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Over one hundred years of laboratory research on highly 

inbred model organisms has greatly advanced our knowledge of 

how regulatory networks such as the endocrine system work at the 

cellular and molecular levels. However, an understanding of how 

these systems play a vital role in mediating the effects of environ-

mental change on morphology, physiology, and behavior must rely 

on investigations of organisms in their natural environments. To 

achieve this has meant integrating laboratory and field investiga-

tions wherever possible. Field endocrinology, in which free-living 

birds are captured and sampled for blood, feces, or feathers, has 

allowed us to assess for the first time how individuals respond to 

their physical and social environments under natural conditions 

(Wingfield and Farner , Möstl et al. ). Controlled experi-

ments have also made it possible to manipulate hormonal state 

(Ketterson and Nolan , Ketterson et al. ) or social en-

vironment (Wingfield et al. ) to further expand our under-

standing of regulatory mechanisms in ecological context. Here, I 

discuss how regulatory mechanisms, in relation to seasonal events 

such as breeding, migrations, or environmental perturbations, 

can have diverse levels of control that we are only beginning to 

appreciate. Three examples will address territoriality in different 

seasonal contexts, adrenocortical responses to stress, and thyroid 

hormone involvement in control of the life cycle.

There is now an urgent need to understand regulatory 

mechanisms, in the face of massive global changes resulting 

from anthropogenic influences. For example, loss of biodiversity 

globally is without doubt one of the biggest issues of our time. 

Yet we are just beginning to understand how knowledge of the 

interrelationships among phylogeny, gene–environment inter-

actions, and function may help to facilitate the preservation of 

remaining biodiversity. Within phenotypes, cells respond in di-

verse ways to changes in the internal and external environment 

according to time of day, season, social interactions, and, thus, 

in how they cope with perturbations. In vertebrates these re-

sponses involve perception of the environment through sensory 

mechanisms, neural transduction within the central nervous 

system, and neuroendocrine and endocrine cascades to regulate 

morphological, physiological and behavioral responses of tar-

get tissues. This “perception–transduction–response” complex 

(Fig. ) involves multiple regulatory mechanisms and is key to 

predicting how organisms will fare in relation to global change, 

including direct human disturbance. Furthermore, there are di-

verse ways in which individuals can respond to the same envi-

ronmental change, indicating multiple mechanisms (diversity) 

by which the perception–transduction–response complex can 

be regulated (Wingfield , Wingfield and Mukai ). The 

traditional view is that selection has favored the persistence of 

conserved molecular, cellular, and physiological mechanisms 

of the perception–transduction–response axis over a broad 

range of populations, habitats, life cycles, and phenology. Evi-

dence is building, however, that there are many variations on 

this conserved framework that allow individuals not only to 

survive environmental challenges, but also to successfully re-

produce, migrate, molt, and endure a wide range of winter con-

ditions (Wingfield ; Wingfield et al. a, b). For example, 

regulatory networks (e.g., Martin et al. , A. A. Cohen et al. 
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). Nonetheless, there are diverse ways in which this system 

can be adjusted to customize responses of the individual. 

Hormones serve as the signaling molecules following the per-

ception–transduction–response system and circulate in the blood 

(endocrine actions) from their sites of synthesis and secretion to 

their targets (Fig. ). They can also act locally on other cell types 

(paracrine actions) or provide short loop feedback to the cell of 

origin (autocrine actions). Therefore, a single hormone can have 

three major types of action—distant, local, and self-feedback. 

When circulating in the blood, many hormones, such as steroids, 

thyroid hormones, and some peptides, are bound to carrier pro-

teins—another point of potential regulation (Fig. ). When they 

reach their target organs, they initiate cell responses by binding 

to specialized proteins called “receptors.” The hormone–receptor 

complex is what triggers responses of the cell that underlie mor-

phological, physiological, and behavioral effects (Fig. ). 

