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Abstract

Adaptive radiations have proven important for understanding the mechanisms and
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well as admixture and adaptive introgression, are common in adaptive radiations.

However, distinguishing between these two scenarios remains a challenge for evo-
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lutionary research. The Midas cichlid species complex (Amphilophus spp.) is a prime
example of adaptive radiation, with phenotypic diversification occurring at various
stages of genetic differentiation. One species, A. labiatus, has large fleshy lips, is as-
sociated with rocky lake substrates, and occurs patchily within Lakes Nicaragua and
Managua. By contrast, the similar, but thin-lipped, congener, A. citrinellus, is more com-
mon and widespread. We investigated the evolutionary history of the large-lipped
form, specifically regarding whether the trait has evolved independently in both lakes
from ancestral thin-lipped populations, or via dispersal and/or admixture events.
We collected samples from distinct locations in both lakes, and assessed differences
in morphology and ecology. Using RAD-seq, we genotyped thousands of SNPs to
measure population structure and divergence, demographic history, and admixture.
We found significant between-species differences in ecology and morphology, local
intraspecific differences in body shape and trophic traits, but only limited intraspe-

cific variation in lip shape. Despite clear ecological differences, our genomic approach
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1 | INTRODUCTION

Comparable phenotypic traits can evolve in different populations
that have been exposed to similar selective pressures and eco-
logical challenges (Colosimo et al., 2005; Futuyma, 1998; Gillespie
et al., 2020; Schluter et al., 2004; Stern, 2013). This repeated evo-
lution of convergent traits is widespread across taxa, particularly
in the context of adaptive radiations, where similar ecotypes often
demonstrate clear associations between morphological traits and
niche specialization (Gavrilets & Losos, 2009; Gillespie, 2004;
Grant & Grant, 2008; Muschick et al., 2012; Schluter, 2000; Simdes
et al., 2016). Iconic examples include Anolis lizards, in which sim-
ilar ecomorphs have evolved independently on Caribbean islands
(Losos et al., 1998; Mahler et al., 2013), and the repeated evolution
of limnetic and benthic three-spined stickleback pairs, after inde-
pendent events of colonization of freshwater habitats by marine
ancestors (Bell, 1974; Walker & Bell, 2000). Importantly, adaptive
radiations have proven critical for developing our understanding
of the mechanisms and processes that underlie population diver-
gence and speciation (Coyne & Orr, 2004; Doebeli et al., 2005;
Marques et al., 2019; Rundle & Nosil, 2005; Schluter, 2000; Sobel
et al., 2010).

The extent of diversification in a given system is hypothesized
to be largely determined by ecological opportunity (in turn driven
by niche availability), levels of interspecific competition, and hab-
itat heterogeneity (Losos, 2010; Schluter, 2000). For instance, di-
versification is predicted to be strongest in populations that inhabit
variable or complex habitats with limited interspecific competition,
while high intraspecific competition promotes the exploitation of
new resources (see Gavrilets & Losos, 2009). Under this scenario, di-
versification is driven by ecological specialization and divergent nat-
ural selection, with adaptation to different niches potentially leading
to increasing reproductive isolation (Coyne & Orr, 2004; Skulason &
Smith, 1995). Indeed, both comparative (Mahler et al., 2010; Nosil &
Reimchen, 2005; Parent & Crespi, 2009) and experimental (Meyer
& Kassen, 2007; Rainey & Travisano, 1998) evidence support the
significance of ecological opportunity in driving diversification.
However, not all lineages undergo diversification even when ecolog-
ical opportunities are available (Arbogast et al., 2006; Lovette et al.,
2002) and knowledge of the conditions that promote the repeated
evolution of adaptive traits has therefore become an important com-
ponent of evolutionary research.

uncovered pervasive admixture between the species and low genomic differentiation,
with species within lakes being genetically more similar than species between lakes.
Taken together, our results suggest a single origin of large-lips, followed by pervasive
admixture and adaptive introgression, with morphology being driven by local ecologi-

cal opportunities, despite ongoing gene-flow.

admixture, cichlid, ecological specialization, parallel evolution, RAD-seq, resource trait

The independent and parallel evolution of analogous phenotypic
traits implies that populations may respond to equivalent environ-
mental conditions in similar ways, and provides strong evidence that
selection plays a key role in the process of adaptation (Arendt &
Reznick, 2008; Berner et al., 2008, 2009; Futuyma, 1998; Schluter
et al., 2004). Convergence between closely related lineages in form
and function does not necessarily reflect independent evolution-
ary events (i.e., arising via de novo mutation). Alternative explana-
tions include independent selection on standing genetic variation
(Colosimo et al., 2005; Johannesson et al., 2012), the adaptive re-
tention or removal of labile ancestral traits (see Bernatchez, 2004;
@stbye et al., 2005), and introgression of adaptive alleles among
populations (Berner & Salzburger, 2015; Enciso-Romero et al., 2017).
In the latter case, the evolution of a given trait or morphotype can
occur once and then enters a new population during dispersal. If dis-
persal or gene flow among populations is infrequent and selection
on adaptive alleles generates a degree of genetic differentiation via
reproductive isolation, it could be difficult to distinguish the sce-
nario from parallel evolution caused by de novo mutation. Hence,
documenting cases in which independent repeated evolution has
occurred remains critical for understanding the interaction between
ecological opportunity, selection, hybridization and/or admixture in
generating diversity.

One group of organisms that has demonstrated a propensity to
diversify is the cichlid fishes (Cichlidae). Indeed, diversification of
cichlids within the East African Great Lakes constitutes one of the
most well-known and most diverse extant vertebrate adaptive radi-
ations (McGee et al., 2020; Meier et al., 2018; Muschick et al., 2011;
Salzburger, 2018; Seehausen, 2006). Across cichlid lineages, multi-
ple adaptive phenotypes have evolved repeatedly (Muschick et al.,
2012), both within (Riber et al., 1999) and between lakes (Kocher
et al,, 1993; Meyer, 1993). More recently, the role of hybridization
in the rapid adaptive radiations of these fishes has been identified
as potentially important. Specifically, gene flow and admixture may
act as important sources of genetic variation, which in turn, is sub-
ject to selection and can be reassembled into different divergent
phenotypes when ecological opportunity arises (Marques et al.,
2019; McGee et al., 2020; Meier et al., 2017, 2019; Svardal et al.,
2019). Less well documented is the evolutionary origin of cichlids
in the Neotropics, where lineages have also radiated rapidly (albeit
at a smaller scale) and display highly variable trophic morphology
(Barlow & Munsey, 1976; Barluenga & Meyer, 2004, 2010; Elmer
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et al., 2010; Kautt et al., 2020). For example, the Midas cichlid spe-
cies complex (Amphilophus spp., Giinther, 1864) is a young adaptive
radiation, spanning the two Nicaraguan great lakes (Nicaragua and
Managua) and a range of smaller crater lakes, where their diversifica-
tion is observed at various stages (Barluenga et al., 2006; Elmer et al.,
2010; Kautt et al., 2012, 2020), and provides some of the strongest
evidence for sympatric speciation in nature (Barluenga et al., 2006;
Elmer et al., 2009).

