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Synopsis We present a dataset that quantifies body shape in three dimensions across the teleost phylogeny. Built by a

team of researchers measuring easy-to-identify, functionally relevant traits on specimens at the Smithsonian National

Museum of Natural History it contains data on 16,609 specimens from 6144 species across 394 families. Using phylo-

genetic comparative methods to analyze the dataset we describe the teleostean body shape morphospace and identify

families with extraordinary rates of morphological evolution. Using log shape ratios, our preferred method of body-size

correction, revealed that fish width is the primary axis of morphological evolution across teleosts, describing a contin-

uum from narrow-bodied laterally compressed flatfishes to wide-bodied dorsoventrally flattened anglerfishes. Elongation

is the secondary axis of morphological variation and occurs within the more narrow-bodied forms. This result highlights

the importance of collecting shape on three dimensions when working across teleosts. Our analyses also uncovered the

fastest rates of shape evolution within a clade formed by notothenioids and scorpaeniforms, which primarily thrive in

cold waters and/or have benthic habits, along with freshwater elephantfishes, which as their name suggests, have a novel

head and body shape. This unprecedented dataset of teleostean body shapes will enable the investigation of the factors

that regulate shape diversification. Biomechanical principles, which relate body shape to performance and ecology, are

one promising avenue for future research.

Introduction

Teleosts are an eminently successful vertebrate radi-

ation. Originating around 310–350 million years ago

(mya), according to molecular estimates (Miya et al.

2010; Near et al. 2012) following a whole genome

duplication (Hoegg et al. 2004; Vandepoele et al.

2004), there are now approximately 31,000 living tel-

eost species (Fricke et al. 2019). Teleost fishes occupy

almost every aquatic habitat on earth, from coral

reefs and open ocean, rivers, and lakes, through to

abyssal ocean trenches and isolated hot springs

(Helfman et al. 2008). Perhaps reflecting their eco-

logical diversity teleosts also exhibit a spectacular va-

riety of body shapes, which range from deep-bodied

(e.g., moonfish, spadefish), elongate (e.g., eels, nee-

dlefish), laterally compressed (e.g., ribbonfish) to

globular (e.g., pufferfish), plus uniquely shaped

groups like seahorses, flatfishes, and ocean sunfishes.

How can we begin to understand how and why

the remarkable diversity of fish body forms evolved?

The selective pressures on body shape are undoubt-

edly highly complex and interconnected but taking

into consideration biomechanical principles can help,

as they link shape to performance, which in turn are

tied to evolutionary fitness and thus can be acted

upon by natural selection (Arnold 1983). The per-

formance that maximizes fitness depends on the en-

vironmental and ecological context. For example,

swimming performance depends on the net balance

between thrust and resistance, which is determined

by hydrodynamic properties of body shape (as

reviewed by Webb 1984, 1997; Domenici 2002;

Langerhans and Reznick 2010). Cruising (sustained

swimming for an hour or more) requires the maxi-

mization of thrust and the minimization of drag,

which is achieved with a streamlined fusiform shape

with a narrow caudal region that reduces side-forces,

as exemplified by tunas (Scombridae). In contrast,

maneuverability is enhanced by deepening, shorten-

ing, and laterally compressing the body, as this shape
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offers the least resistance to rotation in the median

vertical plane of the body (Webb 1984), as demon-

strated by butterflyfishes (Chaetodontidae). Body

shapes that increase maneuverability or cruising per-

formance preclude similar improvements in the

other performances (Weihs 1993; Webb 1997) due

to trade-offs (although see Blake et al. 1995; Blake

2004). Therefore, fishes living in open water, where

food/mating partners are dispersed and there are few

obstacles, are expected to evolve fusiform shapes

suited for sustained cruising. While fishes living in

complex habitats are expected to evolve shapes that

improve maneuverability (Webb 1984, 1997;

Langerhans and Reznick 2010). As we expect inter-

actions between different aspects of ecology (e.g.,

diet and habitat) and the environment (e.g., salinity

and water temperature), as well as trade-offs between

various performances (e.g., locomotor and feeding

performance), body shape ultimately represents a

compromise between competing forces constrained

by historical factors.

Surprisingly, given the obvious diversity of fish

body shapes and the strong predictions relating

form to ecology, there have been no attempts to

comprehensively explore general patterns and repeat-

ing themes in the relationship between body shape,

functional morphology, and ecology across teleost

fishes. Despite textbook examples and the general

acceptance of rampant body shape convergence

across fishes (e.g., Moyle and Chech 2004; Helfman

et al. 2008) it is not clear what the dominant axes of

body form diversity are, and whether they can be

explained by ecology. Elongation, the anteroposterior

lengthening of a fish relative to other body dimen-

sions, has been identified as the primary axis of di-

versification across a broad sample of reef fishes

(Claverie and Wainwright 2014). However, this pre-

vious study lacks information on width and it is

focused on reef fishes, which may be a biased sample

of fish body plans, as complex structured environ-

ments are expected to select for deep-bodied laterally

compressed shapes. At small scales, many studies

demonstrate an effect of ecology on fish body shape

within and between species. For example, intraspe-

cific experiments have identified consistent adaptive

plastic responses to being fed zooplankton, whereby

the body develops a more streamlined form (e.g.,

Andersson 2003; Andersson and Johansson 2006).

Studies within and between natural populations

have found similar changes in shape in response to

ecological differences (Lavin and Mcphail 1985;

Robinson et al. 1993; Langerhans and Chapman

2007; Langerhans et al. 2007). Genetic studies within

benthic–limnetic three-spined stickleback reveal that

the adaptive shape shift appears to be driven by a

few quantitative trait loci of large effect size (Albert

et al. 2008). Such genetic divergence or plastic

responses to common environmental gradients can

drive microevolutionary change, speciation, and

thus convergence (e.g., West-Eberhard 2005;

Ghalambor et al. 2007).

