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Synopsis Among swimming animals, stable body designs often sacrifice performance in turning, and high turning

performance may entail costs in stability. However, some rigid-bodied animals appear capable of both high stability

and turning performance during swimming by propelling themselves with independently controlled structures that

generate mutually opposing forces. Because such species have traditionally been studied in isolation, little is known

about how variation within rigid-bodied designs might influence swimming performance. Turtles are a lineage of rigid-

bodied animals, in which most species use contralateral limbs and mutually opposing forces to swim. We tested the

stability and turning performance of two species of turtles, the pleurodire Emydura subglobosa and the cryptodire

Chrysemys picta. Emydura subglobosa exhibited both greater stability and turning performance than C. picta, potentially

through the use of subequally-sized (and larger) propulsive structures, faster limb movements, and decreased limb

excursions. These data show how, within a given body design, combinations of different traits can serve as mechanisms

to improve aspects of performance with competing functional demands.

Introduction
Animals exhibit extensive morphological and behav-

ioral variation. Understanding the functional role of

this variation can provide insight into the mecha-

nisms that promote diversity in the performance

and ecology of animals (Anderson and Patek 2015;

Wainwright and Price 2016). In the locomotor sys-

tem, one factor potentially contributing to variation

is that many components of locomotor performance

can have opposing requirements (Fish 2002; Weihs

2002; Webb 2006). An example of such conditions

can be found among aquatic animals through com-

parisons of hydrodynamic stability and turning

performance.

Hydrodynamic stability is the resistance to, and

recovery from, disturbances to an intended trajectory

(Webb 2006; Webb and Weihs 2015), including

those produced by recoil motions of the body during

the movement of its propulsive structures (Webb

2002; Weihs 2002; Bartol et al. 2003). The move-

ments of these structures can result in substantial

recoil forces that can induce perturbations of the

body during swimming. Static hydrodynamic stabil-

ity can be quantified by the time it takes for the

animal to recover from perturbations arising extrin-

sic to the animal, or by measuring the response of an

animal to intrinsic perturbations such as the recoil

forces arising from movements of propulsors (Full

et al. 2002; Webb and Weihs 2015). These intrinsic

perturbations are often a major generator of recoil

forces that result in deviations from a straight path.

Such deviations can occur as lateral motions (sideslip

and yaw), vertical motions (heave and pitch), or

longitudinal motions (surge and roll). As the costs

of steady swimming can represent most of the daily

energy budget of swimming animals, stability is a

critical component of aquatic locomotor perfor-

mance, and failure to resist destabilizing forces could

significantly elevate energetic costs (Brett 1995;

Schultz and Webb 2002; Webb and Weihs 2015).

In contrast to stability, turning involves inten-

tional changes in body orientation and position

and is commonly quantified using two distinct met-

rics: maneuverability and agility (Webb and Weihs
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2015). Maneuverability is the ability to turn within a

limited space and is reflected by the minimum radius

(R) of the turning path (Howland 1974; Norberg

and Rayner 1987; Walker 2000). Agility is the rate

of turning, which is measured as the maximum an-

gular velocity (xmax) exhibited during a turn

(Norberg and Rayner 1987; Webb 1994). Superior

turning performance can, therefore, be characterized

by an animal possessing high maneuverability (low

R) and high agility (high xmax). Like stability, turn-

ing is a critical aspect of swimming performance that

plays an important role in capturing prey, eluding

predators, and navigating complex habitats (Weihs

1972, 1993; Webb 1983; Garland and Losos 1994;

Domenici 2001; Domenici et al. 2008; Maie et al.

2014).

Both stability and turning can impact an animal’s

fitness (Higham et al. 2016). However, the demands

of these aspects of locomotor performance can be at

odds (Fish 2002; Weihs 2002; Webb 2006). Body

designs that are stable typically require substantial

forces to change course; as a result, stable designs

can impede turning, making turns more difficult or

costly to execute (Weihs 2002). Because of these op-

posing demands, many animals exhibit morphologi-

cal and behavioral traits that help to improve either

stability (Bartol et al. 2003, 2005; Rivera et al. 2011),

or turning performance (Garland and Losos 1994;

Calsbeek and Irschick 2007). These can include dif-

ferences in body shape, propulsor and control sur-

face morphology and position, and body rigidity. For

example, a rigid body might improve stability, but

can directly decrease maneuverability by inhibiting

longitudinal bending, and decrease agility by reduc-

ing the second moment of area about the dorsoven-

tral rotational axis (Walker 2000). Therefore, animals

with rigid bodies are commonly stable but show low

turning performance (Fish and Nicastro 2003). As

rigidity decreases, turning ability typically improves.

