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ARTICLE INFO ABSTRACT

Keywords: Sex is ubiquitous and variable throughout the animal kingdom. Historically, scientists have used reductionist
Androgens methodologies that rely on a priori sex categorizations, in which two discrete sexes are inextricably linked with
Behavior gamete type. However, this binarized operationalization does not adequately reflect the diversity of sex observed
zlrds in nature. This is due, in part, to the fact that sex exists across many levels of biological analysis, including
Fisst}rIOgens genetic, molecular, cellular, morphological, behavioral, and population levels. Furthermore, the biological
Gender mechanisms governing sex are embedded in complex networks that dynamically interact with other systems. To
Multivariable produce the most accurate and scientifically rigorous work examining sex in neuroendocrinology and to capture
Rodents the full range of sex variability and diversity present in animal systems, we must critically assess the frameworks,

Sex variability
Sex diversity
Statistical modeling

experimental designs, and analytical methods used in our research. In this perspective piece, we first propose a
new conceptual framework to guide the integrative study of sex. Then, we provide practical guidance on research
approaches for studying sex-associated variables, including factors to consider in study design, selection of model
organisms, experimental methodologies, and statistical analyses. We invite fellow scientists to conscientiously
apply these modernized approaches to advance our biological understanding of sex and to encourage academ-
ically and socially responsible outcomes of our work. By expanding our conceptual frameworks and methodo-
logical approaches to the study of sex, we will gain insight into the unique ways that sex exists across levels of
biological organization to produce the vast array of variability and diversity observed in nature.

1. Introduction

Sex is ubiquitous in the kingdom Animalia and has long captured the
curiosities of both scientists and non-scientists alike. To study sex, sci-
entists have historically defined “sex” as a binary categorical variable, in
which organisms are designated as either female or male based on an
observable (or set of observable) characteristic(s) associated with

* This paper is part of the Virtual Special Issue, Sex/gender diversity.
* Corresponding author.

gamete type. However, it is becoming increasingly clear that two
discrete sexes are insufficient to capture the sex diversity observed in
nature. Indeed, many organisms — including humans — show an immense
range of sex variability that supersedes binary categories. This
complexity is due, in part, to the fact that sex is observable across many
levels of biological organization, including genetic, molecular, cellular,
physiological, behavioral, social, and ecological levels, which may or
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may not be congruent with one another. Conceptualizing sex as a
discrete binary is further complicated by the reality that mechanisms
governing sex are embedded within complex biological networks, both
affecting and being affected by other interconnected systems. We
consider it within the purview of neuroendocrinologists to describe and
model such complexity; however, it remains common practice to oper-
ationalize sex as strictly a binary variable, in our field and beyond. In
addition, how we assign sex in our work is typically based on one
defining characteristic, axis, or proxy of sex (e.g., chromosomes, geni-
talia, or plumage), which is constrained by the qualities that we (as
human researchers) can observe and define as belonging to said sex
category. We argue that to produce the most accurate and scientifically
rigorous work examining the diversity and variability of sex, we must
reconsider and advance the predominant frameworks, model systems,
and analytical methods we are using to fully encompass the range of sex
and its biology in animal systems.

In this perspective piece, we call special attention to the academic
and socio-cultural importance of our scientific study of sex, even when
using non-human animal models. This article draws both from empirical
research and from the perspectives of several early career researchers
with varied backgrounds in the field of behavioral neuroendocrinology
who use a diverse range of organisms, levels of analysis, and techniques
to inform their views on this subject. Together, we argue that current
research standards for studying sex must be improved to inform more
accurate and inclusive research. We believe this call to action is timely
and urgent for several reasons, beyond our own personal scientific cu-
riosities. First, the National Institutes of Health (NIH) requires the study
of “both sexes” in all NIH-funded research (NIH, 2015). While this
initiative was a necessary first step to address the male-centric bias in
biomedical research, we argue it is necessary to go further and re-
evaluate how sex-associated variables are integrated into neuroendo-
crinology and other biological research. This process will ensure proper
reporting of sex differences and similarities (Garcia-Sifuentes and
Maney, 2021), improve study interpretation and discussion (Miyagi
et al., 2021), and broaden our perspectives on sex diversity and vari-
ability throughout the animal kingdom (McLaughlin et al., 2023). Sec-
ond, we (the authors) envision the Society for Behavioral
Neuroendocrinology (SBN) to be an exemplar for conducting science
that engages with communities within and outside of academia. SBN
holds a unique space for outstanding and expansive expertise in
hormone-mediated traits, behaviors, brain development, morphology,
physiology, genomics, and other molecular processes; thus, we are a
society of scientists consistently on the forefront of sex-associated
research, with wide translational potential (Aghi et al., 2022). This
role comes with both academic and social responsibilities, exemplified
by the use of our research to justify laws (Sudai et al., 2022), medical
practices (Fausto-Sterling, 2000), and other regulations that impede on
the lives and rights of our peers, particularly those in LGBTQIA+ com-
munities (Gill-Peterson, 2018; Massa et al., 2023). If we, as scientists,
want more inclusive and responsible research, then we must start with our
own. Conscientiously accounting for these intersectional factors in the
study of sex is necessary for: 1) producing rigorous research, 2)
advancing our conceptual understanding, and 3) protecting our peers
and other vulnerable communities.

The goal of this paper is to challenge how we conceptualize, frame,
and use “sex” throughout our work to improve our research output while
engendering a more inclusive and equitable scientific society. We
acknowledge that sex is a multifaceted, complex phenomenon that
consists of many intersecting variables and can be approached from
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different perspectives. It cannot be overstated that we do not claim to
have all the answers, nor do we purport to have a universal solu-
tion to these issues. Rather, we hope this perspective piece sparks
constructive conversations on how to best approach this subject in
our labs, classrooms, and scientific societies, each with their own
unique contexts. We encourage readers to keep an open and critical
mind to identify aspects of this perspective piece that are relevant to
their own research, while remaining aware of the sociopolitical impacts
of this work, particularly on marginalized communities. If sex is not a
part of their research, we still invite readers to apply these concepts to
improve their critical evaluation of research on sex and to increase
awareness of sex variables that may be relevant in their own studies.

In this perspective piece, we first provide conceptual background and
scientific motivations for reevaluating the predominant operationali-
zation of “sex.” Next, we propose a new operationalization to better
study sex in its full diversity and variability with an integrative, multi-
dimensional, contextually adaptable framework that remains flexible for
future changes. We then describe potential variables/factors, animal
models, experimental approaches, and statistical analyses to consider in
study design. Finally, we close with a brief discussion on actions that can
be taken, both individually and collectively, to encourage responsible
and positive academic and socio-cultural impacts of our research.

2. Conceptual background
2.1. What is sex and why do we need a new framework?

At its most broad, sex refers to a form of biological reproduction
characterized by the recombination and division of parental genomic
material that is unified in the next generation. Sex also refers to a
summary category of individuals within a sexually reproducing species
(i.e., males, females, hermaphrodites). In practice, these categories are
assigned to individuals based on traits assumed to be associated, to
varying degrees, with the production of haploid gametes that differ
relatively in size: the larger “female” ova and the smaller “male” sperm.
Classically, this categorization is then extrapolated to encompass other
traits across different biological scales, or Levels of Analysis® (Table 1),
without consideration of timing for the development, emergence, and
maintenance of sex variable traits. This essentialist conceptualization of
sex reduces all sex variable biology — development, genetics, anatomy,
physiology, endocrinology, neurobiology, behavior, and ecology — to
asymmetric gamete production (anisogamy) and privileges successful
fertilization as a measure of fitness. While this definition of sex may be
useful for modeling generalizable principles of sexual selection (De Vries
and Lehtonen, 2023), it is overly deterministic in that it assumes
anisogamy is ultimately causal for variation and diversity in sex biology
(Fig. 1), including the genetics of gonadal determination, physiological
and morphological divergences, behavioral and social differences, and
sex roles (Goymann et al., 2023). This categorical, binary operationali-
zation asserts a priori that sex differences arise from two distinct bi-
ologies within a species, as though “the two sexes” are complex

3 While one of the first uses of “levels of analysis” has been to study animal
behavior and social plasticity within the framework of “proximate” and “ulti-
mate” questions, many different perspectives have been used to categorize this
concept (reviewed in MacDougall-Shackleton, 2011; Oliveira, 2012). To clarify
what we mean by “levels of analysis” in reference to sex in this perspective
piece, we are referring to the multiple biological levels of organization in which
“sex” can present itself, including, but not limited to: genetic, morphological,
hormonal, behavioral, and environmental (Table 1; McLaughlin et al., 2023).
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Table 1
Definitions of terms associated with sex diversity and sex variability used
throughout this perspective piece.

Term Definition

Gender Socially constructed roles, behaviors, and identities of
individuals that occur in a particular historical,
environmental, societal, and cultural context that can
be embedded systemically, institutionally,
ideologically, and relationally and may change over
time.

The underlying mechanism(s) that initiate(s) the
development of primary reproductive organs.

The multiple biological levels of organization in which
“sex” can present itself, including, but not limited to
genetic, morphological, hormonal, behavioral, social,
and environmental levels.

A set of sex-associated correlated or covarying
phenotypic traits belonging to an individual.

Sex Of, or relating to, the process of biological
reproduction characterized by the recombination and
division of parental genomic material, unified at
fertilization.

A subclass, categorical or continuous, in reference to a
group of traits that are often, but not always,
associated with reproduction. These include female,
male, hermaphrodite, and intersex, among others.
The ontogenic processes by which sex variable traits
emerge, are maintained, or changed.

Variation — differences and similarities — in sex biology
between and across species. Used to describe the variety
of biological systems involved in sex.

Broadly refers to sex-associated variation — differences
and similarities — across specific characteristics that
correlate or covary with a sex category or other sex
variables within a species.

Species in which the gonads and related traits,
physiological systems, and behavior reach a steady
state after development, but can change in response to
perturbation.

Species in which the gonads and related traits,
physiological systems, and behavior exhibit variability
based on their (social) environment throughout the
lifespan. These species display pronounced permanent
or semi-permanent changes in these biological and
physiological processes in response to perturbation,
including sex change.

A phenomenon in which a defined endpoint is
measurably similar across sex, but the biological and
physiological mechanisms underlying this endpoint
are distinct (McCarthy et al., 2012).

A phenomenon in which a defined endpoint is
measurably different across sex, whether by similar or
distinct biological and physiological mechanisms.

Gonadal determination

Levels of analysis

Morph

Sex (as summary category,
pl. “sexes”™)

Sex differentiation

Sex diversity

Sex variability

Sex-stable species

Sex-dynamic species

Sex convergence

Sex divergence

machines with different mechanisms, or even as different as another
species (Richardson, 2010). Collapsing the complexity of sex into a bi-
nary variable operationalizes sex categories — “a sex” or “the sexes” — as
forms or substances independent from the influence of time rather than
emergent states of interacting variables engaging in dynamic biological
processes.4 Herein lies the primary contention of this perspective piece:

4 The predominant practice of operationalizing sex as a binary variable re-
quires privileging certain biological properties over others when defining and
assigning sex categories. This frames and influences nearly every aspect of a
scientific study, from design and execution to analysis and interpretation,
which we address here as practicing researchers (Sections 3 and 4). Philo-
sophical perspectives on this discussion — such as whether biological phenom-
ena, including sex, are best captured by a substance or process-centered
ontologies — though relevant, are beyond the scope of this article. However, in
the interest of encouraging continual discussion, we consider our proposed
framework (dynamic sex variability, Fig. 1) as in line with similar dynamical
perspectives on development, evolution (Waddington, 1957; Wilkins, 2008;
Fabris, 2018), and sex differentiation (Sun and Tollkuhn, 2023).

Hormones and Behavior 157 (2024) 105445

operationalizing sex as a univariate, binary, categorical variable is insuffi-
cient to reveal the biology of sex. If we assume the sexes are separate, we
inevitably produce separate models: “Sex differences predict sex dif-
ferences” (Gowaty, 2018).

Univariate, a priori operationalizations of sex severely limit our
thinking and understanding of naturally occurring sex diversity, and
assuming there are only two sex categories that span all levels of analysis
is restrictive. Any variation observed outside of categorical archetypes is
incorporated post hoc and are often interpreted as rare, exceptional,
pathological, erroneous, ignored, or unimportant. These assumptions
also bias data interpretation and encourage reports of spurious sex dif-
ferences (Garcia-Sifuentes and Maney, 2021; Gowaty, 2018; Patsopou-
los et al., 2007). Furthermore, this approach inherently disregards any
naturally occurring sex diversity, despite the reality that individuals
rarely fulfill archetypal sex categories, thereby hindering translation and
comparison across different sexual systems in the animal kingdom
(Bachtrog et al., 2014; DiMarco et al., 2022). Another consequence of
this approach is that the historically binarized study of sex differences
operationalizes “males” as baseline, whereas “females” are studied only
in relation to males (Smiley et al., 2022; Massa et al., 2023). In the bi-
nary framework, the biologies of males and females are often considered
so distinct that females are often relegated as a separate experimental
condition or — as in some rodent studies — are studied following ovari-
ectomy to control the influence of cycling gonadal hormones under the
false pretense that endogenous hormone cycles cause increased behav-
ioral variability (Levy et al., 2023; Shansky, 2019). The binary frame-
work also overemphasizes an oppositional framing: if one variable value
is male, then the other can only be female, precluding any applicability
to animal sexual systems in which individuals can produce both, neither,
or incomplete gametes. While the NIH initiative Sex as a Biological
Variable (SABV) sought to remedy such systemic practices, it has not
addressed the underlying fundamental issue of considering sex only as a
binary variable (NIH, 2015; DiMarco et al., 2022).

