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Endocrine systems are regulators of physiological responses to environmental condi-
tions, acting as key transmitters of external and internal cues, and can therefore provide
valuable insights to help address pressing issues in fish conservation biology. In this
review, after a brief overview of the endocrine systems involved in regulating stress,
growth, and reproduction, we examine how fish endocrinologists are developing and
applying new tools to monitor, conserve, and assist threatened and endangered wild fish
populations. Specifically, we provide examples of how endocrine signals are used to
guide the development of conservation hatcheries, to reveal how exposure to environ-
mental stressors can affect development and growth, to enable assisted reproduction,
to mitigate the impacts of climate change and endocrine-disrupting chemicals on fish
reproduction, and to facilitate the management of invasive species. We also examine
how non-invasive sampling techniques, profiling of steroid hormones, and the
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integration of endocrinology with emerging fields such as ecotoxicogenomics and
host-microbiome interactions will have impacts on future conservation efforts. Finally,
we identify limitations for the broader application of endocrinology in fish conservation
and opportunities for fish endocrinologists to make meaningful contributions to the
most urgent conservation challenges of our time.

1 Introduction

The ongoing and accelerating loss of fish biodiversity in freshwater and
marine ecosystems has brought about an urgent need to develop and apply
new tools to monitor, conserve, and assist wild fish populations that are
threatened and endangered. As a messenger system involved in the regulation
and coordination of all biological processes, the endocrine system can provide
key insights into the threats posed by anthropogenic and environmental stres-
sors, as well as the mechanisms by which animals cope. Our understanding of
fish endocrine systems continues to grow from its early promise in fisheries
management (Schreck and Scanlon, 1977) as novel technologies, model species,
and applications are studied, including the identification of key endocrine-related
endpoints that can be used to guide the management and conservation of species
at risk. In this review, after a brief overview of the endocrine systems involved
in regulating stress, growth, and reproduction, we examine how endocrine sig-
nals can be used in the development of conservation hatcheries, to monitor the
development and growth of wild fish, to control and assist the reproduction of
threatened species, to assess the impact of climate change and endocrine-
disrupting chemicals on fish reproduction, and to manage invasive species.
Finally, looking into the future, we discuss how non-invasive sampling techni-
ques, hormonal profiling, and the integration of endocrine systems in multidisci-
plinary approaches can benefit and advance the field of fish conservation

physiology.

2 Overview of endocrine systems with applications
to conservation physiology

The following section is a primer in fish endocrinology focused specifically on
the stress, reproductive, and growth-regulating hormones, i.e., the endocrine sig-
nals that are more commonly measured and used in fish conservation. As such,
for reviews on the hormonal systems involved in ionic regulation, drinking, food
intake, digestion, metabolism, and cardiovascular control, we refer the reader to
recent volumes of the Fish Physiology series (Bernier et al., 2009a; Gamperl
et al., 2017; Grosell et al., 2010; McCormick et al., 2012).

2.1 Hormonal control of stress

Fish, like all vertebrates, respond to stressors by initiating the primary stress
response which culminates in elevated levels of catecholamines and corticos-
teroids in the blood. Together, these hormones coordinate a multisystem
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physiological response that helps the fish meet and overcome a challenge to
homeostasis (Barton, 2002; Barton and Iwama, 1991; Gorissen and Flik,
2016). Because this integrated response includes energetic and behavioral
changes, as well as the potential for immune (Khansari et al., 2018) and repro-
ductive inhibition (Pankhurst, 2016), assessing and monitoring the stress
status of wild animals, including fish, is a recognized and valued tool in con-
servation physiology (McCormick and Romero, 2017; Madliger and Love,
2014). Moreover, the conserved and generalized nature of the primary stress
response dictates a prescribed physiological response that is largely indepen-
dent of stressor type, but that varies predictably with stressor magnitude and
duration; thus, quantifying stress-related endpoints in wild fish populations
can be used in broad contexts, some of which are described in this chapter.

The catecholamine (CA) hormones, epinephrine and norepinephrine, are
synthesized from tyrosine in head kidney chromaffin cells of teleost fish
and then released from secretory vesicles into the circulation following stim-
ulation by the sympathetic nervous system (Fabbri and Moon, 2016; Reid
et al., 1998); although it should be noted that the localization of peripheral
catecholaminergic cells and their regulation by neurotransmitters and various
blood borne factors differs across fish groups (Fabbri et al., 1998; Nilsson,
1983; Perry and Bernier, 1999). Once in the circulation, CAs initiate a suite
of physiological changes, colloquially called the “fight or flight” response,
that increase the availability and transport of metabolic fuels (Fig. 1). In the
liver, for example, CAs bind to G-protein-coupled a- and p-adrenergic recep-
tors and stimulate glycogenolysis through activation of glycogen phosphory-
lase (Fabbri et al., 1998). At the same time, increased plasma CAs can have
a profound effect on hemoglobin oxygen affinity in some fish groups
(Harter and Brauner, 2017). The appearance of CAs in the blood after a
stressor is, necessarily, incredibly fast (seconds to minutes), which challenges
attempts to collect meaningful baseline values, and therefore limits their use-
fulness as bioindicators of stress in wild populations (Sopinka et al., 2016).
Nevertheless, the mechanisms of action and downstream effects of elevated
CAs are relevant to conservation physiology due to the increasing opportunity
for this system to be perturbed by pharmaceuticals in the aquatic environment.
Drugs that target the highly conserved vertebrate adrenergic receptors (i.e.,
the P-blockers propranolol, atenolol, metoprolol, and sotalol that are widely
prescribed in humans as a treatment for hypertension) continually enter the
aquatic environment in bioactive forms that reach concentrations capable of
eliciting biological responses in fish (e.g., Ings et al., 2012).

In contrast to CAs, a stress-induced increase in plasma corticosteroids
occurs with some time lag from stressor onset (minutes to hours). This impor-
tant difference means that accurate species-specific baseline values can be
acquired, and as a result corticosteroids are a standard and widely used bioin-
dicator of stress in both laboratory and field studies (Sopinka et al., 2016).
The time lag is due to the hierarchical hormone cascade, the hypothalamic-
pituitary-interrenal (HPI) axis, that regulates on-demand synthesis from
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FIG. 1 Schematic representation of the neuroendocrine control of stress in fish. The brain-
sympathetic-chromaftin cell pathway (blue) culminates in a release of the catecholamines (CA),
epinephrine and norepinephrine, from the chromaffin cells of the head kidney into the circulation.
The hypothalamic-pituitary-interrenal (HPI) axis (green) culminates in the release of glucocorti-
coids (e.g., cortisol) from the head kidney into the circulation. Together, CA and glucocorticoids
initiate energy mobilization and other homeostatic responses by interacting with specific receptors
that are widely expressed throughout the body, including in the indicated target tissues. Not shown
is the cortisol-mediated negative feedback that occurs across the HPI axis to inhibit
corticotropin-releasing factor (CRF), adrenocorticotropic hormone (ACTH), and cortisol release.
Artwork generated by Ian Smith (University of Guelph).
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cholesterol (Fig. 1). Corticosteroids are then distributed via the circulation to
target tissues, where their primarily genomic actions are mediated by intracel-
lular receptors. The activation, regulation, and outcome of HPI axis activation
and corticosteroid signaling involves the integrated actions of numerous
players (neuropeptides, receptors, enzymes, accessory proteins; see Bernier
et al., 2009b; Faught et al., 2016 for reviews). For the purpose of this chapter,
what is important to note is that this inherent complexity contributes to within
and between individual differences in the endocrine stress response (Romero
and Beattie, 2022), and that the involvement of so many protein components
underscores the heritability of the endocrine stress response (Heath et al.,
1993; @verli et al., 2005; Pottinger and Carrick, 1999) and species-specific
differences in maximal stress-induced corticosteroid levels (Barton, 2002;
Barton and Iwama, 1991).

Cortisol is the dominant corticosteroid hormone produced in fishes, with
the notable exceptions of la-hydroxycorticosterone in elasmobranchs and
11-deoxycortisol in cyclostomes. Importantly, fish lack aldosterone synthase,
which in tetrapods converts cortisol to aldosterone, and therefore the corticos-
teroids synthesized by the head kidney interrenal cells have dual function as
both glucocorticoids (energy homeostasis) and mineralocorticoids (osmotic
homeostasis). As glucocorticoids, a primary function of corticosteroids in fish
is to stimulate gluconeogenesis in the liver via upregulation of the major
enzymes in this pathway, and glucocorticoid signaling is further implicated
in the regulation of glycogen, lipid, and protein stores (Mommsen et al.,
1999). Moreover, sustained elevations in circulating corticosteroid levels
facilitates the redirection of energy utilization toward essential life-sustaining
functions by inhibiting the digestive (Barton et al., 1987; Pfalzgraff et al.,
2021), immune (Fabbri and Moon, 2016; Philip and Vijayan, 2015;
Pickering and, Pottinger, 1989), and reproductive systems (Pankhurst, 2016;
Pankhurst and Van Der Kraak, 1997). As mineralocorticoids, corticosteroids
contribute to the maintenance of ion and water homeostasis by regulating
ion transporter expression in ionocytes such as the chloride cells of the gills
(McCormick et al., 2008). This is especially relevant in euryhaline fish spe-
cies (Young et al., 1989), and variation in baseline cortisol predicts the timing
and success of migrations (Birnie-Gauvin et al., 2019). An appreciation for
the breadth of physiological functions under the regulatory control of corticos-
teroids emphasizes why measuring other known correlates of stress (e.g.,
growth, immune response, reproduction) will provide more comprehensive
information on the stress status of fish (Baker et al., 2013; MacDougall-
Shackleton et al., 2019; Romero and Beattie, 2022). This is relevant to man-
agement and conservation initiatives including best practices in conservation
hatcheries (see Section 3.1) and population monitoring via non-invasive
hormone measurements (see Section 4.1).
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Given the strong integration of the HPI axis with other physiological sys-
tems, repeated or chronic stress exposure may pose a multi-pronged fitness
challenge to wild fish populations by reducing growth and body condition
(O’Connor et al., 2011; Sadoul and Vijayan, 2016; Vargas-Chacoff et al.,
2021), increasing susceptibility to disease (Maule et al., 1987), and limiting
reproductive success (Algera et al., 2017; McConnachie et al., 2012;
O’Connor et al., 2009).

2.2 Hormonal control of reproduction

Neuroendocrine regulation of fish reproduction is governed by the hypothalamic-
pituitary-gonadal (HPG) axis and is a critical component of conservation initia-
tives given its direct link to individual fitness and population dynamics. For
example, manipulation of the HPG axis can be used to support fish culture and
restocking programs of threatened species (Kim et al., 2020; Pefaranda et al.,
2018; Zadmajid et al., 2018; see Section 3.3). Moreover, disruption of normal
HPG axis activity through environmental contamination can be a driving factor
in population decline (Abdel-Moneim et al., 2015; Kidd et al.,, 2007; see
Section 3.5). The fact that the maturation and function of the HPG axis is influ-
enced by growth, metabolism, stress, and other physiological attributes (Fuzzen
et al., 2011; Zohar et al., 2010) further underscores the need for comprehensive
understanding of HPG axis regulation in fish conservation.

