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Abstract Ecological specialisation is hypothesised
to play a major role in the evolution of phenotypic
diversity, especially following the colonisation of
novel habitats. For example, cichlid fishes provide
some of the most remarkable evidence for rapid
ecological diversification. Here, we capitalised on a
recently (< 40 years ago) introduced population of
red devils (Amphilophus labiatus) in Australia to
investigate adaptive phenotypic responses to a novel
environment. We used stomach content analyses,
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morphometrics and laboratory experiments to test for
covariation between diet and size of an important
trophic trait, lip size. We found that, while maximum
lip size in the study population was smaller than in the
species’ natural range, the proportions of algae, insects
and fish remains in the diet covaried with lip size.
However, contrary to predictions, we found no
evidence for lip development to be plastic under
laboratory conditions in relation to substrate com-
plexity or food manipulation, nor did we find any
relationship between lip morphology and feeding
performance in adults. Single nucleotide polymor-
phism data, in turn, suggested that the introduced
population has reduced standing genetic variation,
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which potentially influences both phenotypic plastic-
ity and diversity, in comparison to native populations.
Together, the results suggest that morphological
variation in a key trophic trait can respond rapidly to
diet in a novel environment, despite reduced genetic
diversity in the population.
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Introduction

Ecological specialisation to local environments is
considered to be a major driver of phenotypic diver-
sity, both within and between populations (Schluter
2000; Sorenson et al. 2003; Savolainen et al. 20006;
Muschick et al. 2011). For example, sympatric
intraspecific morphs that show differential niche use
(i.e. segregation in habitat and/or diet) may represent
the intermediate stages of population divergence
(Smith and Skilason 1996; Barluenga and Meyer
2004). Well-known examples of this phenomenon
include benthic and limnetic populations of stickle-
backs (McKinnon and Rundle 2002) and trophic
specialisation in whitefish (Lu and Bernatchez 1999).
Such examples are often associated with the coloni-
sation of novel, isolated habitats (e.g. lakes and
islands) where ecological opportunities allow for
rapid adaptation to empty niches (see Elmer et al.
2010a). However, due to the potentially rapid nature of
these events, their beginnings are rarely witnessed,
and the underlying processes and mechanisms that
facilitate ecological diversification are therefore still
not completely understood.

In new habitats, the ability to respond plastically to
novel food sources can be critical in promoting the
divergence of trophic morphology (Wente and Phillips
2003; West-Eberhard 2003; Ledon-Rettig et al. 2008;
Wund 2012). In this respect, adaptive phenotypic
plasticity (i.e. the ability of an organism’s phenotype
to vary in response to its environment) appears to be a
major contributor to population diversification (Smith
and Skulason 1996; Ghalambor et al. 2007; Pfennig
et al. 2010), particularly within novel environments
(Kocher 2004; Doebeli et al. 2005; Pfennig and
McGee 2010). Nevertheless, the role of phenotypic
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plasticity in adaptation has been controversial (Pfen-
nig et al. 2010) and has previously been viewed as an
impediment to evolutionary change (see Schlichting
2004), despite being taxonomically widespread
(Meyer 1987; West-Eberhard 2003; Yeh and Price
2004; Pfennig et al. 2010). However, morphological
differences among populations may also be accompa-
nied by ecological and genetic differences that are
suggestive of various stages of reproductive isolation
(Skilason et al. 1999; Hendry et al. 2000; Adams and
Huntingford 2004; Hendry 2009). For example, Pfen-
nig and McGee (2010) found that clades which display
resource polyphenism (alternative phenotypes in
response to different environmental stimuli) are more
species rich, suggesting that resource polyphenism
may promote diversification.

