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Abstract Variation in jaw protrusion is critical
to cichlid fish trophic diversification. For instance,
jaw protrusion distance can influence suction, attack
speed, as well as bite force, and jaw protrusion angle
is associated with exploiting prey from different sub-
strates. Interestingly, premaxillary ascending process
length has been shown to influence the maximum
distance some cichlid fishes protrude their oral jaws,
but its relationship to jaw protrusion angle is unclear.
Using phylogenetic comparative methods, morpho-
metrics, and field measurements in Malawi cichlid
species, we tested the relationship between the length
of the premaxillary ascending process and two com-
ponents of jaw protrusion. In Malawi, the premax-
illa’s ascending process length ranged from 6.9 to
15.2% with respect to standard length. Maximum
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jaw protrusion ranged from 1.4 to 9.1% of standard
length and jaw protrusion angle varied from 17° to
76°. Although jaw protrusion angle was not associ-
ated with premaxillary ascending process length,
phylogenetically adjusted correlations between the
ascending process and maximum jaw protrusion dis-
tance were highly significant. Evolutionary change
in the premaxilla is likely critical for determining
the maximum distance, but not the angle, of Malawi
cichlid jaw protrusion. Examinations of this type of
potential phenotypic multi-functionality will continue
to illuminate the mechanisms contributing to cichlid
fish diversity.

Keywords African Great Lakes - Craniofacial -
Functional morphology - Modularity - Trophic
specialization

Introduction

The ability of cichlids and other fishes to protrude
their oral jaws has likely contributed to their unpar-
alleled diversity (Alexander, 1967; Lauder, 1982;
Ferry-Graham & Lauder, 2001). Cichlids are well
known for exhibiting specialized feeding modes, and
many of their stunning array of trophic abilities are
tied to their oral jaw protrusion abilities (Schaeffer
& Rosen, 1961; Ferry-Graham & Lauder, 2001; Hul-
sey & Garcia de Le6n 2005; Hulsey et al. 2019). For
example, jaw protrusion can increase the speed that a
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predator can approach evasive prey fish (Waltzek &
Wainwright, 2003), adapt feeding movements to the
position of benthic dwelling prey types (Motta, 1984),
increase the distance over which a predator can suck
difficult to obtain items into the mouth (Ferry-Gra-
ham et al., 2001; Wainwright et al., 2001 , 2015), and
augment the hydrodynamic forces exerted on attached
and evasive prey (Holzman et al., 2008). Although
several mechanisms are considered to contribute to
the ability to protrude the oral jaws, the length of the
ascending process of the premaxilla, that forms the
toothed bone of the upper oral jaw in cichlids, is likely
critical to the maximum distance that the jaw can be
protruded (Witte, 1983; Hulsey et al., 2010; Bellwood
et al, 2015). The premaxilla’s ascending process
has been found to be relatively long in a number of
cichlids and other groups of fishes that protrude their
jaws extensively as it serves to guide the upper jaw
out during protrusion and back into its resting posi-
tion as the jaws are closed (Eaton, 1943; Alexander,
1967; Westneat & Wainwright, 1989; Westneat, 1991;
Ferry-Graham et al., 2001; Waltzek & Wainwright,
2003; Hulsey et al., 2010). However, because of their
unparalleled diversity, Malawi cichlids could show
strikingly different patterns of functional morphol-
ogy when compared to other fishes (Liem 1973; Liem
& Osse, 1975; Hulsey et al. 2019). Moreover, other
mechanisms, such as rotation of the lower jaw, cra-
nial elevation, and the four-bar linkage system of the
anterior jaws, are also important in the evolution of
jaw protrusion in cichlids and other fishes (Lauder &
Liem, 2004; Westneat, 1991; Hulsey & Wainwright,
2002; Waltzek & Wainwright, 2003; Hulsey & Garcia
de Ledn, 2005; Martinez et al., 2018; Hulsey et al.,
2019). It also remains unclear how the length of the
ascending process influences other aspects of jaw
protrusion such as the angle at which the oral jaw is
protruded. To evaluate the importance of the ascend-
ing process to Malawi cichlid trophic evolution, we
examined whether the length of this bone is evolu-
tionarily associated with either their angle of jaw pro-
trusion or their maximum jaw protrusion distance.
Jaw protrusion angle and maximum jaw protru-
sion distance appear to evolve independently in Lake
Malawi cichlids, but are both influenced by some
of the same craniofacial skeletal components (Hul-
sey et al.,, 2019). Jaw protrusion distance has also
tended to receive much more attention than the angle
of jaw protrusion (Wainwright et al., 2001; York
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et al.,, 2015; Roberts et al. 2021). However, protru-
sion angle could be as crucial during cichlid feeding
as protrusion distance, because the orientation of a
fish’s mouth is often associated with exploitation of
trophic resources from different substrates (Motta,
1984; Rupp & Hulsey, 2014; Konow et al., 2017). For
instance, terminal mouths protrude in the same direc-
tion as the fish’s body thereby enhancing the ability to
rapidly close the distance to a prey item in open water
(Waltzek & Wainwright, 2003). Conversely, benthic-
feeding species that feed from algae-covered rocks or
by excavating sandy substrates often have subtermi-
nal mouths (Motta, 1984; Genner & Turner 2005).
Transitions between feeding benthically or feeding in
the water column represent major trophic shifts that
have occurred repeatedly in Lake Malawi cichlids
(Hulsey et al., 2013). Therefore, there is likely sub-
stantial evolutionary replication even within the Lake
Malawi cichlids to examine the functional importance
of traits like the length of the ascending process that
are increasingly being examined in ecomorphological
studies of cichlid diversification (Hulsey et al., 2010;
Lopez-Fernandez et al., 2013; Ronco et al., 2021).
Several skeletal elements in the oral jaws also con-
tribute to the evolution of both jaw protrusion traits
(Hulsey et al., 2019). Therefore, despite their appar-
ent independent functional co-evolution, both jaw
protrusion distance and jaw protrusion angle might
depend on and be predicted from the length of the
premaxillary ascending process.