For example, animals with stiff (rather than rigid)

bodies, such as tuna and many cetaceans, typically

have intermediate turning performance (Blake et al.

1995; Fish 2002), and flexible animals usually have

high turning performance (Domenici and Blake

1997).

However, many rigid-bodied animals take advan-

tage of active control strategies to direct recoil forces

using mutually opposing (antagonistic) forces during

locomotion, suggesting that mechanisms that reduce

recoil need not be at odds with mechanisms that

enhance turning performance. (Walker 2000; Fish

and Nicastro 2003; Rivera et al. 2006; Sefati et al.

2013; Jastrebsky et al. 2016). In these animals, pro-

pulsive structures are used in orthogonal pairs that

beat out of phase to balance forces and torques

(Hove et al. 2001). The control of these structures

enhances dynamic stability during linear swimming

as well as turning performance during unsteady

behaviors, although this active use of propulsors to

circumvent tradeoffs between stability and turning

performance comes at the expense of higher ener-

getic costs (Bartol et al. 2008; Sefati et al. 2013;

Webb and Weihs 2015). However, such evaluations

of performance have typically been based on

comparisons of rigid-bodied taxa to flexible or

stiff-bodied lineages. Thus, there is limited under-

standing of how morphological and behavioral vari-

ation influence hydrodynamic stability and turning

performance within particular body designs.

Turtles are a lineage of rigid-bodied animals with

a unique body plan that facilitates testing the factors

that influence performance in hydrodynamic stability

and turning. Because most of the vertebral column is

fused dorsally with a bony carapace (Walker 1973),

all propulsive thrust must be produced by the four

limbs (Pace et al. 2001). This simplification of the

locomotor system, and their use of only two pairs of

limbs for locomotion as opposed to rigid-bodied

fishes that use multiple fins and fin types to swim

(five fins, four types), makes interspecific compari-

sons of turtle performance extremely tractable (Pace

et al. 2001; Blob et al. 2008; Rivera et al. 2011).

Turtles generally swim using one of two strategies:

dorsoventral flapping or anteroposterior rowing. Sea

turtles use dorsoventral flapping of the forelimbs

during swimming, and experience substantial heave

and pitch during swimming (Dougherty et al. 2010;

Rivera et al. 2011). In contrast, nearly all freshwater

turtle species use rowing motions to swim, in which

synchronous movements of the oar-like contralateral

fore- and hindlimbs occur primarily in an antero-

posterior plane (Blob et al. 2008; Rivera et al. 2011;

Mayerl et al. 2017). These patterns have been sug-

gested to enhance stability by minimizing yaw (lat-

eral rotations around the dorsoventral axis of the

body) (Zug 1971; Rivera et al. 2011), with any yaw-

ing motions that persist caused by differences in the

direction and magnitude of thrust production be-

tween a given pair of contralateral forelimb and hin-

dlimb (Rivera et al. 2011).

Although comparisons of swimming performance

between flapping and rowing are well established

(Davenport et al. 1984; Rivera et al. 2011), very little

is known about how morphological and behavioral

differences within rowing freshwater turtles may im-

pact swimming performance (Blob et al. 2008;

Young et al. 2017). There is extensive variation in

freshwater turtles in both the extent of webbing of
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the manus and pes, and patterns of limb movement

(Pace et al. 2001; Bonin et al. 2006, Rivera et al.

2011, 2013; Mayerl et al. 2016, 2017; Young et al.

2017). As webbing between the digits contributes di-

rectly to the surface area of a propulsive element, it

is also expected to correlate with the propulsive

forces produced by the appendages. Thus, differences

in webbing between the manus and pes should in-

crease differences in anterior and posterior force

production and, thereby, elevate intrinsic perturba-

tions arising from destabilizing torques during swim-

ming (Rivera et al. 2011). In contrast, more equal

webbing between the forelimbs and hindlimbs would

be expected to reduce unintended destabilizing tor-

ques and, thus, facilitate swimming with a more sta-

ble trajectory. Variation in kinematic patterns might

also lead to variation in stability and turning perfor-

mance. Large anteroposterior limb excursions would

likely produce high levels of laterally directed thrust

and, thus, increase recoil motions of the body,

whereas highly aquatic species that limit their limb

excursions may be more stable (Blob et al. 2008).

Smaller limb excursions might also decrease the abil-

ity of turtles to change direction in turns, but few

data are available from turtles to test this prediction

(Rivera et al. 2006).

