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Synopsis The concept of modularity is fundamental to understanding the evolvability of morphological structures and is 
considered a central framework for the exploration of functionally and developmentally related subsets of anatomical traits. In 
this study, we explored evolutionary patterns of modularity and integration in the 4-bar linkage biomechanical system of the 
skull in the !sh family Labridae (wrasses and parrot!sh). We measured evolutionary modularity and rates of shape diversi!- 
cation of the skull partitions of three biomechanical 4-bar linkage systems using 205 species of wrasses (family: Labridae) and 
a three-dimensional geometric morphometrics data set of 200 coordinates. We found support for a two-module hypothesis 
on the family level that identi!es the bones associated with the three linkages as being a module independent from a module 
formed by the remainder of the skull (neurocranium, nasals, premaxilla, and pharyngeal jaws). We tested the patterns of skull 
modularity for four tribes in wrasses: hypsigenyines, julidines, cheilines, and scarines. The hypsigenyine and julidine groups 
showed the same two-module hypothesis for Labridae, whereas cheilines supported a four-module hypothesis with the three 
linkages as independent modules relative to the remainder of the skull. Scarines showed increased modularization of skull ele- 
ments, where each bone is its own module. Diversi!cation rates of modules show that linkage modules have evolved at a faster 
net rate of shape change than the remainder of the skull, with cheilines and scarines exhibiting the highest rate of evolutionary 
shape change. We developed a metric of linkage planarity and found the oral jaw linkage system to exhibit high planarity, while 
the rest position of the hyoid linkage system exhibited increased three dimensionality. This study shows a strong link between 
phenotypic evolution and biomechanical systems, with modularity in"uencing rates of shape change in the evolution of the 
wrasse skull. 
Introduction 
Morphological and biomechanical traits often have 
varying levels of interrelationships with other such 
traits that can re"ect their level of evolutionary in- 
dependence or their tendency to coevolve as tightly 
associated units or modules ( Wagner 1996 ). The vari- 
ation in independence and arrangement between traits 
can be analyzed using the concepts of modularity 
and integration. Prior modularity research has often 
shown patterns of covariation to be unevenly dis- 
tributed in a system, where some traits show higher 
correlation, whereas others show higher indepen- 
dence ( Cheverud 1982 , 1995 ; Olson and Miller 1999 ; 
Albertson et al. 2005 ; Klingenberg 2008 ; Goswami 
and Polly 2010 ; Parsons et al. 2011 , 2012 ; Goswami 
et al. 2019 ). These patterns of modularity can result 
in sets of semi-independent traits that can evolve at 

di#erent evolutionary rates or respond to evolutionary 
or biomechanical forces di#erently, potentially leading 
to new functional or structural innovations (i.e., mo- 
saic evolution). Identifying these patterns over a large 
phylogenetic sample can hint at the developmental, 
functional, or environmental in"uences driving the 
evolution of a system ( Cheverud 1982 , 1995 ; Olson and 
Miller 1999 ; Klingenberg 2008 ; Larouche et al. 2018 ; 
Adams and Collyer 2019 ; Bardua et al. 2019 ; Churchill 
et al. 2019 ; Goswami et al. 2019 ). Modularity analyses 
applied to complex anatomical systems in a large and 
diverse group of species can reveal macroevolutionary 
patterns in a group and help understand the impacts of 
change in complex functional systems. 

Fish-feeding systems are among the most diverse 
morphological and kinetic structures in vertebrates. 
The teleost !sh skull is a highly complex structure 
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2 S. M. Gartner et al . 
composed of multiple bony elements connected by soft 
tissues that function in a diversity of ways to success- 
fully feed on prey ( Liem 1970 ; Anker 1974 ; Barel 1982 ; 
Lauder 1982 ; Muller 1989 ; Westneat 2006 ). The func- 
tional systems of the skull in most teleost !sh operate 
as biomechanical levers and linkages that control the 
movements of bones and coevolve with the morpholog- 
ical structures ( Westneat 1990 ; Wainwright et al. 2004 ). 
The three major 4-bar linkage systems in the perciform 
skull are the anterior jaw linkage, the opercular link- 
age, and the hyoid linkage ( Westneat 1990 ). These link- 
ages have been modeled as a 4-bar linkage system using 
mechanical engineering principles ( Anker 1974 ; Muller 
1989 ; Westneat 1990 ; Olsen and Westneat 2016 ), where 
the movement of three mobile links connected by ro- 
tating joints has computationally de!ned motions rela- 
tive to a fourth !xed link ( Fig. 1 ). The linked nature of 
these mechanical systems suggests the hypothesis that 
each linkage may be tightly integrated and that the three 
linkages may show a high level of integration with one 
another. Alternatively, it has been shown that there is a 
frequent phylogenetic divergence among close relatives 
in these systems, leading to a broader pattern of conver- 
gence across groups ( Westneat et al. 2005 ), suggesting 
the alternative hypothesis that functional diversity may 
be driven by independent evolution of linkage systems. 

Teleost skulls have been the subject of multiple mod- 
ularity studies ( Evans et al. 2017 , 2019 , 2022 ; Ornelas- 
García et al. 2017 ; Baumgart and Anderson 2018 ; 
Larouche et al. 2018 , 2022 ). Recent work in the labrid 
!sh ( Larouche et al. 2022 ) found functional hypothe- 
ses, instead of developmental hypotheses, to be more 
strongly supported in a modularity analysis of the skull. 
This work also found that the best-!tting functional hy- 
potheses exhibited patterns in which traits with simi- 
lar functions (i.e., oral jaws and pharyngeal jaws) were 
more tightly integrated than traits that share develop- 
mental origins (i.e., maxilla and premaxilla). These re- 
cent studies have revealed patterns of modularity based 
on developmental and functional systems in the teleost 
skull, yet a central question remaining is the degree to 
which the biomechanical linkage systems of the skull 
are tightly integrated as modules. The linkage systems 
all share a similar function in that they help to move the 
skull during di#erent behaviors (i.e., feeding, breathing, 
and social communication). Mainly, the anterior jaw 
linkage system functions to move the oral jaws, the op- 
ercular linkage system moves the opercular series and 
the lower jaw, and the hyoid linkage system moves the 
hyoid apparatus and the lower jaw ( Fig. 1 ). This leads 
to the question: Does having a shared function lead to 
higher covariation among traits? Are the 4-bar link- 
age systems modular at an evolutionary level? In other 
words, do the skulls parse out into modules described 

Fig. 1 (A) Basic schematic of the 4-bar linkage. 1 represents the !xed 
link, 2 input link, 3 coupler link, and 4 output link. These letterings 
correspond to (B) and (C) . (B) Lateral view of Halichoeres argus with 
the anterior jaw (blue) linkage with the associated bones highlighted 
in blue and opercular (red) linkage with the associated bones 
highlighted in red. (C) lateral view of the inside of H. argus with 
the hyoid (yellow) linkage with the bones involved with the linkage 
system highlighted in yellow. Abbreviations: Pal—palatine; PX—
premaxilla; DT—dentary; Ang—angular; POP—preoperculum; 
OP—operculum; SOP—suboperculum; IOP—interoperculum; 
IH—interhyal; PG—pectoral girdle; CH—ceratohyal; UH—urohyal; 
HH—h ypoh yal; HM—h yomandibula. 
by the 4-bar linkage systems across lineages? Here, we 
further investigate the functional trends that govern the 
modularity and integration of the !sh skull, testing the 
level of integration in and among the modules de!ned 
by the biomechanical 4-bar linkages of the teleost skull. 
We try to further understand whether covariation of 
bone shape is a signal of the functional modularity of 
the linkage systems (e.g., whether the linkage systems 
are functionally transforming together). 