The “sex as a binary” framework also collapses the multi-level, multi-
scale nature of sex (McLaughlin et al., 2023), thereby flattening, erasing,
and obscuring the influence of scale and time on sex biology. Many sex-
associated traits have varying dynamics and occur at specific life stages,
are influenced by developmental processes, or have effects seen later in
life. Furthermore, these spatio-temporal properties can interact to pro-
duce sex variability (McCarthy, 2023). For example, gonadal steroid
hormones, such as estrogens, contribute to the expression of adult sex
variable territorial behaviors due to hormone surges during the peri-
natal period, with sex divergent effects dependent on the expression of
enzymes in specific brain areas (Wu et al., 2009). In order to better
investigate how sex, sex diversity, and sex variability (Table 1) arise
from interacting variables spanning biological scale and time, a new,
integrative framework that does not rely on categorical a priori as-
sumptions that ignore or flatten the multidimensional nature of sex is
required (Fig. 1A). Such a framework will enable scientists to describe
sex differences with greater precision, incorporate instances of sex
similarity without disregarding, oversimplifying, or overinterpreting
results, and reduce reports of spurious differences. Ultimately, by
centering sex variables and their scale-spanning relationships, this
framework will guide studies toward identifying the specific biological
mechanisms that generate sex variability and diversity.

2.2. Definitions & terminology

The language we use about sex greatly affects how we study it and
interpret our findings. Here, we critically examine the historical basis of
our current terminology and the ways it perpetuates a flawed univariate,
binary approach to studying sex. We (re)define and refine these terms to
improve the operationalizing of sex, enhancing the precision and in-
clusivity of our scientific language to better describe and understand the
full range of sex diversity.

The largely binarized

terminology of sex in behavioral
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Fig. 1. Dynamic sex variability - An integrative, multidimensional framework. A framework that centers sex variability will enable the study of sex across multiple
levels of biological analysis (colored boxes). A) Visual schematic representing the degree of sex variability (y-axis) across biological scale (x-axis) and time (z-axis),
with example sex variables of interest (not all possible covariates and functional relationships are presented). In this example, to decipher mechanisms linking
gonadal hormones to receptive reproductive behavior in adult rodents (lordosis), the functional relationships (black subset of possible gray relationships) between
select variables (bold words) need to be identified. At each level of analysis, numerous variables differ across sex to contribute to reproductive behavior through these
functional interactions. Importantly, the degree of variability across sex categories is dynamic and is affected by developmental stage, experience, and environmental
factors. B) An example of sex variable relationships across several levels of analysis. For any given study of sex, there are limits to which levels of analysis (and variables
within these levels of analysis) are experimentally tractable (colored boxes). The study lens encompasses “levels of analysis” with measured variables. Levels of
analysis outside the study lens (outlined boxes) still contribute, in some manner, to the focus of the study (e.g., lordosis in A) and should be held as contextually
relevant factors (Richardson, 2021). This example illustrates a hypothetical scenario in which sex variable behaviors (blue) are mediated primarily by high sex
variability in genomic level of analysis (red) through variation in expressed proteins (yellow), but not from variability in steroid hormones (orange). Importantly, this
framing acknowledges levels of analysis outside of the study lens, illustrated here by the assumptions made about neuroanatomical sex variability (green outlined
box) that could shape the effects of differential gene expression on behavior at life stages where gonadal physiology does not exhibit high variability. C) An example of
sex variable relationships across several levels of analysis through time. This hypothetical study lens seeks to identify changes in sex variability through biological time (e.
g., development, aging, experience). This example illustrates a scenario in which there is little sex variability at time t, at the genomic (red), endocrine (orange),
molecular/cellular physiological (yellow), and neuroanatomical (green) levels. Sex variability emerges by time ¢, ;, at which high sex variability is observable in
certain levels of analysis. We propose that this framing captures the complexities of sex variable biology while aiding in study formulation, execution, and inter-
pretation. D) This new, proposed framework (A-C) contrasts with the categorical binarized approach (D) that imposes a priori separation of biological mechanisms.
Anatomical abbreviations: BNST, bed nucleus of the stria terminalis; MeA, medial amygdala; MPOA, medial preoptic area; PAG, periaqueductal gray; PVN, paraventricular
hypothalamic nucleus; VMH, ventromedial hypothalamus; VNO, vomeronasal organ. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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neuroendocrinology can be traced back to the first seminal studies of
hormones and sexual behavior, in which researchers administered
hormones of the “opposite sex” and examined their effects on
morphology, behavior, and physiology (e.g., Phoenix et al., 1959).
These and other works mistakenly refer to androgens as “male hor-
mones” and estrogens and progestins as “female hormones.” While this
terminology was most likely used for simplicity at the time, its continued
use has contributed to a false dichotomy extended to other variables
beyond hormones, gametes, and gonads. Recently, we have seen the idea
of “sex” being a univariate trait institutionally mandated by the very
language used in the NIH initiatives created to increase the study of sex
differences - i.e., “sex as a biological variable” (NIH, 2015). The title
alone states that sex is “a variable”, inherently dismissing the fact that
sex occurs at multiple levels of analysis (McLaughlin et al., 2023).
Furthermore, the initiative states that studies must include “both sexes”,
assuming that there are only two sexes to consider. From this informa-
tion, it is not clear how we should define sex in our studies or how we
should group individuals and populations that fall outside of the binary
framework. The solution to this problem is to first clearly operationalize
and communicate how we are measuring sex in our studies (Miyagi
et al., 2021). How “sex” as a summary category is operationalized in a
given study depends on which trait(s) and/or "level(s) of analysis">
(Table 1) are measured and the goal(s) of the current study, as well as
past studies. Ideally, a study of sex will include measures of multiple sex-
associated variables at several biological levels to examine potential sex
variability that may be occurring across levels of analysis, within and
between species.

We must expand the terminology used to describe sex to be more
precise and inclusive (Miyagi et al., 2021). In Table 1, we provide
operational definitions for terms relevant to the study of sex, and we will
refer to these terms throughout the paper. While we cannot define all
possible relevant terms here, we encourage readers to thoughtfully
consider the language being used in their own scientific writing and
other forms of communication. Table 2 outlines a few examples of ways
to reinterpret and update historically used terms into more inclusive and
operational language. For instance, we propose using the term “gonadal
determination” instead of the commonly used term “sex determination”.
Interpreted literally, “sex determination” refers to a mechanism that
determines the sex category of an individual, meaning all sex-associated
traits would be determined by such a mechanism. Thus, this term
forgoes the multidimensionality of sex and continues the conflation of
sex as originating by a single factor, reinforcing an immutable binary
model. Similarly, some historically used terms suggest a categorical
norm for which sex performs a behavior, despite few behaviors being
exclusive to one sex. For example, the term “sex-role reversal” can more
accurately be described by the actual behaviors that coincide within a
population, such as high rates of male parental care and female
competition for mates. Assuming a standard of sex roles is misleading
and highlights a bias for how norms are defined (Ah-King and Ahnesjo,
2013). Indeed, paternal care evolved before maternal care (Gross and
Sargent, 1985), and describing paternal care as a “reversal” does not add
meaningful biological context. Additional examples of reinterpretation
of harmful terms used in biology can be found in the EEB Language
Project Repository.” Although these concepts may not directly apply to
your own research, we encourage readers to use this exercise when
reading other literature. Does re-examining or reframing the language
used in published papers change the interpretation or call for a re-
evaluation of the findings? This practice will increase awareness of
biased language used in our scientific writing and in other media outlets,
both for new trainees and well-established members of our field alike.
Critical engagement with our own language usage is a foundational step

5 The EEB Language Project: A repository for harmful terminology in EEB.
URL: https://www.eeblanguageproject.com/repository (accessed July 25,
2023).
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Table 2
Examples of how to redefine terms associated with sex diversity and variability
to be operational, precise, and inclusive.

Historically used Updated terminology Justification
terminology
Biological sex Sex “Biological sex” conflates

the biology of sexed
characteristics as
determined and
immutable. It has also
been used to incorrectly
draw distinctions between
the genetic, molecular,
physiological, and
behavioral (nominally
“sex”) from the
psychological, ecological,
and sociological
(nominally “gender”)
aspects of sex and gender
diversity when, in fact,
these elements are highly
intertwined in unique and
specific ways. In our
integrative framework, sex
goes beyond what is
classically considered
biological, thereby making
the term “biological sex”
overconstrained.

This terminology presents
a false binary that these
hormones only have sex-
specific functions while
downplaying the role of
other hormones. In reality,
these hormones are

“Male hormones” (i.e.,
when referring to
effects of androgens)
and “female
hormones” (i.e., when
referring to effects of
estrogens or

Androgens, estrogens,
and progestins

progestins) functionally important in
all sexes.

Masculinization (i.e., Androgenization Using masculinizing/
when referring to (androgenic), feminizing terminology in
effects of androgens) estrogenization broad reference to
or feminization (i.e., (estrogenic), or outcomes of endocrine
when referring to the progestinization signals implies androgens,
effects of estrogens or (progestigenic) estrogens, and progestins

progestins) only have sex-specific
functions, when in reality,
these hormones are
relevant for all sexes. This
terminology can be
expanded to other
molecules that have roles
in sexual differentiation,
such as oxytocin
(oxytocinergic).

By definition, “sex
determination” refers to a
mechanism that
determines the sex
category of an individual,
meaning all sex-associated
traits are determined by
one such mechanism.
Thus, this term forgoes the
multidimensional,
multimodality of sex and
continues the conflation of
sex as ultimately
originating from a singular
process, reinforcing an
essentialist binary
operationalization.

As an umbrella term to

Sex determination Gonadal determination

Sex differences Sex variability; subtyped:
sex differences, sex

similarities

describe sex, “sex
differences” reinforces the
search for discrete, binary

(continued on next page)
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Table 2 (continued)

Historically used Justification

terminology

Updated terminology

biological variation
between sexes, when in
reality, there are
differences and similarities
across sex categories. “Sex
variability” better
encompasses the range of
possible outcomes and sex-
associated phenomena to
study, used in conjunction
with “sex differences” and
“sex similarities” in
specific comparisons.
Sexual dimorphism or “Sexual dimorphism” is
sexual polymorphism

Sexual heteromorphism;

subtyped: sexual the primary categorization

monomorphism, of sex variable morphs,
dimorphism, due in part to its
multimorphism prevalence in the majority

of animal species studied,
but imprecise application
of the term can confuse,
erase, or hide intraspecies
sex variable phenotypes.
Instead, sexual
heteromorphism should be
used as the overarching
category for multiple
morphs within a species
that relate to sex, and
subtyped in appropriate
contexts. This terminology
encourages contextual
specificity. For example,
traits at one biological
scale may be
monomorphic, and
another dimorphic. This
approach forgoes the
implied lack of overlap in
traits between sex
categories and
appropriately emphasizes
that there can be multiple
modes in trait value within
and across sexes (
Anderson and Renn,
2023). We suggest the use
of multimorphism when
referring to more than two,
as polymorphism has other
uses in the biological
sciences that may confuse
rather than clarify.
Behaviors that coincide This terminology assumes
within a population

Sex role reversal (i.e., in
reference to a specific
behavior or set of
behaviors)

a standard of “typical” sex
roles, which is misleading
and highlights and
perpetuates biases for how
norms are defined.

Examples of how to reframe commonly used terminology in research to improve
operationalization, precision, and inclusivity. As an exercise, we encourage
readers to consider the following questions: 1) Where does this term come from?
(i.e., what is the historical basis of this term; does it originate from a false di-
chotomy that is being perpetuated in some way?); 2) Is this term inclusive?; 3) Is
this term precise or used vaguely?; 4) Is this term operationally defined in the
text and is the definition consistent throughout?

toward improving the quality of our research and recontextualizing past
works with present and future discoveries (Massa et al., 2023; Miyagi
et al., 2021).
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2.3. Dynamic sex variability: An integrative, multidimensional framework

Our integrative framework (Fig. 1A) is centered on the emergence
and degree of variability in specific, measurable sex-associated traits,
both within a level of analysis (colored boxes, Fig. 1) and their in-
teractions across levels. Focusing on measurable variables discourages
definitions and practices that collapse and essentialize sex-associated
traits across scales based on the assumption that sex categorizations
necessarily coincide (compare to Fig. 1D; Massa et al., 2023; Massa and
Correa, 2020). Biological scale (microscale: genetic, molecular, cellular,
hormonal; macroscale: anatomical, behavioral, social, ecological) is
represented on the x-axis (abscissa), with several example variables
within a scale-specific level of analysis (text within colored boxes). Each
level of analysis/variable exhibits differing degrees of sex variability,
illustrated by its relative position on the y-axis (ordinate). How specific
traits vary can be nonlinear, by qualitative or quantitative measure, or
by distribution within and across sex categories. A critical third
dimension to consider is biological time (e.g., development, aging,
experience), represented on the z-axis (applicate). These “axes” are not
meant to be precise or numeric values. Rather, they are heuristics for
relating sex-associated variables across specific dimensions: scale,
variability, and time. Importantly, this framework makes clear the
contextual dependency of the variables used for sex categorization,
stemming from both practical and conceptual constraints (Richardson,
2021). Overall, centering sex-associated variables within their spatio-
temporal contexts emphasizes the limits of a variable's dynamic influ-
ence on other connected variables.