A distinctive ecotype with hypertrophied lips has evolved in-
dependently multiple times in distant cichlid lineages, in both
Africa (Arnegard & Snoeks, 2001; Colombo et al., 2013; Henning
et al., 2017; Oliver & Arnegard, 2010; Salzburger et al., 2005) and
the Americas (Burress, 2015; Colombo et al., 2013; Elmer, Kusche,
et al., 2010; Elmer, Lehtonen, et al., 2010; Klingenberg et al., 2003;
Machado-Schiaffino et al., 2017). Large lips appear to be an evolu-
tionary innovation for utilizing underexploited resources and tro-
phic niches, specifically by facilitating suction feeding to extract
invertebrates (primarily crustaceans) from the crevices that form in
between rocks (Barlow & Munsey, 1976; Baumgarten et al., 2015;
Colombo et al., 2013; Machado-Schiaffino et al., 2017; Seehausen,
1996). One member of the Midas cichlid species complex, A. labiatus
(the red devil), fills this role and has evolved the large lip trait. This
species is endemic to the two great lakes of Nicaragua (although sim-
ilar forms do exist in the nearby smaller crater lakes), where it has a
patchy distribution, associated with rocky habitats (Barlow, 1976).

In the great lakes, the large-lipped A. labiatus co-occurs with a
more common, but otherwise remarkably similar, thin-lipped con-
gener, A. citrinellus (the Midas cichlid). However, the two species
appear to mate assortatively and do differ in their ecological niche
(Barlow, 1976; Barlow & Munsey, 1976; Barluenga & Meyer, 2004;
Baumgarten et al., 2015; Colombo et al., 2013; Machado-Schiaffino
et al., 2017). Interestingly, despite clear genomic differentiation in
a locus associated with lip size, there is very little reported overall
genomic divergence between the large and thin-lipped species in
the two great lakes (Kautt et al., 2020). Moreover, large lip forms
can appear remarkably rapidly (even within historical time-frames),
as seen in certain adjoining crater lakes, which have been colonized
by thin-lipped congeners, often from the great lakes (Elmer, Kusche,
et al.,, 2010; Elmer, Lehtonen, et al., 2010; Machado-Schiaffino
et al., 2017). Introgression within these crater lakes, and also with
Amphilophus populations from the older great lakes, has been ar-
gued to play an important role in shaping ecological adaptation and
sympatric speciation (Kautt et al., 2012, 2016, 2020; Machado-
Schiaffino et al., 2017). Indeed, independent colonization events by
Amphilophus from the great lakes have resulted in the evolution of
multiple adaptive radiations in these smaller, more isolated systems
(Elmer, Kusche, et al., 2010). However, despite Amphilophus cichlids
being recognized as a model system for diversification via ecolog-
ical adaptation, surprisingly little is known about the evolutionary
history of these source populations in the great lakes themselves,
including what role, if any, admixture has played in the evolution and
adaptive radiation of ecological traits. Moreover, the number of loca-
tions where Amphilophus have been sampled has seemingly, to date,

been rather limited relative to the size of the great lakes. We there-
fore do not have a clear understanding of the level of differentiation
between these species, especially considering how readily cichlids
hybridize and form geographical variation in body morphology, tro-
phic traits and diet (sensu Konings, 2016). A greater understanding
of the evolutionary history of the Amphilophus source populations in
the great lakes may also provide important insights into the adaptive
radiations of these cichlids in nearby crater lakes.

Here, our aim was to investigate the evolutionary history of
the large-lipped A. labiatus. Specifically, we investigated whether
the large-lipped species has evolved and spread to exploit unoc-
cupied and isolated rocky habitat patches between and within the
Nicaraguan great lakes via dispersal and/or admixture, or if the large
lip trait has repeatedly evolved independently (e.g., via de novo mu-
tation) from thin-lipped populations (sensu Riiber et al., 1999). To
achieve this, we used a combination of ecological, geometric mor-
phometric, and genomic data, and investigated the demographic
history, population structure and extent of genomic differentiation
among these divergent cichlid species from across their range, to
better understand the evolutionary history of the Amphilophus spe-

cies complex.

2 | MATERIALS AND METHODS

2.1 | Sampling procedure

To investigate the ecological, morphological and genetic relation-
ship between different trophic phenotypes, we collected a total of
420 specimens (n =192 A. labiatus and n = 228 A. citrinellus) across six
distinct locations in Lake Nicaragua (Lago Cocibolca, n = 339 speci-
mens) and two locations in the smaller Lake Managua (Lago Xolotlan,
n = 81 specimens), in different field trips from 2011 to 2019 (Figure
S1; Table S1). The research, including collection and sampling proce-
dures, complied with all relevant State laws (Nicaragua: Ministeriodel
Ambiente y los Recursos Naturales Nicaragua (MARENA), Permit
no. 013-102013; Australia: Animal Ethics Committee of Monash
University (BSCI/2012/23). All specimens were collected using a
combination of gillnets and handlines, often with the aid of local
fishermen. Each fish was sampled using a standard procedure, that
is, it was humanely killed with a lethal dose of clove oil solution (un-
less purchased already dead from a fisherman), photographed (left
lateral size), its pharyngeal jaw was removed, fin and muscle tissue
samples were taken for DNA and stable isotope analysis, and, lastly,
its entire gut was removed for diet analysis. All tissue and gut sam-
ples were preserved in ethanol and taken to the laboratory at the
Museo Nacional de Ciencias Naturales CSIC, Madrid, Spain.

2.2 | Geometric morphometric analysis

We assessed the size of the body, head, and lips of a subset individu-
als (n = 165 A. labiatus and n = 203 A. citrinellus) from all locations
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(n = 81 in Lake Managua and n = 287 in Lake Nicaragua) using
landmark-based geometric morphometric analysis. The majority of
samples were collected during a 2013 field season (n = 230), with
additional specimens, collected between 2011-2019, included in the
analysis to boost the sample size from locations that were relatively
underrepresented in the primary (2013) survey effort. In separate
analyses, four landmarks were placed on the lips, 10 landmarks on
the head, and 15 landmarks on the body, at characteristic points on
images of each individual (tps biG 2.12, Rohlf, 2012; sensu Klingenberg
et al., 2003, Magalhaes et al., 2015; see Figure S2). Next, we com-
puted partial warps (PW) and reduced these PWs to relative warps
(RW), equivalent to principal components in a principal component
analysis (PCA) (tpsretw 1.46, Rohlf, 2011), which were used as the
explanatory factor in further statistical analyses (described below).
Further, to visualize variation in lip, head, and body shape between
and within species we conducted a separate canonical variate analy-
sis (CVA) for each of the three traits, per species, in MorrHOJ 1.07A
(Klingenberg, 2011).

