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Synopsis Convergent evolution is at the forefront of many form-function studies. There are many examples of multiple

independent lineages evolving a similar morphology in response to similar functional demands, providing a framework

for testing hypotheses of form-function evolution. However, there are numerous clades with underappreciated conver-

gence, in which there is a perceived homogeneity in morphology. In these groups, it can be difficult to investigate causal

relationships of form and function (e.g., diet influencing the evolution of jaw morphology) without the ability to

disentangle phylogenetic signal from convergence. Leuciscids (Cypriniformes: Leuciscidae; formerly nested within

Cyprinidae) are a species-rich clade of fishes that have diversified to occupy nearly every freshwater trophic niche,

yet are considered to have relatively low morphological diversity relative to other large freshwater clades. Within the

North American leuciscids, many genera contain at least one herbivore, insectivore, and larvaphage. We created 3D

models from micro-computed tomography scans of 165 leuciscid species to measure functionally relevant traits within

the pharyngeal jaws of these fishes. Using a published phylogeny, we tested these metrics for evolutionary integration,

phylogenetic signal, and correlation with diet. Measurements of the pharyngeal jaws, muscle attachment areas, and teeth

showed strong positive evolutionary correlation with each other and negative evolutionary correlation with measure-

ments of the inter-ceratobranchial ligament (ICB ligament). Using diet data from published literature, we found exten-

sive dietary convergence within Leuciscidae. The most common transitions we found were between herbivorous and

invertivorous taxa and between insectivore types (aquatic vs. terrestrial). We document a trade-off in which herbivorous

leuciscids have large teeth, short ICB ligaments, and large muscle attachment areas, whereas insectivorous leuciscids

showed the opposite pattern. Inverse patterns of morphological integration between the ICB ligament the rest of the

pharyngeal jaw correspond this dietary trade-off, which indicates that coordinated evolution of morphological traits

contributes to functional diversity in this clade. However, these patterns only emerge in the context of phylogeny,

meaning that the pharyngeal jaws of North American leuciscids converge by similar means (structural changes in

response to dietary demands), but not necessarily to similar ends (absolute phenotype).

Introduction

Convergence is a common theme in evolutionary

biology; similar phenotypes evolve repeatedly in re-

sponse to similar selective pressures. In addition to

natural selection, phylogenetic inertia imposes genetic,

developmental, and structural constraints to shape an

organism (Connell 1980; Barel et al. 1989).

Ecomorphological studies quantitatively link struc-

ture with function by using ecological parameters

such as diet as a proxy for function (e.g., Norton

1991, 1995; Pineda-Munoz et al. 2016). These studies

examine structure–function relationships on a mac-

roevolutionary scale to understand how evolutionary

processes shape structures across evolutionary history
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(Lauder 1981). Evolutionary integration refers to the

correlated evolution of traits across a clade, as well as

shared functional demands (Marroig and Cheverud

2005; Monteiro and Nogueira 2010; Collar et al.

2014; Roberts, et al. 2018). While evolutionary eco-

morphological studies can link evolutionary integra-

tion to ecology, this has only been cursorily explored

(Monteiro and Nogueira 2010; Meloro et al. 2011;

Collar et al. 2014). Shared functional demands have

been shown to influence the tendency of structures

to be evolutionarily integrated, often overcoming de-

velopmental constraints (Marroig and Cheverud

2005; Monteiro and Nogueira 2010; Meloro et al.

2011; Collar et al. 2014). One group that exemplifies

form–function relationships in feeding morphology

is the ray-finned fishes (Actinopterygii), a group of

30,000 species that have evolved myriad, disparate

feeding ecologies and morphologies (Baliga and

Law 2016; Evans et al. 2017; Buser et al. 2017;

Hernandez et al. 2018; Hundt and Simons 2018).

