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Abstract

The modified pharyngeal jaw system of cichlid fishes is widely viewed as a key innovation that substantially facilitated the evolutionary exu-
berance of this iconic evolutionary radiation. We conduct comparative phylogenetic analyses of integration, disparity, and rate of evolution
among feeding-related, skeletal structures in Neotropical cichlids and North American centrarchids, which lack the specialized pharyngeal jaw.
Contrasting evolutionary patterns in these two continental radiations, we test a classic decoupling hypothesis. Specifically, we ask whether
the modified pharyngeal jaw in cichlids resulted in enhanced evolutionary independence of the oral and pharyngeal jaws, leading to increased
diversity of trophic structures. Contrary to this prediction, we find significantly stronger evolutionary integration between the oral and pharyn-
geal jaws in cichlids compared to centrarchids, although the two groups do not differ in patterns of integration within each jaw system. Further,
though we find no significant differences in disparity, centrarchids show faster rates of morphological evolution. Our results suggest that the
modified pharyngeal jaw resulted in less evolutionary independence and slower rates of evolution within the feeding system. Thus, we raise
the possibility that the cichlid novelty enhances feeding performance, but does not prompt increased morphological diversification within the

feeding apparatus, as has long been thought.
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The mechanisms whereby evolutionary novelties influence the
nature and pace of diversification are a central issue in our
understanding of the history of life. Functional innovations,
including skeletal and physiological modifications that en-
hance an organism’s performance, are often cited as key driv-
ers of ecological diversification due to increased accessibility
to new niche space (Heard & Hauser, 1995; Hunter, 1998;
Mayr, 1963; Schluter, 2000; Simpson, 1944; Vermeij, 2001).
However, additional mechanisms may also influence intrin-
sic evolvability within a functional system (Payne & Wagner,
2019; Wagner et al., 2007; Wake & Roth, 1989). Operating at
the anatomical level, a prime example is the concept of func-
tional decoupling. Here, one or more functions of a structural
system are transferred to another system, leaving the original
structure to respond to natural selection on its primary func-
tion without the constraints imposed by performing two or
more functions (Liem, 1990; Walker, 2007). Functional de-
coupling has the potential to significantly impact organismal
diversification (Labandeira, 1997; Lauder, 1990) as a release
of constraint permits a system to evolve adaptively in ways
that may have been prevented previously by the demands
of being multifunctional (Schaefer & Lauder, 1986). While
functional decoupling is widely recognized as playing a key
role in gene (Ohno, 2013; Zhang, 2003) and morphological
(Schaefer & Lauder, 1996) evolution, the effect of decoupling
at a macroevolutionary level remains controversial (Corn et

al., 2021; Farina et al., 2019a; Gatesy & Middleton, 1997;
Holzman et al., 2012; Muioz et al., 2018).

The feeding apparatus in ray-finned fishes presents a model
system for the study of functional decoupling due to the
development of the pharyngeal jaw apparatus. Located poste-
rior to the mouth cavity, this is a second jaw system that func-
tions in manipulating and processing prey, thus relieving the
oral jaws from a major role in these functions (Lauder, 1983;
Wainwright, 2005). Although pharyngeal jaws are found
throughout ray-finned fishes (Actinopterygii), pharyngog-
nathy—a complex modification of the pharyngeal jaws—has
evolved independently in several highly successful lineages
within spiny-rayed fishes (Acanthomorpha; Mabuchi et al.,
2007; Wainwright et al., 2012), including cichlids, wrasses,
and damselfishes among a few other clades (Kaufman & Liem,
1982; Stiassny & Jensen, 1987). The components of pharyn-
gognathy—including the fusion of the paired lower pharyn-
geal jaw bones into a singular skeletal structure; a mobile
joint between the base of the neurocranium and the dorsal
surface of each paired upper pharyngeal jaw bone; and a mus-
cular sling that suspends the lower pharyngeal jaw directly
from the neurocranium (Figure 1a)—have been shown to
enhance the strength of the prey processing system (Galis &
Drucker, 1996; Hulsey & Garcia De Leon, 2005; Kaufman
& Liem, 1982; Lauder, 1983; Liem & Sanderson, 1986;
Mcgee et al., 2015). Further, because this novel pharyngeal
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Figure 1. (a) lllustration depicting the oral (gray) and pharyngeal (black) jaw structures involved in prey capture and processing functions, respectively.
Though the prey processing apparatus is very similar across ray-finned fishes, pharyngognathous lineages have several modifications, including a
fused lower pharyngeal jaw bone (see C. krausiiin b), a mobile joint between each of the paired upper pharyngeal jaw bones and the neurocranium
(red ellipse), and a muscular sling suspending the lower pharyngeal jaw from the neurocranium (red lined triangle). (b) Cleared and stained specimens
of Caquetaia myersi (top) and Lepomis humilis (bottom) exemplify cichlids and centrarchids, respectively. Pharyngeal jaws dissected from Caquetaia
krausii (left—cichlid) and Lepomis humilis (right—centrarchid) display skeletal differences between fishes with and without modified pharyngeal jaws,
respectively. Black scale bars represent 10 mm. (c) Density plots show the interspecific variation in shape ratios for the 13 oral (gray titles) and 7
pharyngeal (black titles) jaw traits in 85 cichlids (mauve) and 30 centrarchids (blue), averaged by species. Though two traits show a significant difference
in the magnitude of morphological disparity (p < 0.05-D; Table 1), lower pharyngeal jaw width is the only trait where cichlids and centrarchids show a
significantly different mean trait value (p = 2.90%- M). Univariate estimates of the Brownian rate parameter reveal that centrarchids show significantly
faster evolution for five traits spanning both jaw units (1.90 to 4.60-fold difference; p < 0.05 — R). Trait measurements and definitions can be found in

