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Abstract Mounting evidence indicates that learning shapes
fish foraging and social behavior, which suggests that it may
also underlie the frequently reported geographic variation in
courtship. In this study, we analyzed how early social experi-
ence influences courtship patterns in males of the Amarillo
fish (Girardinichthys multiradiatus). In a first experiment, we
quantified the courtship of males from two allopatric popula-
tions grown in isolation and estimated the heritability of a key
attribute of their courtship patterns. Then, we raised males
from two allopatric populations with either sympatric or allo-
patric females and at two different densities, and registered
their adult courtship patterns towards females from a third
population. We found that the courtship pattern of males has a
significant heritable component, yet in the second experiment,
it was influenced by what type of females males were raised
with, by their social rank (dominant/subordinate/singleton),
and by the behavior of the female that they were courting. We
conclude that courtship behavior in this fish has a congenital
predisposition and is affected during development by different
aspects of early experience and seemingly remains flexible
throughout life; a complex ontogenetic trajectory that under
natural conditions may have led to the locally stable dialect
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Introduction

How behavior develops during the lifetime of an individual is
the most neglected of the Tinbergen four questions (Tinbergen
1963; Stamps 2003). However, the social environment that an
individual experiences during its development can shape
many aspects of its adult behavior (Bateson 1983; Moore
2004). For instance, early social experience can modify social
learning abilities and shoaling tendencies (Chapman et al.
2008), boldness and exploratory behavior (Chapman et al.
2010), nest building behavior (Margulis et al. 2005), sex
recognition (Vos 1995), mate choice (Oetting et al. 1995;
Kendrick et al. 1998; ten Cate and Vos 1999; Verzijden and
ten Cate 2007; Tramm and Servedio 2008; Vyas et al. 2009),
foraging tactics (Katsnelson et al. 2008), predator avoidance
(Cook et al. 1985), aggressiveness (Arnold and Taborsky
2010), and singing styles (Clayton 1988; Hultsch 1991).
Although the social environment can have extensive effects
on development, there are still relatively few studies that
address how it can influence courtship patterns (White et al.
2002), and most studies addressing courtship development
have focused on acoustic signals in birds (Freeberg 2000;
Galef and Laland 2005). For example, exposure to strange
songs during development can affect the song performed by
adult birds (Eales 1985; Hultsch 1991), and brood parasites
learn the singing style of their host species (Payne et al. 1998).
Oscine birds seem to have an innate song template (Marler
and Peters 1989) as young birds with no exposure to conspe-
cific song can discriminate between conspecific and
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heterospecific songs (Dooling and Searcy 1980; Nelson and
Marler 1993) and prefer to listen at conspecific songs during
sensitive periods (Braaten and Reynolds 1999). Therefore,
both genetic and environmental factors seem to play important
roles during song development in birds, and similar effects
may occur in courtship patterns in different taxa. Yet, how
social environment may influence the development of court-
ship and how these effects may interact with genetic factors in
taxa other than birds has received considerably less interest.

Amongst fish, species-specific courtship signals can be
visual (e.g., Maan et al. 2004), chemical (e.g., Hankison and
Morris 2003; Wong et al. 2005), acoustic (e.g. Gerald 1971;
Kihslinger and Klimley 2002), and/or electric (e.g., Hagedomn
and Heiligenberg 1985), and their use can be genetically
determined (including alternative mating strategies: Farr
1980; Zimmerer and Kallman 1989; Ryan et al. 1990).
Notwithstanding, demonstrations of plasticity in the use of
some courtship elements are increasingly common. For in-
stance, Shaw et al. (2007) reported that ancestral courtship
plasticity has been involved in the recurrent adaptive diversi-
fication of three-spined sticklebacks. In the Trinidadian guppy
(Poecilia reticulata), reports on short-term modifications of
courtship behavior include the effect of variation in sex ratio
or predation risk on mating strategies (consensual or coercive;
Jordan and Brooks 2010) or on the tendency to perform
courtship (e.g., Magurran and Seghers 1990; Magnhagen
1991; Sih 1994; Long and Rosenqvist 1998), sometimes
mediated by changes in female behavior (e.g., Evans et al.
2002). Recently, a long-term study on guppy courtship devel-
opment showed that it can be influenced by the social envi-
ronment (males, females, or males and females) which naive
male guppies have visual access to during development
(Guevara-Fiore 2012), suggesting that early learning can have
an important effect on adult courtship patterns of fish. Learned
courtship behavior may reinforce the divergence of mating
signals (Verzijden and ten Cate 2007; Tramm and Servedio
2008). Such divergence can influence the reproductive suc-
cess of migrants dispersing or being introduced into new
localities (Ritchie et al. 2007); thus, understanding how adult
courtship may be shaped by the social environment experi-
enced early on life can illuminate studies on reproductive
isolation and speciation and may also inform programs of
captive breeding and reintroduction of endangered species
(see Kelley and Macias Garcia 2010).

