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Component delay systematic reviews 
 
In total, we used data from 73 independent studies and 12 species (tables S1—S6). 
Specifically, we considered measurements made in vivo near body temperature, on live adult 
quadrupedal mammals that were as close to wild type as possible. We accepted data that was 
measured or reported at close to normal core body temperature (between 35°C and 40°C); we 
included one measurement made below body temperature [1]. We also included thirteen 
studies that did not report the temperature at which their measurements were made, where we 
had reason to believe that their measurements were close to body temperature (e.g. tissue was 
covered in warmed mineral oil) and/or where their reported delays were no slower than those 
measured at body temperature in other studies on the same species. 

We focused on measurements from the medial gastrocnemius but, due to scarcity of data, we 
included some measurements from additional lower limb muscles. For sensing delay, we 
included one measurement from the quadriceps [2] and one measurement pooling data from 
all ankle extensors [3]. For neuromuscular junction delay, we included one study reporting 
data from the peroneus tertius [4] and one study reporting data from the digital flexors [5]; 
these hindlimb muscles are innervated by branches of the sciatic nerve. For 
electromechanical delay and force generation delay, we included one study reporting values 
from the lateral gastrocnemius because the researchers stated that the delays in the medial and 
lateral gastrocnemius were not significantly different [6]. We also included one in vitro study 
of force generation delay in the extensor digitorum longus [7]. 

For studies that did not report the masses of their animals, we estimated the mass from a 
different publication on the same species, written by at least one co-author of the study in 
question, or from species growth charts for the appropriate strain and age; where this was not 
possible, we omitted the study from our calculation of average body mass. If there were 
insufficient studies to calculate average body mass for a given component delay within a 
species, we used the average species mass reported in [8].  

 

Sensing delay 

We searched for measurements of the time between the onset of stretch in the medial 
gastrocnemius and the onset of action potential generation in the associated Ia afferent fibers. 
We defined the onset of stretch as the time at which muscle length first deflected from its 
resting length, but did not impose restrictions on the method of muscle stretch. 

 

Nerve conduction delay 

We began by combining data from our previous experiments and systematic review to give 
nerve fiber conduction velocity values from eleven species [8, 9]. Previously, we found no 
evidence for consistent differences between conduction velocities in sensory and motor nerve 
fibers [8], so we simplified our analysis by assuming equal sensory and motor nerve fiber 
conduction velocities. For each species, we converted average hindlimb nerve fiber 
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conduction velocity to nerve conduction delay using leg length predicted from the species’ 
average mass. To predict leg length, we derived a relationship between hindlimb length (in 
metres) and animal mass (M; in kilograms) by first predicting lengths of the femur, tibia, and 
metatarsals at 12 logarithmically-spaced masses spanning the range of animal masses used to 
establish these relationships [10], adding the lengths of these three bones at each mass to give 
total hindlimb length, logarithmically transforming the masses and corresponding leg lengths, 
then performing a least-squares linear regression to determine the exponent and coefficient of 
the power law: 

0.333165.0length hindlimb average M=  

During a stretch reflex, impulses are conducted along sensory and motor nerve fibers from 
the muscle to the spinal cord and back to the muscle – twice the distance between the muscle 
and the spinal cord. We approximated this as twice the leg length, reasoning that the 
neglected distance from the proximal femur to the spinal cord is comparable to the included 
distance from the ground to the distal leg muscles. Therefore, the nerve conduction delay (in 
milliseconds) in a stretch reflex is given by twice the leg length (in metres) divided by the 
nerve fiber conduction velocity (in metres per second) and multiplied by 1,000 (to convert 
from seconds to milliseconds): 

   0.333

 velocityconductionfiber  nerve

1,0000.1652
delay conduction nerve M=

 

 

Synaptic delay 

We searched for measurements of the time required to transfer an impulse across 
monosynaptic connections between sensory neurons and motor neurons in the lumbosacral 
spinal cord [11, 12].We included studies that stimulated Ia sensory nerve fibers either 
electrically or by muscle stretch, and that investigated nerve fibers innervating the medial 
gastrocnemius or other lower limb pathways; we included studies that stimulated and 
recorded from slightly different sites. We included studies that measured delay either to the 
initial change in conductance of the postsynaptic cell, or to the onset of the action potential in 
the postsynaptic cell – we anticipate that this accounts for the 0.2 ms difference between 
synaptic delay and neuromuscular junction delay, because all the neuromuscular junction 
delay studies that we included measured time to the onset of the action potential. 