We ran separate univariate Bayesian mixed models to assess dif-
ferences in trait shape (deviation from the consensus) in respect to
the two main axes of lip, head, and body shape variation extracted
from the landmark positions (i.e., RW1 and RW2). The first six mod-
els, three with RW1 and three with RW2 of lip, head, or body shape
as a response variable, were fitted with species (A. labiatus or A. ci-
trinellus) and lake (Lake Nicaragua or Lake Managua) as fixed effects,
standard body length (cm) as a covariate, and individual ID added
as a random effect. We repeated this process with landmark data
from A. labiatus and A. citrinellus separately, with models fitted with
the RW1 or RW2 of lip, head, or body values from either A. labiatus
or A. citrinellus as the response variable, with collection location as
the fixed effect, standard body length as a covariate, and individual
added as a random effect.

Lastly, we repeated the above process to assess shape variation
in the lower pharyngeal jaw in 222 individuals (n = 105 A. labiatus
and n = 117 A. citrinellus). Here, eight landmarks were placed at iden-
tical characteristic points on each jaw (see Figure S3).

2.3 | Assessment of stomach and gut content

Gut contents were removed from the stomach and intestinal tracts
of every individual, with the content of the gut confidently identi-
fied in 216 individuals (n = 102 A. labiatus, n = 114 A. citrinellus). All
food items were identified under a dissection microscope into one
or more of the following categories: mollusks, crustaceans, insects,
zooplankton, fish (remains, scales, eggs), plant material, algae, de-
tritus and silt (e.g., sand), and other. We determined the percentage
that each food item constituted, in addition to the overall fullness
of the gut itself. To reduce the dimensionality of the diet variable
space we conducted a PCA of the food items identified in the gut
content analysis. We also measured the length of the gut, rela-
tive to standard body length, in 221 individuals. We compared gut
length relative to standard body length between A. labiatus and A.

citrinellus using a t - test (the dependent variable met the assump-

tions for this test).

2.4 | Stableisotope analysis

A subset of individuals was selected haphazardly, to ensure an ad-
equate number of individuals from each species and location, for
stable isotope analysis. Muscle tissue samples (n = 49 A. labiatus,
n =71 A. citrinellus) were dried (60 °C for 24 h) and crushed in prepa-
ration for the purpose. Solid samples (1 mg + 0.5 mg) were then ana-
lysed for 13 carbon (5*3C) and 15 nitrogen (5*°N) signatures at the
Department of Plant Sciences Stable Isotope Facility at UC Davis,
California. To assess whether A. labiatus and A. citrinellus differ in
diet and ecological niche between and within the great lakes, we ran
two separate Bayesian models. First, with carbon (5'°C) values as the
response variable, species and lake fitted as the fixed effects and
individual added as a random effect. The second model contained
nitrogen (5!°N) values as the response variable, species and lake fit-

ted as the fixed effects and individual added as a random effect.

2.5 | Principal component analysis of
ecological data

To reduce the dimensionality of the variable space we conducted
a PCA of the ecological variables (i.e., stable isotope values (N and
C), standard body length, lower pharyngeal jaw shape, lip, head, and
body shape) on a subset of individuals (n = 111; n = 64 A. citrinellus
and n = 47 A. labiatus). Specifically, we selected those individuals
that had been sampled for stable isotope analysis, to limit the num-
ber of missing values. Any missing variables were handled in the PCA
analysis by using the “mice package” in R. Inspection of the imputed

data distribution matched the original data distribution.

2.6 | DNA extraction, RAD library preparation,
sequencing and quality filtering

Genomic DNA was extracted from a subset of individual samples
using DNeasy Blood & Tissue Kit (Qiagen, USA). Following DNA
extraction, samples were digested using the Sbfl enzyme follow-
ing a standard RAD-sequencing protocol (as described in Roesti
et al., 2012). We pooled 40 (barcoded) individuals into five libraries
(total n = 200). Each library contained a mixture of individuals from
each of the sampled populations to account for downstream batch
effects. Libraries were sequenced (single-end) on separate lllumina
HiSeq2500 lanes (200 bp reads) at the ETH Zurich Department of
Biosystems Science and Engineering in Basel, Switzerland. During
initial sequencing, one library (Library 4) failed, and was rese-
quenced using the rapid-run option, resulting in lower coverage for
these individuals. An overview of the bioinformatic procedures can
be found in the Supporting Information (Figure S4). Library quality
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summaries were generated using FASTQC (Andrews, 2010) to guide
downstream filtering. Raw reads were filtered and demultiplexed
using the process_radtags module of stacks v 1.30 (Catchen et al.,
2011, 2013). To ensure only high-quality reads were retained, all
reads were trimmed to 175 bp and any read with an average Phred
quality score <20 was removed.

2.7 | Read alignment, variant calling and
data filtering

High-quality reads were aligned to the Amphilophus reference ge-
nome assembly version 5 (www.ncbi.nlm.nih.gov/bioproject/PRJEB
6974/; Elmer et al., 2014) using swa-Mem 0.7.10 (Li, 2013). The result-
ing BAM files were then sorted. After this, BAMs were realigned
around insertion-deletion polymorphisms to prevent false positive
variant calls. Base calling was then done for variant and invariant
sites using the GATK 3.7 HapLoTYPECALLER (DePristo et al., 2011) on
individuals before joint genotyping across the entire data set. The
resulting variant call format file (VCF) was then filtered to remove
indels and annotated with GATK filter thresholds. Since there are
no standard values for these parameters, we used vcfrandomsam-
ple from vcflib (Garrison, 2016) to randomly select 100,000 variants
and then examined their distributions to set appropriate thresholds,
as per the GATK best practice guidelines. We therefore filtered all
sites with a quality:depth ratio (QD) <5, Fisher strand bias (FS) >5,
mapping quality (MQ) of <40, MQRanksum <-10.0 and read posi-
tion rank sum <-5. Following this, we applied a more stringent set of
filters on our called variants; we only allowed variants with a depth
of coverage between 15-200x, and with a proportion of missing
data below 25% using vcrrools v0.1.13 (Danecek et al., 2011). Finally,
considering the effect of missing data in RAD-seq data sets (Cerca
et al., 2020, 2021) we estimated “missingness” per individual using
vcrTooLs (--missing-indv) and removed 17 individuals which had at
least 50% missing data (variant call format 1; Figure S4). Additionally,
we generated a second data set, where, in addition to the aforemen-
tioned filters, all sites with a minor allele frequency of <0.01 were

removed (variant call format 2; Figure S4).

