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Xiphophorus: Carving a Niche Towards a Broader
Understanding of Aggression and Dominance

RYAN L. EARLEY

ABSTRACT

A review of some exciting new directions for Xiphophorus research in behavioral ecology and integrative animal
behavior is presented. The primary objective of this review is to identify areas of research in this teleost genus
that, if studied further, could yield insights into the manifold causes and consequences of dominance encounters
that will have broad relevance in the behavioral biology community. First described is the phenomenon of social
eavesdropping—the ability of animals to extract information from signaling interactions between others—as it ap-
plies to Xiphophorus systems, and how exploring the context-dependency of individual responses to watching
fights will be of benefit. A brief discussion follows of the overwhelming tendency for research on Xiphophorus
to focus on individual responses to visual cues available in their social environment, and to promote advance-
ments towards a multimodal approach to understanding social dynamics. Lastly, historical studies on neuroen-
docrinology in this genus are reviewed, and recent advances in the molecular realm are highlighted that might
serve as a springboard for integrative research addressing the behavioral impacts of direct (overt fighting) and in-

direct (eavesdropping) experiences in Xiphophorus.

INTRODUCTION

For well over half a century, members of the
genus Xiphophorus have captured the atten-
tion of behavioral ecologists. Much of the fame
bestowed upon Xiphophorus has resulted from
decades of rigorous studies in the area of in-
tersexual selection, which have run the gamut
from cues involved in mate recognition and the
evolutionary history of female preferences to
molecular genetic work underscoring the ori-
gins of elaborate traits such as the sword.}™
Another area of Xiphophorus research has fo-
cused on intrasexual competition in attempts
to understand intersections among the many
factors that contribute to success in dominance
encounters and the consequences thereof. A
number of benchmarks have been established
by explorations of male-male contests in

Xiphophorus, including discoveries of matura-
tional delays in subordinate individuals,® pu-
tative functions of facultative signals,®’ and so-
phisticated means through which fish assess
the fighting ability of competitors.? Indeed, re-
search in these areas over the past 30 years has
demonstrated the power of the social environ-
ment in mediating numerous life history and
behavioral parameters and has led to concep-
tual advances in many corners of behavioral
ecology.

Despite the wealth of studies on aggression
and dominance in Xiphophorus, the vast major-
ity of research, some exceptions noted above,
has centered on three related concepts: effects
of prior fighting experience, social isolation,
and asymmetries in residency or body size on
contest dynamics and outcome. An exhaustive
review of each parameter that influences or re-
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sponds to contest outcome is outside the scope
of this paper. Table 1 and Figure 1, however,
provide a detailed survey of the literature with
the express goal of highlighting areas that his-
torically have gained significant attention. Im-
portantly, the table reveals some exciting new
paths that Xiphophorus research has traveled,
and | will focus on three questions of this type.
First, in what directions can we expand re-
search on assessment of fighting ability to en-
compass the broader social and ecological
milieus? Second, to what extent might infor-
mation transfer during aggressive contests be
multimodal in nature, and what do we stand
to gain from examining multiple modes of sen-
sory processing? And third, is it time to resur-
rect interest in the neuroendocrine bases for ag-
gression and dominance in Xiphophorus?

BROADER SOCIAL PERSPECTIVES ON
ASSESSMENT OF FIGHTING ABILITY

Background

Our understanding of the behavioral mecha-
nisms by which individuals assess the fighting
ability of potential competitors is based on a
long history of theoretical models.®**1 A com-
mon assumption among these models is that an-
imals can gauge the fighting ability of others
only through direct interaction. Recent work on
Xiphophorus helleri, however, indicates that fish
are capable of extracting information about the
fighting ability of future opponents via obser-
vation.8 Male X. helleri bystanders typically
avoid interactions with winners of an observed
contest irrespective of its intensity. Bystander re-
sponses to losers, however, depend critically on
the gradient of observed contest intensity, with
avoidance responses being more prevalent to-
wards losers that escalated in the observed con-
flict.2 The behavioral changes exhibited by by-
standers could not be attributed to general
changes in motivational state (e.g., if watching
fights primes individuals for combat or es-
cape),'? indicating that observation enables male
X. helleri to estimate the competitive prowess of
other individuals in the social environment by
combining information about opponent iden-
tity, status, and persistence in a contest. This
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phenomenon, dubbed social eavesdropping, has
been unveiled in other fish species (e.g., Betta
splendens?3), and in contexts other than aggres-
sion (divorce in Archocentrus nigrofasciatus'?),
suggesting that eavesdropping might be an im-
portant component of the assessment repertoire
of swordtails and other fish. A requisite of so-
cial eavesdropping is the ability of bystanders
to distinguish particular individuals, and the ca-
pacity for individual recognition has indeed
been demonstrated in X. helleri, X. nigrensis, and
X. multilineatus (Table 1).

