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Abstract The signaling function of carotenoid-based
orange ventral coloration expressed by female convict
cichlids (A. siquia) is still largely unknown. This field
study examined the relationship between breeding fe-
male A. siquia orange coloration and predation stress,
territorial competition, and offspring developmental
stage. Female orange coloration decreased significantly
with increased behavioral interactions with predators
and heterospecific competitors, and the presence of
wrigglers, fry, or juveniles was significantly associated
with a lack of orange coloration. Multiple alternative
explanations for these observations are discussed, in-
cluding body carotenoid re-allocation and variation in
environmental characteristics.
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Introduction

Carotenoid pigments, which are used by numerous taxa
to express colorful visual ornaments, have garnered
great interest in signaling theory because animals cannot
synthesize them de novo and must obtain them from
their diet (Olson and Owens 1998). Expression of

carotenoid-based color signals might therefore be
interpreted by conspecifics as an indication that an indi-
vidual’s diet is of high quality. However, carotenoids
have many physiological uses beyond being allocated to
sexual signals. Aquaculture research has repeatedly
demonstrated that carotenoid supplementation is an ef-
fective method of increasing growth rates in adult fish
(Güroy et al. 2012; Sheikhzadeh 2013; Teimouri et al.
2013). Carotenoids also contribute to aspects of repro-
duction such as egg production and hatching rates
(Güroy et al. 2012) and embryonic development (Levi
et al. 2011). The relationship of carotenoids with im-
mune function is a particularly appealing topic because
of its potential application to aquaculture and
conservation issues. For example, Amar et al. (2012)
found that synthetic astaxanthin supplementation signif-
icantly reduced mortality from a viral pathogen chal-
lenge in rainbow trout. Increased dietary β-carotene
enhances lymphocyte proliferation (Tachibana et al.
1997), indicating a pathway by which carotenoids may
directly bolster the immune response. Dietary caroten-
oids also may improve immune function by serving as
antioxidants. Carotenoid supplementation experiments
have demonstrated that multiple indices of oxidative
stress are inversely correlated with dietary carotenoid
levels (Wang et al. 2006; Pan et al. 2011). Studies of fish
immune response to environmental pollutants also have
indicated that carotenoids may reduce oxidative stress
(Elseady and Zahran 2013) or protect against oxidative
damage (Pereira et al. 2011).

Because animals derive carotenoids solely from the
diet, a low-quality diet might result in an animal lacking
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the body carotenoid levels necessary to satisfy all of the
competing uses of carotenoids simultaneously. In a
carotenoid-limited situation, it is hypothesized that a
trade-off would occur in which allocation of carotenoids
to one physiological mechanism would reduce alloca-
tion to other mechanisms, e.g. reducing skin carotenoid
pigmentation in order to support the immune response.
The potential trade-off between exhibiting color and
coping with various stressors suggests that only high-
quality individuals have sufficient body carotenoids to
express intense coloration and thus honestly signal their
quality (Lozano 1994). The carotenoid trade-off hypoth-
esis has been tested in birds such as American gold-
finches (Rosenthal et al. 2012) and Eurasian kestrels
(Casagrande et al. 2011) and fishes such as Midas
cichlids (Lin et al. 2010), fighting fish (Clotfelter et al.
2007), and guppies (Grether et al. 2004). These labora-
tory studies have demonstrated trade-offs in some spe-
cies but not in others. Lin et al. (2010) conducted a
laboratory experiment that demonstrated a lack of
trade-offs in Midas cichlids even with a carotenoid-
limited diet. Studies of carotenoid limitation under con-
trolled conditions have provided a framework for un-
derstanding the consequences of trade-offs, but few
studies have examined those consequences in naturally
occurring animal populations.

