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Colonization of novel habitats can result in marked phenotypic responses to
the new environment that include changes in body shape and opportunities
for further morphological diversification. Fishes have repeatedly transitioned
along the benthic–pelagic axis, with varying degrees of association with the
substrate. Previous work focusing on individual lineages shows that these
transitions are accompanied by highly predictable changes in body form.
Here, we generalize expectations drawn from this literature to study the effects
of habitat on body shape diversification across 3344 marine teleost fishes. We
compare rates and patterns of evolution in eight linear measurements of body
shape among fishes that live in pelagic, demersal and benthic habitats. While
average body shape differs between habitats, these differences are subtle com-
pared with the high diversity of shapes found within each habitat. Benthic
living increases the rate of body shape evolution and has led to numerous
lineages evolving extreme body shapes, including both exceptionally wide
bodies and highly elongate, eel-like forms. By contrast, we find that benthic
living is associated with the slowest diversification of structures associated
with feeding. Though we find that habitat can serve as an impetus for predict-
able trait changes, we also highlight the diversity of responses in marine
teleosts to opportunities presented by major habitats.
1. Introduction
The invasion of new habitats can affect phenotypic diversification in at least
two different ways. A colonization event will typically stimulate an immediate
adaptive response of the phenotype to the new selective regime. However, the
transition can also serve as an impetus for subsequent diversification, promot-
ing the proliferation of different morphologies as lineages respond to ecological
opportunity within the new habitat [1,2]. Though the two processes may act on
different temporal scales, both are key to understanding how major habitat
shifts have shaped phenotypic diversification.

Fishes have repeatedly transitioned between pelagic (limnetic/open
water), demersal (close proximity to the substrate) and fully benthic (in phys-
ical contact with substrate) habitats, shifts that are thought to have substantial
implications for the evolution of body form. An ecomorphological axis of body
shape changes associated with transitions between pelagic and demersal habi-
tats is one of the strongest and most consistently reported patterns in the
literature within both freshwater and marine fishes [3–17]. Pelagic species
repeatedly evolve a more elongate, slender body shape with a narrow
caudal peduncle, thought to be adaptive for steady locomotion in open
water [5,17], while demersal fishes evolve wider mouths, as well as deeper
bodies, hypothesized to increase manoeuvrability via increased hydrodynamic
instability [6,16].

While previous work has focused on specific transitions along the demer-
sal–pelagic axis at the intraspecific and family levels, far less is known about
how these habitats shape patterns and rates of subsequent diversification
across deep phylogenetic scales (but see [9,14]). One possible expectation is
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Figure 1. Generalized fish outline (left) illustrating the eight linear measurements taken on each fish (black lines). Dotted lines connect each measurement to the
corresponding density plot (middle), showing the distribution of log-transformed and size-corrected traits from each species in the dataset, grouped by colour coded
habitat categories. Habitat-specific rates of morphological evolution determined by the best-fit evolutionary models are visualized in the plot to the right. Rate
estimates for feeding-related traits are highlighted, as they show a unique pattern of evolution in this dataset. (Online version in colour.)
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that the physically uniform nature of the pelagic realm results
in fewer opportunities to interact with a heterogeneous
environment and thus fewer ecological niches to diversify
into. By contrast, demersal and particularly benthic habitats
provide considerable physical and biological complexity,
potentially driving diversification by presenting opportu-
nities to physically interact with the substrate for both
feeding and locomotion [18–20]. Here, we study patterns of
habitat-mediated body shape diversification across 3344
species of marine teleosts. We explore the effects of the habi-
tat gradient on the average fish shape, overall phenotypic
disparity and on the underlying rate of evolution of body
shape. Given the consistent morphological trends described
by previous studies, we expect these patterns to scale up
such that we find convergence on deeper body/head
shapes and wider mouths in demersal and benthic fishes
and a predominance of comparatively shallow bodies and
head shapes with narrow caudal peduncles and smaller
mouths in pelagic fishes. We also expect rates of body
shape evolution to reflect the physical complexity of the
three habitats, mirroring both the ecological opportunity
and potential for diversification, with the highest rates in
benthic and the slowest in pelagic habitats.