Phenotypic plasticity is considered to play a major
role in the explosive adaptive radiations of cichlid
fishes (West-Eberhard 1989; Clabaut et al. 2007,
Muschick et al. 2011). A common feature of adaptive
radiations, including those seen in cichlids, is that
species occupying similar niches often display con-
vergent evolution (Schluter and Nagel 1995; Salzbur-
ger 2009; Losos 2011). A prominent example of
convergent evolution in cichlids is the development of
large hypertrophied lips, a key functional trophic trait
that has evolved repeatedly in different cichlid
lineages in Africa (Arnegard and Snoeks 2001;
Salzburger et al. 2005; Oliver and Arnegard 2010;
Colombo et al. 2013; Henning et al. 2017) and the
Americas (Klingenberg et al. 2003; Elmer et al.
2010a, b; Colombo et al. 2013; Manousaki et al. 2013;
Burress 2015; Machado-Schiaffino et al. 2017). In this
regard, researchers have proposed alternative
hypotheses to explain the development of hypertro-
phied lips (Fryer 1959; Yamaoka 1997; Arnegard and
Snoeks 2001; Ferry et al. 2012). For example,
Greenwood (1974) suggested that large lips could be
an adaptation to reduce the mechanical shock of
striking against rocks during foraging. Currently,
however, the consensus hypothesis is that hypertro-
phied lips most commonly facilitate a suction feeding
mechanism, whereby invertebrates, particularly crus-
taceans, are sucked up, from crevices and gaps in
between rocks (Barlow and Munsey 1976; Klingen-
berg et al. 2003; Colombo et al. 2013; Manousaki et al.
2013; Baumgarten et al. 2015; Machado-Schiaffino
et al. 2017). Yet, few studies have tried to experimen-
tally disentangle among these alternative hypotheses.
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Independent of the primary function of large lips in
cichlid fishes, phenotypic plasticity may play a role in
their development (Machado-Schiaffino et al. 2014).
In particular, in captive individuals, large hypertro-
phied lips reduce in size over time (Barlow and
Munsey 1976), indicating that there may be a plastic
component to this trait. Interestingly, within their
native range, large-lipped cichlids often coexist with
closely related smaller-lipped species, with the two
types tending to otherwise only differ in regard to their
ecological niches (Colombo et al. 2013; Baumgarten
etal. 2015). Moreover, large-lipped forms appear to be
able to rapidly evolve from small-lipped populations
(Elmer et al. 2010a), with theory supporting the
hypothesis that phenotypic plasticity may promote
rapid evolutionary responses to novel conditions
(Behera and Nanjundiah 2004; Fierst 2011).

The red devil (Amphilophus labiatus) is an omniv-
orous cichlid with large, hypertrophied lips. The red
devil is a member of the Midas cichlid species
complex, a group of Neotropical cichlids that has
diversified rapidly, particularly after colonising new
environments (Barlow and Munsey 1976; Elmer et al.
2010a, 2013). In the Nicaraguan native range, there is
little neutral genetic differentiation between the red
devil and its more common, sympatric and small-
lipped congener, the Midas cichlid (Amphilophus
citrinellus) (Barluenga and Meyer 2004, 2010). Nev-
ertheless, hybrid or intermediate lip phenotypes are
absent or very rare. In recent decades (within
40 years), a feral population of red devil cichlids (or
possibly a hybrid) has become established in Hazel-
wood Pondage in south-eastern Australia (Corfield
et al. 2008). Importantly, this introduction into an
isolated lake is analogous to a founder population
naturally colonising a novel environment (sensu
Elmer et al. 2010a, 2013). For example, in both cases,
individuals may need to adjust foraging behaviours
and resource trait use in response to a change in both
the available sources and type of food. Hence, the feral
red devil population provides an excellent opportunity
to both observe phenotypic responses to a novel
environment and to test the predictions that plasticity
and resource polymorphism play an important role in
facilitating adaptive diversification after a recent
colonisation event.

We set out to investigate whether morphology (i.e.
lip size) and diet covary in the introduced red devil
population. Our primary focus was lip size, because

this key trophic trait can change rapidly in Amphilo-
phus populations, suggesting that phenotypic plastic-
ity could potentially play an important role. Because
hypertrophied lips are typically associated with an
increased head elongation (Klingenberg et al. 2003),
we also included head morphology in our analyses. To
this end, we combined laboratory-based behavioural
experiments with morphological assays and genomic
analyses of samples collected both in the introduced
and native lake environments, in Australia and
Nicaragua, respectively. First, we experimentally
investigated whether among individual morphological
variation in the introduced population reflected dif-
ferences in feeding performance in regard to substrate
complexity and diet. Second, focusing on laboratory-
reared juveniles from the same population, we tested
the extent to which developmental plasticity shapes
key trophic traits, in particular, lip size and head
morphology in red devils. Third, we compared both
the mean and variation in relative lip size between
individuals from the native range and the introduced
Australian population. Last, using genomic data, we
examined genetic diversity of fish both in the native
and introduced range to test whether there is evidence
of a bottleneck in the introduced population, puta-
tively limiting standing genetic variation, which, in
turn, might influence phenotypic diversity and plastic
responses.