The few macroevolutionary studies conducted on

teleost clades, most notably African rift lake cichlid

radiations, support the link between ecology and

body shape by identifying morphological conver-

gence associated with trophic and habitat similarities

(e.g., Clabaut et al. 2007; Muschick 2012; Fr�ed�erich

et al. 2013; Davis et al. 2014). However, to quanti-

tatively investigate how complex interactions be-

tween ecological and environmental factors shape

fish body form at the macroevolutionary scale

requires vast amounts of data spanning large taxo-

nomic scales. To illustrate why we need such large

datasets, suppose we are interested in the interaction

between diet and habitat complexity and how it

influences shape. If we categorize diet and habitat

complexity into three states of interest each, we

need multiple evolutionary independent origins of

each of the nine combinations of diet and habitat

state. These are our natural evolutionary experiments

which ensure any pattern between ecology is not

driven by phylogenetic pseudo-replication

(Felsenstein 1985). As ecological and morphological

traits are phylogenetically conserved transitions be-

tween states are relatively rare, and so to encompass

enough independent associations between each state

combination the macroevolutionary dataset needs to

span large taxonomic scales. Therefore, generating

vast trait databases, not only allows us to investigate

the general patterns of macroevolution within the

clade but also to incorporate more realistic complex-

ity into our evolutionary models (Chira et al. 2018).

The ready availability of large genetic datasets is

driving increased interest in generating matching

phenotypic and ecological databases within the dis-

ciplines of genomics (Houle et al. 2010) and macro-

evolution (Chang and Alfaro 2016). Recently, novel

macroevolutionary insights have been gained by har-

nessing the power of crowdsourcing to place geomet-

ric morphometric landmarks 3D scans of bird beaks

(Cooney et al. 2017; Chira et al. 2018) and similar

methods have been established for placing landmarks

on lateral photographs of fish (Chang and Alfaro

2016). We quantify the teleost body shape space us-

ing a dataset of functionally relevant linear shape

variables, which we generated with a team of trained

researchers taking measurements with hand-held cal-

ipers. We took this approach as we wanted
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measurements in all three functionally relevant

dimensions: lengths, depths, and widths. However,

3D scanning techniques would have been difficult

to implement due to specimen distortion (e.g., bend-

ing) from preservation. Our data collection required

a large number of people to measure museum speci-

mens, so we utilized undergraduate researchers,

whom we recruited into an 18-month long research

program that enabled them to experience the entire

process of science through practice. We briefly out-

line the design of this undergraduate research expe-

rience in the “Materials and methods” section. In

addition to presenting the teleostean morphospace

we also estimate the tempo of morphological diver-

sification across teleost fishes, to identify families

with the highest rates of evolution. Throughout, we

discuss some of the issues we encountered when

building and analyzing the dataset, highlighting

some of the promises and pitfalls of big-data

approaches.

Materials and methods

Data

Collection

Data were collected at the Smithsonian National

Museum of Natural History fish collections over

7 months during the summers of 2016, 2017, and

2018 by a large team of researchers, including the

authors of this paper and many others (listed with

an asterisk in the “Acknowledgments” section). All

researchers had at least 3 months of training using

the data collection protocols. Where possible we

measured three specimens per species to measure

and we picked the most intact specimens of adult

size that were preferably collected at different times

and places to encompass some spatial and temporal

variation. We measured eight easy-to-identify, eco-

logically and functionally relevant shape variables

(Supplementary Fig. S1). Standard length (mm): the

straight-line distance from the most anterior tip of

the upper jaw to the mid-lateral posterior edge of the

hypural plate (in fishes with a hypural plate), or to

the posterior end of the vertebral column in fishes

lacking them (i.e., excluding the caudal fin). This

was identified by manipulating the specimen and

looking for a wrinkle on the caudal peduncle when

the caudal region is flexed. Maximum body depth

(mm): the greatest depth measured by a straight-

line distance from dorsal to ventral surface of the

body, with body defined as the region posterior to

the operculum and anterior to the caudal peduncle.

Maximum fish width (mm): the width of the fish

measured at its maximum anywhere on the

specimen. Head depth (mm): the vertical distance

from dorsal to ventral surface of the head passing

through the pupil of the eye. Lower jaw length (mm):

length of the mandible from the anterior end of the

lower jaw to the articular–quadrate joint. Mouth

width (mm): the width of the fish measured at the

distance between the left and right articular–quadrate

joints. The articular–quadrate joint was identified by

feeling for the joint, along with moving the lower

jaw and identifying the point where the movement

stopped. Occasionally, when the jaw wouldn’t move,

we estimated the position of the joint by inferring it

from the end of the opercular slit. The method used

to identify the joint was noted in the datasheet.

Minimum caudal peduncle depth (mm): the depth

measured by a straight-line distance from dorsal to

ventral surface of the caudal peduncle at its shallow-

est point. Minimum caudal peduncle width (mm): the

width of the fish measured at its narrowest point on

of the caudal peduncle. Measurements were made on

every specimen, unless part of the specimen was

missing or damaged in a manner precluding the

measurement of a particular trait. We also photo-

graphed and weighed each specimen as well as mea-

suring the first major spine and longest spine in

every fin; however, we will not discuss these data

further in this paper. All linear measurements were

taken with handheld dial or digital calipers with a

minimum accuracy of 0.1 mm unless the fish was

over 30 cm in length, in which case, we used a mea-

suring tape with a minimum accuracy of 1 mm. We

were unable to weigh the largest specimens as we

had no scales to accommodate them. Additionally,

our scales had a minimum accuracy of 1 g so we

were also unable to weigh the very smallest speci-

mens. In total, 16,609 specimens were measured.