2. Material and methods
(a) Data collection and preparation
We collected linear measurements of body shape from a maxi-
mum of three adult specimens from each of 3344 species
(electronic supplementary material, table S1). The sampling
includes representatives of 268 families and 1252 genera and
spans nearly 20% of all marine teleost species. Using specimens
from the National Museum of Natural History we measured
eight ecologically and functionally relevant features: standard
length, maximum body depth, maximum body width, minimum
caudal peduncle depth, minimum caudal peduncle width, lower
jaw length, mouth width and head depth (figure 1). Trait values
were then averaged across specimens for species means. For
further details on data collection, measurements and collation
methods see Price et al. [21]. Notably, a large part of the data col-
lection involved undergraduate researchers through a course-
based undergraduate research experience [22].

For comparative analyses, we used a previously published
time-calibrated phylogeny of ray-finned fishes pruned to our
species list [23]. All species in this maximum likelihood phylo-
geny have genetic data determining their placement. We first
natural log-transformed and size-corrected the linear traits by
taking the residuals of phylogenetic regressions on body size
implemented with the phyl.resid function in ‘phytools’ [24].
Across a dataset with substantial body shape diversity, a single
anatomical dimension may bias the estimate of body size. For
example, though the standard length is a commonly used size
metric in fishes, the overall body size of extremely elongate
fishes such as eels would be exaggerated, while the size of
deep-bodied species such as ocean sunfish would be underesti-
mated. Therefore, we opted to use the geometric mean of the
three major body dimensions (cube root of the product of species
averages for standard length, maximum body width and maxi-
mum body depth) as a composite metric for size [25,26]. All
analyses for this study were implemented in R, v. 3.5.0 [27].

Previous literature has focused on the demersal–pelagic axis
of diversification, neglecting substrate-dwelling benthic fishes.
To comprehensively evaluate how the entirety of the habitat gra-
dient affects morphological diversification, we expanded the
classically studied demersal–pelagic axis to include exclusively
benthic species. Species were classified into one of three habitat
categories: benthic, demersal and pelagic based on their adult
habitat preferences and behaviour. Benthic fishes are those that
spend the majority of the time with their body physically in con-
tact with the substrate, including fossorial species. For example,
frogfishes, flatfishes and moray eels are classified as benthic in
this dataset. In order to explicitly test the effect of structural com-
plexity on body shape evolution, open-water species that spend
significant time with their body in contact with any substrate,
such as sargassum frogfish and remoras, were also classified as
benthic. Demersal fishes have some interaction with the benthos
but spend little time with their body in contact with the substrate.
Here, butterflyfishes, as well as some damselfishes and croakers,
are categorized as demersal because they forage on the benthos,
but rarely physically rest on the substrate. Finally, pelagic fishes
live in the water column, rarely or never coming in contact with
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the benthos. Tuna, swordfish and needlefishes are representative
pelagic fishes. We collected habitat information on each species
from FishBase [28] and primary literature sources or our own
observations when behavioural or habitat information was
unavailable (electronic supplementary material, table S1).

(b) Morphological diversity
We conducted a principal component analysis (PCA) using the cor-
relation matrix to visualize body shape morphospace occupancy
by habitat. We also calculated morphological disparity across all
eight linear traits using the morphol.disparity function implemented
in ‘geomorph’ (v. 3.0.6) [29] to compare the overall variance of
forms between habitat regimes. Pairwise disparity estimates for
the different habitat groups were assessed with a permutation pro-
cedure (1000 iterations). To determine if there were significant
differences in average body shape between benthic, demersal,
and pelagic fishes, we conducted a phylogenetic ANOVA on
each morphological trait as well as a phylogenetic MANOVA, as
a more composite comparison of morphology between groups.
All ANOVAs and the MANOVA were implemented with 10 000
simulations to assess significance using the function ‘procD.pgls’
in the geomorph package.