There are two major types of receptors. One is membrane-

based, and binding of hormone to the membrane-bound receptor 

type results in rapid intracellular responses (within microsec-

onds to seconds). The second type involves passage of the hor-

mone across the membrane (intracellular), and when hormones 

bind they form complexes that function as gene transcription 

factors up-regulating or down-regulating transcription of many 

genes. This kind of hormone action is slower, usually on the scale 

of hours. Some hormones that bind to membrane receptors have 

rapid effects (the rapid or early cell responses) but can also activate 

unpubl. data) of adaptation or acclimation to environments at 

high latitudes and high altitudes in the northern and southern 

hemispheres may seem very similar at behavioral, physiological, 

and morphological levels but show marked variations at mecha-

nistic levels (Wingfield et al. ). Although there are highly 

conserved molecular and biochemical networks that underlie 

responses to environmental change, specific cell mechanisms 

within these networks can be adjusted to “customize” responses 

of individuals and populations to specific environments, sex, 

age, and so on (Martin et al. ). Frequently, there is more 

than one way in which individuals may respond to the same en-

vironmental challenge: speed up or slow down gonadal develop-

ment in response to photoperiod under different temperatures 

or resist a transient stressor. Regulated employment of these al-

ternative mechanisms can enhance fitness (Hau and Wingfield 

; Martin et al. ; Wingfield et al. a, b).

Evidence for such diversity of mechanisms has been put for-

ward in the physiology nexus of Ricklefs and Wikelski () and 

in the phenotypic flexibility of morphology, physiology, and be-

havior demonstrated by Piersma and van Gils (). Networks 

of physiological responses that result from developmental expe-

rience and environmental influences have also been discussed by 

Martin et al. () and A. A. Cohen et al. (unpubl. data), includ-

ing endocrine systems and neural circuits that underlie control 

mechanisms. Here, I focus on characteristics of endocrine sys-

tems that provide regulatory links between environmental change 

and morphological, physiological, and behavioral responses of the 

individual. It is important to distinguish the regulatory pathways 

from the morphological, physiological, and behavioral responses 

themselves because they are different processes. Neural and en-

docrine regulatory mechanisms, although they trigger diverse 

responses, are highly conserved across vertebrates (Wingfield 

FIG. 1. Perception–transduction–response. Vertebrates perceive their 
physical, social, and internal environments through sensory receptors that 
activate neural function. These signals are transduced within the brain and 
converted to hormonal (neuroendocrine and endocrine) cascades that re-
sult in specific hormonal signals that elicit morphological, physiological, 
and behavioral responses relevant to the environmental change. Note that 
there are feedback systems (mostly negative) from the response to trans-
duction and perhaps even to perception.

FIG. 2. There are three components of the transduction response that can 
be regulated in diverse ways. (Left) The perception–transduction–response 
system triggers the neural, neuroendocrine, and endocrine cascades that 
result in production of a highly specific signal—hormone secretion. (Cen-
ter) After secretion into the blood, many hormones (particularly steroids, 
thyroid hormones, and some peptides) are transported by carrier proteins. 
(Right) Once the hormonal signal reaches the target cell (e.g., a neuron in 
the brain), it can act in various ways by binding to membrane or intracel-
lular receptors that trigger extremely complex actions in a cell. Note that all 
three components are sites of regulation that could change daily or season-
ally or vary among individuals, populations, sex, or in response to unique 
experience of the environment.
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gene transcription factors (slower or late cell responses). Recep-

tors are almost always highly specific to one hormone, which en-

ables accurate and relevant responses to the hormone signal (for 

more details, see Nelson ). Note that hormone–receptor com-

plexes that are gene transcription factors can be further regulated 

by other proteins that act as co-activators (enhance gene tran-

scription) or co-repressors (inhibit gene transcription). As one 

might suspect, these are levels of regulation as well (Shibata et al. 

, Edwards ). 

THREE SYSTEMS OF REGULATORY ACTION

Next, it is important to develop the concept that there is more than 

one way of regulating perception–transduction–response axes 

in relation to acclimation to environmental change. Diversity in 

perception systems and central nervous transduction are impor-

tant to consider, but here I focus on endocrine response systems 

in natural settings to illustrate potential diversity even within an 

otherwise conserved system. It is critical to recognize that there 

are three major components to endocrine control systems (Fig. 

