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Ontogeny of effective mechanical advantage in eastern cottontail
rabbits (Sylvilagus floridanus)
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ABSTRACT
Juvenile animals must survive in the same environment as adults
despite smaller sizes, immature musculoskeletal tissues, general
ecological naïveté and other limits of performance. Developmental
changes in muscle leverage could constitute one mechanism to
promote increased performance in juveniles despite ontogenetic
limitations. We tested this hypothesis using a holistic dataset on
growth and locomotor development in wild eastern cottontail
rabbits (Sylvilagus floridanus) to examine ontogenetic changes in
hindlimb muscle effective mechanical advantage (EMA). EMA is a
dimensionless index of muscle leverage, equal to the quotient of
average muscle lever length and the load arm length of the ground
reaction force (GRF), effectively representing the magnitude of output
force arising from a given muscle force. We found that EMA at the hip
and ankle joints, as well as overall hindlimb EMA, significantly declined
across ontogeny in S. floridanus, whereas EMA at the knee joint
remained unchanged. Ontogenetic decreases in EMA were due to
isometric scaling of muscle lever arm lengths alongside positive
ontogenetic allometry of GRF load arm lengths – which in turn was
primarily related to positive allometry of hindlimb segment lengths.
Greater EMA limits the estimated volume of hindlimb extensor muscle
that has to be activated in young rabbits, likely mitigating the energetic
cost of locomotion and saving metabolic resources for other
physiological functions, such as growth and tissue differentiation. An
additional examination of limb growth allometry across a diverse sample
of mammalian taxa suggests that ontogenetic decreases in limb joint
EMA may be a common mammalian trend.

KEY WORDS: Muscle leverage, Allometry, Development,
Muscle force, Life history

INTRODUCTION
Sub-adulthood can be a risky time of life for many animals. Smaller
body sizes, immature musculoskeletal tissues and general ecological
naïveté all compromise locomotor performance in juvenile
animals (Carrier, 1996). Despite these limitations, juveniles must
often compete and survive in the same environment as adults.

Demographic studies of age-based mortality in natural populations
have shown that ecological stresses on sub-adult prey taxa are
particularly acute, with the rate of death from predation being highest
in the first few weeks of life (Case, 1978; Promislow and Harvey,
1990; Adams et al., 1995). Therefore, strong selection for
mechanisms that allow juvenile prey to survive past this
demographic bottleneck should be expected, permitting them to
survive to reproductive adulthood.

In this study, we used a holistic dataset on growth and locomotor
development in wild eastern cottontail rabbits [Sylvilagus
floridanus (Allen 1890)] as a model system to understand how
ontogenetic changes in muscle leverage might constitute one such
mechanism to promote increased performance in juvenile prey taxa.
Limbs typically operate as lever systems, powered by muscle
torques applied at varying distances from the joint that must balance
the torque induced by ground reaction forces (GRF) (Gray, 1944,
1968). The product of muscular force (Fm) and its perpendicular
distance from the center of the joint (muscle lever arm; r) must equal
the product of the GRF (Fg) and its perpendicular distance from the
center of the joint (i.e. GRF load arm; R) (see Fig. 1):

Fmr ¼ FgR: ð1Þ
Algebraically rearranging this equation shows that the ratio of

output force (i.e. Fg) to a given input force (i.e. Fm) equals the ratio
of r (i.e. the lever arm of the muscular force) to R (i.e. the load arm of
the GRF):

Fg

Fm
¼ r

R
: ð2Þ

The ratio r/R quantifies the effective mechanical advantage
(EMA) at a given limb joint. Maintaining all else equal, increases in
EMA will necessarily lead to a relatively high output force for a
given muscle force (Smith and Savage, 1956; Gray, 1968;
Biewener, 1989, 1990, 1991; Roberts et al., 1998).

Increasing extensor muscle EMA, either through growth-related
changes in r or though postural adjustments to shorten R, represents
one hypothetical strategy that juvenile animals could use to
overcome absolutely weaker limb muscles and other growth-
related limits on locomotor performance (Carrier, 1983, 1996;
Young, 2005). Here, we test three specific predictions related to this
hypothesis. Firstly, we predicted juvenile cottontail rabbits would
have greater hindlimb joint EMA than adult conspecifics, either
through negative ontogenetic allometry of r (i.e. a greater EMA
numerator in young animals), positive ontogenetic allometry of R
(i.e. a smaller EMA denominator in young animals) or a
combination of these two scaling trends. Secondly, we predicted
that ontogenetic variation in R will be associated with variation in
joint posture, GRF orientation, limb length distal to the joint or a
combination of these factors. Finally, as a functional consequenceReceived 15 April 2019; Accepted 23 July 2019
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of greater hindlimb muscle EMA, we predicted that juvenile
S. floridanus would require less active muscle volume to support
their body weight and power locomotion (proportional to the
metabolic cost; Roberts et al., 1998; Biewener et al., 2004; Pontzer
et al., 2008).

MATERIALS AND METHODS
Data collection
Institutional oversight and compliance
We obtained approval from the Northeast Ohio Medical University
(NEOMED) Institutional Animal Care and Use Committee for all
procedures (protocols 10-032 and 13-026, to J.W.Y.) and secured
Scientific Collecting permits from the Ohio Division of Natural
Resources Division of Wildlife (permits 14-310, 15-173 and
16-128, to G.A.S.) prior to initiating this research.