One of the most striking aspects of fish trophic

anatomy is the presence in some groups of pharyn-

geal jaws, a secondary set of jaws in the back of the

throat (Wainwright 1989; German et al. 2009;

Simons and Gidmark 2010; Pasco-Viel et al. 2010;

Gidmark et al. 2014; Ahnelt et al. 2015; Gidmark

et al. 2015; Leung et al. 2017). The oral jaws of

many fishes act alone for both prey capture and

processing; however, in other fishes, the oral jaws

act only as a means for prey capture, with prey

processing and transport taking place entirely under

the control of the pharyngeal jaws. Durophagous

(crushing) pharyngeal jaws are famously considered

to have contributed to morphological diversification

in cichlids and labrid wrasses (Liem 1973; Kaufman

and Liem 1982; Wainwright 2006). In these groups,

the pharyngeal jaws are the primary structures for

prey processing, which has allowed the oral jaws to

become more specialized for prey capture. The func-

tional “decoupling” of prey capture and processing

may have allowed the diversity of trophic morphol-

ogy to increase, thereby also increasing dietary

breadth within these groups (Liem 1973;

Wainwright 2006).

Cypriniforms have a modified posterior-most gill

arch, the hypertrophied fifth ceratobranchial (CB V),

which acts as pharyngeal jaws (Sibbing 1982; Simons

and Gidmark 2010). These jaws are actuated by a

muscular sling to mechanically process prey against

the base of the skull. The pharyngeal jaw bones

(Hulsey 2006; Zeng and Liu 2011), teeth (German

et al. 2009; Gidmark et al. 2014; Gidmark et al.

2015), and musculature (Eastman 1971) are known

to differ with dietary specialization, and many of

these characteristics persist throughout phylogenetic

history (Rüber and Adams 2001; Burress 2015).

Cypriniformes represent a radiation of fishes with

extreme pharyngeal diversity relative to cichlids and

are far older (90þ vs. 60 myr, respectively; Hughes

et al. 2018). The order Cypriniformes includes the

family Leuciscidae (formerly nested within

Cyprinidae) that accounts for around 20–30% of to-

tal freshwater fish diversity, and includes herbivores,

piscivores, insectivores, and other dietary niches (Gee

1961; Vanicek and Kramer 1969; Tan and

Armbruster 2018). The taxonomy of this group has

been difficult to establish due to convergence (He

et al. 2008), but recent efforts have further resolved

the leuciscid phylogeny (Hollingsworth et al. 2013).

Therefore, leuciscids have become a powerful system

for examining convergence in phenotypic and eco-

logical evolution (Eastman and Underhill 1973;

Pasco-Viel et al. 2010). Here, we use North

American leuciscids (sensu Tan and Armbruster

2018; formerly Leuciscinae and Phoxininae) as a

model system for examining patterns of morpholog-

ical convergence across trophic niches. Our objec-

tives were to (1) describe relevant axes of

functional variability in North American leuciscid

morphology, (2) determine whether pharyngeal jaw

morphology correlates with diet and these associa-

tions are a result of convergence or phylogenetic in-

ertia and (3) test for evolutionary integration among

functional measurements of the leuciscid pharyngeal

jaw.

Methods

Taxon sampling and digital data acquisition

Formalin-fixed, ethanol-preserved specimens (species

chosen based on representation in Hollingsworth

et al. 2013) were borrowed from the following nat-

ural history collections: Arizona State University

Natural History Collections, Bell Museum of

Natural History (University of Minnesota), Burke

Museum (University of Washington), The Field

Museum (University of Chicago), Illinois Natural

History Survey (University of Illinois), McClung

Museum of Natural History and Culture

(University of Tennessee), North Carolina Museum

of Natural Sciences, Texas Natural History

Collections, and Tulane University Biodiversity

Research Institute University of Kansas Biodiversity

Institute and Natural History Museum, University of

Michigan Museum of Zoology. Specimens were mi-

cro computed tomography (CT) scanned at a reso-

lution of 35mm using the Bruker Skyscan 1173

(Bruker, Kontich) at the Karel F. Liem Imaging
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Facility at Friday Harbor Laboratories (University of

Washington, Friday Harbor, WA, USA).