2.8 | Population structure analysis

Since analyses of population structure assume independence among
sites, we first performed linkage pruning on our variants (Variant Call
Format 3; Figure S4). To do this, we calculated linkage disequilibrium
within a 50 Kb sliding window, using a step of 10 variant sites and re-
moving any sites exceeding an r? threshold exceeding 0.1 using pLINK
v1.9085.2 (Chang et al., 2015; Gaunt et al., 2007; Taliun et al., 2014).
We then partitioned genetic variation across orthogonal axes using
a PCA, included in the r package “apeGeNET” (Jombart, 2008; Jombart
& Ahmed, 2011; R Core Team, 2017). We further explored popu-
lation structure using a parameter-based population cluster model

implemented in the software abmixture 1.3 (Alexander et al., 2009),
running analyses from 1-9 populations (K). We obtained an estimate
of the best population (K) by generating standard error scores using
leave-one-out cross validation and selecting the value of K with the
lowest log likelihood score.

2.9 | Phylogenetic analysis

We studied the population history of both species using a phylo-
genetic network and a phylogenetic tree based on the variant data
(variant call format 2; Figure S4). For the phylogenetic network we
converted the variant call format file using vcr2pHyup v2.0 (Ortiz,
2019), and loaded the resulting pHyup file in spuTsTrRee v4 (Huson &
Bryant, 2006). For the phylogenetic tree we used snapp (Bryant et al.,
2012), included as part of Beast2 (Bouckaert et al., 2014). SNAPP
uses the coalescent model to infer trees based on single-nucleotide
polymorphisms, focusing on integrating possible gene trees in op-
position to finding a maximum credibility tree. To run SNAPP ef-
ficiently, we selected 4000 random SNPs from the linkage pruned
VCF and kept only 10 individuals per population. Populations were
assigned based on the decomposition of genetic divergence includ-
ing A. labiatus-Lake Managua (L-Ma), A. citrinellus-Lake Managua
(C-Ma), A. labiatus-Puerto Diaz (L-PD), A. labiatus-Lake Nicaragua
(L-Nic), A. citrinellus-Lake Nicaragua (L-Nic). We ran an MCMC for
933,000 generations, sampling every 1000 generations and obtain-
ing an ESS posterior probability of 424 after a 10% burnin cutoff.

2.10 | Population divergence

To detect parallel population divergence, we estimated F¢; using Ar-
LEQUIN (Excoffier & Lischer, 2010; Lischer & Excoffier, 2012), by doing
pairwise comparisons on the populations detected by the PCA.
Since the overall objective was to test for parallel evolution vs intro-
gression, and considering that individuals from Puerto Diaz in Lake
Nicaragua have considerably different allelic variation when com-
pared to the remaining populations (see PCA), we excluded these
individuals from the population divergence analyses. Specifically,
after removing individuals from Puerto Diaz, we focused on the four
main clusters identified by the PCA: A. labiatus from Lake Nicaragua;
A. labiatus from Lake Managua; A. citrinellus from Lake Nicaragua; A.
citrinellus from Lake Managua. Additionally, we obtained estimates
of divergence using AMOVA within and among populations using

ARLEQUIN, and by using 1000 permutations.
2.11 | Effective population size and
demographic analyses

We obtained estimates of effective population sizes using the link-

age disequilibrium (LD) method included in NeesTiMaTOR V2.1 (Do
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et al., 2014) to determine N, parameter space in coalescent simula-
tions (variant call format 1; Figure S4). We conducted demographic
analyses using coalescent simulations with FasTsiMcoaL v2 (variant call
format 1; Figure S4; Excoffier et al., 2013). FasTsimcoaL2 relies on ar-
bitrary, user-defined demographic scenarios, and uses a coalescent-
simulation framework to simulate different site frequency spectrums
(SFS) for different scenarios. Then, the observed SFS was compared
to the estimated SFS, and a range of parameters, including time of
coalescence, population size and gene flow, is inferred from the most
likely scenario. To obtain the SFS of these populations, we used a
data set without a minimum allele frequency cutoff (see above). To
generate the SFS we used the “easySFS.py” (https://github.com/
isaacovercast/easySFS), projecting each population (--proj) to six
individuals. For these analyses, we excluded A. labiatus individu-
als from the site Puerto Diaz, similar to the differentiation analy-
sis, and thus focused on A. labiatus from Lake Nicaragua (excluding
Puerto Diaz); A. labiatus from Lake Managua; A. citrinellus from Lake
Nicaragua; A. citrinellus from Lake Managua. In total, we included
14 models of various plausible scenarios, including gene flow at dif-

ferent time periods, dispersal, and hybrid origin (see Figure 1).

2.12 | Genetic origin of the lip trait

Using previously identified potential candidate-genes (Manousaki
et al., 2013), we procured the genetic origin of the lip-trait by de-
termining genetic divergence, as measured by scans of F¢; (pair-
wise: A. citrinellus vs. A. labiatus), in scaffolds where these genes
occur (Ravinet et al.,, 2017). Specifically, we downloaded the six
differentially expressed lip genes, as identified by Manousaki et al.
(2013), including Calpain-9 gene candidate (Gl: 348533281), the
Apolipoprotein D-like gene candidate (Gl: 348522161), a hpotheti-
cal protein LOC100692391 (Gl: 348542207), the four-and-a-half
LIMdomain protein 2-like (Gl: 348531006), and the GTPase IMAP
family member 8-like gene candidate (Gl: 348545456). We deter-
mined the scaffold where these genes occur using BLAsT. We were
unable to find the differentially expressed Myelin-oligodendrocyte
glycoproteinprecursor gene candidate (Gl: 100305242). For the five
identified scaffolds, we obtained estimates of F,; along moving win-
dows of 50,000 bp, with a step size of 10,000 bp, by using the Weir-
Cockerham implementation from vcftools and plotting these over R.

3 | RESULTS

3.1 | Geometric morphometric analysis

Analysis of the landmark data revealed a significant difference
between the mean lip shape of A. labiatus and A. citrinellus (RW1
82.38%; estimate = 0.246 (95% Cl = 0.219, 0.277) P, < 0.001,
Table S2; but not on RW2 13.80%, Table S3), with A. labiatus having
larger lips compared to A. citrinellus (as per Colombo et al., 2013;

Klingenberg et al., 2003; Figure S5a). Within A. labiatus, there were
no significant differences in lip shape across locations (Tables S4-S5).
Similarly, we found no significant differences along the major axis of
lip shape variation within A. citrinellus across locations, whereas A.
citrinellus individuals differed between La Virgen and the rest of the
locations with respect to the minor axis of lip shape variation (RW2;
estimate = 0.136 (95% Cl = 0.033, 0.232) P\, = 0.011, Tables S6~
S7). Visual inspection of CVA plots, which maximize the separation
between groups, show that overall little variation in lip shape exists
within either A. citrinellus or A. labiatus across locations (Figure 2c,f).