The goals of this study were to test how variation

in morphology and kinematics impact stability and

turning performance in turtles. We measured stabil-

ity by quantifying oscillations of the body arising

from recoil forces of the limbs during linear swim-

ming and measured turning performance during

predation attempts in two freshwater species: the

Pink-bellied sideneck turtle, Emydura subglobosa

(Krefft 1876), and the Painted turtle, Chrysemys picta

(Schneider 1783). These two species of turtle both

spend most of their time in the water and share a

common aquatic ancestor. However, E. subglobosa is

a member of the pleurodire lineage, all of which are

primarily aquatic, whereas C. picta belongs to the

cryptodire lineage, which includes many semi-

aquatic and terrestrial taxa (Joyce and Gauthier

2004). Several factors suggest that E. subglobosa

may experience decreased recoil forces, and thus

smaller oscillations during linear swimming than C.

picta. For example, pleurodires have a pelvic girdle

that is fused to the shell. This leads to smaller rota-

tions of the pelvic girdle during locomotion than in

cryptodires, which could increase stability (Mayerl

et al. 2016). Qualitative observations also indicate

that E. subglobosa has more extensive webbing in

the manus than C. picta, potentially similar to the

extent of webbing in its hindfeet. Similarity in the

distribution of webbing between the manus and pes

in E. subglobosa could facilitate more equal thrust

production from fore- and hindlimbs that would in-

crease swimming stability relative to C. picta by

resulting in recoil forces from each side of the

body opposing one another more effectively.

Previous research on the swimming kinematics of

these two species also indicates that limb excursions

of E. subglobosa are likely smaller than those of C.

picta (Rivera et al. 2011; Mayerl and Blob 2017).

Smaller limb excursions in E. subglobosa might also

contribute to increased stability compared to C. picta

by reducing the amount of lateral thrust production

that would occur at the beginning and end of each

limb cycle, further decreasing recoil forces that

would result in destabilizing movements. In contrast

to predictions for differences in stability between

these taxa, expectations for differences in their turn-

ing performance are less clear. Because high stability

usually comes at a cost to high turning performance,

it is possible that C. picta will have higher turning

performance than E. subglobosa. However, the use of

mutually opposing propulsive forces might allow

E. subglobosa to retain strong turning performance

despite high stability.

We expect that E. subglobosa will be more stable

than C. picta due to a combination of morphological

(more similar sized fore- and hindlimbs) and behav-

ioral (decreased kinematic excursions) features, and

test turning performance in both species to evaluate

if increased static hydrodynamic stability in turtles

comes at a cost to turning performance. Through

these evaluations of how morphology and kinematic

behavior relate to aquatic locomotor performance,

we can gain insight into factors that allow animals

to meet multiple functional demands, and broaden

the foundation for building computational models of

swimming performance.

Materials and methods
Experimental animals

Four adult male E. subglobosa (16.5–18.4 cm) were

purchased from a commercial supplier (Turtles and

Tortoises, Inc., Brooksville, FL). Four adult male C.

picta (10.1–13.4 cm) were collected from a spillway

of Lake Hartwell, Pickens County, SC, USA (South

Carolina Scientific Collection permit # 28—2016).

Turtles were housed in pairs in a temperature-

controlled greenhouse facility, using 600-L stock

tanks equipped with dry basking platforms, a sub-

merged 200-W heater (maintaining water at 25�C)

and pond filters. All animal care and experimental

procedures were approved by the Institutional

Swimming performance in turtles 3
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Animal Care and Use Committee (IACUC) at

Clemson University (protocol 2015-033).

Measurement of swimming performance and
kinematics

To collect data on swimming performance, we

trained turtles to swim to chase a prey stimulus at

maximal velocity, which was pulled through the wa-

ter either in a straight line (stability trials, E. subglo-

bosa: 108 cycles, C. picta: 84 cycles) or through a

path in which that same straight line was followed

by a 90� turn (turning performance trials, E. subglo-

bosa: 45 turns, C. picta: 43 turns). All turtles per-

formed both stability and turning performance trials.

There is slight variation in the number of trials per

turtle due to differences in the ability to train each

turtle to follow the prey stimulus, and to maintain

training. The movement path of the prey stimulus

was controlled by a custom-built robotic gantry with

two degrees of freedom, which motivated turtles to

swim in comparable paths across trials (i.e., repro-

ducible straight lines, turn angles, and velocities).