Data cleaning

The data were carefully checked for problems, such

as typos or misreading the calipers using a three-step

process coded in R. Briefly, the first step was at the

species-level, any species with more than our maxi-

mum of three specimens was identified and the

specimen number checked to ensure that they were

listed as the correct species. We then calculated the

standard deviation among specimens for each species

after dividing each trait by the standard length of the

specimen, 0.1 was set as the minimum acceptable

within-species standard deviation. We also checked

for issues where the max body width was less than

the mouth width and, likewise, the head depth

deeper than the maximum body depth. The second

step was at the genus-level, all traits were divided by

the standard length of the specimen and outlier

Teleostean body shape morphospace 3
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specimens within a genus were identified using inter-

quartile ranges (IQR), specifically if x < quantile(x,

0.05)�1.5 * IQR(x) or x > quantile(x,

0.95) þ 1.5 * IQR(x). For a given trait, if all three

specimens of a species were listed as outliers, these

were considered normal morphological variation and

thus not added to a document for manual inspec-

tion. If not, they were added to the document and

underwent further examination based on the photo-

graphs. The third step was at the family-level, fol-

lowing the same protocol described for the generic

level, but this time we found outlying specimens rel-

ative to their respective families. Specimens from

monotypic families were manually checked for erro-

neous measurements. When possible, erroneous

measurements were replaced with new measurements

taken on the photograph of the specimen using

ImageJ (Rueden et al. 2017). All remaining outliers

that we could not verify were removed from the

dataset. Once we had removed all potential issues,

averages of each trait value were taken across speci-

mens within a given species. A total of 6144 species

remained following data cleaning.

Phylogeny

In order to be able to analyze our data in a phylo-

genetic framework we targeted species that were rep-

resented by genetic sequence data and were included

in a large phylogeny of fishes (Rabosky et al. 2013,

2018). The species names listed on measured speci-

mens were matched to the phylogeny using fishbase

(Froese and Pauly 2019) and catalog of fishes (Fricke

et al. 2019). For the analyses, the morphological

dataset was pruned to match the species in

Rabosky et al. (2018) and species that had missing

data were also removed, leaving 5881 species.

All of the phylogenetic comparative analyses we

implemented assume a Brownian motion model of

evolution. Under this model, trait variance is pro-

portional to time. This means that very short branch

lengths, specifically at the tips of the tree can bias

comparative analyses. In particular, the rates of mor-

phological change may be overestimated over short-

time intervals, especially if there is measurement

error (Martins 1994). To look for issues generated

by short branches we calculated standardized phylo-

genetic independent contrasts (Felsenstein 1985),

which can be viewed as phylogenetically correct esti-

mates of the rate of morphological evolution

(Garland 1992). The top 0.5% of contrasts were

identified for each trait using both methods of size

correction (see next section) and the node ages of

these contrasts were identified (Supplementary Table

S1). The majority (70%) of these high rate contrasts

came from sister-species that last shared a common

ancestor <0.1 mya, this is particularly true for the

largest contrasts, as 97% of the top 10 contrasts have

node ages <0.1 mya. The Rabosky et al. (2018) phy-

logeny contains 31 species pairs that share a most

recent common ancestor <0.1 mya (Supplementary

Table S2). While these species may represent extraor-

dinarily rapid evolutionary change, the short

branches will amplify the effect of any potential mea-

surement error and have the potential overwhelm

the overall signal within the data. To prevent these

very recent divergences from having undue influence

on the results, one species from each pair was re-

moved, leaving a total of 5850 species representing

390 families, for the final analyses.

Analyses

Size correction

Our dataset contains specimens ranging from 10 to

1760 mm in length, thus differences in size will dom-

inate most of our body shape measurements. For

example, a tuna is going to have a longer lower

jaw and deeper body than a goby because it is a

much larger fish. Therefore, the effects of size and

shape need to be separated but exactly how this is

done has been the subject of much debate (see

reviews by Jungers et al. 1995; Klingenberg 1996,

2016). The impact of size on shape can be divided

into isometry and allometry. For example, a goby

scaled-up to the size of a tuna may have the same

jaw length and body depth measurements as the tuna

(isometry). Alternatively, shape may change predict-

ably with size such that the goby scaled-up to the

size of a tuna will have predictably deeper or shal-

lower depth measurements than the tuna based on

its initial size (positive or negative allometry). We

implement two commonly used but philosophically

different methods of size correction (Klingenberg

1996, 2016), to investigate how the choice of size

correction influences down-stream evolutionary

analyses. The two methods of size correction differ

in three important aspects: (1) whether variance due

to allometry is retained following size correction, (2)

whether the phylogenetic context is taken into ac-

count during size correction, and (3) whether the

size of a fish is accurately represented by a single

measurement or not.

Many macroevolutionary studies that implement

phylogenetic comparative analyses size correct their

data by taking the residuals from a phylogenetic re-

gression of each variable against size (Garland et al.

1992; Revell 2009). Using these residuals removes the

variance associated with evolutionary allometry,

4 S. A. Price et al.
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regardless of whether there is direct proportionality

between shape and size and therefore potentially re-

moving both allometric and isometric components

of size. In ichthyological studies either standard

length, total length, or fork length are used as the

measure of size, as lengths are less affected by body

condition than mass. This holds true for museum

specimens, in which length decreases far less than

mass during preservation in ethanol or formaldehyde

(Kristoffersen and Salvanes 1998). Moreover, speci-

mens are frequently incomplete, with tissue samples

or digestive and reproductive tracts removed, which

again affects mass more than it does length. We cal-

culated the residuals from the phylogenetic regres-

sion of log standard length (hereafter referred to

SL residuals) using the method outlined by Revell

(2009) and implemented in the R package phytools

(Revell 2012). We also investigated the slopes of phy-

logenetic regressions across all species using the ca-

per package in R (Orme et al. 2018).

An alternative method for size-correction, more

akin to those employed in geometric morphometric

analyses, is to scale each variable by the geometric

mean of the variables and to take the log of those

values, generating log shape ratios (Mosimann 1970;

Klingenberg 2016). Size is a complex concept and

this method removes the need to pick a single var-

iable to represent size by using the geometric mean

as a composite measure. Moreover, it should pre-

serve the allometric aspects of shape that change as

a function of size (Klingenberg 2016). Log-shape ra-

tios were calculated in R following the method out-

lined in Claude (2013): each variable was divided by

the size of the species as calculated by the geometric

mean of the three main size dimensions of a fish:

standard length, maximum body depth and maxi-

mum fish width, and log-transforming the resulting

value. We chose not to calculate size as the geomet-

ric mean of all measured traits, as our dataset con-

tains three traits that are inclusive estimates of the

three major dimensions of size and all of the other

traits are smaller valued width, depth, and length

measurements nested within them.

