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Developmental plasticity and the origin
of tetrapods
Emily M. Standen1, Trina Y. Du2 & Hans C. E. Larsson2

The origin of tetrapods from their fish antecedents, approximately 400 million years ago, was coupled with the origin of
terrestrial locomotion and the evolution of supporting limbs. Polypterus is a memberof the basal-most group of ray-finned
fish (actinopterygians) and has many plesiomorphic morphologies that are comparable to elpistostegid fishes, which are
stem tetrapods. Polypterus therefore serves as an extant analogue of stem tetrapods, allowing us to examine how devel-
opmental plasticity affects the ‘terrestrialization’ of fish. We measured the developmental plasticity of anatomical and
biomechanical responses in Polypterus reared on land. Here we show the remarkable correspondence between the envi-
ronmentally induced phenotypes of terrestrialized Polypterus and the ancient anatomical changes in stem tetrapods, and
we provide insight into stem tetrapod behavioural evolution. Our results raise the possibility that environmentally induced
developmental plasticity facilitated the origin of the terrestrial traits that led to tetrapods.

The evolution of terrestrial locomotion in vertebrates required the appear-
ance of new behaviours and supporting appendicular structures1–8. The
skeletal changes included the origin of supporting limbs, the decoupling of
the dermal pectoral girdle from the skull and the strengthening of the
girdle ventrally for support9. The predicted behavioural changes at this
transition include the planting of the pectoral fins closer to the midline of
the body, thereby increasing the vertical component of the ground reac-
tion force and raising the anterior body off the ground4,5,10. How these
evolutionary changes arose at the origin of tetrapods is still largely unclear,
and the evolutionary processes surrounding these ancient events are not
accessible because the transitionary animals are extinct.

Environmentally induced phenotypes and their subsequent incorp-
oration into heritable material may play an important role in macro-
evolution, including in the origin of novel traits11,12. Phenotypic plasticity
is the ability of an organism to react to the environment by changing its
morphology, behaviour, physiology and biochemistry11. Such responses
are often beneficial for the survival and fitness of an organism and may
facilitate success in novel environments13–15. Phenotypically plastic traits
can also eventually become heritable through genetic assimilation, which
fixes a reduced range of phenotypic plasticity by decreasing a trait’s envir-
onmental sensitivity11,16,17.

Major transitions that involved the modification and appearance of
complex or novel traits may be accessible through the existing devel-
opmental pathways that allow plasticity in an ancestor. The ‘flexible stem’
model describes a process by which the fixed phenotypes of ecologically
specialized lineages reflect the assimilation of alternative phenotypes by
the ancestral lineage11,18–20. For example, when marine sticklebacks were
raised on alternative diets, developmental plasticity in the head shape
and mouth shape paralleled the phenotypic divergence in the derived
ecotypes19. Examining plasticity in an extant form may therefore shed light
on the epigenetic processes in past evolutionary events11,12,19.

This Article relates plasticity in an extant fish taxon to a major evolu-
tionary transition: the origin of tetrapods. The plasticity of ancient fish
might have provided the variation necessary to allow the evolution of the
terrestrially functional fins that eventually evolved into limbs. Validating
such a prediction is difficult as stem tetrapods are extinct. In these cases,

a sister taxon to the derived groups of interest can be used to estimate the
ancestral plasticity12.

In this study, we investigated developmental plasticity in Polypterus,
the extant fish closest to the common ancestor of actinopterygians and
sarcopterygians21. We chose Polypterus because it is one of the best mod-
els for examining the role of developmental plasticity during the evolu-
tion of stem tetrapods. Polypterus has an elongate body form, rhomboid
scales, ventrolaterally positioned pectoral fins and functional lungs, all
traits that are comparable to elpistostegid fishes. Moreover, this living
fish is capable of surviving on land and can perform tetrapod-like ter-
restrial locomotion with its pectoral fins (E.M.S., T.Y.D., P. Laroche, B.
Wilhelm and H.C.E.L., manuscript in preparation). Other terrestrially
locomotory fish are derived teleosts that use a range of different gaits
and have derived morphologies. Extant sarcopterygians (that is, lung-
fish (Dipnoi) and coelacanths (Latimeria chalumnae)) do not use their
fins for terrestrial locomotion. By using an animal that already displays
a walking behaviour, such as Polypterus, we can compare how obligatory
walking influences gait and skeletal structure.

We raised control and treatment groups of Polypterus under aquatic
and terrestrial conditions, respectively, to examine their behavioural and
anatomical plasticity in response to a terrestrial habitat. By placing this
predominantly aquatic animal in an obligatory terrestrial environment,
we changed the forces experienced by the animal’s musculo-skeletal sys-
tem. We predicted that the increased gravitational and frictional forces
experienced by terrestrialized fish would cause changes in the ‘effective-
ness’ of their locomotory behaviour when travelling over land, as well as
changes in the shape of the skeletal structures used in locomotion. We
also predicted that the plastic responses of the pectoral girdle of terres-
trialized Polypterus would be similar to the directions of the anatomical
changes seen in the stem tetrapod fossil record.