Materials and methods

Link between morphology and diet
in the introduced red devil population

To investigate whether morphology covaries with diet
in the introduced population, we collected adult red
devils from Hazelwood Pondage, Australia, in Decem-
ber 2011 and September—-November 2012, using bait
traps, hand-lines and nets. We euthanized the fish with
a lethal dose of clove oil solution and then dissected
and removed the entire stomach and gut of 81
individuals. We later classified food items into the
following categories and determined their volume (in
% of total gut content): insects (terrestrial and
aquatic), fish (remains, scales and eggs), plant material
and algae, and other (e.g. silt). Molluscs, crustaceans
and zooplankton were also found in gut samples, but
were only found in less than 2% of individuals and,
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therefore, these food items were not considered in
further analyses. Lip size and head morphology
(standardised for body size), in turn, was assessed by
analysing a digital photo (Nikon D5200 Digital SLR)
taken of the right lateral side of each individual, with a
1-mm grid paper as a scale. Using IMAGEJ 1.50b
(National Institutes of Health, Rasband 1997), we
measured the area of the lip and the head, which—
when compared to the area of the whole body
(excluding fins)—allowed us to calculate each trait
as a percentage of body area. We defined the head as
the region between the snout and the most posterior
edge of the operculum.

To investigate whether standardised lip size
covaries with diet in the introduced population, we
performed a multivariate analysis of variance (MAN-
OVA) test (sensu Bolnick et al. 2014). To meet the
assumption of normality of data, the proportional
values of food item categories found in gut content
samples (insects, fish remains, plant material, and
algae) were all log transformed and then fitted as a
multivariate response variable, with standardised lip
size as the explanatory fixed variable, and standard
body length as a covariate. Next, we carried out post-
hoc significance tests, specifically by conducting four
separate univariate analysis of variance (ANOVA)
tests for each of the four food item categories, with lip
size as the fixed variable, and standard body length as a
covariate. We also assessed the strength of the
correlation (Pearson’s correlation) between lip size
and head morphology. All statistical analyses were
conducted using R 3.0.0 software (R Development
Core Team).

Feeding performance experiment

We carried out a controlled laboratory experiment to
determine whether variation in morphology (standard-
ised lip size and head morphology) is linked to
differences in feeding performance in relation to
substrate complexity and diet.

For this purpose, we collected sub-adults (n = 88,
standard length 60—75 mm) from Hazelwood Pondage
in early 2013 using the same methods as described
above. Fish were transported back to the laboratory
and were then sorted based on lip size. Standardised
lip size and head morphology were assessed from
photographs, as detailed above. Each individual was
tagged in the caudal peduncle with a visible implant
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elastomer for identification (Willis and Babcock
1998). Finally, all individuals were also weighed
(£ 0.01 g), on an electronic balance.

Using the above data, we found that mean lip size,
in the introduced population, was 1.2% of standard
body area (Fig. 1). To ensure that we had a represen-
tative sample of lip sizes in all our experimental tanks,
we categorized individuals with lip size above 1.2% as
‘large’ and below 1.2% as ‘small’ lipped. The two
groups of fish (i.e. relatively large lips versus small
lips) were then split equally between eight 250 1 tanks
maintained at 25 °C on a 12:12 day night cycle
(stocking density = 11 fish of unknown sex per tank).
Using a2 x 2 factorial design, we tested the effects of
substrate type (fine grain sand versus cobbles and
coarse river rocks) and diet type (thawed frozen adult
brine shrimp versus Otohime EP3 fish food pellets) on
the feeding performance of the fish (2 tanks per
treatment combination). We purposely selected two
substrate types that differed in particle size, and
consequently, in the size of the interstitial spaces
formed between substrate particles. We did this to test
whether large and small lip phenotypes differ in their
success at extracting food from different substrate
surfaces or from gaps between particles (see Baum-
garten et al. 2015). The particle size of the fine-grained
sand was < 1.5 mm in diameter, compared to cobbles,
which ranged in diameter from 5 to 20 mm, and coarse
river rocks, which ranged in diameter from 55 to
150 mm. In the native range, the diet of the red devil
primarily consists of hard-shelled invertebrates and
small arthropods, while they also eat plant material,
seeds, fish and fish scales (Colombo et al. 2013;
Sowersby et al. unpublished data). We therefore
selected foods differing in their characteristics for
collecting and handling to reflect the naturally varied
diet of the species. Fish were kept under experimental
conditions and fed 5 days a week for eight weeks.
Food (limited to 2 g per tank) was placed into each
aquarium in a container that was pulled along the
bottom of the tank with the aid of fishing line and
weights so that it was evenly distributed on the
substrate before fish could start eating. Fish were
weighed and photographed each week. All fish
survived the eight-week experiment and weight gain
during this time period was used as an indicator of
feeding performance.