Due to slight differences in swimming speed across

our turtles, the velocity of the path was set for each

turtle to ensure that the stimulus did not go so fast

that the turtle would lose interest in chasing, or so

slow that the turtle would capture the stimulus prior

to the conclusion of the trial. During trials, kine-

matic data were collected at 100 Hz using two dig-

itally synchronized, high-speed video cameras

(Phantom V5.1, Vision Research, Inc.; Wayne, NJ,

USA) in lateral and ventral views, with the ventral

view obtained via a mirror angled at 45� with respect

to the transparent bottom of the tank. We collected

three full locomotor cycles per stability trial, with

each single cycle defined as beginning when the left

forelimb was fully protracted, and ending at the next

point of full forelimb protraction in the same limb

(N ¼ � 10 trials, resulting in 30 strokes per turtle).

We collected data from a single turn in each turning

trial (N ¼ �15 turns per turtle), with each turn

taking 1.5 cycles of the left (outer) forelimb (where

the limb starts fully protracted, is retracted, then

protracted, and finishes in a retracted state). This

cutoff was assigned because all turtles completed

turns and resumed anteroposterior movements of

the limbs that are characteristic of linear swimming

within this period.

To facilitate kinematic and performance measure-

ments from videos, turtles were marked with high-

contrast, trackable points (non-toxic, white nail

polish with a central, black point; Fig. 1). Limb pro-

traction and retraction angles, and lateral stability

metrics (sideslip and yaw) were calculated from

body landmarks in the ventral view (i.e., nose, ante-

rior and posterior plastron, shoulders, hips, elbows,

and knees). Vertical stability metrics (heave and

pitch) were calculated from body landmarks in the

lateral view (i.e., nose and anterior and posterior tips

of the carapace). Marked points were tracked using

DLTDataViewer5 (Hedrick 2008), calibrated using

objects of known dimensions, and the resulting

two-dimensional coordinate data were processed us-

ing custom MATLAB routines to determine the cen-

ter of rotation (COR) of the turtle for each view, and

to calculate kinematic and stability metrics (Rivera

et al. 2011). To facilitate comparisons of kinematic

and stability profiles for locomotor cycles of different

absolute durations, a quintic spline was applied to

smooth and interpolate the data to 101 values, rep-

resenting 0–100% of the limb cycle (0 and 100%

being a fully protracted left forelimb) (Walker

1998). We calculated the stride duration for each

limb cycle and used that in conjunction with the

angular excursion of the limb to calculate limb ex-

cursion angular velocity.

To analyze turning performance, the COR for

each turn was processed through QuicKurve

(Walker 2000), which fits a quintic spline through

the x–y coordinates of the COR and calculates the

minimum instantaneous radius of the turn (R)

(Walker 2000; Rivera et al. 2011). To facilitate com-

parisons of turning radius between animals of differ-

ent sizes, we standardized R by carapace length

(Walker 2000; Jastrebsky et al. 2016). We also calcu-

lated the space required to make a turn (Rspace),

which incorporates the width of the body to estimate

the amount of space an animal needs to execute a

turn (Walker 2000). Turning rate (x) was calculated

from the splined x–y coordinate data using custom

MATLAB routines to calculate the first derivative of

the angle of the turn throughout a turn. We isolated

the maximum turning rate for each turn to deter-

mine the maximum instantaneous turning rate

(xmax), and also calculated the average instantaneous

turning rate throughout a turn (xavg). We also cal-

culated how long it took for each turn to be com-

pleted by documenting when the turtles resumed

linear swimming kinematics.

Collection of morphometric data

To test for differences in the propulsive morphology

of our two focal species, we collected linear measure-

ments from our experimental animals including

lengths of the brachium, antebrachium and manus

(forelimb), and thigh, crus and pes (hindlimb). To

4 C. J. Mayerl et al.
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increase our sample for morphometric analyses we

supplemented the data from our experimental ani-

mals with data from freshly frozen specimens (total

sample: n¼ 6 E. subglobosa, n¼ 7 C. picta).

Photographs of the posterior portions of the left

forelimb and hindlimb were collected and analyzed

using ImageJ (Schneider et al. 2012), allowing calcu-

lations of the area of each element of the limb

through which we could compare estimates of their

relative propulsive contributions between species.