Neuroendocrine studies often encompass several sex-associated
variables within and across biological levels and seek to identify the
functional relationships and processes among those variables. For
example: What neural circuits mediate behaviors that exhibit sex vari-
ability? Do specific hormones modulate these circuits holistically, or in
specific brain areas to elicit sex variability in behavior? Do the mecha-
nisms differ or change with age or across life stages? Do genotypic dif-
ferences contribute to neurological sex variability? Do specific
environmental conditions modulate the degree of sex variability? This
framework can be used to map the variables relevant to a given research
question, along with the functional relationships among them. With this
framework, studies can be designed with more rigor to better tackle the
question at hand without relying on assumptions about sex categoriza-
tion. For example, Fig. 1A illustrates a map for a hypothetical study
conducted in our Dynamic Sex Variability framework. This study focuses
on sexually receptive behavior in rodents (lordosis). Importantly,
lordosis is mapped as a behavior that greatly varies across sex (high sex
variability) and does not explicitly tie the display of lordosis to a sex
category or sex role. Notably, this approach forestalls false binary as-
sumptions and incorrect interpretations, such as the belief that certain
behaviors are exclusive to one sex category. In this example, lordosis is
often described as a “female sexual behavior,” despite decades-long
observations of lordosis behavior in male rodents (Sodersten et al.,
1974; Sodersten, 1976; Schaeffer et al., 1990). “Male mounting
behavior” is also observed in female rodents (Hashikawa et al., 2017). If
using a binary definition of sex, only rodents with ovaries might be
included in the study, while rodents with testes may be excluded
(Fig. 1D). Thus, the binary discourages the use of other sex categories to
explore the biological underpinnings of lordosis. Such binarization also
extends to hormones, with androgens often referred to as “male sex
hormones” and estrogens and progestins as “female sex hormones”
(Table 2; Massa and Correa, 2020). It should be noted that adult rodents
possess all hormones to varying degrees that originate from several
sources, not exclusively the gonads (Do Rego et al., 2009). Using the
proposed sex variability framework (Fig. 1A), the limited utility and
explanatory power of binarized sex categorizations is revealed (Fig. 1D),
the specific mechanisms of interest are spotlighted, and important po-
tential sex-atypical relationships remain in view. It encourages the in-
clusion of animals of varying sex categories, ages, and contexts, which
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are likely necessary to identify the relevant functional relationships
between dynamically covarying traits at different biological levels
(Fig. 1A, black lines).

This framework is appropriately flexible, allowing it to guide study
design for a wide array of research questions on sex, while acknowl-
edging practical limitations in research. For example, the parsing of
genetic and gonadal hormone contributions to sex variability is of cen-
tral interest in neuroendocrinology (Sun and Tollkuhn, 2023). In some
species of birds, sex variability in multiple behaviors exhibit complex
associations with sex-associated heteromorphs, with differences in gene
regulation independent of the gonads, gametes, or gonadal hormones
(Horton et al., 2020; Prichard et al., 2022). This instance of sex-
associated behavioral variability (Fig. 1B, filled blue box) is captured
by the changing relationship between the genomic level of variability
(Fig. 1B, filled red box: DNA methylation; Prichard et al., 2022),
resulting in differential, sex-variable protein expression (filled yellow
box) that drives variation in behavior. Importantly, this framework ac-
knowledges and incorporates the practical limitations every study en-
counters. In this example, the study focus on the genomic origins of sex
variable protein expression does not directly account for anatomical sex
differences (Fig. 1B, outline green box) that could also contribute to
behavioral variability (Fig. 1B, filled blue box). The same concept ex-
tends to aspects of gonadal physiology and endocrine, social, ecological,
and environmental factors, which are outside of the scope or study lens
(Fig. 1B, outlined boxes connected by gray relationships). Instead of
dismissing, ignoring, or collapsing these interacting biological factors, as
in the binarized framework (Fig. 1D), these variables and their func-
tional relationships remain present in the conceptual model, even if data
at that level are not collected. This approach places study results within
their biological context, better informing the interpretation of results
and identifying important implications.

This framework also accounts for the importance of time and its
relationship to sex variability (Fig. 1C). Ontogeny, transition, and
experience are fundamental for the emergence, maintenance, or
convergence of sex variability within a species and sex diversity between
species. Temporal differences of developmental steroid hormone signals
among mammalian species are thought to contribute to variation in the
degree of sexual heteromorphism of brain regions, such as the medial
preoptic area (Wallen and Baum, 2002). Indeed, the predominant
guiding model of the neuroendocrine regulation of behavior, the
Organizational-Activational Hypothesis (Phoenix et al., 1959), describes
two temporally distinct modes of gonadal hormone action on the brain.
Although the Organizational-Activational Hypothesis has been influen-
tial, the dynamic sex variability framework makes its limitations more
apparent, specifically by emphasizing that multiple covariates can un-
fold with varying time courses, giving rise to varying emergent out-
comes (see also Arnold and Breedlove, 1985; Schulz et al., 2009). The
incorporation of time in this framework encourages the explicit
consideration of the dynamics of biological processes, including those
that may occur in adulthood. Designing studies that hold biological time
as a key factor also aids in placing single-time point results in a more
accurate context while illuminating the specific limitations of studies
that do not directly address development. This framework aids in the
identification of dynamic processes among variables at different levels
of analysis (Fig. 1C). For example, adolescence is a critical develop-
mental period during which there is an increase in sex variability as
animals mature (Schulz et al., 2009). While adolescence is marked by
the onset of the pubertal gonadal hormone surge and initiation of the
hypothalamic-pituitary-gonadal axis, other biological processes likely
exhibit different dynamics. As adolescence progresses, several variables
exhibit increased sex variability, such as gonadal hormones (Fig. 1C,
orange filled box at t,, and t;; ;). Considering which other variables also
change over time can illuminate possible functional relationships during
maturation, while still acknowledging gaps not directly studied. For
example, the gonadal hormone surge (Fig. 1C, orange filled box) could
be directing increases in genomic sex variability (Fig. 1C, red filled box)
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that contribute to differences in neural circuit activity (Fig. 1C, green
filled box). In this hypothetical example, the study is not formulated to
identify molecular or cellular variability (Fig. 1C, yellow outline box)
that may be mediating sex variability in neuronal activity, which may or
may not exhibit variation to the same extent as other variables.

To summarize, this integrated multidimensional framework (Fig. 1A)
is a heuristic to guide our studies of sex, its variability, and diversity,
including study design, data analysis, and interpretation (further
expanded upon in Section 3). It emphasizes the need to account for
multiple variables to identify the dynamic processes between them,
rather than collapsing traits assumed to be associated with sex cate-
gories. By actively considering sex variability, biological scale, and time,
we are encouraged to recognize and integrate the contextual de-
pendencies of measures and traits used for sex categorization, thereby
better capturing the influences and changes of these variables over time.
The framework is flexible, adaptable, and acknowledges practical limi-
tations. By explicitly incorporating the dimension of time, the frame-
work further aids in understanding the dynamics of sex variability
within and between species and highlights the importance of consid-
ering developmental stages and experience. In contrast to a binarized
framework (Fig. 1D), this integrative approach fosters a more compre-
hensive and targeted understanding of the complexities of sex variability
and diversity across biological systems.

3. Experimental design and analysis

To better understand natural variation in sex across the animal
kingdom and how sex influences physiology and behavior throughout
the lifespan, it is critical that a diversity of organisms with different
sexual phenotypes are represented in neuroendocrinology research,
both in field and laboratory settings (reviewed in McLaughlin et al.,
2023; Smiley et al., 2022). Moreover, because sex is dependent on the
integration of multiple phenotypes and, thus, can have different effects
on physiology and behavior (e.g., Munley et al., 2022¢; Solomon-Lane
et al., 2016; White et al., 2023), sex diversity and variability should be
regularly incorporated into experimental approaches to enable re-
searchers to disentangle whether and how sex influences each of these
individual processes. Although “sex differences” have been investigated
for decades (reviewed in Ball and Ketterson, 2008; Bangasser and Val-
entino, 2014; McCarthy et al., 2012; McCarthy and Nugent, 2015;
Trainor, 2011; Yan and Silver, 2016), there is not a consensus on how to
study sex in animal models, both with respect to experimental design
and statistical analysis. To date, sex diversity and variability in neuro-
endocrinology has primarily been studied in sex-stable species (i.e.,
species in which the gonads and related traits, physiological systems,
and behavior reaches a steady state after development; Table 1;
reviewed in McLaughlin et al., 2023; Smiley et al., 2022). Relatively
little is known, however, about how these mechanisms may differ in sex-
dynamic organisms (i.e., species in which the gonads and related traits,
physiological systems, and behavior exhibit variability based on their
environment throughout the lifespan; Table 1). There is also consider-
able variation in which variables are measured in experiments, how
these variables are quantified, and whether and how sex is incorporated
into statistical modeling and testing, making it challenging to explicate
the role of sex in modulating neuroendocrine mechanisms and behavior.
In this section, we provide recommendations for best practices when
designing experiments that examine or integrate sex variability and di-
versity, including: 1) factors and variables to consider measuring, 2)
implementing diverse model organisms, 3) mechanistic approaches for
studying multi-leveled traits, and 4) integrating sex-associated variables
into data and statistical analyses. Collectively, these guidelines will not
only allow researchers to answer central questions about how the brain,
behavior, and other attributes are influenced by sex, but will also
enhance our understanding of how these processes may differ across
species with diverse sexual systems.
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3.1. Factors and variables to consider when studying sex diversity and
variability

In order to take a truly integrative approach to studying sex-
associated traits, we must be aware that the variables we are using to
determine sex (e.g., morphological, hormonal, genetic) not only interact
with and influence each other (Fig. 1), but also occur and fluctuate in the
context of other factors that we may or may not be able to measure. As
integrative biologists who examine multiple traits and factors that relate
to sex, we use this framework with the understanding that they are not
hierarchical separations of importance (reviewed in MacDougall-
Shackleton, 2011). It is important to note that this section is not inten-
ded to be an exhaustive list of factors to consider when designing ex-
periments, but as a launching point for discussion and reflection of past
and present experimental design which aims to study sex (either as an
independent or dependent variable). We also note that in many cases, it
will be impossible to control for every factor/variable in an experiment,
so part of our aim is to increase awareness of factors/variables that are
important in study design and may affect sex-associated traits that are
being measured.

3.1.1. Timing factors

Broadly, we encourage scientists to always consider the role of
temporal dynamics in their studies of sex, even when development or
experience is not the focus of a study. ‘Post’-developmental time points,
such as adulthood, are predominantly considered within a static frame,
reinforcing essentialist and reductive interpretations of dynamic bio-
logical processes (Dupré and Nicholson, 2018). In turn, such views of
biological stasis congeal with essentialist binary logic described in the
previous sections and can contribute to the dismissal of sex variables
that are dynamic in nature (Smiley et al., 2022). Instead, all biological
processes have temporal components, even though a system may superfi-
cially appear static. Our proposed framework emphasizes this point
through the explicit consideration of spatiotemporal dimensions within
sex variability (Fig. 1). In this view, phenotypically stable — or matured —
sex categories, such as male, female, and hermaphrodites, can be un-
derstood as states of homeorhesis, a steady state (homeostasis) that is
actively maintained by ongoing processes extended through time and is
robust to certain perturbations (Waddington, 1957), while stages of
development and transition are more plastic and dynamic states. Thus,
sex variability within a species and diversity across species are natural
outcomes of the many dynamic systems involving numerous interacting
sex variables (Fig. 1A), which are able to simultaneously exhibit con-
tradictory properties of robustness and plasticity to enable adaptation
and evolution (Fabris, 2018).

More practically, the consideration of dynamics involves timed
sampling that includes both cross-sectional and sequences for longitu-
dinal studies, hallmarks of neuroendocrinology experimental design.
Choosing relevant end points and/or timepoints for repeated measures
can be critical for understanding both the initiation of timing of
expression and mechanisms that regulate the expression of sex-
associated traits. For example, during development, the timing of
expression of hormonal and other specific transcription factors can
fluctuate in a dose-dependent way; therefore, measuring hormonal
changes during development may reveal periods of divergence across
sexes, such as the appearance of distinct reproductive organs. Often,
experimental timepoints are chosen based on logistical constraints of the
experimenter in an attempt to keep time of day consistent. However,
conducting fundamental experiments to determine the biologically
meaningful timepoints that are relevant to the organism being studied is
an essential first step before designing studies and will help reveal pe-
riods of divergence between the phenotypes that define sexes. For
example, in studies investigating endocrine mechanisms during sex
change, which is often observed in sex-dynamic organisms (see Section
3.2.2), it is important to determine the timing of when important
behavioral and morphological markers appear before deciding the
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timing for sacrificing animals to obtain tissue samples for molecular
markers. Molecular actions can take minutes, hours, or days to manifest;
thus, it is critical to determine whether these effects are non-genomic or
genomic and act under the appropriate social context before investi-
gating the effects of drugs or specific molecules on sex-associated traits.
These considerations become even more important when expensive
treatments or molecular tools are being used and may increase the costs
of both personnel and other resources. Below, we describe several
timing-related factors which should be taken into consideration when
designing experiments.