To assess the influence of substrate and diet type on
the feeding performance (weight gain) of individuals
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-

Fig. 1 The distribution of lip size (relative to body size) in the
introduced Australian population (left), and from the native
population in Nicaragua (right). The photographs demonstrate,

with differing lip size, we fitted a linear mixed-effects
model, using the ‘Ime4’ package in R. The full model
was fitted with substrate treatment, diet treatment and
the interaction between the two as explanatory fixed
factors. Standardised lip area (as a continuous vari-
able) and standardised head area were fitted as
covariates. The response variable, weight gain, was
square root transformed to meet the assumption of
normality of data. To account for the potential
interdependence between individuals in a treatment
tank, tank ID was added as a random effect. The full
model was simplified by stepwise removal of non-
significant interaction terms (Crawley 2012), using log
likelihood ratio tests (with o = 0.05).

Experimental assessment of developmental
plasticity

In a separate, longitudinal experiment, we also inves-
tigated the extent to which lip size and head
morphology develop plastically in response to sub-
strate complexity and foods of differing hardness.

o | I
35 0 05 1 1.5 2 25 3 3.5
Lip size

a, b, the variation in lip size in the introduced Australian
population, and ¢, d, the variation in lip size in native
populations in Nicaragua

Sub-adults, collected at the same time and using the
same methods as those described previously, were
brought back into the laboratory where they were
housed in large tanks (4000 1) maintained at 25 °C on
a 12:12 day night cycle (stocking density = ~ 50
fish per tank). Approximately 5 months after collec-
tion, breeding pairs were allowed to form naturally in
1500 1 tanks. During the study, we were successful in
obtaining offspring from three pairs, resulting in three
separate clutches. After fry were free-swimming for
14 days, 96 were collected and removed from the
parents for use in the experiment.

To assess the role that substrate complexity and the
hardness of consumed food items plays in influencing
the development of lip and head morphology, while
controlling for differences between families, we used a
2 x 2 factorial split-clutch experimental design.
Specifically, for each clutch, the siblings were split
across 4 same sibling tanks (200 1), representing the 4
possible treatment combinations of food hardness (soft
versus hard pellets) and substrate complexity (sand
versus coarse gravel and cobbles), i.e. in total 12 tanks
were used. Here, we manipulated the hardness of the

@ Springer



W. Sowersby et al.

food, so that in soft food replicates pellets were soaked
in water for 10 min prior to feeding, while in the hard
food replicates non-manipulated (hard) pellets were
used (and immediately consumed by the fish). Other-
wise, the method for delivering the food was the same
as that described in the previous experiment. For the
first 3 months, fish (n = 96) subsisted on pellets that
were 1.7 mm in diameter, before progressing onto
3.1 mm pellets for the rest of the experimental period.
The entire experiment lasted 14 months, after which,
the fish were photographed (left lateral side).

We compared the standardised lip size and head
morphology (i.e. area) of each individual (n = 96) in
IMAGE]J 1.50b using the same methods as described
above.

To assess the influence of substrate complexity and
food hardness on developmental plasticity, we fitted
two separate linear mixed-effects models, using the
package ‘lme4’, in R. In particular, we had standard-
ised lip size and standardised head area (measured at
the end of the experimental period) as the response
variables in the two models, respectively. In all cases,
substrate treatment and diet treatment were fitted as
explanatory fixed factors and, to account for the design
of the experiment and the potential interdependence
between siblings, clutch ID as a random effect. Each
full model was then simplified by stepwise removal of
non-significant interaction terms (Crawley 2012),
using log likelihood ratio tests (with « = 0.05).