In this study, we investigated whether the courtship pat-
terns of adult males is influenced by their congenital under-
pinning and by the social environment experienced during
development in two experiments using a fish whose complex
courtship pattern differs between allopatric populations and is
influenced by female behavior (Gonzélez Zuarth and Macias
Garcia 2006; Gonzalez-Zuarth et al. 2011). We first raised
males in isolation and quantified the heritability of their court-
ship behavior. Afterwards, we raised males with either
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sympatric or allopatric females and compared their adult
courtship patterns towards a novel female. Throughout the
text, we use the terms “congenital” to refer to both genetic and
prenatal (i.e., during gestation) developmental influences on
courtship patterns, as opposed to postnatal influences, which
we refer to as “effect of social environment”.
Girardinichthys multiradiatus is a member of the
Goodeinae, a subfamily of viviparous fish endemic to
Central Mexico (Webb et al. 2004). Female mate choice is
based on the size and color of the male sexually dimorphic
dorsal and anal fins, and on the courtship behavior, which
includes elaborate dances (Macias Garcia et al. 1994; Macias-
Garcia and Saborio 2004). Goodeid males lack an intermittent
gonopodium and require female cooperation to transfer sperm
during a copulatory embrace. They cannot force copulations;
thus, females decide whom to mate with (Macias Garcia et al.
1994; Macias-Garcia and Saborio 2004). During courtship,
males perform a variety of displays that can be grouped into
two categories: dynamic and static. Dynamic displays are
dances such as the figure-of-eight dance, fin folding, and
flagging, performed in front or besides the females. These
displays are exclusive of courtship encounters and may in-
volve energetic wavering of the fins and rapid displacement
describing the figure of the numeral “8”. Static displays are
common to agonistic (both inter- and intrasexual) and court-
ship encounters; the fish stop in mid water, either besides or in
front of the other fish, and spread their dorsal and anal fins.
These displays can escalate into overt aggression, waving
their bodies, followed by attempts at biting the rival.
Females and subordinate males often respond to static dis-
plays with body vibration (energetic and costly body shaking
in a static position) which functions as an appeasement signal
(see descriptions by Macias-Garcia and Valero 2001; Valero
et al. 2005; Gonzalez Zuarth and Macias Garcia 2006) and
also influences the subsequent behavior of the courting male
(Gonzalez-Zuarth et al. 2011; Martinez Medina et al. 2013).
The distribution of G. multiradiatus is fragmented; its
populations have diverged genetically, behaviorally, and mor-
phologically, and these differences have been linked to pre-
mating isolation (Gonzalez Zuarth and Macias Garcia 2006;
but see Macias Garcia et al. 2012). Although all populations
share all the elements of the courtship displays (they perform
all the dynamic and static behaviors indicated above), the
tendency to perform them vary between populations, leading
to distinct local courtship patterns that can be used to classify
males by their population of origin (Gonzélez Zuarth and
Macias Garcia 2006; Gonzalez-Zuarth et al. 2011). These
differences in courtship seem to be influenced by the imme-
diate social environment as field-grown males confronted to
allopatric females perform courtship in a way that is quantita-
tively different from their population-typical courtship pattern,
but also from the pattern of the population of origin of the
allopatric female (Gonzalez Zuarth and Macias Garcia 2006;
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Gonzalez-Zuarth et al. 2011). These findings demonstrate
short-term plasticity in the courtship of G. multiradiatus and
suggest that the observed population differences are at least, in
part, the consequence of differences in female behavior. Here,
we first evaluated the extent to which the population-specific
courtship patterns are inherited; then, we investigated whether
the exposure to allopatric females during development can
lead to long-term modifications of the way males respond to
encounters with novel females.