The HPG axis in fish, as in all vertebrates, involves a cascade of hormones
that govern the development, maturation, and function of the reproductive
system (Fig. 2). Stimulatory and inhibitory signals from hypothalamic neurons
control the release of the gonadotropic hormones, follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH), from pituitary gonadotropes.
Among the many neuropeptides and neurotransmitters involved in this pro-
cess, stimulation by gonadotropin-releasing hormones (GnRH) and inhibition
by dopamine are considered the primary hypothalamic regulators of gonado-
tropes (Zohar et al., 2010). Dopamine also inhibits GnRH secretion (Bryant
et al., 2016) and is therefore a potent inhibitory signal of the HPG axis. In
turn, the activities of gonadotropic and dopaminergic neurons are influenced
by other neuromodulators (e.g., kisspeptin, neuropeptide Y, gonadotropin-
inhibitory hormone) and hormones (e.g., cortisol, sex steroids) to integrate
the reproductive system with other physiological systems (Dufour et al.,
2020; Fuzzen et al., 2011; Zohar et al., 2010). Once in circulation gonado-
tropic hormones induce changes in gonadal tissue to support gamete develop-
ment and sexual maturation. While FSH stimulates the early stages of
gamete development, LH specifically, stimulates ovulation in females and
spermiation in males. Both gonadotropic hormones also stimulate the pro-
duction of sex hormones. In males, the predominant steroids produced are
the androgens testosterone (T) and its more biologically active metabolite
11-ketotestosterone (11-KT). In females, testosterone is also produced but it



Pituitary

Ovary

Ve

oogenesis % ovulation

]
o0
Oo

1 2

-

spermatogenesis

A > J

Liver,
Muscle

FIG. 2 Schematic representation of the hypothalamic-pituitary-gonadal (HPG) axis that regulates
multiple aspects of sexual maturation and reproductive success in fish. The secretion of follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) from the pituitary is regulated by multiple
stimulatory (arrow) and inhibitory (blunt-end) hypothalamic signals, including gonadotropin-
releasing hormone (GnRH) and dopamine (DA). Inhibition of GnRH neurons by DA occurs in most
fishes. FSH and LH stimulate gametogenesis and the production of estrogens (e.g., estradiol, E2),
androgens (e.g., 11-ketotestosterone, 11-KT), and progestins (e.g., maturation-inducing hormone,
MIH) from target cells in the gonads. In the ovary, oogenesis defines the successive maturation of
an oogonium (1) to a primary oocyte (2), pre-vitellogenic oocyte (3), vitellogenic oocyte (4), and
mature oocyte (5) ready for LH-mediated ovulation. The increased yolk deposition in later growth
stages is driven by E2-mediated production of vitellogenin (Vtg) in the liver, one of many E2 targets.
In the testis, spermatogenesis defines the successive maturation of spermatogonia (6) to spermato-
cytes (7), spermatids (8), and spermatozoa (9), which occurs within the seminiferous tubules and is
supported by the Sertoli cells (yellow cell alongside developing sperm). The rise in circulating
11-KT also drives the development of a male-specific phenotype via interactions with widely
expressed androgen receptors, including in the liver and muscle. Gonad schematics inspired by
Alix et al. (2020). Artwork generated by Ian Smith (University of Guelph).
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is converted to 17f-estradiol (E2) by the enzyme aromatase (Tokarz et al.,
2015). Increased circulating levels of E2 and 11-KT are critical for sexual mat-
uration, including proliferation of oogonia and spermatogonia, respectively, as
well as the development of sex-specific phenotypes and behaviors. In females,
for example, E2 promotes in hepatocytes the synthesis of the egg yolk protein,
vitellogenin (Vtg). In males, increased muscle growth, aggression, and second-
ary sex characteristics are mediated by 11-KT. Unlike other vertebrates, teleosts
also produce maturation-inducing hormones (MIH) in response to gonadal
stimulation by LH, either 17«,20B-dihydroxy-4-pregnen-3-one (17,208P) or
17a,208,21-trihydroxy-4-pregnen-3-one (20pS). These progesterone-like ster-
oids induce final oocyte maturation and spermiation, enhance sperm motility,
and act as male pheromones in some species (Scott et al., 2010; Tokarz
et al., 2015).

2.3 Hormonal control of growth and metabolism

As an integrated response of external environmental conditions and internal
physiological status, growth in fish can be an important measure of population
health and habitat quality. Among the multiple hormones that contribute to
regulating the indeterminate growth of fish, the growth hormone (GH)-
insulin-like growth factor-I (IGFI) axis and thyroid hormones play prominent
roles across all life stages (Fuentes et al., 2013; Power et al., 2001) (Fig. 3).
Previous laboratory studies established that components of the GH-IGFI axis
can be used as indices of growth and increasingly these biomarkers are being
used to monitor the growth of wild fish (Beckman, 2011; Duguid et al., 2018;
Picha et al., 2008; see Section 3.2). In contrast, the thyroid axis in fish is
particularly sensitive to environmental and anthropogenic stressors and com-
ponents of this axis may be suitable biomarkers of endocrine disruption
(Carr and Patifio, 2011; Deal and Volkoff, 2020; Jarque and Pifia, 2014;
Nugegoda and Kibria, 2017).

The GH-IGFI axis plays a key role in regulating somatic growth across
fishes (Picha et al., 2008; Reinecke et al., 2005). Stored in the pituitary soma-
totropes, GH is secreted via a multifactorial control system of hypothalamic,
pituitary, and peripheral origins which integrates information related to
energy metabolism, feeding, and food availability (Chang and Wong, 2009).
In fed fish, the growth-stimulating effects of GH are primarily via the stimu-
lation of IGFI from the liver and other tissues, and to a lesser degree from
the direct muscle protein synthesizing actions of GH (Nordgarden et al.,
2006). In contrast, in fasted fish, plasma GH levels rise and promote lipolysis
(Bergan et al., 2015). These nutrient status-dependent effects of GH are
explained by the differential expression of GH receptor subtypes linked to
signaling cascades that either stimulate the production and release of
IGFI or lipolysis (Bergan-Roller and Sheridan, 2018). At the tissue level,
activation of IGF receptors by circulating or locally produced IGFI can
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FIG. 3 Schematic representation of the endocrine control of growth and metabolism in fish. The
growth hormone (GH)—insulin-like growth factor-1 (IGF-1) axis (left) and the thyroid axis (right)
work independently and synergistically (not shown) throughout the lifespan of a fish. Both axes are
regulated by complex stimulatory (arrows; e.g., GH-releasing hormone, GHRH; corticotropin-
releasing factor, CRF) and inhibitory (blunt-end; e.g., somatostatin, SST) signals from the hypothal-
amus. Depending on nutritional status, pituitary secretion of GH can signal either catabolic (e.g.,
lipolysis to release free fatty acids, FFA) or anabolic (e.g., hyperplasia) effects directly on target tis-
sues, or indirectly via IGF-1. Receptors for both GH and IGF-1 are broadly distributed and therefore
similar effects occur in multiple cell types beyond those shown here. The release of pituitary
thyroid-stimulating hormone (TSH) signals the production and release of thyroid hormones (thyrox-
ine, T4; triiodothyronine, T3) from thyroid follicles, the distribution of which is species dependent.
The biologically active T3 regulates gene transcription via thyroid receptors that are widespread in
fish tissues. Artwork generated by Ian Smith (University of Guelph).

stimulate protein synthesis as well as cellular proliferation, differentiation,
and survival (Reindl and Sheridan, 2012). While multiple IGF binding pro-
teins (IGFBPs) regulate the availability of free IGFI in fish, and IGFBPs
can potentiate and/or inhibit IGFI actions (Allard and Duan, 2018), under
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various physiological conditions plasma IGFI levels are positively correlated
with specific growth rate (Beckman, 2011; Picha et al., 2008).

Thyroid hormones directly contribute to the regulation of growth in fish
via their actions on differentiation and organogenesis during embryonic devel-
opment and post-embryonic life history transitions, and indirectly by stimulat-
ing the GH-IGFI axis (Deal and Volkoff, 2020; McMenamin and Parichy,
2013). Thyroid hormones also stimulate metabolism in fish in response to
cold, an essential function of the thyroid axis to maintain performance during
cold acclimation (Little and Seebacher, 2014). As in other vertebrates, the
synthesis and metabolism of thyroid hormones in fishes is regulated by the
hypothalamic-pituitary-thyroid (HPT) axis. Under the control of multiple
hypothalamic factors, the pituitary thyrotropes release thyroid-stimulating
hormone (TSH) into the circulation (Bernier et al., 2009b). In return, TSH sti-
mulates the synthesis and release of pro-hormone thyroxine (T4) from sub-
pharyngeal and renal thyroid follicles (Geven et al., 2007). Circulating T4 is
converted in target tissues by type 1 and type 2 deiodinase enzymes into bio-
active 3,5,3'-triiodo-L-thyronine (T3) (Jarque and Pifa, 2014). T3 binds to
two broadly expressed nuclear receptors that mediate the diverse actions of
the thyroid axis by promoting or repressing gene transcription (Nelson and
Habibi, 2009). Finally, both T3 and T4 have negative feedback effects on
the hypothalamic and pituitary levels of the HPT axis and are inactivated by
a type 3 deiodinase (Bernier et al., 2009b; Jarque and Pifia, 2014).

3 Applied aspects of endocrine systems
3.1 Fish culture

Fish culture can play an important role in the management and protection of
endangered species. According to the 2021 version of the International Union
for Conservation of Nature’s red list, 3210 fish species are threatened, or
~9% of the estimated number of fish species. Among those endangered,
hundreds now depend on hatcheries to provide juveniles produced for species
protection or restoration (Flagg and Nash, 1999; Froehlich et al., 2017; Taylor
et al., 2017). While the use of hatcheries to recover wild populations can con-
tribute to conservation efforts, it may also have unintended consequences. The
juvenile fish produced by hatcheries differ from their wild counterparts and
can therefore have negative effects on wild fish populations (Araki et al.,
2008; Brown and Day, 2002; Flagg et al., 2000; Rand et al., 2012). Still,
research in the field of fish endocrinology has played an important role in
the development of conversation hatcheries and in their on-going efforts at
optimizing the fitness of released fish. For example, fundamental and transla-
tional research in fish reproductive endocrinology has been key to the success
of conservation hatcheries in reliably producing juveniles from wild fish
(Zohar, 2021) (see Section 3.3 for more details). Similarly, research on stress
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and growth-regulating hormones is playing an important role in identifying
the physiological and behavioral differences between hatchery and wild fish
and is guiding the development of novel conservation hatchery strategies.

Numerous studies have compared the endocrine stress response between
hatchery and wild fish. In general, cultured fish have a reduced cortisol
response to an acute stressor relative to their wild counterparts. For example,
hatchery rainbow trout (Oncorhynchus mykiss; Woodward and Strange, 1987),
chinook salmon (Oncorhynchus tshawytscha; Mazur and Iwama, 1993;
Salonius and Iwama, 1993), ayu (Plecoglossus altivelis; Awata et al., 2011),
rainbowfish (Melanoteania duboulayi; Zuberi et al., 2011), Eurasian perch
(Perca fluviatilis; Douxfils et al., 2011) and fighting fish (Betta splendens;
Verbeek et al., 2008) have lower cortisol levels following acute stress relative
to wild fish. Since the cortisol response to stressors in fish has a heritable
component (Heath et al., 1993; @verli et al., 2005; Pottinger and Carrick,
1999), artificial selection for fish with a higher tolerance to the frequent epi-
sodes of stress encountered in hatcheries (e.g., netting, air exposure, chasing,
crowding, grading) may result in the production of fish with muted stress
responses. However, environmental conditions can also affect the responsive-
ness and sensitivity of fish to stressors. For example, among three groups of
coho salmon (Oncorhynchus kisutch) sharing a similar genetic background
and acclimated to common garden hatchery conditions for 7 months, the wild
and colonized groups (i.e., hatchery fish previously transported into a natural
environment as fry and re-captured as smolts) had higher cortisol levels fol-
lowing acute air exposure relative to hatchery fish (Salonius and Iwama,
1993). In the same coho salmon stock, wild and colonized smolts consistently
had a larger springtime increase in plasma cortisol and a greater saltwater tol-
erance than hatchery fish (Shrimpton et al., 1994a.b). These results suggest
that natural rearing environments favor the survival of fish with a heightened
response to stressors and environmental cues, and that colonization of hatch-
ery fish into natural environments may be needed to improve the success of
conservation hatcheries.

Several studies have also evaluated alternative rearing practices to reduce
the effects of stressors in conservation hatcheries. Relative to a barren envi-
ronment, hatchery tank enrichments (e.g., the addition of substrate, plants,
or shelter) have been shown to reduce resting plasma cortisol levels
(Cogliati et al., 2019; Naslund et al., 2013; Rosengren et al., 2017) and the
endocrine stress response to simulated hatchery disturbances (Barcellos
et al., 2009; Braithwaite and Salvanes, 2005; Cogliati et al., 2019; Marcon
et al., 2018; Rosengren et al., 2017). In contrast, enriched tank environment
either had no effect (Naslund et al., 2013; Pounder et al., 2016; Wilkes
et al., 2012) or were associated with larger post-stress plasma cortisol levels
in other studies (Batzina et al., 2014; Boerrigter et al., 2016; Zubair et al.,
2012). Among the factors that are known to contribute to the varying effects
of tank enrichment (Naslund and Johnsson, 2016), the capacity of



264 Fish Physiology Volume 39A

environmental complexity to reduce the endocrine stress response may require
lower rearing densities (Cogliati et al., 2019; Rosengren et al., 2017). Interest-
ingly, whether environmental enrichment is provided in hatchery tanks or in a
more natural setting also appears to have a differential effect on the endocrine
stress response of fish. In juvenile chinook salmon, relative to fish reared in
barren hatchery tanks, early rearing in seminatural channels resulted in fish
with higher plasma cortisol levels in response diverse stressors (Garner
et al., 2011; Madison et al., 2015a), suggesting that the stress responsiveness
of channel-reared fish is more akin to those of wild fish. While the above
studies suggest that environmental enrichment can affect HPI axis regulation
of hatchery fish, it remains to be determined whether these alternative rearing
practices translate into improved survival in the wild. In general, while fish
reared in semi-natural environments usually perform and survive better in
the wild than tank-reared fish, the benefits of hatchery tank enrichment to
post-release performance and survival have been mixed (for review, see
Naslund and Johnsson, 2016). Future work is needed to assess the relation-
ships between rearing practices, stress responsiveness, and the capacity of
hatchery fish to survive in natural environments.