3.1.1.1. Developmental timing. The organization, patterning, differenti-
ation, and subsequent specialization of cells that make up multicellular
organisms occur at specific times during the life cycle. These processes
are orchestrated by suites of regulatory genes that encode transcription
factors and signaling molecules, such as the ‘Gene Regulatory Network’
(Li and Davidson, 2009; Emmert-Streib et al., 2014), which are activated
by maternal transcription factors during embryonic and perinatal
development (Davidson et al., 2002; Paraiso et al., 2019; Poulat, 2021).
There is immense plasticity in these mechanisms during development,
even in species in which gonadal physiology is stably determined by
chromosomes or genes. For example, the regulatory genes involved in
shaping the final expression of sexual characteristics and reproductive
organs are ‘dispersed’ in a gradient, and the process of development
proceeds in response to the dose-dependent expression of these genes
(Barresi and Gilbert, 2023). Furthermore, activation of one particular
gene typically leads to expression of other downstream genes and may
regulate more than one biological pathway based on when it is
expressed. For example, the gene Sox9 is responsible for craniofacial and
musculoskeletal development, in addition to testis patterning (Vaillant
et al.,, 2001; Leung et al., 2011). Similarly, Anti-Miillerian hormone
(AMH) is necessary for ovarian and follicle development later in life
(Baba et al., 2017), beyond its role in breaking down the Miillerian
ducts. Gene expression is also influenced by other biomolecules that may
be present in the endogenous and/or exogenous environment sur-
rounding an embryo or larva (Barresi and Gilbert, 2023). Furthermore,
sex variables such as gonadal hormones direct sex differentiation of
hormone-responsive neurons throughout development and maturation
by regulating gene expression. During adulthood, the same gonadal
hormones produce dramatically different responses than during peri-
natal development (Gegenhuber et al., 2022); thus, other temporally-
constrained factors may be interacting with these hormones to regu-
late sex differentiation at various life stages.

3.1.1.2. Life history and cycle. Many processes, such as growth, regen-
eration, tissue repair, and cellular function, continue throughout an
organism's lifespan and are influenced by its life history. For example,
amphibians and insects have complex life history patterns because they
undergo dramatic physiological changes that are orchestrated by the
reactivation of developmental processes during metamorphosis (Tata,
1993). Similarly, mammals undergo pronounced changes during pu-
berty, when the neuroendocrine processes for reproductive maturity are
activated and secondary sexual characteristics begin to develop
concurrently with cognitive and emotional changes (Laube et al., 2020;
Vijayakumar et al., 2021; Brooks-Gunn and Warren, 1988; Schulz et al.,
2009). These processes are regulated by combinations of both endoge-
nous factors and signals from the exogenous environment (e.g., the
presence of a possible mate or toxins) that are transduced to modify
biochemical signaling pathways and/or gene expression. Explicitly
considering the dynamics of these processes during and after significant
perturbations, such as environmental toxin exposure, is an important
factor to consider in study design. Thus, taking an integrative approach
(Fig. 1C) can help identify potential variables and processes that
contribute to the expression of sex variability at various life history
stages. For example, studies in primate, rodent, and avian species have
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shown that estrogens have wide-ranging effects in shaping the sex-
associated cellular architecture of the developing brain (MacLusky
et al., 1986; McCarthy, 2008; Holloway and Clayton, 2001), as well as
neuronal electrophysiological properties (McHenry et al., 2017). In
utero, whether estrogens originate from maternal or placental circula-
tion, or from gonads or brain of the developing embryo itself, down-
stream signaling mechanisms of estrogens are regulated by receptors
located in the nucleus or cytoplasm (McCarthy, 2008). Understanding
the simultaneous expression and functional activation of key bio-
molecules (see Section 3.1.3.1) that initiate the expression of sex-
associated traits can provide convergent evidence for the initiation
and maintenance of phenotypes.

3.1.1.3. Biological rhythms. Biological rhythms, or the natural cycle of
change in endogenous chemicals or functions, are predominantly
influenced by the master “clock” located in the suprachiasmatic nucleus
of the mammalian brain (Gillette and Tischkau, 1999). While it is un-
clear that a central “clock” is present in all vertebrates, the whole body
or cells in specific organs are sensitive to a biological clock that regulates
physiological functions and responses in a rhythmic manner (reviewed
in Steindal and Whitmore, 2019). For example, hormones are rarely
secreted at a constant level throughout the day, but instead undergo
diurnal or phasic fluctuations (Williams et al., 1990). Rhythms may be
circadian, fluctuating on a 24-h cycle that the body initiates as early as
development (Carraco et al., 2022), or can change on a seasonal basis
(Wingfield and Farner, 1978). For example, temperate-dwelling verte-
brates, such as songbirds and rodents, undergo seasonal changes in
gonad size; thus, more pronounced levels of reproductive hormones are
secreted from the gonad during the breeding season. However, during
the non-breeding season, the reproductive tissues regress and circulating
levels of gonadal steroids (e.g., testosterone, estradiol, and progestins)
are low. During this time of the year, behaviors are predominantly
regulated through extragonadal steroids, such as those produced by the
brain or adrenal glands (Munley et al., 2018; Pradhan et al., 2010; Do
Rego et al., 2009). Thus, animals with different gonadal physiologies (e.
g., testes, ovaries, ovotestes) may exhibit distinct degrees of sex vari-
ability that covary with the seasons. When individuals are not actively
producing gametes, there may be substantially less sex variability in
other sex-associated traits, whereas during the breeding season, there
may be more nuanced effects of hormones on sex-asscociated traits that
do not differ in the same manner as the gonads (Smiley et al., 2022).
Similar behaviors can also be regulated by different mechanisms based
on the season and may influence, be influenced by, or act independently
of gonadal physiology or hormones (Munley et al., 2022b; Pradhan
et al., 2010; Quintana et al., 2021).

3.1.2. Contextual factors

3.1.2.1. Testing conditions. When designing studies to measure sex
variable social behavior, several considerations should be made,
including explicitly stating experimental contexts and conditions that
may influence outcomes. Such factors, from experimenter identity
(Georgiou et al., 2022) to the time of day, can impact complex behav-
ioral interactions and should be acknowledged when discussing exper-
imental results. All investigators, regardless of whether they study
traditional or non-traditional animal models, should present their find-
ings and discuss the associated limitations of their experiments in light
of controlled and uncontrolled variables. Sex-associated traits, espe-
cially concerning reproduction and aggression, involve interactions with
conspecifics and usually occur only under specific circumstances or
contexts within an organism's lifespan (Pradhan et al., 2015a). Within
the boundaries of a laboratory setting, experiments in behavioral
neuroscience are typically designed to focus on one behavioral paradigm
to uncover neural circuits. For example, in rodents, aggression is typi-
cally studied using resident-intruder assays (Fuxjager et al., 2009;
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Munley et al.,, 2022a, 2022c), social recognition is assessed using
habituation/dishabituation tests, long-term social bonding/affiliation is
measured through partner preference tests, and social approach or
avoidance tests are used to investigate fear and anxiety (reviewed in Lee
and Beery, 2019). While these approaches are well-established, these
experiments are rather simplistic and usually dichotomized when
considered within a larger social context, when multiple variables (e.g.,
social experience, gonadal hormones) are known to influence the
expression of sex-associated behaviors (Guthman and Falkner, 2022).
We recommend that at least two complementary behavioral tests be
chosen in light of ecological relevance for the particular species being
investigated. When possible, the implementation of new machine
learning-assisted behavior tracking tools (Pereira et al., 2022) can
further disentangle these complex relationships in multiple social con-
texts while minimizing experimenter bias.

3.1.2.2. Housing conditions. Another important issue that should be
addressed and considered when drawing conclusions is how organisms
are obtained and housed — whether they are wild-caught and brought to
the laboratory, laboratory-bred, or studied completely in the wild (Calisi
and Bentley, 2009). The type of housing conditions, such as the size of an
enclosure, housing enrichment provided in the design of the enclosure,
availability of territories and nesting sites, and whether organisms are
socially isolated or socially housed, may also affect sex-associated traits.
Moreover, if animals are socially housed, the degree of visual and
pheromonal interaction with conspecifics and whether they are in sex-
segregated groups, mixed sex groups, mixed age groups, or pair
housed are all important points to consider. For example, if an indi-
vidual generally lives in social hierarchies in mixed sex/age groups, but
is solitarily housed after a pharmacological manipulation or moved to a
testing chamber for a battery of tests with conspecifics for 5 min, its
behavior might be different than if the observations occur in its home
cage in a semi-natural environment, where resources are provided ad
libitum and there is minimal competition. Further, group size might
strongly affect the complexity of social interactions, such that a greater
repertoire of behaviors might be expressed in organisms that are group
housed rather than pair housed. For example, in multi-female groups of
rhesus monkeys (Macaca mulatta), males direct their reproductive
behavior toward females only during the peri-ovulatory phase; however,
in male-female pair housed conditions, males attempt copulations dur-
ing both the follicular and peri-ovulatory phases (Wallen and Winston,
1984). Thus, environmental context can affect social group dynamics
and the expression of sex-associated traits and should be considered as
testing variables.

3.1.3. Variables to consider measuring

3.1.3.1. Key biomolecules. To date, two classes of hormones have been a
major focus of research investigating sex variability in the neuroendo-
crine regulation of behavior: neuropeptides (especially the nonapeptides
arginine vasopressin and oxytocin) and steroids (reviewed in Balthazart
et al., 2018; Caldwell and Albers, 2016; Carter, 2017; Donaldson and
Young, 2008; McCarthy et al., 2009; Remage-Healey, 2014). Neuro-
peptide and steroid production and their signaling mechanisms can be
assessed at multiple levels, including the concentration of hormone
present, the activity or expression of synthetic or metabolic enzymes,
and the abundance of receptors. In general, tissue- and/or region-
specific quantification of hormone production or receptors are prefer-
able over systemic measurements (e.g., blood, fecal, saliva, urine, and
hair samples), as they provide greater insight into how these metabolic
pathways and signaling mechanisms are changing locally within an
organism. This concept is especially relevant for neuropeptides and
steroids: changes in the production of these biomolecules and their re-
ceptors are often restricted to specific tissues, and their underlying
mechanisms are plastic and can shift rapidly based on an organism's
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external environment, which may not be detected using systemic mea-
sures of hormones (reviewed in Balthazart et al., 2018; Cornil and
Charlier, 2010; Do Rego et al., 2009; Pradhan et al., 2015a; Schmidt
et al., 2008).

3.1.3.2. Morphological characteristics. The outward (e.g., size, shape,
color, pattern, structure) and inward (e.g., bones, organs) appearance of
body parts, especially form-function relationships as they pertain to
social communication and reproduction, has been of interest to many
neuroendocrinologists. For example, external morphological indicators
of reproductive condition have been used as proxies to plan experi-
mental timelines and endpoints in many species, such as brood patches
in songbirds (Lea and Klandorf, 2002), gravidity in fish and frogs (Reyer
and Battig, 2004; West, 1990), sexual swelling and red coloration
around the buttocks and vulva of primates (Nunn, 1999), and anogenital
distance in rodents (Flores et al., 2018). Further, morphology, as it
pertains to organismal anatomy, has been historically separated into
four different phenomena based on variability and plasticity: develop-
mental plasticity, polyphenism, phenotypic flexibility, and life-cycle
staging (reviewed in Piersma and Drent, 2003). In the context of the
neuronal networks that mediate social behavior, anatomical and func-
tional network distinctions are key considerations to hold while
designing and interpreting studies of sex variable behavior (Kelly,
2022).

3.1.3.3. Epigenetic influences. The regulation of fixed versus plastic
sexual differentiation is a fundamental question in reproductive biology
and sexual selection. Both genetically- and environmentally- mediated
specifications could explain the developmental processes that regulate
gonadal determination and sexual phenotypes (Gegenhuber and Toll-
kuhn, 2019). Interplay of the hormonal milieu and other environmental
factors during critical periods of development can lead to activation or
repression of genes involved in sex differentiation. Epigenetic mecha-
nisms, such as DNA methylation (Auger et al., 2011), microRNAs
(Morgan and Bale, 2012), chromatin accessibility (Gegenhuber et al.,
2022), CpG binding proteins (Kurian et al., 2008), X chromosome
inactivation (Jeon et al., 2012), and histone modification (Matsuda
et al., 2012; Murray et al., 2009), regulate key gonadal activation genes
during development and/or adulthood. Given that steroid hormone re-
ceptors are highly expressed in the mammalian brain (Denney et al.,
2023) and act primarily through epigenetic regulation of gene expres-
sion, the identification of epigenetic modifications and gene expression
profiles in various hormone contexts remains a central question in
neuroendocrinology (Sun and Tollkuhn, 2023). These mechanisms
culminate in brain and gonadal differentiation, along with the expres-
sion of sex variable behavior that is dynamic across the lifespan, even in
sex-stable species (Schwarz et al., 2010).

