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Abstract Parental care in fishes is a three-way interac-
tion among brood predators, parental brood defence,
and the escaping ability of the developing young.
Convict cichlids are Neotropical freshwater fish with
prolonged biparental brood defence of their eggs and
free-swimming larvae. In a previous study, developmen-
tal timing of changes in larval swimming performance
was correlated with larval skeletal ossification and bi-
parental brood defence in convict cichlids in the Río
Cabuyo, a stream in Costa Rica (Wisenden et al. 2015).
Here, we repeat this study on a population of convict
cichlids from Laguna de Xiloá, a volcanic crater lake in
Nicaragua. We found that fish from Laguna de Xiloá
also showed correlations among swimming perfor-
mance and skeletal ossification of the larvae, and brood
defence by the parents. However, in Laguna de Xiloá
the developmental timing of these events was delayed
relative to the Río Cabuyo population. The population
difference between Costa Rica and Nicaragua could be
an effect of genetic divergence or an artefact of pheno-
typic plasticity between lab-reared fish (Costa Rica) ver-
sus wild-caught fish (Nicaragua) for ossification scores.

To resolve this question we repeated study using lab-
reared fish of brood stock from Laguna de Xiloá.
Comparing among the lab-reared Costa Rican fish, and
lab-reared and field-collected Nicaraguan fish, we found
that the timing of ossification was significantly delayed
for both Nicaraguan samples relative to the Costa Rican
samples. These shifts likely reflect population differences
in selection on anti-predator competence of the young
and, consequently, parental brood defence. These data
indicate that larval ontogenetic development, anti-
predator performance and parental care co-evolve with
site-specific ecological differences.

Keywords Parental care . Larval swimming
performance . Skeletal ossification . Anti-predator
behavior . Population differences

Introduction

Natural selection acts on variation in performance
(Arnold 1983; Kingsolver and Huey 2003) with effects
manifest at the level of population and community (Post
and Palkovacs 2009; Bassar et al. 2012). In two-way
interactions such as competition, sender-receiver com-
munication, female-male interactions, predator-prey in-
teractions, parent-offspring interactions, etc., eachmem-
ber of the dyad exerts selection pressure on the perfor-
mance of its partner as the pair co-evolve within the
ecological context of their habitat. Here, we consider the
co-evolved interactions between morphology and anti-
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predator performance in larval convict cichlids, and
biparental care behaviors of brood defence, and how
this co-evolved relationship differs at two study sites.

Convict cichlid study system

The convict cichlid (Amatitlania siquia) is a small fresh-
water fish endemic to Central America (Bussing 2002;
Schmitter-Soto 2007). They form monogamous pair
bonds and deposit their eggs on the roof of a cavity
formed under a solid object on the substratum. They
have biparental care of their eggs and free-swimming
young over a period of four to six weeks (Wisenden
1995). During this time, parents defend their young
against a range of brood predators (Wisenden 1994;
Wisenden et al. 2015). Both parents contribute to brood
defence, although there is some division of labor be-
tween the sexes (Itzkowitz et al. 2001). Parents guard a
mobile territory around the young as the family roams
over the substratum during the day. Young convict
cichlids are about 4.5 mm in standard length (SL) when
they first emerge from their lair. Parental protection of
the young continues until the young reach a SL of 10–
12 mm (4–6 weeks post-hatch) in Costa Rican streams
(Wisenden 1995), and up to 20 mm in Laguna de Xiloá,
Nicaragua (McKaye 1977; Alonzo et al. 2001). In the
field, convict cichlid broods form a cohesive two-
dimensional disc hovering above the substrate. When
brood predators attack, the young at the periphery are at
greatest risk and the young quickly retreat to the brood
center directly under their parents. Thus, the radius of
the brood area is an important variable defining both the
cost of parental defence and predation risk to the young.
In this system, defence against brood predators is a two-
way interaction shared by the adults that repel brood
intruders, and the larvae that must evade direct attacks
when brood predators inevitably penetrate parental de-
fences (Wisenden et al. 2015). Thus, one may predict
that the co-evolved solution between parental care and
offspring anti-predator competence may differ in habi-
tats that differ in predator climates.