To test the importance of the premaxillary ascend-
ing process to functional aspects of jaw protrusion, it
would be ideal to examine the co-evolution of these
traits in a well-resolved phylogenetic context. Because
of their relatively young age and the rampant incom-
plete lineage sorting among genetic loci, the relation-
ships among Malawi cichlids have been difficult to dis-
entangle (Albertson et al., 1999; Hulsey et al., 2007;
Hulsey et al. 2018a, b). However, whole-genome
sequences are now providing much more robust esti-
mates of systematic relationships among Malawi cich-
lids (Malinsky et al., 2018; Masonick et al., 2022;
Scherz et al., 2022). These rapidly emerging phyloge-
netic frameworks of Malawi cichlid relationships are
now sufficiently resolved to permit the widespread use
of phylogenetic comparative analyses to examine the
co-evolution of morphological and functional traits.

In this study, we combined morphological measure-
ments, field-based measurements of jaw protrusion,
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and a recently reconstructed whole-genome based
phylogenetic framework for 37 species of Lake
Malawi cichlids. We then tested the evolutionary rela-
tionship between the length of the premaxilla ascend-
ing process and both maximum jaw protrusion dis-
tance as well as jaw protrusion angle.

Materials and methods
Premaxillary ascending process morphology
Specimens collected from the wild in Lake Malawi in

2010 from five sites (Table 1) were used to measure

Table 1 The locations within Lake Malawi and their latitude /
longitude coordinates where collections of cichlids were made

Location name Latitude/longitude

Chinyamwezi Island 13.8896° S/34.9554° E

Maleri Island 13.9011° S/34.6262° E
Mumbo Island 13.9898° S/34.7561° E
Thumbi West Island 14.0192° S/34.8162° E
Otter point 14.0333° S/34.8167° E

Mazinizi Reef 14.1476° S/34.9562° E

(A) (B)