; Wingfield , Hau and Wingfield ). First is the regula-

tion of hormone secretion from perception of the environmental 

stimulus and transduction by the brain, which results in release of 

neuroendocrine signals from the hypothalamus. This triggers re-

lease of tropic hormones from the anterior pituitary gland and, in 

turn, peripheral endocrine secretions that regulate morphologi-

cal, physiological, and behavioral responses (Fig. ). Second, when 

they have been released into the peripheral blood, transport of 

hormones such as steroids, thyroid hormones, and some peptides 

involves binding to carrier proteins (e.g., Breuner and Orchinik 

, Nelson ; Fig. ). Finally, once the hormone signal arrives 

at a target cell (e.g., in the brain or liver), there are multiple fates 

of that hormone that can have profound influences on the type of 

response (e.g., Wingfield ). In some cases the target cell may 

express enzymes that deactivate the hormone before it can inter-

act with a receptor, or change it to another form that may interact 

with a very different receptor (Fig. ). 

All components of the perception–transduction–response 

axes and the resultant cascade of hormone actions (Figs.  and ) 

are sites of regulation of how an individual can respond to signals 

from the physical and social environments. Furthermore, combi-

nations of regulatory points enable highly diverse ways for indi-

viduals to respond to similar environmental cues. These are part 

of the suite of phenotypes that may develop under specific envi-

ronmental conditions. Several phenotypes may have a high degree 

of fitness in how they respond, and it is not necessarily true that 

there are only limited ways by which organisms respond to envi-

ronmental change (Hau and Wingfield ). Much more research 

is needed to explore this fascinating flexibility of individuals in 

coping with environmental variability, including global climate 

change.

THREE AVIAN EXAMPLES IN CONTEXT

The three-part system of control of hormone secretion, transport, 

and responses of target organs is an important concept because 

it enables consideration of many points of potential regulatory 

mechanisms. The secretion component on the left of Figure  

summarizes how sensory information—for example, social in-

formation—is transduced into hormone cascades through neural 

processes that remain largely unknown. After triggering the en-

docrine cascade, hormone is transported in blood to its target cell, 

where response is also regulated (Fig. ). Examples in context are 

as follows.

Regulation of Territorial Aggression in Birds and Its 
Seasonal Modulation

Birds have been important models for exploring the control of 

territoriality, and field and laboratory studies have been key in 

teasing apart mechanisms. In birds, as in other vertebrates, the 

hypothalamic–pituitary–gonadal (HPG) axis, neurotransmitter 

and neuroendocrine secretions such as gonadotropin-releasing 

hormone (GnRH), and gonadotropin-inhibiting hormone (GnIH) 

from the brain regulate release of the gonadotropins luteinizing 

hormone and follicle-stimulating hormone from the anterior pi-

tuitary into the blood (e.g., Bentley et al. ). Luteinizing hor-

mone circulates to the gonads, where it acts on cells that express 

steroidogenic enzymes to stimulate secretion of the sex steroid 

hormone, testosterone (T), in males. Local actions (paracrine) of 

T in the testis include regulation of spermatogenesis, but it is also 

released into the blood (endocrine) in many avian species. Among 

numerous endocrine actions of T are effects on territorial ag-

gression, and negative feedback on neuroendocrine and pituitary 

secretions. 

In birds, T circulates bound weakly to a transport protein, 

corticosterone-binding globulin (CBG; e.g., Breuner et al. , 

Swett and Breuner ), before entering target neurons involved 

in the expression of territorial aggression (Fig. ). Once T has en-

tered a target neuron it has four potential fates. First, it can bind 

directly to the androgen receptor (AR), a type  genomic receptor. 

Receptors in this family become gene transcription factors once 

they are bound to T by forming dimerized complexes. Second, T 

can be converted to estradiol (E) by the enzyme aromatase. The 

latter then can bind to either estrogen receptor alpha (ERα) or es-

trogen receptor beta (ERβ), both of which are genomic receptors 

that regulate gene transcription, but different genes from those 

regulated by AR. Third, T can be converted to α-dihydrotestos-

terone (α-DHT), which also binds to AR and cannot be aroma-

tized, thus enhancing the AR gene transcription pathway. Fourth, 

T can be converted to β-dihydrotestosterone, which binds to 

no known receptors and also cannot be aromatized, providing a 

deactivation shunt. A complex system of co-repressors and co-

activators of genomic steroid receptor action are also known. 

Moreover, many neurons in vertebrate brains express all the en-

zymes required to synthesize T and E de novo from cholesterol 

or from circulating inert steroid hormone precursors such as de-

hydroepiandrosterone (DHEA), androstenedione, and progester-

one. The end result is regulatory action on neural networks that 

regulate expression of territorial aggression in diverse ways, de-

pending on context, season, and (possibly) individual (e.g., Soma 

). Several neurotransmitters and neuromodulators, such as 

arginine vasotocin, vasoactive intestinal peptide (VIP), and sero-

tonin, are also involved at this level (e.g., Goodson et al. ). 