Ontogeny of anti-predator competence in larval convict
cichlids

Larval convict cichlids are poorly developed and swim
weakly at the time of emergence but become better at
evading attack as they grow and develop (Wisenden and
Keenleyside 1992, 1994; Wisenden et al. 2015).

Proximate anatomical structures that contribute to rapid
starts in larval fish include neurological, muscular and
skeletal changes (Fuiman and Magurran 1994). We
quantified the timing of skeletal ossification because
the techniques for doing so are well established (Song
and Parenti 1995) and because ossification of the
axial and appendicular skeleton is necessary to trans-
late the forces of muscular contraction into propul-
sive forces generated by the fins (Hale 1999). By
scoring the timing of the cartilage-bone transition of
individual skeletal elements we could then test for a
correlation between skeletal ontogeny and changes in
swimming performance.

Parental brood defence in response to larval
anti-predator competence

Convict cichlid field ecology has been studied mainly at
two sites: the Río Cabuyo and its tributary, Quebrada
Amores, in Guanacaste, Costa Rica (Wisenden 1994,
1995) and in the volcanic crater lake Laguna de Xiloá, in
Nicaragua (McKaye 1977; Alonzo et al. 2001). The
sites differ in many ways but chief among them is
greater overall fish density and species diversity at
Laguna de Xiloá than is present at Río Cabuyo.
Moreover, the specialist brood predator Gobiomorus
dormitor is present in Laguna de Xiloá but absent from
Río Cabuyo. These contrasting predation climates exert
different anti-predator selection pressures on developing
cichlid larvae that should promote changes in swimming
performance, the underlying proximate skeletal support
responsible for locomotory behaviors, and the area that
two parents can effectively defend.

Wisenden et al. (2015) studied the three-way relation-
ship among offspring development, parental care and
brood predators in convict cichlids in the Río Cabuyo.
In that system swimming performance, measured as
maximum velocity and maximum acceleration, was flat
until it rapidly increased when the young were between 6
and 7 mm SL, which coincided with rapid ossification of
elements of the axial skeleton associated with the fins
and their support structures. The 6–7 mm interval was
also when brood diameter ceased expanding, having
reached the maximum diameter that parents can effi-
ciently defend. Moreover, 7 mm is the size at which
conspecific brood adoption is no longer size selective
(Wisenden and Keenleyside 1992) and differential pre-
dation on broods of mixed sizes no longer favors the
larger size class (Wisenden and Keenleyside 1994).
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Here, we report parallel data based on fish from
Laguna de Xiloá, Nicaragua. We predicted that the
relatively harsh predation climate at Laguna de Xiloá
would lead to strong selection for anti-predator compe-
tence in the young, which could be achieved through
either one of two mechanisms. The first mechanism
would be for skeletal ossification and improved swim-
ming performance to occur earlier in Laguna de Xiloá
than in Costa Rican streams. However, even fully ossi-
fied fish cannot swim very quickly if they ossify while
still at a small body size. Salmonids faced with similar
selection achieve relatively fast growth (increase in
length) by delaying skeletal ossification (Hale 1999).
Therefore, an alternative prediction is that high preda-
tion risk will lead to selection for delayed ossification so
that resources can be allocated into rapid increase in
length. In either case, we predict that the timing of
skeletal ossification should coincide with timing of im-
provements in swimming performance. We also predict
that parents in Laguna de Xiloá will be forced to defend
smaller areas than brood areas observed in the Río
Cabuyo.

Population differences may reflect genetic diver-
gence in response to different selection pressures, but
theymay also reflect phenotypic plasticity in response to
any one of a number of environmental differences be-
tween Costa Rica headwater streams and an open vol-
canic crater lake. Previous research has shown that jaw
morphology can be influenced by feeding opportunities
and rearing environment (Meyer 1987; Gunter et al.
2013). Phenotypic plasticity is therefore a potential
source of variation when comparing between fish col-
lected form the wild and those reared in captivity (Solem
et al. 2006; Kerschbaumer et al. 2011). Therefore, in this
study we collected data from lab-reared and wild-caught
offspring to evaluate the potential role, if any, of rearing
environment on the timing of skeletal ossification.