Statistical analyses

All statistical analyses were performed in R (V 3.2.1,

www.r-project.org). We used linear mixed effects

models to evaluate potential differences between spe-

cies’ stability and turning performance (lmer4; Bates

et al. 2015). For stability trials, we used species as a

fixed effect, with individual and trial (intercept vary-

ing within trial) as random effects (X � species*ve-

locity þ 1jindividual/trial). For turning performance

trials, we used species as a fixed effect, with individ-

ual as a random effect. P-values were obtained by

likelihood ratio tests of the full model with the effect

in question. Effect sizes based on mixed effects mod-

els were calculated following published methods

(Cohen 1992). We evaluated differences in limb an-

gular excursion (protraction/retraction) between spe-

cies for linear swimming using principal components

analyses (prcomp; R Core Team, https://www.R-

project.org), and for turning using discriminant

analyses (lda; R Core Team, https://www.R-project.

org). Differences in limb area were evaluated using

Cohen’s D (effsize; R package version 0.7.0, https://

CRAN.R-project.org/packasge¼effsize). All data are

presented as mean 6 standard error unless otherwise

noted.

Results
Swimming performance

Velocity was similar between the two species during

linear swimming (E. subglobosa ¼ 2.69 BL s�1 6

0.65 SD, C. picta ¼ 2.88 BL s�1 6 0.57 SD;

P¼ 0.06, D¼ 0.34). The position of the COR along

the anteroposterior body axis was also similar be-

tween the two species during linear swimming (E.

Fig. 1 Anatomical landmarks used to track limb and body movements for evaluation of stability and turning performance during

swimming. (A) Lateral view: a – nose, b – anterior carapace, c – posterior carapace, (B) ventral view: 1 – nose, 2 – anterior plastron,

3 – posterior plastron, 4 – right shoulder, 5 – right elbow, 6 – left shoulder, 7 – left elbow, 8 – right hip, 9 – right knee, 10 – left hip,

11 – left knee, red dot – approximate COR.

Swimming performance in turtles 5
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subglobosa ¼ 40.42% 6 1.11, C. picta ¼ 38.79% 6

1.66; P¼ 0.77, D¼ 0.12). However, we found that E.

subglobosa was between 30% and 40% more stable

for all measures of stability than C. picta (all

D> 0.75, Fig. 2, Supplementary Table S1). This

was especially apparent for yaw, as E. subglobosa ex-

perienced almost half the yaw excursion throughout

a given limb cycle as C. picta (E. subglobosa:

7.39 6 0.319, C. picta: 12.32 6 0.385; P< 0.001,

D¼ 1.68).

Emydura subglobosa also had better turning per-

formance than C. picta (Fig. 3, Supplementary Table

S1). The mean of the minimum instantaneous turn-

ing radius of E. subglobosa was approximately half

that of C. picta, and the overall 90th percentile

best turn of E. subglobosa was an order of magnitude

better than that of C. picta (E. subglobosa: R90 ¼
0.008 BL, C. picta: R90 ¼ 0.083 BL, Fig. 3,

Supplementary Table S1). Emydura subglobosa also

used a smaller turning path throughout its turn

than C. picta (E. subglobosa: Rspace ¼ 0.283 6 0.044

SE BL, C. picta: Rspace ¼ 0.436 6 0.044 SE BL,

Supplementary Table S1). Similarly, mean maximum

turning rate (xmax) and the 90th percentile fastest

turns were much faster (�100 deg s�1) in E. subglo-

bosa than C. picta (E. subglobosa: xmax ¼
383.21 6 9.83 deg s�1, xmax-90 ¼ 477.80 deg s�1,

C. picta: xmax ¼ 310.56 6 34.00 deg s�1, xmax-90 ¼
397.46 deg s�1, Fig. 3, Supplementary Table S1).

Average turning rate throughout a turn was faster

in E. subglobosa than in C. picta (E. subglobosa:

xavg ¼ 229.78 6 8.58 deg s�1, C. picta: xavg ¼
174.44 6 8.70 deg s�1, Supplementary Table S1).

Kinematics

During linear swimming, both species of turtle swam

using typical asynchronous rowing, in which one set

of contralateral limbs was protracted while the other

set was being retracted (Movie 1; Supplementary Fig.

S1A, C). Principal components analyses show that

kinematic excursions of the limbs differed between

the species during linear swimming (Fig. 4;

Fig. 2 Violin plots comparing the stability (in excursion) of E. subglobosa (pleurodire) and C. picta (cryptodire) during linear swimming

in (A) heave, (B) pitch, (C) sideslip, and (D) yaw. Large black circles indicate means, and small black circles indicate outliers. The width

of the violin plot represents the distribution of the data along the y-axis. Emydura subglobosa was more stable (i.e., had lower parameter

values) in all four metrics of stability. * indicates significant difference between groups (P< 0.05).