Morphological comparisons with fish
from the native range

We quantified the morphology of wild-caught red
devils from their native range in Nicaragua (n = 41)
and compared these with the fish of the feral,
Australian population (n = 82). Red devils were
collected from six locations in Lake Nicaragua in late
2013 (supplementary information) and at multiple
times in Australia, (supplementary information),
between late 2011 and early 2014, using the same
methods as outlined above. Fish were individually
photographed (left lateral side) for morphological
analyses (see Table S1 in supplementary information
for sample size and locations).

Using the same methods as above, we measured
variation in standardised lip size in a sub-set of native
and introduced fish. We wused a Shapiro—-Wilk
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normality test to assess the distribution of lip size in
the introduced and native range.

Genetic diversity

Differences in the extent of plasticity and phenotypic
variation in the introduced vs. natural populations may
be due to different levels of genetic diversity, which
could result from, for example, a population bottle-
neck. To test this possibility, we compared the level of
genetic diversity in the introduced population with
individuals from the native range using Restriction site
associated DNA (RAD)-sequencing, a reduced repre-
sentation population genomic method. We extracted
DNA (DNeasy Blood and Tissue Kit, QIAGEN) from
ethanol preserved samples of individuals from the
introduced population in Australia and from six
locations in Lake Nicaragua (see supplementary
information). Samples were digested using the Sbfl
enzyme following a standard RAD-sequencing proto-
col (Developed by M. Roesti, Basel University 2011).
We pooled 40 (barcoded) individuals into 5 libraries
(total n = 200). Each library was sequenced (single—
end) on separate Illumina HiSeq2500 lanes (200 bp
reads) at the ETH Zurich Department of Biosystems
Science and Engineering in Basel, Switzerland.

Since no reference genome is currently available
for Amphilophus species, we used a de novo assembly
approach implemented in Stacks v 1.30 to identify
RAD loci and estimate genome-wide diversity
(Catchen et al. 2011, 2013). To ensure that only high
quality reads were used in our analysis, we first
trimmed sequenced reads to 175 bp and removed any
with an average Phred quality score < 20. Quality
screening and sample demultiplexing was performed
using the Stacks process radtags module.

Restriction site associated DNA loci were first
identified within individuals using the ustacks module,
allowing a minimum of 5 reads per stack, a maximum
of 2 stacks per locus and up to 4 nucleotide
mismatches within and between stacks. SNPs were
called at the individual level using the standard Stacks
SNP model with o = 0.01. Following this step, we
then used a subset of 50 individuals with the highest
read depths from across the native and introduced
range to create a de novo RAD loci catalogue. In short,
this catalogue acts as a database of identified loci
amongst all individuals. Care was taken to ensure
individuals of both sexes were included to prevent any
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sex biases. Catalogue construction was performed
using cstacks with a maximum of 4 mismatches
permitted between loci amongst individuals.

Once our de novo reference catalogue was com-
plete, the remaining 150 individuals were matched
against it using stacks and we used the populations
module to perform final dataset filtering and to
estimate population genetic statistics. Polymorphic
RAD loci were only included if they occurred in at
least 50% of individuals originating from each of the
six locations, had a minimum read depth of 20 x and
had a minor allele frequency > 0.1. For our final
dataset, we used linear mixed-effects models to test for
differences in observed heterozygosity and nucleotide
diversity amongst the populations. In particular, we
fitted a separate model for the two response variables,
with polymorphic RAD loci fitted as a random effect
in both models.

Results

Link between morphology and diet
in the introduced red devil population

The most abundant food item categories found in the
gut of the introduced population were plant material
(23%), algae (22%) and macroinvertebrates (14%)
(supplementary information).