Few studies on dominance, individual recog-
nition, or eavesdropping in Xiphophorus have
been conducted in the field,!® in part because
of the inherent limitations that natural condi-
tions pose for parsing out numerous subtle be-
havioral effects. This raises the question, how-
ever, as to whether these phenomena are
artifacts of the laboratory or truly reflective of
the social behavior of individuals under nat-
ural conditions. Several recent field observa-
tions provide telling evidence that Xiphophorus
social systems are ripe with opportunities for
direct (dominance interactions) and indirect
(eavesdropping) assessment of fighting ability.
Female X. birchmanni x X. malinche exhibit in-
dependent shoaling preferences for larger
groups and like-sized individuals, underscor-
ing their social nature'® (but see contrast when
shoal and individual size are pitted against one
another). In X. helleri and X. nigrensis, males pa-
trol overlapping home ranges and dominants
actively exclude subordinates from access to fe-
males, while females typically migrate between
home ranges to forage.'>17 Aggressive interac-
tions between males are common, and in some
cases, dominance hierarchies among males of
overlapping home ranges are established.1®
Males also are site faithful, occupying similar
spatial domains for at least a couple of days at
a time.!® The fact that dominance interactions
occur at a relatively high frequency in a social
environment containing an ample constitution
of bystanders sets the stage for social eaves-
dropping. Furthermore, site fidelity and over-
lapping home ranges favor repeated interac-
tions between males, and this type of social
system might place a premium on individual
recognition as a means of stabilizing hierarchy
structure, even if for only days at a time.2°
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Future directions |; transitive inference

Given the characteristics of Xiphophorus so-
cial systems described in the previous section,
a fascinating question that emerges is whether
individuals are capable of combining informa-
tion from prior dominance interactions and
eavesdropping to better evaluate their place in
the social hierarchy. For instance, imagine a
simple situation in which three unfamiliar
males (A, B, and C) find themselves in the shal-
lows of the Rio Atoyac, a river in the geo-
graphic range of X. helleri among other species.
In attempts to establish and defend home
ranges, individual A initially loses to B and
then witnesses C defeat B. Individual A then
opts out of an interaction with C because he is
perceived by A (via eavesdropping) as an op-
ponent of superior quality. There are three fac-
tors at work here—previous fighting experi-
ence (A vs. B), social eavesdropping (A watches
B vs. C), and individual recognition (A distin-
guishes B from C). In the end, individual A
combines all of this information to infer transi-
tive dominance relationships: B > A and C >
B, so A must be < C. Transitive inference thus
enables the hierarchy to stabilize with the min-
imum number of direct confrontations. Can
Xiphophorus species infer transitive social rela-
tions? At this point we do not know, but it is
clear that they possess all of the behavioral in-
gredients. If it turns out that they can, Xiphopho-
rus would join the company of some of the
more adept social animals (e.g., pinyon jays?1).
This marks an intriguing direction for future
research on the social behavior of Xiphophorus
and would further an already expansive liter-
ature on the factors that govern dominance in
this genus.

Future directions Il: context-dependent
eavesdropping responses

All studies on social eavesdropping in
Xiphophorus to date have used males that dif-
fer only slightly in size, and have been con-
ducted in a relatively sterile aquarium envi-
ronment. This type of experimental design
allows the investigator to target the effects of
social eavesdropping without having to wade
through masses of behavioral noise. Under nat-
ural circumstances, however, noisy environ-
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ments prevail, with individuals of different
size, dominance history, or sex comprising a so-
cial group, and with tremendous variation in
habitat characteristics. Is it possible that eaves-
dropping responses change as a function of by-
stander type (e.g., dominant vs. subordinate;
small vs. large) and environmental condition
(e.g. turbidity; habitat heterogeneity)? Eaves-
dropping responses are likely to vary among
individuals depending on their current state,
and individuals should have some flexibility
with respect to whether, when, and how eaves-
dropping is utilized as an assessment strategy.
A few examples should illustrate these possi-
bilities.

