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Glossary
immediate early gene Genes activated rapidly and

transiently in response to a wide variety of

stimuli.

umwelt The unique perceptual world of each

species.

 
 
 
 
 
 
 
 
 
 

 

19.1 Introduction

Dif f erent anim al spec ies experien ce lif e somewhat
dif f erently be cause their sensory systems are re spon-
sive to unique perce ptual wor lds and, cor re spond-
ing ly, their moto r a bili ties deter mine how they can
act in that private wor ld. Von Uexkü ll (19 21) fir st
described the perce ptual wor ld as the umwelt of a
species and since then, scientists have discovered new
dimension s of the umwelts for many spec ies. Bats, for
example, flying at night, us e the echoes from ultra-
sounds they emit to probe the darkness, for ming
images from sou nd re flected of f their sur roundi ngs.
This allows them to funct ion in total da rkness via a
sensory channe l unavaila ble to mos t other anima ls.
Bats can also use ultraviolet vision, possibly for nec-
tar foraging (Winter et al., 2003) giving some bat
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species two unusual windows onto the world. While
Von Uexküll intended his umwelt idea in relation to
physical stimuli, Lore nz (1932 ) extended this con ce pt
by recognizing that animals also have a social umwelt
because signals from other individuals can have
important influences on behavior. Lorenz’ influential
article, ‘Companions as factors in the bird’s environ-
ment’, showed that behavioral scientists should
include other individuals in the umwelt and, impor-
tantly, the overall social context of the behavior.
Given that behavior is the ultimate arbiter of animal
survival, it is the response of animals during their
interactions with others and with their environment
that shapes the phenotype. Behavior, in turn, depends
on intricate physiological, cellular, and molecular
adaptations forged during evolution and modified
during development. Ultimate questions about the
evolution and control of behavior and especially
interactions that sculpt behavior require understand-
ing the causal mechanisms responsible as animals
interact with one another, preferably in a natural
setting. Yet, the vast majority of experiments are per-
formed on isolated individuals, typically in domes-
ticated species. Clearly, little can be learned about
how evolution has shaped social behavior by analyz-
ing individual animals.
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Opercular spot

Anal fin spots

Humoral scales

Lachrymal stripe

Forehead
stripes

Figure 1 Illustration of the body patterns for typical

territorial (top) and nonterritorial (bottom) males. Territorial

males have distinct anal fin spots, dark forehead, and

lachrymal (eye-bar) stripes and are brightly colored,
including orange humeral scales. Nonterritorial males lack

the robust markings of their territorial counterparts and are

colored to maximize camouflage. The overall body color
may be either yellow or blue.
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19.2 Fish Models for the Study of
Social Behavior

Fish species have eme r ged as imp or tant models for
studies of social be havior and its neu ral under pin-
nings due to the many examples of sophis ticated
behavioral interac tions. For exam ple, it ha s been
shown that fish can exp loit Machiavell ian strat egies
(e.g., Bshary and Wur th, 2001 ), cooperat e (e.g.,
Pitcher et al. , 1986 ), lear n in a social con text ( Laland
et al., 2003 ), eavesdrop on interaction s among con-
specifics to gain social insights ( McGregor, 1993 ),
show transitive inf erence ( Groseni ck et al., 2007 ),
and genera lly display a wide range of social activities
compara ble in som e insta nces with those of primate s
(e.g., Bshar y et al., 2002). Fish have also proven useful
for mech anist ic studies of the deter minants of social
behavior. With several fish geno mes now sequ enced,
it has become mu ch easier to trace genetic and neu -
robiologic al mechanisms responsi ble for soph isti-
cated social interaction s in fish.