The 4-bar linkage systems in !sh have been mod- 
eled as two-dimensional (2D; Anker 1974 ; Muller 1989 ; 
Westneat 1990 ) and three-dimensional (3D; Olsen and 
Westneat 2016 ; Olsen et al. 2017 ) structures, with 
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Linkage modularity in the wrasse skull 3 
recent work revealing the importance of accounting for 
3D linkage structure when present. In addition, mod- 
ularity was shown to have a relationship with the kine- 
matic transmission (KT) of 3D 4-bar linkage systems in 
salmon ( Baumgart and Anderson 2018 ). Our 3D geo- 
metric morphometrics of linkage structures allows us 
to address the question of planarity and deviation from 
planarity across a large sample of labrid !sh. Here, we 
test the planarity, or two dimensionality, of 4-bar link- 
age systems to understand whether three dimensional- 
ity, or lack thereof, a#ects the modularity of the system. 

Wrasses and parrot!sh (family: Labridae) are a 
group of coral reef !sh with a wide diversity in skull 
shape and have a well-resolved phylogeny ( Aiello et al. 
2017 ; Larouche et al. 2022 ). This group of !sh rep- 
resents the second largest marine !sh family and has 
been shown to have a wide diversity in skull shape 
and function, with the amount of diversity in each 
tribe showing divergence in lever and linkage mecha- 
nisms ( Wainwright et al. 2004 ; Westneat et al. 2005 ). 
These !ndings provide an opportunity to investigate 
the family-wide and tribe-speci!c evolutionary in"u- 
ences on the skull and associated skeletal elements. Us- 
ing this diversity, we seek to quantify the relationship 
between the 4-bar linkage systems and skull morphol- 
ogy over evolutionary time. Thus, the main objectives 
of this study were to investigate the modularity patterns 
seen across wrasse linkage systems and in four main 
wrasse tribes (hypsigenyines, julidines, cheilines, and 
scarines) and to test whether the best-!tting hypotheses 
of modularity led to di#erences in phylogenetic rates of 
linkage diversi!cation. In addition, because 4-bar link- 
ages are typically modeled as planar transmission sys- 
tems, we set out to quantify the three dimensionality of 
the linkage systems by developing a metric of linkage 
planarity to understand whether modularity is a#ected 
by the relative planarity versus three dimensionality of 
these mechanical systems. 
Methods 
Phylogeny 
To provide a framework for modularity testing, we 
used a recently published phylogenetic analysis of 410 
species of labrid !sh ( Larouche et al. 2022 ) ( Fig. 2 ). This 
tree provides an updated topology and time-tree branch 
lengths for the family, used in our prior work to explore 
the tempo and mode of skull modules. The phylogeny 
was built as a subset of a larger in-progress study of 
550 species using a set of 12 genes, both mitochondrial 
and nuclear, accumulated by a series of recent studies 
( Westneat and Alfaro 2005 ; Smith et al. 2008 ; Aiello 
et al. 2017 ) and analyzed in BEAST using the same fos- 
sil calibration framework as the recent phylogenomic 

analysis of the Labridae ( Hughes et al. 2022 ). The re- 
sulting time-calibrated Bayesian inference tree was then 
pruned down to the 205 taxa for which we collected 
morphometric data using the drop.tip function in the 
R package ape ( Paradis et al. 2004 ). 
Geometr ic mor phometr ics 
We quanti!ed 3D skull shape across 205 labrid species 
using microcomputed tomography ( µCT) scans (pre- 
viously detailed in Larouche et al. 2022 and Evans et al. 
2022 ). We scanned one individual for each species. 
Specimens scanned were all adults and free of any 
sex-speci!c morphologies (e.g., the hump on the male 
Napoleon wrasse). Specimens were selected in an ap- 
propriate size range for scanning and with jaws closed 
when available. We calculated jaw gape as a propor- 
tion of skull length ( Supplementary Table 1 ) to assess 
whether jaws were partially open due to the specimen 
position when preserved. We found about 20 speci- 
mens with greater than 10% jaw gape, including several 
Anampses but no cheilines or scarines. To explore the 
possible in"uence of these preservational artifacts, we 
conducted sensitivity analyses by analyzing modularity 
and evolutionary patterns both with and without those 
species included. We found that the presence or absence 
of specimens with their mouths partially open did not 
impact the modularity or evolutionary rate analyses. 
The specimens were primarily from the ichthyology 
collection from the Field Museum of Natural History 
(FMNH), Chicago, IL. Additional specimens came 
from the Academy of Natural Sciences of Drexel Uni- 
versity (ANSP), the American Museum of Natural 
History (AMNH), the Australian Museum (AM), the 
Bell Museum of Natural History (JFBM), the Bernice 
Pauahi Bishop Museum (BPBM), the Burke Museum 
of Natural History and Culture (UWFC), the National 
Museum of Natural History (USNM), and the Natural 
History Museum (BMNH) ( Supplementary Table 2 ). 
Specimens were scanned at the University of Chicago, 
University of Minnesota, and University of Wash- 
ington Friday Harbor Laboratories as a part of the 
scanAllFishes and oVert initiatives. 

Scans were segmented in Amira v2.0.0 (Thermo 
Fisher Scienti!c, Waltham, MA) to isolate the skull 
and remove scales and debris. We followed the land- 
marking methods described in Larouche et al. (2022) . 
However, we added three landmarks that describe 
points along the pectoral girdle (Supplementary Ta- 
ble 3). Brie"y, the isolated skulls were converted into 
3D meshes and imported into Checkpoint (Strato- 
van, Davis, CA). Shape variation was described by 
200 3D points, 83 landmarks, and 117 semi-landmarks 
( Supplementary Fig. 1 ) that adequately sampled the 
pharyngeal jaws, oral jaws, neurocranium, nasals, 
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4 S. M. Gartner et al . 

Fig. 2 Time-calibrated tree of the Labridae (410 species) from Larouche et al. 2022 with red bars indicating presence of the 205 wrasse species 
in our data set while red arrows point to the tribes we analyzed further in the modularity study: (A) hypsigenyines highlighted in orange, (B) 
julidines highlighted in blue, (C) cheilines highlighted in green, and (D) scarines highlighted in pink. A scale bar is provided on the bottom right 
in million years per before present (mybp). 
hyomandibula, operculum, hyoid apparatus, and pec- 
toral girdle ( Supplementary Table 3 for descriptions of 
each landmark). Points were solely placed on the left 
side of the skull. 