Materials and methods

Source populations

Fish used in this study were either observed directly in
the field or were F1 offspring of wild-caught fish from
Laguna de Xiloá, Nicaragua (12° 13′ 16.83″N, 86° 19′
13.76″ W, elev. 45 m). Laguna de Xiloá is a volcanic
crater lake located on a peninsula of Lago de Managua.
Laguna de Xiloá is approximately 3.75 km2 in area, and

has a mean depth of 60 m and maximum depth of
88.5 m (Stauffer and McKaye 2002). We compared
results from Xiloá fish with earlier results obtained from
Costa Rican fish (Wisenden et al. 2015).

Skeletal ossification

We preserved larvae (sizes ranged from 5 to 9 mm SL)
from13 broods collected from the littoral zone of
Laguna de Xiloá. Fish were preserved in 10 % buffered
formalin and brought back to the lab for processing.
Offspring were cleared and stained with Alcian Blue to
reveal cartilage and Alizarin Red to reveal ossified bone
(Song and Parenti 1995). Cleared and stained offspring
were stored in glycerol with phenol crystals as a preser-
vative. We were interested in the comparison between
fish from Costa Rican streams versus Laguna de Xiloá.
The initial comparison revealed a population difference
but the comparison was potentially confounded by the
effect of rearing environment because Costa Rican data
on skeletal ossification was based upon lab-reared stock,
while our first sample of Nicaraguan fish was collected
from the wild. Therefore, we repeated the skeletal anal-
ysis on offspring of lab-reared fish that were F1 or F2 of
wild-caught adults from Laguna de Xiloá. If the Costa
Rica/Nicaragua difference in skeletal ossification per-
sists for lab-reared fish then the effect is likely due to
genetic divergence rather than being an artefact of phe-
notypic plasticity in response to rearing environment.

High-resolution images of stained offspring were
taken with an Olympus Q-color3 digital camera
mounted on an Olympus CX31compound microscope
as described in Wisenden et al. (2015). We assessed
calcification of the following skeletal structures: caudal
fin, urostyles (bones that connect the caudal fin to the
posterior tip of the vertebral column), dorsal fin rays and
its pterygiophores (small bones at base of fin that sup-
port and anchor the fin to the underlying musculature),
and the anal fin rays and its pterygiophores. We focused
on these structures because we hypothesized that calci-
fication of fin support would confer greatest effect on
swimming performance. A scale of 0–4 was used to
assess the level of ossification for each skeletal element:
0 = all blue, i.e., completely cartilage; 1 = mostly
(>67 %) blue; 2 = approximately equal amounts of blue
and red (between 33 % and 67 % blue); 3 = mostly
(>67 %) red; 4 = all red, i.e., completely ossified.

To compare among the three data sets [Costa Rica lab-
reared (CL); Nicaraguan wild-caught (NW); and
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Nicaraguan lab-reared (NL)], we used permutational
multivariate analysis of variance (PERMANOVA;
Anderson 2001) to test differences in ossification scores
on 37 different bones (n = 216 fish) against three levels of
population (i.e., CL, NL, and NW) and size as a factor
using 6–9mm fish.We removed fish of the same size and
population that had identical scores across bones because
they provided no additional variance. This left a total of
216 fish. Our initial model tested the interaction between
population and size, but if we found a nonsignificant
multiplicative effect, we reran the analysis using the
additive model only. While PERMANOVA can give
traditional F-statistics, it is not useful for post-hoc anal-
yses to determine group differences. In order to do that,
we used permutational analysis of multivariate dispersion
(PERDISP; Anderson 2006), which is essentially a mul-
tivariate extension of Levene’s test (1960) that uses mul-
tivariate distances rather than raw data as an input to test
for main group distances of the main effects, and we used
non-metric multidimensional scaling (NMDS) to visual-
ize interactive effect in two dimensions. Individual bones
were then correlated using a Spearman rank correlation to
the NMDS axes to relate those to the population-size
groupings. For both PERDISP and NMDS, we used a
modified Gower’s similarity coefficient that has been
deemed appropriate for ordinal type data to generate the
distance matrix (Podani 1999). Because PERDISP essen-
tially tests all pairwise matches, we adjusted scores using
a Bonferroni correction. The R 3.2.1 package vegan was
used for both PERMANOVA (adonis function) and
the PERDISP (betadisp function), each with 9999
iterations; the Gower distance matrix was generated
with the package FD (gowdis function), and the
package BioDiversityR (NMSrandom function) was
used to generate a two-dimensional solution to the
ossification scores using 9999 random starts.