Supplementary Tables 1 and 2.

jaw configuration (hereafter, “modified pharyngeal jaw” or
MPJ) results in the ability to break down harder and tougher
prey, it has played a key role in trophic diversification within
prominent lineages of tropical freshwater and coral reef fishes
(Alfaro et al., 2009; Burress, 2016; Evans et al., 2019b; Hulsey
et al., 2008; Kaufman & Liem, 1982; Mcgee et al., 2015). It
was famously postulated that the MPJ prompted increased
trophic diversification, particularly in cichlids, as the mus-
culoskeletal modifications permitted increased evolutionary
specialization of the oral and pharyngeal jaws (Liem, 1973).
Liem proposed that the development of the MPJ significantly
reduced the coevolutionary constraints on the anatomically
independent prey capture and processing systems, predicting
that these functionally decoupled systems had also become
evolutionarily decoupled. For decades, the modified pharyn-
geal jaw system has been regarded as a model key innovation
that further decoupled the evolution of the oral and pharyn-
geal jaws, enabling extensive trophic diversification of cich-
lids (Alfaro, 2014; Heard & Hauser, 19935; Salzburger, 2009;
Stroud & Losos, 2016).

Liem’s hypothesis postulated that the MP] led to increased
evolutionary decoupling of the oral and pharyngeal jaw sys-
tems, resulting in enhanced morphological diversity of each
jaw unit (Liem, 1973). Aspects of this hypothesis have received
considerable attention in recent years, as several studies have
measured the evolutionary integration between the oral and
pharyngeal jaws in various groups of cichlids (Burress &
Muiioz, 2021; Burress et al., 2020; Conith & Albertson, 2021;
Hulsey et al., 2006; Ronco & Salzburger, 2021). While the

methods and interpretations in these studies vary, this exten-
sive body of work has repeatedly demonstrated that cichlids
show weak but significant integration between the oral and
pharyngeal jaws. Although the finding of weak integration
might appear to provide strong support for Liem’s decou-
pling hypothesis, what is missing is any insight into whether
cichlids show weaker or stronger integration than fishes that
lack the modified pharyngeal jaw system. Is the weak but sig-
nificant evolutionary integration between cichlid jaw systems
greater than found in lineages without the modified pharyn-
geal jaw, less than those groups, or is it unchanged? This issue
is key to assessing whether the novel configuration of the
cichlid pharyngeal jaw changed the evolutionary dynamics of
their feeding apparatus. Furthermore, we must assess whether
cichlids, equipped with the MP], show greater variation and
faster rates of evolution among feeding structures compared
to fishes with an unmodified pharyngeal jaw to test Liem’s
hypothesis.

In the present study, we explore the evolutionary impact of
the modified pharyngeal jaw system by comparing evolution-
ary patterns of the feeding apparatus in Neotropical cichlids
to those in North American centrarchids, which lack the MP]J.
Centrarchids are not close relatives of cichlids, although both
are members of Acanthomorpha and have been the subject
of previous comparisons that noted strong parallels in their
diversity, including convergent functional morphology in spe-
cies with similar diets (Montafa & Winemiller, 2013; Norton
& Brainerd, 1993). Although Centrarchidae includes just 40
species, they exhibit many ecomorphological equivalents of
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Neotropical cichlids (with over 500 species), including spe-
cialized piscivores, benthic insectivores, midwater plankton
feeders, and molluscivores (Keast, 1978). Additionally, previ-
ous work comparing the ecological communities of the two
groups shows similar assemblage patterns and habitat occu-
pation (Montaifia et al., 2014). Both lineages inhabit streams,
swamps, and lakes, with centrarchids distributed throughout
temperate North America and Neotropical cichlids found
throughout tropical Central and South America. Thus, we note
that our study is not a survey of lineages that lack the MPJ,
nor do we focus on a lineage that is closely related to cichlids.
Instead, this is a comparison of Neotropical cichlids to one of
the only other radiations of freshwater acanthomorphs in the
Americas that shows comparable ecological diversity. Because
the decoupling hypothesis is framed as an explanation for this
diversity in cichlids, comparing these two lineages allows us
to disentangle whether the presence of the modified pharyn-
geal jaw does, in fact, impose differential evolutionary pat-
terns on the feeding system that substantially contribute to
cichlid diversification. To conduct this analysis, we measure
a set of 13 oral jaw and seven pharyngeal jaw traits in spe-
cies of Neotropical cichlids and North American centrarchids
(Figure 1b and c¢). Using a phylogenetic approach, we com-
pute and compare patterns of evolutionary integration, dis-
parity, and rate of evolution within the oral and pharyngeal
jaws of cichlids and centrarchids. Here, we put forth the first
comparative test of Liem’s hypothesis where we ask whether
fishes with the functionally novel pharyngeal jaw modifica-
tions show (a) increased evolutionary decoupling and (b)
increased diversification among trophic structures. If Liem’s
hypothesis holds true, we should find greater morphological
diversity, higher rates of morphological evolution, and greater
evolutionary decoupling (i.e., decreased integration) of the
oral and pharyngeal jaw structures in Neotropical cichlids.