Length of the
Ascending Process

Premaxilla

Fig. 1 The length of the ascending process a of the premaxilla
bone (shaded gray) was measured in 37 Lake Malawi cichlid
species. Two functional aspects of jaw protrusion b maximum
protrusion distance and jaw protrusion angle were measured on
cichlids in the field using calipers and a protractor. The conge-

morphological traits. Fish were collected using
SCUBA and barrier nets. The standard length (SL)
and two functional aspects of jaw protrusion traits
(below) of species were measured in the field on live
specimens immediately following capture. The fish
were then euthanized with an overdose of MS222
according to the University of Tennessee Animal
Care and Use Committee (IUCAC protocol #1833),
subsequently fixed in formalin, and then transferred
to 70% ETOH for long-term storage and subsequent
morphological measurements. The length of the
ascending process of the premaxilla was measured
from its most posterior process to the base of the
tooth on the most anterior part of the premaxilla using
dial calipers (Fig. 1a). The measurements were made
with the calipers following the cutting of a small inci-
sion in the skin directly behind the most posterior
point of the ascending process. To size-standardize
the measurements for analyses, the ascending process
of the premaxilla length was expressed as a percent-
age of SL (Table 2). To contextualize the extensive
trophic variation in the cichlids examined (Ribbink
et al.,, 1983; Konings, 1990), their general dietary
habits as categorized primarily in Hulsey et al. (2007)

Nimbochromis linni

neric species Nimbochromis polystigma (Regan, 1922) and N.
linni (Burgess & Axelrod, 1975) highlight the rapid evolution
of variation in these jaw protrusion traits in the Malawi cich-
lids
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Table 2 The standard
length adjusted percent of
the length of the ascending
process (AP), maximum
jaw protrusion distance
(JPD), and jaw protrusion
angle (JPA) for the 37
Malawi cichlid species
examined

The sample sizes for the
morphological (n,,) and
functional measurements
(ng) associated with jaw
protrusion are given

A number of the

functional jaw protrusion
measurements (1) were
taken from a previous
study (Hulsey et al.,

2019). Diet categories are
also given according to
Hulsey et al. (2007) and
Konings (1990). The diet
categories are abbreviated:
P piscivore, Pk planktivore,
A algivore, B planktivore/
algivore, / insectivore, M
molluscivore, F fin biter, G
plant gleaner

Species AP JPD JPA n./n; Diet
Aristochromis christyi (Trewavas, 1935) 128 64 43 1/4! P
Astatotilapia calliptera (Giinther, 1894) 84 49 32 2/5 M
Aulonocara stuartgranti Meyer & Riehl, 1985 115 75 55 3/8! I
Buccochromis heterotaenia (Trewavas, 1935) 93 55 41 17131 P
Chilotilapia rhoadesii (Boulenger, 1908) 7.6 34 65 1/3 M
Cheilochromis euchilus (Trewavas, 1935) 11.7 59 43 2/1 I
Copadichromis trimaculatus (Iles, 1960) 93 65 28 2/13 Pk
Copadichromis virginalis (Iles, 1960) 12.8 9.1 17 2/1 Pk
Ctenopharynx pictus (Trewavas, 1935) 11.1 79 39 2/9! Pk
Cynotilapia afra (Giinther, 1894) 8.8 42 32 3/10" Pk
Cyrtocara moorii (Boulenger, 1902) 80 44 60 2/3! I
Eclectochromis ornatus (Regan, 1922) 129 54 43 3/6 I
Fossorochromis rostratus (Boulenger, 1899) 125 63 40 172! P
Genyochromis mento (Trewavas, 1935) 7.1 14 28 2/13' F
Hemitilapia oxyrhynchus (Boulenger, 1902) 89 48 36 121 G
lodotropheus sprengerae Oliver & Loiselle, 1972 80 4.1 56 3/38 A
Labeotropheus artatorostris Pauers, 2017 76 34 76 3/341 A
Labeotropheus trewavasae Fryer, 1956 69 32 72 227" A
Labidochromis gigas Lewis, 1982 83 38 61 3241 A
Mpylochromis mola (Trewavas, 1935) 10.8 6.0 46 3211 M
Melanochromis auratus (Boulenger, 1897) 84 3.1 56 2/23' 1
Maylandia zebra (Boulenger, 1899) 82 46 29 3/13' B
Maylandia callainos (Stauffer & Hert, 1992) 73 58 46 3/13' B
Mchenga eucinostomus (Regan, 1922) 82 70 28 3/25' Pk
Nimbochromis linni (Burgess & Axelrod, 1975) 141 7.0 58 3/13' P
Nimbochromis polystigma (Regan, 1922) 10.7 6.0 27 /19! P
Nyassachromis prostoma (Trewavas, 1935) 92 6.8 30 2/2 Pk
Otopharynx lithobates Oliver, 1989 99 57 45 3/7! I
Petrotilapia chrysos Chinyamwezi Stauffer & van Snik, 1996 7.5 3.3 32 Vit A
Petrotilapia nigra Marsh, 1983 72 38 28 4128 A
Placidochromis milomo Oliver, 1989 134 54 38 3/14 1
Placidochromis “Mbenji fatlip” Oliver, 1989 123 5.0 39 172 I
Stigmatochromis woodi (Regan, 1922) 9.0 6.1 28 1/5 P
Taeniolethrinops praeorbitalis (Regan, 1922) 11,5 7.6 48 2/15' 1
Trematocranus placodon (Regan, 1922) 93 6.0 48 2290 M
Tropheops microstoma (Trewavas, 1935) 82 3.6 67 /14" A
Tyrannochromis nigriventer Eccles, 1989 152 81 24 2/15' P