The convict cichlid Amatitlania siquia (Schmitter-
Soto 2007) presents an unusual opportunity to investi-
gate trade-offs associated with color signals (Brown
et al. 2013). Female A. siquia exhibit bright orange
carotenoid-based ventral coloration that males
lack (Fig. 1). The function of this coloration as a sexual
signal has not been fully established but there is evi-
dence that females exhibit more intrasexual aggression
toward more brightly colored individuals (Beeching
et al. 1998). Individuals of this species form breeding
pairs and the male and female jointly defend their off-
spring and nest until the offspring reach the juvenile
developmental stage, at which point the breeding pair
disbands. During this period of parental defense, breed-
ing pairs must cope with a range of stressors including
predation risk and territorial disputes with both conspe-
cifics and heterospecifics (Itzkowitz et al. 2005; Snekser
et al. 2011). Increased stress might necessitate re-
allocation of integument carotenoids to immune or an-
tioxidant functions according to the carotenoid trade-off
hypothesis (Svensson andWong 2010). Re-allocation of
carotenoids also has been linked to breeding status in
fish. For example, Garner et al. (2010) found that

rainbow trout re-allocate muscle carotenoids to the skin
and eggs as their breeding season progresses. In most
species, breeding status is associated with factors such
as the expression of parental behaviors and increased
predation risk. Thus, numerous, perhaps non-mutually
exclusive factors relating to A. siquia reproduction and
brood defense could result in a reduction or elimination
of female orange coloration as those carotenoids are re-
purposed to help the animal cope with environmental
stressors or egg production.

This study aimed to evaluate changes in the colora-
tion status of female A. siquia within their natural range
in Central America. Lake Xiloá, a volcanic crater lake
near the western coast of Nicaragua, contains a large
population of A. siquia that allows for observation of
numerous breeding pairs within a relatively small area.
The lake experiences little seasonal temperature varia-
tion due to its geographic location and lack of surface
inputs other than precipitation. Studies of the tempera-
ture characteristics of Lake Xiloá indicate that there is
little variation within the top 30 m layer (Barlow et al.
1976) and across the lake surface (Oppenheimer 1997).
Like the other cichlid species in Lake Xiloá, A. siquia
will breed year-round, but the population exhibits breed-
ing peaks coinciding with the middle of the dry season
(March-April) and the middle of the rainy season
(August-September) (McKaye 1977). Non-breeding in-
dividuals cannot be tracked and observed easily at this
site because they exhibit no site fidelity and instead
move freely among shallow vegetation. In contrast,
breeding pairs establish discrete nesting sites, exhibit
strong site fidelity, and can be monitored easily. Focus-
ing on breeding pairs enables examination of female
color in relation to offspring developmental status
instead of the coarser measure of pair-bonded status.
Predation and territorial stress both can be measured
through observation of breeding pairs’ behavioral
interactions with conspecifics and heterospecifics. It
is hypothesized that female orange coloration would
vary concomitantly with offspring developmental
stage, predation risk, and the intensity of territorial
competition. If female A. siquia re-allocate integu-
ment carotenoids to egg production and for purposes
that mitigate the physiological effects of stress, it is
predicted that their orange coloration will decrease
around the time of egg deposition. In addition, it is
predicted that orange coloration will decrease in re-
sponse to increasing numbers of interactions with
predators and territorial competitors.
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Materials and methods

Behavioral data were collected during March 2010 and
from September 2011 through February 2012. Two
adjacent sites in Lake Xiloá were used during both
observation periods. The 2011 and 2012 data were
pooled for the purpose of comparison with the 2010
data. At both sites, two 9 m transects were constructed
along each of four depth contours (9, 10.5, 12, and
13.5 m) using forestry flags. The number of breeding
pairs of A. siquia present at the sites was evaluated
weekly by a pair of SCUBA divers swimming along
the length of each transect and marking nests with
numbered forestry flags. Following these weekly mon-
itoring dives, individual divers conducted behavioral
observation dives on randomly chosen breeding pairs;
breeding pairs were observed only once. Initial attempts
to observe unpaired fish were unsuccessful; after the fish
retreated from the approaching observer, it would not
return to its initial location, making stationary observa-
tion impossible. All observation dives were conducted
between 10:00 and 17:00 h and each dive lasted be-
tween 60 and 90 min. Because the rate of SCUBA air
consumption increases with depth, the number of obser-
vations that could be conducted per dive varied based on
the depth of the randomly selected breeding pairs. Be-
havioral observation began with a 2 min settling period
where the observer would kneel on the substrate approx-
imately 1 m from the focal pair’s nest and note the time,