Reconstructed scans were loaded into Fiji

(Schindelin et al. 2012), where pharyngeal jaws

were cropped (Crop3D add-on) and loaded into

3D Slicer (Fedorov et al. 2012; Kikinis et al. 2014),

where thresholding levels were altered to maximize

bone visibility. Pharyngeal jaws were then opened as

3D models in Geomagic Studio 2013 (3D Systems,

Morrisville, NC, USA) where linear measurements

were taken. Of our total dataset, 165 species are in-

cluded in our evolutionary integration analyses and

102 are included in our dietary analyses. This paring

down of species was due to limitations in scanning

resolution, availability of dietary information, and

because of the necessity of matching taxa to that of

published phylogenetic hypotheses.

We analyzed nine anatomical metrics (Fig. 1) of

the pharyngeal jaws to quantify the variation across

species. Distance of the inter-ceratobranchial liga-

ment (ICB ligament) between the pharyngeal jaws

is termed “ligament length” (1), rostro-caudal dis-

tance is termed “ligament width” (2), and dorso-

ventral distance is termed “ligament height” (3).

Ligament height and width were multiplied to find

ligament cross-sectional area. These metrics are a

proxy for whether the ICB ligament acts as a stabi-

lizer for the jaw (short and stout ligament) or as an

element that maximizes relative motion between left

and right pharyngeal jaw bones (long and skinny

ligament). Next, we measured the distance from

the base of the anterior-most tooth cusp to the

posterior-end of the ICB ligament (“anterior arm

length”) (4) and “jaw broadness” (5) as the distance

from the broadest, lateral-most point of the jaw to

the anterior tip of jaw to measure elongation of the

anterior arm toward the mouth of the fish. Greater

elongation may allow for larger ligament surface

area. We measured tooth length (6) and depth (7)

from the tooth that displayed the clearest chewing

surface and complete ankylosis. Tooth length was

measured from the medial tip of the tooth to the

base on the CB V, and depth was measured from the

dorsal center of the chewing surface straight through

to the ventral side of the tooth. We used tooth depth

and length as a proxy for the amount of biomechan-

ical processing done by the teeth. Then, we measured

the area of the levator muscle attachment site (8)

that included the area of the anterior and posterior

side of the dorsal arm. Retractor muscle attachment

area (9) was measured along the posterior side of the

CB V. We used these attachment areas as proxies for

muscle size (i.e., a larger levator attachment area site

corresponds to a larger levator muscle). All data were

size corrected by dividing each measurement by the

geometric mean of all nine metrics for each

specimen.

Testing relationships among functional units and diet

Dietary data were extracted from the original species

descriptions, published ecological manuscripts, select

government agency or resource-management reports,

FishBase (Froese and Pauly 2019), and other peer-

reviewed articles detailing gut-contents of our spe-

cies (Supplementary Table S2). However, leuciscid

diets vary with geography, season, and ontogeny,

and there was a high frequency of dietary overlap

among largely omnivorous species. Rather than

categorizing taxa into discrete dietary specializa-

tions, our method for exploring dietary conver-

gence coded for the presence/absence of each

prey type found within a particular species’ diet.

Since presence/absence data can be skewed by in-

clusion of rare events (in this case, rare prey), we

chose to exclude prey which accounted for <5% of

total prey volume or occurrence in gut content

studies.

We annotated the phylogeny from Hollingsworth

et al. (2013) with a matrix of diet data at the tips

(Fig. 2) using phytools (Revell 2012). Using the char-

acter matrix of prey items as well as our anatomical

metrics, we tested for relationships between mor-

phology and diet by computing phylogenetic

Fig. 1 Nine linear metrics measured from 3D models (from

reconstructed Micro CT scans) of North American leuciscid

pharyngeal jaws. Metrics include (1) Ligament length, (2) ligament

width, (3) ligament height, (4) anterior-arm length, (5) jaw

broadness, (6) tooth length, (7) tooth depth, (8) levator muscle

attachment area, and (9) retractor muscle attachment area.
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ANOVAs using the gls function in the nlme package

(Linear and Nonlinear Mixed Effects Models pack-

age) in R (R Core Team 2016; Pinheiro et al. 2018),

with a Brownian correlation structure using the

corBrownian function in the ape package (Paradis

et al. 2004). We conducted a principal component

analysis using the princomp function (R Core Team

2016) and plotted principal components one and

two (PC1 and PC2) on a phylomorphospace via

the phylomorphospace function in the phytools pack-

age (Sidlauskas 2008; Revell 2012).