Identifying the neuroendocrine basis of the behavioral differences between
hatchery and wild fish may also help conservation hatcheries increase
post-release survival rates and minimize the impact of stock supplementation
on wild fish populations. The behavioral effects of hatchery selection are well
known (for reviews, see Huntingford, 2004; Milla et al., 2021; Olla et al.,
1998). Domestication in fish leads to a reduction in predator avoidance
(Berejikian, 1995), to decreased foraging abilities (Brown et al., 2003), and
promotes aggression and boldness (Rhodes and Quinn, 1998; Riley et al.,
2005; Sundstrom et al., 2003). These behavioral effects of domestication
may be at least partially mediated by alterations in brain monoaminergic
activity (i.e., dopamine, norepinephrine, and serotonin) involved in the control
of behavioral and endocrine stress response in fish (Winberg et al., 2016). For
example, in response to standardized stressors, hatchery brown trout (Salmo
trutta) have lower brain serotonergic and dopaminergic activity than their
wild counterparts (Lepage et al., 2000). Similarly, the unpredictable chronic
stress of hatchery environments leads to lower hypothalamic catecholaminer-
gic and brain stem serotonergic responses to an acute stressor in Atlantic
salmon (Salmo salar; Vindas et al., 2016). Although still poorly understood,
comparison of hatchery- and wild-reared Atlantic salmon also suggests that
the stimulus-deprived hatchery environment can lead to a reduction in neuro-
plasticity (Mes et al., 2018). In contrast, environmental enrichments can
enhance neural plasticity, promote survival-related behaviors, and alter both
basal and stress-induced levels of brain monoamines (Arechavala-Lopez
et al., 2020; Batzina et al., 2014; Hoglund et al., 2005; Mes et al., 2019;
Salvanes et al., 2013; Ullah et al., 2020). As such, we suggest that conserva-
tion programs may benefit from the study of neurohormones involved in the
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regulation of behavioral flexibility, and from research efforts directed toward
a greater understanding of the role of environmental complexity in shaping
these neuronal circuits.

Hormonal bioindicators of early sexual maturation and growth are also con-
tributing to the development of novel conservation hatchery strategies. Histori-
cally, based on the observation that fish size and growth rate are positively
correlated with higher post-release smolt survival, juvenile salmonid conserva-
tion hatcheries produced fish that were larger and with higher body condition
than their wild counterparts (Beckman et al., 1999; Tipping, 1997). However,
higher post-release smolt survival rates do not necessarily translate into higher
smolt-to-adult return rates (Beamish et al., 2008; Morita et al., 2006). Factors
predicted to contribute to this lower overall return of hatchery fish include early
sexual maturation of males and reduced propensity to migrate. The faster
growth rates and higher energy reserves of hatchery salmonids are associated
with increased rates of precocious male maturation (Larsen et al., 2006;
Shearer et al., 2006; Vainikka et al., 2012). Recent studies have shown that
non-lethal measurement of springtime plasma levels of 11-KT can be used to
predict the proportion of chinook salmon and steelhead trout males maturing
at the time of smolt release (Medeiros et al., 2018; Middleton et al., 2019), a
measure that may prove beneficial for reducing the impact of hatchery pro-
grams on precocious sexual maturation. The faster growth rates of
hatchery-reared juvenile salmonids are also associated with freshwater
residualism, i.e., the failure to out-migrate as smolts, relative to wild fish popu-
lations (Chittenden et al., 2010; Davidsen et al., 2014; Vainikka et al., 2012). In
chinook salmon, the seasonal growth pattern of wild juveniles is characterized
by a marked anabolic to catabolic shift in the autumn that results in a depletion
of body lipids and a cessation of growth through the winter, followed by a
spring anabolic phase that promotes smolt development and the deposition of
energy reserves prior to smolting (Beckman et al., 2000). This dynamic sea-
sonal shift in growth is paralleled by changes in plasma IGFI, with levels
dropping throughout the fall, reaching a low in the winter, and increasing again
in the spring (Beckman et al., 2000). Importantly, salmon hatcheries that best
mimic the above wild fish seasonal growth pattern have higher smolt-to-adult
return rates (Beckman et al., 2017; Harbicht et al., 2020; Harstad et al.,
2018). In chinook salmon hatcheries, fish with the highest summer and autumn
growth rates have higher plasma IGFI and adiposity levels and produce fish
with the highest rates of precocious male maturation. In contrast, time-matched
wild fish are significantly smaller, leaner, have much lower plasma IGFI levels,
and greatly reduced rates of precocious maturation (Larsen et al., 2006). There-
fore, further evaluation of plasma IGFI levels may be useful in the assessment
of smolt quality and fitness, and for the management of salmonid conservation
hatcheries.

The above examples highlight how the integration of endocrinology with
physiology and behavior can help guide the refinement of conservation
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hatcheries practices to produce fish with more natural hormonal cycles prior
to release and to improve post-release survival. Similarly, comparing the
endocrine profile of hatchery fish to their wild counterpart post-release may
provide a benchmark of successful fish culture conditions and contribute to
reintroduction and restoration efforts.

3.2 Development and growth monitoring

Hormones are key regulators of development and life history transitions in
fishes. Through their pleiotropic actions, hormones integrate internal and
external cues to coordinate the complex physiological and behavioral changes
that characterize early development and the larval to juvenile transition
(Holzer and Laudet, 2015; McMenamin and Parichy, 2013). Key among these
signals for proper embryonic development are maternal thyroid hormones and
cortisol (Deal and Volkoff, 2020; Nesan and Vijayan, 2013). For example, in
zebrafish embryos, while maternal thyroid hormones play essential roles in
neuron differentiation and survival in the brain and spinal cord (Campinho
et al., 2014), the knockdown of maternal glucocorticoid receptors prevents
mesoderm formation (Nesan et al., 2012) and broadly disrupts organogenesis
(Pikulkaew et al., 2011). As such, environmental conditions or endocrine dis-
rupting compounds that interfere with the maternal transfer or actions of
thyroid hormones and glucocorticoids during embryonic development may
induce developmental defects and compromise larval viability.

Thyroid hormones also play crucial roles in orchestrating the morphological
changes associated with the larval to juvenile transition in teleosts, and disruption
to the thyroid axis during this sensitive life history transition can have marked
effects on larval recruitment (McMenamin and Parichy, 2013). In coral reef
fishes, metamorphosis from a pelagic plankton-eating dispersal larval stage to
a grazing reef-associated juvenile fish involves a surge in thyroid axis activity,
and dramatic changes in pigmentation, digestive tract morphology, and behavior
(McCormick et al., 2002). In the convict surgeonfish (Acanthurus triostegus),
consistent with the notion that thyroid hormones control metamorphosis, algal
grazing, and remodeling of the digestive tract for herbivory are stimulated by
T3 injections and repressed by thyroid receptor blockade (Holzer et al., 2017).
Similarly, manipulation of thyroid hormone signaling in A. triostegus demon-
strated that thyroid hormones control the development of sensory structures
and modulate the behavioral responses and vulnerability to predation (Besson
et al., 2020). The fact that exposure of A. friostegus larvae to the pesticide chlo-
pyrifos, a common reef pollutant, reduces T3 levels, impairs metamorphosis, and
leads to a T3-reversible increase in predation, highlights the sensitivity of coral
reef fish larval recruitment to thyroid disruption (Besson et al., 2020; Holzer
et al., 2017). Moreover, given the importance of algal grazing by coral reef fishes
to maintain coral health (Hughes et al., 2007), thyroid disruption during larval
recruitment may have larger consequences for the conservation of coral reef eco-
systems (Holzer et al., 2017).
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Smoltification in salmon, i.e., the transformation of a freshwater-
acclimated parr into a seawater tolerant smolt, provides another example of
a hormone-dependent life history transition that is critical for recruitment
and population sustainability (Bjornsson et al., 2011). Driven by seasonal
changes in photoperiod and temperature, increases in cortisol, thyroid hor-
mones, GH, and IGFI, coordinate the changes in morphology, physiology,
and behavior that pre-adapt the smolt for entry into seawater (McCormick,
2013). Acting primarily on the gills, intestine, integument, and brain, the indi-
vidual and synergistic actions of the GH-IGFI, HPI, and HPT axes promote
lipid mobilization, growth stimulation, salinity tolerance, imprinting, silver-
ing, downstream migration, and schooling behaviors (McCormick, 2013).
While the multi-hormonal regulation of smoltification may provide increased
flexibility to respond to variable environmental conditions, it also makes the
process more vulnerable to a wide range of endocrine-disrupting compounds
(EDCs). For example, exposure to environmentally relevant concentrations
of estrogenic compounds and xenobiotics (e.g., flame-retardants, pesticides,
persistent organic pollutants, or acid and aluminum) can affect the circulating
levels of one or more of the above hormones, and impair the growth, down-
stream migration, seawater tolerance, and olfactory function of juvenile sal-
monids (Arkoosh et al., 2017; Bangsgaard et al., 2006; Breves et al., 2018;
Duffy et al., 2014; Fairchild et al., 1999; Lemer et al., 2007, 2012; Lower
and Moore, 2007; Monette et al., 2008). As a result, the disruptive effects
of environmental stressors on the endocrine signals that regulate smolt devel-
opment have the potential to reduce early marine survival and contribute to
variation in adult returns between years and among rivers (McCormick
et al., 2009).

Rapid growth during the larval and juvenile stages is a major determinant
of recruitment to adult fish populations (Pepin, 2016). Both laboratory and
field studies show that larger and faster growing juvenile fish gain a survival
advantage over smaller conspecifics (Sogard, 1997). Characterized by better
energy reserves, the larger members of a cohort may have an enhanced resis-
tance to starvation, a reduced vulnerability to predators, and a greater toler-
ance of environmental stressors (Shuter and Post, 1990; Sogard, 1997).
Therefore, growth monitoring is an important management tool for the con-
servation of fish populations, and increasingly endocrine indices of growth
are being used to assess the growth of field-captured fish.

Among the components of the GH-IGFI axis, IGFI is the most well-
established and validated endocrine biomarker of growth in fish. Plasma IGFI
levels are higher in fed than in fasted fish, and positively correlated with
growth rate in multiple fish species (Andrews et al., 2011; Beckman, 2011;
Beckman et al., 2004a; Hack et al., 2019; Picha et al., 2008; Shimizu et al.,
2009). In salmonids, laboratory studies have demonstrated that IGFI provides
a robust index of recent relative growth rates (4days to 2 weeks) (Caldarone
et al., 2016; Duguid et al., 2018), and plasma IGFI levels are now used to
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assess the growth of field-captured fish and to investigate the factors that
influence growth during the early marine residence of juvenile fish
(Chamberlin et al., 2017; Ferriss et al., 2014; Kaneko et al., 2015). For exam-
ple, in wild subyearling Chinook salmon (O. tschwytscha), higher plasma
IGFI levels are closely associated with faster scale-derived growth rates, fuller
stomachs, and stomach contents which demonstrate the early adoption of
piscivory, key factors known to contribute to early marine survival (Davis
et al., 2020). Similarly, plasma IGFI levels used in combination with otolith
microchemistry to identify recent habitat use revealed that estuaries provide
heterogeneous but overall greater growth opportunities than lake habitats for
diadromous dolly varden (Salvelinus malma) (Bond et al., 2014). Interest-
ingly, plasma IGFI concentrations have also been used to identify poor growth
environments in the coastal waters of British Columbia across five species of
juvenile Pacific salmon (Journey et al., 2018). Overall, while there is good
evidence that IGFI is a useful bioindicator of growth in juvenile salmonids,
it remains to be determined whether circulating levels of IGFI can also be
used to monitor the growth of other fish species in the wild.

Emerging evidence suggests that the plasma levels of specific IGFI binding
proteins may also serve as indices of growth in fish. In general, the mRNA and
protein levels of IGFBPs with larger molecular weights (e.g., IGFBP-2b)
decrease in abundance in response to fasting and are positively related to
growth rate (Beckman et al., 2004b; Kelley et al., 2002; Peterson and
Waldbieser, 2009; Shimizu and Dickhoff, 2017). In contrast, the expression
and circulating levels of smaller molecular weight IGFBPs (e.g., IGFBP-1a
and -1b) increase in response to fasting and stress, and are inversely related
to growth rate (Hack et al, 2019; Madison et al., 2015b; Peterson and
Waldbieser, 2009; Shimizu and Dickhoff, 2017; Shimizu et al., 2009). In wild
fish, the utility of IGFBP-1a as an inverse index of growth has recently been
demonstrated in out-migrating chum (Oncorhynchus keta) (Kaneko et al.,
2019a) and coho (O. kisutch) (Kaneko et al., 2019b) post-smolts. For example,
in coastal British Columbia, plasma IGFBP-1b levels were the highest in juve-
nile coho salmon from regions with poor ocean conditions and were associated
with reduced IGFI levels and stomach contents (Kaneko et al., 2019b).
Although more research is needed to understand how environmental conditions
and nutritional states differentially regulate the various IGFBPs of fish, results
from the above studies suggests that circulating IGFBP levels have the potential
to contribute to fish stock assessment and conservation.