Materials and methods
Experiment 1: congenital influence of courtship patterns

Origin of fish Detailed behavioral records from the field
indicate that males from Zempoala (19°03"” N, 99°18" W)
spend relatively long periods directing fin displays to the
females and only rarely perform elaborate flagging and
figure-of-eight dances; thus, their courtship encounters are
prolonged but seldom escalate. By contrast, males at
Acambay (19°57' N, 99°46' W) shift rapidly from fin displays
to flagging and figure-of-eight dance; thus, their courtship
encounters are short and often involve escalation (Macias
Garcia 1994). We used fish from Acambay and from
Zempoala to evaluate to what extent the differences in court-
ship patterns are congenital. We measured the behavior of
116-day-old male G. multiradiatus reared in individual 2.3-L
containers since the age of 60 days. A total of 100 males from
28 broods were used; 54 males (14 broods) were born of
females from Acambay (A: 3.86+1.2 males/brood; mean+
sd are used throughout unless specified otherwise), and 46 (14
broods) of females from Zempoala (Z: 3.29+1.2 males/
brood). Mothers were collected with dip nets from four out-
door ponds set up 6 months earlier at the National
Autonomous University of Mexico (UNAM) and populated
with 100 adult fish (55 females and 45 males) from either of
the two focal populations (two ponds per population; see
Macias Garcia et al. 1998 for details). Ponds for each popula-
tion were replicated, to avoid the coincidence between origi-
nal population source and pond. Each mother was kept in a
40-L (27%30%50-cm-deep) maternity tank until parturition
and fed Daphnia or Artemia sp daily at noon. Temperature
was 26-28 °C throughout the experiment, and photoperiod
was 12/12-h light/dark. Upon parturition, each female was
returned to its pond, and the brood was kept in the natal
aquarium until the age of 60 days, when the fin size and
associated body shape dimorphism began developing, permit-
ting the majority of fish to be sexed. Up to five males from
each brood were then transferred to individual 20x 13 x9-cm-
deep opaque plastic containers and raised in total isolation
(visual, physical, and chemical) from other fish. However,

males from Acambay can reach larger sizes in the field as
compared to Z males (Macias Garcia 1994).

Procedure Behavioral records were made starting when the
males were 116 days old. On the day of the trial, the individual
container was transferred to an observation room, placed
under a 20-W fluorescent lamp, and left to habituate for
10 min. Then, the male was gently driven to one extreme of
its container and enclosed between the container wall and a
parallel opaque partition that was placed ca. 2 cm from the
wall. A transparent partition was then introduced in the middle
of the container, parallel to the opaque partition, and one
female of two used throughout of the same cohort as the fish
and originating in Zempoala was placed in the empty half of
the container. Only two, very similar females from one of the
populations were used, so as to standardize the stimulus to
which males from both populations were exposed. After a
further 5 min, the opaque partition confining the male was
removed, and the timing and frequency of behavior patterns
was recorded using a computer event recorder (The
Observer™). This experimental setup restricted the variety
of dynamic displays that could be performed by the males.
Specifically, the figure-of-eight dance and overtaking cannot
be performed when the male and the female are separated by a
transparent divider. We focused, consequently, on the frequen-
cy with which the males performed flagging (dynamic court-
ship) in their first visual encounter with a female after having
matured in isolation. Trials lasted 10 min, and the fish con-
tainers were then returned to the housing room.

Experiment 2: effect of social environment on courtship
patterns

Origin of fish We used males from two allopatric populations
(Zempoala and El Porvenir [19°40" N, 100°38’ W]) which are
genetically differentiated (Fgr=0.4291, Ds1t=0.4; Macias
Garcia et al. 2012) and whose courtship patterns differ signif-
icantly from each other. The Acambay population used to
calculate the heritability of some aspects of courtship had
unfortunately dried out, and we used Porvenir males instead.
The courtship patterns of Porvenir males also include a high
frequency of dynamic displays (Gonzalez Zuarth and Macias
Garcia 2006; Gonzalez-Zuarth et al. 2011). We recorded their
courtship behavior towards females from a third population
(San Juanico; 19°55’' N, 99°43" W), which is genetically and
geographically distant from both Zempoala and El Porvenir
(Zempoala-San Juanico Fgr=0.45, Porvenir-San Juanico Fgr=
0.2; Macias Garcia et al. 2012), and whose courtship behavior
is intermediate between that of Zempoala and El Porvenir
(field-grown males from this population use dynamic behav-
iors more frequently than Zempoala males, but not as frequent-
ly as El Porvenir males; see Gonzalez-Zuarth et al. 2011).We
collected 30 pregnant females from the distant locations of
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Zempoala (Z) and El Porvenir (P; see map in Macias Garcia
etal. 2012). Each female was kept in a 20-L tank at an ambient
temperature (ca. 21 °C; see below), with a 12/12-h light cycle,
and fed commercial fish food flakes twice daily until 1 day
after it gave birth, when she was removed, leaving her brood
visually and physically isolated from any other fish until the
sex of the young could be discerned. This occurred at between
60 and 125 days of age (100£16 days old), a later and more
variable age than in the previous experiment, very likely due to
the difference in thermal conditions during development. We
did not keep track of either total brood size or sex ratio. Males
that could not be paired with females of a similar age were
promptly moved to community tanks.