depth, substrate characteristics, presence or absence of
female orange ventral coloration, and developmental
stage of any offspring present. Coloration was treated
as a binary variable due to the limitations of observing
free-swimming fish and because capturing the fish for
spectrophotometric quantification of color or measure-
ment of the area of the color patch would require exca-
vating the nest, which would disturb neighboring pairs
and increase turbidity to the point where it would pre-
vent effective observation. Offspring were described
using three categories: “none/eggs,” “wrigglers/fry,”
and “juveniles.” The possible presence of eggs could
only be assessed by the observation of guarding behav-
ior generally associated with eggs; direct confirmation
of egg presence would have disrupted breeding pair
behavior and prevented repeated observations that were
conducted for related studies. The “wriggler” stage was
defined as recently hatched larval offspring that were
not yet free-swimming and moved closely to the sub-
strate, whereas the “fry” stage was defined as free-
swimming larval offspring. “Juvenile” offspring were
free-swimming and morphologically similar to adult
A. siquia. The settling period also minimized the effects
of observer disturbance on focal pair behavior. After the
settling period, the observer would count the focal pair’s
behavioral interactions for 10 min. Behavioral interac-
tions included any rapid aggressive action directed to-
ward another individual, including chasing, biting, lat-
eral displaying (the fish presenting its side to the intruder

Fig. 1 Examples of breeding and non-breeding coloration of
female A. siquia. The breeding female (left) lacks ventral orange
coloration and the pair-bonded male can be seen in the back-
ground. The non-breeding female (right) displays the ventral
orange patch. It should be noted that the blue-green coloration of

the dorsal and anal fins displayed by the non-breeding female may
be expressed by both sexes of A. siquia and thus is not an aspect of
the sexual dichromatism in this species. Photograph credit: Mark
McKaye
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while extending its branchiostegals and unpaired fins)
and frontal displaying (the fish facing the intruder while
extending its branchiostegals and unpaired fins and
flaring its opercular flaps) (adapted from Itzkowitz
et al. 2001). Behavioral interactions were categorized
by the identity of the target of the interaction: the indi-
vidual’s pair mate, conspecifics other than the pair mate,
predators, and any non-predator heterospecifics. Pair
mate interactions were defined as any interactions be-
tween the two members of a breeding pair. The sole
predator species observed in this study was the
bigmouth sleeper Gobiomorus dormitor (Lacépède,
1800), the primary predator of A. siquia in Lake Xiloá.
Heterospecifics were other cichlids belonging to the
genera Amphilophus, Archocentrus, Hypsophrys,
Parachromis, and Thorichthys.

Results

First, the behavioral data were used to evaluate whether
the number of behavioral interactions in each category

varied between years and among stages of offspring
development. To achieve normality for parametric anal-
ysis, the number of behavioral interactions with preda-
tors and with conspecifics was transformed (ANCOVA;
Table 1). The number of behavioral interactions with
heterospecifics and with pair mates did not meet the
assumptions of parametric models, so Kruskal-Wallis
tests were used instead (see parametric and nonparamet-
ric analyses in Table 1). Pair-bonded A. siquia engaged
in significantly more behavioral interactions with pred-
ators, conspecifics, and heterospecifics but not with their
pair mate when they had hatched offspring (wrigglers/
fry and juveniles) than when they had no visible eggs or
when they displayed behavior indicative of egg pres-
ence (Fig. 2, Table 1). The number of behavioral inter-
actions with predators was significantly greater in 2011–
2012 than in 2010 while the number of behavioral
interactions with conspecifics was significantly greater
in 2010 than in 2011–2012 (Table 1); behavioral inter-
actions with heterospecifics and pair mates did not differ
significantly between years. There was a significant
offspring-stage-by-year effect for predators,