Materials and methods

Study specimens and anatomical measurements

We examined 85 Neotropical cichlid species (Family
Cichlidae) and 30 North American sunfish species (Family
Centrarchidae) with an average of 5 specimens per spe-
cies. Cichlidae, being one of seven families where modified
pharyngeal jaws are an independently derived synapomor-
phy for all known species, represents fishes with MPJs.
Centrarchids were used to represent fishes lacking the MP],
as all species exhibit a generalized pharyngeal jaw system
that lacks all traits defining an MPJ (Figure 1b). We used
published morphological data for 218 cichlid specimens
(Burress et al., 2020; Supplementary Table 1) and obtained
an additional 170 and 129 adult cichlid and centrarchid
specimens, respectively, from museum collections, col-
lection trips, and the pet trade (Supplementary Table 1)
in an effort to maximize the morphological diversity and
generic coverage in both families. Within our dataset, we
have 50% and 100% sampling of genera for Neotropical
cichlids and centrarchids, respectively. Though Neotropical
and African cichlids both exhibit trophic morphologies
and functions unique to their radiations, these two cich-
lid sister groups show extensive convergent evolution and
shared ecomorphs (Burress, 2014; Burress et al., 2017).
Thus, we restricted our study to the continental radiation
of Central and South American river and lake-dwelling
cichlid species, and we aimed to include species that would

showcase the full breadth of ecomorphological variation
exhibited by this spectacularly diverse clade (Arbour et al.,
2020; Burress, 2014). By excluding African cichlids, we also
reduce the number of confounding factors that contribute
to this group’s ecomorphological diversity, including lake
effects (Seehausen, 2006) and hybridization (Joyce et al.,
2011; Meier et al., 2017, 2019). All specimens were fixed
in formalin and stored in 70% ethanol prior to this study.
Each specimen was then cleared and stained using proce-
dures adapted from Dingerkus and Uhler (1977) and Taylor
and Van Dyke (1985), and stained specimens were stored in
90% glycerin. Upper and lower pharyngeal jaws were dis-
sected from each stained specimen and photographed. The
left side of each stained specimen was also photographed in
a relaxed posture where oral jaws were mostly protracted,
according to supplemental procedures outlined in Roberts
et al., 2021.

Using digital calipers and NIH Image] software (Schneider
et al., 2012), we measured anatomical traits to characterize
the size, shape, and functionality of the oral jaw and pha-
ryngeal jaw systems. Traits were separated into oral and
pharyngeal jaw systems based on their contributions to prey
capture or processing functions, respectively (Alexander,
1967; Lauder, 1983; Wainwright, 2005). We measured and
computed 13 oral jaw traits including premaxillary denti-
gerous arm length, premaxillary ascending process length,
gape, oral jaw protrusion, buccal cavity length, the horizon-
tal and vertical positions of the lower jaw joint, the horizon-
tal and vertical positions of the maxilla-nasal joint, lower
oral jaw length, opening and closing mechanical advan-
tage, and kinesis (Figures 1c and 3b; Supplementary Tables
1 and 2). Kinesis, calculated according to procedures in
Burress et al., 2020, describes the amount of shape change
in the oral, four-bar linkage following a fixed rotation of
the mandible (Martinez et al., 2018). Finally, we measured
seven pharyngeal jaw traits including lower pharyngeal jaw
length, width, depth, and tooth width (averaged across the
three largest teeth), as well as upper pharyngeal jaw length,
width, and depth (Figures 1c and 3a; Supplementary Tables
1 and 2). Pharyngeal jaws from especially small species (e.g.,
Apistogramma and Enneacanthus) were measured with cali-
pers under a dissecting microscope. All pharyngeal jaw mea-
surements for the 218 cichlid specimens from Burress et al.
(2020), excluding average tooth width, were retaken, as orig-
inal trait data collected were not comparable to fishes with
generalized pharyngeal jaws.