3.2. Model organisms for studying sex diversity and variability

Sex diversity in the neuroendocrine regulation of various phenotypes
can arise in many ways and may have distinct functional consequences
across species. Although studying sex variability and diversity in sex-
stable species has been a major focus of neuroendocrinology research
for decades, other animal models that utilize diverse reproductive sys-
tems and life-history strategies have become more prevalent in recent
years, yielding critical insight into the neuroendocrine mechanisms
underlying phenotypes across sex. In this section, we highlight several
examples of animal models that can be used to study sex diversity in
neuroendocrine processes and behavior, including both sex-stable and
sex-dynamic species. Characterizing sex diversity and variability using
animal models that represent the range of reproductive and sexual
systems displayed in nature is essential for revealing how neural and
hormonal mechanisms vary across sex and among species.
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3.2.1. Sex-stable species

For some species, sex-associated traits are relatively stable across the
lifespan. In these cases, three different phenotypic variants are generally
observed across sex (as summary categories) — Type I: Phenotypes that
consist of multiple forms, one of which is more prevalent in one sex and
less prevalent or entirely absent in other(s), Type II: Phenotypes that
exist on a continuum and the average is different across sex, and Type III:
Phenotypes that are the same or similar across sex, but the neuroendo-
crine underpinnings are distinct (sex convergence; Table 1; based on
definitions in McCarthy et al., 2012). Here, we present several examples
that illustrate how variability in sex-associated phenotypes can be
observed in animals with sex-stable systems and discuss future di-
rections that can be pursued using sex-dynamic organisms.

3.2.1.1. Type I: Phenotypes which are more prevalent in one sex and less
prevalent or absent in the other(s). “Sexual heteromorphism” (Table 2) is
the occurrence of two (dimorphism) or more (multimorphism) qualita-
tively distinct morphs in a sexually reproducing species, where a morph
is a set of sex-associated correlated or covarying phenotypic traits
belonging to an individual (Table 1). This phenomenon is commonly
observed for traits that are directly associated with reproduction, such as
courtship singing and displays and mating behavior. For example, male
manakins (subfamily Piprinae) perform elaborate courtship displays that
include colorful plumage and high-speed acrobatics, and these displays
are not typically observed in female manakins (reviewed in Fuxjager
et al., 2023; Schlinger et al., 2013). In these species, rapid limb move-
ments are regulated by exceptionally fast wing displays that are driven
by muscle kinetics, which are likely controlled by steroid receptors and
enzymes present in the brain, muscles, and spinal cord (Eaton et al.,
2018; Feng et al., 2010; Fusani et al., 2014; Fuxjager et al., 2012, 2016).
Female manakins also express the same steroid-related genes in the
brain, muscles, and spinal cord as males, but generally show lower levels
of expression (Feng et al., 2010; Fuxjager et al., 2012). While they do not
naturally perform these complex displays, testosterone treatment can
activate acrobatic movements in females to some extent, although not
with the complete repertoire observed in males (Day et al., 2007). These
findings demonstrate that physiological sex variability can be subtle and
highlight the immense plasticity within the neuroendocrine pathways
that modulate the expression of these traits. Type I sex variability is also
observed in species with diverse mating systems. For example, jacanas
(family Jacanidae) have a socially polyandrous mating system, in which
females mate with multiple males simultaneously in one breeding sea-
son and males perform the majority of parental care (Emlen and Wrege,
2004). Female jacanas tend to be larger and more competitive than
males, but do not have higher levels of circulating androgens (Lipshutz
and Rosvall, 2020). Similarly, in the cichlid fish Julidochromis marlieri,
females are larger and more territorial, whereas males are primarily
responsible for parental care (Schumer et al., 2011). Including model
organisms with diverse mating systems and studying differences in traits
that span multiple levels of biological organization will be essential for
elucidating how mechanistic variation can produce sex diversity and
variability.

3.2.1.2. Type II: Phenotypes that exist on a continuum and the average is
different across sex. To date, Type II sex variability, in which a physio-
logical or behavioral endpoint exists along a quantifiable continuum and
the average differs across sex, has been revealed in several species. One
of the most well-studied examples of Type II sex variability is stress
responsivity (reviewed in Bale and Epperson, 2015; Bangasser and
Valentino, 2012). Broadly, female vertebrates tend to be more sensitive
to stress manipulations, including exhibiting more pronounced changes
in neural activity, neuroanatomy, hypothalamic-pituitary-adrenal axis
function, and displaying more anxiety-like behavior than similarly aged
male conspecifics (reviewed in Bangasser and Wiersielis, 2018; Heck
and Handa, 2019; Trainor, 2011; Shepard et al., 2016; Wellman et al.,
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2020). Sex variability in stress responses have been demonstrated in
rodents and birds across a variety of contexts, such as social stressors (e.
g., social defeat, social isolation) and restraint stress. These responses
have also been characterized across life-history stages, from develop-
ment to adulthood (e.g., Marasco et al., 2012; Spencer et al., 2009;
reviewed in Bale and Epperson, 2015; Bangasser and Valentino, 2014;
Laman-Maharg and Trainor, 2017; Zilkha et al., 2021), suggesting that
these mechanisms may be evolutionarily conserved across species.
Collectively, Type II sex variability presents an excellent opportunity to
explore how differences in neuroendocrine circuits and their regulation
can culminate in diverse physiological and behavioral phenotypes.

3.2.1.3. Type III: Phenotypes that are the same or similar across sex, but the
neuroendocrine underpinnings are distinct. In contrast to Type I and Type
II sex variability, there are relatively fewer cases in which distinct neural
or hormonal mechanisms converge on similar behaviors. This phe-
nomenon, which is referred to as sex convergence (Table 2), has been
proposed as a means to prevent overt differences in behavior by
compensating for naturally occurring sexual variation in physiology
(reviewed in De Vries and Boyle, 1998; De Vries and Sodersten, 2009; De
Vries, 2004). The neuroendocrine regulation of seasonal aggression in
Siberian hamsters (Phodopus sungorus; reviewed in Demas et al., 2023;
Munley et al., 2022b) is an excellent example of sex convergence. Unlike
most rodents, in which adult males are primarily responsible for terri-
tory defense and adult females often limit aggression to pregnancy and
lactation, both male and female Siberian hamsters are highly territorial
and exhibit an increase in aggressive behavior during the non-breeding
season (Jasnow et al., 2000; Scotti et al., 2007). Although male and
female hamsters exposed to short-day photoperiods display equivalent
increases in aggression (Munley et al., 2023; Munley et al., 2022c), there
is emerging evidence that this behavioral phenotype is associated with
distinct changes in steroidogenesis in the adrenal glands and brain.
Short-day male hamsters exhibit an increase in 3f-hydroxysteroid de-
hydrogenase activity in the adrenal glands relative to long-day males,
whereas short-day females have lower 3p-hydroxysteroid dehydroge-
nase activity in the adrenals and anterior hypothalamus than long-day
females (Munley et al., 2022c). In addition, while short-day hamsters
show similar changes in estrogen receptor 1, aromatase, and 5a-reduc-
tase mRNA expression in the arcuate nucleus, a brain region that con-
trols reproduction, there are sex variable effects of short days on gene
expression in brain regions associated with aggression (e.g., medial
preoptic area, anterior hypothalamus, and periaqueductal gray; Munley
et al., 2023). Thus, these findings suggest that male and female hamsters
exhibit different neuroendocrine responses that converge at a similar
behavioral endpoint: increased aggression during the non-breeding
season.

It is important to note that, although sex convergence appears to be a
less common phenomenon than Type I and II sex variability, it is likely
that these mechanisms are overlooked in endocrine studies, because
researchers often assume that if a physiological or behavioral phenotype
is similar across sex, then they are modulated by the same neuroendo-
crine mechanisms. Thus, there is probably a far greater number of sex
convergent processes that exist throughout the animal kingdom than
those currently described in the literature. Characterizing the neuroen-
docrine control of sex convergent traits will provide valuable insight
into how distinct compensatory mechanisms can evolve to maintain
social behaviors that are important for survival and reproductive suc-
cess, despite sex variability in physiology. More broadly, future research
that focuses on elucidating these mechanisms will be important for
facilitating a shift to a more inclusive and accurate description of sex as a
biological phenomenon.

3.2.2. Sex-dynamic species
Sex change (also referred to as sequential or serial hermaphroditism)
is an adaptation that allows organisms to increase their reproductive
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success by transforming to another sex in response to changing envi-
ronmental conditions (reviewed in Ghiselin, 1969; Munday et al., 2006;
Policansky, 1982). Sex-dynamic organisms are valuable model systems
because these species allow us to naturally recapitulate the development
of sex organs and sex variable traits in reproductively mature in-
dividuals. Historically, most studies examining mechanisms of sex
change have focused on gonadal reorganization, because this process is
essential for producing viable gametes and indicate a functional sex
change (reviewed in Nagahama et al., 2021; Vega-Fruits et al., 2014).
Complete expression of an alternative gonad, however, involves
expression of sex-biased behavior, secondary sex characteristics, and
synchronous orchestration of external morphological features. Because
these traits manifest at different rates, organisms that change sex exist
across a spectrum of phenotypes that are in flux and, over time, arrive at
a new steady state. Thus, the expression of sex-associated traits at the
molecular, physiological, and behavioral levels, including the rewiring
of internal anatomical structures and neural systems, can occur asyn-
chronously (reviewed in Capel, 2017; Gemmell et al., 2019; Todd et al.,
2016). To date, few species have been used to study the physiological
basis of sex change and its associated phenotypes; thus, sex-dynamic
species are currently underutilized as models of sex variability.

3.2.2.1. Protogynous species. In most protogynous species, individuals
are born with female reproductive anatomy and are capable of tran-
sitioning to reproductive males during adulthood. This strategy is the
most common form of sequential hermaphroditism in teleost fishes and
is especially prevalent in species exhibiting polygynous mating systems,
in which there is intense competition between males for mating op-
portunities (reviewed in Gemmell et al., 2019). Protogyny has been
described in many species of wrasses (family Labridae), parrotfishes
(family Scaridae), groupers (family Epinephelidae), and angelfishes
(family Pomacanthidae) and in some species of gobies (family Gobiidae),
crustaceans [e.g., isopods (order Isopoda), and tanaidaceans (order
Tanaidacea); reviewed in Gemmell et al., 2019; Godwin, 2019; Sub-
ramoniam, 2017]. In particular, the neuroendocrine mechanisms regu-
lating protogyny have been well-studied in the bluehead wrasse
(Thalassoma bifasciatum). In the absence of the dominant, terminal-
phase male in a given social group, transitioning individuals of this
species exhibit behavioral changes within hours, attain dominance sta-
tus, and can produce functional testes within 7-10 days (Warner and
Swearer, 1991). Furthermore, in the absence of a terminal-phase male,
large female wrasses whose gonads were surgically removed attain
dominance status and display male-typical spawning behavior (Godwin
et al., 1996). This discovery was foundational because it demonstrated
that behavioral changes can occur independently of gonadal factors and
led to the hypothesis that the brain, not the gonads, regulates behavioral
sex change. This shift in paradigm allowed scientists to re-evaluate and
expand the definition of “sex” to not only the production of viable
gametes, but also other key characteristics and traits, such as repro-
ductive behavior or coloration. Transcriptomic analysis of both brain
and gonadal tissue of wrasses during the process of sex change shows
that genes that favor male-biased development exhibit increased
expression early in the sex change process [e.g., amh, doublesex and mab-
3 related transcription factor 1 (dmrt1), sox9, and gonadal soma-derived
factor (gsdf)]. Concurrently, the expression of female-promoting genes
[e.g., folliculogenesis specific bHLH transcription factor (figla), aroma-
tase (cyp19al), 17p-hydroxysteroid dehydrogenase (hsd17b)] is down-
regulated later in the process. Sex change in this species also involves
epigenetic reprogramming, which allows for the re-evaluation of the
relative plasticity of genes that regulate gonad determination (Todd
et al., 2019). Additional studies in other protogynous species will pro-
vide further insight into the molecular and neural regulation of sexual
plasticity in vertebrates.

3.2.2.2. Protandrous species. Protandrous species consist of individuals
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who reproductively mature as males and are capable of transitioning to
functionally reproductive females during adulthood. Protandry is
generally less common than protogyny and typically occurs in small,
stable groups with either a monogamous mating pair or a random
mating system (i.e., a system in which an individual is equally likely to
mate with any other individual in a population), such that territorial
defense and/or intense sperm competition is absent (reviewed in Gem-
mell et al., 2019; Munday et al., 2006). This strategy has been docu-
mented in several species of sea bream (e.g., Acanthopagrus, Sparus, and
Lithognathus sp.; reviewed in Gemmell et al., 2019), crustaceans [e.g.,
mole crabs (Emerita asiatica), Manning grass shrimp (Thor manningi), and
prawns (genus Pandalus); reviewed in Chiba, 2007; Ye et al., 2023], and
mollusks [e.g., marine snails (family Calyptraeidae), freshwater mussels
(Elliptio complanata), and common limpets (Patella vulgata); reviewed in
Lesoway and Henry, 2019; Wright, 1988]. The neuroendocrine regula-
tion of protandrous sex change, however, has been most extensively
studied in anemonefishes (Amphiprion and Premnas sp.; Casas et al.,
2022; Godwin, 2019; Hattori and Casadevall, 2016). Male clownfish
(Amphiprion sp.), for example, transition to female when the largest in-
dividual in a social group, the dominant female, is lost (Fricke and
Fricke, 1977; Godwin, 2019). This process is associated with a suite of
physiological and behavioral changes, including invagination, changes
in circulating steroid levels, alterations in arginine vasotocin and iso-
tocin immunoreactivity and steroidogenic gene expression in the brain,
and increased aggression toward the male and subordinate non-
breeding individuals within a social group (Casadevall et al., 2009;
Casas et al., 2016; Godwin, 1994; Iwata et al., 2010; Parker et al., 2022).
In contrast, sex change is age and/or size-dependent in some species of
sea bream and most protandrous crustaceans and mollusks (reviewed in
Gemmell et al., 2019; Wright, 1988; Ye et al., 2023). For example, black
porgy (Acanthopagrus schlegeli), Australian barramundi (Lates calcarifer),
and gilthead seabream (Sparus aurata) sexually mature and reproduce as
males for their first few years of life before changing sex to female
(Guiguen et al., 1994; Liarte et al., 2007; Wu and Chang, 2013), but the
precise mechanisms that trigger this transition have yet to be charac-
terized. These species can enhance our understanding of how an or-
ganism's external environment, as well as its internal state, control the
timing of sex change during adulthood.