Table 1 Summary of statistical models investigating how interactions between pair-bonded A. siquia and other members of the community
change between years and across stages of offspring development. Significant effects are shown in bold

Model Effect, transform F-value, df P-value Model Type Kruskal-Wallis
Chi-Square Approx (df)

P-value

Predator, ln (x+1)
Offspring Stage 60.33 (2, 224) < 0.0001

Year 4.819 (1, 224) 0.029

Offspring Stage x Year 4.426 (2, 224) 0.013

Depth 5.906 (1, 224) 0.016

Heterospecific, √x
Offspring Stage 11.19 (2, 224) < 0.0001 Offspring Stage, both 26.49 (2) < 0.0001

Year 0.007 (1, 224) 0.932 Offspring Stage 2010 14.70 (2) 0.0006

Offspring Stage x Year 0.060 (1, 224) 0.942 Offspring Stage 2011 8.238 (2) 0.0163

Depth 0.014 (1, 124) 0.907 Year 3.861 (1) 0.0494

Conspecific, √x
Offspring Stage 5.578 (2, 224) 0.0043
Year 34.54 (1, 224) < 0.0001

Offspring Stage x Year 13.33 (2, 224) < 0.0001

Depth 18.30 (1, 224) < 0.0001

Pair mate, ln (x+1)

Offspring Stage 2.534 (2, 224) 0.082 Offspring Stage, both 4.213 (2) 0.122

Year 0.199 (1, 224) 0.656 Offspring Stage 2010 3.738 (2) 0.154

Offspring Stage x Year 3.890 (2, 224) 0.022 Offspring Stage 2011 8.780 (2) 0.012

Depth 0.415 (1, 224) 0.520 Year 0.105 (1) 0.746
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conspecifics, and pair mates, but Tukey’s HSD revealed
trends notably different than those reported in Fig. 2 only
for behavioral interactions with conspecifics. In 2010,
A. siquia interacted with conspecifics to a greater extent
than in 2011–2012 but the number of behavioral interac-
tions did not vary across offspring stages, whereas in
2011–2012, A. siquia interacted with conspecifics signif-
icantly more when defending hatched offspring (Fig. 3).
Dunn’s multiple comparisons test revealed that, in 2011–
2012, interactions with pair mate were more frequent
when juveniles were present than with no/possible eggs
(Z= −2.93, P=0.01; conducted on Kruskal-Wallis test for
‘Offspring Stage 2011’ effect on interactions with pair
mate; Table 1). Regression analyses on the relationship
between depth and interactions between predators and
conspecifics confirm the results reported in Table 1 indi-
cating that interactions with predators increase as a func-
tion of increasing depth (F1, 229 = 4.16, P=0.042; equa-
tion: Interactions with predators (Y) = 0.625 + 0.016 ×
Depth) and that interactions with conspecifics decrease as
a function of increasing depth (F1, 229 = 34.71,P<0.0001;
equation: Interactions with conspecifics (Y) = 3.79 +
0.057 × Depth).

Second, the behavioral data were used to determine
whether environmental variables (e.g. depth), predation
risk, intensity of competition with heterospecifics or
conspecifics, and the frequency of interaction with the
pair mate could predict the probability that females
possessed orange ventral coloration. The data from

2011–2012 were omitted from these analyses because
only one female was observed with orange coloration
during that time (Fig. 4). Females were significantly less
likely to possess orange coloration when defending
hatched offspring (Table 2, Fig. 4). The probability that
female A. siquia possessed orange coloration also de-
creased significantly as a continuous function of in-
creased predation risk and increased competition with

Fig. 2 Changes in the frequency of interaction between pair-
bonded A. siquia and their pair mate (black bars), heterospecific
competitors (hatched bars), predators (white bars), and conspecif-
ic intruders (grey bars) across the stages of offspring development.
Data are shown as untransformedmeans ± SEM.Within each class
of interactant (e.g., predator), bars with different letters are

significantly different as determined by Tukey’s HSD (for
ANCOVA on predators and conspecifics) or Dunn’s Multiple
Comparisons Test (for Kruskal-Wallis tests on heterospecifics
and pair mate). There were no significant changes in the frequency
of pair mate interactions across the stages of offspring develop-
ment, so no letters are shown