Swimming versus walking behaviour
During steady swimming, Polypterus oscillates its pectoral fins for pro-
pulsion, with little body and tail motion. Polypterus can also walk on land
using a contralateral gait, by using its pectoral fins to raise its head and
anterior trunk off the ground and by using its posterior body for forward
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propulsion (Supplementary Video 1; E.M.S., T.Y.D., P. Laroche, B. Wilhelm
and H.C.E.L., manuscript in preparation). We observed critical perform-
ance differences between swimming and walking (Fig. 1 and Extended
Data Table 1). When Polypterus swam with a pectoral fin gait, it moved
farther and faster per fin beat than when it walked. When walking, the fish
moved their bodies and fins faster, and their nose, tail and fin oscillations
were larger. Walking fish also had higher nose elevations, longer stroke
durations and greater body curvatures. These performance differences
suggest that walking is energetically more expensive than swimming22.

Biomechanical response to living on land
The treatment group of fish (which was raised on land) walked differently
from the control group of fish (which was raised in water) (Extended
Data Tables 1 and 2). The fish that were raised on land had their fins
planted on the ground for less time and had shorter stride durations.
Despite the faster stroke cycle of the treatment group fish, both treatment
and control fish had comparable duty factors (approximately 0.65).
Planted fins always slipped during the fin plant phase of the stroke, but
the duration and distance of this potentially expensive fin ‘slip’ were
shorter in the fish raised on land. The land-raised fish also had smaller
pectoral fin excursions and elevations, planted their fins closer to the body
midline, and had higher nose elevations and smaller tail oscillations.
Reduction of unnecessary fin and tail motion and fine-tuning of fin
placement to reduce body friction with the ground are required to min-
imize energy expenditure during walking, suggesting that the terrestria-
lized Polypterus has a more efficient gait.

The timing of critical kinematic variables is also important when
determining performance. During walking, for both groups of fish, the
fin was first planted near its most forward position, and the body was
maximally curved, with the tail closest to the head. With the fin grounded,
the tail pushed forwards, vaulting the anterior body and head over the
planted fin. This positioning suggests that both fin and tail work together
as the main thrust producers. The body curvature, tail amplitude, nose
elevation and the start of the fin plant had similar timings in the stroke
cycle for both groups of fish despite the differences in the environments
in which the fish were raised (Fig. 2a, Extended Data Table 3 and Supple-
mentary Video 1). These similarities indicate that walking with fins has
basic kinematic requirements that are not necessarily improved with
practise or competence. By contrast, the treatment group fish had a
predictable timing for the majority of walking variables, whereas the
control fish exhibited high degrees of variation. Importantly, the fin slide
start occurred later during walking in the land-raised fish than in the
water-raised fish. Additionally, the maximum forward (abduction) and

backward (adduction) fin position, the end of the fin plant, the end of
the fin slide and the minimum distance from the fin to the body midline
occurred at specific times within the stroke cycle in land-raised fish
but were unpredictable in water-raised fish (Fig. 2 and Extended Data
Table 3). These differences in timing between the control and treatment
fish groups may indicate that the fish raised on land have a conditioned
‘training’ advantage.

During walking, in all fish, the maximum nose elevation and the begin-
ning of the fin slide occurred half way through the head swing, when the
nose crossed the forward path (Fig. 2b). The co-occurrence of these
factors supports the hypothesis that the fin acts as a pole over which the
head and anterior body are vaulted. Ground friction caused by the body
and the amount of time the head and body are held off the ground must
be limited and balanced to reduce the energy expenditure during walk-
ing. The treatment group fish had higher nose elevations and shorter
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Figure 1 | Kinematic behaviour of swimming and walking Polypterus.
A, Swimming in one exemplar fish. B, Walking in one exemplar fish.
a, Maximum and minimum body curvature over one stroke cycle. b, Change in
nose elevation over several stroke cycles (filmed at 250 frames s21). The circles
correspond to the illustrations (from left to right) in a. c, Movement in the x–y
plane (parallel to the ground) of the nose (solid grey line), tail (dotted grey line)