Amphilophus labiatus had a significantly narrower mean head
shape than A. citrinellus (RW1 37.59%; estimate = 0.068 (95%
Cl = 0.061, 0.074) Py,cyc < 0.001, Table S8; RW2 15.96%; esti-
mate = -2.0027%2 (95% ClI = -2.716 %%, -1.3457%%) P, ,,c < 0.001,
Figure Séa, Table S9). There was no significant difference in A. la-
biatus mean head shape across locations (Tables S10-5S11). In con-
trast, we found that A. citrinellus from the La Virgen population
differed in mean head shape compared to other locations (RW1; es-
timate = 0.061 (95% Cl = 0.027, 0.095) P,,cc < 0.0001, Tables $12;
but not on RW2, Table S13). Visual inspection of CVA plots suggests
A. labiatus from Lake Managua tend to have rounder shaped heads
than A. labiatus from Lake Nicaragua (Figure 2b). Amphilophus citri-
nellus from La Virgen appear to have narrower heads and a larger
mouth, compared to other A. citrinellus populations (Figure 2e).

Amphilophus labiatus and A. citrinellus differed significantly in
mean body shape (RW1 23.98%; estimate = 0.028 (95% Cl = 0.023,
0.031) Py, < 0.0001, Table S14; RW2 17.42%; estimate = 0.015
(95% ClI = 0.011, 0.02) Py,cc < 0.0001, Table S15; Figures S7a-
S7b), with A. citrinellus having dorsoventrally an overall higher body
compared to A. labiatus (Figure S7). There were no significant differ-
ences in mean A. labiatus body shape between locations (Tables S16,
S17). Similarly, A. citrinellus body shape did not significantly differ
between locations (Tables $18,519). Visual inspection of CVA plots
suggests that A. labiatus body shape varies nonsignificantly between
the lakes, with individuals from Lake Managua tending to have taller
bodies, dorsoventrally (Figure 2a). Amphilophus citrinellus individ-
uals from La Virgen show a nonsignificant trend of having shorter
bodies and larger mouth/lip regions compared to other populations
(Pyemc = 0.08; Figure 2e).

Mean lower pharyngeal jaw shape (Figure S8) differed significantly
between A. citrinellus and A. labiatus (RW1 44.22%, estimate = 0.041
(95% ClI = 0.031, 0.05) Py < 0.001, Table S21; RW2 15.10%, es-
timate = 0.891 (95% Cl = 0.236, 1.33) Pyycyc = 0.004); Table S22)
and between specimens from the two lakes (estimate = -0.028 (95%
Cl = -0.042, -0.012) Py, < 0.0001; Table S20). Specifically, Lake
Managua contained a greater proportion of individuals with slender
papilliform jaw types, compared to Lake Nicaragua, where jaw shape
appeared to be more varied (Figure S9). However, we have a smaller rep-
resentation of pharyngeal jaws from Lake Managua, and our sample could
therefore be missing variation in jaw shape from that lake. Amphilophus
labiatus have more slender papilliform shaped jaws than A. citrinellus,

and overall, less variation in jaw shape compared to A. citrinellus (Figures
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models being drawn on the right. For each model, there is a tree-like representation, and coalescence events are highlighted with horizontal,
dashed blue lines. Arrows represent the direction of gene flow, with double-headed arrows representing symmetric gene flow. Cn, A.
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$9-510). We do note that, while not directly addressed in this current

study, jaw shape in A. citrinellus appears to be bimodal (either molari-

form or papilliform), with jaw shape being anecdotally associated with

differences in diet (M. Barluenga, unpublished data). Therefore, shape

on th

variation in the lower pharyngeal jaw of A. citrinellus will largely depend

e degree of molarization occurring in each lake.
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3.2 | Assessment of stomach and gut content

In A. labiatus, the most common gut content item was crustaceans
(Lake Nicaragua 18.34%, Lake Managua 18%; Figure 2; Figures S11).
The most common food item found in the gut content of A. citrinellus
was molluscs (Lake Nicaragua 23.78%, Lake Managua 20%,; Figure
S11). We note that many samples had a high proportion of uniden-
tifiable digested material. To reduce the dimensionality of the diet
data, we conducted a PCA of the diet of both A. labiatus and A. cit-
rinellus. The first PC explained 21.4% of the variation and the second
PC explained 19.5% of the variation in the diet of the two species
(Figure S12). Visual inspection of the PCA demonstrates that diet is
quite varied across individuals within both species, but as predicted,
snails (mollusks) load most clearly with A. citrinellus while crabs (crus-
taceans) load more with A. labiatus. In addition, A. citrinellus have a
significantly longer mean gut length adjusted for body length com-
pared to A. labiatus (t test, t,,; = 2.0382, p = 0.042; Figure S13).

3.3 | Stableisotope analysis

There was a significant difference in mean 5'3C values between A.
labiatus and A. citrinellus (estimate = 0.891 (95% CI = 0.23, 1.33)
Pyicmc = 0.004, Figure 3), with more depleted §'°C values in A. cit-
rinellus. There was no difference within species in mean §*3C values
between Lake Nicaragua and Lake Managua (Table 522). However,
A. labiatus from the La Virgen location (Lake Nicaragua) do show a
trend of lower 8'3C values compared to A. labiatus from other loca-
tions (Figure 3). 51°N values did not significantly differ between the
two species, or between the two great lakes (Table $S23, Figure 3).

3.4 | Ecomorphological PCA

To reduce the dimensionality of the data we conducted a PCA com-
bining ecological and geometric morphometric variables. The first
PC explained 39.67% of the variation and the second PC explained
15.96% of the variation in the ecomorphological data (Figure 4).
Visual inspection of the PCA (see Figure 4) shows a high degree
of individual variation within both species and locations. However,
overall A. labiatus and A. citrinellus are primarily separated along
PC1, with a degree of overlap between the two in the ecomorpho-
logical variable space. Interestingly, the majority of the ecomorpho
variables included in the PCA (i.e., §:°C values, lower pharyngeal jaw
shape, lip shape, head shape and body shape) load together along
PC1, which is the PC that mostly separates A. labiatus and A. cit-
rinellus. In contrast, body length and 5'°N values load strongest on
PC2, the axis that also explains much of the variation within species,
which is probably driven by age-based differences - that is, ontoge-
netic shifts in diet and size.