Due to our interest on the linkage systems, and their 
essential reliance on positioning, we used a General 
Procrustes Analysis (GPA) ( Fig. 2 ) of the entire compo- 

sition where the landmark con!gurations are !rst cen- 
tered at their origin (i.e., the centroid), then scaled to 
unit centroid size and, !nally, optimally rotated using an 
iterative process to minimize the summed squared dis- 
tances between homologous landmarks ( Rohlf and Slice 
1990 ; Zelditch et al. 2012 ). For the semi-landmarks, 
the positions were optimized using the criterion of 
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Linkage modularity in the wrasse skull 5 

Fig. 3 Phylomorphospace with the !rst two PCs from a PCA of 205 wrasse specimens. 3D mesh insets illustrate changes in landmark positions 
between the species with the mean shape and the minimum or maximum values along both axes. 
minimizing the Procrustes chord distance between the 
reference and target specimens. We chose this method 
due to the alternative criterion of minimum bending 
energy being shown to potentially introduce spurious 
spatial autocorrelations among sliding semi-landmarks 
( Cardini et al. 2019 ). 
Phylomorphospace 
To explore the phylogenetic patterns of 3D skull mor- 
phometrics, and to identify regions of interest, we used 
a phylomorphospace approach ( Sidlauskas 2008 ). Prin- 
cipal component analysis (PCA) was used as an ex- 
ploratory method to describe major axes of variation 
in the skull of the Labridae. Major axes of shape varia- 

tion were visualized by plotting shape changes between 
the species with the most extreme scores along each PC 
axis that captured the most shape variation. We visu- 
alized the phylomorphospace using R ( RStudio 2012 ) 
in the package phytools using the function phylomor- 
phospace ( Revell 2012 ). We plotted the entire Labridae 
family ( Fig. 3 ) as well as the tribes of interest ( Fig. 4 ) 
to visualize the geometric patterns of change along the 
phylogeny in and across tribes. 
Modularity tests 
Thirteen modularity hypotheses were created and 
tested, determined by the bones directly connected in 
the 4-bar linkage systems ( Table 1 ). We tested whether 
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6 S. M. Gartner et al . 

Fig. 4 Phylomorphospaces of four Labrid tribes: (A) hypsigenyines, (B) julidines, (C) cheilines, and (D) scarines. 3D mesh insets illustrate 
changes in landmark positions between the species with the lowest and highest variation along both axes. 
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Linkage modularity in the wrasse skull 7 
Table 1 Description of all 13 hypotheses tested with the number of modules each hypothesis is testing 
Hypothesis Description of modules Number of modules 
H1 Premaxilla + maxilla + dentary + articular + neurocranium + nasals + upper pharyngeal 

jaw + lower pharyngeal jaw + ceratohyal + urohyal + hyomandibula + opercular 
series + palatine + pectoral girdle + h ypoh yal + suspensorium 

14 
H2 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * urohyal * hyomandibula * premaxilla) + (nasals * neurocranium * upper 
pharyngeal jaw * lower pharyngeal jaw) 

2 
H3 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * urohyal * hyomandibula) + (premaxilla * nasals * neurocranium * upper 
pharyngeal jaw * lower pharyngeal jaw) 

2 
H4 (Angular * dentary * palatine * maxilla * premaxilla) + (ceratohyal * hypohyal * urohyal * 

pectoral girdle) + (opercular series * suspensorium * hyomandibula) + (nasals * 
neurocranium * upper pharyngeal jaws * lower pharyngeal jaws) 

4 
H5 (Angular * dentary * palatine * maxilla) + (ceratohyal * hypohyal * urohyal * pectoral girdle) + 

(opercular series * suspensorium * hyomandibula) + (premaxilla * nasals * neurocranium * 
upper pharyngeal jaws * lower pharyngeal jaws) 

4 
H6 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * urohyal * hyomandibula * premaxilla) + nasals + neurocranium + upper 
pharyngeal jaw + lower pharyngeal jaw) 

4 
H7 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * uroh yal * hyomandibula) + premaxilla + nasals + neurocranium + upper 
pharyngeal jaw + lower pharyngeal jaw 

5 
H8 (Angular * dentary * palatine * maxilla * premaxilla) + (ceratohyal * hypohyal * urohyal * 

pectoral girdle) + (opercular series * suspensorium * hyomandibula) + 
nasals + neurocranium + upper pharyngeal jaws + lower pharyngeal jaws 

7 
H9 (Angular * dentary * palatine * maxilla) + (ceratohyal * hypohyal * urohyal * pectoral girdle) + 

(opercular series * suspensorium * hyomandibula) + 
premaxilla + nasals + neurocranium + upper pharyngeal jaws + lower pharyngeal jaws 

8 
H10 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * urohyal * hyomandibula * premaxilla) + (nasals * neurocranium) + 
(upper pharyngeal jaw * lower pharyngeal jaw) 

3 
H11 (Angular * dentary * ceratohyal * opercular series * palatine * maxilla * suspensorium * pectoral 

girdle * h ypoh yal * urohyal * hyomandibula) + premaxilla + (nasals * neurocranium) + 
(upper pharyngeal jaw * lower pharyngeal jaw) 

4 
H12 (Angular * dentary * palatine * maxilla * premaxilla) + (ceratohyal * hypohyal * urohyal * 

pectoral girdle) + (opercular series * suspensorium * hyomandibula) + (nasals * 
neurocranium) + (upper pharyngeal jaws * lower pharyngeal jaws) 

5 
H13 (Angular * dentary * palatine * maxilla) + (ceratohyal * hypohyal * urohyal * pectoral girdle) + 

(opercular series * suspensorium * hyomandibula) + premaxilla + (nasals * neurocranium) * 
(upper pharyngeal jaws * lower pharyngeal jaws) 

6 
Note : Parentheses designate separate modules, plus signs represent separate modules, and * represent covariation between modules. 

the linkage systems were three separate modules a#ect- 
ing di#erent parts of the skull or one module having a 
shared function of skull movement for the entire fam- 
ily Labridae. The linkages were separated by the bones 
they interact with the most, with the anterior jaw sys- 
tem including the maxilla, premaxilla, dentary, angular, 
and palatine; the opercular system including the oper- 
cular series, suspensorium, and hyomandibula; and the 
hyoid system including the hypohyal, ceratohyal, uro- 
hyal, and pectoral girdle. The !rst hypothesis was a con- 
trol that treated each bone as a separate module to test 

whether there is a pattern of modularity and integra- 
tion in the system. Half of the hypotheses treat the pre- 
maxilla as a part of the anterior jaw linkage system, 
while the other half of the hypotheses treat the pre- 
maxilla as a separate module from the linkage system 
due to the premaxilla not being directly associated with 
the links, despite its motion being directly attributed to 
the anterior jaw linkage system. The hypotheses also 
varied in how many modules remained after the link- 
age systems were placed in modules (see Table 1 for 
details). We recognize that the opercular 4-bar linkage 
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8 S. M. Gartner et al . 
system has a point on the lower jaw. However, because 
the lower jaw is more in"uenced by the anterior jaw 4- 
bar linkage, we included the lower jaw in the anterior 
jaw linkage module only. 