Quantifying evolutionary integration

Our measurements define functionally relevant com-

ponents (functional units) of the leuciscid pharyn-

geal jaw, including measurements of the CB V itself

(jaw broadness and length of the anterior arm of the

jaw), the teeth (length and depth), muscle attach-

ment surface (levator and retractor muscles), and

the ICB ligament (length, width, and height).

Using size-corrected measurements, we quantified

evolutionary integration among functional units us-

ing both phylogenetic generalized least squares

(PGLS) models and correlations of phylogenetic in-

dependent contrasts (PICs) using a previously pub-

lished phylogeny of leuciscids (Hollingsworth et al.

2013). We used PGLS to test for significance of co-

variance among functional units, and we used corre-

lations of PICs to compare the strength of

correlations among measurements. PGLS models

were computed using the gls function in the nlme

package (Linear and Nonlinear Mixed Effects Models

package) in R (R Core Team 2016; Pinheiro et al.

2018), with a Brownian correlation structure based

on the Hollingsworth et al. (2013) phylogeny using

the corBrownian function in the ape package (Paradis

et al. 2004). PICs were computed using the pic func-

tion in the ape package (Paradis et al. 2004) and

correlated using the cor.origin function in the

PHYLOGR package (Diaz-Uriarte and Garland

2014). To confirm that these analyses were robust

to differences in topology and branch lengths, we

repeated these tests for evolutionary integration

with a recently-published megaphylogeny of ray-

finned fishes (Rabosky et al. 2018), pruned to only

include the 139 leuciscid species that were included

in both that tree and our dataset (Supplementary

Table S1). Tests of phylogenetic signal (Blomberg’s

K and Pagel’s k) for each trait were implemented

using the phylosig function (geiger; Harmon et al.

2008).

Evolutionary transitions among diet guilds

Our method for exploring dietary transitions assesses

what prey types are found consistently across groups

of taxa. In order to find common themes across

largely omnivorous leuciscid taxa, our method cre-

ates synthetic diet categories from available gut con-

tent data by grouping leuciscid taxa by dietary

similarity (Egan et al. 2017, 2018; Egan JP and

Buser TJ manuscript under review). After coding

for the presence/absence of unique prey types found

within a particular species’ diet, we compiled a dis-

tance matrix, using Bray–Curtis dissimilarity, to rep-

resent diet divergences among leuciscid taxa. We

Fig. 2 Phylogenetic tree of North American leuciscids

(Hollingsworth et al. 2013) with diet annotations. Most species

feed on multiple prey types. Prey of this clade includes terrestrial

insects (Terr. Insects), aquatic insects (Aq. Insects), plants, detri-

tus, insect larvae, aquatic vertebrate eggs (Aq. Vert. eggs), mol-

lusks, zooplankton, and fishes. Filled-in boxes denote the

presence of a prey item in the diet of each species, and white

boxes indicate an absence of a prey item reported in diet data.
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used the hclust function in R to perform a hierarchi-

cal cluster analysis, which iteratively joins individual

clusters (according to proportion of prey items

shared among leuciscid taxa, termed hereafter as

diet “profiles”). According to their diet similarity,

taxa were clustered using hclust’s “averaging” ag-

glomeration method (i.e., UPGMA) (package vegan;

Legendre and Legendre 2012). We then used an ar-

bitrary 60% dissimilarity threshold like previous

studies (Buchheister and Latour 2015; Egan et al.

2017; Hundt and Simons 2018), to determine how

many of these clusters would be suitable to partition

the diverse dietary profiles within our sample. We

also wanted to examine the frequency of transitions

to and from herbivorous, piscivorous, and insectivo-

rous feeding modes; therefore, we ran a second set of

analyses which coded leuciscids as belonging to any of

these three categories if they consumed any manner of

plants and detritus, fish, or insect or insect larvae,

respectively. Finally, we used stochastic character

mapping (Bollback 2006) to determine the direction-

ality and frequency of evolutionary transitions among

different dietary guilds. We iterated these simulations

1000 times across the concatenated phylogeny from

Hollingsworth et al. (2013) using the “ARD” or all-

rates different setting in phytools (Revell 2012).