3.5 | Genomicdata

We obtained a total of 1,467,644,584 illumina reads after sequenc-
ing 198 individuals over five lllumina lanes. After mapping to a draft
version of the A. citrinellus reference genome, calling and filtering
variants, we retrieved a data set comprising 895,111 sites. After
filtering for minimum allele frequency, coverage, linkage disequilib-
rium and missing data, we obtained a data set comprising 16,030
SNPs with an average coverage of 76x, which was used for popula-
tion genomic analyses.
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3.6 | Population structure

We decomposed genetic variation in principal component axes, the
first three of which accounted for a total of only 6.4% of the variation
in the data set. The first major axis explained 2.9% of the variation
in the data, separating individuals from both lakes (Figure 5). The
second axis explained 2% of the observed variation, and separated
A. labiatus at the locality Puerto Diaz from other Lake Nicaragua
populations (Figure 5). The species are moderately differentiated on
the second axis, with this separation being more perceptible in fish
of Lake Nicaragua, which may suggest that the lake is either at a later
stage of divergence or experiences less admixture. Interestingly,
four individuals from Lake Nicaragua were clustered with individuals
from Lake Managua, and four from Lake Managua clustered with
individuals from Lake Nicaragua, suggesting dispersal.

Admixture and dispersal between lakes is also evident from the
ADMIXTURE analysis, which shows individuals with mixed ancestry. In
agreement with the PCA, a subset of individuals (n = 8 in total) in
each lake were assigned to the cluster corresponding to the majority

of individuals from the other lake - suggesting recent dispersal
events (Figure 6). Cross-validation error of ADMIXTURE analyses
suggests that K = 2 is the best fit, reflecting mostly lake structure,
rather than species (Figure S14). This result implies that individuals
within lakes are more closely related to one another than they are
to the individuals from the same species in different lakes, meaning
that A. labiatus and A. citrinellus are poorly differentiated species.
Furthermore, while there is evidence for dispersal between lakes, a
large proportion of both A. citrinellus and A. labiatus individuals from
Lake Nicaragua showed some level of Lake Managua ancestry—
suggesting asymmetric dispersal, concordant with the flow of the
river (Tipitapa), which intermittently connects both lakes.

In agreement with the pca and admixture analyses, the phylo-
genetic analysis found that divergent species within lakes are more
closely related to each other, than species between lakes (Figures
5-7). The branch leading to the species from Lake Managua was
strongly supported (posterior probability = 1). However, the level
of support for branches separating lineages in Lake Nicaragua was
less clear with a posterior support of 0.88 for all Lake Nicaraguan
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groups (i.e., a split between A. labiatus from Puerto Diaz and all other
groups from this lake). Amphilophus labiatus and A. citrinellus from
the remaining sites in the lake appear as sister taxa, with a lower
posterior support of 0.67. In the phylogenetic network it is evident
that individuals from different species and lakes are closely related,
as the network branches mostly from the middle (Figure 7b). While
specimens from Lake Managua form a fairly defined cluster, they are
not far removed from the centre of the network, and four specimens
from Lake Nicaragua are nested within the “Managua branches”
(Figure 7b).

3.7 | Population divergence

Mean genome wide F; estimates based on 16,030 SNPs suggest
that genomic differentiation between A. labiatus and A. citrinellus is
lowest in Lake Nicaragua (Fs; = 0.01; see also Tables $24 and S25).
In comparison, differentiation between species in Lake Managua is
over two times greater (Fs; = 0.02; Table 1). Mean F¢; between A.
citrinellus in the two lakes is of a similar magnitude (Fs; = 0.037), but
the highest levels of differentiation are seen between the two A.

labiatus groups, where mean F¢; = 0.055. AMOVA analysis suggests
that a strikingly high percentage of the variation (97.36%) occurs
within populations, while only 2.63% occurs between populations.

3.8 | Effective population size and demography

We estimated the effective population size (N,) using the linkage
disequilibrium method (LD), which indicated N, was generally low.
For A. citrinellus individuals N, was 51 and 14 in Lake Nicaragua and
Lake Managua, respectively, and it was 46 and five for A. labiatus
in Lake Nicaragua and Lake Managua (Table 2). When broken into
populations, NeEstimator suggested effective population sizes for A.
citrinellus within Lake Nicaragua of 12 individuals in Ometepe, 14 in
La Virgen, 19 in Solentiname, and six in Puerto Diaz; and for A. labia-
tus nine individuals in Ometepe, 12 in La Virgen, 11 in Solentiname,
and 14 in Puerto Diaz (Table 2).

We next assessed the demographic history of the system by test-
ing the presence/absence and prevalence of gene flow throughout
the evolutionary history of the radiation. Likelihood assessment of
coalescent-based simulations in fastsimcoal2 support the “Dispersal
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gene flow” (likelihood = -231.1647), “Hybrid origin A. labiatus Managua
no gene flow” (likelihood = -284.6498) and “All gene flow” (likeli-
hood = -300.7759; Figure 1, Table 3). AIC assessment suggests that
“Dispersal gene flow”, “Hybrid origin Nicaragua no gene flow” and
“Ancestral gene flow” are the best supported models (Figure S15).
Notably, both model choice methods indicate that the “Dispersal gene
flow” model is the best supported. This scenario suggests that the spe-
cies in different lakes have a more recent common ancestor with one
another than either does with the alternative species in the same lake.
Thus, under this model, the species have a common origin but have then
undergone gene flow with the alternative ecotype/species when iso-
lated together in each of the two lakes. Similarly, under this model, the
estimates for the coalescence time of populations are 1642 generations
ago (coalescence between Lake Nicaragua A. labiatus and Lake Managua
A. labiatus), the second occurring 21,816 generations ago (coalescence
between Lake Nicaragua A. citrinellus and Lake Managua A. citrinellus)
and the third having occurred 253,208 generations ago (coalescence
between the ancestor of A. labiatus and A. citrinellus). These agree
with the estimated ages for the colonization of the lake, approximately
500,000 years ago (Bussing, 1976). From this model, we estimated

population sizes of 1,221 individuals for A. citrinellus in Lake Nicaragua,
76 individuals for A. labiatus in Nicaragua, 261 individuals for A. citri-
nellus in Lake Managua, and 370 individuals for A. labiatus in Managua.

3.9 | Genetic origin of the lip trait

Our attempt to identify loci under selection was unsuccessful. For
the five examined genes, we found only evidence for increased
divergence in Lake Managua specimens on scaffold 01000607,
the one corresponding to the four-and-a-half gene (Figure S16).
However, this Fy; peak sits ~1.3 Mb away from the gene on this
scaffold and thus cannot be taken as evidence for selection without
denser SNP-sampling.