Evidence suggests that the basic secretory, transport, and action 

mechanisms are conserved across vertebrates. Nonetheless, it is 

also clear that there are very many points at which the expression 
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of territorial aggression may be affected, indicating almost limit-

less combinations of possible regulatory mechanisms.

Hormones have multiple actions when they are secreted at 

different times of day, season, age, and so on. Yet why and how 

do the same tissues respond so differently? Secretion of hor-

mones into the blood (endocrine) means that the chemical sig-

nal is broadcast throughout the organism. Therefore, cells must 

be “programmed” to respond differently within an individual by 

again regulating receptors (type and density; Canoine et al. ), 

transport molecules such as binding proteins (e.g., Breuner et al. 

), metabolizing enzymes that enhance or reduce chances that 

the hormone reaches a receptor (e.g., Wacker et al. ), and co-

repressors and co-activators that can regulate the efficacy of hor-

mone action once it binds to its receptor.

Secretion of hormones locally (paracrine) means that adja-

cent target cells are influenced directly, and in isolation, without 

the hormone being transported in the blood and the signal broad-

cast throughout the organism, thus affecting many other tissues 

resulting in “inappropriate” responses in a given context. Differ-

ential regulation of hormone secretion at endocrine and paracrine 

levels could be a highly flexible way of maintaining regulatory 

specificity locally without activating potentially deleterious ef-

fects elsewhere in the body. Regulatory mechanisms include local 

production of hormone and paracrine action; secretion of a cir-

culating precursor that is biologically inert and then is activated 

enzymatically to active hormone in the tissue; and regulation 

of receptors locally for that hormone (see Soma , Hau and 

Wingfield ).

An example is the regulation of aggressive territorial behav-

ior in breeding and non-breeding seasons. Control mechanisms for 

territorial aggression in birds in autumn versus the breeding season 

pose some problems if the HPG axis remains activated at a time 

when breeding is not possible. For many avian species, autumn is 

the non-breeding season and the HPG axis is essentially shut down. 

There is evidence for some very low-level T secretion that main-

tains negative feedback, but territorial aggression, when it occurs 

in the non-breeding season, can be expressed even in the absence 

of the gonads (e.g., in Song Sparrows [Melospiza melodia]; Wing-

field ). However, all the T response machinery in target cells 

such as neurons involved in the regulation of territorial aggression 

may be still fully functional (Soma , Pradhan et al. ). In 

this case, specific neurons appear to be able to express all the nec-

essary enzymes (CYP/HSD) to synthesize T and estradiol (E) de 

novo from cholesterol (Schlinger and Brenowitz ). There is also 

evidence that circulating precursor sex steroids such as DHEA may 

be taken up from the blood and converted within neurons to bio-

logically active sex steroids such as T and E. In this way, the major 

pathways regulating territorial aggression in the breeding and non-

breeding seasons may have similar or identical bases, but different 

points of the regulatory pathways are shut down or up-regulated. 

In these ways, similar behavioral patterns may be partially regu-

lated by a conserved pathway but variably expressed by regulating 

diverse combinations, or modules, of the components. Assembling 

these modules as needed may present multiple ways to avoid “costs” 

of T secreted into the blood at the wrong season while maintaining 

the same mechanisms at the target neuron.

Seasonal Modulation of Adrenocortical Responses in 
Relation to Environmental Change