Given the phylogenetic scale, we also attempted to determine
if habitat itself drives diversification or if the morphological
disparity is a result of very different lineages independently tran-
sitioning into each habitat. First, assuming a Brownian motion
(BM) model of evolution, we determined the maximum likeli-
hood ancestral states using the fastAnc function in ‘phytools’
[24] for each morphological trait and calculated independent
contrasts at each node in the phylogeny [30]. We then recon-
structed habitat transitions across the phylogeny using
stochastic character mapping (simmaps) implemented in the R
package ‘phytools’, allowing for asymmetric transition rates
between habitat regimes. We determined this was the best-fit
model by comparing log-likelihoods of the Q-matrices from
models that allowed for equal, symmetric and asymmetric rate
transitions between habitat states [31]. For each of the 100 sim-
maps, we identified the nodes that immediately preceded
habitat transitions (transition nodes) and recorded which daugh-
ter branch (left or right) the transition occurred on as well as the
transition type (e.g. benthic to demersal, demersal to benthic,
etc.). We extracted the independent contrasts and ancestral
states for only these transition nodes. If the transition occurred
on the left branch, we multiplied the independent contrast by
−1 to control the contrast direction, as the ‘pic’ function always
calculates contrasts as the right branch minus the left. We used
a t-test to determine if the independent contrasts for each habitat
transition significantly differed from zero. A significant deviation
from zero would indicate that particular habitat transitions are
associated with directional morphological change. We also
implemented a modified version of the rate-by-state test [32],
using the ancestral state and independent contrasts for just the
transition nodes. For each transition type, we regressed the
ancestral state of each trait against the direction-controlled con-
trast values to determine if the direction of trait change for
habitat transitions depended on the ancestral trait at that node.
For example, if body depth evolves toward a more slender
shape during the transition from demersal to pelagic, we might
see this change in deep-bodied taxa but rarely in lineages that
are already elongate. A slope that significantly differs from
zero indicates that ancestral morphology prior to the habitat tran-
sition affects the expected direction of trait change. We repeated
these procedures on all eight morphological traits and all 100
simmaps (see [33] for R code).

(c) Rates of morphological evolution
Given computational limitations on a dataset of this size, all evol-
utionary models were run on 100 simmaps to account for
uncertainty in the history of habitat occupation. Using the pack-
age ‘OUwie’ [34], we implemented a model-fitting framework on
each linear trait to compare rates of morphological evolution
between species in different habitats. To test whether rates of
evolution vary between habitats, we compared two models:
Single rate BM, which does not allow for the rate parameter
(σ2) to vary with habitat, and multi-rate Brownian motion
(BMS), which fits a different rate parameter to each habitat
regime under maximum likelihood. Though more complex
evolutionary models exist to infer selective optima (e.g.
Ornstein–Uhlenbeck models), here, we are particularly interested
in differences in the rate of body shape evolution with respect to
habitat. Additionally, these models incorporate an alpha par-
ameter used to infer the strength of selection, which is not
necessarily applicable to the questions posed here. As there are
concerns of non-identifiability between the alpha and sigma par-
ameters of OU models, coupled with potentially inaccurate alpha
estimates [35,36], we have opted to compare only BM models.
After the OUwie analyses, we checked our results for positive
eigenvalues, which indicate reliable estimates [37]. Model fit
was evaluated using a modified Akaike information criterion
(AICc), which converges to AIC when samples are large. To
determine if we have the power to distinguish between BM
and BMS models, we simulated two datasets: one under BMS
and one using BM across the phylogeny with the function
OUwie.sim. We then recursively ran our model-fitting framework
on 100 of each of these simulated datasets to establish if we could
recover the original parameters and model, thereby demonstrat-
ing statistical power and a lack of bias for the more
parameterized model, respectively.
3. Results
(a) Morphological disparity
The first two principal component (PC) axes accounted for
more than 68% of the variation in body shape across the data-
set (figure 2). PC1 was primarily dominated by elongation−a
contrast between deep-bodied and more slender, elongate
forms. There appeared to be significant phylogenetic pattern-
ing to the morphospace, with Anguilliformes (true eels)
having larger values on PC1 while the smallest values were
primarily occupied by Pleuronectiformes (flatfishes). Body
width loaded highest on PC2 and Lophiiformes (anglerfishes)
dominate the larger values along this axis. There was little
differentiation of fish body shapes between habitats within
the morphospace defined by PC1 and PC2, as species’ distri-
butions broadly overlapped between them (figure 2). One
notable exception was that only benthic fishes expanded
into the region of morphospace corresponding with
extremely wide bodies (largest values on PC2).