To test patterns of modularity in the tribes, we re- 
peated our analyses of modularity in four tribes that 
had a large enough sample size of species. The tribes 
included were hypsigenyines (hog!sh, tusk!sh, and rel- 
atives), julidines (crown tribe of many genera), cheilines 
(maori wrasses), and scarines (parrot!sh). 

Hypotheses of evolutionary modularity were com- 
pared using the e#ect size of the covariance ratio (CR), 
one of the most widely used methods to analyze mod- 
ularity. The CR is a measure of the relative strengths of 
associations among partitions of landmarks versus as- 
sociations in these subsets ( Adams and Collyer 2019 ). 
CRs were computed with the function phylo.modularity , 
and the e#ect sizes were compared using the com- 
pare.CR function; both functions are implemented in 
the R package geomorph ( Adams et al. 2022 ). 

We also analyzed the modularity hypotheses using 
the distance matrix method, which produces a correla- 
tion matrix between the shape partitions of landmark 
subsets by calculating pairwise Procrustes distances be- 
tween each specimen for each shape partition and then 
computing matrix correlations between the pairwise 
distance matrices ( Monteiro et al. 2005 ). The resulting 
correlation matrices were analyzed and visualized using 
graphical modeling (GM). The GM uses the assump- 
tion of conditional independence between the parti- 
tions of shape, and the hypotheses can be ranked using 
the deviance information criterion (DIC). Correlation 
matrices were produced using an Rscript developed by 
Adam Roundtree (available as supplementary material 
from Zelditch et al. 2012 ) and edited for its application 
with 3D landmark data and controlling for phylogeny 
( Larouche et al. 2022 ; available on Dryad). The GM was 
performed using the function !tConGraph from the R 
package ggm ( Marchetti 2006 ). 

The best-supported modularity hypothesis may dif- 
fer between the CR method and the distance matrix ap- 
proach. These methods use di#erent metrics and test 
modularity in conceptually di#erent ways. The covari- 
ance method uses the relative strengths of association 
in modules versus across modules and shows the pat- 
tern of integration across partitions of shape. Here, we 
de!ned the best-!tting hypothesis for the CR as the low- 
est e#ect size. The distance matrix approach takes con- 
ditional independence into consideration and empha- 
sizes aspects of modularity that are quasi-independent 
(i.e., consequential for evolvability). There are two types 
of distance matrix tests, one that takes position and 
shape into consideration and one that only takes shape 
into account. We de!ned the best-!tting hypothesis 

as the one with the lowest DIC score. Together, these 
methods can help elucidate broad-scale modularity pat- 
terns by looking at the commonalities between the 
results. 
Evolutionary rate analyses 
We used the rate ratio method ( Denton and Adams 
2015 ) to investigate whether the best-!tting modularity 
hypothesis for each tribe was paralleled by di#erences 
in phenotypic rates across modules. We ran these anal- 
yses on the best-!tting hypotheses from the two mod- 
ularity analyses described above. The rate ratio method 
assumes a Brownian motion (BM) evolutionary model 
for each module, estimates per-module rates, and then 
calculates a ratio between the highest and lowest of 
these rates. These rate comparisons use the function 
compare.evol.rates for group-wise (i.e., across tribes) 
comparisons of the same landmark con!gurations and 
compare.multi.evol. rates for comparisons among sub- 
sets of landmarks belonging to these con!gurations, 
both implemented in the R package geomorph ( Adams 
et al. 2022 ). We recognize that some of the modules 
may not evolve in BM; however, at this time, there is no 
method we can use to overcome this assumption. How- 
ever, recent analyses suggest that the trends of the re- 
sults are minimally in"uenced even if some partitions 
are not evolving under BM ( Larouche et al. 2022 ). 
Linkage planarity metrics 
To test the idea that linkage modularity may vary 
with the three dimensionality of linkage structure, we 
developed a metric of linkage planarity. Computational 
4-bar linkage mechanics typically assumes that linkages 
are planar, with deviations from planarity resulting in 
some models being rejected as appropriate constructs 
for function, highlighting the need for 3D modeling 
( Westneat 1994 ; Olsen and Westneat 2016 ). The 3D 
coordinates of each 4-bar linkage were used to develop 
a metric of planarity to assess the degree to which the 
four rotational joints were positioned in the same plane 
in their rest positions. The !xed link (involving two 
joints) plus one mobile joint was aligned in the XY 
plane (with Z at zero), with the fourth joint retaining 
its Z-axis value, and the 3D area of the linkage was 
computed. Then, the fourth joint was projected onto 
the XY plane, and the projected planar area recalcu- 
lated. Three-dimensional area was always greater than 
projected area, so the ratio of projected area to 3D 
area was used as a metric (ranging from 0 to 1.0) of 
the planarity of each of the three linkages across all 
205 specimens. 
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Linkage modularity in the wrasse skull 9 
Results 
The main results from our study are as follows: (1) the 
general pattern of modularity across the family Labri- 
dae is that the three linkage systems are highly inte- 
grated with each other but are separate modules from 
the neurocranium, nasals, premaxilla, and pharyngeal 
jaws; (2) linkage systems are conditionally indepen- 
dent in scarines and cheilines and evolve at faster di- 
versi!cation rates than in hypsigenyines and julidines; 
(3) the module containing all three linkage systems 
evolved faster than the remainder of the skull; and (4) 
the planarity of the linkages in their rest position is high 
in the anterior jaw linkage and opercular linkage but 
lower in the hyoid linkage. 
Phylomorphospace 
We constructed multiple phylomorphospaces based on 
the shape data from the whole skull and for each in- 
dividual tribe. For the whole skull phylomorphospace, 
PC1 explains the variation in rostral-caudal length 
(36.61% of the variation) of the skull. In addition, PC1 
captures variation in urohyal length and positioning of 
the pectoral girdle ( Fig. 3 ). PC2 explains the variation 
in dorsal-ventral length (15.26% of the variation) across 
the skull shapes. Additionally, PC2 captures variation 
in the supraoccipital crest and positioning of the pha- 
ryngeal jaws ( Fig. 3 ). These two axes explain over half 
(51.87%) of the variation in wrasses. 