and fin tip (black line). The walking-fish fin trace (body length, 98 mm; fin
length, 14 mm) is the top view of two left-fin beats (B, c). The swimming-fish fin
trace (body length. 105 mm; fin length, 13 mm) is the bottom view of three left-
fin beats (A, c). d, Fin tip motion (black line) relative to the nose. Lateral (top)
and dorsal (bottom) views are shown. Scale bar, 10 mm.
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Figure 2 | Timing of kinematic variables for the left fin during walking in
control and treatment group fish. One complete stroke cycle is represented by
360u. The stroke starts at 0u (head on the right). Mid-stroke occurs at 180u (head
on the left). The stroke ends at 360u (0u). Data with significant directionality
(Rayleigh’s test, P , 0.05) are plotted for the treatment group (dark grey,
n 5 12) and the control group (light grey, n 5 6). Variables with similar timing
between groups (P . 0.05) were binned and plotted as one (black). The symbols
represent the mean timing (6 angular variance, shown as a line) of the different
kinematic variables. Some symbols occlude an extremely small angular
variance. The areas highlighted in light grey (a, b, c) are key kinematic points in
the stroke cycle. max, maximum; min, minimum.
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stroke cycles, suggesting that the body ground friction and head elevation
time were minimized. Additionally, the treatment group fish had less fin
and body motion, less fin slip and less time between the start of the fin
slide and the maximum head elevation, with the head and anterior body
more effectively vaulting over the fin, possibly minimizing the energy loss
due to slip. This difference in what seems to be a fundamentally import-
ant characteristic in walking over land hints that differences in control
and/or ‘effectiveness’ during walking depend on an individual’s training
environment.

The treatment group fish also had a minimized distance between their
planted fin and their body midline at the same time their fin stopped
sliding (Fig. 2c). Bringing the fin closer to the midline generates more
vertical ground reaction force through the fin, explaining the reduced fin
slip. Control fish planted their fins farther from their body midline.
These variables are critical for minimizing the effort required to move
the body weight over land23. By precisely controlling fin placement and
fin slide timing, the treatment group fish may be streamlining the power
that is required by the tail and the body to push the fish forwards by
ensuring that the tail and body thrust occur when the body and head are
lifted by the fin. Furthermore, the treatment group fish kept their fins
stationed on the ground for the remainder of the step, allowing the fin to
contribute to force production and control during the final phase of the
step, and for the initiation of the next contralateral step. These beha-
vioural differences are hypothesized to be ‘learned’ training advantages.
Conversely, control fish had more variable fin slip timing, which lasted
longer, as well as inconsistent timing patterns for the end of the fin plant,
suggesting that they had not optimized their biomechanical performance.

The minimal differences in the kinematic variables between the treat-
ment and control groups during swimming indicate that there was min-
imal ‘loss’ of swimming function associated with being raised in a terrestrial
environment without the ability to ‘practise’ swimming after gill absorption
(Extended Data Tables 1 and 4, Extended Data Fig. 1 and Methods).

Anatomical response to living on land
Like the biomechanical properties, the pectoral anatomy of land-raised
Polypterus also exhibited phenotypic plasticity in response to terrestria-
lization. The clavicle, cleithrum and supracleithrum of the fish pectoral
girdle create a supporting brace that links the head and the body during
locomotion and feeding (Fig. 3a). In most fish, including Polypterus, the
paired clavicles are ventral, attaching to the anterior tip of the cleithrum
medially and joining in symphysis at the midline, acting as a structural
support for the neck and pectoral girdle24. The cleithrum serves as an
attachment point for muscles connecting to the skull anteriorly, to the
trunk muscles posteriorly and to the pectoral fin muscles laterally25. The
supracleithrum articulates with the cleithrum and joins the pectoral girdle
to the skull via the posttemporal bone.

The clavicle and cleithrum had significantly different shapes in the
land-raised and water-raised groups (Fig. 3). The treatment group fish
had narrower and more elongated clavicles, with more pointed processes
that were 10.6% longer (P # 0.046). The clavicle cross-section was thinner
in treatment group fish, in which the clavicle forms a cup that conforms to
the cleithrum contact (Fig. 3c). In the land-raised fish, the cleithrum’s
horizontal arm also had a narrower lateral surface (Fig. 3b). Increased
forces in the pectoral girdle from gravitational and postural changes may
have induced a modelling response of the clavicle and cleithrum26. Diffe-
rences in bone shape may also reflect the need for increased fin mobility
in terrestrial environments. When Polypterus walks, its fins must move
through a larger range of motion than when it swims, forcing the oper-
culum to bend out of the way to accommodate forward fin excursion. The
posterior margin of the opercular cavity is displaced caudally by a reduc-
tion of the cleithrum’s lateral postbranchial lamina. This change, along
with the increased length and slenderness of the clavicle in treatment
group fish, expands the opercular cavity between the fin and the oper-
culum, providing more space for the pectoral fins to move.