The multivariate morphological disparity was highest for
benthic fishes and lowest for demersal fishes (benthic: 1.94;
demersal: 1.30; pelagic: 1.49) and all pairwise comparisons
were significant ( p < 0.05). Removing Lophiiformes and
Pleuronectiformes, which are predominantly benthic and
quite morphologically distinct, only slightly affected dis-
parity (benthic: 1.77, demersal: 1.30, pelagic: 1.49) and all
comparisons except demersal–pelagic ( p = 0.063) remained
significantly different ( p < 0.05). The overall disparity across
the entire dataset was 1.68.

Of the pairwise phylogenetic ANOVAs run on the eight
morphological traits across three habitats (24 total compari-
sons), only five showed significant differences in average
trait values. These included maximum body depth, which
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Figure 2. Plot of PC1 and 2 from a principal component analysis of eight
variables that characterize body shape for 3344 marine teleost species.
Each point represents the average for a single species, with colour corre-
sponding to habitat (orange: benthic; dark blue: demersal; light blue:
pelagic). Body shape variation along PC1 is dominated by an increase
in standard length and concomitant decrease in maximum body depth
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species are illustrated at the extremes to aid in the visualization of mor-
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aculeatus, Austrolycus laticinctus, Nemichthys scolopaceus, Aeoliscus strigatus
and Antigonia combatia.
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differed between pelagic–demersal habitats, and minimum
caudal peduncle depth (demersal–benthic comparison), as
well as head depth for all three habitats (figure 1; electronic
supplementary material, table S2). The phylogenetic
MANOVA revealed limited differences in average body
shape between the habitats ( p = 0.034; figure 1). Habitat
showed very little explanatory power for body shape differ-
ences (r2 = 0.0014), with an effect size (Z-score) of 1.8;
habitat appears to have a weak influence on average body
shape. In fact, this analysis revealed that the only significant
difference in mean body shape appears to be between benthic
and demersal communities (p = 0.028). Thus, while some
differences in average shape exist between habitats, they are
subtle compared to the variation in body shape within
each habitat.

Our analysis of the independent contrasts and ancestral
states associated with transition nodes for each trait revealed
a signal of consistent trait changes associated with habitat
transitions. Using the direction-controlled independent con-
trasts, we found significant evidence for decreases in head
depth and caudal peduncle depth in transitions to the benthic
realm, increases in head depth for transitions to a demersal
habitat, and increasing elongation in pelagic fishes (increas-
ing standard length coupled with reductions in body depth
and width; figure 3; electronic supplementary material, table
S4). In the linear regressions of ancestral state and independent
contrasts, only two traits showed significant results (p < 0.05)
in greater than 50% of our stochastic character maps. Caudal
peduncle depth increased in demersal–benthic transitions
(60/100 simmaps significant) and caudal peduncle width
increased in benthic–pelagic transitions (52/100 simmaps sig-
nificant). These findings imply that the vast majority of traits
do not deviate from the BM expectation and that ancestral
morphology can influence the direction of certain trait changes
associated with a given habitat transition.

(b) Rates of body shape evolution
Across the 100 stochastic character reconstructions, there were,
on average, 317 habitat state transitions (figure 3; electronic
supplementary material, figure S1). The largest number of
transitions were from demersal to pelagic (145.71 on average)
and benthic to demersal (86.94 on average). Relatively few
transitions were towards the benthic regime (demersal to
benthic: 56; pelagic to benthic: 3). From the stochastic character
maps, we estimated that around 33% of the evolutionary time
was spent in the benthic regime, 41% in the demersal state,
while only 25% of the time was spent in the pelagic regime.
The root node was reconstructed as demersal in 91 of the
100 simmaps, indicating high probability that it was the
ancestral state for marine teleosts.