First, small/subordinate individuals might
stand to gain more from eavesdropping (e.g.,
avoid highly competitive animals; facilitate in-
creased rank by identifying and ousting weak
animals). Thus, different size/status classes
might be expected to utilize different strategies,
or exhibit divergent responses to eavesdrop-
ping, as has been described for other aspects of
aggressive contests (fight initiation??). Second,
turbid waters might introduce significant er-
rors in visual assessment of fighting ability
even at close range, rendering information
gained through observation suspect at best.
Third, available refuge and predator presence
might alter the benefit—cost ratio associated
with eavesdropping and thus alter the strate-
gies or responses of putative bystanders (see
Johnson and Basolo? for these types of effects
in the context of mate choice). Indeed, escalated
fighting in cichlid fish (Nannacara anomala) in-
creases predation risk presumably because
fighters are less vigilant,242° and opponents en-
gage in less conspicuous agonistic displays in
the presence of a predator.28 It is reasonable to
assume that eavesdropping also might reduce
vigilance or increase predation risk by associa-
tion with the fighters. Less complex habitats
with fewer refuges may enhance this risk and
offer limited opportunity for the bystander to
escape predation. Although admittedly specu-
lative, it therefore seems possible that by-
standers might incur non-negligible predation
costs and might be expected to alter their strate-
gies in accordance with predation risk. This
area of research in Xiphophorus currently is
wide open, and the likelihood that eavesdrop-
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Graphical representation of the factors that both influence and are influenced by variation in contest be-

havior and outcome in members of the genus Xiphophorus; if the parameter of interest has been studied in a particu-

lar species, it is noted with the species name.

ping responses are modulated under variable
social and/or ecological contexts warrants fur-
ther exploration.

MULTIMODAL SIGNALS/CUES
ASSOCIATED WITH
DOMINANCE INTERACTIONS

The vast majority of research on communi-
cation in Xiphophorus—aggressive or other-
wise—nhas targeted visual cues/signals that are
available to a receiver. For example, the inten-
sity of vertical bars located on the flank of many
Xiphophorus species can be modulated in a fac-
ultative manner, and can have either deterrent
or excitatory effects on the aggressive response

of an opponent depending on the species in
which the bars are manifest.’ In addition,
barred and barless males within a species (X.
cortezi) differ both in their aggression levels and
dominance ability.?” Recent evidence also indi-
cates that some northern swordtails (X. nigren-
sis; X. malinche) exploit ultraviolet ranges of the
spectrum for communication in a private do-
main (i.e., exploiting wavelengths that preda-
tors are unable to decipher.?8) These examples,
and many others in the realm of intersexual se-
lection,?® demonstrate that members of the
genus Xiphophorus rely heavily on visual input.
Given the spectacular morphological orna-
mentations (sword) and signals (vertical bars)
possessed by many Xiphophorus species, it is
not surprising that a majority of research on



290

communication in these fish has focused on the
visual sense. This, in turn, has left open a niche
likely to bear many empirical fruits. Namely,
the possibility that Xiphophorus integrates vi-
sual information with information contained in
olfactory/chemical and possibly auditory stim-
uli, and that the full cocktail of stimuli guides
behavior during and after aggressive contests.
Indeed, at least five species of swordtail (X.
birchmanni, X. cortezi, X. helleri, X. nigrensis, and
X. pygmaeus) utilize olfactory/chemical cues as
a means of distinguishing conspecifics from
heterospecifics or of assessing predation
risk.439-33 Despite the fact that agonistic be-
havior in other fish species is guided by vari-
ous cues (acoustic®* and chemical®®), the mul-
timodal approach has yet to catch on in studies
of dominance in Xiphophorus. If employed,
however, this approach has great potential to
yield insights into communication dynamics
during aggressive disputes and possibly the
identification of additional cues available to at-
tentive bystanders.