In contrast, despite the clear growth stimulatory effects of GH treatment in
fish and GH overexpression in GH-transgenic fish (Devlin et al., 2001), plasma
GH levels may have limited utility as a bioindicator of instantaneous growth in
fish. The discordant relationship between the circulating levels of GH and
growth in fish stems in part from the dual role of GH in the regulation of ana-
bolic and catabolic metabolic pathways, and from the context-dependent actions
of GH (Bergan-Roller and Sheridan, 2018; see Section 2.3 for more details).
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3.3 Reproductive control

Successful reproduction is essential for population viability, yet wild fish face
a variety of threats to reproduction. For example, overfishing can reduce the
abundance of breeding adults, greatly reduce recruitment, and ultimately
cause populations to collapse (Myers et al., 1994). Similarly, spawning habitat
loss, barriers to migration and spawning grounds, or competition with inva-
sive species have led to the need for reproductive assistance to reduce the loss
of genetic diversity and the risk of extinction (Reid and Hall, 2003; Swanson
et al., 2008). Climate change (see Section 3.4) and EDCs (see Section 3.5) can
also affect all levels of the reproductive axis in fish and the threats to repro-
duction from these environmental stressors are well documented (Carnevali
et al., 2018; Overturf et al., 2015; Servili et al., 2020). Driven primarily by
the need to overcome reproduction-related barriers and close the life cycle
of economically desirable species for aquaculture, a variety of techniques
have been developed in the field of reproduction biology to enable the pre-
dictable reproduction of captive fish (Zohar, 2021). While the breeding pro-
grams of aquaculture operations and conservation hatcheries have opposite
goals, i.e., select for specific genotypes vs maintain genetic diversity, the
techniques developed to facilitate fish reproduction in commercial hatcheries
have found a variety of applications for fish conservation. In this section, we
provide a few select examples of applications of research in fish reproductive
control for the conservation of fish.

Various fish species cannot reproduce in captivity as they lack the required
environmental and biological cues of spawning habitats that are needed for
the final maturation of gametes. Working on the premise that this inability
to reproduce in captivity was caused by a hormonal failure, fish endocrinolo-
gists in the 1970s set out to discover the hormones of the HPG axis in fish and
to identify ways to manipulate them (Zohar, 2021). Early on, it was shown
that human chorionic gonadotropin (hCG) could be used to induce final
oocyte maturation, ovulation, and spawning (Donaldson and Hunter, 1983),
suggesting that the failure of captive fish to undergo final oocyte maturation
may be due to a lack of pituitary gonadotropin (LH) release. Once confirmed,
this discovery prompted the identification, characterization, and synthesis of
synthetic GnRHs to induce LH release from the pituitary and thereby stimu-
late spawning in captive fish (Mylonas et al., 2017; Zohar and Mylonas,
2001). Combining these GnRH analogues (GnRHa) with a dopamine receptor
antagonist led to the formulation of Ovaprim, a potent ovulating/spermiating
agent used to promote and facilitate reproduction in a variety of teleost spe-
cies (Dufour et al., 2010; Peter et al., 1988; Yanong et al., 2009). Further tech-
nical advancements, such as the use of homologous recombinant proteins and
gene therapy for in vivo gonadotropin delivery, should permit a more targeted
use of hormonal treatments to solve species-specific reproductive problems
(Molés et al., 2020). In general, hormonal manipulations are now used in
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aquaculture and captive broodstock programs to advance and synchronize
maturation in both sexes; to enhance fecundity, fertility, and embryo survival;
to promote the development of secondary sex characteristics; and to counter
the reproductive behavioral deficiencies exhibited by captively-reared fish
that are released into natural environments (Berejikian et al., 2003; Mylonas
et al., 2010; Zohar and Mylonas, 2001).

The conservation and restoration of various fish species and stocks with
rapidly declining populations may also benefit from hormonal treatments.
With a single opportunity to reproduce and complex life cycles, semelparous
and diadromous fish species, such as Pacific salmon and anguillid eels, are
particularly sensitive to reproductive barriers. For example, several freshwater
eel populations are now listed as critically endangered, so there is an urgent
need to further develop and improve protocols for their artificial propagation
(Burgerhout et al., 2019; Jacoby et al., 2015). In captivity, however, anguillid
eels fail to spontaneously reach sexual maturity, remaining in the
pre-pubertal, or silver, life stage. Injections of hCG can induce testicular
development and spermatogenesis in male silver Anguilla species (Herranz-
Jusdado et al., 2019; Lokman et al., 2016). Similarly, a combination of pitui-
tary extracts and a MIH (i.e., 17,20PP) injected into female silver eels helps
induce vitellogenesis, follicular maturation and ovulation (Kottmann et al.,
2020). A better understanding of the natural triggers involved in eel gameto-
genesis and the physiological roles played by hormonal transmitters of exter-
nal cues, such as melatonin, may further improve the success of these
maturation protocols (Burgerhout et al., 2019). Such interventions are likely
to help in conservation efforts of other at-risk fish species that do not repro-
duce well in captive environments. For example, pituitary extracts and
GnRHa preparations are widely used to induce spermiation in several species
of sturgeon and gar (Alavi et al., 2012; Mendoza Alfaro et al., 2008).
Although the specific mechanisms of oocyte maturation have yet to be
resolved (Hasegawa et al., 2022), ovulation and spawning can also be induced
by treatment with GnRHa in these species (Mendoza Alfaro et al., 2008;
Mohammadzadeh et al., 2021). Finally, assisted reproductive techniques are
also needed for the conservation of many elasmobranch species that are
experiencing rapid declines (Ferretti et al., 2010). With a small litter size, a
long gestation period and slow sexual maturation, most shark and skate popu-
lations are being depleted by fisheries faster than they can reproduce (Frisk
et al., 2001; McPhie and Campana, 2009). Consistent with its effects in
numerous teleosts species, Kim et al. (2020) demonstrated for the first time
in elasmobranchs that Ovaprim can effectively induce semen release and fol-
licular maturation in mature banded houndshark (Triakis scyllium) and white-
tip shark (Carcharhinus longimanus). Although this study did not assess the
quality of the germ cells produced, nor whether the semen can be used for
successful internal fertilization of the females, the results are a promising step
toward the development of a hormone-induced artificial insemination protocol
for endangered elasmobranchs.
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3.4 Climate change

Climate change-driven alterations in the abiotic characteristics of aquatic eco-
systems can have broad and complex effects on the endocrine systems of
fishes. While the effects vary significantly with habitat, latitude and depth,
climate change is generally slowly raising seawater temperature and increas-
ing ocean acidification; increasing the frequency of combined low flow, ele-
vated temperature, and hypoxic events in riverine habitats; and warming the
surface temperature of lakes which increases thermal stratification and hypo-
limnetic oxygen depletion (Adrian et al., 2009; Bopp et al., 2013; Butcher
et al., 2015). Nutrient enrichment is also a major driver of large scale, sea-
sonal, and expanding hypoxic zones in lakes and coastal marine ecosystems
around the world (Diaz and Rosenberg, 2008; Howarth et al., 2011; Jenny
et al., 2016). While previous studies in fish have shown that elevated tempera-
tures, hypoxia, and acidification can affect stress (Bernier and Craig, 2005;
Chadwick et al., 2015; Goikoetxea et al., 2021; Petochi et al., 2011;
Vargas-Chacoff et al., 2018) and growth-regulating (Deal and Volkoff,
2020; Kajimura and Duan, 2007; Kamei, 2020) hormones, far more have
characterized the effects of these environmental stressors on the hormones
of the HPG axis. In general, elevated temperatures and hypoxia can have seri-
ous impacts on several critical reproductive processes (Alix et al., 2020;
Pankhurst and Munday, 2011; Servili et al., 2020; Pankhurst and Van Der
Kraak, 1997). Therefore, given the relevance of successful recruitment to con-
servation, here we review the known effects of climate-driven warming, deox-
ygenation and acidification on reproductive hormones and their consequences
for reproduction and sex determination in fish.

Although fish generally benefit reproductively from increases in tempera-
ture within their physiological tolerance range, temperatures above
species-specific thermal maxima can inhibit reproduction via effects at all
levels of the HPG axis. While the magnitude and temporal nature of the tem-
perature change are expected to influence species-specific responses, consis-
tent effects on components of the HPG axis in fish exposed to high or
prolonged elevations in temperature have been observed. For example, at
the hypothalamic level, high temperatures can inhibit the gene expression of
GnRH and kisspeptins (Elisio et al., 2012; Okuzawa and Gen, 2013;
Shahjahan et al., 2013, 2017), and stimulate gonadotropin-inhibiting hormone
(Bock et al., 2021). Similarly, in the pituitary, exposure to high temperatures
can reduce transcript abundance of the GnRH receptor and the gonadotropin
subunits FSHpP and LHp (Elisio et al., 2012; Okuzawa and Gen, 2013; Pérez
et al., 2011; Shahjahan et al., 2017; Soria et al., 2008; Taranger et al.,
2015). In the ovaries, high temperature inhibits FSH and LH receptor mRNA
levels (Anderson et al., 2019; Bock et al., 2021; Elisio et al., 2012; Soria
et al., 2008) and suppress the expression of several key genes involved in
sex steroid synthesis (Anderson et al., 2012, 2019; Bock et al., 2021; Elisio
et al., 2012; Mazzeo et al., 2014). Moreover, multiple studies have shown that
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fish reared at high temperatures can have lower levels of plasma E2, T,
11-KT, and MIH (Bock et al., 2021; Elisio et al., 2012; Garcia-Lopez et al.,
2006; Mazzeo et al., 2014; Okuzawa and Gen, 2013; Pankhurst et al., 2011;
Pérez et al., 2011; Vikingstad et al., 2016). In females, the reduced production
of E2 is likely due to a down-regulation of gonadal aromatase expression
since exposure to high temperatures increases methylation of the aromatase
gene promoter and reduces its expression (Navarro-Martin et al., 2011). In
fact, the observation that high temperatures inhibit E2 synthesis in isolated
ovarian follicles suggests that the effects of temperature on the HPG axis is
primarily via direct effects on gonadal steroidogenesis and indirect effects
on the hypothalamic and pituitary levels that are mediated by sex steroid feed-
back loops (Watts et al., 2004). Reduced circulating levels of E2 also likely
explain why temperature-stressed female fish typically have lower circulating
levels of Vtg and liver Vtg expression (Bock et al., 2021; Clark et al., 2005;
King et al., 2007, Mahanty et al., 2019; Pankhurst et al., 2011; Pérez et al.,
2011). Therefore, in thermally challenged female fish, while reduced E2 syn-
thesis and Vtg sequestration may inhibit the progression of oocyte develop-
ment and egg quality, MIH synthesis inhibition may delay or inhibit oocyte
maturation, ovulation, and spawning. Similarly, the reduced circulating levels
of androgens and MIH in males that experience high temperatures likely con-
tribute to impaired spermatogenesis and sperm maturation, respectively.
Importantly, beyond species differences, factors such as sex, thermal insult
severity and duration, sexual maturity, age, nutritional status, and others, are
known to modulate the effects of high temperatures on the HPG axis (Alix
et al., 2020; Pankhurst and Munday, 2011; Servili et al., 2020). Lastly, while
it is known that stressors can inhibit reproduction in fish, the extent to which
the HPI axis and cortisol contribute to high temperature-mediated reproduc-
tive suppression is uncertain (Fuzzen et al., 2011; Pankhurst, 2016).
Hypoxia is now a common occurrence in coastal waters and lakes world-
wide (Breitburg et al., 2018; Tellier et al., 2022) and these abiotic conditions
can impair reproduction in fish, especially in species that reproduce during the
summer (Pankhurst, 2016; Servili et al., 2020; Wu et al., 2003). Although fish
avoid lethal levels of dissolved oxygen, sublethal hypoxia is known to sup-
press reproduction in wild fish populations (Cheek et al., 2009; Friesen
et al., 2012a; Thomas et al., 2007, 2015). Importantly, hypoxic conditions that
cause reproductive impairment can also induce DNA methylome modifica-
tions that cause transgenerational epigenetic impairment of male and female
reproduction (Lai et al., 2018, 2019). However, since hypoxia tolerance varies
widely among fish species (Rogers et al., 2016), the hypoxic conditions
(severity and duration) required to inhibit reproduction in one species may
be tolerated by another. Therefore, care should be exercised in extrapolating
how specific dissolved oxygen concentrations may affect reproduction across
species. As observed for the effects of high temperature on reproduction,
chronic hypoxia appears to have broad effects at all levels of the HPG axis
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in fish. For example, chronic hypoxia exposure can reduce hypothalamic
GnRH gene expression (Lu et al., 2014; Thomas et al., 2007), suppress pitui-
tary FSHp, LHp, and estrogen receptor transcript abundance (Lu et al., 2014),
and is associated with reduced plasma LH levels (Thomas et al., 2007; Wang
et al., 2008). In the gonads, hypoxia exposure has sex-specific effects on the
mRNA levels of the receptors for FSH, LH, and estrogen, and reduces the
expression of several key genes involved in steroidogenesis (Lu et al.,
2014)—effects which may be regulated through the actions of several miR-
NAs (Lai et al.,, 2016). Across several species, studies have consistently
observed that fish exposed to chronic hypoxia have lower levels of plasma
sex steroids, including E2, T, 11-KT, and MIH (Dabrowski et al., 2003;
Landry et al., 2007; Lu et al., 2014; Thomas and Rahman, 2009; Thomas
et al., 2007; Wu et al., 2003). In Atlantic croaker (Micropogonias undulatus),
in addition to reducing circulating levels of 20fS, chronic hypoxia reduces the
protein levels of the membrane progestin receptor that mediates the
non-genomic actions of this MIH in both oocytes and sperm (Thomas and
Rahman, 2009). Interestingly, hypoxia impaired signaling from progestin
and E2 membrane receptors, while enhancing signaling from membrane
androgen receptors and increasing the proportion of atretic and apoptotic
ovarian follicles in this species (Ondricek and Thomas, 2018). Finally, hyp-
oxia can downregulate the gene expression of specific liver estrogen receptors
and vrg, and reduce plasma Vtg levels (Lu et al., 2014; Thomas et al., 2007).
Consequently, as observed in temperature-stressed fish, the widespread endo-
crine disruption associated with chronic hypoxia exposure in fish inhibits
oogenesis and spermatogenesis, impairs gamete maturation and egg fertiliza-
tion, delays spawning, and reduces hatching success and larval survival.