Principal components analysis

In order to identify the primary axes of shape vari-

ation we visualized fish body morphospace by per-

forming a principal component analysis on the log-

standard length residuals and the log–shape ratios.

As one degree of freedom is lost due to scaling

when using shape ratios (Claude 2013) only the first

seven instead of the eight principal component

scores describe the shape variation in the dataset.

All analyses were conducted on the correlation

matrix. The correlation matrix is recommended

when the variance and range are different within

the data or if it makes biological sense that the var-

iables with high or low variance contribute equally to

the primary axes of variation. The original variables

vary in scale, but we are generating the morphospa-

ces using size-corrected variables, which are either

the residuals from the regression against log standard

length or the log of the variable divided by the geo-

metric mean. We would therefore expect them to

exhibit more similar ranges and much lower variance

than the original variables. This is true for the resid-

uals from the phylogenetic regression, but the log

shape ratios generate a couple of variables with quite

different ranges, and these dominate PC1 if a covari-

ation matrix is used. Therefore, we chose to use the

correlation matrix to generate all our morphospaces.

We used a phylogenetic PCA implemented in the

R package phytools (see Revell 2009), this identifies

the major axes of variation once phylogenetic covari-

ation has been removed thus preventing unusually

shaped clades from potentially dominating the axes.

However, it is important to recognize that the mor-

phospace plots on the scores from the phylogenetic

PCA still contain a significant phylogenetic compo-

nent (Revell 2009; Polly et al. 2013). To examine the

effect of common ancestry on the major axes of var-

iation a non-phylogenetic PCA is provided in

the Supplementary Materials (Supplementary Fig.

S2 and Supplementary Tables S3 and S4).

Additionally, to examine the impact on the morpho-

space we also repeated the phylogenetic PCAs using

log shape ratios calculated using the geometric mean

of all traits and the results are available in the

Supplementary Materials (Supplementary Table S5).

Rates of body shape change

To identify families that exhibit particularly high

rates of body shape change we estimated the

Brownian rate of evolution of each size-corrected

shape trait as well as size (either standard length or

the geometric mean) within each family with at least

10 species in our dataset, using the fitContinuous

function in the R package Geiger (Pennell et al.

2014). The rate differences among families and var-

iables were then visualized on a family-level phylog-

eny using the phylo.heatmap function in the

phytools package (Revell 2012). Each variable was

standardized to have the same mean and variance.

Undergraduate research experience

Our intention when developing this experience was

to combine the positive aspects of generating

a peer-group cohort (e.g., Zhao and Kuh 2004;

Teleostean body shape morphospace 5
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Auchincloss et al. 2014) with undergraduate re-

search, as well as to promote the development of

critical thinking skills, self-confidence, analytical ca-

pabilities, scientific writing, and presentation-giving,

all of which can create pathways to science careers

(e.g., Seymour et al. 2004; Lopatto 2007, 2009;

Gormally et al. 2009). Three cohorts of between 10

and 19 students learned and worked together for

18 months (either three semesters at Clemson

University or four quarters at UC Davis) during

which time they earned research credit. Each group

worked together to design and execute an ambitious

common research project based on the data they

helped to collect, with the ultimate goal of publish-

ing the results.

During the first section, students were introduced

to the overall project, its goals and the data that are

being collected. They received hands-on training,

working with fish specimens to learn to our specific

measurements and identify basic morphology. They

learned how to use bibliographic search engines to

find relevant scientific papers and how to read the

papers. Students then used these skills to identify

and develop interesting questions that were testable

with the body shape data they helped to collect.

With guidance from their mentors and after several

rounds of proposals, peer-review and in-class debates

a suitable scientific hypothesis was identified and

specific predictions developed. In the second section

the students focused on learning how to analyze the

data. Using the R statistical framework, they were

taught basic programming, data visualization, and

statistical methods including the phylogenetic com-

parative methods they would need to answer their

specific questions. During the final section the stu-

dents finished analyzing and interpreting the data

and worked on presenting their findings at local

conferences in the form of a scientific poster or

talk and started to plan the paper for publication.

As undergraduate research experience has been

shown to be a critical factor when choosing to pur-

sue a career in science, especially for students from

traditionally underrepresented groups (e.g., Lopatto

2007; Villarejo et al. 2008), we aimed to make our

recruitment and program inclusive. We targeted stu-

dents who had no previous research experience by

advertising widely across campus and by taking ad-

vantage of campus programs targeted toward first

generation and minority students. We met with ev-

ery potential recruit individually to talk to them

about the project and to determine their enthusiasm

and suitability for the program, rather than focusing

purely on an application letter and grades, a practice

that may also improve the recruitment of minority

candidates (G�andara 1999). We also provided paid

research positions during the summer ensuring that

the opportunity to work at the Smithsonian museum

was open to all students, not just those that could

afford to take an unpaid internship for a month.

Results

Size correction

Correcting for size using the residuals from the phy-

logenetic regression with log standard length means

that length itself cannot be included as a shape var-

iable. This is unfortunate as elongation, the length-

ening of the body relative to other dimensions, has

been shown to be the primary axis of variation

across reef fishes using geometric morphometric

approaches (Claverie and Wainwright 2014).

However, as the residuals represent every trait rela-

tive to standard length, elongation can be identified

by narrower widths and shallower depths than

expected for their length, i.e., negative residuals.