Experimental rearing conditions Once we separated the
young fish by sex, we began the treatments according to the
following procedure. Depending on availability, either one or
two males per brood were allocated to each treatment: sym-
patric and allopatric. Each pair of sibling males was placed
with a pair of females (sisters whenever possible) of about their
same age, from another brood of either their same (sympatric)
or the alternative (allopatric) population. When only one pair
of male siblings could be completed, we placed one brother
with one allopatric female and another brother with one sym-
patric female, thus maintaining the sex ratio in all treatments
but with two different density levels: one male and one female
per tank, or two males and two females per tank. We followed
the same procedure with both populations, thus generating four
treatments: Zempoala control (Zempoala males growing up
with Zempoala females; ZZ) and experimental (Zempoala
males growing up with El Porvenir females; ZP), and El
Porvenir control (El Porvenir males growing up with El
Porvenir females; PP) and experimental (El Porvenir males
growing up with Zempoala females; PZ). We had replicates
with two brothers per treatment and with one brother per
treatment from both Zempoala and El Porvenir (see Table 1).

Males from the same brood but in alternative treatments
were housed, together with the corresponding females, in ad-
jacent compartments created by introducing a longitudinal

opaque polycarbonate partition in a 40-L tank, the side in which
each treatment was placed being decided randomly.
Consequently, all the fish grew up in 20-L compartments
(13.5%30%50), and they only had visual and physical contact
with the fish within their compartment, which was fitted with
an air-powered foam filter and natural and artificial aquatic
plants. The tanks were maintained inside a room with windows,
therefore having access to natural light. We also had light bulbs
with a 12-h light/dark cycle. Fish were fed daily with commer-
cial fish food flakes (SeraVipan™) and kept at a water temper-
ature closely fluctuating around 21 °C. We cleaned and made
partial water changes to all tanks once every other week.

Courtship recording When the fish were between 210 and
275 days of age (Zempoala, 261£12 days old; El Porvenir,
252+18 days old) we recorded their courtship behavior towards
females from a third population (San Juanico). The typical
courtship pattern of males from this population is intermediate
between that of Zempoala and El Porvenir. Field-grown males
from this population use dynamic behaviors more frequently
than Zempoala males, but not as frequently as El Porvenir
males (see Gonzalez-Zuarth et al. 2011). Contrasting the be-
havior of the males from our four treatments towards females
from a third population allowed evaluating the question of
whether early social interactions influence courtship patterns
in subsequent encounters with novel females. The alternative
procedure of testing the males with females from the focal
populations would have required testing them repeatedly (to
include appropriate controls) and increasing the sample size to
compensate the concomitant reduction in statistical power.
Courtship patterns were quantified as follows.

For 10 days before the trial, at feeding times, we observed
the behavior of siblings sharing a tank in order to annotate
morphological/color differences to determine which one was
the dominant; this information was used during trials and
incorporated in the analyses (see below). Male
G. multiradiatus are very pugnacious, both in the field
(Macias Garcia 1994) and in aquaria (Macias-Garcia and
Valero 2001), where clear dominance hierarchies that

Table 1 Distribution of males per treatment in the experiment to assess the effect of social environment on courtship patterns

Origin t Fish at the onset of the experiment Fish recorded
Replicates Males Males
n Twins Sing n Registered Dom Sub Sing Dead
Zempoala 77 19 10 9 29 16 2 2 12 13
zpP 19 10 9 29 16 4 4 8 13
El Porvenir PP 19 15 4 34 14 4 7 16
PZ 19 15 4 34 16 5 6 18

ttreatment, twins replicates consisting of two siblings raised together, Sing singletons, Dom dominant, Sub subordinate, Dead died before trials began (i.e.,
the total number of males at the onset of the experiment equals the number of males registered plus the number of fish which died)
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determine priority of access to resources always emerge be-
tween males. We noted which male directed bites and chased
the other away from the food; this was usually the larger and
more colorful of the pair, and these behaviors were consistent
from day to day (in this species, winning a fight makes it more
likely that a male will win a subsequent encounter; Macias
Garcia and Valero 2010). Since some males grew without
brothers, our setup generated three categories of males: dom-
inant, subordinate, and singletons.