Why might fish social behavior pr ovide general
insights a bout brain mecha nisms of social intera c-
tions? Sta ble social systems in any an imal spe cies
require that individual s be have predicta bly. Wha t an
individual does at any mom ent in time, however,
de pend s on its stat us re lative to other ind ividuals,
its re productive state, and its recent be havioral inter-
actions. In additi on, environme ntal f actor s (e.g., pre-
dator s, prey, or resource compe titor s) also need to be
incor porated into any plan for behavioral acti on. So,
to be successf ul in a social group, individual s mu st be
aware of the immed iate behavior of oth er s and use
that infor mation to regulate their own activit y. But
what exactly does an ind ividual need to know and
how do they acqu ire the knowledge that lets them act
appropriately? It is possibl e that the appar ently subtle
social intera ctions can be exp lained and under stood
in ter ms of con tingencies. That is, a set of if–then
r ules with ass ociated proba bilities might su f fice in
many situations for explaining the behavior of ani-
mals in social group s. Because it has been ar gu ed that
species in the fish taxon have demo nstrated many, but
not all, social skills tha t ar gua bly led to the evoluti on
of compl ex brain str uctures in prim ates ( Bs hary,
2002 ), it is temp ting to exploit fish social skil ls for
under standing the neural mech anisms that und er lie
social behavior and its imp act on th e brain . This
chapter des cribes resu lts fro m experim ents using
the relat ionship between social dominance and
re producti on to und er stand how social signals re gu-
late the hypoth alamic–pi tuitary–gonada l (HP G) axis
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in As tatotilap ia bur toni . This chapter also explores the
range of social requirem ents for A. bur toni to be suc-
cessful an d desc ribes evidence a bout how social
behavior sculpts the brain in ways that de pend on
the developm ental stage, social circ umstance, and
environ mental con text.
19.2. 1 A. burto ni – Natur al Histor y

There is a direct relat ionship between social domi-
nance and re productive physiology that has been well
studied in Astatotilapia (for mer ly Haplo chromis ) bur toni .
In A. bur toni , there are two ty pes of adult males: those
with and those withou t ter ritories ( Fer nald, 1977 ).
Ter ritorial (T) male s are brightly colored, with
basic blue or yellow body colorati on, a dar k black
stripe through the eye, a blac k spot on the tip of the
gill cover, and a lar ge red humera l patc h just behin d
it. In contrast , nonter rito rial (NT ) male s are cryp ti-
cally colored, making them dif ficult to distingu ish
from the backg round and from f emal es tha t are
similar ly camo uflaged ( Fig ure 1 ). In their nat ural
ha bitat, the shal low shore pools, and river estu aries
of the Lake Tanganyika ( Fer na ld and Hi rata, 19 77a;
Coulter, 1991 ), A. bur toni live in a lek-li ke social
system in which T male s vigorously def end cont igu-
ous ter ritories ( Fer nald and Hirata, 1977 a,b ). Social
communication among these fish appears to depend
prim arily on visua l signals (Fer nald, 1984; see below).
ior (2009), vol. 1, pp. 683-691 
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19.2.1.1 Behaviors of territorial males
A. bur toni T male s perfor m 19 distinct behavioral
patter ns during social intera ctions ( Fer nald, 1977 ).
T males dig a pit in their ter ritory, excha nge thre at
displays with neighbor ing ter ritorial male s, chase NT
animals from their ter rit ories, and solicit and cour t
f emales . T males displ ay bright color ation patt er ns,
par ticular ly during cour tship. A T male will lead a
f emale toward his ter rit ory, typical ly using lar ge
movements of his tail; he will cour t by quivering his
opened, brightly color ed anal fin in front of the
f emale. When a T male manages to lure a f emale
into his ter rito ry, she will nor mally eat by sifting the
substrate in the ter rito ry. NT males will mimic f emale
behavior suf ficiently well so tha t the T male allows
NTs to enter the ter rito ries and f eed be fore their
dece ption is discovered. This NT male behavior
occur s because only sites defended as territories con-
tain food, so that NT males need to enter to eat.
Normally, however, the NT female imper sonator is
quickly chased off . If a female responds to male court-
ship, the T male will lead her to his pit and continue
courtship movements. T males swim vigorously in
front of the female, quivering their entire body with
spread anal fins. If appropriately stimulated, the female
will lay her eggs in the pit and collect them in her
mouth immediately. After she has deposited several
eggs, the male will swim in front of her displaying the
egglike spots on his anal fin (ocelli). T males display this
fin because the spots may seem to the female like eggs
not yet collected (Wic kle r, 1962 ). Thus, while attempt-
ing t o c ol lect the egg -spots, th e f emale in gests milt
ejected n ear t hem by the male and ensures f er tilization.
The spawning male may repeatedly interrupt his court-
ship and mating to chase off intruders into his territory.
After s everal bouts o f e gg lay ing an d f er tilization , the
f em ale d e par ts with f er tilize d eggs that she b roods in
her m outh for a pproxim at ely 2 weeks (Fer nald, 1984).