Animal capture and assessment
Eastern cottontail rabbits (S. floridanus) were trapped at several sites
in Portage, Summit and Columbiana Counties, Ohio, USA, where
we secured prior permission for trapping from site owners or
controlling authorities. All sites were public parks, nature preserves
or private properties where hunting was forbidden. We used a
combination of wooden rabbit traps (Wildlife Control Supplies, East
Granby, CT, USA) and medium-sized wire traps (TomahawkModel
606SS, Tomahawk Live Trap, Hazelhurst, WI, USA). Traps were
baited with a variety of lures, including oats, peanut butter, apples
and rabbit urine, set in the early evening and checked the subsequent
morning.
We transported captured animals to the Portage Park District

Breakneck Creek Field Station, where we recorded body mass to the
nearest gram, shaved and marked major hindlimb joints with small
circles of retro-reflective tape for later video tracking, and measured

hindlimb segment lengths to the millimeter using digital calipers.
A list of joints marked, landmarks used for identification and
hindlimb segment definitions are presented in Table 1.

We trapped a total of 61 rabbits over three field seasons from
2013 to 2015. Owing to variation in animal condition and
motivation, and occasional equipment malfunction, we were only
able to collect locomotor performance data in 42 rabbits. Of the
animals contributing locomotor performance data, we euthanized
14 animals for detailed anatomical study, including measurements
of r for several hindlimb extensor muscles and fiber architecture (see
below; Butcher et al., 2019). The sample for the present study
consists of a subset of 13 individuals for whom we obtained
sufficient kinematic and morphological data to calculate EMA.
Overall, the ontogenetic S. floridanus dataset used here extended
over an order of magnitude in body mass (i.e. 0.106–1.277 kg).
Individual S. floridanus with a body mass <1 kg were designated as
‘juveniles’; animals with a body mass >1 kg were designated as
‘adults’. This 1 kg body mass cut-off corresponds to the age at
which bodymass growth begins to reach asymptotic values and long
bone epiphyses fuse (Hale, 1949; Lord, 1963). Based on a published
body mass growth curve (Lord, 1963), we estimated that rabbits in
our sample ranged from juveniles approximately 22 days of age to
fully grown adults. Following these criteria, the animal sample for
this study included eight juvenile and five adult rabbits.

Performance testing
Following joint marking, rabbits were placed in a dark transport box
that was secured to the end of an enclosed runway (4.0×0.2×1.0 m,
length×width×height). Rabbits were coaxed to move from the

List of symbols and abbreviations
aCoM mean acceleration of the center of mass
az0 vertical thickness of the force platform’s cover plate
BF biceps femoris
CoP center of pressure
EMA effective mechanical advantage
Fm (Fa, Fk, Fh) extensor muscle force (about the ankle, knee and hip,

respectively)
Fy fore–aft component of the ground reaction force
Fz vertical component of the ground reaction force
GC gastrocnemius
GRF/Fg ground reaction force
HS hamstring
LF muscle fascicle length
Lmean mean muscle fascicle length (weighted by PCSA)
Ma, Mk, Mh extensor muscle moment about the ankle, knee and

hip, respectively
mmb muscle belly mass
Mx moment about the x-axis (mediolateral axis) of the

force platform
PCSA physiological cross-sectional area
R ground reaction force load arm length
r (ra, rk, rh) extensor muscle force lever arm length (about the

ankle, knee and hip, respectively)
RF rectus femoris
SM semimembranosus
Vmusc active muscle volume
θ muscle fascicle pennation angle
θGRF sagittal GRF angle
ρ skeletal muscle density

EMA=r/R=Fg/Fm

r R

Fg

Fm

Fig. 1. Schematic drawing of effectivemechanical advantage (EMA) at the
ankle joint of Sylvilagus floridanus. To maintain moment balance about a
limb joint, muscle force (Fm) must act on its lever arm (r) to produce a torque
that equals that produced by ground reaction force (Fg) acting on its load arm
(R). Increasing r and/or decreasingR will necessarily increase ground reaction
forces for a given level of muscle force.
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transport box to a corresponding box at the other end of the runway
using mildly aversive stimuli (e.g. puffs of air from a compressed air
canister) to encourage maximum effort. Two HE6×6-16 small
animal force plates (AMTI, Watertown, MA, USA; 15×15 cm in
area) were embedded in the floor of the runway to measure GRF
during bounding strides of burst acceleration. Forces were sampled
at 500 Hz using proprietary software (NetForce, AMTI). The force
plates were covered with stairway tread tape (Safety-Walk Slip
Resistant Tread, 3M Corp., Minneapolis, MN, USA). Locomotion
was filmed with two high-speed cameras (Fastec TS3 100-L, Fastec
Imaging, San Diego, CA, USA) also using proprietary software
(HiSpec, Fastec Imaging). The cameras were placed approximately
45 deg to the direction of travel and positioned approximately
90 deg relative to one another. Force platform and camera
recordings were synchronized by means of a common trigger.