 

Neuromuscular junction delay 

We searched for measurements of the time between the onset of an action potential in the 
nerve, measured close to the muscle, and the onset of electrical activity in the muscle. 

 

Electromechanical delay 

We searched for measurements from single-twitch non-potentiated responses made in intact 
medial gastrocnemius muscles at their resting length, and combined these with results from 
our previous experiments [9]. Where separate values for different types of motor units were 
given, we used values from fast or fast fatiguable fibers, because fast fibers have shorter 
electromechanical and force generation delays than slow fibers [6]. 

Specifically, we searched for measurements of the time between the onset of electrical 
activity in the muscle and the onset of force production. We considered measurements made 
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by stimulating either a single nerve fiber or the whole nerve while recording muscle activity 
and force, as well as measurements made by directly stimulating the muscle and recording 
muscle force. Both whole-nerve stimulation and direct muscle stimulation activate multiple 
motor units in the muscle, but because electromechanical delay is calculated based on the 
difference in signal onset times, the measured delay is likely due to the fastest motor units. 

We included data for goat electromechanical delay, measured by Lee et al. during the same 
experiments from which we obtained goat force generation delay [13]. The first author kindly 
provided us these data, which were not published in the original study. 

 

Force generation delay 

As for electromechanical delay, we searched for measurements from single-twitch non-
potentiated responses made in intact medial gastrocnemius muscles at their resting length, 
and combined these with results from our previous experiments [9]. Where separate values 
for different types of motor units were given, we used values from fast or fast fatiguable 
fibers, because fast fibers have shorter electromechanical and force generation delays than 
slow fibers [6]. 

Specifically, we searched for measurements of the time between the onset of muscle force 
production and peak force. To reduce variability in force onset time and the onset of peak 
force production, we focussed on measurements made by stimulating a single nerve fiber or 
by stimulating multiple fast motor units at the same time. If motor units were stimulated 
asynchronously, or if slow and fast motor units were stimulated at the same time, force 
generation delay would appear to be excessively long because the onset of force production 
would be driven by the faster muscle fibers whereas the time to peak force would be driven 
by the slower muscle fibers. Either or both of these scenarios could occur during whole-nerve 
stimulation [4], so we generally did not consider measurements made in this way. We 
included one study, however, which statistically reconstructed the fast motor unit force 
profile after stimulation of the entire nerve [13]. We also included two studies which 
simultaneously activated fast motor units by directly stimulating the surface of the medial 
gastrocnemius [7, 9], which contains mostly fast fibers [14-16]. 

 

Scaling of component delays 
 
We fit log-transformed data because size-dependent biological variation tends to be 
multiplicative, rather than additive [17, 18]. We tested this assumption by examining the log-
space residuals and found no systematic effect of size on residual magnitude [19]. 

 

Phylogenetically independent contrasts 
 
For nerve conduction delay, electromechanical delay, and force generation delay, we 
conducted phylogenetically independent contrasts analyses to test for the influence of 
evolutionary history on our data [20]. For each of these three delays, we entered 
logarithmically transformed species averages into Mesquite 3.03 [21]. We constructed a 
phylogenetic tree for the species using recent estimates of mammalian divergence patterns 
([22-24]; figure S1) and set all branch lengths equal to one, because rates of phenotypic 
change are not necessarily correlated with divergence times and because equal branch lengths 
show the lowest rate of Type I errors [25, 26]. 
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For each of the three component delays, the PDAP:PDTREE module in Mesquite [27] 
determined whether there was a significant correlation between the contrasts and their 
standard deviations; all relationships were insignificant (p-values ranged from 0.5 to 0.8). We 
inspected the contrasts for deviations from a normal distribution and for outliers; we found 
none. We therefore inferred that our data fulfilled the assumptions of independent contrasts 
analysis. 

Finally, we investigated the phylogenetically-corrected relationships between our 
logarithmically transformed species averages. Least squares regression of the contrasts of the 
transformed delays on the contrasts of the transformed masses gave slopes similar to those of 
our original uncorrected regressions (tables 1 and S7); reduced major axis regression and 
major axis regression gave only slightly different results than linear regression. All 
phylogenetically-corrected relationships were significant (p<0.05; table S7). These results 
indicate our data are not greatly affected by evolutionary history, so we continued without 
adjusting for phylogenetic relatedness. 