Results

Measurements of the pharyngeal jaws (jaw broadness

and length of the anterior arm), the teeth (length

and depth), and muscle attachment surface (levator

and retractor muscles) tended to be positively corre-

lated with each other, but negatively correlated with

the ligament (length, width, and height; Table 1).

Figure 3 shows the strength and pattern on the cor-

relations among functional measurements. We

observed extensive convergence in the diet (Fig. 2)

and we tied this diet variation to morphological

measurements using phylogenetic ANOVA models

(Table 2). Our phylomorphospace showed that plant

eaters overlap nearly completely in morphology with

non-herbivorous leuciscids (Fig. 4). Diverse trophic

profiles arise convergently throughout the tree, with

nearly every pair of sister taxa feeding on a different

set of prey types.

Transitions between diet categories

Clustering algorithms and the 60% dissimilarity

threshold supported five dietary “guilds,” synthesized

from the unique prey profiles of 102 leuciscid spe-

cies: (1) herbivores, (2) aquatic invertivores, (3)

aquatic insectivores, (4) insect larvaphagy, and (5)

general omnivores (Fig. 4). These guilds

overlapped considerably; for example, some manner

of insect-feeding occurred in 92% of the taxa sur-

veyed. Therefore, when we discuss dietary guilds, we

acknowledge that some degree of insectivory occurs

in most taxa, either incidentally or intentionally.

Herbivores (4.9% of surveyed taxa) consumed exclu-

sively plants and detritus. Aquatic invertivores (8.8%

of taxa) ate both aquatic insects and non-insect

arthropods like acarids, arachnids, isopods, water

mites (Hydrocarina), and cladocerans. Aquatic

insectivores (5.8%) consume mayflies, water beetles

(Hydrophilidae), and backswimmers (Notonectidae),

whereas insect larvaphages (1/3 of all surveyed taxa)

fed on caddisfly, odonate, stonefly, and chironomid

larvae. Finally, omnivorous leuciscids (45% of all

taxa) fed on a variety of prey, including both terres-

trial and aquatic insects (e.g., coleopterans and for-

micids), crustaceans like cladocerans, plants, detritus,

annelid worms, and sometimes fish. Transitions

from invertivory to herbivory, and the reverse were

Table 1 Results from PGLS models and PIC correlations conducted using the Hollingsworth et al. (2013) phylogeny

Tooth d Tooth l Ant. arm l Jaw w Levator aa Retractor aa Ligament l Ligament h Ligament w

Tooth d 1 0.0939 0.2193 0.0752*** 0.2519*** 0.2442*** �0.1427*** �0.2493* �0.1747***

Tooth l 0.1435 1 0.1574 0.1747*** 0.2906** �0.0295 �0.0467 �0.6167*** 0.1195*

Anterior arm l 0.0752 0.0824 1 0.2167*** 0.4015* 0.3421* �0.7160*** �1.521*** 0.0733

Jaw w 0.3140* 0.4773** 0.3102* 1 0.1619*** 0.0405 �0.1480 �1.849*** 0.0705

Levator aa 0.3846* 0.2903* 0.2102 0.4427* 1 0.4317*** �0.1471* �0.4981** �0.1272*

Retractor aa 0.3281* �0.0259 0.1576 0.1259 0.3800* 1 �0.1644** �0.3964* �0.3100***

Ligament l �0.3141* �0.0672 �0.5403*** �0.0780 �0.2120 �0.2693 1 �0.1538 0.4314***