Data processing
Locomotor data processing
Video and force platform data were processed in MATLAB R2018a
(MathWorks, Natick, MA, USA). We used the open source motion-
tracking software DLTdv5 (Hedrick, 2008) to track the position
of all landmarks throughout each video clip. The 3D position of
each anatomical landmark was reconstructed using direct linear
transformation (DLT) (Hedrick, 2008). DLT coefficients were
generated using DLTcal5, a companion program to DLTdv5, by
digitizing a control object of known geometry that had been filmed
immediately prior to each locomotor data collection. The orientation
axes of the calibration object were made coincident with those of the
force platforms.We also used the DLTdv5 software to demarcate the
beginning and end of the hindlimb push-off phase of the stride (i.e.
from hindlimb touchdown to lift-off ). Only full- or half-bounding
strides, where the separation between leading and trailing hindlimb
contacts were separated by ≤10% of hindlimb contact duration
(Hildebrand, 1977), and where the rabbit was fully supported by one
or both force platforms for the duration of hindlimb push-off, were
included in the dataset.
Synchronized force and kinematic data were imported in a

custom-written MATLAB routine for additional processing. Joint
coordinates were fit to a quintic smoothing spline function
(tolerance of 0.75 mm2), allowing us to mitigate digitizing error
and interpolate the position of a feature for frames where the marker
was not visible (Walker, 1998). Force traces from each channel of
the force plates were smoothed using a zero-lag fourth-order
Butterworth low-pass filter. Filter cut-off frequencies were selected

using an automated procedure developed by Winter (2005),
designed to balance noise reduction against signal attenuation
[mean selected frequency±95% confidence interval (CI)=51±
2.9 Hz]. Force plate baseline drift during the experiment was
corrected by sampling the average values of unloaded periods
immediately prior to and following contact and subtracting these
values from the force traces. Further analyses only consider
movements in the sagittal plane (i.e. we ignored mediolateral
forces and displacements). Overall, average mediolateral force
magnitudes were about half of fore–aft force magnitudes (mean±
95% CI=54.8±25.4%). Moreover, given the narrow width of the
testing runway, mediolateral impulse could not contribute to animal
displacement in the net direction of travel, and should therefore be
considered ‘wasted effort’.

The fore–aft position of the center of pressure (CoP) was
calculated from filtered force data as:

CoP ¼ �Mx þ Fy � az0
Fz

; ð3Þ

where Mx is the moment about the x-axis (i.e. mediolateral axis) of
the force platform, Fy and Fz are the forces in the fore–aft and
vertical directions, respectively, and az0 is the thickness of the
vertical offset of the force platform’s cover plate relative to the
position of the sensors. Instantaneous values of Mx, Fy and Fz were
determined using the NetForce software, whereas az0 was provided
by the force plate manufacturer. Given that, by definition, the half-
bounding gaits used by the rabbits involve simultaneous contact by
the right and left hindlimbs – which may or may not be spatially
aligned – the raw CoP position indicated by the force plate
calculation alone did not always sensibly align with the kinematic
coordinates (which were only digitized on the left side of the
animal). The CoP position was therefore set to the midpoint of the
distance between the metatarsal head and the distal tip of the third
pedal digit at the beginning of the support phase, and then allowed
to subsequently translate, as indicated by the frame-to-frame
changes in CoP position calculated from the force plate data (with
the constraint that the CoP could never move beyond the tip of the
third digit or proximal to the metatarsal head). We also assumed a
common fore–aft CoP position across both limbs in subsequent
calculations of joint moments (McGowan, 2005).

Measurement of extensor muscle fiber architecture
The subset of rabbits designated for our morphometric sample was
transported to a laboratory at NEOMED immediately following

Table 1. Anatomical landmarks used to define joints and measure postcranial segment lengths

Joint Landmark

Hip Proximolateral tip of third trochanter
Knee Lateral epicondyle of femur*
Ankle Lateral malleolus
Metatarsophalangeal (MTP) Head of fifth metatarsal

Segment Proximal landmark Distal landmark

Thigh Hip joint marker Knee joint marker
Leg Knee joint marker Ankle joint marker
Foot Calcaneal tuber Distal tip of third digit (excluding claw)

To minimize the duration of animal handling, joints were marked and segments were measured on the left side of the animal only.
*Post-experiment review of trial videos indicated that the kneemarker was prone to substantial skin movement, compromisingmeasurement accuracy. Therefore,
for analyses of locomotor kinematics, the knee position was calculated analytically on a frame-by-frame basis following the protocol of McGowan (2005). Briefly,
for each frame of the video during a hindlimb contact period, we generated the equations of two circles, centered at the hip and ankle with the measured length of
the thigh and leg segments as their radii. These two circles had, at most, two points of intersection: one cranial to the hip–ankle vector (indicating knee joint
flexion), and another caudal to it (indicating joint hyperextension). The knee joint coordinate was designated as the point of intersection that avoided placing the
joint in hyperextension.
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locomotor data collection, and euthanized with a fatal dosage of
pentobarbitol (1 ml kg−1). At least one hindlimb from each
individual was systematically dissected. We measured muscle
architecture from selected hip, knee and ankle extensors (Table 2),
following previously published protocols (Butcher et al., 2010).
Briefly, with the muscle–tendon unit still intact, digital calipers were
used to take three measurements of muscle lever arm length (r) to
the nearest 0.01 mm, with the relevant joint positioned at ∼90 deg
(i.e. joint position at locomotor mid-stance). Muscles were then
individually excised from the hindlimb and with their tendons
removed; muscle belly mass (mmb) was measured with an electronic
balance to the nearest 0.01 g. Muscle fascicle length (LF; in cm) and
pennation angle (θ; measured as the angle between the fiber
fascicles and either the long axis of the muscle or internal tendon)
were measured at five to 10 random locations representative of both
proximal-to-distal and superficial-to-deep regions throughout each
muscle belly. Physiological cross-sectional area (PCSA, in cm2; an
indicator of maximum isometric force capacity) was then calculated as:

PCSA ¼ mmb � cos u

LF � r
; ð4Þ

where ρ represents a standard value of density (1.06 g cm−3) for
mammalian skeletal muscle (Méndez and Keys, 1960).
Average muscle lever arm lengths at the hip, knee, and ankle joints

(i.e. rh, rk and ra) were measured as the mean of all individual extensor
lever arm lengths at the joint, weighted by the PSCA of the
corresponding muscle. This method assumes that muscle stress (i.e.
force per unit area) is distributed equally across the muscles at a joint.
Additionally, this method assumes that lever arm lengths remain
constant through changes in joint position. Data on instantaneous
changes in muscle lever arm lengths in European hares (Lepus
europeus, a closely related leporine taxon) indicate that for themuscles
studied here, values of r remain fairly constant over the ranges of joint
excursion observed in our S. floridanus locomotor dataset, particularly
relative to changes in GRF load arm lengths (Williams et al., 2007).

Dependent variables
Effective mechanical advantage
Though EMA is often calculated as the ratio of r and R (see Eqn 1
and Fig. 1), we used an algebraically equivalent formulation to
calculate EMA as the ratio of GRF impulse to muscle force impulse
at the joint in question:

EMA ¼
Ð t2
t1
Fg

Ð t2
t1
Fm

; ð5Þ

where t1 and t2 represent the beginning and end of the support phase
interval. This quotient indicates how much force, on average, was
exerted on the substrate per unit muscle force. This method has the
benefit of characterizing mean EMA throughout the support phase,
rather than at finite instances or intervals, and allows for the
variation in R that can result from changing joint postures
throughout the support phase.

GRF impulse was calculated as the finite integral of the resultant
sagittal plane GRF throughout the support phase. To calculate
muscle force impulse, we first determined joint moments
throughout the support phase as the frame-by-frame cross-product
of the sagittal plane GRF vector and a sagittal plane position vector
connecting the CoP to the joint marker in question. Following
Biewener et al. (2004), instantaneous agonist muscle forces across
the joint were then calculated using the following set of equations:

Fa ¼ Ma

ra
; ð6Þ

Fk ¼ Mk

rk
� FGC;krGC;k � FHS;krHS;k; ð7Þ

Fh ¼ Mh

rh
� FRF;hrRF;h; ð8Þ

where F,M and r represent muscle forces, joint moments and mean
lever arm lengths, respectively, at the ankle (a), knee (k) and hip (h)
joints. The subtracted terms in Eqns 7 and 8 represent the flexor
action of biarticular muscles [GC, gastrocnemius; HS, hamstring
muscles, i.e. biceps femoris (BF) and semimembranosus (SM); and
RF, rectus femoris]. Flexor forces for these muscles were assumed
to be equal to extension forces, weighted according to their
contribution to total extensor muscle PCSA at the joint in question:

FGC;k ¼ Fa � PCSAGC

PCSAGC þ PCSAS
; ð9Þ

FHS;k ¼ Fh � PCSABF þ PCSASM

PCSABF þ PCSASM þ PCSAGP þ PCSAGM
;

ð10Þ

FRF;h ¼ Fk � PCSARF

PCSARF þ PCSAVL
; ð11Þ

where muscle abbreviations follow those listed in Table 2. This set
of equations was solved for each instance (i.e. video frame) of the
support phase, first solving Eqn 6 and subsequently solving Eqns 7
and 8 as a set of simultaneous linear equations (using MATLAB’s

Table 3. Ontogenetic allometry of effective mechanical advantage
(EMA) in Sylvilagus floridanus

Model β Statistic P R2

Hip EMA 0.214
Body mass −0.440 F1,10=5.6 0.039
Mean aCoM −0.204 F1,72=5.1 0.028

Knee EMA 0.102
Body mass −0.226 F1,10=1.94 0.194
Mean aCoM 0.233 F1,60=4.93 0.030

Ankle EMA 0.199
Body mass −0.490 F1,11=8.1 0.016
Mean aCoM −0.098 F1,82=0.87 0.353

Total hindlimb EMA 0.394
Body mass −0.651 F1,9=14.4 0.004
Mean aCoM −0.115 F1,50=1.41 0.241

Bold values indicate significant partial regression coefficients (i.e. β weights).
aCoM, mean acceleration of the center of mass.

Table 2. Functional muscle groups used to define net extensor muscle
lever arm lengths (r) at each joint

Muscle Abbreviation

Hip extensors
m. gluteus profundus GP
m. gluteus medialis GM
m. biceps femoris (vertebral and pelvic heads)* BF
m. semimembranosus* SM

Knee extensors
m. vastus lateralis VL
m. rectus femoris* RF

Ankle extensors (plantarflexors)
m. gastrocnemius (lateral and medial heads)* GC
m. soleus S

*Biarticular muscles.