 

Scaling of total delay 
 
We estimated the scaling relationship for total delay by fitting a power law to the sums of 
predicted component delays at a range of masses. This was necessary because we did not 
have data for all component delays in each individual species, and because the sum of power 
laws is not necessarily also a power law. We used the power law relationships identified for 
each component delay to predict component delays at 12 different masses that logarithmically 
spanned the range of animal masses we studied, from 0.0022 to 3,860 kilograms. For each 
mass, we added the predicted component delays to find total delay. Least-squares linear 
regression of the logarithmically transformed masses and corresponding total delays 
determined the exponent and coefficient of the power law approximating the relationship 
between animal mass and total delay. 

 

Scaling of relative delay 
 
We calculated relative delay at two speeds: the trot-gallop transition, because it is a 
physiologically similar speed for animals of different sizes [28], and maximum sprint speed, 
because it has the shortest stance phase and is important for survival activities such as 
catching prey and escaping predators. At each speed, we expressed total delay relative to 
stride duration – the time elapsed between consecutive contacts of a limb with the ground – 
and relative to stance duration – the time elapsed between the contact of a limb with the 
ground and when it leaves the ground.  At both speeds, we first determined the power law 
relationship between mass and stride duration, then between mass and stance duration. We 
divided the power law relationship for total delay by these to determine relative delay. 

 

Trot-gallop transition 

We first found a relationship between mass M (in kilograms) and stride period Ttrot-gallop (in 
seconds) by inverting the known relationship between mass and stride frequency ftrot-gallop (in 
minutes-1) at the trot-gallop transition speed, and multiplying by 60,000 (to convert from 
minutes to milliseconds) [28]: 



Scaling of sensorimotor delays 

5 of 23 

0.14

0.14
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gallop-trot
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60,000
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M=T

M=f 

 

Regardless of body mass, the stance phase of most quadrupeds running at their trot-gallop 
transition comprises a similar fraction of their stride period. This fraction is referred to as 
duty factor, and has been measured as approximately 0.42 (s.d.=0.03) for the hindlimb at the 
trot-gallop transition [29]. We multiplied stride period by duty factor to find the relationship 
between mass and stance duration at the trot-gallop transition: 

  
0.14

0.14
gallop-trot

93.68

22342.0duration stance

M

M=


 

For a typical 1 kg animal, this relationship indicates that the duration of stance phase will be 
approximately 94 milliseconds at the trot-gallop transition 

 

Maximum sprint speed 

We first found a relationship between mass M (in kilograms) and stride period Tmax (in 
milliseconds). Because stride period has not been directly measured in animals with a range 
of sizes at maximum sprint speed, we estimated this relationship by inverting the known 
relationship between mass and stride frequency fsustained (in seconds-1) at maximum sustained 
running speed [30], dividing by 1.1 to correct for the 10% increase in stride frequency (and 
corresponding decrease in stride period) as speed doubles from sustained speed to maximum 
speed [30, 31], and multiplying by 1,000 (to convert from seconds to milliseconds): 

  
16.0

0.16
max

0.16
sustained

193

1.14.7

1,000

4.7M

M

M=T

=f





 

The duty factor of animals running at their maximum speed is not consistent across animal 
size [32]. However, because duty factor is related to the dimensionless speed given by the 
Froude number [32], we used the Froude number at maximum sprint speed to calculate duty 
factor. Froude number Fr is given by: 

gh

v
=Fr  

where v is velocity (in metres per second), g is acceleration due to gravity (here equal to 9.81 
m/s2), and h is hip height (in metres) [32]. The relationship between duty factor df and Froude 
number Fr is slightly different for cursorial and non-cursorial animals, so we approximated 
the relationship for our range of species by averaging the coefficients and exponents of the 
two respective power laws [32]; we also adjusted for the different definition of Froude 
number by doubling the exponent: 
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 

0.46

2

0.180.28
2

Fr

Fr
+

=df





 0.545

2

0.560.53

 

We substituted the scaling relationships for velocity [33] and hip height [34] into the Froude 
number relationship to determine how Froude number Frmax at maximum sprint speed scales 
with animal size. Maximum sprint speed (in lengths per second) scales differently for animals 
with masses above or below 30 kg [33]; because we were interested in seeing what 
challenges large animals would face if they moved in similar ways as expected based on 
trends in small animals, we chose to use the power law relationship for the velocity of 
animals with masses below 30 kg. We converted velocity to metres per second using the 
relation between animal mass and length given in [35]: 

  
 

0.06

0.19

0.24

0.37

0.330.09

6.56

1.22

7.99

0.159.81

0.3324.21

M

M

M

M

MM
=Frmax







 