Overall, the supracleithrum did not have a significantly different shape
in water-raised and land-raised fish, but it was the only bone with an

allometric difference between the groups (Extended Data Table 5). The
supracleithrum of the treatment group fish maintained the slenderness
present at smaller bone sizes, with both the anterior process and posterior
margin remaining narrow in the largest specimens and maintaining
an underdeveloped midlateral ridge. The supracleithrum of control fish
showed the opposite trend, developing robust anterior and posterior pro-
cesses and midlateral ridges with increasing bone size. A size-related reduc-
tion in the supracleithrum’s robustness may reflect a weakened connection
to the posttemporal bone anteriorly and to the cleithrum posteriorly. This
possibility suggests a weakened attachment between the pectoral girdle
and the skull in land-raised fish. The size independence of the low mid-
lateral ridge in the treatment group fish may also allow greater flexibility
between the supracleithrum and the overlying operculum, further enlar-
ging the opercular cavity and further freeing the pectoral girdle from the
skull. Finally, comparison of bootstrap confidence intervals for shape
variance showed that the land-reared fish had a higher shape disparity of
the cleithrum and supracleithrum (Extended Data Fig. 2).

Plasticity and the origin of tetrapods
Terrestrialized Polypterus displayed less-variable walking behaviour,
planted their pectoral fins closer to their body midlines, lifted their heads
higher and had less fin slip, allowing more effective vaulting of the ante-
rior body over the planted fin. These features are performance-enhancing
traits during terrestrial locomotion10. We predict that similar behavioural
changes were present in stem tetrapods. These locomotory changes in
Polypterus probably affected the forces experienced by the skeleton, influ-
encing skeletal growth and changing bone shape27. The differences in
bone morphology observed between terrestrialized and water-raised

a
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c

Control Mean Treatment

Control Mean Treatment

Figure 3 | Anatomical plasticity of Polypterus pectoral girdles. a, Location
of the supracleithrum, cleithrum and clavicle in Polypterus. Scale bar, 1 cm.
b, Left lateral views of the pectoral girdle with the mean clavicle (bottom), mean
cleithrum (centre) and mean supracleithrum (top) dissociated for control (left)
and treatment (right) group fish. A point-based multivariate analysis of
covariance (MANCOVA) with correction for multiple comparisons (false
discovery rate estimation) was used to determine the significant differences
between the control (n 5 7) and treatment (n 5 15) Polypterus groups;
significantly different regions are shown in colour (yellow, P , 0.05; red,
P , 0.01). The mean illustration represents the average shape calculated from
all individuals. c, Close-up anterolateral views of the mean clavicle (pink)–
cleithrum (blue) contact in control (left) and treatment (right) group fish and
the mean shape calculated from all individuals (centre).
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Polypterus bear a remarkable resemblance to the evolutionary changes
of stem tetrapod pectoral girdles during the Devonian period (Fig. 4).
The skeletal changes seen in the treatment group fish revealed a marked
reduction in the external boundaries of the opercular cavity bounded by
the supracleithrum and cleithrum, which presumably facilitates greater
flexibility between the pectoral girdle and the operculum, similar to what
is observed in stem tetrapods such as Eusthenopteron28. The elongation
of the clavicles and the more tightly interlocking cleithrum–clavicle con-
tact may strengthen the ventral brace through the clavicle, aiding in feed-
ing, locomotion and body support in a terrestrial environment. Similar
morphologies involving the medial bracing of the clavicles via an inter-
clavicle are also thought to have stabilized the girdle in the earliest tet-
rapods, Acanthostega and Ichthyostega7. Finally, the dissociation of the
pectoral girdle from the skull by reduction and loss of the supracleithrum
and extrascapular bones allowed the evolution of a neck, an important
feature for feeding on land9.

Novel or stressful environments, particularly those to which organisms
have had no previous exposure or adaptations are catalysts for releasing
variation29–31. Evidence at a microevolutionary scale demonstrates that
plasticity plays an important role in the appearance of complex traits18–20.
Our results show that exposure to a novel terrestrial environment can
increase the phenotypic variation in the terrestrial locomotory behav-
iours and the pectoral girdle of Polypterus. We hypothesize that phe-
notypic plasticity, as a response to rapid and sustained environmental
stresses, may also facilitate macroevolutionary change. Multi-generational
experiments on terrestrialized Polypterus are required to determine the
effect of developmental plasticity on the evolution of traits associated
with effective terrestrial locomotion.