are included (Table 2) to provide an ecological con-
text for the examined morphology and jaw protrusion
traits.

Jaw protrusion

Immediately following collection of fish from Lake
Malawi, we measured both maximum jaw protrusion
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distance and jaw protrusion angle on 2 to 30 recently
euthanized individuals per species (Table 2). Maxi-
mum protrusion distance was determined using two
measurements: 1. "jaw closed" and 2. "jaw open". Jaw
closed was measured as the distance from the pre-
maxilla’s anterior tip to the most posterior point of the
eye when the jaws were closed. Jaw open was deter-
mined as the distance from the tip of the premaxilla
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to the posterior point on the eye when the jaws were
maximally extended. Special care was taken to meas-
ure to the tip point where the teeth emerged from the
premaxilla especially with the species with hyper-
trophied lips to ensure the lips did not influence the
measurements. We then subtracted jaw closed from
jaw open and size-standardized these measurements
by standard length (SL). This size-standardization
allowed us to comparatively assess how maximum
jaw protrusion might differ functionally among these
species during prey capture. To measure jaw protru-
sion angle which was assumed to be independent of
SL, we placed specimens upon water-proof graph
paper. Then, we centered the pupil where two graph
lines intersected and positioned the specimen so that
one line ran through the body axis to the center of the
caudal peduncle. The point that the front of the head
intersected the line running through the body axis
was then marked. We then rotated the lower jaws with
forceps and marked the anterior tip of the premaxilla
when the upper jaw was maximally protruded. Using
a protractor (Fig. 1b), we determined the jaw protru-
sion angle in degrees (°) with respect to the body axis.

Phylogenetic comparative analyses

Correlations between the ascending process length
and jaw protrusion variables were examined in a phy-
logenetic context. Since correlations among species
values are not statistically independent because of the
shared evolutionary history of species (Felsenstein,
1985), we calculated the phylogenetic independ-
ent contrasts 'pic’ for these variables and examined
their correlation in the ’ape’ package (Paradis et al.,
1984) in the R programming environment (R Core
Team 2021). We performed these analyses on the
highest maximum likelihood phylogeny taken from
an analysis performed in IQ-TREE for 1,107,249
noncoding SNPs generated from resequenced whole-
genomes (Masonick et al., 2022). For the comparative
analyses, the branch lengths of this topology were
first rendered ultrametric using non-parametric rate
smoothing based on penalized likelihood (Sanderson
2002) using the function ’chronoPL’ with a lamda
smoothing parameter of 0.1 as implemented in the
R program ’ape’ (Paradis et al. 2004). This lambda
value represents a trade-off between each branch hav-
ing its own rate (lamda=0.0), and increased lambda
values where similar rate variation is assumed for all