Trials began by gently maneuvring one male into the front of
its home tank and isolating this (observation) enclosure from
the rest of the tank by introducing an opaque polycarbonate
sheet in the tank. After a 5-min habituation period, we intro-
duced a female from San Juanico to the observation enclosure,
and an observer acquainted with Goodeid behavior but naive
with respect to our experimental procedures recorded the fre-
quency and duration of all the courtship behaviors displayed by
the male, including dynamic (frequency of overtaking, frequen-
cy and duration of fin folding, frequency and duration of
flagging, and frequency and duration of figure-of-eight dances)
and static courtship (frequency and duration of lateral and
frontal fin displays), as well as biting and mating attempts that
the male directed to the female (the female never tried to bite
the male), and whether the female responded with body vibra-
tions (see Valero et al. 2005). At the end of 10 min, the female
was removed from the observation enclosure, and if there was a
sibling, it was gently maneuvred into the observation enclosure
while maneuvring the used male out of it. After another 5 min
of habituation, the female was introduced again, and their
behavior was recorded as before. The San Juanico females used
were selected to be as similar in size as possible to the males
that courted them (see Macias Garcia 1994). We used one
female (of a total of eight available) for an entire day, when
she was presented to between eight and ten males. Presentation
order to females was balanced by male identity (dominant/
subordinate/singleton) and by treatment (ZZ, ZP, PP, PZ). We
recorded in total 32 males from Zempoala (16 ZZ and 16 ZP)
and 30 from El Porvenir (14 PP and 16 PZ; see Table 1).

Statistical analyses
Experiment 1: congenital influence of courtship patterns

Heritability calculations For Acambay and Zempoala males
reared in isolation, we calculated the heritability (%) of mean
frequency of flagging displays (the one element of dynamic
courtship that can be performed in the experimental condi-
tions), as two times the interclass correlation between siblings
(= the ratio of among family/total variance for each population;
see Table 2), therefore regarding males within a family as full
siblings (Falconer 1960). Although there is experimental evi-
dence that broods in the Amarillo can be sired by more than
one male, in most cases, the majority of the siblings are sired

by only one male (Macias-Garcia and Saborio 2004). This
procedure may lead to an overestimation of 4” since (1) males
within a brood shared a common maternal environment and (2)
because courtship displays are only expressed by males and
their inheritance may be sex-linked. On the other hand, we do
not expect that our standardized procedure should generate
interpopulation differences in courtship, which may then be
regarded as genetically determined. Additionally, we set a
general linear model to compare the differences in courtship
bout duration, and the frequency of flagging displays using
population as fixed factor, brood nested on population, and
individuals nested on brood.

Experiment 2: effect of social environment

Before testing for differences in the use of courtship displays
between treatments, we evaluated whether any of our measures
of courtship were redundant. Frequency and duration were
invariably correlated (Table 3); thus, we retained only the latter
whenever the two were recorded. We then standardized
(subtracting the mean and dividing by the sd) the remaining
variables and built a measure of static (= duration of frontal+
lateral fin displays), and a measure of dynamic courtship (=
duration of fin folding+flagging+figure-of-eight dance+fre-
quency of overtaking). We used repeated measures ANOVAs
to evaluate the effect of the treatments on static and on dynamic
courtship (Table 4). The ANOVAS included male family as the
subject variable, male population of origin (fixed, two levels:
Zempoala/ Porvenir) and whether the female responded to
courtship with vibrations or not (fixed, two levels: 1/0; see
Valero et al. 2005; Gonzalez-Zuarth et al. 2011) as between-
subject effects, and the origin of the female males were raised
with (hereafter “social female”; fixed, two levels: Zempoala/
Porvenir) and social rank (fixed; dominant/subordinate/single-
ton) as within subject effects. The latter also controlled for the
effects of different densities during development, as the two
levels of density are included in the three rank levels (Table 1).
We tested for two- and three-level interactions between these
four factors. A simpler model using the latency to court and
excluding female vibration and male social rank as explanatory
variables was used to verify that males in the four treatments
were similarly motivated to court during trials. Analyses were
performed using NCSS™ v.7.1.21.