Morphological measurements for each specimen were con-
verted to shape ratios where each trait value was divided by
the cubed root of (head length x head width x head depth).
By size correcting each specimen using the geometric mean
of these three main size dimensions, we account for the com-
plexity of body size and our data capture shape variation
due to allometry (Claude, 2013; Klingenberg, 2016; Price et
al., 2019). Shape ratios were averaged across specimens, log
transformed to achieve normal distributions, and used in all
subsequent analyses in R v. 4.2.0 (R Core Team, 2022). For
select multivariate analyses, each species’ log shape ratios
were converted to standard normal deviates (i.e., z-scores)
using the scale function (Becker et al., 1988) to ensure that
all 20 measurements were in commensurate units and scales
(Adams & Collyer, 2019b; Huttegger & Mitteroecker, 2011).
These standardized values were used for analyses where
noted.
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Statistical analyses

To conduct our analyses in a phylogenetic context, we used
a time-calibrated molecular phylogeny of ray-finned fishes
(Rabosky et al., 2018). This phylogeny, which includes a
dense sampling of species in both focal groups, was trimmed
to include fishes represented by molecular sequence data and
then to match the species included our study. For species that
were not present on the phylogeny, we used the closest related
species within the same genus as proxy. Four substitutions were
made, including Apistogramma hoignei for Apistogramma
cacatuoides, Cichlasoma dimerus for Cichlasoma orien-
tale, Pterophyllum leopoldi for Pterophyllum scalare, and
Amatitlania nigrofasciata for Amatitlania siquia.

To visualize the multivariate morphological data in shape
space, we performed principal component analyses (PCAs)
on the correlation matrix of unstandardized, log shape ratios
using the prcomp function (Becker et al., 1988; Mardia et
al., 1979; Venables & Ripley, 2002) in STATS v. 4.2.0 (R
Core Team, 2022). Analyses were run on all 20 morpholog-
ical traits for cichlids and centrarchids separately, as well as
in one combined analysis. We ran additional PCAs on the
correlation matrices of 13 oral jaw traits and the seven pha-
ryngeal jaw traits separately to visualize how cichlids and
centrarchids fall in shape space based on each jaw unit. To
test whether the cichlids and centrarchids have statistically
different oral and pharyngeal jaw morphology, we performed
a phylogenetic multivariate analysis of variance (phylogenetic
MANOVA) on the z-scores of all 20 morphological traits over
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10,000 iterations under a Brownian Motion model. This same
method, implemented with the procD.pgls function (Adams,
2014a; Adams & Collyer, 2015, 2016, 2018; Collyer et al.,
2015) in GEOMORPH v. 4.0.4 (Adams & Collyer, 2022;
Adams et al., 2022; Baken et al., 2021; Collyer & Adams,
2018), was used to perform individual phylogenetic ANOVAs
on each of the 20 traits in our data set.

To quantify and compare the magnitude of interspecific
variation among cichlid and centrarchid morphologies, we
used morphol.disparity (Collyer & Adams, 2021; Zelditch et
al., 2012) in GEOMORPH. Using unstandardized, log shape
ratios, we estimated overall disparity for all 20 morphological
traits, two subsets of traits representing each jaw unit, and
for each individual trait. We also estimated and contrasted
the Brownian multivariate rate parameter for all 20 traits,
two subsets of traits representing each jaw unit, and for each
individual trait using compare.evol.rates (Adams 2014b;
Denton and Adams 2015; Adams and Collyer 2018, 2019a)
in GEOMORPH.

We used the phylo.integration function (Adams & Collyer,
2016, 2018, 2019a; Adams & Felice, 2014; Collyer et al.,
2015) in GEOMORPH to quantify the degree of morpho-
logical covariance between oral jaw and pharyngeal jaw
traits in an evolutionary context over 10,000 iterations. As
this was done separately on the z-scores from cichlids and
centrarchids, we then compared the strength of between-
jaw-unit integration between families with the compare.pls
function (Adams & Collyer, 2016; Collyer et al., 2015) in
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Figure 2. Principal component analyses (PCAs) of all 20 oral and pharyngeal jaw traits for cichlids (a) and centrarchids (b) where PC1 primarily captures
variation in oral jaw and craniofacial shapes and PC2 primarily captures variation in pharyngeal jaw shapes. Images exemplify extreme body and

jaw shapes on each axis including Crenicichla alta (cichlid; left), Uaru amphiacanthoides (cichlid; right), Micropterus salmoides (centrarchid; left), and
Enneacanthus chaetodon (centrarchid; right) on PC1, and pharyngeal jaws from Chaetobranchus flavescens (cichlid; top), Crenicichla reticulata (cichlid;
bottom), Pomoxis annularis (centrarchid, top), and Lepomis microlophus (centrarchid; bottom) on PC2. (c) Combined PCA of cichlids (mauve) and
centrarchids (blue) shows that the two groups occupy distinct areas of morphospace. Dotted gray lines roughly align with principal components 1 and
2 from the individual PCAs of cichlids and centrarchids, showing that variation in pharyngeal jaw anatomy—primarily captured by PC2 in (a) and (b)—
strongly contributes to the distinction of these two clades. Principal component loadings can be found in Supplementary Table 3.
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GEOMORPH. For each family, we used standard normal
deviates to calculate the degree of evolutionary integration
within each jaw system using the integration.Vrel func-
tion (Conaway & Adams, 2022; Pavlicev et al., 2009) and
compared the results using the compare.ZVrel (Conaway
& Adams, 2022) in GEOMORPH. Further, using standard
normal deviates and the phylo.modularity and compare.CR
functions (Adams, 2016; Adams & Collyer, 2019a; Adams &
Felice, 2014) in GEOMORPH, we quantified and contrasted
the degree of evolutionary modularity in each family. Finally,
we produced the evolutionary correlation matrices for each
family using code modified from integration.Vrel and the cor
function (Becker et al., 1988; Kendall, 1938, 1945) in STATS.
We then used the corrplot function (Friendly, 2002; Murdoch
& Chow, 1996) in CORRPLOT v. 0.92 (Wei & Simko, 2021)
to visualize these matrices.