Indeed, there is a strong positive relationship be-

tween the SL residuals for width and depth. Across

the eight variables, phylogenetic slopes from regres-

sions on log standard length were: maximum body

depth (b¼ 1.15), maximum fish width (b¼ 1.09),

head depth (b¼ 1.04), lower jaw length (b¼ 0.95),

mouth width (b¼ 1.03), minimum caudal peduncle

depth (b¼ 1.02), and minimum caudal peduncle

width (b¼ 1.15). These estimates indicate that across

teleost fishes shape variables change in proportion to

standard length and that the estimated evolutionary

allometry is close to isometry (b¼ 1) for most traits,

although there is a lot of variation around the phy-

logenetic regression line.

Size-correction using log-shape ratios allows us to

include standard length, where fishes that are elon-

gate will have the largest size-corrected standard

lengths. If fishes that are long for their overall size

are also shallower and/or narrower this would pro-

vide further evidence of elongation. There is a sig-

nificant negative relationship between size-corrected

standard length and body depth in both the non-

phylogenetic and phylogenetic analyses (b¼�0.68

and P< 2e�16, PGLS b¼�0.54 and P< 2e�16)

with the adjusted R2 values indicating standard

length explains between 30% and 47% of the varia-

tion in size-corrected depth. For body width there is

also a significant negative relationship in both the

non-phylogenetic and phylogenetic analyses

(b¼�0.32 and P< 2e�16, PGLS b¼�0.46 and

P¼ P< 2e�16) but the adjusted R2 values indicate

standard length only explains 15–25% variation in

size-corrected width. As expected, there is a positive
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relationship between the log-shape ratios and the SL

residuals for each variable (Klingenberg 1996) (see

Supplementary Fig. S3).

Principal components analysis

PC1 represents the phylogenetically weighted major

axis of body shape divergence across teleosts. For the

SL residuals all traits except lower jaw length load

relatively heavily onto this major axis (see Table 1

and Fig. 1). Usually this would indicate that PC1 is

driven by size but as we have removed size using

standard length it is actually an axis that is strongly

associated with elongation, as it represents the reduc-

tion of body dimensions relative to standard length.

PC1 therefore characterizes a continuum of fishes

from deep and wide-bodied Lophiiformes (angler-

fishes) to long, narrow, and shallow Anguilliformes

(eels). The secondary axis of variation contrasts

fishes with small mouths and deep and wide caudal

peduncles, like many of the Monacanthidae and

Cobitidae, with fishes like the Macrouridae,

Zoarcidae, and Trichiuridae that have larger mouths

and thin, shallow peduncles. PC1 explains 45.3% of

the total body shape variation and PC2 explains a

further 16.6%. PC3 and 4 together explain an addi-

tional 22% of the shape variation. PC3 describes a

continuum, at one extreme fishes with long lower

jaws and relatively wide caudal peduncles like the

Belonidae and at the other extreme are

Gymnotiformes (knifefishes) and Macrouridae, with

relatively short lower jaws and narrow caudal

peduncles. While PC4 contrasts lower jaw length

and mouth width, where the narrow-mouthed but

relatively long-jawed Pleuronectiformes (flatfishes)

and Carangidae occupy one extreme, with

Loricariidae at the other having wide but relatively

short mouths.

The major axes of body shape variation identified

using the log-shape ratios differ somewhat from

those identified using the SL residuals (see Table 2

and Fig. 1). The first principal component axis is

width, wide dorsoventrally flattened Lophiiformes

are at one extreme and narrow laterally compressed

Pleuronectiformes at the other. PC2 contrasts stan-

dard length with body depth with long shallow fishes

like the Anguilliformes at one extreme and short

deep fishes like Ephippidae and Caproidae at the

other. PC2 therefore represents an axis of elongation.

The percentage of the total body shape variation

explained by each PC axis is surprisingly even, PC1

only explains 22.6% of the total body shape varia-

tion, PC2 explains a further 21.8%. PC3 and 4 to-

gether explain an additional 31% of the shape

variation. PC3 describes a continuum, at one ex-

treme are fishes with deep and wide caudal

peduncles like Notosudidae and Belonidae, and at

the other extreme fishes with shallow and narrow

caudal peduncles, like Macrouridae, Trichiuridae,

and Gymnotiformes. While PC4 describes a contin-

uum of morphologies from fishes with long lower

jaws and relatively deep heads, such as

Trichiuridae, Nemichthyidae, and Serrivomeridae,

through to fishes like some Siluriformes (catfishes)

and Ostraciidae that have short lower jaws and shal-

low heads relative to their width.

The decision to prune out the 31 species contain-

ing nodes that were <0.1 million years resulted in

several changes in the major axes identified by

the phylogenetic PCA (Supplementary Tables S6

and S7).

Rates of body shape change

Rates of body shape evolution vary substantially

across the phylogeny (Fig. 2 and Supplementary

Tables S8 and S9). Two families show high rates of

Table 1 Loadings and variance for the phylogenetic principal components analysis on log standard length residuals

PC1 PC2 PC3 PC4 PC5 PC6 PC7

ln Max body depth �0.800 0.136 �0.355 �0.242 0.136 �0.049 0.369

ln Max fish width �0.802 �0.178 �0.152 0.276 �0.002 �0.449 �0.154

ln Head depth �0.818 �0.025 �0.275 �0.197 0.206 0.290 �0.298

ln Lower jaw length �0.406 �0.572 0.538 �0.459 0.023 �0.079 0.014

ln Mouth width �0.640 �0.478 0.080 0.474 �0.199 0.272 0.134

ln Min caudal peduncle depth �0.628 0.526 0.146 �0.176 �0.523 0.012 �0.053

ln Min caudal peduncle width �0.500 0.524 0.540 0.254 0.342 0.024 0.028

Standard deviation 1.781 1.076 0.913 0.839 0.701 0.608 0.520

Proportion of variance 0.453 0.166 0.119 0.101 0.070 0.053 0.039

Cumulative proportion 0.453 0.619 0.738 0.838 0.909 0.961 1.000
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Fig. 1 Teleostean morphospace. A) (Rabosky et al. 2018) Phylogeny pruned to the 5850 species that overlap with the body shape

dataset and excluding 31 species that share a common ancestor with their sister-species <0.1 mya. Each of the 390 families are

represented by a different color and the same colors are used in the morphospaces (B and C) to give an idea of phylogenetic

relationships, as a phylomorphospace is impractical with so many species. B) Plot of PC1 vs. PC2 and PC3 vs. PC4 using scores from

the phylogenetic PCA on log standard length residuals (SLresids). C) Plot of PC1 vs. PC2 and PC3 vs. PC4 using the scores from the

phylogenetic PCA on log-shape ratios (LSRs).
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evolution (identified as >95th percentile) across sev-

eral traits regardless of the method of size correction:

Channichthyidae and Zoarcidae. When log-shape ra-

tios are used Liparidae and Mormyridae also show

high rates across three or more traits, while

Stichaeidae and Triglidae are also identified as exhib-

iting high rates when SL residuals are used.