Ligament h �0.2041 �0.3304* �0.4269* �0.3628* �0.2672 �0.2415 �0.0572 1 �0.0639*

Ligament w �0.3915* 0.1752 0.0563 0.0379 �0.1867 �0.5169** 0.4394* �0.1748 1

Values on the top right of the matrix are coefficients from PGLS models, representing the covariation between traits. Values on the bottom left

are coefficients from correlations of phylogenetically independent contrasts, representing the strength of correlation between traits. Significance

is indicated as follows: *P< 0.05, **P< 0.001, ***P< 0.0001. aa, attachment area; d, depth; h, height; l, length; w, width.
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the most common (Fig. 4) in this group. Those

transitions were nearly twice as frequent as transi-

tions between omnivory and aquatic insectivory, or

larvaphagy and omnivory. Transitions from

herbivory to omnivory were rare, whereas transitions

among insectivorous guilds (omnivores, aquatic in-

sect specialists, and larvaphages) were the most fre-

quent and persistent. Piscivory was rare in our

dataset, with only 3.6% of taxa ever feeding on

fishes.

Discussion

We found extreme convergence in the diets of North

American leuciscids (Fig. 2) with no genera uni-

formly allied with a singular trophic niche. We also

found substantial convergence in morphology, with

many anatomical measurements showing a lack of

phylogenetic signal. We investigated the connection

between dietary and morphological convergence, and

we identified a trade-off in morphology between her-

bivorous leuciscids and insectivorous leuciscids. The

evolution of herbivory was associated with conver-

gent evolution of higher muscle attachment surface

area, larger teeth, and a small ICB ligament.

Conversely, the evolution of aquatic insectivory was

associated with a large ICB ligament, narrow pharyn-

geal jaws, smaller teeth, and lower muscle attach-

ment surface area. This functional trade-off was

associated with patterns of evolutionary

integration: measurements of the jaw, muscle attach-

ment area, and teeth were positively correlated with

each other and negatively correlated with measure-

ments of the ICB ligament. We found evolutionary

transitions between diets to be common within this

group, with a particularly high number of transitions

out of herbivory, which is a rarity in other groups of

fishes.

Functional tradeoffs

Evolution of pharyngeal jaw morphology has many

functional consequences for leuciscids, given the di-

versity of prey that they consume. Insect cuticle

made of chitin and the cellulose-laden tissues of

plants must be sheered apart by their consumers

(Reilly et al. 2001; Vincent and Wegst 2004). The

cell walls of plant material require herbivorous fishes

to grind their food with high forces, which necessi-

tates jaw stability (Reilly et al. 2001; Gidmark et al.

2014). The evolution of herbivory is associated with

deeper teeth, a shorter ICB ligament, and larger le-

vator muscle attachment surface for grinding this

tough material, all of which contribute to high sta-

bility and force transmission (Gidmark et al. 2014)

(Table 2). The chitinous exoskeletons of insects par-

allel these biomechanical demands but require insec-

tivorous fishes to manipulate the pharyngeal jaw to

both pierce hard prey and allow passage of prey to

Fig. 4 Phylomorphospace of herbivorous and non-herbivorous

leuciscids. The first two PC axes from our principal component

analysis are plotted to show that herbivorous leuciscids (squares)

have a nearly complete overlap in morphospace with leuciscids

that do not have plants in their diets (open circles). Phylogenetic

relationships among taxa are depicted by the lines connected to

nodes (filled circles) to demonstrate the extent of convergence

of morphology, with distantly related taxa occupying similar

regions of morphospace.

bn6

tooth length

tooth depth

bone muscle toothligament

anterior arm 
length

mandible 
broadness

retractor 
attachment 

levator 
attachment 

ligament 
width

ligament 
height

ligament 
length

Fig. 3 Correlation map of functional metrics. Significant corre-

lations of PICs are represented by lines connecting functional

metrics, showing the extent of evolutionary integration among

structures. Solid lines represent positive correlation, and dotted

lines represent negative correlation. The thickness of the line is

proportional to the strength of the correlation, based on cor-

relation coefficients reported in Table 1.
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the esophagus (Herrel and Aerts 2004). The evolu-