Results
Experiment 1: congenital influence of courtship patterns
Heritability of courtship patterns

Forty-nine of the 54 males from Acambay performed flagging
(this is the majority of males from all families), whereas only
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Table 2 ANOVA for unbalanced full-sib design. Families were repre-
sented by two to five males raised in isolated containers until adulthood.
Note that the calculation of among-families SS differs from that normally

used in full-sib designs (e.g., Lynch and Walsh 1998) to account for
differences in number of sibs per family. It is likely that 4% is
overestimated because of sex-linkage and common maternal effects

Variance partition Pop df SS MS 1= 2FS? se (1P
Among families Acambay N-1 13 N 9,063.2 SSHI(N - 1) 697 0.18 0.07
SSf = Z n;(zi—z)
i=1
Zempoala 13 21.87 1.68 0.32 0.11
Within families Acambay T—-N 40 N n 20,273.6 SSw/(T — N) 506.8
SSW = Z (ZU_Zj)
i=1 j=1
Zempoala 32 3333 1.04

Poppopulation, SSsum of squares, dfdegrees of freedom, MSmean squares, /* upper bond estimate of heritability, # interclass correlation for full sibs, &
variance, feffect of family on phenotype, z phentypic value, w residual error, » number of sibs in a family, N number of families

a of
IFs = 5F

® se(h?)=2(1tps)[1 + (n—1)trs]\/2/[Nn(n—1)]

11 of 46 males from Zempoala did (belonging to only half of
the families from Zempoala; X*=9.33, p=0.002). Acambay
males performed significantly more flagging during the trials
than Zempoala males (£, 93y=27.66, p<0.001; see supple-
mentary online material Table S1), and the frequency of
flagging had significant heritable components in both popula-
tions (flagging: Acambay #*=0.18+0.07 [se]; Zempoala, /*=
0.32+0.11 [se]; see Table 2).

Experiment 2: effect of early social environment on courtship
patterns

Latency to initiate courtship was similar for males from the
two populations (El Porvenir, 105.6+30.7 s; Zempoala, 134.2
£29.8 s; F{1, 26=0.45, p=0.5), regardless of the population of
origin of the social female (F(;, 26=1.02, p=0.49), and the
interaction was not significant (/(1, 25)=0.1, p=0.76), suggest-
ing that males in all treatments had a similar motivation to
court.

Table 3 The duration (D) with which a courtship display was performed
was invariably correlated (#>0.65 in all cases; in italics) with how often it
was performed (its frequency, F), and it was not correlated with either

, where o¢ = %, oy =MSy,0, =0t +0y,andn=T/N

The amount of static courtship performed by the males was
the same for all treatments and male social ranks and was
unaffected by whether the female responded to courtship with
body vibration (all p>0.15). As suggested before (see above),
static courtship was also linked to aggression; it was positively
correlated with the number of times the male directed bites to
the female (+#=0.26, Fu, 59y=21.8, p<0.001; Table 5). In what
follows, we will refer only to effects on the amount of dy-
namic courtship.

Social experience and male courtship patterns: effect
of female origin

As previously reported for their wild-caught counterparts,
males from El Porvenir performed more dynamic courtship
than males from Zempoala (F{;, 30)=4.67, p=0.04; Table 4).
Origin of the social female on its own had no effect on the
amount of dynamic courtship performed, but it had a strong
impact on whether males courted dynamically when the

frequency or duration of other displays, except for flagging, whose
duration was correlated (but #<0.6) with the two measures of figure-of-
eight dance

Courtship display Fin folding Flagging Frontal fin display Lateral fin display Figure-of-eight dance
F D F D F D F D F

Fin folding D 0.65 0.09 0.16 —0.11 —0.11 -0.29 -0.24 0.18 0.17
F 0.22 0.29 —0.13 —0.13 -0.21 —-0.03 0.33 0.30

Flagging D 0.90 —0.11 0.00 —-0.15 0.10 045 0.42
F —0.08 —-0.02 —-0.19 0.05 0.59 0.59