Substituting our relationship between mass and Froude number at maximum sprint speed into 
our relationship between Froude number and duty factor gave duty factor dfmax at maximum 
sprint speed: 

 
0.03

0.460.06

0.23

6.560.545




 M

M=dfmax  

We multiplied stride period by duty factor to find the relationship between mass (in 
kilograms) and stance duration (in milliseconds) at maximum sprint speed: 

  
0.13

0.030.16
max

44.4M

1930.23duration stance



M=
 

For a typical 1 kg animal, this relationship indicates that the duration of stance phase will be 
approximately 44 ms when running at maximum speed. This relationship between stance 
duration and size is not very sensitive to the assumptions we made about stride frequency 
conversion from maximum sustained to maximum sprint speed, duty factor in cursorial and 
non-cursorial animals, maximum sprint speed in animals below and above 30 kg, and animal 
body length. We tried various permutations of these assumptions, and the coefficient of our 
final stance duration relationship varied between 39 and 59, while the exponent varied 
between 0.12 and 0.14.  

 

Confidence intervals for constant component delays 
 
We calculated the 95% confidence interval for each of sensing, synaptic, and neuromuscular 

junction delays as  nsdt  , where t is the 95% two-tailed t value with degrees of freedom 

of n-1, sd is the standard deviation of all data points, and n is the number of data points [36]. 
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Confidence intervals for total delay and relative delay 
 
We used Monte Carlo simulations to estimate the confidence intervals for our total delay and 
relative delay scaling relationships [37]. These simulations propagated the uncertainty in our 
component delay relationships, and in previously identified relationships for gait parameters, 
through our entire calculations. Because our study includes measurements from a total of 12 
species ranging from 0.0022 to 3,860 kilograms, we simulated 12 animals whose masses 
logarithmically spanned the same range. These simulated animals had component delays 
drawn at random from normal distributions with means derived from each component delay’s 
scaling relationship (table 1); for non-constant delays, the standard deviation of each 
distribution equalled the standard error of the predicted response (calculated from the 
associated prediction interval), while for constant delays it equalled the standard error of the 
mean over all samples. For each simulated animal, we summed their component delays to 
determine their total delay. We next logarithmically transformed these simulated total delays 
and used least-squares linear regression to determine the coefficient and exponent of the 
resulting power law relationship between mass and total delay. We repeated this process 
1,000 times, obtaining a distribution of coefficients and a distribution of exponents. Our 95% 
confidence intervals are the standard deviations of these estimates multiplied by ±1.96, 
calculated in log space for the coefficient and in linear space for the exponent; we 
transformed the resulting confidence intervals for the coefficient into linear space. We used 
the same process to estimate our confidence intervals for our four measures of relative delay, 
but we divided each simulated animal’s total delay by an estimate of their stride duration or 
stance duration, as appropriate. Each simulated animal’s stride duration and stance duration 
were calculated from movement parameters as described above, but the value of each 
movement parameter, such as stride frequency, was drawn randomly from a normal 
distribution with mean and standard deviation calculated from its uncertainty as reported in 
the literature. 

 

Component delay simulations 
 
To better understand the mechanisms underlying component delays, and to test our 
assumptions and identified scaling relationships, we simulated the size dependence of key 
mechanisms involved in synaptic delay, neuromuscular junction delay, electromechanical 
delay, and force generation delay. 

 

Neurotransmitter diffusion delay 

The time required for neurotransmitter molecules to diffuse from the presynaptic neuron to 
postsynaptic nerve or muscle cell is one contributor to synaptic delay and neuromuscular 
junction delay.  It is not known how the distance between cells scales with animal size, but in 
mid-sized animals it has been measured to be approximately 0.01—0.02 μm at synapses in 
the central nervous system [38, 39] and 0.04—0.05 μm at the neuromuscular junction [38].  
Using a diffusion coefficient of 7.6×10-6 cm2/s [38], and calculating diffusion time as [39]: 

 
tcoefficiendiffusion 2

distancediffusion 
timediffusion 

2


 , 

these distance ranges would result in a diffusion time of approximately 6.6×10-5—1.6×10-3 
milliseconds. 
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Assuming a maximum distance of 0.05 μm between pre- and post-synaptic cells in a 5 kg cat, 
and conservatively assuming that this distance scales proportional to M1/3 in the same way as 
other linear dimensions such as leg length [10], results in a diffusion distance of about 0.5 μm 
in a 5,000 kg elephant. This is likely an over-estimate of diffusion distance, because the 
dimensions of the cells themselves scale less steeply with size [8, 40-42]. Using the same 
diffusion coefficient as above, this diffusion distance would result in a diffusion time of 
approximately 0.16 milliseconds for a hypothetical elephant – 100 times slower than that of 
our hypothetical cat, but still only one-quarter of our average synaptic delay. To account for 
all our average synaptic delay, the distance between the pre- and post-synaptic cells would 
need to be 1 μm, which is twice that predicted in the hypothetical cat, and similar to the 
diameter of the smallest myelinated nerve fibers [43, 44]. 