Developmental plasticity can be integrated into the study of major
evolutionary transitions. The rapid, developmentally plastic response of
the skeleton and behaviour of Polypterus to a terrestrial environment, and
the similarity of this response to skeletal evolution in stem tetrapods, is
consistent with plasticity contributing to large-scale evolutionary change.
Similar developmental plasticity in Devonian sarcopterygian fish in res-
ponse to terrestrial environments may have facilitated the evolution of
terrestrial traits during the rise of tetrapods.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Experimental protocol. Juvenile Polypterus senegalus were divided into two groups
and raised in different environments for 8 months. One group was raised in an aquatic
environment (control), and the other was raised in a terrestrial environment (treat-
ment). Quantification of the anatomical and biomechanical changes was carried out,
and the values were compared between groups to assess the effect of environment on
developmental plasticity. All experiments were conducted under Carleton University
animal care protocol B09-28 and McGill University animal care protocol #6000.
Rearing habitats. All fish were kept in a 300-gallon recirculating aquarium system
that provided the control and treatment groups with identical water quality condi-
tions over time. The water was kept at 78 6 2 uF and cleaned with an active bio-filter.
Fish were fed a high protein diet, and both groups received the same amount of food
daily. Control animals were kept in an aquatic environment with a water depth main-
tained at 210 mm. Treatment group animals were raised in a terrestrial environment
(water depth 3 mm). Water misters provided a continual mist in the terrestrial envi-
ronment to prevent desiccation. The terrestrial environments also had a mesh floor-
ing scattered with pebbles to stimulate climbing and navigating non-uniform surfaces
and to provide habitat complexity, reducing negative fish interactions. The terrestrial
and aquatic environments had plants to provide habitat complexity.
Fish. Animals were acquired through the pet trade (Mirdo Importations). Because
this study addresses how environment influences growth, animals were acquired as
young as possible, but after gill absorption to ensure survival during shipping. All
animals possessed juvenile markings on arrival, suggesting that they were less than
70 days old32. Reliable non-invasive sex determination of juvenile Polypterus is not
possible; as a result, animals were kept and studied in unmarked mixed-sex groups.
Animal growth was monitored by assessing the length and weight of fish upon entry
to the environments and after 8 months of growth within the environments. The
length and weight of fish were measured and compared as pooled groups because
individual fish were too small to be identified individually over time. All measure-
ments were made by photographing individuals and then calibrating and digitizing
the images.

Before arrival, all fish had been raised in fully aquatic environments (n 5 149).
Although most fish still exhibited strong juvenile markings upon arrival, any fish that
had fainter stripes were assumed to be older and were left in the aquatic control group,
as they had been in an aquatic environment from their beginning. The remaining fish
were divided into the aquatic environment (control, n 5 38) and the terrestrial envir-
onment (treatment, n 5 111) groups. Because fish were distributed in this fashion,
size differences existed between the groups (Extended Data Table 6). This initial size
difference was taken into consideration when determining the changes in fish size due
to treatment environments, by bootstrapping the length and weight data 10,000 times
at the start and end of the trials to generate means for comparison before and after
treatment (Extended Data Fig. 3). Fish numbers were chosen and distributed in this
way because of limitations in habitat area within the experimental set-up and in
anticipation of higher mortality in terrestrial environments.
Camera filming and calibration for biomechanical analysis. All behavioural se-
quences were filmed at 250 frames s21 using two synchronized Redlake Cameras
(IDT Vision). A calibration device with known points was used to image the field of
view for each camera. A direct linear transformation (DLT) algorithm33 implemented
in MATLAB using a DLT data viewer34 used the above calibration images to calculate
and quantify the volume of each field of view. From this, the three-dimensional
location of any point within the field of view could be calculated. Video images were
digitized manually using the DLT data viewer34. Digitization was conducted without
knowledge of the environment in which the filmed fish had been raised, to reduce
digitizing bias.
Swimming behaviour. P. senegalus (control, n 5 10; treatment, n 5 20) was filmed
swimming freely through a still water aquarium (1.5 feet wide 3 6 feet long 3 1 foot
deep) to assess the kinematic performance of body and fin motion during steady
swimming. The filming area (,20 cm 3 14 cm) was located in the centre of the
aquarium to eliminate behavioural effects due to tank walls. Sequences in which fish
swam steadily, demonstrating a minimum of three consecutive fin beats, were selected
for analysis. Fish behaviour was very consistent: fish were randomly chosen from their
rearing tanks, and each chosen fish was given one attempt to swim through the
aquarium. All but one animal provided usable sequences. A subset of these sequences
(control, n 5 6; treatment, n 5 12) was randomly chosen to be used in the analysis to
maintain an equal sample size with the walking behaviour sample size. Sample size
was chosen based on the estimated effect size calculated from the expected differences
between the treatment and control groups. Cameras were situated below and beside
the tank to provide clear views of the left pectoral fin during swimming.
Walking behaviour. P. senegalus (control, n 5 10; treatment, n 5 20) was filmed
walking freely across a rough plastic surface (30 cm3 30 cm) to assess the kinematic
performance of body and fin motions during terrestrial locomotion. The filming area
(,22 cm 3 20 cm) was located in the centre of the walking surface. Sequences in
which fish walked steadily, demonstrating a minimum of three consecutive fin beats,