6 C. J. Mayerl et al.
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Supplementary Table S2), as C. picta retracted and

protracted their fore- and hindlimbs more than E.

subglobosa, resulting in a greater angular excursion of

the limbs (Fig. 4A; Supplementary Fig. S1,

Supplementary Table S2). Although stride duration

was shorter in E. subglobosa (E. subglobosa:

0.257 6 0.012 s, C. picta: 0.327 6 0.014 s;

P< 0.001, D¼ 1.15), the smaller angular excursions

of the limbs resulted in the two species moving

their limbs at the same velocity (Fig. 5,

Supplementary Table S3).

During turns, the outside (left) limbs were used in

a similar fashion to the limbs during linear swim-

ming, but the inside two limbs were used as a rud-

der, or brake, as they were maintained at a stable

angle throughout much of the duration of the turn

(Supplementary Fig. S1 B, D; Movie 2). Linear dis-

criminant analysis showed that the primary kine-

matic variables that differentiated the two species

were that pleurodires protracted their outside (left)

arm less, protracted their outside leg more, and

retracted their inside (right) leg less (Fig. 4B,

Supplementary Table S4). Emydura subglobosa com-

pleted the turning maneuver in relatively less time

than C. picta (E. subglobosa: �1.1 strokes of the

outer forelimb, 0.317 6 0.019 s, C. picta: 1.5 strokes,

0.394 6 0.019 s; P¼ 0.006, D¼ 1.232, Supplementary

Fig. S1B, D). This resulted in E. subglobosa resuming

use of their inside (right) forelimb for propulsion in

less than the 1.5 cycles that we defined as a turn,

whereas C. picta held the inside limb stationary at

approximately 45� to the long axis of the shell

throughout the duration of the turn

(Supplementary Fig. S1B, Supplementary Table S4).

During turns, limb velocity of both forelimbs and

the right hindlimb were similar between the two

species, although E. subglobosa moved its left (outer)

hindlimb at a greater velocity than C. picta (Fig. 5,

Supplementary Table S5).

Morphology

Both species exhibited relatively similar overall arm

and leg lengths when standardized by body length

(Table 1). We found that E. subglobosa had much

larger areas for their distal limb elements than C.

picta (Table 1, Supplementary Fig. S2).

Furthermore, the manus and pes were more similar

in size to each other in E. subglobosa than in C. picta,

which had much smaller forelimbs than hindlimbs

(Table 1, Supplementary Fig. S2).

Discussion
Freshwater turtle stability and turning performance
compared with other rigid-bodied taxa

Broadly, both species of turtle show stability and

turning performance that are similar to other rigid-

bodied swimmers that use multiple propulsors to

move. Such rigid-bodied swimmers typically demon-

strate high stability and maneuverability, but low

agility when compared with flexible-bodied taxa

(Gerstner 1999; Walker 2000; Hove et al. 2001;

Fish and Nicastro 2003; Wiktorowicz et al. 2007;

Jastrebsky et al. 2016). However, most previous

work on the stability and turning performance of

rigid-bodied taxa has compared distantly related lin-

eages (Walker 2000; Hove et al. 2001; Bartol et al.

2003; Fish and Nicastro 2003; Rivera et al. 2006;

Rivera et al. 2011). Our focus on relatively closely

related species in this study can refine insight into

potential mechanisms that govern aquatic locomotor

performance, because it reduces the range of differ-

ences across numerous physiological and structural

variables that can impact performance. We found

Fig. 3 Violin plots comparing turning performance between E. subglobosa (pleurodire) and C. picta (cryptodire). (A) Minimum in-

stantaneous turning radius (in body lengths) for each species. (B) Maximum turning rate (deg s�1) of each species. Large black circles

indicate mean, white diamonds indicate 90% best performance, and small black circles indicate outliers. The width of the violin plot

represents the distribution of the data along the y-axis. The pleurodire had a smaller turning radius and higher turning rate than the

cryptodire, indicating superior turning performance. *indicates significant difference between groups.
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that the pleurodire turtle E. subglobosa exhibited

both higher stability (decreased oscillations) and bet-

ter turning performance than the cryptodire C. picta.

Emydura subglobosa was also able to recover from a

turn and begin swimming straight faster than C.

picta, suggesting that it is more able to recover

from disturbances as well as resist them. These

insights can facilitate exploration of structures and

behaviors that might help animals to improve both

stability and turning performance, despite their po-

tentially competing demands.