4

RESEARCH ARTICLE Journal of Experimental Biology (2019) 222, jeb205237. doi:10.1242/jeb.205237

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



‘linsolve’ function). We then calculated total muscle force impulse
at each joint as the finite integral of instantaneous muscle forces
throughout the support phase, and then ultimately mean EMA over
the support phase as the ratio of GRF impulse to muscle impulse.
Total EMA across the hindlimb was calculated as the mean of
individual joint EMA, weighted by the total extensor muscle PCSA
at that joint.

As the goal of this study was to investigate how developmental
changes in EMA impact locomotor performance (i.e. external work
against the environment), we did not include calculations of the
muscular effort required to resist gravitational moments or perform
the internal work required to accelerate limb segments relative to the
CoM (Wells, 1981; Biewener and Full, 1992; Winter, 2005).
Though such components of total limb work could impact total
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Fig. 2. Ontogenetic changes in EMA in
S. floridanus. (A,E) Hip, (B,F) knee, (C,G) ankle
and (D,H) total hindlimb (HL). Panels on the left
present the Box–Cox transformed scaled and
centered data used to calculated regression
models, whereas panels on the right present the
unscaled raw data. Data points represent
individual strides across 13 rabbits (i.e. 78 strides
distributed among eight juveniles and 24 strides
distributed among five adults). Trend lines
represent mixed-effects linear fits specifying
individual rabbits as a random factor in the
analysis. Gray shading indicates that the trend line
is not significant (P>0.05). The dashed line in H
indicates the predicted values of EMA for a
generalized mammal of equivalent body mass,
calculated using the interspecific scaling equation
from Biewener et al. (2004).
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energy expenditure, studies of non-human mammals have shown
that inertial and gravitational moments forces are minor relative to
the external moments engendered by GRF, and therefore have less
influence on estimates of muscle torque and leverage (Witte et al.,
2002; Dutto, 2004; McGowan, 2005; Williams et al., 2009).

Active muscle volume
Previous research has indicated that the metabolic cost of
locomotion is directly proportional to the volume of muscle that
must be activated to support and accelerate body mass (i.e. Vmusc)
(Roberts et al., 1998; Biewener et al., 2004; Pontzer et al., 2008). On
the assumption that muscle force is proportional to PCSA (Sacks
and Roy, 1982), Vmusc can be calculated as the product of mean
muscle fascicle length (Lmean) and muscle force impulse, divided by
GRF impulse:

Vmusc ¼
Lmean

Ð t2
t1
Fm

Ð t2
t1
Fg

: ð12Þ

Following Roberts et al. (1998), we calculated Lmean as the mean
of individual muscle fascicle lengths weighted by their PCSAs. We
then calculated Vmusc as the quotient of Lmean and EMA.

Acceleration
The locomotor data for this study were explicitly collected to
measure peak acceleration performance in S. floridanus and were
therefore not collected at steady-state velocities. Given that
acceleration has the potential to impact EMA through an
influence on limb posture and GRF orientation (Roberts and
Scales, 2002; Biewener et al., 2004; Williams et al., 2009), we
included average acceleration (calculated as average fore–aft force
throughout hindlimb support phase divided by body mass) as a
potential predictor of EMA.

Mean GRF load arm lengths (R)
Average R across the support phase was calculated as the quotient of
r and EMA (algebraically equivalent to dividing muscle moment by
GRF moment; Eqns 1 and 2; Fig. 1).

Mean joint angles
Joint angles were calculated as the two-dimensional vector angle
between the relevant limb segments, with increasing values
indicating greater limb joint extension. We calculated mean hip,
knee and ankle joint angles throughout support phase to evaluate
how changes in joint posture affected GRF load arm lengths (R).

GRF orientation
Given that variation in R is also partially determined by the
orientation of the GRF with respect to the limb, we calculated the
mean angle of the GRF vector relative to the vertical axis (i.e. the
impulse angle; Lee, 2011) as:

uGRF ¼ tan�1

Ð t2
t1
Fy

Ð t2
t1
Fz

; ð13Þ

where Fy and Fz refer to the GRF components in the fore–aft and
vertical directions, respectively.

Statistical analyses
Analyses of the full dataset (i.e. where each individual was
represented by multiple trials) were carried out using mixed-effects
models (Pinheiro and Bates, 2000), where individual rabbit was

included as a random factor. To improve mixed-effect model fits,
raw variates were first Box–Cox transformed to improve normality
(Box and Cox, 1964; Sokal and Rohlf, 1995), and then scaled and
centered (i.e. converted into z-scores). Conversion to z-scores also
permitted direct comparisons of the resulting partial regression
coefficients (i.e. β weights) from a multiple regression to evaluate
which predictors best explained variance in the dependent variable.
Because the residuals of such models were often characterized by
heteroscedasticity, the variance of the error termwas allowed to vary
as an exponential function of the independent (i.e. predictor)
variable. Coefficients of determination (R2) for these models were
calculated following Johnson (2014). We used standard log–log
Model II (reduced major axis) regressions on body mass to test for
ontogenetic allometry of muscle lever arm lengths, average GRF
load arm lengths and limb lengths. These analyses were conducted
on reduced datasets, where only a single value existed for each
individual. Significance for all tests was accepted at P≤0.05.
All statistical analyses were conducted in the R statistical platform
(version 3.5.2, ‘Feather Spray’) (https://www.r-project.org/),
including the add-on packages dplyr (https://CRAN.R-project.
org/package=dplyr), emmeans (https://CRAN.R-project.org/
package=emmeans), MASS (Venables and Ripley, 2002),
MuMIn (https://CRAN.R-project.org/package=MuMIn), nlme
(http://CRAN.R-project.org/package=nlme) and rptR (Stoffel
et al., 2017).