Swimming performance

Methods for assessing the Costa Rican lab-reared fish
(CL) fish are given in Wisenden et al. (2015). Wild-
caught fish from Laguna de Xiloá were held in the lab
for 18 mo before being used in this experiment.
Individual F1 convict cichlid larvae (NL) were placed
in a circular plastic arena (diam =25.5 cm) containing
dechlorinated tap water to a depth of about 2 cm. Startle
responses were induced by a gentle prod with a mono-
filament line and recorded by an overhead digital cam-
corder at 30 frames per Second. video play-back of

swimming behavior was analyzed for maximum veloc-
ity (m/s) using LoggerPro® software. We tested young
at 1-mm intervals of standard length (SL) from 5 to
9 mm SL. Maximum velocity and acceleration were
analyzed separately using a two-way analysis of vari-
ance that included an interaction termwith population as
the first factor having two levels (i.e., Costa Rica vs.
Nicaragua) and standard length as the second factor
having five factors (i.e., 5–9 mm). For a significant
interaction, we tested population-size differences by
creating a composite factor with 10 levels, one for each
population-size and tested for differences between
levels using Tukey’s HSD test. Sample sizes were for
Costa Rica 5 mm (n = 23), 6 mm (n = 17), 7 mm
(n = 28), 8 mm (n = 13), and 9 mm (n = 12), and for
Nicaragua 5mm (n = 18), 6 mm (n = 20), 7 mm (n = 20),
8 mm (n = 13), and 9 mm (n = 5).

Brood areas in Laguna de Xiloá

We collected brood diameter data from broods in the
littoral zone of Laguna de Xiloá. A total of 37 convict
cichlid broods were sampled along approximately 200m
of rocky and sandy shoreline on the northern edge of the
lake. All broods sampled were at depths of less than 2 m.
We observed each brood for several minutes from a
distance so as not to influence brood behaviour, and took
note of landmarks on substrate that represented the outer
limits of the brood area. We then approached the brood
and measured the distance between landmarks using a
tape measure. For each brood we measured the standard
length (SL) of a subsample of 10 young, and counted the
total number of young in the brood. To ensure accurate
brood counts, we caught all but several of the young with
hand nets and brought them to shore to measure and
count. The remaining few young in the water could be
counted with certainty with the aid of a mask. Young
were returned to their parents immediately after sampling
where they reformed as a coherent family shoal (see
Wisenden 1995 for description of methods).

Results

Skeletal ossification

PERMANOVA showed a significant interaction
between population and size on ossification scores
(F6,204 = 8.75, p < 0.001). PERMDIST showed for the
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main effect of sample, the two Nicaraguan samples (NL
vs NW) to be not different (p = 0.123), but both
Nicaraguan samples were different from the Costa
Rica population (p < 0.05). The main effect for size
showed differences in transitioning between 6 and
7 mm (p < 0.05), and 7 and 8 mm (p < 0.05), but not
between 8 and 9 mm (p = 0.074). The interaction
between sample (CL, NL, NW) and size is shown with
the NMDS ordination plots (stress =0.090). Of the ex-
plained variation, the majority of the first axis could be
explained by fish length (87.7 %) while the second axis
represented sample differences (89.8 %). Confidence
intervals indicated that the largest change in skeletal
ossification occurred between sizes 6 and 7 SL for the
Costa Rican population, 7 and 8 mm SL for the
Nicaraguan laboratory sample and between 8 and
9 mm SL for the Nicaraguan wild-caught fish (Fig. 1).
Ossification scores were statistically indistinguishable
from each other for all fish at 9 mm. Dorsal, caudal
and anal fin pterygiophores were all identified as skele-
tal components that ossified earlier in Costa Rican fish
than in Nicaraguan fish (Table 1). Of the 22 clusters of
bones we analyzed, 13 ossified earlier in Costa Rican
fish while only 3 ossified earlier in Nicaraguan fish
(χ2 = 6.25, p < 0.05).