Some families reveal high rates of evolution in

only one or two traits. Both methods of size correc-

tion identify high rates of lower jaw evolution in

Chaetodontidae and high rates of mouth width evo-

lution in Exocoetidae. SL residuals identify Cobitidae

as having high rates of mouth evolution (lower jaw

length and mouth width) while Catostomidae are

likewise identified by log-shape ratios. Sebastidae,

Salmonidae, Kyphosidae, and Channichthyidae are

identified as having high rates of geometric mean

evolution, while Belonidae, Triglidae, Scorpaenidae,

and Tetraodontidae are identified as having high

rates of standard length evolution.

These results are also dependent on the removal of

the 31 sister-species nodes <0.1 mya. Without the

removal of the nodes <0.1 mya the majority of fam-

ilies identified as exhibiting extraordinary rates are

those that contain one or nodes <0.1 mya

(Supplementary Fig. S4). This illustrates the impor-

tance of identifying and removing outliers.

Discussion

We have generated the largest macroevolutionary

database of vertebrate morphology to date, with

measurements on 16,609 specimens from a total of

6144 species in 394 families, representing just under

a quarter of living teleostean diversity. Analyzing this

dataset will help to bridge the gap between 1) mi-

croevolutionary studies that demonstrate how body

shape changes are induced by different ecologies

intraspecifically (e.g., Robinson et al. 1993;

Andersson 2003; Andersson and Johansson 2006),

2) biomechanical principles that express how certain

shapes optimize specific performance traits (e.g.,

Webb 1984; Domenici 2002; Weihs 2002), and 3)

the remarkable body form diversity observed across

the teleost tree of life. Its taxonomic span will also

enable the incorporation of more realistic complexity

within macroevolutionary models, allowing us to ask

whether trait interactions and trade-offs constrain

shape convergence.

Elongation is identified as a major axis of shape

variation within teleost fishes regardless of the

method of size correction: PC1 when residuals

from the phylogenetic regression against standard

length are used or PC2 when log shape ratios are

used. In our analyses the precise role played by width

and the amount of variation in shape variation

explained by elongation depends strongly on which

method of size correction is used. When SL residuals

are analyzed PC1 explains 45.3% of the total varia-

tion and describes a continuum from deep and wide

heads and bodies relative to their length through to

highly elongate forms with relatively shallow and

narrow heads and bodies. Within the morphospace

most outlier species are ones with shallower or nar-

rower body dimensions than expected for their

length, i.e., are elongate. When log shape ratios are

analyzed PC2 describes the elongation axis (see

Table 2 and Supplementary Fig. S5), with long and

shallow eel-like fishes at one extreme and short deep-

bodied fishes at the other and it explains just 22.6%

of the total shape variation. However, variation

within PC2 only occurs in fishes with lower values

on PC1, which are relatively narrow-bodied species.

Therefore, using the three major dimensions of size

Table 2 Loadings and variance for the phylogenetic principal components analysis on log shape ratios

PC1 PC2 PC3 PC4 PC5 PC6 PC7

Standard length �0.477 0.790 �0.240 0.158 0.191 0.095 �0.145

Max body depth �0.380 �0.812 0.311 0.109 �0.263 0.125 �0.052

Max fish width 0.903 0.004 �0.068 �0.281 0.070 �0.231 0.208

Head depth �0.062 �0.508 �0.220 0.519 0.618 �0.059 0.187

Lower jaw length 0.141 0.154 �0.377 0.716 �0.487 �0.176 0.182

Mouth width 0.697 �0.162 �0.224 0.260 0.023 0.300 �0.529

Min caudal peduncle depth �0.322 �0.338 �0.618 �0.286 �0.033 �0.468 �0.313

Min caudal peduncle width �0.084 �0.191 �0.750 �0.334 �0.093 0.445 0.276

Standard deviation 1.344 1.320 1.159 1.076 0.860 0.787 0.768

Proportion of variance 0.226 0.218 0.168 0.145 0.092 0.077 0.074

Cumulative proportion 0.226 0.444 0.612 0.756 0.849 0.926 1.000
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to calculate log shape ratios separates the width axis

from the axis that contrasts length and depth. In

contrast, using the SL residuals links body depth

and width, by forcing all traits to be relative to stan-

dard length. There is an important phylogenetic

component to elongation, as revealed by the non-

phylogenetic PCAs (supplementary Fig. S2 and

Supplementary Tables S3 and S4). In non-

phylogenetic PCA the SL residuals have very similar

loadings on PC1 compared to the phylogenetic PCA

but PC1 explains a lot more variation in body shape

in the non-phylogenetic PCA (64.8% vs. 45.3%).

While in the log shape ratios PC1 and 2 switch, so

that the non-phylogenetic PC1 is the elongation axis

and it also explains more variation in body shape

(39%) than PC1 in the phylogenetic PCA (22.6%).

Our recognition of elongation as an important

axis of fish body shape diversification is broadly con-

sistent with previous studies across ecomorphologi-

cally disparate clades of teleosteans. A study of

morphological variation across almost 3000 reef

fish species identified elongation as the dominant

axis of shape variation (Claverie and Wainwright

2014). Body elongation was also identified as the

secondary axis of diversification within 116

Fig. 2 Standardized per family rates of morphological evolution.