4 | DISCUSSION

Across populations, we found remarkable genetic similarity be-
tween the large-lipped form A. labiatus and the thin-lipped A.
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maximum credibility tree obtained from
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Diaz in Lake Nicaragua), based on the
principal component analysis (see Figure
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citrinellus. Indeed, we found genetic variation suggesting that A.
labiatus and A. citrinellus specimens occurring within the same
lake are more closely related to each other than conspecifics in
the other lake. This result suggests that there is pervasive admix-
ture and homogenization of genomic differentiation between the
poorly differentiated species within both lakes. Our analysis of the
evolutionary history of the large-lipped species suggests that this

trait has a single origin, most probably in Lake Managua, and the
trait then spread via dispersal and adaptive introgression within
and between the lakes. Alternatively, the genomic basis for pheno-
typic divergence may have arisen from standing genetic variation
in both lakes and divergence between the species may be relatively
recent. In any case, the genomic basis of the phenotypic differ-
ences requires further research.
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A. citrinellusLake

Managua Nicaragua
A. citrinellusLake Managua - -
A. citrinellusLake Nicaragua 0.037 -
A. labiatusLake Managua 0.020 0.042
A. labiatusLake Nicaragua 0.042 0.010

Notes: All F¢; values were significant (p < .001) after 110 permutations.

TABLE 2 Effective population size (N,) estimates. The top
panel shows a species-level analysis and the bottom a Nicaragua
population-level analysis. Results obtained with the linkage-
disequilibrium method included as part of NeEstimator

A.
Lake A.citrinellus  labiatus
Managua 14 5
Nicaragua 51 46
Locations in Lake Nicaragua
Ometepe 12 9
La Virgen 14 12
Solentiname 19 11
Puerto Diaz 6 14

Admixture occurs when alleles are incorporated into existing
lineages via gene flow and recombination. Admixture can play an
important role in adaptation and speciation, for example, constrain-
ing these processes via homogenization of the genome or promot-
ing them via the introduction of new variation. Our analysis of the
evolutionary history of the large-lipped A. labiatus suggests perva-
sive admixture in this system, but shows no evidence supporting
independent evolutionary events (e.g., from de novo mutations).
Introgression also explains the best supported demographic model
from our SFS inference. Specifically, the favored model, “dispersal
gene flow”, suggested by likelihood and AIC contradicts our esti-
mated population-level phylogeny. Such a contradiction is expected
in cases where extensive admixture and subsequent introgression
occurs, generating patterns of reticulated evolution, which we
clearly observed in our network analysis. Consequently, our data
suggest that the most parsimonious explanation is that large lips, an
innovative trophic trait, probably originated once and then spread
through both lakes via dispersal, potentially driven by adaptive intro-
gression. An alternative interpretation of the “dispersal gene flow”
model is that the species have repeatedly arisen due to standing ge-
netic variation present in both lakes, but that this has occurred so
recently that there is a substantial amount of shared polymorphism
among the species and lakes. More generally, shared polymorphism
can be difficult to distinguish from gene flow (Cruickshank & Hahn,
2014). However, the two best supported models after the disper-
sal model include a hybrid origin for the species in Lake Managua
or substantial gene flow among all species and both lakes. Overall,
it seems likely that admixture has occurred throughout the evolu-
tionary history of these fish (see Kautt et al., 2020). In contrast to a

A. citrinellusLake

TABLE 1 Mean pairwise Fq; estimates

aelt bl el for species within and between lakes

Managua

0.055

recent study by Kautt et al. (2020), in which haplotype statistics sug-
gested that the large-lipped trait originated in Lake Nicaragua, our
data, collected from a wide range of locations, suggest that the trait
most likely originated in Lake Managua. Specifically, our admixture
analysis shows an asymmetric pattern of ancestry, with individuals
from Lake Nicaragua having a greater proportion of ancestry from
Lake Managua compared to what individuals from Lake Managua
have from Lake Nicaragua. Interestingly, this pattern aligns with the
topography of the region, with flood waters and temporary rivers
typically flowing from Lake Managua into Lake Nicaragua. More
broadly, our results complement other recent studies that have
found that admixture, introgression, and selection on standing ge-
netic variation can play a role in adaptation to ecological opportuni-
ties and adaptive radiation (Marques et al., 2019; McGee et al., 2020;
Meier et al., 2017, 2019; Svardal et al., 2019).

Despite a low level of genetic differentiation suggesting that
these are poorly differentiated species, we found clear morphologi-
cal and ecological segregation between species across and between
the two lakes. Specifically, A. labiatus has larger lips, a narrower head
and body, smaller relative gut length, a diet dominated by crusta-
ceans, and significantly different stable isotope values (5%3C). While
some of these differences have been observed previously (Astorqui,
1971; Colombo et al., 2013; Klingenberg et al., 2003; Manousaki
et al., 2013), our study demonstrates that this ecological and mor-
phological differentiation between the species is widespread
throughout the two great lakes. Moreover, we found that A. labia-
tus and A. citrinellus differed significantly in their §'°C signatures,
but not 8*°N, implying that the two species have markedly differ-
ent diets and consume prey items that originate from different pri-
mary producers (probably from different microhabitats), while they
nevertheless maintain similar trophic positions in local food webs
(Caut et al., 2009). Given the genetic similarity and the history of
pervasive admixture between the species (e.g., ~3% of genetic vari-
ation occurring between populations), the radiation of the large lip
trophic trait appears to be driven by divergent selective pressures
associated with habitat use (i.e., rocky patches) and foraging prefer-
ences (i.e., crustaceans). Our results suggest that variability in avail-
able prey items probably drives selection for differences in trophic
morphology, in accordance with recent evidence from other fish
systems (Collar et al., 2005; Martin & Wainwright, 2011; Price et al.,
2011; Wainwright, 2007). Despite the differences in morphology
and ecology between the species, we could only identify one outlier
region on the probed scaffolds, but it seems to be far away (~1.3 Mb)
from the gene of interest. It is likely that the few genomic markers
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obtained by RAD-seq, together with the history of pervasive admix-
ture, reduced the power of F¢; -based scans of selection to detect
divergence in our study.