tion of insectivory is associated with the elongation

of the ICB ligament and minimization of tooth and

muscle attachment size to facilitate these biomechan-

ical challenges (Table 2). This pattern is limited to

leuciscids that eat aquatic insects, which tend to be

small and easy to manipulate, relative to terrestrial

insects. These associations between diet and mor-

phology emerge when tested in the context of phy-

logeny, demonstrating that morphology has evolved

in response to dietary demands, despite the extensive

convergence seen in the pharyngeal jaws of leucis-

cids. The pharyngeal jaws of leuciscids converge by

similar means, but not necessarily to similar ends. By

this, we mean that leuciscid pharyngeal jaw mor-

phology does not converge onto similar absolute

phenotypes (“similar ends”) based on diet, which is

clearly demonstrated by the observation that herbi-

vores occupy nearly the entire morphospace of leu-

ciscid pharyngeal jaws. However, when phylogeny is

taken into account, we see a clear evolutionary ten-

dency for herbivores to have smaller ligaments, larger

teeth, and larger muscle attachment surface areas

(“similar means”). By identifying the pattern of mor-

phological change in the pharyngeal jaws associated

with diet, the trophic profile of a given species po-

tentially could be identified.

Integration

The pharyngeal jaw morphology of herbivorous and

insectivorous leuciscids reflects the inverse morpho-

logical relationship between metrics of the ICB liga-

ment and the rest of the pharyngeal jaw. The

functional metrics of the pharyngeal jaws can be

grouped into four types: muscle attachment areas

(muscle), tooth dimensions (tooth), pharyngeal jaw

dimensions (bone), and ICB ligament dimensions

(ligament). The muscle, bone, and tooth measure-

ments show evolutionary integration with positive

covariation, and these structures tend to be larger

in herbivores and smaller in insectivores, when phy-

logeny is taken into account (Fig. 3). Ligament

measurements show an inverse relationship with

the muscle, bone, and tooth metrics, both in terms

of the direction of evolutionary integration (i.e., as

one gets smaller, one gets larger) and the dietary

associations. The evolutionary integration seen

among these structures is likely due to a combina-

tion of genetic pleiotropy and developmental con-

straint (Klingenberg 2008), but the association with

Table 2 Tests for associations between diet and morphological measurements and estimates of phylogenetic signal

Measurement Phylogenetic ANOVA model(s) F of models P Pagel’s k P Blomberg’s K P

Tooth depth Y � Plants 9.337 0.0029 0.21 ns 0.18 ns

Y � -(Aq. Insects) 69.221 <0.0001

Tooth length Y � Zooplankton 9.066 0.0033 0.23 ns 0.20 ns

Tooth cusp to ligament Y � Terrestrial Insects 15.540 <0.0001 0.19 0.04 0.27 0.003

Y � -(Zooplankton) 9.103 0.0032

Jaw broadness Y � -(Aq. Insects) 17.275 <0.0001 0.42 <0.01 0.33 0.001

Levator attachment area Y � Detritus 13.064 <0.0001 0.30 0.005 0.22 0.050

Y � Plants 6.472 0.0125

Y � -(Aq. Insects) 32.1444 <0.0001

Retractor attachment area Y � Plants 41.757 <0.0001 0.35 <0.01 0.13 ns

Y � -(Aq. Insects) 78.13271 <0.0001

Ligament length Y � Aq. Insects 25.629 <0.0001 0.47 0.02 0.20 0.01

Y � -(Plant) 7.625 0.0069

Ligament height Y � -(Detritus) 7.449 0.0075 0.31 0.005 0.21 ns

Y � Aq. Insects 5.407 0.0221

Ligament width Y � Aq. Insects 126.407 <0.0001 0.11 ns 0.09 ns

Y � -(Plant) 76.341 <0.0001

Ligament CSA Y � Aq. Insects 23.532 <0.0001 0.22 ns 0.21 ns

Y � -(Plant) 6.193 0.0145

Y � -(Terr. Insects) 6.329 0.0135

Diets include plants, aquatic insects (Aq. Insects), detritus, zooplankton, and terrestrial insects (Terr. Insects). for ns P > 0.05.
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diet indicates that natural selection also plays a con-

siderable role in the coordinated evolution of these

traits. Although high evolutionary integration has

been shown to limit morphological evolution in

some systems (Collar et al. 2014), it has also been

suggested that natural selection can act on integrated

traits to drive them to peripheral extents of the pos-

sible morphospace (Parsons et al. 2011).