Results

Morphological diversity and rates of evolution

Based on our analysis of morphological data from 85 species
of Neotropical cichlids and 30 species of North American sun-
fishes, we find that the two groups contain similar amounts
of interspecific morphological variation in the feeding appa-
ratus, but occupy distinct areas of morphospace (Figures
1-3; Supplementary Table 3). When cichlids (Figure 2a) and
centrarchids (Figure 2b) are examined in separate PCAs, PC1
in both groups primarily captures variation in oral jaw mor-
phology and head shape. Along PC1, we find small-mouthed,
deep-bodied fishes, such as Symphysodon discus (cich.), Uaru
amphiacanthoides (cich.), Lepomis megalotis (cent.), and
Enneacanthus chaetodon (cent.) at one extreme of the axis.
In contrast, more elongate fishes with larger mouths, such as
Crenicichla alta (cich.), Petenia splendida (cich.), Micropterus
henshalli (cent.), and Micropterus salmoides (cent.), fall
on the opposite extreme of this axis. The second principal
component primarily highlights diversity in pharyngeal jaw
morphology, where species with wider, more robust pharyn-
geal jaws, such as Crenicichla reticulata (cich.), Herichthys
labridens (cich.), Lepomis microlophus (cent.), and Lepomis
gibbosus (cent.), lie at one extreme on PC2. Fishes with
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thinner, more elongate jaws, as seen in Symphysodon discus
(cich.), Chaetobranchus flavescens (cich.), Enneacanthus cha-
etodon (cent.), and Pomoxis annularis (cen.), lie at the other
extreme of PC2.

When combined into a single PCA, cichlids and centrar-
chids display no overlap in a plot of PC1 versus PC2 (Figure
2¢). The primary and secondary axes of variation capture
similar patterns of morphological diversity in the two fam-
ilies when plotted separately. Thus, cichlids and centrarchids
lie almost parallel in shape space, with substantial separation
between the two groups along the axis that delineates dif-
ferences primarily in pharyngeal jaw morphology. Principal
component analyses of oral and pharyngeal jaw traits sepa-
rately show that the two groups differ more strongly in pha-
ryngeal jaw morphology (Figure 3; Supplementary Table 3).
However, a phylogenetic multivariate analysis of variance
(MANOVA) performed on the standard normal deviates of
all 20 traits shows no significant difference between cichlid
and centrarchid morphology (p = 0.97), with phylogenetic
ANOVAs on individual traits showing a significant difference
for lower pharyngeal jaw width only (p = 2.90; Figure 1c).
We note that this difference is apparent despite measuring the
distance from the posterior midline to the lateral edge of the
ceratobranchial in cichlids (i.e., half of the lower pharyngeal
jaw as this is comparable to the unmodified lower pharyngeal
jaw in centrarchids; Supplementary Table 2). These results
highlight that pharyngeal jaw morphology, specifically lower
pharyngeal jaw width, is a key anatomical difference between
cichlids and centrarchids.

Counter to our prediction based on the decoupling hypoth-
esis (Liem, 1973), total morphological disparity of the feeding
apparatus is similar in the two groups. While cichlids show
significantly more disparity in premaxillary ascending pro-
cess length (4.41-fold difference, p = 0.05) and centrarchids
show significantly more disparity in lower pharyngeal jaw
width (2.25-fold difference, p = 0.05), cichlids are slightly,
but not significantly, more morphologically diverse than cen-
trarchids overall (p = 0.68, Table 1; Figure 1c). Although the
differences are non-significant, oral jaw disparity is higher
in cichlids, while pharyngeal jaw disparity is slightly higher
in centrarchids. Also counter to our expectation, the overall
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Figure 3. Principal component analyses show that cichlids (mauve; 1-6) and centrarchids (blue; 7-12) occupy different areas of morphospace in

both pharyngeal and oral jaw anatomy. (a) Exemplifying the diversity of pharyngeal jaw shapes, we show jaws from (1) Herichthys steindachneri, (2)
Thorichthys meeki, (3) Andinoacara rivulatus, (4) Apistogramma bitaeniata, (5) Symphysodon discus, and (6) Cichla monoculus to represent cichlids;

and (7) Lepomis gibbosus, (8) Lepomis miniatus, (9) Lepomis auritus, (10) Enneacanthus chaetodon, (11) Micropterus punctulatus, and (12) Pomoxis
nigromaculatus to represent centrarchids. (b) Exemplifying the diversity of oral jaw and craniofacial shapes, we show (1) Crenicichla lugubris, (2) Petenia
splendida, (3) Parachromis managuensis, (4) Astronotus ocellatus, (5) Biotodoma cupido, and (6) Symphysodon discus to represent cichlids; and (7)
Micropterus henshalli, (8) Pomoxis annularis, (9) Lepomis gulosus, (10) Ancantharcus pomotis, (11) Lepomis microlophus, and (12) Lepomis megalotis to
represent centrarchids. Black scale bars represent 10 mm. Principal component loadings can be found in Supplementary Table 3.