Even this a b breviated des cription of the natural
behavior of A. bur toni shows the impor tant rol e visual
signals play in mediatin g social behavior. As is typical
for this kind of rapid social interact ions, each behav-
ioral act influ ences the next, both in the indivi dual
and in other anim als involved in the encoun ter. What
do anima ls atte nd to durin g aggressive social interac-
tions? Usin g etholog ical meth ods, ear ly worker s iden-
tified sever al fixed acti on pa tter ns and key stimuli
that mediat e social signal ing in A . bur toni . Specifically,
Leong (1969) analyzed th e role of the bla ck eye bar by
testing how T males responded to A. bur toni dummi es
painted with vario us con figuratio ns of the distinctive
body patter ns. When the eye bar was presented alone,
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T males increas ed their readin ess to attack tar gets
whil e prese ntation of the orange-red patch of
humer al scale s alone decreas ed attack re adiness.
Subseq uent experim ents tested the impo r tance of
the orientation of the eye bar relative to the body
and other visu al stimul i ( Heiligenber g and Kram er,
1972; Heili genb er g et al., 1972 ). All the work su p-
por ted the hypoth esis that the blac k eye bar and the
red hum eral patch influ ence the aggressiveness of
T male s in oppos ite direction s.

19.2.1.2 The social environment of A. burtoni

Following re lease of the young by the mot her, the
growt h, be havioral, and gona dal developm ent of
the fry de pend s cri tically on the social environ ment
(Fraley and Fer nald, 1982 ). Rearing anim als either
physically isolated with vi sual con tact or in group s
of broodm ates pr oduced no dif f erence in growt h
based on standa rd length and weight for the fir st
10 weeks ( Figu re 2). Group-r eared males that
become NT gain less weight than those that be come
T though this dif f er ence is no longer evident at
20 weeks. Gonad s also develop mor e rapidly in
T males than NT males though more slowly than
isolated males at 14 weeks. Physically isolated males
effectively become Tmales and display all the beha-
viors associated with that status. Possibly they
develop larger size and gonads because they face no
actual physical competition. When comparing the
onset of behavioral attributes, group-reared T males
exhibit characteristic agonistic behaviors (chase, tail-
beat, and fin spread) and coloration (eyebar and
opercular spot) more than 2 weeks prior to animals
reared in physical isolation (Figure 3). Note that
these aggressive behaviors are fully suppressed in
NT males reared in groups. In the A. burtoni social
system where territorial space is a limiting factor, this
robust regulation of maturation in early development
seems to be an adaptive solution to a limited resource.

19.2.1.3 Social status and the HPG axis

Clearly, being reared with broodmates suppresses
early social and physical development, but in A. burtoni
an even more effective social regulation of devel-
opment occurs when older animals are housed with
younger animals. Davis and Fernald (1990) raised
animals from hatching in the presence of adult
males and showed that these fish have suppressed
gonadal maturation relative to fish reared without
the presence of adults. This experiment showed that
the suppressed animals had not only hypogonadal
testes but also smaller gonadotropin-releasing hormone
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Figure 3 Ontogeny of color patterns and agonistic

behavioral patterns in A. burtoni fry reared in groups or

isolated. Symbols representing social conditions show

means � standard deviations in days when each patterns
was first observed. The origin is when the fry were released

from the mouth. Modified from Fraley NB and Fernald RD
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Figure 2 Development and maturation in group-reared
(open and filled circles) and physically isolated (diamonds)

juvenile A. burtoni. (a) Growth rates expressed as body
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(GnRH)-containing neurons in the preoptic area
(POA). Because GnRH neurons are the controlling
point in the HPG axis regulating reproduction in all
vertebrates via a projection to the pituitary (Bushnik
and Fernald, 1995) where they release GnRH, the
signaling peptide sent from the brain to the pituitary
to trigger release of gonadotropins and ultimately testes
growth. Davis and Fernald (1990) showed that the
GnRH-containing cells in the brain are eightfold larger
in T than in NT males. Thus, the social control of
maturation in A. burtoni is achieved by changing the
GnRH-containing cells in the brain.