Hypsigenyines’ !rst two axes of the phylomor- 
phospace explain over half the variation in this tribe 
(67.18%). PC1 explains changes in rostral–caudal 
length as well as changes in the orbit, which account 
for 55.64% of the variation in this clade ( Fig. 4 ). There 
is a strong strati!ed pattern along PC1 that is domi- 
nated by the species Siphonognathus argyrophanes. This 
species is an outlier among all wrasses and is character- 
ized by an elongated skull with long premaxilla and den- 
tary bones. PC2 captures 11.54% of the variation and 
describes changes in dorsoventral length and in urohyal 
length. Additionally, changes to the dorsal-ventral po- 
sitioning of the hyoid apparatus, speci!cally the cerato- 
hyal, are captured by PC2 ( Fig. 4 ), indicating that PC2 
captures the changes in the hyoid linkage system as well. 

The julidine phylomorphospace shows PC1 contain- 
ing 28.42% of shape change relating to the posterior 
region of the skull. More speci!cally, PC1 captures 
changes in shape of the operculum and pectoral gir- 
dle ( Fig. 4 ). PC1 also captures the frontal–caudal length 
changes to the hyoid apparatus. PC1, therefore, captures 
changes to the opercular and hyoid linkage systems. On 
the other hand, PC2 captures 16.30% of variation and 
is dominated by variations in premaxilla, supraoccipi- 
tal, and urohyal morphologies, indicating that PC2 cap- 

tures some changes to the anterior jaw linkage system. 
Interestingly, there were no genus-related groupings in 
this tribe. 

The cheiline phylomorphospace exhibits a PC1 and 
PC2 that capture a majority of variation in this tribe’s 
skull (56.78%; Fig. 4 ). PC1 captures 39.28% variation, 
while PC2 captures 17.50%. The variation in PC1 is re- 
lated to length changes in the lower jaw and urohyal, 
while PC2 captures variation in dorsal–ventral length. 
PC1 additionally captures rostral–caudal displacement 
of the nasals. Therefore, PC1 captures changes to the an- 
terior jaw and hyoid linkage system, while PC2 captures 
changes in the opercular linkage system on the dorsal–
ventral axis. Oxycheilinus mainly varies along PC1, 
while Cheilinus has most of its variation along PC2. 

For the scarine phylomorphospace, shape change is 
captured by the primary axis of variation (PC1) that 
contains 26.46% of the overall variation and is domi- 
nated by changes in premaxilla angle and length and 
rostrocaudal length ( Fig. 4 ). PC1 also mainly captures 
the placement of the lower pharyngeal jaw. In contrast, 
the next largest shape axis (PC2) contains 12.67% of 
the overall variation and explains di#erences in toothed 
versus beaked species. This indicates that both PC1 and 
PC2 capture changes to the anterior jaw linkage sys- 
tem. Additionally, PC2 captures dorsal–ventral varia- 
tion, mainly with the hyoid linkage system. Several of 
the remaining axes of variation are related to the hyoid 
apparatus, pectoral girdle, and other aspects of the skull. 
About four PCs describe half the variation in scarines. 
We additionally see a strati!ed pattern along PC1 be- 
tween the beaked and nonbeaked parrot!sh ( Fig. 4 ). 
Modularity tests 
Modularity analysis across the entire family Labridae 
supports several of the hypotheses of modularity. The 
CR ratio test supports hypothesis 3, showing integra- 
tion between all the linkages and placing the pre- 
maxilla in the remainder of the skull module (i.e., 
nasals, neurocranium, premaxilla, and pharyngeal jaws; 
Supplementary Table 4 ). The GM supports hypothesis 2 
in both tests ( Supplementary Table 5 ), which indicates 
that the premaxilla is integrated with the linkages. The 
support for these hypotheses indicates integration of the 
three linkages with one another, which is the main pat- 
tern of modularity throughout wrasses. Furthermore, 
these linkages are decoupled from the remainder of the 
skull, including the upper and lower pharyngeal jaws 
( Fig. 5 ). 

Analysis of the hypsigenyines supported three hy- 
potheses of modularity ( Table 2 ). The CR test sup- 
ports hypothesis 10 ( Supplementary Table 6 ), a three- 
module hypothesis with all the linkages integrated 
into one module, with the nasals and neurocranium 
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10 S. M. Gartner et al . 

Fig. 5 Modularity results represented on Halichoeres argus from the 
CR and distance matrix method modularity tests. Each color repre- 
sents a di"erent module where green is the three-linkage module and 
blue is the remainder of the bones (neurocranium, nasals, pharyn- 
geal jaws, and premaxilla). In the CR test results, wrasses, cheilines, 
scarines, and julidines are being represented by hypothesis 3 while 
hypsigenyines represent hypothesis 10. In the distance matrix test, 
wrasses, julidines, and hypsigenyines represent hypothesis 2, cheilines 
represent hypothesis 8, and scarines represent hypothesis 1. All these 
hypotheses were best supported in the corresponding tests. 

making a second and the pharyngeal jaws making a 
third module. The GM supported hypotheses 3 and 5 
( Supplementary Table 7 ). Hypothesis 3 is a two-module 
hypothesis and partitions the data into the linkage 
bones (e.g., the bones that compose the 4-bar linkage 
systems) and the remainder of the skull. This hypothe- 
sis is supported by the graphical modeling test that pre- 
serves relative positions and sizes in the data. Hypoth- 
esis 5 is a four-module hypothesis in which the three 
linkages compose three modules with the premaxilla, 
and the remainder of the bones are in the fourth mod- 
ule. This hypothesis is supported by the GM test, which 
only considers variation in shapes of landmark posi- 
tions. We reran our analyses without the outlier S. ar- 
gyrophanes and found similar results in that the hy- 
potheses supported grouped the linkages together as 
one module. These hypotheses indicate that in hyp- 
sigenyines, the linkages are integrated in all variables 
except shape, where the linkages are more modular. 
This indicates that the bones involved with each linkage 
are able to vary in shape but are linked to each other in 
position and size. 

The julidine data support two modularity hy- 
potheses. The CR test supports hypothesis 2 
( Supplementary Table 8 ), while graphical mod- 
eling supports hypotheses 2 and 4 ( Table 2 ; 
Supplementary Table 9 ). Hypothesis 2 has two dis- 
tinct modules with the premaxilla being treated as 
a part of the linkage systems. Hypothesis 4 has four 
distinct modules and splits the linkage systems into 
three with the remainder of the bones, including the 
premaxilla, as the fourth module. The GM method 
that emphasizes shape variation supports hypothesis 4 
( Supplementary Table 9 ), suggesting strong covariation 
in shape in linkage systems, whereas covariation in 

Table 2 Modularity hypothesis support for the covariance ratio (CR) and graphical modeling (GM) methods 
Tribe Test Hypothesis supported P -value e!ect size DIC score 
Hypsigenyines CR 10 0.001 −10.54 N/a 

GM 3 N/a N/a −37.652346 
GM 5 N/a N/a −76.026436 

Julidines CR 2 0.001 −20.000761 N/a 
GM 2 N/a N/a 2.45716529 
GM 4 N/a N/a −19.694909 

Cheilines CR 2 0.001 −17.36 N/a 
GM 8 N/a N/a −80.949597 
GM 9 N/a N/a −126.36137 

Scarines CR 3 0.001 −10.52 N/a 
GM 12 N/a N/a −96.073491 
GM 1 N/a N/a −183.58255 
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Linkage modularity in the wrasse skull 11 
position and size is predominant between the linkage 
systems. Julidines have a similar pattern to the hyp- 
sigenyines in that the bones involved in linkages are 
able to vary in shape more independently but are linked 
in all other variables. 