were selected for analysis (control, n 5 6; treatment, n 5 12). Fish were randomly
removed from their rearing tanks and, to avoid exhaustion artefacts, each fish was
only walked once and then returned to a holding tank until the experiment was
completed. Cameras were situated above the walking platform, with one directly
above the surface and one at an angle, to provide clear views of at least one pectoral
fin during walking.
Biomechanical variables of interest. Owing to variation in kinematic performance
between swimming and walking, the fin beat cycle was defined by different methods.
During swimming, the start of the fin beat cycle corresponded to the fin being against
the body of the fish. The mid-cycle corresponded to fin maximal abduction. The end
of the cycle corresponded to the starting point of the next cycle. During walking, the
starting point of the cycle corresponded to the maximum amplitude of the nose to
the right. The mid-cycle was marked by the maximum displacement of the nose to
the left. The end of the cycle corresponded to the start of the next fin beat. Overall
locomotory performance was assessed by the distance travelled per fin beat, the fish
velocity per fin beat and the overall fish path curvature. Both the magnitude and the
timing of the kinematic variables were used to compare swimming and walking, as
well as to compare the control and treatment groups.
Body kinematics. Body amplitude was calculated using the mediolateral motion of
the tip of the nose and tail during swimming. A metric of overall body curvature was
calculated as the distance between the nose and the tail divided by the fish length.
Nose elevation was also measured as the relative change in the elevation of the tip of
the nose over time. The maximum nose and tail velocities were also calculated. All
variables were standardized by dividing by body length.
Fin kinematics. Fin elevation and fin motion in the x–y plane were calculated, as well
as the overall fin velocity. Stroke duration was also calculated as the time it took for a
fin to complete a full fin beat cycle. For walking fish, the fin plant duration and the fin
slide duration were divided by the stroke duration to calculate the duty factor (the
percentage of the fin cycle for which the fin is in contact with the ground) and the slip
factor (the percentage of the fin cycle for which the fin is sliding along the ground).
The distance that the fin slid over the ground during the fin plant (fin slide distance)
was calculated as the straight line distance between the tip of the fin at the slide start
and the slide end. The minimum distance between the planted fin and the body
midline was calculated as the length of the normal vector from the fin tip to the line
that is formed between the fish nose and the base of the first dorsal fin ray. All fin
variables were standardized by dividing by fin length.
Timing. The timing of all kinematic variables was calculated in radians (Extended
Data Tables 3 and 4). The fin cycle start (0 rad), mid-cycle (p rad) and end (2p rad)
anchored each fin beat and allowed the variables to be plotted and to be compared
between fin cycles.
Statistics. Statistical analysis was divided into two sections: timing and magnitude. For
each variable, a maximum performance value was taken for each fish. Cycle timing
(polar coordinates) was analysed using standard circular data analysis. Data were
tested for von Mises distribution and equal variation (Kuiper test). Mean timing angles
and 95% confidence intervals were calculated according to ref. 35, with angular vari-
ance calculated according to refs 36 and 37. Rayleigh’s test for circular uniformity was
conducted to determine whether the variables occurred at predictable times in the
oscillation cycle. If the variables proved to have directionality based on Rayleigh’s test,
a two-sample testing of the mean timing angles was performed using an F statistic
according to ref. 37. The timing of all variables was tested between the treatment group
and the control group. The velocity, curvature and nose elevation data measurements
during swimming and walking were treated as diametrically bimodal distributions, as
they peaked twice in a single fin beat. The magnitudes of all kinematic variables were
calculated using standard statistical procedures to calculate the mean and s.e.m.. The
Mann–Whitney U-test was used to compare the means. The body and fin size of the
fish were bootstrapped to achieve normal distributions and then compared between
treatments and over time (Extended Data Table 6 and Extended Data Fig. 3). The
significance levels for all tests were based on initial P values of ,0.05. Permutation tests
were used to generate a null distribution of test statistics against which the observed
statistic was compared. Effect sizes were calculated using pooled standard deviations.
All linear statistical tests were completed using JMP v8.0 (SAS Institute), MATLAB
vR2006a and the R statistical environment. Circular statistical tests were conducted
using a custom-made program within MATLAB. Measurements noted in the text are
expressed as mean 6 s.e.m..
Spherical harmonics analysis (SPHARM). Micro-computed tomography (micro-
CT)-derived three-dimensional volumes of fish pectoral skeletons were imaged and
compared using SPHARM38. SPHARM is the three-dimensional extension of two-
dimensional elliptic Fourier analysis, a morphometric technique commonly used to
describe closed outlines39.
Three-dimensional surface generation. Fish from the treatment and control groups
were randomly chosen and sacrificed, fixed in 4% paraformaldehyde then preserved
in 70% ethanol. Specimens were scanned using a SkyScan 1172 micro-CT scanner.
Owing to the sample dimension constraints of the scanner, only the portion anterior
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to the distal extent of the pectoral fins was scanned. To prevent desiccation of the
samples during scanning, the samples were wrapped in a thin layer of Parafilm, then
wrapped with tissue paper to prevent movement inside the sample holder. The top
half of a 15-ml centrifuge tube was used as a sample holder. All samples were scanned
under identical scanning parameters. Cross-sectional images were reconstructed
from the raw tomography projection images using NRecon reconstruction software
(SkyScan). Pectoral girdle elements were segmented manually in Avizo 7 (FEI Visua-
lization Sciences Group) and exported as binary volumes for analysis. Seven control
fish and 15 treatment fish were randomly selected, preserved and scanned for this
analysis. The sample size was determined by scanning and segmentation duration; the
maximum number of samples was scanned given the resources available. Segmen-
tation of all specimens was performed by the same person, and no blinding was done.
Surface processing and SPHARM expansion. Binary data were processed by remov-
ing holes, isotropic resampling and smoothing. The resultant closed three-dimensional
volumes were then converted into surface meshes. Bijective mapping of the surface
points onto a unit sphere generated a spherical parameterization that was expanded
as a Fourier series. The resultant Fourier functions were then used to compute
SPHARM coefficients up to 15 degrees. Point distribution models (PDMs) with
homogeneous sampling of the object surfaces were then generated from the coef-
ficients by uniform sampling of the spherical parameterization with an icosahedron
subdivision of factor 10.
Alignment. An initial alignment rotated object surface parameterizations based on
the major axes of their first order ellipsoids and ellipsoid origins. The preceding steps
were performed using SPHARM-PDM40 via the command line. After this initial align-
ment,object surfaceswere importedinto MATLABandrealignedwithSPHARM-MAT39