A second example of the three-part regulatory system of secretion 

control, transport, and hormone responses involves glucocorti-

coids and daily metabolic needs as well as responses to pertur-

bations of the environment. Modulation of the response to acute 

stress in which individuals become resistant to acute stressors at 

certain times of the year avoids potential costs of chronic stress 

(e.g., Wingfield and Sapolsky ). The adrenocortical response 

of the hypothalamic–pituitary–adrenal (HPA) axis to acute en-

vironmental perturbations triggers an emergency life-history 

stage (ELHS; Wingfield et al. ; Fig. ). Perturbations of the 

FIG. 3. Three examples of neuroendocrine–endocrine cascades and the 
different foci of regulatory mechanisms that imbue considerable flexibility 
in how organisms control their responses to environmental change while 
maintaining a high degree of conservation of the cellular and extracellular 
components. (Left) The hypothalamic–pituitary–gonadal axis is regulated 
by environmental information entering the central nervous system through 
sensory receptors. This culminates in testosterone secretion into the blood, 
where it is transported bound to plasma-binding proteins, a second point of 
regulation (Fig. 2). In the target cell a third level of regulatory mechanisms 
resides, including different receptor types and modifying enzymes (see 
text). In some cases (perhaps widespread) during the non-breeding season, 
sex steroid hormones are synthesized within target cells of the brain, thus 
avoiding peripheral androgenization at the wrong time of year. (Center) 
The hypothalamic–pituitary–adrenal axis is part of the stress response; as 
in the first example, this neuroendocrine–endocrine cascade is regulated 
at all levels and activated by environmental information entering the central 
nervous system through sensory receptors. Corticosterone is transported 
in blood bound to binding proteins; at the target cell, receptor types and 
converting enzymes can regulate the sensitivity to corticosterone (see text). 
There is emerging evidence that, as with sex steroids, under certain condi-
tions glucocorticosteroids can be synthesized de novo in the brain. (Right) 
The third example is a similar cascade in the hypothalamic–pituitary–thy-
roid axis in regulation of reproduction and metabolism. Once more, bind-
ing proteins in blood play an important role and can be regulated. At the 
target cell, receptor types and converting enzymes provide further flexibil-
ity in how metabolism and reproduction can be developed in a changing 
world. Such flexibility of the three components of hormone secretion and 
action may be widespread in endocrine systems.
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of a three-part system—hormone cascade, transport in blood, 

and response networks in the target cells—is also well conserved 

across vertebrates, but the ways in which specific components can 

be regulated to modulate responsiveness to stress are very diverse. 

There is growing evidence for regulation of secretion of Cort at 

the hypothalamic, pituitary, or adrenal-cortex levels, and for reg-

ulation of CBG (e.g., Wingfield and Romero , Breuner et al. 

), but possible regulatory mechanisms of enzymes affecting 

CORT action within target cells await investigation. 

Thyroid Hormones, Metabolism, Reproductive Cycling, 
Migration, and Molt

The third example involves the multiple actions of the hypotha-

lamic–pituitary–thyroid axis (HPT) and the regulation of seasonal 

changes in metabolism, reproduction, molt, and migrations (e.g., 

Yoshimura ). Again, a perception–transduction–response sys-

tem followed by the three components of hormone action emerges. 

In birds the hypothalamic peptides thyrotropin-releasing hormone 

and corticotropin-releasing hormone (CRH) regulate expression 

and release of thyroid-stimulating hormone (TSH) from the ante-

rior pituitary. The latter circulates in blood to the thyroid gland, 

where it binds to membrane receptors and regulates the synthesis 

and release of thyroid hormone, thyroxine (T). This includes ex-

pression of key enzymes such as peroxidases and deiodinases (e.g., 

St. Germain and Galton , Köhrle , Nelson ). The pro-

cess of T synthesis and release is complex and beyond the scope of 

the present discussion. However, each component of this biosyn-

thetic pathway could also be points of regulation. After release, T 

circulates in blood bound to transport proteins transthyretin and 

prealbumin. As with Cort, it is thought that only unbound T can 

enter cells, although there is also evidence that the binding proteins 

in blood may also transport T into cells. Once inside a target cell, 

T is converted to tri-iodothyronine (T) by deiodinase- (DIO). 

Some T is converted by DIO to T in the blood as well. T is the 

biologically active form of thyroid hormone that binds with high af-

finity to two types of genomic receptor, TRα and TRβ (Vennström 

et al. ). These also become gene transcription factors when 

bound to T and complexed with retinoic acid receptor (type  

genomic receptors; Vennström et al. ). There is evidence for a 

membrane receptor that mediates rapid effects, whereas genomic 

receptor binding requires several hours for effects to be manifest. 

Other enzymes, deiodinases  and  (DIO , DIO ; St. Germain and 

Galton , Köhrle ), deactivate T to reverse T that does not 

bind to any known receptor and, thus, is a deactivation shunt. Cu-

mulative effects of this cascade are to regulate development, molt, 

reproduction, migration, and seasonal changes in metabolism. 