Interestingly, despite significant differences in many of the mea-
sured ecological and morphometric variables, we also observed
some overlap between the species in the ecomorphological variable
space, and detect a large degree of individual variation within spe-
cies and locations. This overlap is probably driven by the admixture
in this system, while it is also the case that ecological opportunity
alone does not always lead to extensive adaptive radiations (Yoder
et al., 2010; Stroud & Losos, 2016). For example, ecologically de-
rived selection can often result in only partial genomic divergence
between ecotypes (Hendry, 2009; Hendry et al., 2009). Dispersal
to a new environment and the acquisition of a key innovation are
important sources of ecological opportunity (Simpson, 1949). The
large-lipped A. labiatus has been regarded as an evolutionary inno-
vation that increases the adaptive potential to utilize underexploited
resources and exploit new trophic niches (Burress, 2015; Machado-
Schiaffino et al., 2014; Manousaki et al., 2013; Oliver & Arnegard,
2010). Upon encountering a novel environment, organisms may
experience strong directional selection, for example, the three-
spined stickleback (Gasterosteus aculeatus) has repeatedly adapted,
most likely from standing genetic variation, to freshwater condi-
tions (Albert et al., 2008; Barrett & Schluter, 2008; Olafsdéttir et al.,
2007). Similarly, A. citrinellus and A. labiatus are consistently found
associated with different substrates, the former typically associated
with sandy habitats and the latter mostly found in rocky zones (M.
Barluenga, personal observation).

Interspecific competition is widely considered an important
driver of adaptation to underexploited ecological opportunities
(Schluter, 2000; Yoder et al., 2010). Relative to other large lakes
where cichlids have radiated rapidly, the diversity of fish species in
the two Nicaraguan great lakes is comparably lower (Bussing, 1976),
although we lack the complete picture on the distribution and abun-
dance of many species in this region (Harer et al., 2017). In combi-
nation with relatively low levels of interspecific competition, high
admixture and introgression between the species could homogenize
much of the genome, overcoming reproductive isolation as a result
of divergent selection, relaxing selection on niche specialization
and, ultimately, diversification (Barluenga et al., 2006). A common
feature of adaptive radiations is the speed at which adaptations to
ecological opportunities arise (Barrett & Schluter, 2008). However,
less well known are the longer-term consequences of ecological
opportunity for diversification, speciation, and adaptive radiation
(Yoder et al., 2010). In accordance with previous studies (Barluenga
& Meyer, 2010; Kautt et al., 2012, 2020; Machado-Schiaffino et al.,
2017), we demonstrate genetic similarities between thin and large-
lipped species, with our genetic results suggesting that these spe-
cies are poorly differentiated or are at the early stages of divergence
(Geiger et al., 2010; Kautt et al., 2020). The Nicaraguan great lakes
formed relatively recently (within ~1 million years) and evidence
suggests that cichlid fishes have colonized these lakes only around
500,000 years ago (Bussing, 1976). Our demographic analyses are

roughly in agreement with the above numbers and show that the
species complex speciated around 253,000 generations ago (with
generation time presumed to be ~2 years). Nonetheless, using
whole-genome sequences, Kautt et al. (2020) estimated the age
of the species complex to be around 16,700 years old, coincident
with a volcanic eruption in the Lake Managua area. These discrep-
ancies between the different studies highlight that the evolution of
the species complex may have been shaped by a history of bottle-
necks and introgression and requires further investigation. In any
case, the close proximity of the two great lakes and periodic flooding
events (Barlow & Munsey, 1976) have probably resulted in migrants
between the lakes, in addition to continued gene flow between the
species, and on-going selection of trophic traits. The age of the ra-
diation, together with the wide genomic differentiation seen in the
smaller crater lakes (Kautt et al., 2020), leads us to conclude that dif-
ferentiation and reproductive isolation are incomplete in the great
lakes, despite the tendency for assortative mating within species
(Machado-Schiaffino et al., 2017). It may be that ecological condi-
tions, that is, the size of the greater lakes, the distribution of rocky
patches, as well as regular dispersal between lakes, are leading ad-
mixture and introgression toward “stalled divergence” (sensu Kautt
etal., 2020).

Interestingly, morphology and diet varied between the lo-
cations within the lakes. For example, both species from La
Virgen tended to differ from their conspecifics elsewhere in
Lake Nicaragua in both morphology and diet (according to §'3C
signature). Resource based divergence can occur quickly (Barrett
& Schluter, 2008; Elmer, Lehtonen, et al.,, 2010; Hendry et al.,
2007; Sowersby et al., 2020), leading to resource partitioning and
the evolution of convergent trophic morphologies (Riber et al.,
1999). However, we did not observe any genetic differentiation
with La Virgen and other locations. Furthermore, the ecomor-
phological differences we observed in La Virgen were relatively
small, and variation in lip shape across locations was overall very
low. Likewise, we found that A. labiatus from Puerto Diaz in Lake
Nicaragua had a high degree of genetic differentiation from other
A. labiatus. The genetic differentiation between A. labiatus from
Puerto Diaz and elsewhere in Lake Nicaragua was not coupled
with detectable differences in ecology or morphology. Therefore,
we cannot rule out the possibility that genetic variation from an
unknown source is entering the Puerto Diaz population, leading
to substantial difference in allele frequencies compared to other
populations. Given Puerto Diaz's position on the north east coast
of the lake, contact could be occurring with Amphilophus popula-
tions inhabiting nearby rivers draining into Lake Nicaragua (e.g.,
River Malacatoya), or with recent migrants coming from Lake
Managua into Lake Nicaragua (via the Tipitapa River, which flows
intermittently). Indeed, we have presented one of the first de-
tailed genomic analysis of the source populations for crater lake
radiations, and our results, together with previous studies as-
sessing crater lakes, demonstrate that admixture is pervasive in
the Amphilophus system (Barluenga & Meyer, 2010; Geiger et al.,
2010; Kautt et al., 2016; Machado-Schiaffino et al., 2017; Kautt
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et al., 2020). Moreover, comparable lacustrine/riverine introgres-
sion has also been shown in Cameroonian cichlids (Poelstra et al.,
2018) and in other fish species (Berner et al., 2009; Ravinet et al.,
2013). Finally, we note that, within A. citrinellus, the distribution
of lower pharyngeal jaw types (molariform or papilliform) ap-
pears bimodal and associated with preferences for specific food
items (snails vs. algae), as well as with differences in body mor-
phology (M. Barluenga unpublished data). This putative special-
ization within A. citrinellus has probably increased variation in the
ecomorphological space within locations detected in the current
study, and further research may well identify this variation within
A. citrinellus as another example of diversification via ecological
adaptation in the Amphilophus radiation.

4.1 | Conclusion

Our results suggest pervasive admixture in this system, with the par-
allel evolution of the large-lipped species from thin-lipped popula-
tions unlikely occurring due to separate de novo mutations. Instead,
adaptive introgression and repeated selection from standing genetic
variation is more likely, occurring when ecological opportunity is
present (sensu Meier et al., 2017; Dean et al., 2019; Marques et al.,
2019). This scenario implies that the level of convergence in the
Amphilophus system may be lower than previously estimated, par-
ticularly if dispersal or gene flow among these populations has been
infrequent and selection on adaptive alleles has generated genetic
differentiation. More generally, our results reveal a complicated
evolutionary history in this system and highlight the importance of
considering admixture when investigating the evolution of repeated
phenotypic traits.
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