 

Muscle fiber conduction delay 

Muscle fiber conduction delay is one contributor to electromechanical delay. To estimate 
muscle fiber conduction delay and its dependence on animal size, we combined scaling 
relationships for muscle fiber conduction velocity, muscle fiber diameter, and muscle fiber 
length.  We assumed that muscle fiber conduction velocity (in metres per second) was 
proportional to the square root of the muscle fiber diameter d (in metres), as in unmyelinated 
nerve fibers [44, 45]: 

2/1 velocityconductionfiber  muscle d  

We used an established scaling relationship between animal mass M (in kilograms) and the 
diameter of fast muscle fibers [46]: 

007.06108.60 Md   

We combined the scaling relationships for muscle fiber conduction velocity and diameter, 
and parameterized the resulting power law using the muscle fiber conduction velocity of 
goats. We chose goats because they are in the middle of the terrestrial mammal size range 
and because their muscle fiber conduction velocity is known (3 m/s, body mass 23 kg; [13, 
47]). This resulted in the scaling relationship between animal mass and muscle fiber 
conduction velocity of: 

0035.0

2/1007.06

97.2

)108.60(381 velocityconductionfiber  muscle

M

M=



 

 

We assumed that muscle fibers are innervated at their midpoint, making the maximum 
conduction distance half the length of the muscle fiber. We found the scaling relationship for 
this distance by halving the established scaling relationship between animal mass and muscle 
fiber length (in millimetres) in the medial gastrocnemius [48]. Then, we divided the result by 
the muscle fiber conduction velocity scaling relationship to determine how muscle fiber 
conduction delay (in milliseconds) depends on animal size: 

 

21.0

0035.0

21.0

84.1

97.2

91.105.0

 velocityconductionfiber  muscle

lengthfiber  muscle0.5
delay conductionfiber  muscle

M

M

M







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Force generation delay 

We used Hill-type muscle models to simulate the dynamics of force generation in different 
sized animals [49]. Each model consisted of a contractile element (CE), approximating the 
muscle fibers, in series with an elastic element (SEE), approximating the tendon. Our 
simulations began with activation of the CE, continued as the CE shortened and stretched the 
SEE, and ended when the CE ceased shortening because its maximum generated force was 
balanced by the force in the SEE. The CE has properties that capture the dependence of 
muscle force on its cross-sectional area, length, velocity, and activation. The SEE force has 
properties that capture the dependence of tendon force on its cross-sectional area, length, and 
compliance. The resulting model consisted of two coupled first-order differential equations, 
with one representing the rate of change of CE activation and the other representing the rate 
of change of CE length. Because we were interested in isometric contractions of the muscle-
tendon unit, we did not require an additional equation for the rate of change of SEE length, 
but rather this was specified as the difference between the changing CE length and the fixed 
length of the muscle-tendon unit. Our simulations numerically integrated these equations 
using Matlab’s ode45.m function (MATLAB R2015b, The MathWorks, Inc., Natick, MA, 
USA). We set the isometric length of the muscle-tendon unit to be the sum of the optimal CE 
length and the SEE slack length. Thus, the initial condition for CE length was its optimal 
length. The initial condition for activation was a very low level of activity (2%) equating to a 
very low level of neural stimulation. Each simulation had a duration of 1 second, with a step 
increase in neural stimulation to 100% at 0.1 seconds. Following the step increase in neural 
stimulation, the CE activation began to increase towards its steady state value of 100% 
activation, causing the CE to shorten and stretch the SEE. The CE eventually stopped 
shortening because the maximum force that it could generate was balanced by the force in the 
now stretched SEE. This CE force is the tetanic force, and it was reached well within the 1 
second simulation duration for all simulations. For each simulation, we determined the tetanic 
force generation delay as the time to reach 95% of peak force.  

We determined model parameters and their dependence on animal size using a combination 
of established scaling relationships, and scaling relationships that we determined from 
reported data (table S8). Below we discuss our rationale for our parameter choices. 