A MANOVA revealed a significant difference in
the proportions of food item categories in gut/stomach
with respect to standardised lip size (F 63 = 6.904,
p = 0.001), the covariate factor body size was not
significant (F ¢3 = 0.42, p = 0.79). To test what was
driving this pattern, we ran separate univariate
ANOV As for the food item categories, which revealed
that the proportion of insects (Fje3 = 13.19,
p =0.0005) and fish remains (F63 = 6.21,
p = 0.015) in the gut content were significantly higher
as lip size decreased (Fig. 2a). However, the signif-
icant relationship between fish remains and lip size
should be treated with caution, due to an outlier in the
data (MANOVA can be sensitive to outliers) (Fig. 2b).
In contrast to insects and fish remains which were
associated with a decrease in lip size, the proportion of
algae in gut content samples significantly increased as
lip size increased, in the introduced population
(F163 = 11.23, p = 0.0013, Fig. 2c). We did not find
any significant relationship between plant material and

lip size (Fy63 = 1.06, p = 0.31). Lip and head area
(both standardised for body size) correlated positively
(Pearson’s correlation, » = 0.36, df = 80, p = 0.0007).

Feeding performance experiment

Regarding the feeding performance of wild-caught
fish (from the introduced population) under laboratory
conditions, the interaction between substrate and diet
treatments was not significant (y* = 0.0022, df = 1,
p = 0.96), and it was subsequently removed from the
model. The diet treatment had a significant effect
(F = 12191, df = 1, p < 0.0001), with individuals
consuming pellets gaining more weight, compared to
those that consumed shrimp. The substrate complexity
treatment (;{2 =0.69, df=1, p=0.41), and the
covariates, standardised lip size (xz =251, df =1,
p=0.11) and standardised head area (3> =0.13,
df = 1, p = 0.72) did not have a significant effect on
weight gain.

Experimental assessment of developmental
plasticity

To assess whether the standardised resource use
traits—i.e. standardised lip size and standardised head
area—responded plastically to substrate treatment or
food hardness in the common garden experiment, we
ran a separate linear mixed-effects model for each of
the response variables. In both cases, we found the
interaction between substrate complexity and food
hardness to be non-significant (standardised lip size,
Xz =0.33, df = 1, p = 0.56; standardised head area,
y?=0.14, df =1, p = 0.71). We then refitted both
models without the interaction term. The simplified
models showed that neither substrate complexity nor
food hardness had a significant effect on standardised
lip size (substrate, XZ =242, df =1, p =0.12; food,
7? =0.99, df = 1, p = 0.32) or standardised head area
(substrate, *=0.07, df=1, p=0.79; food,
¥ =325df=1,p=0.071).

Morphological comparison with fish
from the native range

We found that lip size relative to body size was larger
in the Nicaraguan population (n = 41, mean £ SD:
1.81% = 0.17) compared to the introduced Australian
population (n =82, mean + SD: 1.21% =+ 0.95;
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Fig. 2 Proportion of food item categories found in the gut and stomach content of red devil cichlids in the introduced population,
a proportion of algae (light green), b proportion of insects (yellow), and ¢ fish remains (blue)
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Fig. 1). The distribution of lip size was not signifi-
cantly different from a normal distribution in either the
native (Shapiro—Wilk Normality Test, W = 0.96,
p = 0.94) or feral (W = 0.97, p = 0.28) populations.
Mean standard length in Nicaragua was 16.9 cm
(range 11.4—22.2 cm) and 11.7 cm (range 7.2—
20.1 cm) in Australia.

Genetic diversity

Our de novo assembly identified 341 226 unique RAD
tags, reduced to 6226 RAD loci and 8038 SNPs
following filtering for RAD loci which were poly-
morphic, occurring in all six populations (sampling
locations) in > 50% individuals, had a MAF of > 0.1
and were sequenced to at least 20 x depth. In the final
dataset, an average of 1.29 SNPs occurred on each
RAD tag.

We found mean observed heterozygosity was 38%
lower in the introduced population compared to
populations from the native range (Fs5 40185 = 739.81,
p < 0.0001; Fig. 3). Similarly, nucleotide diversity
was 34% lower in the introduced population relative to
the native range (Fs40185 = 1003.6, p < 0.0001;
Fig. 3).