RESULTS
EMA at the hip and ankle declined with significant negative
allometry in S. floridanus, whereas knee EMA remained unchanged
(i.e. was not significantly associated with body mass) (Table 3,
Fig. 2A–C,E–G). Given that EMA declined at two of the three joints
examined, total hindlimb EMA also significantly declined with
increasing body size, the reverse of scaling patterns previously
observed in interspecific studies of adult mammals of varying body
size (Fig. 2D,H). Controlling for variation in body mass, increasing
acceleration decreased hip EMA, increased knee EMA and had no
significant effect on EMA at the ankle or total hindlimb EMA
(Table 3).

Table 4. Ontogenetic allometry ofmuscle lever arms (r), ground reaction
force (GRF) load arms (R) and distal segment lengths in S. floridanus

Model Slope* [95% CI] P R2
Scaling
pattern

Hip
Mean hip r 0.36 [0.252, 0.518] <0.001 0.693 Isometric
Mean hip R 0.71 [0.513, 0.975] <0.001 0.785 Positive
Thigh length 0.46 [0.353, 0.605] <0.001 0.832 Positive

Knee
Mean knee r 0.23 [0.148, 0.347] 0.003 0.561 Isometric
Mean knee R 0.62 [0.357, 1.092] 0.07 0.301 Positive
Leg length 0.46 [0.380, 0.551] <0.001 0.921 Positive

Ankle
Mean ankle r 0.32 [0.250, 0.415] <0.001 0.850 Isometric
Mean ankleR 0.59 [0.480, 0.719] <0.001 0.906 Positive
Foot length 0.27 [0.200, 0.363] <0.001 0.792 Isometric

*Regression slopes were calculated fromModel II (reducedmajor axis) log–log
regression on body mass.
Any regression model including the isometric prediction of 0.33 in the
95% confidence interval around the calculated slope was deemed isometric.
Regression slopes significantly above or below 0.33 were deemed positive or
negative allometry, respectively. Bold values indicate significant regression
coefficients.
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As detailed above (see Fig. 1), EMA can be increased via longer r
or shorter R. Therefore, an ontogenetic decrease in EMA implied
negative allometry of r (i.e. greater values in younger animals),
positive allometry of R (greater values in older animals) or a
combination of these scaling trends. Values of r scaled with positive
allometry at hip and negative allometry at the knee and ankle joints
(Table 4, Fig. 3A–C), though the 95% confidence intervals about
these slopes included the isometric expectation of 0.33 in each case.
Inversely, R scaled with significant positive allometry at each joint
(i.e. the 95% confidence intervals did not include isometry; Table 4,
Fig. 4D–F). We also examined the ontogenetic scaling of distal limb
length (i.e. thigh length at the hip, leg length at the knee and foot
length at the ankle; see Table 1 for segment definitions) as a possible
determinant of ontogenetic changes in R (see below). Thigh and leg
length scaled with positive allometry, whereas foot length scaled
with slight negative allometry (and the 95% confidence intervals
included isometry; Table 4, Fig. 3G–I).

Because R is defined as the perpendicular distance between the
GRF vector and the joint center of rotation, its magnitude can vary
as a function of joint angle, GRF orientation or limb length distal to
the joint (Biewener, 1989; Polk, 2002; Young, 2009). Multiple
mixed-effects regression models indicated that R was positively
associated with distal limb length, though the relationship was only
significant at the hip and ankle joints (Table 5). Neither average joint
angle nor θGRF were significantly associated with variation in R at
any of the joints analyzed.

Mean hindlimb extensor muscle fascicle length (i.e. Lmean) of the
hindlimb extensors scaled with positive ontogenetic allometry in
S. floridanus, though the 95% confidence interval on the estimate
included isometry [slope (95% CI)=0.48 (0.303, 0.749), R2=0.50,
P=0.007]. Active muscle volume (Vmusc) increased with body mass
and, when controlling for body mass, decreased with increasing
total hindlimb EMA (Table 6). Mean acceleration was not
independently associated with Vmusc.

0.1 0.3 0.6 1.2

0.5

1.0

1.5

2.0

M
ea

n 
hi

p 
r (

cm
)

A

0.1 0.3 0.6 1.2

0.5

1.0

1.5

2.0

M
ea

n 
kn

ee
 r 

(c
m

)

B

0.1 0.3 0.6 1.2

0.5

1.0

1.5

2.0

M
ea

n 
an

kl
e 
r (

cm
)

C

0.1 0.3 0.6 1.2

0.8

1.5

3.0

6.0

M
ea

n 
hi

p 
R

 (c
m

)

D

0.1 0.3 0.6 1.2

0.8

1.5

3.0

6.0

M
ea

n 
kn

ee
 R

 (c
m

)

E

0.1 0.3 0.6 1.2

0.8

1.5

3.0

6.0

M
ea

n 
an

kl
e 
R

 (c
m

)

F

0.1 0.3 0.6 1.2

2.5

5.0

7.5

10.0

Th
ig

h 
le

ng
th

 (c
m

)

G

0.1 0.3 0.6 1.2
Body mass (kg)

2.5

5.0

7.5

10.0

Le
g 

le
ng

th
 (c

m
)

H

0.1 0.3 0.6 1.2

2.5

5.0

7.5

10.0

Fo
ot

 le
ng

th
 (c

m
)

I

Juveniles
Adults
RMA fit
Isometry

Fig. 3. Ontogenetic scaling in S. floridanus. (A–C) Muscle lever arm lengths (r), (D–F) ground reaction force load arm lengths (R) and (G–I) hindlimb segment
lengths. Data are plotted on logarithmic axes. Data points represent individual rabbits (i.e. eight juveniles and five adults). Solid trend lines represent mixed-effects
linear fits specifying individual rabbits as a random factor in the analysis (RMA, reducedmajor axis). Dashed lines indicate the predicted scaling relationship under
isometry.