 
 
 
 
 
 
 
 

Hormones, Brain and Behav
Social status can regulate the physiology of the
reproductive state, even in adult A. burtoni as shown
by converting males from T!NT or NT!T by
moving them to new communities. Specifically,
when Tmales were moved to communities contain-
ing larger T males, they rapidly became NT (e.g.,
T!NT) and similarly when NTmales were moved
to communities with smaller conspecifics, they be-
came T (e.g., NT ! T). Following 4 weeks in the
altered social setting, GnRH cell size was measured
(Figure 4). The results indicated that changing the
social status alone was sufficient to change GnRH
neuron size in the brain. As expected, the gonadoso-
matic index (GSI) changed correspondingly (Francis
et al., 1993). Thus, reproduction is socially controlled
in adults, as well as juveniles, via changes induced in
the GnRH neurons in the brain.
19.2.1.4 Rapid changes in brain structure
induced by social stimuli

Although causing a large change in brain structure by
changing social status is quite remarkable, the time-
scale of this initial experiment did not reflect how
rapidly behavioral and neural changes could occur.
Indeed, the 4-week interval tested was substantially
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longer than any observed changes in behavior follow-
ing status switches, which can occur in minutes.
Analyzing socially induced changes in neural struc-
tures on a significantly shorter timescale revealed
another surprise.

Using a paradigm of changing social status by
moving animals similar to that described above,
White et al. (2002) discovered several important novel
features about the social control of the reproductive
axis. First, upon social ascent from NT to Tstatus, the
change in GnRH neuron size was quite rapid, with
substantial growth in a single day. The typical Tmale
GnRH cell size was reached in less than 1 week. The
GnRH neurons actually continued to grow still larger
so that at 2 weeks they were significantly larger than
normal Tmale size before returning to the size appro-
priate for a T male (Figure 5). This substantial
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upregulation of GnRH production very likely allows
the socially ascending animal to achieve reproductive
competence rapidly and was obviously not observed in
the 4-week experiment described above. The behav-
ioral switch from NT to T, while immediately evident
as a change from nonaggressive to aggressive behavior,
does not fully match that of a stable Tmale for approx-
imately 1.5 weeks. The second discovery in this exper-
iment was that the change between T and NT is
remarkably asymmetric. Fish of descending social sta-
tus (T ! NT) stop displaying aggressive behaviors
immediately but the GnRH-containing neurons in
the POA do not reduce to NTsize until approximately
3 weeks after defeat, whereas theNT!Tascent takes
less than aweek. The significance of this lies in the idea
that neural and behavioral changes between TandNT
males may be explained as a consequence of a life in an
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unstable world where reproductive opportunities may
arise quickly (see below). After a defeat, switching to
subordinate behaviors rapidly likely reduces the
chances of injuries to the loser. However, given that
the chance to establish a territory could arise soon,
maintaining an active reproductive system for a bit
longer may be adaptive.

Clearly, social status sets both soma size of POA
GnRH-containing neurons and, through this path-
way, GSI, and these effects are reversible. The rela-
tively large testes and GnRH neurons characteristic
of T males are a consequence of their social domi-
nance, and when this dominance advantage is lost,
both neurons and testes shrink, although as seen here
(White et al., 2002), there is striking asymmetry in the
physiological responses. Social information about
status causes the changes in the brain but how this
is achieved is not known.