In contrast to the detrimental effects of high temperatures and hypoxic con-
ditions, ocean acidification may only have a limited direct impact on fish repro-
duction. To date, experiments using partial pressures of CO, (pCO,) up to the
levels predicted to occur in 100 years (~1000ppm CO,) do not support
wide-spread impacts on reproductive performance. Overall, the effects of ele-
vated pCO, on reproductive output in fishes are equivocal. For example, while
exposure to elevated CO, reduced the rate of paired spawning in ocellated
wrasse (Symphodus ocellatus; Milazzo et al., 2016) and the number of egg
clutches in spiny damselfish (Acanthochromis polyacanthus; Welch and
Munday, 2016), it increased reproductive output in orange clownfish (Amphi-
prion percula; Welch and Munday, 2016) and three-spined stickleback (Gaster-
osteus aculeatus; Schade et al., 2014). In cinnamon anemonefish (Amphiprion
melanopus) high pCO, increased breeding activity in one study (Miller et al.,
2013) but had no effect in another (Miller et al., 2015). Similarly, high
pCO, conditions stimulated reproductive output in two-spotted goby (Gobius-
culus flavescens) in one study (Faria et al., 2018) and had no effect in another
(Forsgren et al., 2013). The effects of elevated pCO, on gamete quality and sur-
vival also appears to be species- and condition-specific. In general, elevated
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CO, levels do not affect sperm motility in most species of fish examined
(Frommel et al., 2010; Inaba et al., 2003). Although high CO, can increase
egg loss and embryonic abnormalities in some species (Forsgren et al., 2013;
Miller et al., 2015) it has no effect in others (Munday et al., 2009, 2011). So
far, very few studies have characterized the effects of elevated CO, on the
HPG axis of fish. While short-term exposure (3—9days) to elevated CO, pro-
duced elevated E2 levels in muscle tissue and increased liver E2 receptor gene
expression in juvenile Atlantic cod (Gadus morhua; Preus-Olsen et al., 2014),
long-term exposure (10months) had no effect on plasma E2 levels in cinnamon
anemonefish (Miller et al., 2015). Whether elevated CO, levels affect other
components of the reproductive endocrine axis in fish remains to be ascertained.

In addition to their effects on reproduction, both elevated temperatures and
hypoxic conditions can have marked effects on sex determination in fish. In
dozens of species across various families, and in both domesticated and wild
fish populations, elevated temperatures during the developmental period of
primary sex determination results in the masculinization of genotypic females
(for reviews, see Geffroy and Wedekind, 2020; Ospina—Alvarez and Piferrer,
2008). For example, in wild populations of juvenile southern flounder (Para-
lichthys lethostigma) living in North Carolina (USA), where a thermal range
of >5°C naturally occurs across nursery habitats, the cooler northern waters
consistently produced a lower proportion of males (37-67%) relative to south-
ern habitats with warmer temperatures (86-94%). Moreover, flounders reared
in the laboratory under temperature conditions that mimicked those of natural
habitats recapitulated sex ratio differences observed across the wild popula-
tions (Honeycutt et al., 2019). Both epigenetic and stress-related mechanisms
have been shown to contribute to temperature-dependent sex determination
(TSD) in fish. In several species, warm temperature-induced methylation of
the aromatase gene promoter decreases E2 production and contributes to
TSD (Ortega-Recalde et al., 2020). High temperature-induced increases in
cortisol production have also been implicated as an important factor influen-
cing TSD in fish (Geffroy and Wedekind, 2020). In brief, while activation
of the glucocorticoid response element (GRE) by cortisol and its receptor in
the promoter of aromatase and the fsh receptor results in a down-regulation
of these feminizing genes (Hayashi et al., 2010; Yamaguchi et al., 2010), acti-
vation of the GRE in the promoter of the dmrtla gene, a transcription factor
involved in sex determination, promotes masculinization (Adolfi et al.,
2019; Castafieda Cortés et al., 2019). Both field and laboratory studies have
also shown that hypoxia exposure can lead to male-biased sex ratios in fish
(Cheung et al., 2014; Robertson et al., 2014; Shang et al., 2006; Thomas
and Rahman, 2012). Atlantic croakers collected from numerous hypoxic sites
in the northern Gulf of Mexico not only had a male-biased sex ratio (>60%),
but 19% of the ovaries collected in the hypoxic region contained male
germ cells (Thomas and Rahman, 2012). Mechanistically, hypoxia-induced
masculinization is due to decreases in brain and ovarian aromatase activity
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and an ensuing disruption in the balance of sex steroids (Ivy et al., 2017;
Shang et al., 2006; Thomas and Rahman, 2012). In the long-term,
male-biased sex ratios may diminish effective population size, thus depleting
genetic diversity and reducing the potential of fish populations to adapt to
changing environments (Geffroy and Wedekind, 2020). Thus, understanding
how climate change disrupts sex steroid production will be important for
the future conservation of wild fish populations.

3.5 Endocrine-disrupting chemicals

Endocrine disrupting chemicals (EDCs) pose a pervasive and ubiquitous chal-
lenge to aquatic ecosystems. An EDC is defined as any exogenous compound
that interferes with the normal activities of hormone systems, including hor-
mone synthesis, cellular action, and bodily elimination (La Merrill et al.,
2020). As such, EDCs comprise a large and growing list of chemicals that inter-
fere with endocrine systems through direct (e.g., receptor agonists) or indirect
(e.g., cell toxicity) mechanisms, and drive the specific or nonspecific dysfunc-
tion of that system (Fig. 4). Examples of EDCs include legacy pollutants
(e.g., polychlorinated biphenyls, PCB; dichlorodiphenyltrichloroethane, DDT)

DIRECT

EDC alters hormone levels
or their mode of action.

E.g., Crosstalk with endocrine system E.g., Receptor agonists & antagonists
exposure to both AhR and ER ligands > Synthetic estrogens in MWEE >
inhibits vtg expression feminization of male fish
(Grans et al. 2010) (Fuzzen et al. 2015)
NON-SPECIFIC SPECIFIC
Biological response to EDC ) EDC acts only on components
occurs indiscriminately. of the hormone axis.
E.g., Cell toxicity damages endocrine cells or targets E.g., Altered neurotransmitter activity PPME
apoptosis in ovarian follicular cells after PPME increases dopaminergic activity = pituitary
exposure leads to reduced gonad size and gonadotrophs are less responsive to GnRH
altered hormone levels (Janz et al. 1997) (Van der Kraak et al. 1992; Basu et al. 2009)
INDIRECT

Changes in hormone system are
a secondary effect of the EDC.

FIG. 4 Endocrine-disrupting chemicals (EDC) affect hormone systems in many ways and may
not be mutually exclusive. The vertical axis describes the capacity of EDCs to interact primarily
or secondarily with components of endocrine systems. The horizontal axis depicts the degree of
specificity by which EDC alters the functionality of endocrine systems. Examples for each quad-
rant that are discussed in this chapter are provided.
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as well as chemicals that are deposited daily into water systems from industrial
(e.g., flame retardants, plasticizers), agricultural (e.g., pesticides, herbicides),
and other human activities (e.g., hydrocarbons, pharmaceuticals, personal care
products). Decades of concerted global efforts to research, assess, monitor,
and regulate EDCs have led to established standardized testing protocols for
environmental effects monitoring that help to identify and mitigate the risks
of EDCs on humans and wildlife (Hecker and Hollert, 2011; Parrott et al.,
2006). In fish, for example, the estrogenic potential of aquatic pollutants is
defined using in vitro or in vivo Vtg assays, gonad histopathological assess-
ment, and multigeneration reproductive screening (Hecker and Hollert, 2011).

Conservation concerns are inherent for fish populations exposed to EDCs
given the central role of hormone systems in development, growth, life-
history transitions, and reproduction. It is well beyond the scope of this chap-
ter to offer a comprehensive review of all categories of EDCs and their vari-
ous impacts and implications for fish conservation, and many insightful
reviews are available for interested readers (Delbes et al., 2022; Goksgyr,
2006; Le Page et al., 2011; Mennigen et al., 2011; Segner, 2011; Soffker
and Tyler, 2012; Waye and Trudeau, 2011). Therefore, given that estrogenic
effects dominate the literature on EDCs in fish, we highlight three case studies
of global relevance that demonstrate some similarities, differences, and chal-
lenges posed by EDCs in fish conservation.

3.5.1 Case study 1: Municipal wastewater effluent

Municipal wastewater effluent MWWE) is a complex mixture of anthropo-
genic wastes and is the largest contributor of pharmaceuticals and personal
care products into the aquatic environment (Aus der Beek et al., 2016). Many
of these compounds are found in surface waters at concentrations capable of
exerting biological effects, including endocrine disruption, in non-target
organisms. Pharmaceuticals, for example, are designed to modify biological
systems that are highly conserved across animal taxa, such as E2 receptors.
Well-known examples are the synthetic E2 used in oral contraceptives
(17a-ethinylestradiol, EE2; Servos et al., 2005), and the E2 receptor antago-
nist used for hormone therapy in breast cancer patients (tamoxifen; Orias
et al., 2015). These and other sex steroid agonists and antagonists are held
accountable for the occurrence of mixed gonadal tissue (i.e., both gamete
types found in testes or ovaries) in fish populations living downstream of
MWWE outfalls around the globe (Abdel-Moneim et al., 2015). Transcrip-
tional responses that promote or inhibit sex-specific phenotypes underpin
the development of the intersex condition. Male fathead minnow (Pimephales
promelas) exposed to EE2, for example, were characterized by decreased
gonadal expression of genes involved in testes development (e.g., anti-
Mullerian hormone) and androgen biosynthesis (e.g., cytochrome P450 17,
cypl7), and decreased hepatic expression of growth-promoting genes (e.g.,
igfl). At the same time, these same fish showed increased expression of genes
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involved in estrogen biosynthesis (e.g., cypl9a) and signaling (e.g., er, vtg) in
the testes and liver, respectively (Filby et al., 2007). Over time, these tran-
scriptional responses to environmental EE2 exposure may lead to a feminized
phenotype that can include, in severe cases, the presence of full-grown folli-
cles within testicular tissue and reduced fertilization success (Fuzzen et al.,
2015; Harris et al., 2011; Jobling et al., 2002a,b).

Despite strong laboratory and field evidence supporting MWWE-induced
feminization of male fish, population-level impacts remain challenging to
confirm (Matthiessen et al., 2018; Mills and Chichester, 2005). A 3-year dos-
ing study in the Environmental Lakes Area of Ontario, Canada confirmed that
chronic exposure to low, environmentally relevant concentrations of EE2
caused feminization of male fish (Vtg production, intersex) and reproductive
impairment (adult-skewed age distribution) in a wild population of fathead
minnows (Kidd et al., 2007). The population remained collapsed for 2 years
after the EE2 dosing ceased in the lake, with only a handful of fathead
minnows collected during sampling efforts (Kidd et al., 2007); however, indi-
vidual and population effects in the lake were species-specific, suggesting that
fish with longer generation times, like white sucker (Catostomus commerso-
nii) and lake trout (Salvelinus namaycush), may be more buffered against
chronic EE2 exposure (Kidd et al., 2014; Palace et al., 2009). Moreover, fem-
inization of male fathead minnows was no longer observed for 3 years once
the EE2 dosing ceased, and age-class distribution of the population recovered
by year 4 (Blanchfield et al., 2015).