€20z 1snbny ¢ uo Jasn Aieiqi - siaeq ‘eluloed 1o Ausiaaiun Aq 24661 2/601 pedbnioAs/e601 "0 /I0p/3]01IB-90UBAPE/IN|OAS/W O dNO"OIWapeo.//:sdny WoJll papeojumoq


http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad109#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad109#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad109#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad109#supplementary-data

Roberts-Hugghis et al.

Table 1. Estimates of morphological disparity (Procrustes variance) and the Brownian rate parameter for multivariate trait evolution in cichlids and
centrarchids. The two groups show no significant differences in morphological disparity, while centrarchids show significantly faster rates of evolution
within the feeding apparatus overall (1.98-fold difference). Separate rate analyses on each jaw unit reveal 2.16-fold faster oral jaw evolution in
centrarchids, but no significant difference in rates of pharyngeal jaw evolution. Significant p-values and effect sizes are bolded.

Analysis Cichlidae Centrarchidae p-value (effect size) of pairwise difference
Disparity (overall) 1.38 1.27 0.68

Oral jaw disparity 1.09 0.95 0.54

Pharyngeal jaw disparity 0.29 0.32 0.74

Rate of evolution (overall) 3.25E-03 6.43E-03 1.00E-4 (3.85)

Oral jaw rate 4.04E-3 8.73E-03 1.00E-4 (3.37)

Pharyngeal jaw rate 1.78E-3 2.16E-03 0.24 (0.81)

multivariate rate of morphological evolution is nearly 2-fold
faster in centrarchids compared to cichlids (p = 1.00%, Table
1). Centrarchids also show faster rates of evolution in both
jaw units, though the difference is only significant within the
oral jaw system (p = 1.00%, Table 1). Univariate analyses
reveal that centrarchids have increased diversification rates
for traits in each jaw unit, including premaxillary protrusion
(4.60-fold difference, p = 1.00), the horizontal position of
the maxilla-nasal joint (1.85-fold difference, p = 0.04), closing
mechanical advantage of the lower jaw (1.90-fold difference,
p = 0.04), lower pharyngeal jaw width (2.82-fold difference,
p = 7.00°%), and upper pharyngeal jaw depth (2.30-fold dif-
ference, p = 9.10%; Figure 1c¢)

Patterns of evolutionary integration
The coevolutionary patterns among traits within each jaw sys-
tem are broadly similar in cichlids and centrarchids (Figure 4a).
Evolutionary integration within the oral jaw unit is moderate
and nearly identical in the two groups, whereas centrarchids
show slightly more evolutionary integration among pharyngeal
jaw traits than cichlids. Though there are some differences in
which specific pairwise trait relationships are stronger in cich-
lids versus centrarchids (Figure 4b), there is no significant differ-
ence in the strength of evolutionary integration within the oral
(p = 0.70) or pharyngeal (p = 0.37) jaw units in cichlids com-
pared to centrarchids (Table 2). When we compare the strength
of integration between the two jaw units to that within each
jaw unit, we find no significant difference between the groups
(p = 0.34), with cichlids and centrarchids both showing sig-
nificant, moderate levels of evolutionary modularity (Table 2).
The key prediction of Liem’s hypothesis (Liem, 1973) was
that cichlids should display greater evolutionary decoupling
(i.e., less integration) of the oral and pharyngeal jaws due to
the development of the modified pharyngeal jaw. However, we
find the opposite pattern, as between-jaw-unit evolutionary
integration is significantly stronger in cichlids compared to
centrarchids (p = 3.42-3%, Table 2; Figure 5). Among the pair-
wise relationships between oral jaw and pharyngeal jaw traits,
cichlids have consistently stronger relationships between lower
pharyngeal jaw length and oral jaw traits, whereas centrar-
chids show consistently stronger relationships between upper
pharyngeal jaw depth and oral jaw traits (Figure 4b).