Once again, we see that specific components of the HPT, although 

well conserved across vertebrates, can be regulated in diverse ways 

(e.g., Yoshimura ), resulting in variation among individuals in 

relation to experience of the environment, sex, and location. Addi-

tionally, sites of regulation can vary within an individual with time, 

which indicates that phenotypic flexibility (sensu Piersma and van 

Gils ) can be great. Future advances will come from focusing 

on interactions among the three axes if we are to predict how tim-

ing of reproduction, response to stressors, and key nonreproductive 

events of the annual cycle are coordinated in response to global cli-

mate change and other major changes such as urbanization, loss of 

habitat, and invasive species.

environment are perceived by sensory modalities, and this infor-

mation is transduced into neuropeptide secretions such as cor-

ticotropin-releasing hormone (CRH), arginine vasotocin (AVT), 

and mesotocin (MT) that regulate expression of a precursor or 

pro-peptide hormone, pro-opiomelanocortin (POMC), in the an-

terior pituitary. The POMC polypeptide can be then cleaved to 

yield several peptides, including adrenocorticotropin (ACTH). 

Release of ACTH from the pituitary gland into the blood is also 

regulated by CRH and AVT (Wingfield et al. ). ACTH acts 

on adrenocortical cells to activate CYP enzymes, including hy-

droxysteroid dehydrogenases that synthesize glucocorticoids 

such as corticosterone (Cort). Release of Cort into the blood is a 

major endpoint of the cascade of events that are part of the adre-

nocortical response to stress. Once in the blood, Cort circulates 

bound to a carrier protein, CBG, which is part of the transport 

part of the system (Breuner and Orchinik ). Cort provides 

negative feedback signals for ACTH release from the pituitary as 

well as CRH release from the hypothalamus. More than % of 

Cort circulating in avian blood is bound by CBG (e.g., Breuner et 

al. ). On reaching target cells such as liver or neurons in the 

brain involved in the ELHS, it is thought that only Cort unbound 

to CBG can enter cells. Once inside the cell, there are two types 

of genomic receptor that can bind Cort and become gene tran-

scription factors. The mineralocorticoid-type receptor (MR) binds 

with high affinity and so can be saturated at low circulating levels 

of Cort. The glucocorticoid type receptor (GR) has a lower affinity 

and is saturated only at higher concentrations of Cort. Thus, GR 

has been proposed as the “stress” receptor (Breuner et al. ). 

Note that there is strong evidence in birds for a membrane recep-

tor (non-genomic) that mediates rapid behavioral effects within 

minutes (e.g., Breuner et al. ). The genomic receptors have ef-

fects through gene transcription (different genes affected by each 

receptor type) and thus require up to several hours for biological 

effects to be manifest.

There are also steroidogenic enzymes expressed in tar-

get cells that can modulate how much Cort encounters genomic 

receptors. There are two isozymes of β-hydroxysteroid de-

hydrogenase (β-HSD) that apparently play different roles in glu-

cocorticosteroid metabolism (Holmes et al. ). Type  can be 

bi-directional in tissue homogenates, but in vivo it acts mostly as a 

reductase, regenerating active glucocorticosteroids from circulat-

ing -ketosteroids. Type  acts to inactivate glucocorticosteroids. 

β-HSD knockout mice show signs of hypertension arising from 

activation of MR receptor by glucocorticosteroids in the absence 

of the protection from the type  enzyme (Holmes et al. ) and 

show more subtle effects with reduced glucocorticoid-induced 

processes such as gluconeogenesis when fasting, and lower glu-

cose levels in response to obesity or stress (Holmes et al. ).

Regulation of -βHSD activity involves two gene splices and 

may regulate local production of glucocorticosteroids in neu-

ral tissue, immune system, and skin (i.e., extra-adrenal sources; 

Schmidt et al. ; Taves et al. a, b). β-HSD  converts Cort 

to deoxycorticosterone, which cannot bind to any known Cort re-

ceptor and is a deactivation shunt. β-HSD  tends to have the op-

posite effect of enhancing Cort and, thus, the likelihood of binding 

to MR or GR. Co-repressors and co-activators also are points of 

regulation for gene transcription and responses that control the 

ELHS and affect the immune system (Fig. ). This second example 
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