3.5.2 Case study 2: Pulp and paper mill effluents

The manufacturing of paper products from raw wood has received interna-
tional attention for the environmental impacts of mill effluents, including
endocrine disruption on fish reproduction. Fish living in the aquatic receiving
environments of pulp and paper mills are often characterized by reduced cir-
culating sex hormones (McMaster et al., 1991; Van Der Kraak et al., 1992)
and smaller gonads (McMaster et al., 1991; Munkittrick et al., 1991;
Sandstrom, 1994), but effects can be species-specific (Chiang et al., 2011;
Gibbons et al., 1998; Karels et al., 2001). Importantly, these biological effects
are coincident with changes in population sex ratios (Larsson et al., 2000),
lower fecundity (McMaster et al., 1991; Munkittrick et al., 1991) and popula-
tion declines (Sandstrom, 1994). Multiple mechanisms of endocrine disrup-
tion are likely to underlie these effects. For example, white sucker exposed
to pulp and paper mill effluents (PPME) from a Canadian mill had lower cir-
culating LH levels and a blunted response to GnRH injection (Van Der Kraak
et al., 1992). In turn, this impaired pituitary function may be linked to the
capacity of some PPME to disrupt neurotransmitter signaling, including dopa-
mine, as shown using in vitro competitive binding assays in goldfish (Caras-
sius auratus) brain homogenates (Basu et al., 2009). Consistent with the
pleiotropic effects of sex steroids and the complex regulation of the HPG axis,
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changes in the expression of reproduction-related genes (Costigan et al.,
2012), alterations in steroid synthesis and metabolism (Gibbons et al., 1998;
Leusch and MacLatchy, 2003; McMaster et al., 1995; Van Der Kraak et al.,
1992) and histopathological changes in gonad tissues (Castro et al., 2018;
Janz et al., 1997) have all been observed in PPME-exposed fish.

PPME are complex mixtures of chemicals containing many bioactive sub-
stances such as wood-derived compounds (e.g., phytosterols, lignin) and orga-
nochlorines produced by the bleaching process (e.g., polychlorinated
dibenzodioxins and dibenzofurans, PCDD/F) (Hewitt et al., 2007; Lindholm-
Lehto et al., 2015; Singh and Chandra, 2019). Given the complexity and mill-
to-mill variability in effluent composition (e.g., depending on wood source,
pulping process, bleaching agent, effluent treatment infrastructure), efforts to
define the causative agents of PPME toxicity and establish regulatory guide-
lines around them have been challenging (see reviews by Hewitt et al., 2007;
McMaster et al., 2006). Moreover, the presence of multiple and as-yet uniden-
tified EDCs in PPME are often reported (Larsson et al., 2006; Martel et al.,
2017; Orrego et al., 2017). Nevertheless, altered reproductive endpoints in fish
exposed to PPME around the globe highlight the universality of the problem
and emphasize the utility of using endocrine metrics to quantify, monitor, and
regulate the pulp and paper industry (Barra et al., 2021; Martel et al., 2017;
McMaster et al., 2006; Parrott et al., 2006; Ussery et al., 2021).

3.5.3 Case study 3: The aryl hydrocarbon receptor (AhR)
and endocrine disruption

Dioxin (2,3,7,8-tetrachlorodibenzo-para-dioxin, TCDD) and dioxin-like che-
micals (e.g., PCB; PCDD/F; polycyclic aromatic hydrocarbons, PAH) are
well-known and ubiquitous environmental pollutants. These contaminants
are found at especially high concentrations in the soils and sediments of
industrialized areas and pose a constant challenge to human and animal
health, including aquatic organisms, due to continuous inputs (e.g., industrial
discharge, atmospheric deposition, oil spills), bioaccumulation and trophic
biomagnification, and the staggeringly slow degradation of certain legacy
pollutants (Weber et al., 2008). Congeners of dioxin-like chemicals with pla-
nar conformations are agonists of the aryl hydrocarbon receptor (AhR), a
ligand-activated transcription factor that regulates the expression of thousands
of gene targets (Denison and Nagy, 2003). Dysregulation of gene expression
mediated by AhR can compromise normal cell function and manifest in a
range of toxic responses, including endocrine disruption (Anulacion et al.,
2013). For example, studies using fish cell cultures and model species have
shown that individual PAH or mixtures containing PAH (e.g., crude oil) alter
sex hormone synthesis (Arukwe et al., 2008; Lee et al., 2017; Liu et al., 2018;
Monteiro et al., 2000), decrease circulating hormone levels (Arukwe et al.,
2008; Booc et al., 2014; Kennedy and Smyth, 2015; Tintos et al., 2007),
and reduce fertilization and hatching success (Booc et al., 2014). Consistent
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with these indicators of reproductive impairment, in vitro studies using fish
hepatocytes exposed in combination to ER and AhR agonists (e.g., Grans
et al., 2010; Mortensen and Arukwe, 2007; Yan et al., 2012; but see
Mortensen and Arukwe, 2008) support the conclusion of inhibitory crosstalk
between the E2 receptor and AhR signaling pathways that disrupts target gene
expression, as described in mammalian models (Matthews and Gustafsson,
2006; Fig. 5).

The killifish (Fundulus heteroclitus) has been well studied as a model for
physiological and multigenerational impacts of exposure to dioxin-like chemi-
cals. Killifish are a small estuarine fish found abundantly along the Atlantic
coast of North America, including in some of the most contaminated estuaries
on the continent. Plasma Vtg in female killifish and gonadal somatic index
(GSI) in male and female killifish were negatively correlated with sediment
PAH concentrations throughout Chesapeake Bay, a large estuary and desig-
nated Superfund site in the District of Columbia, USA (Pait and Nelson,
2009). Similarly, male and female killifish from the heavily industrialized
Newark Bay in New Jersey showed reduced gonadal maturation and GSI rel-
ative to fish sampled at a clean reference site, and these results were asso-
ciated with increased AhR activation in the liver and elevated PAH
metabolites in the bile (Bugel et al., 2010). In the New Bedford harbor of
Massachusetts, one of the highest ranked PCB-contaminated sites in the
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FIG. 5 A proposed mechanism for reciprocal inhibition of estrogen receptor (ER) and aryl
hydrocarbon receptor (AhR) gene targets in fish. Both ER and AhR are ligand-activated transcrip-
tion factors. Activation of ER by endogenous (e.g., 17B-estradiol, E2) or exogenous (e.g.,
17a-ethinylestradiol, EE2; nonylphenol, NP) ligands initiates transcription of genes containing
estrogen response elements (ERE) in the gene promoter region, such as vitellogenin (vtg). Activa-
tion of AhR by exogenous ligands (e.g., benzo[a]pyrene, BaP; p-naphthoflavone, BNF;
dioxin-like pentachlorobiphenyls, PCB) promotes the formation of a protein complex with the
AhR-nuclear translocator (ARNT) and subsequent transcription of genes containing xenobiotic
response elements (XRE), such as cytochrome P450 type la (cypla), to facilitate xenobiotic
metabolism. Simultaneous exposure to ER- and AhR-agonists inhibits the downstream activation
of target genes (see text for references), suggesting the involvement of inhibitory response ele-
ments (iERE, iXRE). The outcome of such reciprocal inhibition is a decrease in the typical
response to either receptor alone, leading to biological consequences (e.g., impaired reproduction;
increased bio-load and cellular exposure to toxicants).
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USA, resident female killifish had lower liver vtg mRNA levels, decreased
circulating sex hormone and lower GSI during the reproductive season com-
pared to females from an uncontaminated site (Greytak et al., 2005). Remark-
ably, despite clear evidence of endocrine disruption and the assumption of
reproductive impairment, killifish populations continue to persist in these pol-
luted areas. Their success has been attributed to genomic adaptations within
local populations that have resulted in increased tolerance to industrial pollu-
tants acting via the AhR (Greytak et al., 2005; Whitehead et al., 2012). In con-
trast to the prolific killifish, and of relevance to conservation, the potential for
evolutionary adaptation to dioxin-like chemicals or other pollutants is less
likely in fish species with slower generation times, smaller population sizes,
and limited genetic variation (Whitehead et al., 2017).

3.6 Management of invasive species

Pheromones may have a variety of applications for the management of inva-
sive fish species. Defined as chemicals that mediate behavioral interactions
between individuals of the same species, pheromones are broadly used by fish
as anti-predator cues, social cues, and reproductive cues (Sorensen and
Stacey, 2004; Stacey and Sorensen, 2011). Pheromones in fish are produced
and released into the environment by various cell types and glands. In return,
they are detected by highly sensitive receptors in the olfactory epithelium of
the nares that can activate specific behavioral and physiological responses
(Hara, 2011; Laberge and Hara, 2001). For example, derivatives of bile acids,
sex steroids and prostaglandins in fish have been implicated in predator avoid-
ance, kin and gender recognition, migration to and aggregation on spawning
sites, and the coordination of reproductive processes (Kamio et al., 2022;
Stacey and Sorensen, 2002). In general, since they are naturally occurring in
the environment, do not persist and can be used at low concentrations because
of their high potency and specificity, pheromones are regarded as a relatively
safe technique for the control of invasive species (Fredricks et al., 2021). As a
result, pheromones have been proposed to facilitate trapping, to disrupt and
reduce reproductive success, to promote the success of sterilized fish, to dis-
rupt migration and to repel non-indigenous species from ideal spawning sites
or from entering specific waterways (Corkum and Belanger, 2007; Kamio
et al., 2022; Sorensen and Johnson, 2016; Sorensen and Stacey, 2004).

Sea lamprey (Petromyzon marinus) rely on several complex pheromone
mixtures to complete their life cycle, and the use of pheromones may there-
fore be a useful tool to mitigate the effects of this invasive parasitic species
on the native fish of the Laurentian Great Lakes. In brief, larvae residing in
streambeds release at least four different migratory pheromones that attract
adults upstream during the spawning migration (Fine and Sorensen, 2008;
Fissette et al., 2021; Li et al., 2018). Spermiating males in return release at
least 12 different sex pheromones that stimulate sexual maturation in both
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sexes and elicit mate search and spawning behavior in mature females
(Fissette et al., 2021; Li et al., 2017). Although still a work in progress, signif-
icant advances have been made toward the incorporation of pheromones into
the management of invasive sea lamprey which currently relies primarily on
lampricides to kill larvae and barriers to block adults from spawning beds
(Fissette et al., 2021; Siefkes, 2017). For example, both synthetic and mix-
tures of migratory pheromones can elicit electro-olfactogram (EOG)
responses and partially mediate stream-finding behaviors in lakes near the
mouths of streams (Burns et al., 2011; Meckley et al., 2014). Using a combi-
nation of migratory and sex pheromones, both males and females were cap-
tured using pheromone-baited traps (Wagner et al., 2006). Specifically,
under management scenarios, Johnson et al. (2013) demonstrated that
barrier-integrated traps baited with the male sex pheromone, 3-keto petromy-
zonol sulfate (3kPZS), increased trapping efficiency by 10%. Traps located en
route to spawning grounds and baited with a mixture containing all the pher-
omones from sexually mature males increased trapping efficiency by an addi-
tional 10% (Johnson et al., 2015). While ongoing studies are identifying
optimal application rates and the specific biological and environmental factors
that maximize trapping efficiency with 3kPZS, future research is needed to
develop more effective and economical pheromone mixtures (Fissette et al.,
2021; Johnson et al., 2020).