White et al. (2002) also showed that the socially
induced changes in status resulted in significant
changes in gene expression in the brain. Measuring
changes in mRNA from all three forms of GnRH
found in A. burtoni, they found that only the POA
GnRH1 mRNA was regulated corresponding to a
change in social status. The change in mRNA in the
POA form of GnRH1 was evident at 3 days after a
change in social status. Such social regulation
demonstrates clearly that key social information is
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used to control specific cellular and molecular pro-
cesses in the brain.
19.2.2 Three Distinct Populations of
GnRH-Containing Neurons

It is important to emphasize that the effect of social
status on GnRH cell size and GnRH mRNA expres-
sion is limited to the GnRH-containing neurons of
the POA. As we have shown, A. burtoni has three
distinct genes that code for three distinct GnRH-
like molecules (White et al., 1994; White and Fernald,
1998) expressed at three distinct sites in the brain
(White et al., 1995). The GnRH forms not found in
the POA are expressed in two other distinct cell
groups, one located in the terminal nerve region
(GnRH3), the other in the mesencephalon
(GnRH2; see White et al. (1995) for details). Neither
of these other GnRH-containing cells showed any
changes in size or mRNA production as a function
of social status (Davis and Fernald, 1990; White et al.,
2002). Males and females share the brain–pituitary–
gonadal axis used to control reproduction but female
A. burtoni have a strikingly different system that reg-
ulates reproduction. GnRH1-containing cells in the
POA of females also change size, but size change
depends on reproductive status alone (White and
Fernald, 1993).
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Given the rap id macr oscopic cha nge in GnRH
neurons following a change in status, we devised a
novel behavioral paradigm to test the speed of this
process. We placed a T male in an aquarium with one
NT male and three females, with associated fish colo-
nies on each side. The target T male was removed
before dawn so when the lights came on, the NT male
was the sole male in the tank with three females. We
videotaped the response and kept track of when the NT
male first exhibited an eyebar and related T behavior.
Twenty minutes after the first expression of T behavior,
we sacrificed the animal and subsequently mapped the
expression of an activity-dependent immediate early
ge n e ( eg r- 1; Burmeister et al., 2005). We found a rapid
genomic response in the GnRH neurons of the POA in
response to the perception of social opportunity 20 min
after the NT male adopted dominant coloration and
behaviors. This suggests that these animals are fully
primed to ascend and, based on their recognition of
the new cir cumstances, they respon d extremely rap-
idly at both the behavioral and mole cular levels.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

significantly larger mean soma areas than intact sham-
operated controls (SHAM, n = 5), and hormonal treatments

in castrates had different effects on POA irGnRH cell size. In

castrates treated with testosterone (CASTRATE + T, n = 4),
androgen replacement significantly reduced neuronal

hypertrophy. In contrast, castrates treated with estradiol

(CASTRATE + E2, n = 4) had significantly large mean somas

than the SHAM group. Groups that are significantly different
from the SHAM group are indicated with an asterisk.

Reproduced from Soma KK, Francis RC, Wingfield JC, and

Fernald RD (1996) Androgen regulation of hypothalamic

neurons containing gonadotropin-releasing hormone in a
cichlid fish: Intergration with social cues. Hormones and

Behavior 30: 216–226, with permission of Elsevier Ltd.

 

 

19.2.3 Role of Andr ogen in Regulati on of
GnRH-Co ntaining Cell Size

As one might expect , social control of the re produc-
tive axis via GnRH also inf luences impor tan t endo-
crine f actor s, inc luding androgen re leased fro m the
gona ds. Castrated A. bur toni T males have hypertr o-
phied Gn RH neu rons ( Francis et al., 1992a; Soma
et al. , 1996 ) showing that an drogen has a f eedbac k
ef f ect on Gn RH cell size ( Figu re 6 ). The impor tant
discovery is that the set point for th is f eedback loop is
the social status, as T males have larger GnRH neu-
rons despite having higher androgen levels (Soma
et al., 1996). T males that are castrated are able to
maintain their rank despite having lowered androgen
leve ls ( Francis et al., 1992b). Prior dominance experi-
ence on the part of the T male and the size difference
among animals possibly both contribute to this result.

Clea r ly social status re gulates the producti on and
release of Gn RH into the pituitar y. Another pot ential
site for regulation is the Gn RH rece ptor in the pitui-
tary. Recent work in our la borator y has shown that
A. bur toni has genes that enco de two distinct GnRH
rece ptor s ( Robison et al., 2001; Flanagan et al., 2007 ).
Using real-tim e poly merase cha in re action (PC R),
we have been a ble to show that the mR NA of one
of these rece ptor types is upregula ted rapidly and
dramatical ly in the pituitar y of T males compared
with NT male s ( Au et al., 2006 ). It remain s to be
discovered whether this rece ptor regulat ion resu lts
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solely from a change in social status or if other f actor s
are also involved. In addition to its prim ary rol e,
analysis of the distribution of Gn RH re ce pt or s
(Chen and Fer nald, 2006) revealed that this peptide
must play a modulatory role in the animal as well as
regulating reproduction.