Fig. 3 Boxplots showing > S- <
the distribution of observed b )
heterozygosity (upper no>o R B !
panel) and nucleotide S ©
diversity (lower panel) fT_J, n
estimated from 8038 SNPs IR
occurring in all six 3 0
populations. Note the 2 s ”
considerable reduction of % —
both diversity measures in (@] g = ==
the introduced Hazelwood Ha
population (Ha) compared
to native Nicaraguan
populations (Lv, Ma, Om,
Pd and So)
< [
T
B S ‘
—
[
o |
° !
Ha

Lv

Discussion

According to theory, ecological specialisation is
predicted to be a major driver of phenotypic diversity,
especially in response to novel environmental stimuli.
Here, we found a significant correlation between
standardised lip size and diet in an introduced red devil
cichlid fish population. Specifically, as lip size
increased, so did the proportion of algae in the diet,
while the proportion of insects and fish remains
decreased. In the laboratory, fish exposed to different
substrates and diet treatments did not show significant
links between phenotypic variation and feeding per-
formance. Similarly, there was no apparent plastic
developmental response in lip size or head morphol-
ogy to substrate treatments or food hardness. Finally,
compared to individuals in the native range, the lip
size of the introduced red devils is smaller, and the
introduced population also has significantly lower
genetic diversity.

We found a greater proportion of algae in the
stomach and gut content of individuals with relatively
larger lips, whereas individuals with smaller lips had
consumed a greater proportion of insects and fish
remains. This result is in accordance with the observed
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variation in trophic morphology being linked to the
exploitation of different resources (Elmer et al.
2010a). Similar patterns of resource trait variation
have been hypothesised to eventually facilitate pop-
ulation divergence in respect to ecological niche. For
example, the exploitation of vacant ecological niches
is a primary hypothesis for the rapid diversification of
finches on the Galapagos Islands (Grant and Grant
2008), with strong intraspecific competition poten-
tially leading to the rapid evolution of different niche
use within populations (Bolnick 2001). However, such
patterns of apparent ecological specialisation do not
necessarily lead to genetic differentiation between the
ecomorphs. For instance, there is no observable
genetic differentiation between individuals differing
in lower pharyngeal jaw morphology in the polymor-
phic Minkley’s cichlid (Herichthys minckleyi), with
the trait, instead, being developmentally plastic
(Kornfield and Koehn 1975; Hulsey et al. 2005).

In the current study, the wide range of food items
exploited by the feral population was related to
resource use morphology, with lip size being associ-
ated with types of commonly consumed food items.
This finding suggests that the population may be
undergoing an adaptive diversification process, which
is resulting in a more efficient exploitation of available
food sources (see Bolnick et al. 2002). This type of
ecological specialisation has been offered as the main
explanation for the rapid diversification within the
Midas cichlid species complex (Barluenga et al.
2006). As an example, a large lipped Amphilophus
phenotype has rapidly (within ~ 100 years) evolved
from a small lipped form in Crater Lake Apoyeque
(Elmer et al. 2010a), with lip size being linked to
ecological niche use of the fish. In particular, in direct
contrast to our findings in Australian red devils, the
large lipped form of Lake Apoyeque, consumes more
insects, whereas the small lipped form eats more algae
(Elmer et al. 2010a).

In several fish species, large hypertrophied lips
appear be an adaptation for foraging on rocky surfaces,
in particular for invertebrates (Colombo et al. 2013;
Baumgarten et al. 2015). This is assumed to be the case
also in red devils in their native range in Lake
Nicaragua and Lake Managua, where crustaceans and
hard-shelled invertebrates form the majority of their
diet (Colombo et al. 2013). However, across different
species (and populations), large lips seem to have
evolved for different functions and to exploit a range
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of resources (Agrawal and Mittal 1991). For example,
in multiple African cichlid species, large lips have a
high density of taste buds and may be acting as an
accessory gustatory organ (Arnegard and Snoeks
2001; Oliver and Arnegard 2010). Large lips may
also be an adaptation for reducing the mechanical
shock of striking rocks during foraging (Greenwood
1974). Furthermore, large hypertrophied lips appear to
have evolved from a large range of ancestral states in
cichlids, such as the algivorous Lobochilotes (Wagner
et al. 2009; Muschick et al. 2011), omnivorous
Amphilophus (Barluenga et al. 2006; Colombo et al.
2013), and piscivorous Crenicichla (Burress et al.
2013). In the introduced red devil population, large
lips may reduce the mechanical shock of foraging on
rocky surfaces, or, considering the gut content of large
lipped individuals, may be especially useful in
removing algae from benthic surfaces, as in the
kissing gourami (Helostoma temminckii) (Ferry et al.
2012). The absence of crustaceans in the introduced
habitat (personal observations), a key food source of
red devils in their native range (Colombo et al. 2013),
may also have contributed to both the overall smaller
lip size and the use of lips for processing alternative
food sources. We were not able to distinguish between
aquatic and terrestrial insects in our gut content
analysis. Therefore, whether individuals with smaller
lips primarily feed on insects from the water surface or
lake substrate remains unresolved.