Discussion

Our findings run counter to a classic prediction about the mac-
roevolutionary consequences of the modified pharyngeal jaw
apparatus in cichlid fishes. Rather than the predicted pattern

of increased evolutionary decoupling of cichlid oral and pha-
ryngeal jaws (Liem, 1973, 1990), we instead found that evo-
lutionary integration between the two jaw systems is stronger
in Neotropical cichlids when compared to North American
centrarchids. Also counter to predictions about cichlid jaw
evolution based on a functional analysis of the modified prey
processing system (Galis & Drucker, 1996), the MP] does not
appear to have impacted the integration pattern within each
jaw system, as both groups show similar levels of integration
within the oral and pharyngeal jaws. Further, though standing
morphological diversity of the oral and pharyngeal jaws is
indistinguishable between the two groups, centrarchids show
faster rates of morphological evolution. This suggests that
cichlids’ reputation for possessing extreme ecomorphologi-
cal diversity of the feeding apparatus may be exaggerated, at
least for Neotropical cichlids. Though we note that additional
work should be done to examine these patterns more broadly
in other groups of cichlids and lineages without the MP], our
results have major implications for our understanding of cich-
lid diversity and the role of the novel modified pharyngeal jaw
in shaping ecomorphological diversification.

Our finding of stronger integration between jaw systems
in cichlids suggests that the well-documented, weak but sig-
nificant integration seen in cichlids (Burress & Muiioz, 2021;
Burress et al., 2020; Conith & Albertson, 2021; Hulsey et al.,
2006; Ronco & Salzburger, 2021) does not reflect a decrease in
evolutionary integration relative to fishes with the unspecial-
ized pharyngeal jaw system, but rather an increase. This find-
ing is counter to Liem’s prediction that the MP]J resulted in
increased evolutionary decoupling of the oral and pharyngeal
jaws. Additional work is needed on other groups to deter-
mine the extent to which the higher integration observed here
reflects a condition specific to cichlids as opposed to one that
is characteristic of all lineages with the MP]. The absence of
significant integration between the oral and pharyngeal jaw
systems in centrarchids is notable because it suggests that the
presence of the pharyngeal jaw can result in the anticipated
evolutionary decoupling of the two jaw systems, at least as
manifested in this group.

Although functional, developmental, and evolutionary
decoupling have been identified as mechanisms that might
facilitate greater overall diversity of functional systems
(Breuker et al., 2006; Collar et al., 2014; Evans et al., 2017,
2019a; Felice et al., 2018; Roberts et al., 2018; Schaefer &
Lauder, 1996; Vermeij, 1973), these and other authors have
pointed out ways in which stronger integration (the oppo-
site of decoupling) between functional traits can positively
affect diversification by enabling efficient, genetically aligned
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Figure 4. (a) Evolutionary correlation matrices showing the relationships between all 20 oral (gray text) and pharyngeal (black text) jaw traits for cichlids
(top triangle) and centrarchids (bottom triangle). (b) Absolute value difference between cichlid and centrarchid pairwise correlations, where brown/pink
circles indicate a stronger evolutionary correlation in cichlids and blue circles indicate a stronger evolutionary correlation in centrarchids. Boxes indicate
correlations between oral and pharyngeal jaw traits (i.e., between-jaw-unit relationships).
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Table 2. Evolutionary integration of oral and pharyngeal jaw systems (~PLS) is stronger in cichlids compared to centrarchids. However, there is no
significant difference in the magnitude of integration within each jaw unit (Vrel) or evolutionary modularity (covariance ratio coefficient—between-jaw-
unit integration/within-jaw-unit integration). Significant p-values and effect sizes are bolded.

Analysis Cichlidae Centrarchidae p-value (effect size)
- : of pairwise difference
Value p-value (effect size) Value p-value (effect size)
Between-jaw-system 0.68 1.00E-4 (4.00) 0.53 0.17 (0.97) 3.42E-3 (2.93)
evolutionary integration
Oral jaw system evolu- 0.17 (1.34) 0.19 (0.88) 0.70 (0.38)
tionary integration
Pharyngeal jaw system 0.23 (1.46) 0.30 (1.13) 0.37 (0.90)
evolutionary integration
Evolutionary modu- 0.64 5.00E-5 (-3.84) 0.54 1.50E-4 (-3.49) 0.34 (0.95)
larity
Cichlidae (85 sp.) phenomenon that would allow manifold, correlated responses
r-pls = .680 . . l l 3 . l . I l
p=1.004 to strong directional selection on a single trait. It seems clear
Effect size = 4.00 3 that the diversification of oral and pharyngeal jaws in cichlids
051 . and centrarchids does not reflect either extreme, but rather
Centrarchidae (30 sp.) :
o - OB i some middle ground, where components are ger}erally weakly
p=0.17 - integrated and able to evolve with considerable independence,
Effect size = 0.97 # o . while also potentially sharing some developmental genetic

=0.54

PLS Block 2 ~ Pharyngeal Jaw Scores

2 1 0 1 2

PLS Block 1 ~ Oral Jaw Scores

Figure 5. Evolutionary integration between the two jaw systems is
stronger in cichlids than in centrarchids (pairwise effect size = 2.93; p =
3.42-%%), based on a phylogenetic, two-block partial least squares analysis
of oral against pharyngeal jaw traits (Table 2).