7

RESEARCH ARTICLE Journal of Experimental Biology (2019) 222, jeb205237. doi:10.1242/jeb.205237

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



DISCUSSION
Our hypotheses were generally supported by our analyses. EMA at
the hip and ankle joints, as well as in the hindlimb overall,
significantly declined during S. floridanus ontogeny. Lack of
significant change in knee EMA is likely due to the position of the
knee joint relative to the GRF vector. Given that our locomotor
dataset explicitly sampled acceleration, the average GRF vector had
a net cranial orientation (mean±95% CI=67±6.9 deg), indicative of
the net propulsive function of the hindlimbs during the support
phase. As a result, the GRF vector typically passed very near the
knee joint, falling slightly cranial or slightly caudal to the joint
throughout the support phase. The variable position of the GRFwith
respect to the knee resulted in highly variable GRF load arm lengths
at the knee joint (see Fig. 3E), highly variable EMA ratios, and

therefore no evidence of consistent ontogenetic change in knee joint
EMA. The variable position of the GRF vector relative to the hip
and knee joints also accounts for observed effects of acceleration on
EMA at these joints. At greater accelerations, the average GRF
vector tilted cranially, increasing R at the hip joint but decreasing R
at the knee joint, resulting in a negative correlation between
acceleration and hip joint EMA and a positive correlation between
acceleration and knee joint EMA.

Overall, our results are consistent with previous research
documenting negative allometry of anatomical mechanical
advantage (i.e. bony muscle lever arm length scaled to skeletal
limb length below the joint) in other mammalian taxa (e.g.
jackrabbits, Carrier, 1983; capuchin monkeys, Young, 2005), with
attendant benefits for juvenile locomotor performance (Carrier,
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1995). Given the combination of morphometric, kinematic and
kinetic data required, EMA has only been measured in a small
sample of adult animals (Biewener, 1989; Carrier et al., 1998; Blob
and Biewener, 2001; Polk, 2002; Biewener et al., 2004), and we are
aware of only one other study (Smith and Wilson, 2013) that has
attempted to evaluate EMA across ontogeny. Smith and Wilson
(2013) measured overall hindlimb EMA in growing ostriches
(Struthio camelus) over the first 10 months of life (during which
time body mass increased from 5 to 75 kg), finding no consistent
changes in mean hindlimb EMA with increasing size (although
the lowest EMA was observed in largest ostriches; their fig. 4).
Discrepancies in the ontogenetic trajectory of EMA between
cottontail rabbits and ostriches could be due to several factors,
principally (1) differences between avian and mammalian limb
anatomy and posture (Gatesy and Pollard, 2011) and (2) differences
in overall body size. As the largest extant birds, adult ostriches
would require high EMA to overcome the geometric limits on
muscle force and bone bending strength faced by all terrestrial
organisms (Biewener, 1989, 1990, 1991; Gatesy, 1991; Reilly et al.,
2007). It could also be that the apparent lack of size-related change
observed in the Smith and Wilson (2013) study arose from
assumptions made during their analyses. Specifically, rather than
calculate r at each age, they assumed that lever arms scaled
proportionally to segment lengths, using allometric equations from
their previous studies of ostrich growth and musculoskeletal
anatomy (Smith et al., 2007, 2010). Because R also closely
tracked segment length during ostrich growth (Smith and Wilson,
2013), it may be that constant EMA values during ontogeny arise
from calculating a ratio of two values that fundamentally track the
same dimension.
Declining EMA in the hindlimb of S. floridanus during growth

resulted from isometric ontogenetic scaling of muscle lever arm
lengths combined with positive ontogenetic allometry of GRF
moment arm lengths. In other words, the denominator of EMA (see
Eqn 2) increased with body size, resulting in increasingly smaller
ratios as animals grew. This is the reverse of the pattern observed in

interspecific studies of adult mammals of varying body size, where
size-related increases in EMA result from the negative allometry of
R (in this case, principally due to the tendency of larger animals to
stand and move with more extended limb postures) (Biewener,
1989, 1990, 1991; Gatesy, 1991; Reilly et al., 2007; but see Ren
et al., 2010). Comparison of observed values with predictions using
published scaling equations of adult mammals (Biewener, 1989,
1990; Biewener et al., 2004) specifically show that young
S. floridanus have much greater hindlimb EMA than predicted for
a generalized mammal of their size, whereas EMA in adult
S. floridanus more closely aligns with predicted values (Fig. 2H).
As such, EMA may represent an example of size-related allometric
changes during ontogeny inversely mirroring those observed in
interspecific studies. The ontogeny of long bone cross-sectional
robusticity represents another example of this trend. Young animals
typically have geometrically more robust bones than their adult
counterparts, resulting in negative ontogenetic allometry of second
moments of area, section moduli and other geometric correlates of
bone strength (e.g. Carrier, 1983; Currey, 1984; Brear et al., 1990;
Carrier and Leon, 1990; Heinrich et al., 1999; Currey, 2001;
Lammers and German, 2002; Ruff, 2003; Main and Biewener,
2004; Main and Biewener, 2007; Young et al., 2010; Russo and
Young, 2011; Kilbourne and Makovicky, 2012; Patel et al., 2017),
whereas geometric measures of bone strength increase with positive
allometry across the size range of extant mammals (Alexander et al.,
1979).