branches. We allowed the maximum age of the entire
Lake Malawi clade to be set to the default of 1.0 and
each descendant node to represent a fraction of this
time. As the maximum age of the Lake Malawi radia-
tion is assumed to be ~2.0 million years (Kocher and
Danley 2001), inferred ages of nodes can be estimated
by multiplying the fractional node age on the initial
phylogeny by 2.0 (Fig. 2). To highlight the patterns of
jaw protrusion evolution in Lake Malawi cichlids, the
two jaw protrusion traits were mapped onto this ini-
tial phylogeny using maximum likelihood reconstruc-
tion of ancestral states performed using the *fastAnc’
function of R package ’phytools’ (Revell 2012).
Additionally, to account for phylogenetic uncertainty
in the recovered topology and branch lengths for the
independent contrast analyses, we also permuted
relationships and branch lengths in the pruned topol-
ogy 100 times using the function ’swapONE’ imple-
mented in the R package 'RRphylo’ (Castiglione
et al., 2018). Using a probability of switching node
position as well as node age of 50%, we used these
100 randomizations to produce standard errors asso-
ciated with the phylogenetically corrected correlation
coefficients and their associated P-values obtained for
the Lake Malawi cichlid species.

Results

For the 37 Malawi cichlid species examined, there
was substantial diversity in length of the ascending
process of the premaxilla (Table 2). The size-stand-
ardized length of the ascending process ranged from
a low of 6.9% of SL in Labeotropheus trewavas-
sae Fryer, 1956 to 15.2% of SL in Tyrnannochromis
nigriventer Eccles, 1989. The average length for this
critical skeletal element in the Malawi species exam-
ined was 9.8% of SL.

There was also substantial diversity in the two
functional attributes of jaw protrusion examined in
the Lake Malawi cichlids. For the 37 Malawi cich-
lid species examined, maximum jaw protrusion dis-
tance as a percentage of SL was 5.4% on average. The
smallest amount of protrusion was recovered for the
rock-dwelling fin biter Genyochromis mento (Trewa-
vas, 1935) at only 1.4% of SL. The highest amount
of jaw protrusion was recovered for the planktivore
Copadichromis virginalis (Iles, 1960) (9.1%) and
piscivore Tyranochromis nigriventer (8.1%). For all
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Million years before present

Fig. 2 The relationships for the Lake Malawi cichlids used as
a framework for comparative analyses (supplementary infor-
mation 1) and pruned down to the study species from a phylog-
eny presented in Masonick et al. (2022). For the comparative
analyses, this maximum likelihood phylogeny based on whole-
genome resequencing was rendered ultrametric using penal-
ized likelihood (Sanderson, 2002) and its branch lengths and
topology permuted to simulate uncertainty in the phylogeny.
In the upper left corner, Tyrannochromis nigriventer represents
one of the species with the highest and Petrotilapia sp. repre-
sents a species with the lowest amount of jaw protrusion dis-
tance in the Malawi cichlids examined. At the phylogeny’s tips
separated by "/" and preceding the Latin name for each cichlid,

the species examined, mean jaw protrusion angle
was measured as 43°. Protrusion angles indicative
of more terminal mouths tended to be the smallest
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we give the maximum jaw protrusion distance, jaw protrusion
angle, and diet categories for each species (Table 2). To illus-
trate the general patterns of this trait evolution in the Malawi
cichlids, ancestral states for maximum jaw protrusion distance
(above each ancestral node) and jaw protrusion angle (below
each ancestral node) were also reconstructed using maximum
likelihood. The time axis in millions of years at the bottom
of the phylogeny provides a rough temporal context for this
diversification. This temporal scale was inferred simply from
the smoothed branch lengths and the timeframe of ~two mil-
lion years over which the Malawi radiation is believed to have
diversified (Danley & Kocher, 2001)