3.2.2.3. Bidirectional sex changing species. Most hermaphrodites are
only capable of changing sex once. Some sex-dynamic species, however,
are bidirectional sex changers and retain sexual plasticity (i.e., the
ability to change from male to female or from female to male) for some
or all of their lifetime. Bidirectional sex change (also referred to as serial
sex change) is an especially useful reproductive strategy for animals that
experience limited mating opportunities and has been reported in some
species of gobies [e.g., coral-dwelling gobies (genera Gobiodon and
Paragobiodon), bluebanded gobies (Lythrypnus dalli); reviewed in Black
and Grober, 2003; Pradhan et al., 2015a], wrasses [e.g., bluestreak
cleaner wrasse (Labroides dimidiatus), star-bamboo leaf wrasse (Pseudo-
labrus sieboldi)], dottybacks (family Pseudochromidae), groupers [e.g.,
coral grouper (Cephalopholis miniata), orange-spotted grouper (Epi-
nephelus coioides), Hong Kong grouper (Epinephelus akaara)], angelfishes
(genus Centropyge; reviewed in Gemmell et al., 2019; Munday et al.,
2010), and mushroom corals (family Fungiidae; Loya and Sakai, 2008).
Specifically, bluebanded gobies have been instrumental for under-
standing social hierarchies and behavioral changes (Rodgers et al.,
2007; Solomon-Lane and Grober, 2015; Solomon-Lane et al., 2015),
morphogenesis of external genitalia and internal reproductive organs
(Carlisle et al., 2000; Pradhan et al., 2014a; Schuppe et al., 2016), and
the neuroendocrine processes underlying sexual plasticity in juveniles
and adults (Black et al., 2004; Solomon-Lane and Grober, 2012; Solo-
mon-Lane et al., 2013; Pradhan et al., 2014b; Solomon-Lane et al., 2016;
reviewed in Perry and Grober, 2003). The earliest measurable marker of
sex change in this species is often behavioral because it is triggered by a
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change in social structure that group members immediately respond to
(Pradhan et al., 2014a, 2014b; White et al., 2023). While body size can
be an important factor, fish likely use multiple cues to assess their rank
in a social hierarchy (Rodgers et al., 2007). During the sex change
process, gobies may display sex-specific behaviors [e.g., ‘male-typical’
behaviors (courtship jerk movements, parenting) or ‘female-typical be-
haviors’ (courtship solicitation displays, agonistic behavior; Pradhan
et al., 2014a; Pradhan et al., 2015b; A.M. Jirik and D.S. Pradhan, un-
published results)] after physiological changes have been initiated, but
they may not yet be capable of reproducing because complete gonadal
transformation and/or the expression of behaviors that require
morphological features might take longer to manifest (Lorenzi et al.,
2012; Pradhan et al., 2014a; Solomon-Lane et al., 2014). The mecha-
nisms underlying these rapid behavioral changes, especially those
related to agonistic behavior, are likely similar to those of sex-stable
species, such as changes in steroidogenic enzyme activity in the brain
(Pradhan et al., 2010; Black et al., 2005). Together, these findings un-
derscore how behavior and reproduction can be discordant in sex-stable
and sex-dynamic species, a phenomenon that cannot be accounted for in
traditional binary operationalizations of sex.

3.3. Mechanistic approaches for studying multi-leveled traits

3.3.1. Pharmacological and genetic manipulations

Traditionally, pharmacological approaches, which involve the
administration of hormone receptor agonists or antagonists, have been
used to investigate sex variation in neuroendocrine mechanisms. While
these methodologies are still widely used and have provided invaluable
insight, they can lack specificity in their targets [e.g., tamoxifen, an
estrogen receptor antagonist that non-selectively binds to both subtypes
of estrogen receptors (estrogen receptor o and B)] and have varying
degrees of effectivity, depending on the model organism that is being
studied (reviewed in Cunningham et al., 2012; Novick et al., 2020). In
recent years, the advancement of molecular genetic techniques has
enabled researchers to study the sex-associated effects of neuroendo-
crine substrates on physiological and behavioral phenotypes with
greater precision and in a greater range of model systems (reviewed in
Alward et al., 2023; Boender and Young, 2020; Juntti, 2019; Woodcock
etal., 2017). Genome editing approaches, such as CRISPR/Cas9, provide
an excellent opportunity to examine the functional significance of a gene
of interest throughout an organism's lifespan (reviewed in Barrangou
and Doudna, 2016; Juntti, 2019). Because CRISPR/Cas9 gene constructs
are typically inserted early during development and result in genetic
deletion at the organismal level, this methodology allows researchers to
examine how the absence of a gene of interest affects physiology and
behavior at different life-history stages. CRISPR/Cas9 gene editing has
been used in numerous non-traditional model systems, including teleost
fishes [African cichlid fish (Astatotilapia burtoni; Alward et al., 2020;
Juntti et al., 2016), medaka (Oryzias latipes; Nishiike et al., 2021; Yokoi
et al., 2020), Nile tilapia (Oreochromis niloticus; Jiang et al., 2017; Yan
etal., 2019)], birds [Japanese quail (Coturnix japonica; Lee et al., 2019)]
and rodents [Syrian hamsters (Mesocricetus auratus; Taylor et al., 2022),
prairie voles (Microtus ochrogaster; Berendzen et al., 2023; Horie et al.,
2019), California mice (Peromyscus californicus) and African spiny mice
(Acomys cahirinus; Boender et al., 2023)]. Other molecular genetic ma-
nipulations, such as chemogenetics [e.g., Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs)], optogenetics (e.g., chan-
nelrhodopsin), and viral vectors [e.g., lentiviruses, adeno-associated
viruses (AAVs)], are typically administered during adulthood and
cause a rapid, but relatively long-term perturbation in the tissue in
which it is inserted (reviewed in Fernandez-Ruiz et al., 2022; Haggerty
et al., 2020; Smith et al., 2017). Such techniques are particularly useful
for organisms that do not have a fully sequenced genome and have been
successfully developed for some non-traditional species [e.g., Japanese
quail (Scott and Lois, 2005), Syrian hamsters (Been et al., 2013; Hedges
et al., 2009), and Siberian hamsters (Munley et al., 2022a)].
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Methodologies have also been developed to enable intersectional viral
manipulations, allowing for interrogation of multiple genetic variables
simultaneously to better dissect interacting sex variables, such as gene
regulatory networks (Pouchelon et al., 2022). Collectively, these ap-
proaches will open novel avenues to explore how different biomolecules
regulate neural and hormonal processes and how these mechanisms vary
across sex.
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3.3.2. Techniques for measuring biomolecules and characterizing their
synthetic and signaling pathways

Examining the synthesis, metabolism, and signaling mechanisms of
neuroendocrine substrates (e.g., steroid hormones, neuropeptides) is
essential for elucidating sex-associated effects on physiology and
behavior. Concentrations of hormones or the activity of individual
synthetic enzymes can be measured in circulation and tissues using
antibody-based techniques, such as enzyme immunoassays (EIAs) and
radioimmunoassays (RIAs). Alternatively, levels of multiple bio-
molecules or enzymes of interest can be quantified simultaneously using
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Fig. 2. Approaches for the statistical analysis of sex-associated traits. Flow chart of example approaches for analyzing datasets with sex-associated variables. These
analyses answer questions about whether and how sex-associated variables explain variation in dependent variables of interest, how independent variables of interest
explain variation in dependent sex-associated variables, and how sex-associated variables (within and/or across levels of analysis) relate to one another. The ex-
amples match those in the text where possible, but the approaches are widely applicable and flexible. The choice(s) of analyses should follow directly from the
research question(s), and it is likely that multiple approaches will be used in the analysis of an integrative dataset. A) Analyzing sex as an independent, categorical
variable with two or more levels. Note that depending on the research question, study design and limitations, and model system, it may still be appropriate to analyze
a single sex-associated variable with two levels (i.e., univariate and binary), for example, if sex is explicitly defined as gonadal sex and all experimental subjects have
either ovaries or testes. B) Taking continuous sex-associated variable(s) (one or more) and creating a categorical variable (two or more levels). C) Analyzing sex as an
independent, continuous variable with one level or D) more than one level (additive and/or interactive terms). E) Analyzing two or more dependent, categorical sex-
associated variables. F) Analyzing two or more dependent, continuous sex-associated variables (additive and/or interactive terms). G) Exploratory approaches for
how multiple sex-associated variables relate to one another for an integrative, comprehensive description of sex as a multivariate phenotype. This approach can be
used to create fewer composite variables [e.g., principal components (PCs)], which can then be analyzed as independent sex-associated variables. H) Typical analyses
of sex as a biological variable (SABV) include a univariate, binary sex-associated variable, with SABV as the independent variable, explaining variation in a dependent
variable of interest. Abbreviations: Agg, aggression; Cort, cortisol; E2, estradiol; (G)LMM, (generalized) linear mixed model; LDA, linear discriminant analysis; PCA, principal
components analysis; T, testosterone; vars, variables.
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mass spectrometry approaches such as liquid chromatography-tandem
mass spectrometry (LC-MS/MS), a highly sensitive technique that is
capable of quantifying minute concentrations of biomolecules from
various types of biological samples. LC-MS/MS can also be used to
screen for, detect, and measure concentrations of novel biomolecules, an
approach that is particularly useful for researchers studying non-
traditional model organisms (reviewed in Munley et al., 2022d; Taves
et al., 2011). In contrast, the expression of neuropeptide and steroid
receptors is typically assessed using histological methods, such as in situ
hybridization, immunohistochemistry, and receptor autoradiography,
which enable researchers to identify sites of anatomical localization
within tissues and provide insight into whether the downstream actions
of receptors are non-genomic or genomic. The expression of genes
encoding enzymes and receptors or their proteins can also be measured
using molecular biology approaches, such as quantitative polymerase
chain reaction (PCR) or western blotting, or using more broad-scale
approaches to gain a more comprehensive view of changes in gene or
protein expression or epigenetic markers within a particular tissue, such
as transcriptomic, proteomic, and epigenomic profiling (reviewed in
Crews, 2010; Marguerat and Bahler, 2010; Patterson and Aebersold,
2003; Ruiz-Ortiz and Tollkuhn, 2021). Moreover, the effects of hor-
mones on living cells can be assessed using electrophysiology, in which
specific cells within a tissue of interest are stimulated and their electrical
activity measured (e.g., Remage-Healey and Bass, 2005; Spool et al.,
2021), or ex vivo tissue preparations, such as organotypic or slice cul-
tures (e.g., Holloway and Clayton, 2001; Tam and Schlinger, 2007).
Because researchers typically focus on one of these levels of analysis, the
integration of these tools will be essential for providing a more holistic
understanding of the mechanisms underlying variation and fluidity
across sex-associated traits. Additionally, it is important to note that
many of these techniques provide static snapshots of an organism's in-
ternal state and, thus, are unable to account for the dynamics of syn-
thesis, metabolism, and signaling of relevant biomolecules. These
limitations must be considered and openly discussed in both experi-
mental design and interpretation.

3.4. How to statistically analyze sex

Analysis of sex-associated (and non-sex-associated) traits follows
from the research question(s), experimental design, variable(s)
measured, and methods used for measurement, all of which have im-
plications for the interpretation of results. Here, we provide a practical
discussion of ways to incorporate sex variable study design and analyze
datasets with sex-associated traits using a range of explanatory, pre-
dictive, and exploratory approaches (supervised and unsupervised,
Fig. 2). These approaches can be generalized across study species and
experiments. First, although we focus on sex-associated traits because of
the topic of this paper, these integrative approaches are appropriate for
non-sex-associated traits and/or traits with an unknown or variable
relationship/relevance to sex. Second, there are approaches that we
discuss separately for clarity, but are often used together, in parallel, or
sequentially. In the text and Fig. 2, we give examples of how analyses
can be used together. Third, as we include a breadth of approaches, we
encourage readers to visit the cited references for a deeper under-
standing of the mathematical basis, assumptions, and applications of
these methods. Finally, this section is not an exhaustive review. There
are other useful analytical approaches (e.g., Beltz et al., 2019; Rich-
Edwards et al., 2018; Miller et al., 2017; Clayton, 2016, 2018; Maney,
2016; Joel, 2021; Maney and Rich-Edwards, 2023), as well as other
ways to use these analyses.