using a quaternion-based algorithm, which minimizes the least-squares distance bet-
ween corresponding surface points. Owing to difficulties in achieving an acceptable
initial alignment using the first order ellipsoids, the cleithral surfaces were first aligned
using SPHARM-MAT. The aligned surfaces were then reconverted into binary
volumes and passed through SPHARM-PDM as raw data. New spherical harmonic
surface models and coefficients were then generated from these pre-aligned volumes
and were not aligned again. This realignment process also produced size-normalized
surface meshes. Scaling of the coefficients was performed in R, and the scaling factor
was the inverse of the semi-major axis length of the first order ellipsoid.
Allometric analysis. Body growth, standardized to body length, was reduced in fish
raised on land (Extended Data Table 6 and Extended Data Fig. 3), probably because of
increased stress under terrestrial conditions. The effect of size on shape was evaluated
in R, using a reduced number of SPHARM coefficients as variables. Ninety-nine coeffi-
cients were retained for the clavicle, 75 for the cleithrum, and 97 for the supraclei-
thrum, accounting for at least 99% of the total coefficient variation in each element.
To further reduce the number of response variables, a principal components analysis
(PCA) was performed on the remaining coefficients, and the first four principal com-
ponents axes were retained for analysis.

To test for the presence of allometry, shape variables (principal components scores)
were fit to an analysis of covariance (ANCOVA) model with size as a continuous
variable and rearing environment as a categorical variable. The significance of the
terms was tested with an analysis of variance (ANOVA). To test whether the regres-
sion coefficients differed between treatment groups, a model including an interaction
term between size and treatment was compared to a simply additive model using an
ANOVA. Permutation tests were used to generate a null distribution of F statistics
against which the observed F was compared.