 

Activation time constant: To our knowledge, the dependence of activation dynamics on 
animal size has not been studied, nor is there sufficient available literature data to reconstruct 
its scaling relationship; here, we have assumed the activation dynamics to be size-
independent. The rate at which a muscle is activated depends upon the rate of calcium release 
in its muscle fibers, which in turn is dependent on the fibers’ density of sarcoplasmic 
reticulum [50]. There is a trade-off within each muscle fiber between the volume dedicated to 
sarcoplasmic reticulum and the volume dedicated to the force-generating myofibrils [51, 52]. 
Maximum isometric stress is size-independent [53, 54], indicating that myofibril density is 
independent of size. If the density of all other cellular structures, such as mitochondria, also 
remain constant, the density of sarcoplasmic reticulum would also be size-independent and 
activation dynamics would not scale with animal size. We tested the sensitivity of our 
simulations to our assumption of a constant activation time constant – using activation delays 
that increased with body mass did not strongly affect the predicted scaling of tetanic force 
generation delay. 
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CE maximum isometric force: We determined this parameter as the product of maximum 
isometric muscle stress (which is size-independent) and muscle fiber cross-sectional area 
(which is size-dependent). Maximum isometric stress is relatively constant for all animal 
sizes, at about 0.25 MPa, while muscle fiber area (in millimetres2) in the gastrocnemius 
scales as 304.2M0.77 [48]. 

 

CE optimal (rest) length: We assumed that this parameter was equal to the resting length of 
muscle fibers, and used the measured gastrocnemius muscle fiber length scaling relationship 
[48]. 

 

CE force-length width parameter: This parameter specifies the maximum amount of 
shortening that the CE can undergo and still generate force [49]. We used the value provided 
by van den Bogert [49], and assumed it was independent of body size because sarcomere 
length remains relatively similar across species [55]. 

 

CE maximum shortening velocity: There have been several efforts to identify the scaling 
relationship for muscle’s maximum shortening velocity [46, 56, 57]. We chose to use the 
scaling relationship for maximum shortening velocity of fast-twitch fibers established by 
Seow et al. [46] because this study uses data measured from the same muscle using consistent 
methods in a wide size range of animals, and focuses on fast-twitch muscle speed 
independent of slow-twitch muscle; we corrected the scaling relationship to 38°C using a Q10 
of 2.23 [58]. 

  

CE force-velocity shape parameter: This parameter determines the curvature of the 
hyperbolic force-velocity relationship. We used an intermediate value of 0.20 [59], and 
assumed that this value was size-independent. 

 

SEE slack (rest) length: We assumed that this parameter was equal to the resting length of the 
tendon, and used an established gastrocnemius tendon length scaling relationship [48]. 

 

SEE stiffness: We determined the scaling of this parameter as the product of tendon elastic 
modulus and tendon cross-sectional area divided by tendon resting length; we used 
established gastrocnemius-specific scaling relationships for each of these variables [48]. 

 

We used the above parameters to simulate the dynamics of force generation at 12 
logarithmically-spaced body masses spanning the entire size range of terrestrial mammals 
from our measurements – 0.0022 to 3,860 kilograms. We then used least-squares linear 
regression of logarithmically transformed species delays and masses to determine the power 
law relationship between body mass and the predicted time to peak tetanic force: 

24.02.94delay tetanic M  

Consistent with previous findings, our simulated tetanic delays are about 5 times longer than 
the time to peak twitch force [60]. 
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Figure S1. Trees for phylogenetically independent contrasts analyses. We used tree (a) for 
nerve conduction delay, (b) for electromechanical delay, and (c) for force generation delay. 
All trees had branch lengths equal to one. 
 

Table S1. Sensing delays and animal masses. 

Species N Mass 
(kg) 

Mass sd 
(kg) 

Delay 
(ms) 

Delay sd 
(ms) 

Muscle Ref. 

Cat 5   1 0.35* Quad [2] 
 1   0.25 0.025* MG [61] 
 1 2.75 0.13* 0.6 †  Ext [3] 

Mean  2.75  0.62    

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †. Muscles are Ext 
= ankle extensor, MG = medial gastrocnemius, Quad = quadriceps. 
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Table S2. Nerve conduction delays and animal masses. 

Species N Mass 
(kg) 

Mass sd 
(kg) 

CV 
(m/s) 

CV sd 
(m/s) 

Delay 
(ms) 

Nerve Type Ref. 