Pheromones may also be an effective tool to control the populations of
several invasive teleost species such as the round goby (Neogobius melanos-
tomous; Corkum et al., 2004). Mature male and female round goby release
various pheromones that are detected by conspecifics (Gammon et al.,
2005). Screening over 100 steroids and prostaglandins using EOG, Murphy
et al. (2001) identified 19 steroids that elicited responses in mature fish. Sev-
eral of these steroids are synthesized by the testes of sexually mature males
(Arbuckle et al., 2005) and have life-stage specific effects on female attraction
(Farwell et al., 2017). Moreover, although these pheromones elicit EOG
responses in round goby, they do not evoke olfactory sensory responses in
various non-target species that share the same habitat, suggesting their speci-
ficity for pheromone trapping (Ochs et al., 2013). Reproductive pheromones
may also serve for the management of various invasive cyprinid species.
Among teleosts, the physiological and behavioral roles of reproductive pher-
omones is perhaps best understood in goldfish (C. auratus) and common carp
(Cyprinus carpio; Stacey and Sorensen, 2002). For instance, ovulated com-
mon carp are known to release a mixture of prostaglandin F2a (PGF2«) and
metabolites that attract males and mediate spawning interactions (Lim and
Sorensen, 2011). Measurement of PGF2a in natural waters has also been used,
together with eDNA, to confirm the presence, infer gender, and assess the rel-
ative abundance of common carp induced to aggregate at specific locations
using food (Ghosal et al., 2018). In the field, female common carp implanted
with PGF2a capsules release a biologically relevant mixture of pheromones
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that attract mature males (Lim and Sorensen, 2012). A similar strategy has
now been devised to specifically attract silver carp (Hypophthalmichthys
molitrix; Sorensen et al., 2019), a highly invasive species in the Mississippi
River. Finally, pheromone trapping may be a useful technique for controlling
populations of invasive largemouth bass (Micropterus salmoides). While the
specific sex pheromone involved remains to be identified, trapping experi-
ments have shown that the bile from sexually mature largemouth bass males
can specifically attract and increase the capture rate of mature females
(Fujimoto et al., 2020).

4 Future applications of endocrine systems in conservation
physiology

Despite a recognition that hormones play a key role in maintaining homeosta-
sis and regulating reproductive functions, the intrusive and sometimes inva-
sive nature of the traditional methods used to monitor basal circulating
levels of hormones in captive and wild animals limit their applicability to
conservation physiology. As such, for several decades now, there has been
considerable interest in developing non-invasive techniques to monitor hor-
mones (e.g., Monfort, 2002; Scott and Ellis, 2007). The publication of meth-
ods to measure corticosteroids in human hair (Bévalot et al., 2000) further
spurred the development of innovative approaches to measure steroids in a
variety of inert matrices (Aerts et al., 2015; Ellis et al., 2013; Meyer and
Novak, 2012; Romero and Fairhurst, 2016). Although the application of
non-invasive methods to study fish endocrinology is in its infancy, the valida-
tion of these techniques and the development of standard protocols will facil-
itate the study of fish reproduction, welfare, and conservation. Similarly, since
the regulation of most physiological processes involves multiple hormones,
the parallel development of techniques to perform hormonal profiling in tradi-
tional and novel matrices will provide greater mechanistic insight into the
functions of endocrine systems and how these are disrupted by environmental
and anthropogenic stressors. Finally, advances in the availability of genomic
information for non-model fish species and in genomic technologies are
giving researchers new tools to integrate the application of endocrine systems
in conservation physiology. Here we highlight the multiomics approach used
in ecotoxicogenomics to predict the adverse effects of EDCs on wild fish, and
how the use of omics and hormonal measurements can be integrated to pro-
vide insight into the emerging field of endocrine-microbiome interactions
and to promote its application to conservation measures.

4.1 Non-Invasive monitoring of steroids

Traditionally, studies that measure hormones in fish to gain insight into phys-
iological processes or behaviors quantify hormones in the plasma component
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of blood samples. Among the different approaches that can be used to sample
blood in fish, the most common technique is caudal puncture (Houston, 1990;
Jeffrey et al., 2022). While the invasive nature of blood sampling through the
caudal vasculature can be minimized when best practices are followed
(Lawrence et al., 2020), several considerations may constrain the use of blood
samples for the study of endocrine systems in the field and its application to
conservation physiology. For example, since capture and handling stressors
are known to affect circulating hormone levels, blood samples must be with-
drawn within a few minutes of disturbing the animal (Clark et al., 2011;
Gamperl et al., 1994; Pankhurst, 2011; Wendelaar Bonga, 1997)—a challeng-
ing prerequisite for a variety of field settings. Blood samples also provide a
snapshot of circulating hormone levels at the time of sampling and may there-
fore have limited value as an integrative long-term measure of stress and wel-
fare. Moreover, blood sampling is impractical for small-bodied fish species
and ill-advised for at-risk fish populations. Therefore, taking advantage of
the fact that steroids are generally stable chemical substances, lipid-soluble,
and excreted via the kidney and gut, endocrinologists have developed several
non-invasive techniques to quantify glucocorticoids and sex steroids in alter-
native matrices. For instance, excreted steroid hormones (i.e., saliva, urine,
feces) as well as those deposited in keratinized tissues (i.e., hair, feathers)
are now routinely used to quantify steroids and gain insight into the stress
and reproductive physiology of various amphibian, avian, and mammalian
species (Behringer and Deschner, 2017; Bortolotti et al., 2008; Gormally
and Romero, 2020; Heimbiirge et al., 2019; Palme, 2019; Romero and
Fairhurst, 2016). Similarly, although their development and application lags
for fish, several techniques are now available for the quantification of steroids
in novel, less invasive matrices. In general, these techniques vary in terms of
invasiveness, sample collection practicality and field application. The quanti-
fication of steroids in novel matrices may also permit hormone monitoring on
different time scales (Fig. 6), thereby broadening the context for integrating
this information into conservation initiatives.

The least invasive technique for measuring steroids in fish involves the
monitoring of tank water. In fish, free steroids passively diffuse from the
bloodstream into the water across the gills (Ellis et al., 2005; Vermeirssen
and Scott, 1996). As a result, the rate of steroid release into the surrounding
holding water is generally proportional to their concentration in the plasma
across multiple steroid classes. For example, the release rate of E2, T,
11-KT, androstenedione, 17,20pP, and cortisol have been shown to be propor-
tional to plasma or whole-body measures (Ellis et al., 2004; Friesen et al.,
2012b; Graham et al., 2018; Sebire et al., 2007; Stacey et al., 1989; White
et al., 2017). Although the quantification of steroids in fish-holding water
requires more planning and validation than typical plasma sampling, this tech-
nique has the distinct advantages of eliminating the need to handle and anes-
thetize fish to collect samples, allowing the simultaneous measurement of
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FIG. 6 Alternative matrices may permit cortisol monitoring on different time scales in fish.
While blood samples provide a snapshot of circulating cortisol levels at the time of sampling,
the general delay in the appearance of peak cortisol in skin mucus relative to peak plasma levels
suggest that this matrix may integrate cortisol levels on a slightly longer timeframe than blood.
The timeframe integrated by quantifying cortisol in holding water depends on the technique used.
Since the rate of cortisol release into the surrounding holding water is generally proportional to its
plasma concentration, holding water cortisol levels will integrate over a similar timeframe as
blood when using a flow-through holding tank. In contrast, holding water cortisol levels can inte-
grate over a longer time frame when using a static holding tank. Although the factors that affect
the lag-time between a stressor and subsequent elevations in free and conjugated urine and fecal
corticosteroids in fish are poorly understood, urine and feces may integrate corticosteroid levels
on a timeframe of several hours to a few days. Finally, though scales may not show short-lived
fluctuations in plasma cortisol, scales may permit cortisol monitoring on a timeframe of hours
to months and therefore could serve as an indicator of chronic stress in fish.

multiple steroid hormones from a single sample, and permitting temporal
profiling of hormonal responses (Blackwell and Ankley, 2021; Graham
et al., 2018; Kidd et al., 2010; Scott and Ellis, 2007; Scott et al., 2008). To
date, the quantification of steroids in fish-holding water has been used, among
other applications, to study stress and welfare (Ellis et al., 2004, 2007;
Fanouraki et al., 2008; Friesen et al., 2012a,b; Leong et al., 2009; White
et al., 2017), identify EDCs (Blackwell and Ankley, 2021), assess reproduc-
tive stage (Friesen et al., 2012a,b; Graham et al., 2018; Sebire et al., 2007),
and detect pheromone communication (Scott and Sorensen, 1994; Stacey
et al., 1989). Overall, while the quantification of steroids in holding water is
primarily limited to controlled laboratory settings (Ellis et al., 2013), its broad
application for the non-invasive study of steroids in various physiological sys-
tems and behavioral settings highlight its utility to address important issues in
conservation biology.

Whereas free steroids in holding water are primarily derived from the gills,
the main excretory routes of conjugated sex steroids, i.e., sulfated and glucor-
onidated steroids, are the feces and urine (Vermeirssen and Scott, 1996).
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Similarly, the main excretory route for clearance of cortisol metabolites and
conjugates is the hepato-biliary-fecal route (Mommsen et al., 1999; Scott
et al., 2014). Therefore, the quantification of fecal corticosteroid levels may
offer an additional method to monitor stress in fish (Cao et al., 2017;
Lupica and Turner, 2009; Simontacchi et al., 2008; Turner et al., 2003). Since
evacuation of the gastrointestinal (GI) track in fish is protracted, especially in
cold-water species (e.g., GI tract evacuation in Atlantic salmon takes up to
48h at ~13°C; Aas et al., 2017), fecal corticosteroid levels are unlikely to
be influenced by sampling procedures. However, while minimally invasive,
the collection of feces from fish tanks by siphon, by manually stripping feces
from the abdomen, or by following individuals in the field using scuba may be
intrusive and limit the utility of this technique for the collection of repeated
samples across time (Ellis et al., 2013). Moreover, to date, it remains unclear
how factors known to affect GI evacuation such as water temperature, meal
size, feed type, satiety, activity, or metabolic rate affect the lag-time between
a stressor and the subsequent elevation in free and conjugated fecal corticos-
teroids and their metabolites. Similarly, although direct sampling of urine by
stripping to quantify sex steroids and their conjugates (Oliveira et al., 1996,
2001) is a minimally invasive technique, the intrusive nature of the procedure
may limit its applicability for repeated sampling, and much work remains to
determine how such measurements relate to circulating levels (Ellis et al.,
2013). Yet, the quantification of conjugated sex steroids of urinary prove-
nance in fish-holding water can provide unique insights into the physiological
and behavioral strategies used by fish to communicate social and reproductive
cues (Almeida et al., 2005; Hirschenhauser et al., 2008; Keller-Costa et al.,
2014; Scott and Sorensen, 1994; Sorensen et al., 2005; Stacey et al., 1989).
Therefore, the development of novel sensitive methods for the simultaneous
non-invasive quantification of multiple free and conjugated steroids in
fish-holding water (e.g., Blackwell and Ankley, 2021) should provide insight
into the complex signals used by fish for chemical communication.
Epidermal mucus can also be used to monitor steroids in fish. Mucus col-
lected from the skin contains both sex steroids and cortisol, and the levels are
correlated with circulated plasma concentrations (Bertotto et al., 2010;
Carbajal et al., 2019a; Schultz et al., 2005; Simontacchi et al., 2008).
Although the collection of skin mucus samples requires fish handling and
sedation, the technique is minimally invasive, and can readily be used in both
laboratory and field settings (Carbajal et al., 2019b; Ellis et al., 2013). As
such, the quantification of mucus 11-KT levels has served to determine fish
sex, to assess annual reproductive cycles, and to identify whether environmen-
tal or hormonal manipulations can stimulate the HPG axis (Barkowski and
Haukenes, 2014; Schultz et al., 2007). Mucus cortisol levels have also been
used as a physiological indicator of stress in response to various acute distur-
bances (Bertotto et al., 2010; De Mercado et al., 2018; Guardiola et al., 2016;
Khansari et al., 2018; Kroska et al., 2021; Simontacchi et al., 2008). Whether
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mucus and plasma cortisol levels provide an opportunity to examine the
effects of acute stressors at different time scales remains equivocal. While
stressors elicited a similar time course between plasma and mucus cortisol
levels in some studies (Carbajal et al., 2019a; Khansari et al., 2018), the
appearance of peak cortisol in skin mucous was significantly delayed relative
to peak plasma cortisol levels in others (Guardiola et al., 2016; Kroska et al.,
2021). In general, several questions remain regarding the potential effects of
stressors on mucus production as well as the route and factors that affect
the movement of steroids from blood to mucus (Ellis et al., 2013; Pérez-
Sanchez et al., 2017; Shephard, 1994).

Recent studies have suggested that fish scales may provide an integrative
measure of cortisol production. While acute stressors do not appear to affect
scale cortisol content, high and sustained circulating cortisol levels do, and
the rates of cortisol accumulation and clearance are much slower in scales
than in plasma (Aerts et al., 2015; Carbajal et al., 2019a; Hanke et al.,
2019; Laberge et al., 2019). To date, scale cortisol content has been used to
assess the effects of unpredictable chronic stress (Laberge et al., 2019),
chronic thermal stress (Hanke et al., 2019), sub-optimal aquaculture condi-
tions and impaired welfare (Weirup et al., 2021), and the long-term cortisol
dynamics between social group members in a field setting (Culbert et al.,
2021). Importantly, despite its utility as an indicator of chronic stress, fish
scale cortisol content is unlikely to allow a retrospective historical assessment
of stress status as far back in time as feather or hair corticosteroid content
(Romero and Fairhurst, 2016; Russell et al., 2012). While specific studies
are needed to determine the turnover of steroids in fish scales, the dynamic
exchange of cortisol between the circulation and the scale matrix suggest that
scale cortisol only allows assessment of the most recent integrated cortisol
status of fish (Laberge et al., 2019). The quantity of scale material needed
to provide a single determination may also impose limitations on the use of
this approach as a non-invasive technique for measuring steroids in fish.
Although only a few scales may be needed to determine scale cortisol content
in large fish, in smaller fish, most, and in some cases, all scales may be
needed to reach current assay thresholds (e.g., Aerts et al., 2015; Culbert
et al., 2021; Laberge et al., 2019). Finally, beyond the need to handle and
sedate fish to remove scales, sampling procedures should also consider the
spatial heterogeneity of scale cortisol content (Laberge et al., 2019).