Cheilines support three hypotheses of modularity: 
hypotheses 2, 8, and 9 ( Table 2 ). The CR test supports 
hypothesis 2 ( Supplementary Table 10 ), while GM sup- 
ports hypotheses 8 and 9 ( Supplementary Table 11 ). Hy- 
pothesis 2 is a two-module hypothesis with the premax- 
illa being treated as a part of the linkage module. Hy- 
potheses 8 and 9 both demarcate the linkage systems as 
their own modules. These two hypotheses indicate that 
the linkages are conditionally independent when posi- 
tion and shape are considered. However, there is still 
strong covariation across the linkages compared to the 
bones not involved in the linkages based on the CR test 
supporting hypothesis 2. We reran our analyses with- 
out the outlier, Epibulus insidiator , and found similar 
results that split the linkages into three di#erent mod- 
ules. The support for these three hypotheses indicates 
that cheilines deviate from the pattern of modularity at 
the family level. Cheilines’ linkages have become more 
modular and more independent from each other. 

Finally, the scarine data support three modularity 
hypotheses ( Table 2 ). The CR test supports hypothe- 
sis 3 ( Supplementary Table 12 ). This hypothesis has the 
three linkages covarying but independent from the re- 
mainder of the skull with the premaxilla. The graph- 
ical modeling method supports hypotheses 1 and 12 
( Supplementary Table 13 ). Hypothesis 1 separates each 
bone into its own module, whereas in hypothesis 12 
there are !ve modules with each linkage system being a 
separate module, alongside a fourth module including 
the neurocranium and nasals and a !fth module includ- 
ing the pharyngeal jaws. This indicates that there may 
be increased modularization across scarines due to the 
majority of the tests supporting hypotheses that treat 
the linkages as separate modules and the remainder of 
the skull parsing into two more additional modules. 
Evolutionary rates of change in skull shape 
We calculated the net rate of shape evolution for the 
whole skull and across all labrid tribes. Additionally, 
we computed the rate of shape evolution for each 
4-bar linkage system across Labridae, represented as the 
bones connected in the linkage system. The cheilines 
have the highest rate of evolution for every shape tested 
( Table 3 ). We additionally calculated the shape change 
for the bones associated with the linkages. We found a 
trend in which the hyoid module is the fastest evolving 
system, followed by the anterior jaw module, opercu- 
lar module, and neurocranium module ( Table 4 ). Ad- 
ditionally, the linkages having a higher rate of evolution 

Table 3 Comparison of the whole skull and three linkage systems 
across the four tribes analyzed 
Tribe Structure Evolutionary rate 
Cheilines Whole skull 9.85E −05 
Hypsigenyines Whole skull 2.69E −06 
Julidines Whole skull 3.32E −06 
Scarines Whole skull 4.13E −06 
Cheilines Anterior linkage 6.45E −05 
Hypsigenyines Anterior linkage 2.69E −06 
Julidines Anterior linkage 2.44E −06 
Scarines Anterior linkage 3.03E −06 
Cheilines Opercular linkage 6.47E −05 
Hypsigenyines Opercular linkage 1.88E −06 
Julidines Opercular linkage 2.09E −06 
Scarines Opercular linkage 2.54E −06 
Cheilines Hyoid linkage 3.31E −04 
Hypsigenyines Hyoid linkage 4.25E −06 
Julidines Hyoid linkage 7.41E −06 
Scarines Hyoid linkage 7.94E −06 

Table 4 Evolutionary rates for shape across all 205 species. The re- 
mainder of the skull includes the neurocranium, nasals, premaxilla, 
and pharyngeal jaws 
Structure Evolutionary rate 
Anterior jaw linkage 1.12E −05 
Opercular linkage 9.70E −06 
Hyoid linkage 4.06E −05 
Remainder of the skull 8.87E −06 
Linkage module 2.01E −05 

than the remainder of the bones held true when rates 
were estimated and compared between a linkage mod- 
ule (i.e., all linkages are included in a single module) 
and a second module comprising the remainder of the 
bones ( Table 4 ). 

We analyzed the four tribes independently and 
found that the hypsigenyine and julidine patterns 
of modularity support integration between linkages. 
Overall, the hypsigenyine and julidine trends are the 
evolutionary rates of the linkage module evolve at a 
faster rate than the neurocranium ( Table 3 ). 

Cheilines show a pattern of modularity in which 
the three linkage systems are independent modules. 
The net change of shape for the bones associated 
with the anterior linkage system was the lowest, fol- 
lowed by the opercular and hyoid linkage systems. 
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12 S. M. Gartner et al . 
The upper pharyngeal jaw has a diversi!cation rate 
that is higher than that of the lower pharyngeal jaws 
( Supplementary Table 14 ). Scarines show a pattern of 
modularity that indicates each bone is its own module. 
The net shape diversi!cation rates of each bone from 
lowest to highest were nasals, hyomandibula, premax- 
illa, dentary, maxilla, neurocranium, articular, opercu- 
lum, palatine, pectoral girdle, upper pharyngeal jaws, 
lower pharyngeal, ceratohyal, and urohyal. Overall, in 
the intra-tribe analyses, the bones associated with the 
linkages are mostly evolving at faster rates compared to 
the remainder of the bones in the skull. 
Linkage planarity 
The anterior jaw linkage and opercular linkage were 
highly planar in their rest positions, with a mean pla- 
narity value of about 0.9 for both systems, and often 
ranging up to 1.0, indicating that the four linkage joints 
occupy the same plane ( Supplementary Table 15 ). The 
maximum planarity for the anterior jaw linkage system 
was 1.0 in Pseudolabrus guentheri with the minimum in 
Ctenolabrus rupestris at 0.62. Similarly, the planarity for 
the opercular linkage system ranged from a maximum 
of 1.0 in Chlorurus microrhinos down to 0.41 in E. insidi- 
ator. In contrast, the most rapidly evolving linkage, the 
hyoid linkage, was typically less planar, with a mean pla- 
narity of 0.72, ranging from 0.96 in Labropsis australis 
to 0.52 in Leptoscarus vaigiensis. 
Discussion 
An important question at the interface of phylogenet- 
ics and biomechanics is the degree to which impor- 
tant musculoskeletal systems, such as the forelimbs in 
tetrapods or the skulls of teleost !sh, coevolve in an 
integrated way or evolve relatively independent of one 
another. Here, we reveal a strong pattern of modular- 
ity across the reef !sh family Labridae in which the 
4-bar linkage systems are often integrated as a unit, 
vary across groups in whether they coevolve with each 
other, and evolve independently from the remainder of 
the skull. Hypsigenyines and julidines generally sup- 
ported a model of integration across the linkage sys- 
tems, similar to the family-wide patterns. Cheilines are 
an anatomical and functional hotspot of linkage evolu- 
tion, as the three linkage systems are mostly all separate 
modules, and they have the fastest rates of linkage evo- 
lution in the family. The parrot!sh (scarine wrasses) are 
also extreme, showing a pattern of increased modular- 
ization of the skull. Among the linkages, the hyoid is the 
fastest evolving linkage system, and the least planar in 
its rest position, with the anterior jaws and opercular 
system showing somewhat lower evolutionary rates of 
change in shape and a mostly planar geometry. We con- 
clude that the biomechanical systems in the labrid skull 