Mechanisms contributing to variation in stability

A combination of both morphological and behavioral

features may enable E. subglobosa to exhibit greater

stability than C. picta. We expected that greater equal-

ity of manus and pes sizes, as well as smaller kine-

matic excursions of the limbs, would decrease recoil

forces and thus enhance stability. Our results largely

agree with our predictions. E. subglobosa, the more

stable species, had forelimbs that were much closer

in size to its hindlimbs than C. picta (Table 1).

Having limbs of similar areas would enhance linear

swimming stability by promoting the potential for

rotational forces generated by contralateral fore- and

hindlimbs to offset one another more effectively

(Sefati et al. 2013). This would subsequently reduce

yaw and sideslip in E. subglobosa, as these two metrics

are often correlated (Rivera et al. 2011). Emydura

subglobosa was also more stable in the vertical stability

parameters of pitch and heave. No a priori hypotheses

were established for these parameters; however, the

differences we observed could potentially be due to

differences in the amount of dorsoventral movement

of the limbs in E. subglobosa and C. picta. There are

limits to the conclusions that can be drawn from our

analyses with regard to how kinematics influence

force production, because our kinematic data are

two-dimensional, do not include the distal portions

of the limbs, and we have not directly measured

forces. However, the alignment of our predictions

with differences in measured swimming performance

between our focus species suggests that both subequal

propulsor sizes and limited kinematic excursion of the

limbs during linear swimming could play a substantial

role in increasing swimming stability.

Mechanisms contributing to variation in turning
performance

Although many broad comparisons have found that

more stable species have lower turning performance,

we found that E. subglobosa had higher turning per-

formance in addition to being more stable than C.

picta. Differences in morphology and kinematic be-

havior also may contribute to these results. The

larger manus and pes of E. subglobosa provide larger

control surfaces, which could increase the thrust gen-

erated by the outer limbs as well as increase the

braking potential of the inner limbs during turns

(Fish and Lauder 2017). Emydura subglobosa also

Fig. 4 Multivariate kinematic results during linear swimming (A) and turning (B). Green: E. subglobosa (pleurodire); blue: C. picta

(cryptodire). Ellipses in (A) indicate 1 SD from the mean for each species. Focal turtle species used distinct kinematics while swimming

along straight paths. Larm: left arm; Rarm: right arm; Lleg: left leg: Rleg right leg. Min: maximal protraction angle of the limb; Max:

maximum retraction angle of the limb. (B) Violin plot of the first linear discriminant, where the left limbs were the outer limbs. Large

black circles indicate the mean, small black dots indicate outliers, an asterisk indicates a statistically significant difference between the

two groups. Differences between E. subglobosa and C. picta are defined primarily by decreased protraction of the left forelimb,

increased protraction of the left hindlimb, and decreased retraction of the right hindlimb in E. subglobosa relative to C. picta

(Supplementary Table S4).
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used kinematic excursions of its outer legs that were

as large as those of C. picta when turning

(Supplementary Fig. S1B, D; Supplementary Table

S4). This suggests that the small limb excursions

used by E. subglobosa during linear swimming were

likely produced through behavioral plasticity,

rather than anatomical constraints that we had

predicted to be imposed by restrictions on pelvic

girdle movement in pleurodires (Mayerl et al.

2016). Furthermore, because intentional turning

is, by definition, an unsteady behavior, the in-

creased excursion of the limbs to facilitate turns

in E. subglobosa suggests that limiting the excur-

sion of the limbs during linear swimming may en-

hance the stability of this species. Another factor

likely contributing to the better turning perfor-

mance of E. subglobosa is the greater velocity of

its propulsive limbs during turns, as E. subglobosa

moved its outer, thrust generating hindlimb faster

during turns than C. picta (E. subglobosa:

368.74 6 15.20 deg s�1, C. picta 270.31 6 15.5 deg

s�1, Supplementary Table S5). Our results thus

agree with expectations that adjustments to how

propulsors are used to generate recoil forces dur-

ing locomotion can result in animals possessing

both high stability and turning performance and

provide a framework for understanding how dif-

ferences in ecology and evolution between animals

with similar body designs might result in differ-

ences in locomotor performance.

Fig. 5 Violin plots comparing mean limb velocity for E. subglobosa (green) and C. picta (blue). Format follows Figs. 2 and 3. (A)

Forelimb velocity during linear swimming; (B) hindlimb velocity during linear swimming; (C) left forelimb velocity during turning; (D)

left hindlimb velocity during turning; (E) right forelimb velocity during turning; (F) right hindlimb velocity during turning.