NEUROENDOCRINE SYSTEMS:
REGULATORS AND RESPONDERS TO
SOCIAL INTERACTIONS

Mechanistic investigations using Xiphopho-
rus have targeted two areas related to life his-
tory transitions during development and be-
havior. Genetic determinants of sexual
maturity and size have been identified in this
genus, centering primarily on a pituitary locus
(P-allele) involved in regulating differentiation
of the gonadotropic zone in the adenohy-
pophysis.3%-38 Preceding the identification and
further characterization the P-allele and its
downstream effects, many researchers impli-
cated components of the hypothalamic—pitu-
itary—gonadal (HPG) axis, including go-
nadotropins and androgens, in the regulation
of sexual differentiation and maturity (e.g.,
gonopodium and secondary sex character de-
velopment).2%-42 More recent neuroendocrine
work has continued to focus on the HPG axis,
primarily in X. maculatus and X. helleri, and has
been successful in localizing various forms of
gonadotropin-releasing hormone and go-
nadotropins in the brain and pituitary,*344 and

EARLEY

in ascertaining further the roles of steroid hor-
mones and their metabolism in sexual differ-
entiation and reproduction. 546

These studies all have contributed neuroen-
docrine groundwork for exploring how the
HPG axis both mediates dominance ability and
responds to status acquisition. Indeed, cross-
talk between the HPG axis and social behavior

has gained significant attention in other fish. <€ QUl

For instance, a bourgeoning literature on cich-
lid fish has demonstrated a critical role for the
HPG axis in mediating social inhibition of re-
production and responding to social dynam-
ics.4” If extended to Xiphophorus, the HPG axis
and its many components might act as a neu-
roendocrine intermediary between dominance
status and maturational delay or status-depen-
dent behavioral modifications.*84°

The 1980s saw X. helleri emerge as a model
candidate for investigating endocrine re-
sponses to social isolation, winning, or losing
aggressive contests. In particular, this species
was used to assess whether dominant and sub-
ordinate animals exhibited differential cortisol
and androgen release following a fight (Table
1; Refs. 50 and 51). Due to a sharp decline of
such studies in Xiphophorus towards the turn of
the century, however, most of the existing lit-
erature and the techniques described therein
(e.g., whole body hormone analysis and nu-
clear diameter of interrenal cells as a proxy for
adrenocortical activity), although still informa-
tive, are necessarily dated. Netherton, Grober,
and Earley®? resumed behavioral neuroen-
docrinological investigations in Xiphophorus
with their study on the time course of cortisol
release following agonistic bouts in X. helleri.
With the advent of noninvasive techniques
for hormone collection in fish (water-borne
steroids®3), which has been modified for appli-
cations in small fish, Xiphophorus systems hold
much promise for understanding the indepen-
dent influences or interactions among hormone
systems that might be activated during ago-
nistic interactions and subsequently feed back
on the brain and peripheral systems to influ-
ence behavior.

Although there has been comparatively lit-
tle neurobiology conducted in Xiphophorus,
several recent studies have focused on the
characterization and localization of novel



AGGRESSION AND DOMINANCE

neurotrophins or enzymes (e.g., NADPH-di-
aphorase/nitric oxide synthase).’*>% Neu-
rotrophins and nitric oxide synthase play an
important role in neurogenesis, axon guid-
ance, learning, and memory®%6! in many ver-
tebrates, but the precise function of these mol-
ecules in fish has not yet been identified. If
these molecules mediate learning and mem-
ory processes in Xiphophorus, then a potential
link between molecular neurobiology and ex-
perience-dependent behavioral change (e.g.,
responses to eavesdropping, winning, or los-
ing) would be established. | anticipate that re-
search elaborating on existing neuroanatom-
ical and genetic work in Xiphophorus to
pursue questions in the realm of integrative
animal behavior will be met with lucrative re-
turns. Hopefully, this will include identifica-
tion of brain regions or nuclei involved in so-
cial behavior (e.g., nucleus preopticus®?),
which certainly will be facilitated through
consultation of the detailed Xiphophorus brain
atlas developed by Anken and Rahmann.®3 In
addition, integrative pursuits will help to res-
urrect interest in other neuroendocrine fac-
tors that could mediate social behavior in this
genus (e.g., arginine vasotocin® and steroid
receptors®®) using the advanced techniques of
today’s neuroendocrine climate.

CONCLUSION

This review started by describing intriguing
behavioral phenomena in Xiphophorus and has
concluded with insights into the molecular
mechanisms that might guide these phenom-
ena. Important investigations are being con-
ducted on both ends of the spectrum, and there
is some indication that collaborative research
endeavors are being established between ecol-
ogists, behaviorists, geneticists, and neuroen-
docrinologists who study Xiphophorus. With
species of this genus emerging as model or-
ganisms to address an arsenal of valuable ques-
tions at the fundamental and applied levels, |
expect that interdisciplinary pursuits among
Xiphophorus researchers will lay the ground-
work for numerous exciting discoveries into
how and why these remarkable fish behave the
way that they do.
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