The model-fitting framework favoured a best-fit model of
BMS for all eight of the linear traits (electronic supplementary
material, table S3). In other words, we estimated that benthic,
demersal and pelagic fishes are diversifying under different
rates of morphological evolution. Habitat rate parameters
were highly stable and showed little variation across sim-
maps, indicating that our estimates are robust (electronic
supplementary material, figure S2). Benthic fishes showed
the fastest rates of evolution in all traits except the jaw
measurements (mouth width and lower jaw length, which
had the highest rates in the pelagic and demersal realms,
respectively). Across the six other (non-jaw-related) linear
traits, we estimate benthic fishes evolved 1.8× faster than
pelagic fishes and 1.6× faster than demersal fishes, on
average (figure 1).

The simulations under our best-fitting model (BMS) indi-
cated that we have substantial power to distinguish between
BM, the single rate model, and BMS, the multi-rate model, in
our dataset. The AICc estimates for the models share no over-
lap, unequivocally preferring BMS over BM (electronic
supplementary material, table S3 and figure S3). We also
recover similar rate estimates to those the dataset was simu-
lated under, though the recovered estimates do not always
overlap with the simulated parameters (electronic supplemen-
tary material, figure S4). Nevertheless, sigma estimates are on
average 0.01–0.03 units different from the original values, indi-
cating that we still have acceptable statistical power.



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201053

5
Simulating under a BM model, we find that the BM model
is only preferred in 19% of the reconstructions indicating
that, at this phylogenetic scale, the model has difficulty favour-
ing the less-parameterized BM model. Nevertheless, our
empirical results show no overlap in AICc distribution
between the two models, demonstrating that the BMS model
is unquestionably preferred.

4. Discussion
We find significant evidence that diversification along the
benthic–pelagic axis has a detectable effect on fish body
shape at the macroevolutionary scale. We also find that benthic
lineages possess the greatest morphological disparity and evol-
utionary rates of the three habitats as well as unique extremely
wide-bodied forms. However, distributions of body shapes are
largely overlapping in all three habitats, each roughly mirror-
ing the disparity of all marine fishes combined. These results
indicate that, while habitat can drive consistent patterns of
trait change, all three habitats house a wide diversity of
fish body shapes, producing a complex relationship between
habitat and body shape across marine fishes.

Our analyses reveal that habitat imposes predictable
selective pressures on body shape evolution, but this effect
is relatively subtle compared to the sum of other unaccounted
for influences (e.g. phylogenetic conservatism, manifold eco-
logical factors, etc.). Considering the vast ecological and
phylogenetic diversity contained in this dataset, it is not sur-
prising that we find such extensive phenotypic diversification
within each habitat. However, that we recover consistent mor-
phological trends in specific traits despite this diversity,
attests to the influence of the benthic–pelagic paradigm on
body shape evolution across teleost fishes. A more slender
body shape has been documented in over 40 lineages that
have transitioned to the pelagic habitat [6–8,16], creating a
strong expectation that these morphological patterns should
scale up. Using the direction-controlled independent con-
trasts, we find evidence that shape changes accompanying
these transitions are consistent with the well-established pat-
terns in the literature. These trends are particularly apparent
in traits along the depth dimension of body shape, which
increase when lineages become demersal and are reduced
in transitions to both benthic and pelagic habitats (figure 3;
electronic supplementary material, table S4). While our habi-
tat categories are coarse and gloss over much subtlety, we are
still able to recover a macroevolutionary signal of the
morphological trends anticipated by the literature.

Benthic living appears to be a strong driver of body shape
evolution. Extreme and novel body shapes are present here,
and rates of evolution are significantly higher in the benthic
lineages for most body shape traits compared to demersal
or pelagic fishes. Interestingly, we also reconstructed rela-
tively few transitions to the benthic regime across the
phylogeny. Thus, while transitions to a fully benthic lifestyle
are relatively rare, body shape diversification happens at a
higher rate once lineages invade the benthos.

