-housed Asian elephants (Elephas maximus). PLoS ONE 2020, 15, e0241910. [CrossRef]

48. Graham, L.; Schwarzenberger, F.; Möstl, E.; Galama, W.; Savage, A. A versatile enzyme immunoassay for the determination of
progestogens in feces and serum. Zoo Biol. 2001, 20, 227–236. [CrossRef]

49. Amaral, R.S.; Rosas, F.C.W.; da Silva, V.M.F.; Nichi, M.; Oliveira, C.A. Endocrine monitoring of the ovarian cycle in captive female
Amazonian manatees (Trichechus inunguis). Anim. Reprod. Sci. 2013, 142, 84–88. [CrossRef]

50. Dloniak, S.M.; French, J.A.; Place, N.J.; Weldele, M.L.; Glickman, S.E.; Holekamp, K.E. Non-invasive monitoring of fecal androgens
in spotted hyenas (Crocuta crocuta). Gen. Comp. Endocrinol. 2004, 135, 51–61. [CrossRef] [PubMed]

51. Mason, G.J. Species differences in responses to captivity: Stress, welfare and the comparative method. Trends Ecol. Evol. 2010, 25,
713–721. [CrossRef] [PubMed]

52. Devenport, L.; Knehans, A.; Sundstrom, A.; Thomas, T. Corticosterone’s dual metabolic actions. Life Sci. 1989, 45, 1389–1396.
[CrossRef] [PubMed]

53. Palme, R. Measuring fecal steroids: Guidelines for practical application. Ann. N. Y. Acad. Sci. 2005, 1046, 75–80. [CrossRef]
54. Rich, E.L.; Romero, L.M. Exposure to chronic stress downregulates corticosterone responses to acute stressors. Am. J. Physiol.

Integr. Comp. Physiol. 2005, 288, R1628–R1636. [CrossRef]
55. Lafont, R.; Mathieu, M. Steroids in aquatic invertebrates. Ecotoxicology 2007, 16, 109–130. [CrossRef] [PubMed]
56. Cameron, J.L. Interrelationships between Hormones, Behavior, and Affect during adolescence. Ann. N. Y. Acad. Sci. 2004, 1021,

110–123. [CrossRef] [PubMed]
57. Fischer, C.P.; Romero, L.M. Chronic captivity stress in wild animals is highly species-specific. Conserv. Physiol. 2018, 7, coz093.

[CrossRef] [PubMed]
58. Moore, I.T.; Jessop, T.S. Stress, reproduction, and adrenocortical modulation in amphibians and reptiles. Horm. Behav. 2003, 43,

39–47. [CrossRef]
59. Davies, S.; Gao, S.; Valle, S.; Bittner, S.; Hutton, P.; Meddle, S.L.; Deviche, P. Negative energy balance in a male songbird, the

Abert’s towhee, constrains the testicular endocrine response to luteinizing hormone stimulation. J. Exp. Biol. 2015, 218, 2685–2693.
[CrossRef] [PubMed]

60. Marler, C.A.; Moore, M.C. Time and energy costs of aggression in testosterone-implanted free living male mountain spiny lizards
Sceloporus-jarrovi. Physiol. Zool. 1989, 62, 1334–1350. [CrossRef]

61. Scheel, D.; Godfrey-Smith, P.; Lawrence, M. Signal use by octopuses in agonistic interactions. Curr. Biol. 2016, 26, 377–382.
[CrossRef]

62. Sapolsky, R.M.; Sapolsky, R.M. Stress-induced elevation of testosterone concentrations in high ranking baboons: Role of
catecholamines. Endocrinology 1986, 118, 1630–1635. [CrossRef]

63. Huffard, C.L.; Bartick, M. Wild Wunderpus photogenicus and Octopus cyanea employ asphyxiating ‘constricting’ in interactions with
other octopuses. Molluscan Res. 2015, 35, 12–16. [CrossRef]

64. Cummins, S.F.; Boal, J.G.; Buresch, K.C.; Kuanpradit, C.; Sobhon, P.; Degnan, B.M.; Nagle, G.T.; Hanlon, R.T. Extreme aggression
in male squid induced by a β-MSP-like pheromone. Curr. Biol. 2011, 21, 322–327. [CrossRef]

65. Goymann, W. On the use of non-invasive hormone research in uncontrolled, natural environments: The problem with sex, diet,
metabolic rate and the individual. Methods Ecol. Evol. 2012, 3, 757–765. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/0023677215580006
https://doi.org/10.1016/j.jembe.2013.02.009
https://doi.org/10.1080/10888705.2011.576968
https://doi.org/10.1016/j.ygcen.2004.02.016
https://doi.org/10.1371/journal.pone.0241910
https://doi.org/10.1002/zoo.1022
https://doi.org/10.1016/j.anireprosci.2013.09.001
https://doi.org/10.1016/j.ygcen.2003.08.011
https://www.ncbi.nlm.nih.gov/pubmed/14644644
https://doi.org/10.1016/j.tree.2010.08.011
https://www.ncbi.nlm.nih.gov/pubmed/20952089
https://doi.org/10.1016/0024-3205(89)90026-X
https://www.ncbi.nlm.nih.gov/pubmed/2796609
https://doi.org/10.1196/annals.1343.007
https://doi.org/10.1152/ajpregu.00484.2004
https://doi.org/10.1007/s10646-006-0113-1
https://www.ncbi.nlm.nih.gov/pubmed/17238002
https://doi.org/10.1196/annals.1308.012
https://www.ncbi.nlm.nih.gov/pubmed/15251880
https://doi.org/10.1093/conphys/coz093
https://www.ncbi.nlm.nih.gov/pubmed/31824674
https://doi.org/10.1016/S0018-506X(02)00038-7
https://doi.org/10.1242/jeb.123042
https://www.ncbi.nlm.nih.gov/pubmed/26333925
https://doi.org/10.1086/physzool.62.6.30156216
https://doi.org/10.1016/j.cub.2015.12.033
https://doi.org/10.1210/endo-118-4-1630
https://doi.org/10.1080/13235818.2014.909558
https://doi.org/10.1016/j.cub.2011.01.038
https://doi.org/10.1111/j.2041-210X.2012.00203.x

	Introduction 
	Materials and Methods 
	Ethical Statement, Study Site, and Subjects 
	Swabbing Method 
	Validation of Glucocorticoid Analysis Using a Stress Test 
	Sample Processing and Hormonal Analysis 
	Data Analysis 

	Results 
	Glucocorticoid Analysis 
	Effect of Age and Sex on Reproductive Hormones 
	Effect of the Stress Test on Reproductive Hormones 

	Discussion 
	Conclusions 
	References