Swimming performance in turtles 9

D
ow

nloaded from
 https://academ

ic.oup.com
/iob/article-abstract/1/1/oby001/5262656 by R

 M
 C

ooper Library user on 02 January 2019

/article-lookup/doi/10.1093/iob/oby001#supplementary-data
/article-lookup/doi/10.1093/iob/oby001#supplementary-data
/article-lookup/doi/10.1093/iob/oby001#supplementary-data
Deleted Text: ec
Deleted Text: ec
/article-lookup/doi/10.1093/iob/oby001#supplementary-data


Correlations of performance variation with
differences in structure and habitat between turtle
lineages

The differences in swimming performance we ob-

served between E. subglobosa and C. picta may relate

to differences in the typical preferred habitats of these

species. Although both of these species can walk on

land, there are no fully terrestrial pleurodire taxa,

whereas close relatives of C. picta are semi-aquatic

or even fully terrestrial (e.g., box turtles from the ge-

nus Terrapene: Bonin et al. 2006; Ernst and Lovich

2009). Pleurodires, as a lineage, may generally be

more specialized for aquatic habitats than most row-

ing cryptodires. Cryptodires that spend more time on

land may be subject to other functional demands that

limit specialization for aquatic performance. Tradeoffs

in locomotor performance between water and land

are well documented, and future research could ex-

plore this topic in turtles (Isaac and Gregory 2007;

Shine and Shetty 2009; Blob et al. 2016).

Other differences in the life history and habits of

these species might also place a relative premium on

aquatic performance in E. subglobosa. Emydura sub-

globosa are carnivorous throughout their entire lives,

whereas C. picta are omnivores (Cann 1998; Bonin

et al. 2006; Ernst and Lovich 2009). Higher perfor-

mance in both stability and turning might be advan-

tageous for E. subglobosa during episodes of chasing

prey, but less critical for C. picta with a diet consist-

ing partly of plants and scavenged material. The ex-

tent to which such ecological and evolutionary

differences between these taxa have shaped their dif-

ferences in swimming performance is difficult to

evaluate without broader phylogenetic sampling

that could establish the evolutionary history of these

traits (Garland and Adolph 1994). Performance

comparisons across additional, diverse taxa and in

different environmental conditions could further

clarify the roles of adaptation, constraint, and trade-

offs in shaping aquatic locomotor performance.

Conclusions
Our study highlights the importance of investigating

how variation within a given body design impacts

performance. Emydura subglobosa demonstrated

both higher stability and greater turning perfor-

mance than C. picta. These differences in perfor-

mance likely arise through a combination of

variation in both morphology (having larger areas

of propulsive structures), and behavior (differences

in limb excursion, and in limb velocity during

turns). The potential for freshwater turtles to use

pairs of contralateral limbs to generate mutually op-

posing perturbing forces may allow species to

achieve both high stability and high turning perfor-

mance by behaviorally modulating their propulsors

(Sefati et al. 2013). Investigating the interplay be-

tween morphology and behavior may ultimately in-

spire design features for human-engineered vehicles,

which have traditionally been unable to achieve both

high stability and high maneuverability (Jing and

Kanso 2013; Webb and Weihs 2015). The design

and behavior features present in turtles that enable

one species to have superior performance than

others could provide a model for biomimetic designs

of autonomous underwater vehicles that combine

superior stability with an ability to execute rapid

turns in a limited space. Turtles also represent a

system rich with potential for future study into the

evolution of performance in different environments,

as they have maintained a similar body shape

throughout their evolutionary history but have di-

versified to occupy nearly all water bodies around

the globe (Bonin et al. 2006).

Supplementary data
Supplementary data are available at Integrative

Organismal Biology online.
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Variable

Emydura

subglobosa

Chrysemys

picta P D

Arm length/CL 0.40 6 0.01 0.384 6 0.01 0.2 0.77

Antebrachium

area/CL2

0.011 6 0.0005 0.010 6 0.0006 0.024 0.71

Manus area/CL2 0.016 6 0.001 0.007 6 0.0004 <0.001 5.41

Leg length/CL 0.519 6 0.01 0.468 6 0.02 0.04 1.19

Crus area/CL2 0.020 6 0.0008 0.012 6 0.0004 <0.001 6.04

Pes area/CL2 0.025 6 0.0009 0.016 6 0.0009 <0.001 3.96

Manus area/Pes

area

0.654 6 0.032 0.456 6 0.028 <0.001 2.78

CL, carapace length. Bolded values indicate significant differences

between groups as identified by p< 0.05 and Cohen’s D> 1.5.
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