change (Burns et al., 2023; Cheverud, 1996; Goswami et al.,
2014; Marroig & Cheverud, 2005; Miller & Olson, 1958;
Schluter, 1996; Schwenk & Wagner, 2001). Cichlids appear
to have capitalized on stronger integration to some extent, as
Neotropical lineages show that trophic ecology is the major
factor underlying the integrated evolution of oral and pha-
ryngeal jaw structures (Burress & Mufoz, 2021; Burress et
al., 2020). Additionally, work with African Rift Lake cich-
lids has identified smad7 as a candidate gene expressed in
both jaw systems that has the potential to induce correlated
trait evolution (Conith & Albertson, 2021). Beyond cichlids,
numerous studies show that increased covariance among
traits may be associated with the evolution of greater trait
variance, more rapid evolution, or more extreme traits (Evans
et al., 2021; Farina et al., 2019b; Hernandez & Cohen, 2019;
Holzman et al., 2012; Mufioz et al., 2017, 2018; Pos et al.,
2019). Thus, there appear to be two potential consequences
of evolutionary integration that would result in opposite
effects on phenotypic diversification. On one hand, weak trait
covariance implies fewer constraints on the extent and rate
of morphospace exploration. On the other hand, strong trait
covariance may reflect shared underlying genetic control—a

pathways (Conith et al., 2020; Felice et al., 2018).

Our findings raise doubts about the impact of functional
decoupling on the diversification of oral and pharyngeal jaws
in cichlids. Thus, our results suggest that a re-evaluation is
needed of the idea that high phenotypic diversity in cichlids
is linked to macroevolutionary consequences of their special-
ized pharyngeal jaw system. We note that additional quanti-
tative studies are needed to examine the impact of decoupling
on African Rift Lake cichlid radiations. However, the young
age of these and other lake radiations in Africa strongly sug-
gests that they have experienced high rates of morphological
evolution (Hulsey et al., 2010; Matschiner et al., 2020; Ronco
et al., 2020). As others have pointed out (Seehausen, 2006),
high rates of diversification in the young lake lineages argue
against a prominent role of the modified pharyngeal jaw
because the novelty is found throughout all cichlids, including
older, non-lake lineages that do not show such high rates of
evolution. Our finding that the extensive adaptive radiation of
Neotropical cichlids (Lopez-Fernandez et al., 2013) does not
appear to involve exceptional rates of phenotypic evolution,
on average, or the accumulation of exceptional morphologi-
cal disparity within the jaw systems suggests that careful eval-
uation of the phenotypic diversity of cichlid fishes, relative to
other fish groups, is urgently needed. If a pattern is ultimately
confirmed where rates of ecomorphological diversification
are only exceptional in some lake radiations (Seehausen,
2006, 2015) and/or a limited number of sub-radiations of
Neotropical cichlids (Burress et al., 2022), this will cast fur-
ther doubt on the impact of the modified pharyngeal jaw on
cichlid diversification (Larouche et al., 2020) and strengthen
the focus on other factors that characterize adaptive diversifi-
cation in African and Neotropical cichlids. These include the
rich ecological opportunities offered by large, deep tropical
lakes (Ronco et al., 2020; Seehausen, 2006; Wagner et al.,
2012) as well as the geographically expansive Central and
South American river systems (Arbour & Lépez-Ferndndez,
2016; Burress et al., 2022); strong patterns of sexual selection
(Seehausen et al., 2008; Wagner et al., 2012); a sometimes
complex history of multiple transitions between river and
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lake habitats (Joyce et al., 2011; Martin et al., 2015; Poelstra
et al., 2018; Verheyen et al., 2003); and the existence of ongo-
ing hybridization that generates novel genetic variation for
selection to act upon (Irisarri et al., 2018; Meier et al., 2017;
Seehausen, 2004, 2006; Svardal et al., 2020).

Conclusion

The hypothesis that functionally novel modifications to the
pharyngeal jaw apparatus in cichlids led to evolutionary
decoupling and increased diversification of the oral and pha-
ryngeal jaws was first proposed 50 years ago (Liem, 1973).
Finding that Neotropical cichlids actually display stronger
evolutionary integration between the two jaw systems, slower
rates of morphological evolution, and no difference in mor-
phological disparity compared to centrarchid fishes, we pro-
vide the first comparative test of this classic hypothesis. Our
findings that variation in jaw anatomy does not differ between
the two groups and that rates of morphological evolution are
actually slower in Neotropical cichlids raise questions about
the processes that underlie ecological and functional diver-
sification in cichlids. It is tempting to point to elevated inte-
gration in the feeding apparatus as a possible force in cichlid
diversification. However, the finding that Neotropical cich-
lids do not show exceptionally high rates of evolution in the
trophic apparatus, but instead evolve at a slower rate than
centrarchids, suggest that the phenotypic variation in this
continental radiation largely followed patterns of diversifica-
tion found in other freshwater acanthomorph groups and has
accumulated over the long history of the group. Our study
also highlights the conflicting theoretical expectations sur-
rounding the concepts of decoupling, which may be expected
to both enhance the potential for diversity or constrain it,
relative to systems that show stronger integration. Given that
multifunctionality is a major hallmark of organismal design,
issues of decoupling and integration should continue to lie at
the forefront of research in evolutionary morphology.
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