Frontal fin display D 0.84 0.29 0.09 —0.07 —-0.07
F 0.29 0.17 —0.06 —-0.07

Lateral fin display D 0.66 —0.12 -0.14
F —-0.01 —-0.06

Figure-of-eight dance D 0.99
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Table 4 ANOVA table of dynamic courtship performed by males from
two populations raised with either sympatric or allopatric social females.
The larger significant effects (in italics) were found in the two- and three-
level interactions involving male origin (the only significant main effect),
suggesting that congenital population differences in courtship patterns are
influenced in complex ways by the early social environment (social
female phenotype and male social rank) and current interactions (vibra-
tion behavior of courted female; see text)

Term df SS MS F P Power*
A: male origin 1 3201 3201 467 0.039 055
B: vibration (1/0) 1 10.05 10.05 147 0235 022
AB 1 10.54 1054 154 0224 022
C(AB): male family 30 20547 6.85 1.68  0.195

D: female origin 1 459 459 113 0313 0.16
AD 1 1096 1096 2.69 0.132 0.32
BD 1 3176 3176 7.80 0.019 0.71
ABD 1 032 032 008 0.784 0.06
E: social rank 2 268 134 033 0.727 0.09
AE 2 6838 3419 840 0.007 0.89
BE 2 5822 2911 7.5 0.012 083
ABE 2 4775 2388 586  0.021 0.75
DE 2 21.27 10.64 2.61 0.122 040
ADE 2 6012 3006 738 0.0/1 083
BDE 2 8812 4406 10.82 0.003 095
S 8 4072 4.07

Total (adjusted) 61 492.10

Total 62

Column labels as in Table 2
F Fratio, p probability
*a=0.05

female responded with body vibrations; males raised with El
Porvenir females displayed dynamic courtship for longer pe-
riods of time if the female they were courting did not vibrate
than if she did, the opposite being the case for males that grew
up with Zempoala females (social femalex female vibration,
El, 10):7.8,[7:0.02; Table 4)

Table 5 A multiple regression analysis of frequency of bites directed to
the female confirmed that static, but not dynamic courtship, can be a
prelude to aggression, as the vast majority of the variance () explained
by the model is due to the variation in static courtship. See text for the
calculation of the explanatory variables (labels as in Tables 2 and 4)

Term daf /2 SS MS F P
Intercept 1 1.45-19 1.45-19

Model 2 030 1841 9.21 12.755  0.00
Dynamic courtship 1 0.01 0.44 0.44 0.615 044
Static courtship 1 0206 1571 15.71 21.760  0.00
Error 59 070 4259 0.72

Total (adjusted) 61 1.00 61 1

Social experience and male courtship patterns: effect of male
social rank

Male social rank differentially influenced the amount of dy-
namic courtship displayed by males from the two populations.
Subordinate males from El Porvenir performed dynamic
courtship for longer than males in any other category, whereas
subordinate males from Zempoala performed the least (male
originx social rank; F 19y=8.40, p=0.007; Table 4).

Additionally, there were significant three-way interactions
between male population of origin, origin of social female,
male social rank, and whether the courted female responded
with vibration (Table 4; see also supplementary online mate-
rial Fig. S1).

Discussion

The substantial and significant differences in courtship behav-
ior of males on their first exposure to females indicate that the
previously reported population differences in courtship pat-
terns have a congenital influence. Although maternal effects
cannot be discounted, it is unlikely that systematic population
differences arose as a consequence of the uniform handling of
females through pregnancy. Common maternal effects may
have inflated our measures of heritability, which may also be
devaluated because of sex linkage. A half-sib/full-sib design
would be necessary to obtain an unbiased (narrow sense)
estimate of heritability and to assess sex linkage. Assuming
that the frequency of flagging is at least partly equivalent to
the more complete measure of dynamic courtship taken in the
experiment on social environment, it seems that a significant
heritable component (for Acambay and Zempoala, and pre-
sumably also for EI Porvenir males) that predisposes
G. multiradiatus males to court in particular ways, can be
modified by social upbringing.