4.2 Hormonal profiling

Physiological processes are regulated by the actions of multiple endocrine sig-
nals, therefore quantifying these hormonal networks (i.e., hormonal profiling)
may offer valuable mechanistic insight into animal physiology. While used
for the analysis of select hormones since the 1960s, recent technical advances
in mass spectrometry have facilitated the simultaneous quantification of
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multiple classes of steroids and their metabolites from a single experimental
sample (Boggs et al., 2016; Kaabia et al., 2018; Olesti et al., 2021; Son et al.,
2020). This technique has been successfully applied to investigations of
steroid-related endocrine diseases (Schiffer et al., 2019), and recent initiatives
emphasize the suitability of steroid profiling in the field of conservation physi-
ology for reproductive and stress assessment of endangered mammalian species
(e.g., Azevedo et al., 2020; Galligan et al., 2018, 2020; Graham et al., 2021;
Kumar and Govindhaswamy, 2019; Legacki et al., 2020). In fish, steroid
profiling has been used to identify EDCs and their mode of action
(Flores-Valverde et al., 2010; Labadie and Budzinski, 2006a,b), to identify
novel biomarkers of aging (Dabrowski et al., 2020) and female maturation
status (Lokman et al., 1998; Zhou et al., 2017), and to understand the mecha-
nism of action of novel drugs (Kim et al., 2021); however, it has yet to be
applied to the conservation of threatened species. Mass spectrometric techni-
ques have also been developed to perform an integrated analysis of peptide hor-
mones and neuropeptides, i.e., for peptidomic analysis (Baggerman et al., 2004;
Romanova and Sweedler, 2015). To date, however, these techniques have
largely been used to characterize the complement of neuropeptides and peptide
hormones of fish brains (Hu et al., 2016; Van Camp et al., 2017) and have yet
to find applications in the field of conservation endocrinology. While the simul-
taneous measurement of multiple classes of hormones is not without significant
technical challenges, the study of hormonal profile variation over time in a vari-
ety of biological matrices will advance the study of hormone function, acceler-
ate the discovery of novel stress and reproductive biomarkers, and facilitate the
incorporation of endocrine measures in conservation management.

4.3 Multisystem integration of endocrinology in conservation
physiology
4.3.1 Ecotoxicogenomics

Fish are established sentinels of aquatic pollution and are routinely used to
screen for endocrine disrupting properties of new chemicals. The advent of
genomic technologies has facilitated a deep and comprehensive understanding
of tissue-specific biological responses to chemical exposure in model fish spe-
cies exposed under controlled laboratory conditions, resulting in detailed knowl-
edge on modes of action and adverse outcomes (Caballero-Gallardo et al., 2016;
Hook, 2010; Martyniuk et al., 2020; Tyler et al., 2008). In the emerging field of
ecotoxicogenomics this mechanistic knowledge is placed into an ecological
framework to facilitate interpretation of complex gene-environment interactions
for the purposes of risk assessment, site remediation, and ecosystem manage-
ment. For example, ‘omics tools can be used to screen for and predict the impact
of contaminant exposure on local fish populations, and to understand species
distributions in and around contaminated sites based on the genetic underpin-
nings of pollutant tolerance (Reid and Whitehead, 2016).
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The rapid adoption of ecotoxicogenomics as an interdisciplinary approach
to tackle environmental issues is fueled by the increased availability of
whole-sequenced genomes for non-model species, technological advances in
mass-spectrometry-based proteomics and metabolomics, and the development
of bioinformatic tools to facilitate analysis and interpretation of massive data-
sets. The overall aim is to capitalize on insights from laboratory studies to
help define the relationships between water quality and physiological status
of resident fish. For example, molecular signatures consistent with HPG axis
disruption were detected in the ovarian and hepatic transcriptomes of fathead
minnow caged downstream of three WWTP in Minnesota, USA (Berninger
et al., 2014; Martinovi¢c-Weigelt et al., 2014). Functional analyses of the
enriched gene sets indicated dysregulation of E2 signaling pathways, choles-
terol biosynthesis and steroid metabolism in the liver (Martinovic-Weigelt
et al., 2014), and the regulation of oocyte meiosis and gonadotropin signaling
pathways in the ovary (Berninger et al., 2014). Importantly, these transcrip-
tional responses were evident after only 4 days of exposure, and varied with
site-specific differences in watershed dynamics, land use patterns, and urban
population densities that generated unique contaminant profiles and exposure
scenarios at each site (Berninger et al., 2014; Martinovi¢-Weigelt et al.,
2014). Thus, a measured genomic response can be used as a predictive early
indicator of exposure to EDCs where known adverse outcomes of reproduc-
tive impairment are expected to impact population recruitment.

Ecotoxicogenomics has a bright future in assessing endocrine disruption
for conservation efforts. The holistic nature of ‘omics technologies means that
multiple endocrine systems can be monitored simultaneously by identifying
enriched gene sets or functional pathways in target tissues that are hormonally
regulated. This is especially advantageous in the context of complex natural
habitats, where wild fish are likely to experience multiple stressors and chem-
ical mixtures of known and unknown endocrine disrupting properties (Hook,
2010). In contrast, targeted approaches that quantify biomarkers of specific
endocrine disruption (e.g., circulating vitellogenin or hepatic vtg expression
in male fish) requires a priori knowledge of causative agents, and a narrow
focus on predicted effects may bias interpretation of water quality or even
miss underlying issues that are yet to be identified (Hook et al., 2014). An
additional strength of ecotoxicogenomics is that it enables early detection of
endocrine disruption in advance of adverse organismal outcomes, which
may expedite habitat remediation and initiate conservation strategies before
critical impacts to populations occur.

4.3.2 Endocrine-microbiome interactions

All animals carry with them a diverse and plentiful community of microor-
ganisms, particularly in the gastrointestinal tract. The gut microbiome has
long been known to participate in chemical digestion and thus facilitate nutri-
ent acquisition, but increasingly it is being linked to a seemingly infinite array
of host physiological and behavioral processes. A role for the gut microbiome
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in health and disease is now widely accepted and is mediated in part by cross-
talk with host endocrine systems (Cusick et al., 2021; de Weerth, 2017;
Neuman et al., 2015). For example, gut microbes can synthesize bioactive
catecholamines de novo (Asano et al., 2012), and microbial enzymes (i.e., glu-
coronidases and sulfatases) can reactivate conjugated hormone metabolites
entering the gut lumen from the bile to promote reabsorption over excretion
(Ervin et al., 2019, 2020). Comparative physiologists are only beginning to
scratch the surface on the mechanisms and outcomes of host-microbiome
interactions, but it is clear that many current ecosystem threats can influence
the composition of the gut microbiome (Sullam et al., 2012), including
increased temperature (Kohl and Yahn, 2016), habitat degradation (San Juan
et al., 2020; Watson et al., 2019), and pollutants (Adamovsky et al., 2021;
Chen et al., 2018), as well as stress and glucocorticoids in general (Noguera
et al., 2018; Stothart et al., 2016).

In fish, studies of gut microbiomes are largely centered on aquaculture
applications, but lessons learned here may be transferable to captive breeding
and conservation programs. Antibiotic treatments on fish farms are used to
prevent and control disease outbreaks and are linked to reduced microbial
diversity in the gut and increased representation of opportunistic pathogenic
strains (Navarrete et al., 2008). As an alternative approach, supplementation
of diets with prebiotics alone, or in combination with probiotics, can improve
fish growth and reduce disease outbreaks by fortifying the abundance and
diversity of beneficial gut microbes (Clements et al., 2014; Egerton et al.,
2018). There is some evidence to suggest an endocrine link to these benefits.
For example, great sturgeon (Huso huso) fed prebiotic supplements had ele-
vated plasma T4 and TSH along with greater feed conversion efficiency
(Adel et al., 2016), suggesting a link between endocrine-controlled growth
and the gut microbiome. Complex interactions between stress, immune
responses, and the gut microbiome are also likely to contribute to the health
of aquaculture species and the success of captive breeding programs. For
example, a study in Atlantic salmon (S. salar) exposed to a mild, repeated
handling stressor showed a strong association between fecal cortisol and the
diversity and structure of the gut microbiome, including reduced representa-
tion of beneficial strains and increased levels of pathogenic strains in stressed
fish relative to controls (Uren Webster et al., 2020). Building fundamental
understanding of microbiome-host interactions in fish health, particularly with
respect to the endocrine systems, could have considerable impact on conser-
vation efforts. Importantly, the gut microbiome can be qualitatively and quan-
titatively evaluated via non-lethal fecal sampling and is therefore amenable to
long-term monitoring and intervention programs.

5 Conclusions

Fish endocrinologists are making important contributions to the field of con-
servation physiology, bringing a wealth of laboratory and fundamental
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research to applied and emerging challenges. In this chapter, we offer many
examples that demonstrate how quantification and manipulation of hormone
systems can provide insight into the well-being, growth, and reproductive sta-
tus of fish, ultimately advancing conservation goals by:

1. Guiding the development of novel conservation hatchery strategies that
will minimize the impact of cultured fish on wild populations and help
maintain the genetic diversity of wild fish;

2. Revealing how exposure to EDCs and environmental stressors can delay
or prevent normal development, result in a mismatch between phenotype
and environment, and affect the survival and recruitment of individuals
in degrading ecosystems;

3. Identifying habitats and environmental factors that influence growth of
wild fish to support life history transitions;

4. Enabling the assisted reproduction of threatened species;

5. Mitigating the impacts of climate change and EDCs on reproduction, sex
determination, and population viabilities by establishing mechanistic links
between endocrine bioindicators, fish reproduction, and larval recruitment;

6. Facilitating the quantification and removal of invasive species while
simultaneously minimizing impacts of such procedures on native species.

Looking ahead, the use of alternative matrices (e.g., holding water, feces,
mucus, scales) to simultaneously quantify multiple free and conjugated ster-
oids holds great promise as a non-invasive approach for monitoring the stress
and reproductive physiology of captive and wild fish on different time scales.
Indeed, the conserved structure of steroid hormones across fish species, their
tendency to accumulate in inert matrices, and the commercial availability of
tools for steroid quantification favor an increased effort to integrate steroid
profiling into conservation practices. Given the pervasive effects of abiotic
factors and EDCs on the synthesis of steroid hormones, and the broad physi-
ological consequences of impaired steroidogenesis on fish, we suggest that
such efforts could offer valuable insight into fish recruitment mechanisms
and help to monitor the impact of anthropogenic and environmental stressors
on fish. However, broadscale adoption of such initiatives will first require the
development of more sensitive, high-throughput, and cost-effective hormonal
analyses, followed by the mobilization of these tools out of researcher’s hands
and into those of resource managers.

Fish endocrinology has already helped contribute to policy change by
providing standardized quantitative endpoints to set water quality standards
for certain EDCs around the globe; however, focused attention on a few key
limitations and knowledge gaps are needed for fish endocrinology to become
ingrained in conservation and restoration initiatives, and to bring about sus-
tained impact on fish conservation. First, fish are the most speciose group
of vertebrates, yet most study is carried out in single species or defined groups
of fish (e.g., salmonids). Even within the strong evolutionary framework of
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vertebrate endocrine systems, important species differences emerge that could
skew management decisions without efforts to build a more taxonomically
diverse foundation in fish endocrinology. Second, hormone systems function
to integrate within and across physiological systems. As such, linking endo-
crine signals with other biological endpoints, including molecular, biochemi-
cal, and physiological biomarkers, will help build a better understanding of
chronic sublethal detrimental health effects. Here, approaches using func-
tional genomics and bioinformatics will be essential. Finally, researchers must
look beyond biomarker identification to the validation and deployment of fea-
sible tools for specific conservation applications. This will help resource man-
agers use endocrine tools for evidence-based decisions within a regulatory
framework.

The greatest environmental challenges of the 21st century include biodi-
versity loss, the climate crisis, and pollution. Conservation endocrinology is
gaining momentum as a dedicated sub-discipline and stands to make meaning-
ful contributions to the conservation problems inherent in these environmental
challenges by providing resource managers with tools to assess the impact of
natural and anthropogenic factors on the stress, growth, and reproductive sta-
tus of fish, as well as the means to develop breeding programs for vulnerable
populations.
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