Swimming performance

When compared to swimming performance data
collected from lab-reared Costa Rican stock, there
was a significant interaction between fish length
and population for both velocity (F4,159 = 7.516,
p < 0.001) and acceleration (F4,159 = 4.191, p < 0.01),
indicating that the timing of improvement in swimming
performance differed between the populations. Both
velocity and acceleration increased rapidly in the transi-
tion for the Costa Rican fish between 6 and 7 mm and
for the Nicaraguan fish more gradually from 7 to 8 mm
and 9–10 mm (Fig. 2).

Brood areas

The relationship between brood radius and size of
young was not linear. A significant change point
(Siegel and Castellan 1988) occurred at 7.9 mm SL
(z = 4.26, p < 0.001) in the slope of the trend line
defining the effect of young SL on brood radius
(Fig. 3). Individual regressions on pre- and post-
change point data for each location showed significant

slopes for brood radius with respect to size of young
only for post-change point broods. Number of young
had no significant effect on brood radius (p > 0.05).

Anecdotally, we noted that the behavior of young in
Laguna de Xiloá differed from that of young in Río
Cabuyo. Young in Río Cabuyo emerge from their lair
at a size of 4.5 to 5 mm SL whereas in Laguna de Xiloá
young generally remained in their lair until they were
6mm.We found only one brood outside of its lair before
the young were 5 mm SL.We dismantled five rock piles
in Laguna de Xiloá guarded by parental convict cichlids
and discovered shoals of young of mean sizes of 4.5, 5,
5.85, 7.6 and 8.5 mm SL. Thus, differences between the
habitats in the care of small young were not due to
differences in size at hatch. We also noted that the size
at independence from parental care at Laguna de Xiloá
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Fig. 1 Subplots of NMDS (stress =0.907) illustrating the timing
of ossification of larval convict cichlids from the three samples,
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was extended to greater sizes (> 16 ml SL) than at the
Río Cabuyo (Fig. 3).

Discussion

Data from skeletal ossification, swimming performance
and parental brood defence behavior are clearly corre-
lated for convict cichlids from Laguna de Xiloá,
Nicaragua. Relative to comparable data from the Río
Cabuyo (Wisenden et al. 2015), the timing for Laguna
de Xiloá fish was delayed for all measures. The switch
point in Xiloá fish for swimming performance, skeletal
ossification and brood defence was between 8 and 9mm
SL compared to 6–7 mm SL in Cabuyo fish (Wisenden
et al. 2015). The overall nonlinear increase of maximum
velocity with respect to body length observed in convict
cichlids is similar to the pattern seen in zebrafish

(Fuiman and Webb 1988). The main determinant of
predator evasion by fish larvae is ontogenetic shifts in
anti-predator competence because other aspects of pred-
ator detection and evasion have been shown to contrib-
ute little to escape potential (Fuiman 1994; Fuiman et al.
2006). Muscle mass, fin area and overall body form also
change over the larva-juvenile transition, all of which
contribute to locomotory performance (Fuiman and
Magurran 1994; McHenry and Lauder 2006).
However, skeletal ossification is a convenient and easily
quantifiable measure of ontogeny and useful to test our
question because bone transfers forces of muscular con-
traction to propulsion more efficiently than cartilage
does. We are confident that the population difference
between Costa Rican fish and Nicaraguan fish in the
timing of skeletal ossification is due mainly to genetic
divergence (and not an effect of phenotypic plasticity in
response to rearing environment) because wild-caught

Table 1 Population comparison of the relative timing of skeletal
ossification for bones associated with swimming propulsion in the
caudal, dorsal and anal fins using a modification of indicator

species analysis (Dufrene and Legendre 1997). ‘+’ indicates earlier
ossification. RC, Río Cabuyo; LX, Laguna de Xiloá

Fin Skeletal Element Position RC > LX LX > RC

Caudal Urostyles: Upper 1–3 Proximate 0 0

Medial + 0

Distal 0 0

Urostyles: Central 1–6 Proximate + 0

Medial + 0

Distal 0 0

Urostyles: Lower 1–2 Proximate + 0

Medial + 0

Distal 0 0

Rays Proximate + 0

Medial + 0

Distal 0 0

Dorsal Spiny rays 0 0

Soft rays + 0

Pterygiophores 1–15 Proximate + 0

Medial 0 +

Distal 0 0

Anal Spiny rays + 0

Soft rays + 0

Pterygiophores 1–15 Proximate + +

Medial + +

Distal 0 0

Total 13 3
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and lab-reared offspring of Laguna de Xiloá fish showed
similar schedules of ossification.