Fig. 3 Annual variation in the relative frequency of interactions
between pair-bonded A. siquia and conspecific intruders. NE=no
eggs/possible eggs;WF=wrigglers/fry; J=juveniles. Bars sharing
a letter label are not significantly different from one another
(Tukey’s HSD P>0.05)
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heterospecifics (Table 2). Behavioral interactions with
conspecifics or pair mates and depth of the nest site had
no significant effects on the probability of females
possessing orange coloration (Table 2).

Discussion

These results support the predictions that the probability
of female A. siquia possessing orange coloration would
decrease between egg deposition and hatching and also
with increasing numbers of behavioral interactions with

predators and heterospecific competitors. The frequen-
cies of interaction with conspecifics and pair mates were
not significant predictors of coloration status. Although
conspecific and heterospecific predation on A. siquia
offspring does occur (e.g., Wisenden and Keenleyside
1992), most aggressive interactions in these two catego-
ries are related to territorial competition in Lake Xiloá.
The increased aggression toward predators displayed by
breeding pairs with hatched offspring (Fig. 2) may result
from increased predation risk associated with free-
swimming fry and juveniles. By contrast, the increased
aggression toward heterospecifics and conspecifics

Fig. 4 Percentage of female
A. siquia possessing orange
ventral coloration categorized
according to breeding status
(offspring developmental stage).
NE=no eggs/possible eggs;WF=
wrigglers/fry; J=juveniles. There
was a highly significant differ-
ence in 2010 in the percentage of
females possessing orange across
offspring developmental stages
(χ2=19.26, df =2,P<0.0001with
NE <WF = J); no such difference
existed in 2011. See also Table 2

Table 2 Summary of logistic analyses examining whether the
probability that female A. siquia possessed orange ventral color
varied as a function of interactions with predators, heterospecifics
or conspecifics, depth, and offspring developmental stage. Esti-
mates reflect the relationship between increased number of inter-
actions with, for example, predators and the probability that the

females possess orange color. Likelihood ratio (L-R) chi-square is
presented as the test statistic. Odds ratios reflect the odds per unit
change in the regressor (e.g., number of interactions with a pred-
ator). Odds and p-values for offspring status are presented for
comparisons of both wrigglers/fry (WF) and juveniles (J) with
no eggs/eggs (NE), which was the baseline (see also Fig. 4)

Model Effect Estimate L-R χ2 P-Value Odds Ratio

Predator −1.429 21.87 < 0.0001 0.239

Heterospecific −0.578 5.34 0.021 0.562

Conspecific −0.002 0.0001 0.992 0.998

Pair mate +0.997 2.73 0.098 2.711

Depth −0.011 0.153 0.696 0.989

Offspring Status 19.25 < 0.0001

WF vs. NE (baseline) −0.784 < 0.0001 8.895

J vs. NE (baseline) −0.617 0.0013 7.526
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displayed by breeding pairs with hatched offspring
(Fig. 2) may result from the breeding pair defending a
larger area around hatched offspring (personal observa-
tion) or from an increased heterospecific or conspecific
intrusion rate on the nest. Future studies of the factors
underlying changes in A. siquia breeding pair aggres-
sion could elucidate the observations in this study.