The next steps are to understand how the preoptic
area GnRH1 neurons function together, using imag-
ing to record from many cells simultaneously which
will allow us to understand the dynamics of the
GnRH1 circuit.
19.3 What Social Information
Influences Changes in Status?

Social living requires more sophisticated cognitive
abilities in many vertebrates because the social
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environme nt of f er s individual s an oppor tuni ty to
gath er and use infor mat ion a bout the behavior of
other s ( Brown and Laland, 2003 ). But how do anim als
collect and use social infor mation ( McGregor, 2005 ;
Brown et al., 2006)? Eavesdropping, the collection of
information via observation can provide benefits to the
by s t a n d e r ( McGregor, 2005). Eavesdropping behavior,
best documented in conflict situations, suggests that
individuals adjust their fighting behavior according
to knowledge gained by observing their opponent
( Johnstone, 2001; Johnstone and Bshary, 2004).

We have re cently shown in A . bur toni that males
can inf er who will win fights solely from obser ving
pair s of ind ividual s fighti ng. This a bili ty, called tran-
sitive inf erence, is tested when a subject is given
infor mation a bout a spe cific relations hip among
items based on a proper ty of ea ch item . In social
animals, the a bility to make inf erences a bou t oth er
individual s’ relative place in a domi nance hierar chy
and, theref ore, predi ct the outc ome of compe tition
should be a useful skill ( Emery, 2006 ). Tran sitive
inf er ence has been demo nstrated in a num ber of
avian spe cies, inc luding pigeons, jays, an d cor vids
(for summary and review, see Em ery (2006) ). How-
ever, we recently showed that A. bur toni males show
transitive inf erence a bout dominance among oth er
animals ( Groseni ck et al., 2007 ). Two gro ups of dom-
inant bystand er fish saw staged, pair wise fights
between five pair s of conspecifics . One group of five
had a domi nance hierarchy of A > B > C > D > E,
while the other had no dominance hierarchy (e.g.,
A ¼ B ¼ C ¼ D ¼ E). Bys tander s wer e then te sted
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in a forced choice par adigm to dem onstrate their
pref er ence for eithe r A and E, or B and D. Both of
these pairings were novel to the bystand er s and dif-
f er ed only in their posi tion in the inf er red domi nance
hierarc hy. In both tests (A vs. E and B vs. D ),
bystander fish spent mor e time near rival male s that
wer e lower in the domi nance ran king ( Figu re 7 ).
These resu lts show that fish lear ned the impli ed hier-
archy as bystander s and, imp or tantly, that A. bur toni
can use transitive inf erence to under stand the likely
outcome of fights between domi nant males.
19.4 Conclusion

In this chapter, we have discusse d how social infor-
mation can influ ence re pr oduction, cognition, and
the brain. In A. bur toni , social info r mation via mu ltiple
sensory system s impact s complex behavioral patter ns
and the entire HPG axis from the expression and
secreti on of Gn RH in the brain to the developm ent
of sper m in the gonads . While many of thes e ef f ects
are generally well under stood, what remain s a mys-
tery are many of the detail s of how GnRH-co ntaining
neuron s are connect ed to produce the re quisite pul-
satile secreti on an d how the ef f ects of Gn RH are
coordi nated with other body system s.

While we now have a bette r under stand ing of the
relations hip between social behavior, use of social
infor mat ion, and brain activatio n, we do not know
how anima ls pr ocess and stor e social infor mation and
then re trieve it in the ser vice of compl ex cogni tive
tasks. Because of its complex social or ganiz ation and
the wealth of backg round infor mation into brain acti-
vation, th e cichl id fish, A . bur toni , is likely to be
integr al in the study of domi nance, social infor ma-
tion, and their impa cts on the brain.
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