Our data suggest that predation in Laguna de Xiloá
may have selected for fast growth at the expense of
skeletal ossification and swimming performance (Hale
1999). Although primary production is greater in
Laguna de Xiloá than in Río Cabuyo, this is not likely
the root cause of selection for delayed ossification in
Laguna de Xiloá because selection for high growth in
other contexts (e.g., food limitation imposed by inter-
specific foraging competition) leads to delayed calcifi-
cation (Arendt and Wilson 2000) and swimming perfor-
mance in some species (Hale 1999; Billerbeck et al.
2001). Moreover, swimming performance tests pre-
sented in this study for Laguna de Xiloá fish, and
those presented by Wisenden et al. (2015) for
Cabuyo fish, were all obtained by lab-spawned fish
from adults that had been held in captivity for at least 18
mo (i.e., under common environmental conditions) thus,
population differences in skeletal ossification and swim-
ming performance reported here likely reflect genetically-
based differences.

As with the Río Cabuyo population (Wisenden et al.
2015), there was strong intra-population concordance in
Laguna de Xiloá fish between radius of area occupied
by the young, the ontogeny of swimming performance
by the young and timing of their skeletal ossification.
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The significant effect of habitat on these variables
strongly suggests different selection pressures on
anti-predator competence of the young and the effec-
tive defence radius achievable by parental care.
Gobiomorus dormitor, a specialist brood predator in
Laguna de Xiloá, does not occur at the Costa Rican
site. Field studies in Laguna de Xiloá show that
parental convict cichlids disproportionately attack
G. dormitor and this species was responsible for
47 % of all brood mortality when parents were
experimentally removed (Alonzo et al. 2001). One
might anticipate that the presence of G. dormitor may
alter predation risk to the extent that the optimal strategy
for larval convict cichlids at Laguna de Xiloá may be to
remain near their parents and close to or inside their lair
until they have grown in size to 8 mm SL and ossified
their skeleton. The anecdotal observations of medium-
sized free-swimming young inside their lair and exten-
sion of parental care to late stages of development are
both consistent with the hypothesis that the predation
climate is more intense in the Nicaraguan lake habitat
than it is in the Costa Rican stream habitat.

Experimentally enlarged broods in the Río Cabuyo
show suppressed rates of daily growth increments rela-
tive to unmanipulated control broods (Wisenden and
Keenleyside 1995), indicating that brood radius repre-
sents a trade-off between foraging (radius expansion)
and the cost of predation risk (radius contraction). In
Laguna de Xiloá, the young remained sequestered in a
tight shoal under their parents suggesting that predation
risk is more intense and that foodmay bemore abundant
than in the Río Cabuyo system. Thus, a contributing
factor to site differences in the timing of skeletal ossifi-
cation and swimming performance may be that shade
from riparian vegetation limits primary production in
Costa Rican streams and forces young to forage over a
relatively large area at an earlier stage of development
than their counterparts in Laguna de Xiloá.

In the Río Cabuyo, brood diameter increased as free-
swimming young grew from 4.5 to approximately
6.45 mm SL. This expansion most likely reflects grow-
ing demand for food and not a response to changes in
parental defence. After the change point (Fig. 3), brood
radius in river habitat was highly variable perhaps de-
pending on whether the young were actively foraging or
responding to intruders. In contrast to fish in the Río
Cabuyo, fish in Laguna de Xiloá showed no change in
brood radius until the young reached 7.9 mm SL, after
which brood radius expanded linearly with fish length.

Cichlids are well known for radiation and endemism
in the rift valley lakes of East Africa, and, to a much
lesser extent, in Central American cichlid fauna
(Barluenga et al. 2006; Elmer et al. 2010, 2013; Kautt
et al. 2012). Recent systematic revision of Central
America cichlids split the species formally known as
the Bconvict cichlid^ into four species based upon geo-
graphic region (Schmitter-Soto 2007). The sites in Río
Cabuyo and Laguna de Xiloá are both within the range
of convict cichlids renamed as Amatitlania siquia, but
clearly even within this subregion there are habitat
effects that may well lead to incipient speciation as
isolated populations adapt to local conditions.
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