a#ect the modularity and integration of the bones in the 
skull and that the trade-o# of integration versus modu- 
larity of biomechanical systems in"uences the tempo of 
skull evolutionary shape change in the labrid !sh. 
Labr id phylomor phospace and the modular ity 
of 4-bar linkage systems 
The central conclusion of this study is that biomechan- 
ical 4-bar linkages in the skull of labrid !sh show a 
strong pattern of evolutionary modularity across the 
family, with labrid subclades showing di#erent levels 
of integration and evolutionary rates among linkage 
modules. Recent work exploring this 3D morphometric 
data set on the skull of labrid !sh h a s highlighted the 
independent modular evolution of the neurocranium 
and pharyngeal jaws ( Evans et al. 2019 ), revealed the 
morphometric constraints in the skull shape related to 
burrowing behavior ( Evans et al. 2022 ), and discovered 
signi!cant functional modularity and mosaic patterns 
of evolution in the labrid skull ( Larouche et al. 2022 ). 
Here, we extend the analysis of these data to speci!- 
cally test evolutionary modularity in the 4-bar linkage 
mechanisms that function in the feeding apparatuses 
of this diverse group. 

Hypsigenyines and julidines have similar linkage 
modularity patterns to each other and the family Labri- 
dae. Most tests in hypsigenyines support a single link- 
age module with the remainder of the skull being one or 
two modules. The support for a three-module hypoth- 
esis may indicate a small release of integration in this 
tribe. This may explain why there is widespread in the 
phylomorphospace ( Fig. 4 ) re"ecting a high diversity 
in feeding ecologies and deep-water forms in this tribe. 
The release in constraint may have also allowed the ex- 
treme variation in S. argyrophanes to evolve as an ex- 
treme morphology in the phylomorphospace of wrasses 
( Fig. 3 ). 

Similarly, in julidines, the linkage systems form a sin- 
gle module, and this is supported in the majority of the 
modularity tests conducted. This pattern may indicate 
some constraint on the julidines’ skull, although this 
tribe is a catch-all assemblage of many genera form- 
ing the diverse crown of the phylogeny ( Hughes et al. 
2022 ), some of which are paraphyletic, which may con- 
found the results. The skull of julidines appears to have 
radiated in shape to !l l most of the phylomorphospace 
( Fig. 4 ), and there are many convergences between ju- 
lidine taxa and other genera among wrasses in the phy- 
lomorphospace ( Fig. 3 ). The integration of the three 
linkage systems may have spurred the evolution of spe- 
cialty feeding behaviors (i.e., cleaners) not found in 
the other tribes and may have driven patterns of con- 
vergent morphology in the phylomorphospace. Fur- 
ther investigations into individual species patterns of 
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Linkage modularity in the wrasse skull 13 
modularity should be conducted to determine the ef- 
fect of constraint on the morphology of the skull. Addi- 
tional investigations into the phylomorphospace of ju- 
lidine subgroups with increased sampling, such as the 
multiple radiations of Halichoeres , might further reveal 
constraint on the morphology of the julidine skull. 

Two hotspots of skull and linkage evolution in the 
family Labridae identi!ed here are the tribes Cheilini 
and Scarini, the labrid groups with the majority of 
hypotheses supporting the most independent linkage 
modules, the least integrated skull components, and the 
highest rates of shape change ( Table 3 ). The indepen- 
dence of the linkage systems may have enabled morpho- 
logical innovations to evolve in these two groups. 

Cheiline wrasses are morphologically and ecolog- 
ically diverse, including piscivores and hard-shelled 
molluscivores, with size ranging from the smallest 
wrasse Wetmorella nigropinnata to the largest Cheilinus 
undulatus ( Westneat 1993 ). Research on the cheiline 
wrasse genera ( Cheilinus , Epibulus , and Oxycheilinus ) 
reveals the actions of planar 4-bar linkage models, 
which have been directly tested and supported with live 
animal feeding kinematics ( Westneat 1990 , 1991 , 1994 ). 
In cheilines, morphological innovations have evolved 
in the 4-bar linkage systems with linkage modi!cations 
for biting and piscivory. This includes the highly mod- 
i!ed 6-bar anterior jaw linkage system in the sling- 
jaw wrasses, Epibulus ( Westneat 1991 ). The support for 
increased modularization of the three linkage systems 
may have allowed for more independent evolution be- 
tween the linkage systems in cheilines associated with 
their ecomorphological diversi!cation, restructured 
functional traits, and elevated levels of linkage modu- 
larity and rates of shape change. It is interesting that the 
quasi-independence of the three linkage systems gave 
way to a general pattern of mobility in cheilines, which 
may point to cranial kinesis’ ability to reorganize and re- 
structure functional traits and can result in di#erences 
in modularity and rates of diversi!cation. 

In scarines, a model of increased modularization is 
mainly supported compared to the hypsigenyines and 
julidines. The Scarini is composed of the parrot!sh, 
which vary in jaw morphology from the partially fused 
teeth of Sparisoma to the fully fused beak of the genus 
Scarus . In addition to changes in tooth morphology, 
some scarines also exhibit a mobile intramandibular 
joint in their lower jaw (i.e., anterior jaw linkage sys- 
tem; Price et al. 2010 ). Previous research on parrot- 
!sh h a s shown moderate diversity in their skull shape 
( Wainwright et al. 2004 ) and high partitioning in their 
feeding habits ( Nicholson and Clements 2020 ), lead- 
ing these !sh to occupy a largely separate region of the 
labrid phylomorphospace ( Fig. 3 ) This divergence of 
the scarines has been previously found in analyses of 

linear measures and muscle metrics ( Wainwright et al. 
2004 ) as well as 3D geometric morphometrics of the 
labrid skull ( Larouche et al. 2022 ). Additionally, parrot- 
!sh have elevated diversi!cation rates, with most Scarus 
and Chlorurus species diversifying in just the past 5–
10 million years ( Smith et al. 2008 ; Hughes et al. 2022 ) 
with elevated rates of morphological evolution associ- 
ated with rapid diversi!cation ( Price et al. 2010 ), which 
may further drive the diversity in these !sh. 