At least two general factors may drive higher rates of body
shape diversification in benthic habitats: increased physical
contact with sediments and hard surfaces and a reduction in
functional constraints associated with swimming. In contrast
to midwater habitats where water completely surrounds the
organism, benthic habitats offer a heterogeneous environment
and the opportunity to interact with the substrate during
locomotion and feeding, which has the potential to drive
specialization, niche differentiation and speciation [19,20,38].
For example, the complex habitat structure of coral reefs has
been shown to enhance the rate of diversification, with studies
demonstrating faster cladogenesis and morphological evol-
ution in some coral reef-dwelling lineages [39–41]. Similarly,
structurally complex benthic habitats may result in opportu-
nities and a proliferation of forms. From suction cups to cirri,
benthic fishes have a variety of adaptations to interact with
the substrate upon which they live. Benthic fishes frequently
interact with the substrate during both feeding and locomotion,
resulting in adaptations for both functions in benthic residents.
For example, lie-and-wait predation is associated with diverse
secondary adaptations in benthic fish and modifications to
the paired fins of sea robins, frogfishes, clingfishes and drag-
onets that facilitate walking and gripping the substrate
[42–44]. In addition to the emergence of unique and novel
appendages, physical contact with the substrate appears to be
a significant cause of bodyshapediversification in benthic fishes.

Benthic living may also relax some constraints imparted
by a constantly swimming midwater lifestyle. Body shape
in aquatic animals is thought to be strongly influenced by
the forces that resist movement in a medium that is much
denser than air [45]. Drag is a major force resisting movement
in water and is strongly affected by body shape [46]. Mid-
water fishes spend more time swimming than benthic
fishes, for whom movement is typically highly periodic and
makes extensive use of physical contact with the substrate.
Given that many demersal and pelagic fishes use their
caudal fins as the major propulsive device, our finding of
the fastest rates of evolution in the caudal peduncle measure-
ments of benthic fishes is consistent with a relaxation of
constraints on this part of the locomotory apparatus (figure 1).
We also find evidence for consistent increases to the caudal
peduncle depth upon transitioning to the benthic realm, but
that average caudal peduncle depth is reduced in benthic
fishes, as shown by our PIC analysis. This suggests that sub-
sequent morphological diversification to the locomotor
apparatus may occur once fishes become fully benthic. By pro-
viding both a physically complex habitat to interact with and
a relaxation from the drag-based constraints on body form,
benthic habitats may represent a very different adaptive land-
scape for the evolution of body shape than demersal or
pelagic realms. Interestingly, benthic living only appears to
stimulate traits related to locomotion. We find the slowest
rates of morphological evolution in traits most functionally
relevant to feeding (mouth width and lower jaw length) in
benthic fishes (figure 1). While further work is needed, this
implies that habitat impacts feeding and locomotor mor-
phology differently and that statements about how habitat
affects rates of morphological evolution must be made with
specific reference to the functional systems.

Our study reveals that a dorsoventrally depressed, wide
body, characterized by species like pancakefishes, clingfishes
and flatheads, is a morphotype that only occurs in benthic
habitats. We reconstruct at least 12 evolutionarily indepen-
dent transitions to an extremely wide form (e.g. body
depth/body width greater than the 95% quantile across the
dataset) in marine benthic fishes, including clingfishes,
frogfishes, flatheads, sculpins and dragonets. It has been
suggested that this high-lift, low-drag shape is conducive to
station-holding when subjected to ambient water flow [47].
By exploiting the boundary layer, a region of reduced flow
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velocity in close proximity to the substrate, benthic fishes
may expend less energy maintaining their position [48]. The
benefits of being able to withstand significant water velocities
may have been one factor that prompted evolutionary con-
vergence on a dorsoventrally flattened body shape [49]. A
similar adaptation is seen in flatfishes but with different ana-
tomical underpinnings. Unlike all other benthic fishes,
flatfishes are exceptionally laterally compressed and deep-
bodied. But flatfishes functionally mimic the wide bodies of
many other benthic fishes by adopting their unique posture
of laying on their side. While flattened benthic fishes may
enjoy benefits of avoiding flowing water and may also be
less conspicuous, an open area of research remains in inves-
tigating additional advantages of having a flattened body
when lying on or within the substrate.