in planktivorous species like Copadichromis virgin-
alis (17°), C. trimaculatus (Iles, 1960) (28°), and
Mchenga eucinostomus (Regan, 1922) (28°) as well
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as piscivores like Tyranochromis nigriventer (24°)
and Nimbochromis polystigma (27°). The species
having the greatest angles of jaw protrusion, or most
subterminal mouths, were Chilotilapia rhoadesii
(Boulenger, 1908) (65°) as well as the species Tro-
pheops microstoma (Trewavas, 1935) (67°), Labeo-
tropheus trewavassae (72°), and L. artatorostris Pau-
ers, 2017 (76°) who all three exploit algal resources
in their rocky habitats.

The evolution of the premaxillary ascending pro-
cess length was strongly correlated with the evolu-
tion of maximum jaw protrusion distance. The phy-
logenetic independent contrast correlation (picr) of
these two variables was found to be 0.72 (P <0.0001)
on the best tree from Masonick et al., (2022). When
we permuted relationships and branch lengths of this
phylogeny, the ascending process length and maxi-
mum jaw protrusion distance were similarly and con-
sistently strongly associated (mean picr=0.74+0.10
S.E.; mean P=0.006+0.06 S.E.). However, the
contrast correlation of premaxillary ascending pro-
cess length and jaw protrusion angle (Fig. 3b) was
found to be not significant (picr=0.15; P=0.37) on
the best tree. When we permuted relationships and
branch lengths, the ascending process length and jaw
protrusion angle also had no clear association (mean
picr=0.02+0.27 S.E.; mean P=0.43+0.31 S.E.).
In sum, the evolution of the premaxillary ascending
process length appears to have little influence on jaw
protrusion angle but readily predicts the evolution of
maximum jaw protrusion distance.

Discussion

The ascending process of the premaxilla has diver-
sified substantially during the evolution of Malawi
cichlids. Additionally, maximum jaw protrusion
ranged from 1.4%-9.1% with respect to standard
length and jaw protrusion angle ranged from 17° to
76° with respect to the long axis of the body (Table 2;
Fig. 3). Although the diversity produced during the
evolution of the premaxillary ascending process
length in Malawi appears to have had little influence
on jaw protrusion angle, change in the length of this
craniofacial element readily predicts Malawi cichlid
evolution of maximum jaw protrusion distance. This
positive relationship mirrors what has been found in
other teleost fishes (Eaton, 1943; Alexander, 1967,
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Fig. 3 A representative sample of the relationships between
phylogenetic independent contrasts of premaxillary ascend-
ing process length as a percent of standard length (%SL) and
size-standardized maximum jaw protrusion distance (a) as well
as jaw protrusion angle (b). While the premaxillary ascending
process length was not evolutionarily correlated with jaw pro-
trusion angle across a range of permuted phylogenetic relation-
ships (mean picr=0.02+0.27 S.E.; mean P=0.43+0.31 S.E.),
phylogenetically corrected analyses found the length of the
ascending process had a substantial correlation with maximum
jaw protrusion distance (mean picr=0.74+0.10 S.E.; mean
P=0.006+0.06 S.E.)

Westneat & Wainwright, 1989; Westneat, 1991;
Ferry-Graham et al., 2001; Waltzek & Wainwright,
2003; Hulsey et al., 2010) while also reinforcing the
lack of clarity in what morphological variation deter-
mines the angle of jaw protrusion in Malawi cichlids.