3.4.1. Addressing sex variability requires a sex variable study design
When designing a new experiment, our integrative, sex variable
framework can aid in identifying the study lens, measurable variables,
and experimental design (see Section 2; Fig. 1). The research question
(s) will determine how “sex” is treated in subsequent statistical analyses
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(e.g., independent vs. dependent variable, single vs. multivariate) and
the interpretation of the results. For example, finding a statistically
significant difference among sexes is descriptive, but not yet causal, with
an interpretation such as “males are more likely to exhibit...” or a
conclusion that “there is a sex difference” (Gowaty, 2018). Finding a sex
difference is a starting point rather than an ending point, and secondary
or exploratory analyses can then be conducted to address the possibility
of sex variability. These tests can be followed by power analyses to assess
categorical sex variability, in line with previous Sex as a Biological
Variable initiatives (Diester et al., 2019). We caution against over-
interpretations; categories of sex should not become a proxy for specific
traits, nor should the state of belonging to a sex category be interpreted
as an independent causal variable (Miyagi et al., 2021). Additionally,
researchers should opt to include all individuals in the study design,
sampled randomly from the population, independent of sex. By
measuring operationally-defined sex-associated variables across levels
of analysis, we can apply a more rigorous and unbiased approach to
determining how sex-associated traits are influenced by one or multiple
variables, in interaction within and across levels (Fig. 1). Such studies
have more interpretive power: if “sex” has an effect, by what means?
Where do we think that sex variability originates from - genetic factors,
hormones, social context, anatomy?

3.4.2. Sex as explanatory: Sex-associated trait(s) as the independent
variable(s)

There are multiple ways to test whether variation in sex-associated
traits significantly explains variation in a dependent variable of inter-
est, including what is perhaps the most common question: does this
dependent variable of interest differ significantly across sex?

3.4.2.1. Analyzing sex-associated trait(s) as categorical or continuous.
How sex is measured, and at which levels, affects how the data can be
analyzed. Whereas a categorical variable must be analyzed with discrete
categories, a continuous variable may be analyzed as continuous or by
forming clusters (Fig. 2B, see below). The first step should always be to
visualize the distribution of the sex-associated trait. Sex-associated traits
may follow a binary, bimodal, or a more complex distribution. If there is
an obvious bimodal or multimodal distribution, it may be reasonable to
cluster data by eye. The distribution of the data may also be informed by
the biology of the organism. For example, in a population of sex-
changing fish, there may be two major peaks for gonadal morphology,
measured as percent ovarian tissue: approximately 100 % for ovary and
0 % for testis. We would also expect some individuals (e.g., those un-
dergoing sex transition) to have gonads with both ovarian and testicular
tissue in more equal balance. In this scenario, the data could be analyzed
as a continuous variable (percent ovarian tissue) or as a categorical
variable (ovaries, testes, and transitioning/intermediate). Potential
differences in sample size among these categories (e.g., in sex-skewed
populations) is a consideration for certain statistical tests. If the sam-
ple size in one category is too low for statistical analysis, a description of
that category could be included instead. Creating categories from a
continuous distribution can lead to a loss of precision, or may even be
actively misleading, especially if the data are not well suited to cate-
gorization. For example, if there are two data clusters based on gonadal
morphology — 50 % or more ovarian tissue versus <50 % ovarian tissue
— fish with 49 % and 51 % ovarian tissue are more similar to each other
compared to fish with 0 % or 100 % ovarian tissue, respectively. There
are multiple statistical approaches for analyzing sex-associated traits as
continuous variables (see below). Although it may be less common to
measure certain sex-associated traits as continuous in some fields, we
encourage doing so when it is feasible and relevant because of the pre-
cision it can add to the analysis and the information it can provide for
data interpretation.

3.4.2.2. Categorical sex-associated independent traits(s). If analyzing a
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sex-associated trait as a categorical variable, common approaches
include a t-test (if two categories) or a one-way ANOVA (if three or more
categories) to determine whether a dependent variable differs signifi-
cantly between those categories (Fig. 2A). For example, a t-test can
evaluate if there are significant differences in body size (dependent
variable) between fish with different gonadal types (independent vari-
able). Non-parametric approaches, including Wilcoxon signed-rank and
Kruskal-Wallis tests, can also be used to compare a dependent variable
among categorical groups. It is valuable, and increasingly required by
journals, to report effect sizes (e.g., Cohen's D, eta-squared), which
measure the magnitude of the effect of the sex-associated independent
variable on the dependent variable (Nakagawa and Cuthill, 2007). If
multiple statistical analyses are run to individually test the effects of
different sex-associated independent traits on a dependent variable of
interest, it is recommended to apply a false discovery rate or Bonferroni
correction to reduce the probability of Type I errors (Noble, 2009).

3.4.2.3. Transforming continuous variables into categorical variables. If
appropriate for the data and research question, there are multiple
methods that take a continuous variable and separate experimental
subjects into discrete clusters (i.e., every individual is assigned to only
one grouping; Fig. 2B). These clusters are formed without relying on a
priori categorizations that can introduce bias, especially with respect to
groupings of sex. Importantly, whether the resulting clusters have bio-
logical meaning must be interpreted by the researchers. We describe two
methods below, but there are many approaches that can be used
(Charrad et al., 2014; Murtagh and Legendre, 2014).

3.4.2.3.1. K-means clustering. K-means clustering (Fig. 2B.i) is one
of the most common clustering approaches, and it uses Euclidean dis-
tance between experimental subjects to define groupings that, together,
contain all subjects. K-means can create a specific, predetermined
number of clusters of subjects. For example, if a sex-associated trait is
expected to be binary (e.g., ovaries versus testes), two clusters would be
appropriate. However, K-means can also be used to create increasing
numbers of clusters, which can then be evaluated [e.g., using the elbow
method (Syakur et al., 2018), silhouette coefficient (Tambunan et al.,
2020), and/or gap statistic (Tibshirani et al., 2001)] to determine the
optimal number of clusters for a given dataset. K-means clustering can
also be used to create clusters based on a single independent variable (e.
g., percent ovarian tissue) or a composite independent variable calcu-
lated from a dimension-reducing technique like principal components
analysis [PCA, e.g., principal component (PC) 1; Fig. 2G, see below]. K-
means clustering can also be used to create clusters based on multiple
independent variables, such as percent ovarian tissue and body size, or
PC1 and PC2. This multidimensional clustering works best in low di-
mensions (i.e., fewer variables). There are important limitations for K-
means clustering (and other methods that use Euclidean distance) in
higher dimensions (see Shukla, 2014 and Ikotun et al., 2023 for further
discussion).

3.4.2.3.2. Hierarchical clustering. In contrast to K-means, hierarchi-
cal clustering (Fig. 2B.ii) is an approach that does not require an a priori
number of clusters. In this application of hierarchical clustering, the
experimental subjects are assigned to groupings based on the values of
one or more sex-associated traits. A bottom-up (i.e., agglomerative) or
top-down (i.e., divisive) approach can be used, and both approaches are
visualized in a dendrogram. In agglomerative clustering, all sex-
associated traits start individually in their own cluster. In this anal-
ysis, variables that are more similar (based on a distance measure) are
merged up the hierarchy. In divisive clustering, all variables start
together in one cluster, and clusters that are more heterogeneous (based
on a distance measure) are split down the hierarchy. Multiscale boot-
strap resampling can be used to identify significant clusters of experi-
mental subjects (Suzuki and Shimodaira, 2006). For example, in a study
of male cichlid social and reproductive phenotypes, there was a binary
expectation for dominant males to cluster separately from subordinate
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males. However, hierarchical clustering of dominance behavior and
morphology revealed a third, intermediate cluster (Fulmer et al., 2017).
These clusters can then be used to test for statistical differences in
dependent traits of interest. For example, a one-way ANOVA (or
Kruskal-Wallis test) could be used to test whether hormone levels differ
significantly between subordinate, intermediate, and dominant males
(Fig. 2A). Bootstrapping is important because hierarchical clustering
will identify clusters even if none are expected.

3.4.2.4. Continuous independent sex-associated traits(s)

3.4.2.4.1. One independent variable. Linear or non-linear regression
analyses are common approaches for testing whether variation in an
independent sex-associated variable significantly explains variation in a
continuous dependent variable (Fig. 2C). For significant associations (i.
e., p < 0.05 or another appropriate alpha level), the r* value gives the
percentage of variation in the dependent variable explained by the in-
dependent variable. Many experimental designs require more complex
models (e.g., generalized linear mixed effects models, GLMMs) that can
handle non-normal distributions, which are common in biology, one or
more independent variables (fixed effects, which can be additive or
interactive), and random effects (typically a grouping variable, e.g.,
clutch, social group; Harrison et al., 2018; Kumle et al., 2021). For
example, linear regression could be used to test whether plasma
testosterone levels (independent variable) significantly explain varia-
tion in cichlid fish body size (dependent variable; Fig. 2C). If another
variable, such as the clutch that the experimental subject comes from or
their social group, could influence the hormone-behavior association,
that variable could be included as a random effect. For temporal data
with time or development as the independent variable and a sex-
associated variable as the dependent variable or interaction term,
auto- or cross-correlation analyses are appropriate (Veldhuis et al.,
2008; Hefley et al., 2016; Fig. 2C.ii.).

3.4.2.4.2. Multiple (additive or interactive) independent variables.
Multiple linear regression and (G)LMM:s can both be used to test whether
multiple independent variables together (additively or interactively)
significantly explain variation in the dependent variable (Fig. 2D). This
approach is appropriate particularly if the independent variables of in-
terest are known a priori (Harrison et al., 2018). If there are multiple
potential independent variables of interest and it is not known which
subset of variables to analyze, data exploration (Zuur et al., 2010) and/
or model selection (e.g., Portet, 2020) approaches can be used to iden-
tify the best, or set of best, linear models. How to select the best model is
beyond the scope of this paper (see Baayen et al., 2008; Bates et al.,
2015; DeBruine and Barr, 2021; Harrison et al., 2018), but both model
fit (indicated by r?) and model adequacy should be evaluated and re-
ported (Harrison et al., 2018). Forward or backward model selection
approaches, in which independent variables are added (forward) or
deleted (backward) one-by-one until a “best” model is reached, have
been criticized for overestimating effect sizes of significant predictor
variables and unjustified focus on a single “best” model, which may not
be meaningfully better than the second- or third-best (or more) models.
Other combinations of predictor variables may effectively explain
variation in the dependent variable of interest (Harrison et al., 2018).
The Akaike information criterion (AIC, or AICc for smaller sample sizes)
or another information theoretic approach can be used to identify the set
of best models (Akaike, 1974; Portet, 2020; Harrison et al., 2018). The
independent variables included in the top set can be further analyzed (e.
g., model averaging) for their relative importance and more (Burnham
and Anderson, 2004; Johnson and Omland, 2004; Grueber et al., 2011;
Harrison et al., 2018). Multicollinearity, when several independent
variables in a model are correlated, should be explicitly tested for and
addressed, but not assumed (Graham, 2003).

One of the most common applications of interaction effects between
multiple independent variables is to identify a sex difference, or whether
a sex-associated trait (continuous or categorical) influences the effect of
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another independent variable (continuous or categorical) on the
dependent variable (continuous). For example, does gonadal sex
(ovaries versus testes, categorical independent variable) influence the
effect of insulin-like growth factor 1 (IGF-1) levels (continuous inde-
pendent variable) on cichlid fish body size (dependent variable), taking
into account the clutch of the experimental subjects (random effect)? A
statistical test — multiple linear regression, (G)LMM, or two-way
ANOVA — with an interaction effect is necessary to conclude that
there is a sex difference (Garcia-Sifuentes and Maney, 2021).

3.4.3. Sex as predictive: Sex-associated trait(s) as dependent variable(s)

It may also be of interest to analyze a categorical, sex-associated
dependent variable. Logistic regression and linear discriminant anal-
ysis (LDA) are common classification models for understanding the re-
lationships among one or more independent predictor variables and a
categorical dependent variable that is binary (e.g., has ovaries versus
does not have ovaries) or has more than two groups (Fig. 2E). The as-
sumptions (e.g., predictor variables) must be normally distributed for
LDA. Although the mathematical bases differ for these two approaches,
they can be used in similar ways to assess which predictor variables best
explain membership in a sex-associated group, as well as to estimate
how good the classification rate is. For example, given circulating levels
of testosterone, estradiol, and cortisol, logistic regression predicts the
probability (odds) of having ovaries. LDA identifies the set of predictors
that best discriminates among the sex-associated groups (Antonogeorgos
et al., 2009; Lee et al., 2009). AIC, or other PCA information theoretic
approaches (see above), can also be used with logistic regression to
identify the set of best models. To analyze multiple sex-associated,
continuous dependent variables simultaneously, multivariate analysis
of variance (MANOVA), or a nonparametric permutational multivariate
analysis of variance (PERMANOVA), can be used to identify significant
effects and/or interactions, of one or more categorical independent
variables (Anderson, 2014; Fig. 2F).