Coordinated evolution can also maintain traits that

are not linked by pleiotropic effects, when shared

functional demands require evolutionary integration

(Marroig and Cheverud 2005; Monteiro and

Nogueira 2010; Felice et al. 2018; Roberts et al.

2018). In this study, we have observed a trade-off

in conflicting functional demands for herbivory

and insectivory that likely plays a role in maintaining

integration and disintegration within this highly

morphologically and trophically convergent system.

To further examine the extent to which this evo-

lutionary trade-off is maintained by functional

demands rather than phylogenetic inertia, we quan-

tified phylogenetic signal for each functional metric.

Ligament and tooth traits appear to be evolving in-

dependently of phylogeny (i.e., non-significant K val-

ues), while features of the CB V (broadness and

anterior arm length) show strong correlations with

phylogeny (k < 0.5). While it is tempting to infer

that perhaps pharyngeal jaw bone traits are under

strong constraint (phylogenetic conservatism) and

ligaments are perhaps more labile, with ligaments

responding more readily to functional demands,

these generalizations can be misleading (Revell

et al. 2008). However, a lack of phylogenetic signal

in some metrics indicates that patterns of similarity

in pharyngeal jaw morphology are not due solely to

phylogenetic conservatism but also due to other evo-

lutionary processes, such as natural selection, act to

shape the pharyngeal jaws. The frequency of conver-

gence in this clade and the high species richness

makes North American leuciscids an ideal system

for fitting evolutionary models to phenotypic data,

allowing us to test for the different evolutionary pro-

cesses at play in generating convergent phenotypes

(Revell et al. 2008; Keck et al. 2016).

Dietary transitions

Herbivory and omnivory have been found to be evo-

lutionary dead-ends for many vertebrate taxa (Davis

et al. 2012; Price et al. 2012; Burin et al. 2016; Egan

et al. 2018); however, herbivorous and omnivorous

diet profiles were some of the most evolutionary la-

bile in our dataset (Fig. 5). Omnivory may provide

enough ecological flexibility for leuciscids to

capitalize on seasonally fluctuating prey resources.

Correspondingly, some degree of insect-feeding was

found in 92% of the taxa in our study, a resource

subsidy that may aid in mitigating seasonal flux in

resource availability or even macroevolutionary shifts

in diet preference over larger timescales (Mundahl

and Wissing 1987; Behrens and Lafferty 2007).

Transitions between exclusive insectivory and either

herbivory or invertivory were rare in our dataset,

which suggests a biomechanical constraint when

feeding predominantly on either plants or

insects (a trade-off between stability and mobility).

Mechanical processing is a rate-limiting step for con-

suming stubborn prey materials like cellulose (Day

et al. 2011) and chitinous insect cuticle (F€ange et al.

1979; Evans and Sanson 2005). This is particularly

important for leuciscids, because of simple gut mor-

phology (German 2009; German et al. 2010) and lack

of either oral jaw teeth or a stomach (Simons and

Gidmark 2010). More natural history research into

ontogenetic and seasonal diet variation, and how this

pertains to feeding anatomy, is needed to broaden

our understanding of leuciscid ecomorphology.

Conclusion

The ecomorphological diversity that leuciscids ex-

hibit can be difficult to link to specific functional

and ecological traits such as diet, given the extreme

convergence in both diet and morphology. We have

shown that analyzing diet in a phylogenetic context

gives rise to clear patterns of dietary evolution and

demonstrates conflicting functional demands for her-

bivory and insectivory. Inverse patterns of

Fig. 5 Dietary transitions of North American leuciscids between

herbivory, aquatic invertivory (zooplankton), aquatic insectivory,

insect larvaphagy, and general omnivory. Arrows denote the di-

rection of transition and numbers signify the frequency of tran-

sitions (single individuals).
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morphological integration correspond with these

conflicting demands, which indicate that coordinated

evolution of morphological traits is a key mechanism

for producing functional diversity in this clade.

Evolutionary integration among pharyngeal jaw traits

has also likely played a role in facilitating the many

dietary transitions seen in leuciscids, providing the

evolutionary lability to respond to the changes

demands of diet.
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