Nevertheless, Lake Malawi cichlids exhibit sub-
stantial diversity in both functional attributes of jaw
protrusion that is even more impressive consider-
ing these traits have diverged in only approximately
two million years (Fig. 2; Table 2). For instance, the
smallest amount of protrusion was recovered for the
rock-dwelling fin biter Genyochromis mento that pro-
trudes its jaws only 1.4% of SL. This minimal jaw
protrusion is extreme but is generally reflected in
other closely related Malawi cichlids in genera like
Labeotropheus and Petrotilapia that also likely do

@ Springer
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not need extensive jaw protrusion to exploit algal
resources (Ribbink et al., 1983; Rupp & Hulsey
2014). In contrast, planktivores like Copadichromis
virginalis and piscivores like Nimbochromis linni
and Tyranochromis nigriventer tended to have exten-
sive maximum jaw protrusion abilities. This might
be favored to enhance suction feeding or overtaking
prey during their predatory strikes (Wainwright et al.,
2001; Waltzek & Wainwright, 2003; Hulsey & Garcia
De Leodn, 2005; Holzman et al., 2008). Jaw protrusion
angle also varied extensively in the Malawi cichlids.
Protrusion angles indicative of more terminal mouths
tended to be the smallest in planktivores like Copadi-
chromis virginalis and Mchenga eucinostomus as well
as piscivores like Nimbochromis polystigma. These
relatively low jaw protrusion angles likely reflect their
generally linear predatory attack path when over-
taking rapidly escaping prey like fish and plankton
(Ferry-Graham & Lauder, 2001; Wainwright et al.,
2001). In contrast, species having the greatest jaw
protrusion angles, or most subterminal mouths, were
algivorous species like Tropheops microstoma and
Labeotropheus species. This large angle of jaw pro-
trusion likely helps them to maintain a parallel body
axis to the rocky habitats they feed from and perhaps
allows them to better maintain position or watch for
competitors when exploiting algal resources (Rupp
& Hulsey, 2014). The variation in both maximum
protrusion distance and jaw protrusion angle likely
reflect major ecomorphological axes of trophic diver-
sification in Lake Malawi cichlids.

One of the primary goals of ecomorphology is to
identify the types of morphometric characters that
can be used to make consistent and clear inferences
on the maximum abilities of an organism (Barel,
1982; Wainwright, 1996). Some other simple eco-
morphological variables, such as oral gape width
setting a maximum size of prey that a predatory fish
can ingest or the cross-sectional area of the pharyn-
geal biting muscles determining the force a crushing
predator can exert on a prey, have substantial explana-
tory power (Wainwright et al., 2005). Similarly, the
length of the premaxillary ascending process appears
to provide a highly predictive variable for determin-
ing the maximum distance that a cichlid can protrude
its jaws (Fig. 3). Numerous other mechanisms such
as rotation of the lower jaw, cranial elevation, and the
four-bar linkage system of the anterior jaws are likely
important in jaw protrusion of cichlids (Westneat,
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1991; Waltzek & Wainwright, 2003; Hulsey & Garcia
de Ledn, 2005; Holzman & Hulsey 2017; Hulsey
et al., 2019). Nevertheless, the tight evolutionary rela-
tionship between length of the ascending process and
the amount of jaw protrusion suggests the ascending
process is likely critical to the evolution of cichlid
trophic diversity (Witte, 1983; Hulsey et al., 2010).

Although we only recovered one clear evolutionary
association between Malawi cichlid morphological
variation and functional diversity in jaw protrusion,
many of the traits that have diversified in Malawi
cichlids are multi-functional (Holzman et al., 2012;
Hulsey et al., 2019). This multi-functionality could
be key to the incredible diversification of groups
like Malawi cichlids (Liem, 1980; Wainwright et al.,
2005). For instance, traits like cichlid eyes (Hulsey
et al., 2007; Hofmann et al., 2009), body coloration
(Urban et al., 2022), cranial linkages (Holzman &
Hulsey, 2017; Hulsey et al., 2019), and teeth (Gorman
& Hulsey, 2020; Karagic et al., 2020) are all likely to
have more than a single function in Malawi cichlids.
However, the ability of traits to evolve independently
has also been suggested to be critical to cichlid diver-
sification (Liem, 1973, 1980; Liem & Osse, 1975;
Hulsey et al., 2006, 2019; Holzman et al., 2012). If
we are to fully understand mechanistically why some
groups like Malawi cichlids adaptively radiate while
other groups do not, it will remain critical to fur-
ther comparatively test how morphological variation
translates into functional diversity.
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