3.4.4. Exploring sex: Using multivariate analysis to understand sex as an
emergent phenotype

3.4.4.1. Exploring sex as multivariate. When there are multiple sex-
associated traits in a dataset, multivariate ordination approaches can
provide a more integrative and comprehensive view of sex. Dimension
reduction techniques can be used to create a smaller number of com-
posite variables that each explain a portion of variation in the data
(Fig. 2G). Reducing dimensionality is also valuable when the number of
variables in the analysis exceeds the number of observations (i.e.,
sample size). Generally, correlated traits load together on a composite
variable, while the different composite variables are uncorrelated with
each other. There are multiple dimension-reducing techniques that
differ in their approaches (e.g., supervised versus unsupervised), as-
sumptions (e.g., linear versus non-linear), and interpretation (e.g.,
identifying the original variables that contribute to the composite var-
iables; reviewed in Nanga et al., 2021). Common linear methods include
PCA (Jolliffe and Cadima, 2016), LDA, and factor analysis. PCA maxi-
mizes variance in the data, whereas LDA maximizes between-group
variance and minimizes within-group variance (Forkosh et al., 2019).
The pattern of dimension reduction can reveal how variables in the
analysis relate to one another, which can provide meaningful biological
insights. For PCA, the eigenvalue of each variable in the analysis in-
dicates whether it loads strongly on a given PC (high positive values and
low negative values). This can be visualized as a vector plot of PC1 x PC2
(or with higher PCs) or heatmap of eigenvalues for each of the top PCs
(Fig. 2G.i.). The suite of sex-associated variables that load strongly
together onto a PC, and in comparison with loadings of sex-associated
variables on the other top PCs, can then be interpreted in the context
of the model system and experiment. For example, do the sex-associated
variables that load on PCl have a shared underlying mechanism?
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Covariance matrices and hierarchical clustering can also be used to gain
a multivariate understanding of sex. Above, we used hierarchical clus-
tering to group individuals into clusters based on their values for each
sex-associated trait in the analysis. Hierarchical clustering can also be
used to group sex-associated traits in a covariance matrix (sex-associated
variables x sex-associated variables), which can be visualized as a
heatmap (Fig. 2G.ii). Bootstrap values can be used to identify significant
clusters of traits that are the most similar. Similar to PCA, the suite of
variables within a cluster, and comparisons among clusters, can be
interpreted to reveal multivariate components of sex phenotype. Unlike
PCA, each sex-associated trait can only be in one cluster. Clustering
could also be carried out separately for the different sex categories, and
the structure of the covariance matrix can be compared statistically (Cai
et al., 2013; Li and Chen, 2012). Observing different patterns without a
statistical test is not sufficient for reporting a sex difference (Garcia-
Sifuentes and Maney, 2021).

3.4.4.2. Analyzing sex as multivariate. The composite variables resulting
from dimensionality reducing techniques, such as PCA, can then be
analyzed as independent and/or dependent variable(s) using the ap-
proaches described above (Fig. 2A-F). For example, in a PCA with the
sex-associated traits testosterone, estradiol, cortisol, aggression, body
size, and coloration (Fig. 2G), linear regression could then be used to test
if PC1 (continuous independent variable) significantly explains varia-
tion in social network centrality (continuous dependent variable;
Fig. 2C). A t-test could be used to test if PC1 (continuous dependent
variable) differs significantly between categories of sex (e.g., ovaries
versus testes) or between experimental treatment groups (categorical;
Fig. 2A). K-means could be used to create clusters from PC1 (Fig. 2B) and
analyzed further (Fig. 2A or E).

3.4.4.3. Defining sex phenotype for individuals in multiple dimensions.
PCA and other dimension-reducing techniques can, in some ways, lead a
researcher back to the initial challenge that led to using a dimension-
reducing technique in the first place: each experimental subject is still
defined by multiple variables, and the researcher wants to understand
how these variables relate to one another. For example, how do PC1 and
PC2 together contribute to phenotype or explain how subjects respond
to an experimental treatment? For simplicity, we will discuss a scenario
with just PC1 and PC2, but these approaches can also be used in higher
dimensions (i.e., with more composite variables). Visualizing the data
(e.g., as a scatterplot with PC1 on the x-axis and PC2 on the y-axis) may
reveal clusters that are distinct enough that individuals can be assigned
to a group by eye, and subsequent analyses can ask if there is sex vari-
ability or interaction effects for dependent variables of interest (see
above). A clustering algorithm (e.g., K-means, see above) can also be
used to create groups. As described above, if data are continuously
distributed (here, in multiple dimensions), clustering may not be
appropriate or as accurate.

An alternative (or additional) approach for understanding sex as a
multivariate, emergent phenotype is to define its geometry and calculate
continuous, descriptive measures of sex that take multiple sex-
associated traits (or multiple composite variables) into account. One
example of this approach is Pareto task inference (Hart et al., 2015;
Forkosh et al., 2019; Zilkha et al., 2023). Using the top PCs as axes (e.g.,
PC1 x PC2), each individual is a point on the two dimensional plane, and
the cloud of points together (all individuals in the analysis) has a shape.
Principal convex hull analysis can be used to identify the best and
simplest geometric shape (a polytope) that significantly encloses all of
the points. The sex-associated variables that are enriched at each vertex
of the polytope describe an “archetype,” and an individual's distance
from each vertex reflects phenotypic trade-offs. Distance from each
vertex is a continuous variable, which can be further analyzed to answer
questions such as: Does distance from vertex A (e.g., enriched for
testosterone, aggression, and coloration) explain variation in social



K.O. Smiley et al.
network position?

3.4.5. How do sex-associated traits relate to other phenotypic traits?

Although we focus our discussion here on (presumed) sex-associated
traits, these methods can also be used to understand how sex-associated
variables relate to variables in a dataset that are not a priori considered
related to sex. For example, a PCA can be used with both sex-associated
variables and non-sex-associated variables, and the patterns of variables
loading on the top PCs can reveal whether sex-associated variables load
together, to the exclusion or inclusion of non-sex-associated variables.
Similarly, hierarchical clustering of a covariance matrix of sex-
associated and non-sex-associated variables can reveal which variables
significantly group together. Patterns of loading/clustering could sug-
gest those variables have common underlying causes or related
consequences.

4. Call to action

For the past century, it has been accepted (and on occasion,
dogmatically asserted) that sex is a univariate, binary variable. While
many efforts have been put forth to advance the study of sex variability
in biomedical and other research fields, we propose an expansion of this
framework. Sex can be expressed across multiple biological levels, many
of which are interconnected and dependent on context and other envi-
ronmental factors. Answering our scientific queries on the role sex plays
in the expression of multiple phenotypes requires an integrative
perspective that investigates how multiple sex-associated variables
interact to influence specific phenotypes. By applying this integrative
framework to our experimental approaches, we will gain invaluable
insight into the unique ways that sex variability influences physiology
and behavior over an organism's lifespan. Ultimately, we suggest that
this multidimensional perspective of sex will better inform our under-
standing of the fundamental processes of biology: reproduction, devel-
opment, adaptation, and evolution.

As an exercise, we (the authors) invite the reader to reflect on the
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ideas that have been discussed in this article. How have these topics —
history, context, language, framework, experimental design, hypothesis
generation, testing, analysis, and interpretation — affected your own
thinking, attitudes, and outlook on your research practice, both within
the field of neuroendocrinology and throughout the biological sciences?
Below, we summarize some of the key “Call to Action” items presented
in our paper. We hope that you integrate your own perspectives and
thoughts, continue to reflect on them, engage in continual and open
discourse, seek ways to apply these ideas to your research, and remain
open and flexible to integrating new information that inevitably arises in
the future as we continue our collective endeavor to scientifically un-
derstand sex.

4.1. Sex variability exists and should be measured

Now is the time that we take a more robust, rigorous, and flexible
approach to studying sex in neuroendocrinology by appropriately ac-
counting for the ways in which various levels of sex occur and interact
within an individual in relation to the particular phenotypes we are
measuring. One of our main goals is to increase awareness of this topic
and the consequences of not including sex variable designs in our
research. As a first step, we need to acknowledge that sex is a rich,
various, and diverse phenomenon that can — and should — be measured
across multiple levels of biological organization and can be variable
within an individual, within a species, and across different species
(Fig. 1). The study of sex diversity and variability in the animal kingdom
has been hindered by imposing binary assumptions and limitations on
what sex is, or can be, across species. By simply acknowledging that sex
can, and does, exist outside a strict binary framework, we can evolve and
improve how we define, measure, and analyze “sex” in our research.

One of the next steps to this approach is to critically evaluate the
framework in which ours and others' research approaches the concept of
sex. We view our framework as a starting point that informs our
experimental questions, approaches, analyses, and interpretations of
results and, ultimately, feeds back into our framework to be further

» Are there binary and/or univariate assumptions about sex in this

» Are the research questions and variables explicitly defined and used

What variables are being measured to determine sex? Are multiple
variables being considered? In what context are the variables being

» What elements of the life history/biology of the study organism lend it
to be more sex stable vs. sex dynamic? What are the critical time

» Do the statistical analyses fit the data that has been collected and the

+ What language is used to describe the results? Is it operational and
inclusive to encompass the fullest range of sex diversity?
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Fig. 3. Questions for evaluating frameworks and approaches which study sex variability and diversity. Here, we present a set of questions to ask when critically
evaluating work (whether it is your own or others) that addresses sex diversity and variability. Note that these questions reflect the integration of the conceptual
framework, experimental approaches, and analysis and interpretation, as each of these aspects informs the other.
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improved. Fig. 3 describes a set of questions that can be used when
reading and/or writing a paper that measures sex-associated
phenotypes.

4.2. Language is important and has consequences

We must be cognizant of the terminology that we use when
describing research on sex variability and diversity. Our language has
history and context and can reinforce or create bias in the ways we
perceive, interpret, or measure sex-associated variables. It is on us, as
researchers, to (re)educate ourselves about the relevant terminology and
make serious efforts to be more operational, precise, and inclusive in our
definitions and descriptions of sex-associated phenomena.

We must also be conscientious of the social responsibility we hold as
members of a scientific society, as experts in neuroendocrinology, and as
producers of scientific knowledge. We must be aware that our research
will be used by others (e.g., politicians and activists) to justify the use of
“binary sex” in laws and other regulations that impede on the lives and
rights of our peers, particularly those in LGBTQIA+ communities. We
must vocally and materially counteract those who use science to
discriminate and oppress, as has historically occurred (Fausto-Sterling,
2000; Gould, 2006; Lewontin et al., 2017; Gill-Peterson, 2018) and
continues to this day (Sudai et al., 2022; Sun and Ashley, 2023). Our
work has immense impacts on how our culture understands both sex and
gender, so we must be precise and appropriate in our usage, neither
conflating the two nor outright dismissing their complex relationships
(Garcia-Sifuentes and Maney, 2021; Miyagi et al., 2021).

4.3. Experimental and statistical approaches are important considerations
when studying sex diversity and variability

As with all scientific research, it is critical to meticulously select
which variables, model organisms, and experimental and analytical
methodologies are utilized in studies that investigate sex variability and
diversity. Although sex variability can result in sexual heteromorphism,
in which pronounced differences in physiological and behavioral phe-
notypes are observed, this variation is nuanced, may only be revealed
under certain social contexts, environmental conditions, or at certain
time points, and varies based on the reproductive strategy and sexual
system of the study species. Thus, to increase the likelihood that any sex
variability that is present is detected experimentally, sex-associated
traits should ideally be quantified at multiple levels of biological orga-
nization after careful consideration of timing and contextual factors that
may influence the emergence of these traits. Finally, experiments must
not only be rigorously designed and executed, but must also be statis-
tically analyzed in a way that is appropriate for the variables measured,
accurately reflects the research question, and accounts for the life his-
tory of the model organism used. Collectively, the complexities of sex
variability and diversity make the selection of experimental approaches,
animal models, and statistical testing especially important and con-
tributes to responsible interpretation and dissemination of our work

4.4. Researchers and funding agencies should support the use to non-
model organisms to study sex diversity

In order to broaden our understanding of sex diversity, scientists
need to use appropriate model species. Non-traditional animal models
and comparative species approaches offer unique insight into the array
of dynamically interacting factors that contribute to the development
and expression of sex diversity and variability. However, basic research
progress in these systems is often slower because there are fewer re-
searchers working in these systems and fewer resources are available to
them (e.g., lack of sequenced and annotated genomes). As outlined
above (Section 3), there are an increasing number of tools and tech-
nological advancements to study non-model organisms. More re-
searchers are needed who are interested in exploring fundamental
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mechanisms of sex diversity and variability in these species, and federal
funding sources, such as NIH, need to continue supporting this type of
work (e.g., NIH NOT-HD-19-0366; RFA-OD-22-028"). Likewise, we
encourage grant reviewers to be more open and advocate favorably
when reviewing this boundary-pushing work in non-model species. If we
take care not to anthropomorphize our species, we can appreciate the
biology of the wide range of study species and the broad applicability of
the questions we are asking, including their relevance to humans.

5. Positionality statement and conclusion

This paper brought together 8 early career researchers from U.S.
universities who identify as cis- and trans- gender women and/or
nonbinary at the time of formulating, discussing, and drafting this work.
These scientists are graduate students, postdoctoral scholars, and faculty
who have been trained in neuroendocrinology within the past 15 years —
a period that has experienced a movement in institutional research
initiatives and experimental design to include females (e.g., SABV). This
paper developed out of the recognition that a radical re-evaluation of
“sex” is necessary not only to continue this progress, but to increase
awareness of the diversity and complexity of sex and to advance the
surrounding scientific discourse. The process of writing this paper has
helped the authors, many of whom had never collaborated before, to
grow intellectually through recognizing and re-considering their tradi-
tional ways of thinking, critically reshape and extend their vocabulary
and concepts, and inspire new avenues of inquiry and discovery. We
encourage fellow scientists to continue challenging and revising the
conventional ways we ask scientific questions. We also encourage sci-
entific societies, institutions, and funding agencies to continue investing
in opportunities that support these efforts.

To conclude, we believe these operationalized, integrative research
approaches that move beyond the normative, essentialist, and reductive
notions of the past will bring forth a fuller, more comprehensive un-
derstanding of sex. Sex is not merely a form of biological reproduction,
but a natural phenomenon that explores the full variety of a species'
phenotypic space that could emerge from a genotype to generate the
vast, undeniable diversity throughout life as it adapts, explores, and
evolves in the future.
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