Shrew 6 0.0057 0.0007 42.1 6.3  Sc M [8] 
Mean  0.0057  42.1  1.40    

Mouse 18 0.023 0.001* 58.1† 1.5†  Sc/T S [62] 
 18 0.023 0.001* 41.4† 0.8†  Sc/T M [62] 
 6 0.025 0.003* 43.2 0.6  Sc/T M [63] 
 8 0.031‡  62.9 5.7  Sc/T M [64] 
 9 0.031‡  49.6 4.6  Sc/T M [64] 
 8 0.031‡  52.4 4.6  Sc/T M [64] 
 6 0.031‡  49.7 5.2  Sc/T M [64] 
 11 0.031 0.002 59.8   Sc C [65] 
 12   20 4†  Sc M [66] 
 58 0.0225 0.001* 76.5 8.3  Sc M [67] 

Mean  0.027  51.4  2.18    
Rat 19 0.43 0.03* 68.7 10.0  Sc M [68] 
 20 0.19 0.01* 55.5 2.9  Sc/T M [69] 
 6 0.325 0.028* 54.7† 2.8†  Sc/T S [70] 
 12 0.227 0.025 69.4   Sc C [65] 
 10 0.516 0.026 54.6 2.5  Sc/T M [71] 
 20 0.575 0.043* 53.3 2.7  Sc/T M [72] 

Mean  0.377  59.4  4.01    
Guinea pig 29 0.662‡  74.6† 9.0†  Sc M [73] 
 12   73.6 3.4  Sc/T S [74] 
 12   74.5 2.4  Sc/T M [74] 
 10 0.75 0.08 80.8   Sc C [65] 

Mean  0.71  76.0  3.87    
Rabbit 10 3.25 0.38* 70.8 3.1  Sc M [75] 
 12 3.25 0.13* 55 6.9  Sc/T M [76] 
 2 3  57.3† 11.2†  Sc M [77] 
 14 2  59 4.8  Sc/T M [72] 

Mean  2.88  60.5  7.76    
Cat 14 4.4 0.6* 101.4 12.9  Sc/T M [78] 
 20   80.2 7.9  T S [79] 
 20   91.0 6.5*  Sc/T M [80] 
 25 4.1 0.65* 99.4 8.5  Sc/T M [81] 

Mean  4.3  93.0  5.78    
Dog 6 17.5 4.8* 74 17.3  Sc/T S [82] 
 5   66 4.3  Sc/T C [83] 
 19 22.7 6.8* 68.3 4.2  Sc/T M [84] 
 7   89.2 12.4  Sc/T M [85] 
 28—56   62.9 2.3

§
  Sc/T M [86] 

 10 11.7  68.2 1.4  Sc/T M [87] 
Mean  17.3  71.4  12.0    

Pig 14 20.2 6.3 77.7 16.5  Sc S [88] 
Mean  20.2  77.7  11.5    

Sheep 3 97.5‡  96.3 3  Sc/T M [89] 
 15 97.5‡  98.6 13.1  Sc/T M [85] 

Mean  97.5  97.45  15.5    
Giraffe 4 466.5 20.0 50.4 20.0  T M [9] 

Mean  466.5  50.4  50.5    
Elephant 1 3860  70   T S [8] 

Mean  3860  70  73.4    

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †, masses 
estimated from other sources (e.g. species growth charts) are indicated with a superscript ‡, 
standard errors are indicated with a superscript §. Nerves are Sc = sciatic, T = tibial. 
Conduction velocity (CV) types are M = motor, S = sensory, C = combined motor and 
sensory. 
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Table S3. Synaptic delays and animal masses. 

Species N Mass 
(kg) 

Mass sd 
(kg) 

Delay 
(ms) 

Delay sd 
(ms) 

Level Muscle Ref. 

Mouse 28 0.022 0.002* 1.3  L4—L6  [90] 
 1 0.025  0.79†   T [91] 
  0.0275 0.0038* 0.62 0.13§ L4—L5 T [92] 

Mean   0.025   0.90        

Rat 4 0.45 0.015* 1.14  L5 FHL [93, 94] 
Mean  0.45  1.14     

Cat    0.6  L6—S1  [95]  
 1   0.54†   MG [96]  
 5   0.54  L7—S1  [97] 
    0.90† 0.07† L7—S1 Tri [98] 
    0.6  S1 MG [61] 
    0.8 0.1*  MG [99] 
    0.65 0.08*  MG [100] 
 12   0.37 0.15 L6—S1 MG [101, 102] 
 21 2.25 0.375* 0.46 0.01 L6—S1 MG [103, 104] 
 5   0.81 0.09 L7—S1  [105] 
 8   0.8 0.05* L6—S2 MG/Sol [106] 
    0.47 0.02§  MG [107] 
  3.9 1.05* 0.4 0.13* L7—S1  [108]  