The relative contribution of size to bone shape was calculated by performing a
multivariate linear regression with size as the independent variable and harmonic
coefficients as the dependent variable. The proportion of shape variance explained
by size was then calculated by dividing the sum of the variances in fitted values by the
sum of the diagonal of the variance–covariance matrix of the original coefficients.
Allometric shape changes were visualized by comparing the shapes corresponding to
the fitted shape variables at the minimum and maximum sizes. These coefficients from
the hypothetical maximum and minimum shapes were imported into SPHARM-
MAT, where their corresponding surface meshes were generated. When significant
differences in regression coefficients were found between treatment groups, a separate
regression and the corresponding maximum and minimum shapes were computed
for each group.
Point analysis. Local shape differences based on PDMs were also examined using
ShapeAnalysisMANCOVA, an add-on program to SPHARM-PDM41. This method
takes the surfaces produced by SPHARM-PDM and SPHARM-MAT, fits the coord-
inate data for the surface points to a general linear model including size as an in-
dependent variable, performs MANCOVAs on the displacement vectors between
the observed surfaces and the overall mean shape and then calculates the Hotellings
T2 statistic. P values were computed using a non-parametric correction, which can be
applied when the assumptions of a parametric approach are not met41. Ten thousand
permutations were used at a 0.05 significance level. Multiple comparison errors were
corrected using false discovery rate estimation with a 5% threshold.
Equal variance. Bootstrapped confidence intervals (95%) were used to test for homo-
geneity of shape variances between the control and treatment groups. The variance
was calculated for each group by summing the squared principal components scores
for the first four components then dividing by the number of specimens in the group.
Permutation tests were used to generate a null distribution of differences in variance
against which the observed difference was compared.
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Extended Data Figure 1 | Timing of kinematic variables for the left fin
during swimming in control and treatment group fish. The polar plot
represents a complete stroke cycle, starting at 0u with the fin fully adducted. At
mid-stroke (180u), the fin is fully abducted, and then it adducts again (360u/0u).
The data are plotted for the treatment group (dark grey, n 5 12) and the control
group (light grey, n 5 6). Only data with significant directionality are plotted
(Rayleigh’s test, P , 0.05). If the groups did not differ significantly in the timing
of a given variable, they were binned and plotted together (black). The symbols
represent the mean timing ( 6 angular variance) of different kinematic
variables.
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Extended Data Figure 2 | Variance in bone shape in control and treatment
group fish. Bone-shape variances between the control group (light grey, n 5 7)
and the treatment group (dark grey, n 5 15). Dots indicate observed variance;
error bars indicate bootstrapped 95% confidence intervals.
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Extended Data Figure 3 | Body length and mass in control and treatment
group fish. Bootstrapped differences in mean body length and mass between
water-raised and land-raised fish at the start (a) and end (b) of the experiment.
At the start of the experiment, land-raised fish were smaller than water-raised
fish (Extended Data Table 6). Similar size relationships existed between the
control (light grey) and treatment (dark grey) groups at the end of the
experiment, but the differences were much greater (Extended Data Table 6).
Length and weight data at the start (control, n 5 38; treatment, n 5 111) and
the end (control, n 5 30; treatment, n 5 69) of the experiment were
bootstrapped 10,000 times, and means were generated from each bootstrap.
These values were used to test how the mean difference between the groups
changed from the start to the end of the experiment. In all cases, the differences
between the control and treatment groups increased over time.
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Extended Data Table 1 | Magnitudes of kinematic variables during walking and swimming

*The Kolmogorov–Smirnov goodness-of-fit test showed that all comparisons had at least one non-normal sample. The non-parametric Levene’s test was conducted to check for equal variance; the majority of
samples had equal variance.
{All comparisons were made using the Mann–Whitney U-test (PU) and permutation tests (PPerm).
{Path curvature was measured as k, which is 1 divided by the radius of the circle that defines the curve. Therefore, a small k denotes a straight path. Body curvature was calculated as the distance between the nose
and the tail tip divided by the fish length; therefore, a smaller value denotes a larger body curvature.
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Extended Data Table 2 | Magnitudes of kinematic variables during
walking

*The Kolmogorov–Smirnov goodness-of-fit test showed that all comparisons had at least one non-
normal sample. The non-parametric Levene’s test was conducted to check for equal variance; the
majority of samples had equal variance.
{All comparisons were made using the Mann–Whitney U-test (PU) and permutation tests (PPerm).
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Extended Data Table 3 | Timing of kinematic variables during walking

*Time at which the variable occurs, in radians. All variables had an equal variation and did not differ from a von Mises distribution (Kuiper test, P . 0.05). PR values for each group were calculated using Rayleigh’s
test for circular uniformity.
{PR , 0.05 represents variables with significant directionality.
{Comparisons of angles with significant directionality between groups calculated using the Watson–Williams multiple comparison test (PF) and permutation tests (PPerm).
1 Power is not included here, as a clear power analysis for circular statistics is lacking in the literature.
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Extended Data Table 4 | Timing of kinematic variables during swimming

*Time at which the variable occurs, in radians. All variables had an equal variation and did not differ from a von Mises distribution (Kuiper test, P . 0.05). PR values for each group were calculated using Rayleigh’s
test for circular uniformity.
{PR , 0.05 represents variables with significant directionality.
{Comparisons of angles with significant directionality between groups calculated using the Watson–Williams multiple comparison test (PF) and permutation tests (PPerm).
1 Power is not included here, as a clear power analysis for circular statistics is lacking in the literature.
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Extended Data Table 5 | Analysis of variance (ANOVA) comparison
of size regression models

*Computed separately for control (left) and treatment (right) groups.
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Extended Data Table 6 | Fish size

*Calculated with a Kolmogorov–Smirnov test between each distribution.
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