Rates of Brownian evolution calculated on log standard length

residuals (SLresids) and log-shape ratios (LSRs) within each family

that contained at least 10 species in our dataset. Traits are MD,

maximum body depth; MFW, maximum fish width; HD, head

depth; LJL, lower jaw length; MW, mouth width; MCPD, minimum

caudal peduncle depth; MCPW, minimum caudal peduncle width;

SL, standard length; GM, geometric mean. Families are: 1,

Poeciliidae; 2, Cyprinodontidae; 3, Fundulidae; 4, Goodeidae; 5,

Rivulidae; 6, Nothobranchiidae; 7, Exocoetidae; 8,

Hemiramphidae; 9, Belonidae; 10, Adrianichthyidae; 11,

Melanotaeniidae; 12, Atherinidae; 13, Cichlidae; 14, Blenniidae;

15, Embiotocidae; 16, Pomacentridae; 17, Mugilidae; 18, Soleidae;

19, Paralichthyidae; 20, Pleuronectidae; 21, Sphyraenidae; 22,

Centropomidae; 23, Carangidae; 24, Osphronemidae; 25,

Channidae; 26, Gobiidae; 27, Eleotridae; 28, Apogonidae; 29,

Syngnathidae; 30, Mullidae; 31, Callionymidae; 32, Scombridae;

33, Gempylidae; 34, Cottidae; 35, Agonidae; 36, Liparidae; 37,

Hexagrammidae; 38, Zoarcidae; 39, Stichaeidae; 40, Triglidae; 41,

Sebastidae; 42, Scorpaenidae; 43, Platycephalidae; 44, Serranidae;

45, Channichthyidae; 46, Nototheniidae; 47, Percidae; 48,

Centrarchidae; 49, Percichthyidae; 50, Cirrhitidae; 51,

Terapontidae; 52, Kyphosidae; 53, Gerreidae; 54, Sillaginidae; 55,

Haemulidae; 56, Lutjanidae; 57, Pomacanthidae; 58,

Chaetodontidae; 59, Leiognathidae; 60, Sparidae; 61,

Nemipteridae; 62, Lethrinidae; 63, Malacanthidae; 64, Sciaenidae;

65, Acanthuridae; 66, Siganidae; 67, Tetraodontidae; 68,

Diodontidae; 69, Monacanthidae; 70, Balistidae; 71, Ostraciidae;

72, Antennariidae; 73, Labridae; 74, Scaridae; 75, Batrachoididae;

76, Ophidiidae; 77, Melamphaidae; 78, Holocentridae; 79,

Macrouridae; 80, Gadidae; 81, Moridae; 82, Myctophidae; 83,

Synodontidae; 84, Galaxiidae; 85, Stomiidae; 86, Sternoptychidae;

87, Gonostomatidae; 88, Osmeridae; 89, Salmonidae; 90,

Cyprinidae; 91, Nemacheilidae; 92, Cobitidae; 93, Catostomidae;

94, Mochokidae; 95, Heptapteridae; 96, Schilbeidae; 97,

Pimelodidae; 98, Ariidae; 99, Ictaluridae; 100, Sisoridae; 101,

Bagridae; 102, Siluridae; 103, Clariidae; 104, Doradidae; 105,

Auchenipteridae; 106, Loricariidae; 107, Callichthyidae; 108,

Trichomycteridae; 109, Characidae; 110, Acestrorhynchidae; 111,

Bryconidae; 112, Triportheidae; 113, Curimatidae; 114,

Prochilodontidae; 115, Anostomidae; 116, Serrasalmidae; 117,

Alestidae; 118, Clupeidae; 119, Engraulidae; 120, Mormyridae;

121, Ophichthidae; 122, Congridae; 123, Muraenidae; 124,

Anguillidae.
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Carangaria following the K–Pg mass extinction

(Ribeiro et al. 2018). Similarly, a continuum from

relatively long and shallow bodies through to deep

and short bodies has also been identified as the pri-

mary axis of variation in studies on diverse and mor-

phologically disparate cichlid groups (e.g., 45 species

of Tanganyikan cichlids in Clabaut et al. [2007], 27

South American geophagine cichlids in Arbour and

Lopez-Fernandez [2013], and 127 Neotropical cichl-

ids in L�opez-Fern�andez et al. [2013]). This contin-

uum of deep-bodied to elongate was also identified

as an important component of the first four princi-

pal component axes of morphological variation

across 329 morphologically diverse characiform spe-

cies (Burns and Sidlauskas 2019). These body shape

changes are frequently associated with changes in

habitat and diet (e.g., Clabaut et al. 2007; Burns

and Sidlauskas 2019) often related to the benthic–

pelagic axis, with pelagic fishes showing more

stream-lined and elongate forms (e.g., Ribeiro et al.

2018). However, across teleosts elongation is likely

an adaptation to many different lifestyles not just

pelagic habitats (Claverie and Wainwright 2014).

Unfortunately, more detailed comparisons are ham-

pered by differences in the way body shape is quan-

tified, with most studies favoring 2D geometric

morphometrics on lateral photographs. This means

it is impossible for these previous studies to provide

support for our log shape ratio results, which iden-

tify fish width as the primary axis of body shape

variation across teleosts with elongation as the sec-

ondary axis of variation constrained within the more

narrow-bodied forms.