Variation in lip size and head morphology did not
influence feeding performance under different sub-
strate complexity or diet treatments. We did, however,
find a significant effect of diet type on weight gain,
which was not associated with morphological varia-
tion and, instead, is most likely due to nutritional
differences between the two food types. In contrast to
our study, Baumgarten et al. (2015) found that
Haplochromis chilotes, a large-lipped cichlid, is more
efficient at extracting food from crevices, when
compared to the small lipped congener, Haplochromis
nyererei. Why did we not detect such a link between
feeding performance and morphology in the labora-
tory, despite the covariation between lip size and diet
in the population studied? It remains possible that our
experiment tested environmental conditions that were
not the same as those that have resulted in the observed
relationship between phenotypic variation (lip size)
and diet. For example, in the introduced population,
larger lips may be employed for removing algae from
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rocky surfaces rather than for drawing food items from
gaps and crevices between rocks. In the laboratory, the
growth of epiphytic algae on gravel and pebbles was
very limited, especially when compared to the avail-
ability of the offered food sources.

One motivation for our laboratory experiments was
that surprisingly little is known about the mechanisms
of individual level diet specialisation, despite the
phenomenon appearing to be relatively widespread in
nature (Bolnick et al. 2002, 2003). However, our
experiments did not provide any evidence for devel-
opmental plasticity in lip size or head morphology in
response to the assessed environmental conditions.
This is in contrast with some other studies on cichlids,
which have found support for variation in trophic traits
arising from differences in feeding regime (Witte et al.
1989; Stauffer and Snick 2004; Muschick et al. 2011).
For example, Meyer (1987) found within sibling
differences in the head/snout shape of jaguar cichlids,
Parachromis managuensis, when they were raised
under diet treatments that required different modes of
feeding. In red devils, exposure to more than the two
particular environmental conditions assessed in this
study, while using larger sample sizes, might help
unravel the potentially complex mechanisms under-
lying the development of large hypertrophied lips.

The introduced red devils had a much lower genetic
diversity than populations in the native range, which is
a common feature of introduced populations (Barrett
1991; Kinziger et al. 2011) and populations that have
recently colonized new environments following range
expansions (Bernatchez and Wilson 1998). Individu-
als of the introduced population presumably had a
lower genetic diversity already before their establish-
ment in Hazelwood Pondage because of their origin
from the aquarium trade. The level of standing genetic
variation is relevant for adaptive divergence and the
rapid evolution of phenotypically similar traits among
independent populations (Barrett and Schluter 2008;
Schluter and Conte 2009). Population bottlenecks and
founder events may reduce variation at adaptive loci
segregating in a population, potentially reducing
phenotypic diversity and the availability of phenotypic
variance for selection to act upon (Barrett and Schluter
2008). Yet, increased genetic variation has been
hypothesised to increase the potential for phenotypic
plasticity, as plasticity itself is often a heritable trait
(Scheiner 1993; Pigliucci 2005). Therefore, an inter-
esting avenue for future research would be to test for

phenotypic plasticity of the trophic traits in a popu-
lation of red devils from their native range, in which
the current results show genetic variation to be much
higher than in our introduced population.

In summary, we found that an introduced red devil
population is phenotypically highly variable in regard
to lip size. Furthermore, we found that lip size covaries
with diet, suggestive of lip size being linked to
ecological differences. This association may be an
initial sign of adaptive diversification within the
population, with variation in a key trophic trait,
hypertrophied lips, being used to capitalise different
resources. In the context of biological invasions, our
findings highlight the potential for introduced species
to exploit unoccupied niches and, in so doing, promote
specialisation and diversification. Under experimental
conditions, we did not find morphological differences
to be associated with feeding performance in the
ecological conditions we assessed, nor did we observe
any plasticity in these traits during development.
Hence, in this introduced population, ecological
factors other than those commonly acknowledged
(and tested by us) seem to be driving the diet
specialisation in red devils with different morpholo-
gies. Notably, such morphology-dependent speciali-
sation has taken place despite reduced standing
genetic variation in the population.
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