The mechanisms that explain the observed differ-
ences in female A. siquia coloration based on breeding
status are not well resolved. One potential explanation
for these observations is that femaleA. siquia experience
increased energy expenditure during territorial brood
defense and alter their carotenoid allocation to cope with
the associated challenges they face (e.g., stress, immune
function, lower body condition). If brood defense re-
quires the maintenance of elevated testosterone and/or
11-ketotestosterone levels, steroid hormones often asso-
ciated with aggression (e.g. Rodgers et al. 2013), the
immunosuppressive effects of this androgenic steroid
could be mitigated via carotenoid re-allocation (Folstad
and Karter 1992). The putative link between androgen-
induced immunosuppression and carotenoid re-
allocation has yet to be fully elucidated, but there is
accumulating evidence that supports the hypothesis.
For example, Djikstra et al. (2007) found a negative
correlation between the size of red nuptial coloration
and immune response in a haplochromine cichlid fish,
and they also noted a positive correlation between nup-
tial coloration and 11-ketotestosterone levels. Such a
response would not alter an individual’s overall body
carotenoid levels, but rather change the concentration of
carotenoids in different tissues. An alternative hypothe-
sis is that breeding female A. siquia display reduced
orange coloration because they re-allocate integument
carotenoids to developing eggs, which would result in
decreased orange coloration following egg deposi-
tion as observed in this study. This hypothesis has
not been tested extensively, but studies of female
Arctic charr (Nordeide et al. 2008) and Chinook
salmon (Gardner et al. 2010) found no relationship
between skin coloration and egg carotenoid content.
Brown et al. (2013) found that carotenoid supple-
mentation increased ovary carotenoid content in
female A. siquia but did not change carotenoid
allocation to the skin. In contrast to the carotenoid
allocation predictions associated with immunocom-
petence, allocation of carotenoids to eggs would
result in decreased whole-body carotenoid levels
in female A. siquia following egg deposition.

Another alternative hypothesis is that environmental
factors contribute to the observed decrease in female
orange coloration when defending hatched offspring.
Behavioral observations conducted during this study
indicated that breeding female A. siquia do not travel
far from the nest until their offspring reach the juvenile
stage. If female convict cichlids deplete carotenoid-rich
plant matter near the nest during territory establishment,
nest building, and egg deposition, then changes in fe-
male coloration may reflect decreased carotenoid avail-
ability. Although carotenoid limitation-induced trade-
offs have been demonstrated in laboratory studies, it is
largely unknown whether the carotenoid content of lab-
oratory diets is ecologically relevant. For example, al-
though Lin et al. (2010) used a low-carotenoid diet
treatment based on diets used in previous trade-off stud-
ies, the average dietary carotenoid intake of wild Midas
cichlids has not been evaluated. Likewise, the dietary
carotenoid content of A. siquia in Lake Xiloá is current-
ly unknown. Reduction of color ornaments in breeding
female A. siquia might also serve to decrease the con-
spicuousness of the nest, thereby reducing offspring
predation risk fromG. dormitor or heterospecifics. Con-
versely, presence of orange coloration might serve as a
conspicuous indicator of sexual receptivity, a phenome-
non that has been observed in numerous fish species
including three-spined stickleback (Sparkes et al. 2013)
and two-spotted gobies (Svensson et al. 2006). Future
work on these topics should examine how predation
pressures change throughout A. siquia ontogeny and
whether or not male A. siquia exhibit mate choice pref-
erences related to female coloration (e.g., Beeching et al.
1998; Santangelo and Itzkowitz 2004).

Morphological characteristics may also contribute to
the observed variation in color. Erythrophores
(carotenoid-containing chromatophores) in fish integu-
ment can rapidly aggregate or disperse pigments to alter
color expression, a process that is under neuroendocrine
control and that may be induced by certain wavelengths
of light (Fujii 2000). However, erythrophores can alter
color expression on a much shorter time scale than re-
allocation of carotenoids between tissues, so daily ob-
servations would not effectively capture this potential
source of variation. The findings of this study indicate
that breeding status and the intensity of brood defense
both are associated with the expression of carotenoid-
based coloration in female A. siquia, but causality can-
not be assigned based on these data. Future field and
laboratory studies of carotenoid-based traits should
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manipulate these parameters independently to determine
which factors best predict flexibility in the expression of
carotenoid-based coloration and to elucidate the mech-
anisms by which trade-offs take place. Few studies have
addressed the potential behavioral outcomes of caroten-
oid trade-offs in a field setting and further work is
needed to interpret trade-off theory in a more ecologi-
cally relevant context.
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