Future work should seek to characterize ontogenetic changes in
EMA in other terrestrial animals, particularly given the differing
findings of this study and Smith and Wilson (2013). It may be
possible to make inferences about the ontogenetic scaling of EMA
in other mammals by studying the ontogenetic allometry of limb
bone lengths. In our study, we found that distal limb length was the
best predictor of R across the ontogenetic S. floridanus dataset, with
positive allometry of limb lengths generally leading to positive
allometry of GRF load lengths. Young (2009) and Smith and
Wilson (2013) made similar observations with respect to growing
squirrel monkeys (Saimiri boliviensis) and ostriches, respectively.
In fact, an examination of scaling exponents from allometric studies
of limb growth in 26 mammal species spanning six orders of
magnitude in body mass supports the prediction that positive
allometry of limb bone lengths – and, by extension, GRF load
arm lengths – is characteristic of mammalian ontogeny (Fig. 4).
Specifically, proximal and middle limb segments (i.e. brachium/
thigh and antebrachium/crus) generally scale with positive
allometry (proximal: 81–87% of taxa; middle: 72–79% of taxa;
Fig. 4B–E), whereas distal segments (i.e. manus/pes) generally
scale with negative allometry (75–77% of taxa; Fig. 4F,G). Scaling
exponents for the proximal segments tend to decrease with
increasing body mass, whereas those for distal segments tend to
increase with body mass, though most of these trends were not
statistically significant, particularly when analyzed in a comparative
framework using phylogenetic generalized least squares regression.
Overall, these data suggest that, in general, young mammals are
characterized by relatively short limbs for their size, though distal
segments tend to be relatively long early in life (see also Jungers and
Fleagle, 1980; Young and Heard-Booth, 2016; Druelle et al., 2018;
Young et al., 2019). Inasmuch as distal limb length determines R,
ontogenetic declines in muscle leverage may also be characteristic
of mammals in general.

What might be the functional consequences of ontogenetic
declines in EMA? We found that greater hindlimb extensor EMA
significantly decreased the estimated muscle volume required to be

Table 5. Multiple regression models of variation in GRF load arm
lengths across the ontogenetic S. floridanus dataset

Model β Statistic P R2

Mean hip R 0.245
Mean hip angle 0.127 F1,45=1.1 0.309
Thigh length 0.598 F1,7=7.9 0.026
θGRF −0.065 F1,45=0.25 0.622

Mean knee R 0.071
Mean knee angle −0.031 F1,59=0.038 0.846
Leg length 0.211 F1,10=1.4 0.256
θGRF 0.198 F1,59=3.1 0.086

Mean ankle R 0.371
Mean ankle angle 0.179 F1,81=2.8 0.099
Foot length 0.729 F1,11=14.9 0.003
θGRF −0.119 F1,81=2.1 0.149

*Bold values indicate significant partial regression coefficients (i.e. β weights).

Table 6. Multiple regression model of variation in the volume of active
muscle (Vmusc) across the ontogenetic S. floridanus dataset

Predictor variable β Statistic P R2

Body mass 0.779 F1,9=14.5 0.004 0.497
Total hindlimb EMA −0.104 F1,49=10.4 0.002
Mean aCoM −0.014 F1,49=0.53 0.517

Bold values indicate significant partial regression coefficients (i.e. β weights).
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activated during locomotion in young S. floridanus. Because active
muscle volume is directly proportional to metabolic cost (Roberts
et al., 1998; Biewener et al., 2004; Pontzer et al., 2008), this finding
suggests that burst locomotion may have been energetically more
efficient in young cottontail rabbits. Mitigating the energetic cost of
locomotion would allow young rabbits to shunt more energy to
tissue growth and differentiation, accelerating growth and ultimately
limiting the time that must be spent in the ecologically risky state
inherent to being a small-bodied juvenile (Williams, 1966; Werner
and Gillam, 1984; Janson and van Schaik, 1993; Carrier, 1996;
Arendt and Reznick, 2005; Herrel and Gibb, 2006). Additionally,
greater EMA necessarily reduces the muscular forces that the
skeleton must withstand during locomotion, perhaps increasing
limb bone safety factors in young rabbits (Biewener, 1989; Main
and Biewener, 2004). Similarly, by increasing the output forces
resulting from a given muscle contraction, greater extensor muscle
EMA may facilitate heightened acceleration capacity in juvenile
S. floridanus, a fitness-critical performance metric during predator
evasion (Carrier, 1983, 1995; Walker et al., 2005). Overall, the
findings of this study strongly suggest that allometric growth
trajectories, and resulting performance capacities, are indicative of
adaptive processes acting on juveniles and not just adults (Carrier,
1996).
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