Overall family trends show more independence of 
the linkages, which allows for more variability in the 
linkage systems, providing more evidence that modu- 
larity can lead to innovative morphologies ( Wagner and 
Altenberg 1996 ; Tokita et al. 2007 ; Hansen and Houle 
2008 ; Clune et al. 2013 ). New morphologies in the an- 
terior 4-bar linkage system evolved in the cheilines and 
scarines, which show patterns of increased modulariza- 
tion, which indicates a tight relationship between the 
4-bar linkage systems and the morphology and shape of 
the skull in wrasses. It is intriguing that hypsigenyines 
and julidines show similar modularity patterns, even 
though they are distantly related to one another. Based 
o# phylogenetic positioning, the ancestral state of mod- 
ularity patterns appears to be an integrated skull with 
the linkages and the remainder of the skull as separate 
modules. Future studies should investigate the other 
tribes (labrines, cirrhilabrines, pseudolabrines, and no- 
vaculines) to understand if there is convergent evolu- 
tion in modularity patterns of the skull. Furthermore, 
this points to function and the corresponding mechan- 
ical systems potentially being more of a proximal driver 
of evolutionary modularity. 
Modularity related to evolutionary rates 
of shape 
Four-bar linkage systems in the skull of labrid !sh show 
elevated rates of evolutionary shape diversi!cation rel- 
ative to the rest of the skull (neurocranium, nasals, pha- 
ryngeal jaws, and premaxilla; Table 3 ). We conclude that 
elevated rates of linkage change are an expression of 
the diversity of feeding mechanisms enabling the global 
ecological diversi!cation of this iconic reef !sh fam- 
ily. Several recent studies have explored the relation- 
ship between integration and rates of diversi!cation, 
quantifying phenotypic and evolutionary modularity to 
determine how they relate to these variables in vari- 
ous species and clades and providing evidence for a re- 
lationship in which more modular structures have ei- 
ther higher or lower evolutionary rates ( Goswami and 
Polly 2010 ; Claverie and Patek 2013 ; Larouche et al. 
2018 ; Bardua et al. 2019 ; Evans et al. 2019 ). However, 
some studies have found no relationship between these 
variables ( Bardua et al. 2019 , 2020 ; Bon et al. 2020 ), 
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14 S. M. Gartner et al . 
indicating a relationship that is complex. In our study, 
we found an apparent association between modular- 
ity and the evolutionary rates of skull shape across the 
labrid phylogeny, with the species showing increased 
modularization having higher rates of shape evolu- 
tion ( Table 3 ) and the linkage system module evolv- 
ing at a faster rate of shape diversi!cation than the 
neurocranium, nasals, premaxilla, and pharyngeal jaws 
( Table 3 ). 

The concept of evolvability has been used to as- 
sess the potential for evolutionary change and has been 
used to examine anatomical modularity and evolution- 
ary rates of change ( Wagner et al. 2007 ; Pigliucci 2008 ; 
Clune et al. 2013 ). The 4-bar linkage systems evolve at 
about double the rate of the neurocranium, nasals, pre- 
maxilla, and pharyngeal jaws ( Table 4 ). These di#er- 
ences in evolutionary shape change among skull mod- 
ules signify elevated evolvability in these systems, likely 
related to the strong pattern of ecomorphological di- 
versi!cation of labrid !sh ( Wainwright et al. 2004 ) that 
is accompanied by rapid divergence in feeding biome- 
chanics among closely related lineages ( Westneat et al. 
2005 ). The linkage modules directly in"uence the per- 
formance and success of prey capture, which may be 
driving the evolvability of these regions. The evolvabil- 
ity of the linkage systems may have allowed for new 
morphologies to evolve and thus tribes, such as scarines 
and cheilines, moved into new niches and habitats. 
However, having more independence in a structure can 
confer only so much of a bene!t to the species. If it is 
also accompanied by rate di#erences in the modules, 
further in"uence of modularity could a#ect the evolu- 
tion of a structure. The spectacular ecomorphological 
diversity of the labrid !sh across reef systems is associ- 
ated with di#erent levels of modularity in the skull and 
elevated rates of shape change in the con!guration of 
the complex skull levers and linkages involved in feed- 
ing mechanisms. 
Planar ity ver sus three dimensionality of linkage systems 
An important !nding of our 3D linkage analysis is that 
the anterior jaws and opercular linkages are highly pla- 
nar, with all four rotational joints aligned close to a 
plane. A key conclusion from this result is that the most 
3D linkage system, the hyoid, is the fastest evolving in 
shape ( Table 3 ). Additionally, kinematic analyses and 
computational modeling studies that start from an as- 
sumption of planar linkage positioning are supported, 
at least for the initial starting position. The 4-bar linkage 
systems have been modeled as 2D structures ( Westneat 
1990 ) and as 3D structures ( Olsen et al. 2017 ). Moving 
forward, researchers need to especially treat the hyoid 
linkage system as a 3D structure. This allows more pre- 
cise measurements to be taken from this system. This 

also leads to a question of why the hyoid linkage system 
is so three dimensional compared to the other systems? 
And why is this system the fastest evolving? 

The three dimensionality of the hyoid linkage sys- 
tem is clearly related to complex 3D hyoid kinematics in 
many !sh groups ( Van Wassenbergh et al. 2007 ; Camp 
and Brainerd 2014 , 2015 ). The main motions of the hy- 
oid linkage system are depression and retraction. The 
retraction drives some lower jaw depression, while the 
depression in"uences the lateral expansion of the skull 
during feeding and hyoid depression. A more 3D link- 
age system would allow greater lateral and ventral ex- 
pansion of the skull ( Olsen et al. 2017 ; Gartner et al. 
2022 ; Whitlow et al. 2022 ). Furthermore, changes to this 
system occur faster due to the high rate of shape change 
in the hyoid linkage system. This lateral movement may 
be why the hyoid system is so three-dimensional com- 
pared to the anterior jaw and opercular linkage systems. 
More lateral movement would increase the oral cavity 
volume and would increase the pressure di#erential cre- 
ated during suction feeding ( Lauder 1983 ). This would 
also bene!t b i ting species as it would draw the prey fur- 
ther into the oral cavity, bringing the food to the pha- 
ryngeal jaws to be broken down. 
Conclusion 
In summary, we !nd the shapes of the bones associated 
with the linkage systems to be evolving more indepen- 
dently and faster than the remainder of the skull shape 
(i.e., neurocranium, nasals, pharyngeal jaws, and pre- 
maxilla) in the family Labridae. An analysis of family- 
wide and tribe-wide modularity patterns shows evo- 
lution of di#erent modularity patterns across the tree 
where the scarines and cheilines show evolution of in- 
creased modularization of the skull and faster rates of 
shape evolution, relative to other clades in the family. 
We conclude that variable modularity and elevated rates 
of shape evolution contribute to the morphological and 
functional novelties in the anterior jaw linkage system 
and drive patterns of shape evolution in wrasses. The 
planar positions of the jaws and opercular linkages, and 
the high level of three-dimensionality of the hyoid link- 
age system, will also help to inform future computa- 
tional analyses on these linkage systems in wrasses. 
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