Another morphotype commonly found in benthic habi-
tats is the extremely elongate form, characterized by eels.
This body shape is not restricted to eels, however, as we
reconstructed 27 independent origins of body shapes that
have achieved a fineness ratio (standard length/maximum
body depth) of 14.78 or higher (the top 95% quantile across
our dataset). Interestingly, this body shape is also common
in pelagic fishes, evolving independently in pelagic eels, nee-
dlefishes, oarfishes and cutlassfishes (figure 2). An elongate
body is thought to be adaptive for steady swimming effi-
ciency at very low speeds, high maneuverability and
flexibility [50]. Energetic efficiency can be paramount in con-
stantly moving pelagic fishes [51]. This may help explain the
presence of some extremely elongate forms in pelagic habi-
tats, particularly in slow-swimming deep-water species.
Alternatively, in benthic fishes that occupy structurally com-
plex environments, improved ability to navigate this three-
dimensional habitat and pass through tight spaces would
offer clear advantages. Contact with the substrate can affect
the mechanism of locomotion, as midwater fishes swim by
pushing their undulating body or fins against the water,
while benthic fishes can push against contact points with
the substrate. Body elongation may be adaptive for this
type of movement in contact with the substrate [52] and
may facilitate movement through the tight spaces in reef
habitats or beneath the surface of sandy or mud substrates
[53]. Furthermore, elongation is a developmentally straight-
forward way to change form by adding or enlarging
existing vertebrae in different modules along the body
[54,55] and has already been shown to represent a major
axis of morphological variation across fishes [21,50].

At the other extreme of the elongation axis, a deep-bodied
form is thought to increase the instability of the moving body
and thereby enhance maneuverability [13,56]. A deep-bodied
shape, the classic demersal ecomorph of the literature
[6,10,12], is indeed commonly found in demersal fishes
(figure 2). Consistent with the literature, we find that demer-
sal fishes are significantly more deep-bodied than pelagic
fishes on average, (electronic supplementary material, table
S2) and evolve deeper heads upon transitioning to demersal
habitats (figure 3). As predicted, this suggests that there are
features of the deep-bodied form that are functionally
adaptive to a lifestyle that requires constant maneuvering.

With over 3300 species, this dataset encompasses broad
ecological, behavioural, and morphological diversity, and
many of these factors remain unaccounted for in this study.
We have also not formally attempted to account for uncer-
tainty in the habitat categorization system here. Although
there may be some habitat ambiguity and uncertainty
among species, we used an authoritative and diverse set of
resources to inform our codings (electronic supplementary
material, table S1) and have no reason to believe there are sys-
tematic biases in our scheme that would affect the general
patterns found in this study. A related concern using com-
parative methods on a dataset of this size is the tendency to
prefer any model that incorporates rate variation over one
that assumes constant rates. This may lead to erroneously attri-
buting rate heterogeneity to the discrete trait of interest. While
we acknowledge this may present a complication for our
study, methods for resolving such issues are limited [57],
especially for a dataset of this size. Finally, given that we use
a single maximum likelihood phylogeny to account for evol-
utionary non-independence of species, we are restricted in
our ability to account for phylogenetic uncertainty in this
study. Yet, our finding of significant and non-overlapping
rate differences between our three general habitat categories
on such a broad scale points to an overarching effect of the
benthic–pelagic axis on body shape diversification.

5. Conclusion
We found repeated transitions along the benthic–pelagic axis
in marine fishes, with detectable and predictable conse-
quences for body shape in spite of extensive diversification
within each habitat. Benthic habitats have the greatest
impact on fish shapes and transitions to the benthos have
resulted in some of the most unusual teleost body forms,
such as extremely wide-bodied fishes and numerous cases
of highly elongate forms. This habitat has also caused the
highest rates of body shape evolution, indicating that the
physical interactions with soft and hard substrates have
been a significant impetus for novel forms that capitalize on
the rich resources found in the biologically dynamic interface
between water, sediments and hard surfaces.
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