The more minor axes of shape variation within

our dataset emphasize caudal peduncle shape and

mouth size. Lower jaw length is an important com-

ponent of PC2, 3, and 4 when SL residuals are used

and PC4 when log shape ratios are used, while

mouth width is an important component of PC2

and 4 when SL residuals are used. Mouth size was

also identified by Claverie and Wainwright (2014), as

a minor contributor to overall morphological varia-

tion across reef fishes and snout length was found to

be an important component of neotropical cichlid

diversification (L�opez-Fern�andez et al. 2013). We

identified fishes with very tapered tail regions (shal-

low and narrow caudal peduncles), such as rattails

(Macrouridae), cutlassfishes (Trichiuridae), and kni-

fefishes (Gymnotiformes), as representing one ex-

treme on PC2 and PC3 when SL residuals are used

and PC3 when log shape ratios are used. Elongation

of the body with a tapering caudal peduncle is a

well-known trait of many deep-sea fishes (Neat and

Campbell 2013) as well as freshwater knifefishes

(Gymnotiformes). Caudal peduncle shape was not

identified as an axis of shape variation in past stud-

ies, as tapered tails have only evolved in very specific

clades, none of which were included in previous

studies. The mixing of mouth size and body dimen-

sions within these axes of variation may indicate that

both diet/feeding performance and habitat/locomo-

tor strategies are important drivers of fish body

shape evolution, but more detailed analyses are

needed to confirm this inference.

Our rate analyses confirm that there is substantial

variation in rates of morphological evolution across

families (Fig. 2), indeed it would be surprising to

find invariant rates at this phylogenetic scale.

Interestingly, several of the families identified as hav-

ing exceptionally high rates of morphological evolu-

tion across three or more traits also have unusual

ecologies or morphologies. Mormyridae have highly

unusual morphologies, as hinted at by their common

name. Some species of freshwater elephantfishes have

extraordinary heads with large brains and trunk-like

jaws and all are weakly electric (Helfman et al. 2008).

Channichthyidae (crocodile icefishes) are notothe-

nioid fishes, restricted to freezing or near-freezing

Antarctic waters (Kock 2005). Similarly, the highest

species diversity of Liparidae (snailfishes) is also

found in polar regions, although they have a much

wider geographic range occurring in cold deep wa-

ters worldwide (Møller et al. 2005). Additionally,

several families with high rates of shape evolution:

Zoarcidae (eelpouts), Triglidae (gurnards), Liparidae,

and Stichaeidae (pricklebacks) are also associated

with benthic habitats, which are physically diverse

and therefore may provide greater ecological oppor-

tunity. Many of these families also contain recent

rapid radiations (mormyrids: Carlson et al. 2011;

notothenioids: Dornburg et al. 2017). Furthermore,

Mormyridae, Zoarcidae, and Liparidae have previ-

ously been identified as having exceptional rates of

speciation and body size diversification (Rabosky

et al. 2013). With the exception of mormyrids these

families form a phylogenetic cluster of high rates of

shape evolution encompassing the Scorpaeniformes

and Notothenioidei (see Fig. 2).

Other families show fast rates of evolution in one

or two specific traits. In agreement with past analyses

of body size (Rabosky et al. 2013) we identify

Salmonidae and Sebastidae as having exceptionally

fast rates of size evolution, as measured by the geo-

metric mean of the traits. Chaetodontidae (butterfly-

fishes) are also identified as having fast rates of lower

jaw evolution, which is consistent with the previous

finding that jaw elongation is the primary axis of

head diversification across the family (Konow et al.
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2017). Further research is needed to determine

whether rate variation occurs within families and

whether elevated rates are linked to morphological

or ecological innovations. Moreover, additional

investigations are needed to establish whether rate

variation influences the results of the other phyloge-

netic comparative analyses (sensu Chira and Thomas

2016), as our current implementations assume a sin-

gle rate of BM across the tree.

On balance, our preferred method of size correc-

tion is the log shape ratios. The composite measure

of size enabled us to separate the effects of body

depth and width from length, which led to a more

complete and nuanced understanding of the teleost

morphospace. Moreover, the log shape ratios retain

any shape variation due to evolutionary allometry

and shape changing predictably with size is an inter-

esting component of shape variation. The allometric

relationship was significant due to our large sample

size but quite weak for most traits, as the geometric

mean never explained more than 4% of the total

variation in any trait represented as a log-shape ra-

tio. Such weak evolutionary allometry is consistent

with a recent study on the influence of size on the

body shape of reef fishes (Friedman et al. 2019) us-

ing the geometric morphometric dataset of Claverie

and Wainwright (2014). Our identification of posi-

tive or negative allometry sometimes depended on

whether the phylogeny was taken into account

when estimating the linear regression

(Supplementary Figs. S6 and S7). It should be noted

that we did not attempt to fit non-linear models.

Under different circumstances it may be advisable

to remove shape variation due evolutionary allome-

try using the phylogenetic residuals from a regression

against size and to do so we would recommend us-

ing the geometric mean of the three major size

dimensions as the estimate of size.

Large phenotypic datasets promise to revolution-

ize the fields of genomics and macroevolution

(Houle et al. 2010; Chang and Alfaro 2016). Our

research demonstrates how these phenomic databases

can be built using traditional morphometrics and

people power, just as previously observed for

crowd-sourcing methods (Chang and Alfaro 2016;

Cooney et al. 2017). We also illustrate that careful

consideration is needed when analyzing macroevolu-

tionary datasets that span vast taxonomic scales, as

choices made when preparing the data for analysis

can affect down-stream comparative analyses. In par-

ticular, we recommend checking for potential out-

liers driven by recent sister-taxon nodes and carefully

considering the method of size correction. Removing

very recent nodes influenced all of our phylogenetic

comparative analyses but unsurprisingly the impact

was strongest on the rate analyses. After dealing with

these issues our analyses reveal that the fastest rates

of shape evolution are primarily found within the

clade formed by notothenioids and scorpaeniforms

in families that thrive in cold waters and/or have

benthic habits. The morphospace generated from

the log shape ratios revealed that fish width is the

primary axis of variation across teleosts, and elonga-

tion (depth decreases as length increases) is the

secondary axis, occurring only within narrower

bodied-fishes. This result highlights the importance

of collecting shape on three dimensions, as previous

large-scale studies of fish body shape have not in-

cluded width (Claverie and Wainwright 2014; Chang

and Alfaro 2016). In the future, our teleost morpho-

space will provide context for exploring the nature of

adaptive radiations within fishes and allow us to

compare fossil and extant diversity.
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