Several aspects of the male courtship patterns were influ-
enced by the behavior of the female that they courted during
the trials. This agrees with previous studies showing that
G. multiradiatus males change their courtship behavior when
placed with allopatric females, seemingly because the latter
responds in subtly different population-specific ways to the
different male displays (Gonzélez Zuarth and Macias Garcia
2006; Gonzélez-Zuarth et al. 2011). This suggests that court-
ship behavior remains flexible throughout the lifetime of an
individual, and that males use information from the female
that they are courting to modify their courtship patterns. Some
aspects of courtship communication in this species may re-
main similar across populations, as we could not discern
differences in the way males from both populations responded
to the behavior (vibrations) of the female (although we had
little power to detect such effect; see Table 4). Yet most of the
remaining interaction involving the male population of origin
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were significant, which suggests that some aspects of the
reproductive communication in this species have diverged
between populations, and that the female response to the
elements of the male courtship may have different meanings
in different populations.

Males from El Porvenir showed higher frequency of dy-
namic courtship than males from Zempoala, independently of
the origin of the female they grew up with. This mirrors
previous findings using field-grown fish and suggests that this
difference has a congenital component. Growing up with
females of different origin influenced how males reacted to
the behavior of the females they court when adults.
Interestingly, female vibration discouraged dynamic courtship
of males that grew exposed to females from a population
where dynamic displays are frequent. This may be a common
pattern given the finding of a recent study in the same species
where female perception (visual and/or mechanical) of ap-
proaching males was manipulated, which also found that
vibration discourages males (from another population; San
Lazaro) from courting. It would be interesting to test whether
the reverse pattern is confined to Zempoala or whether it
occurs at other places (Martinez Medina et al. 2013).
Regardless of the direction of the effect, this finding adds to
an increasing literature, showing that females from different
taxa can influence male courtship development. For example,
female brown-headed cowbirds reinforce preferred male sig-
nals using body movements and social interactions (Miller
et al. 2008). A similar phenomenon could happen in our fish,
as females may reinforce certain courtship behaviors in males
by either allowing them to mate with them (positive reinforce-
ment) or by punishing males when performing the wrong
courtship patterns (through biting, escaping, or vibrating).

The social rank of the male influenced his courtship be-
havior, and it did so in opposite ways according to the origin
of the male (Zempoala males perform less dynamic courtship
as their social rank decreases, the opposite being true for males
from El Porvenir). This may provide a mechanism of rapid
population divergence, since the females in separate popula-
tions would derive different benefits from choosing males on
the basis of their courtship patterns.

Subordinate males from Zempoala performed more dynam-
ic courtship when the female that they were courting responded
with body vibrations to their display, and they performed less
dynamic courtship when the female did not respond with body
vibrations. As subordinate males that perform displays risk
attracting punishment by dominant males (Macias-Garcia and
Valero 2001)—who may themselves be attracted by vibra-
tion—they are probably trained to only court when encour-
aged. Future studies should address how differences in density
during upbringing may influence the development of male
courtship patterns and his aggressiveness.

It seems that the stable courtship patterns that characterize
the populations of G. multiradiatus (cf. Zempoala
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parsimonious courtship patterns, first observed in 1990) may
be the consequence of processes akin to those responsible for
the maintenance of bird dialects (see Slater et al. 1984;
Wilczynski and Ryan 1999): males are born with a predispo-
sition to use certain aspects of their courtship repertoire (a
possible analogue to the auditory template model of
passeriform birds; e.g., Marler and Tamura 1962); then, during
development, they are exposed to adult males—and fe-
males—socially and sexually interacting (just as growing
birds are exposed to the song of tutors; see Slater 1983),
which, together with their own performance and feedback
from local females, may lead to the production of the
population-specific courtship “dialect.” Indeed, some fish
are known to be attentive to—and to learn from—adult males
(e.g., the guppy; Guevara-Fiore 2012), although the sensitive
period when this learning takes place may be somewhat short
(<6 weeks; Barbosa et al. 2013). This latter type of learning,
which is involved in the maintenance of bird dialects (e.g.,
McGregor 1983), was not allowed in our study. Instead, males
received feedback from females, and just as in birds that
female song preferences influence the development of bird
dialects (see Riebel 2003), our experimental setup shows that
female population of origin (and presumably their behavior),
together with the social status determined by the presence or
absence of a competing sibling, can influence the develop-
ment of courtship patterns.

Overall, our results show that male courtship behavior in
G. multiradiatus has a sizable heritable component, but it is
also strongly influenced by different aspects of the social
environment in which males develop, as well as by the imme-
diate response that it evokes in females, thus retaining a degree
of flexibility throughout life.
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