Mean  3.08  0.61     
Dog  18  0.6  L5—L6  [8, 109] 

Mean  18  0.6     

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †, standard errors 
are indicated with a superscript §. Levels are spinal root levels L = lumbar, S = sacral. 
Muscles supplied by at least one neuron of the synapse are FHL = flexor hallucis longus, MG 
= medial gastrocnemius, Sol = soleus, T = tibial, Tri = triceps surae. Where two references 
are given, one gives the delay and one gives the mass, with the exception of [102] which 
gives the level. 
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Table S4. Neuromuscular junction delays and animal masses. 

Species N Mass 
(kg) 

Mass sd 
(kg) 

Delay 
(ms) 

Delay sd 
(ms) 

Muscle Ref. 

Mouse 58 0.0225 0.0013* 0.68  G [67] 
Mean  0.0225  0.68    

Cat 5   0.6 0.025* PT [4] 
 1 2.03 0.38 1.1†  FDL / FHL [5] 

Mean  2.03  0.9    
Dog 9 18.0  0.7  G [8, 110] 

Mean  18.0  0.7    
Pig 11 19.6 5.9 1.27 0.25 G [88] 

Mean  19.6  1.27    

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †. Muscles are G = 
gastrocnemius, FDL = flexor digitorum longus, FHL = flexor hallucis longus, PT = peroneus 
tertius. Where two references are given, one the delay and one gives the mass. 
 

Table S5. Electromechanical delays and animal masses. 

Species N Mass 
(kg) 

Mass sd 
(kg) 

Delay 
(ms) 

Delay sd 
(ms) 

Muscle Type Ref. 

Mouse 1 0.028‡  1.9†  Tri F [111] 
Mean  0.028  1.9     

Rat 26 0.38 0.05* 4.63 0.6 MG F [112] 
 1 0.377  4.5  MG Mix [8, 9] 
 5 0.295 0.023* 3.78 0.42 MG FF [113] 
 3   1.19†  G Mix [114] 

Mean  0.351  3.52     
Cat 1 2.65 0.3* 5.2†  LG FF [6] 
 1 3.5 0.35* 4.00†  G F [115, 116] 

Mean  3.08  4.59     
Pig 11 19.6 5.9 9.91 1.07 G Mix [88] 

Mean  19.6  9.91     
Goat 5 23 3.5 10.5  MG F this study, [13] 

Mean  23  10.5     
Giraffe 4 498.75 83.18 13.4 1.4 MG Mix [9] 

Mean  498.75  13.4     

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †, masses 
estimated from species growth charts are indicated with a superscript ‡. Muscles are G = 
gastrocnemius, LG = lateral gastrocnemius, MG = medial gastrocnemius, Tri = triceps surae. 
Muscle fiber types are F = fast, FF = fast fatiguable, Mix = both fast and slow. Where two 
references are given, one gives the delay and one gives the mass. 
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Table S6. Force generation delays and animal masses. 

Species N Mass (kg) Mass sd 
(kg) 

Delay 
(ms) 

Delay 
sd (ms) 

Muscle Type Ref. 

Shrew 6 0.0022 0.0003 3.7  EDL F [7] 
Mean  0.0022  3.7     

Mouse 1 0.028
‡
  12†  Tri F [111] 

Mean  0.028  12     
Rat 24 0.28 0.035* 15.5 2 MG F [117]  
 26 0.38 0.05* 14.92 1.59 MG F [112] 
 4 0.295 0.023* 11.8 1.6 MG FF [118] 
 15 0.38 0.116 13.4 2.1 MG FF [119]  
 5 0.39 0.023 12.2 1.8 MG FF [120] 
 5 0.295 0.023* 13.35 1.4 MG FF [113] 

Mean  0.34  13.5     
Cat  2.5 0.25* 22 3.5* MG/G F [121]  
 8   20.1† 4.9† MG F [122] 
 1 2.7 0.3* 23.6†  LG FF [6] 
 1 3.1 0.1* 34.9† 2.5† MG F [123] 
  3.5 0.65* 27.5 5.1 MG FF [124]  
 1   17.9†  MG FF [125] 
 4 3.1 0.04* 26.1 5.3 MG FF [118] 
 7 2.80 0.61 32.2 6.8 MG FF [119] 
 3 3.4 0.27 35.1 5.4 MG FF [120] 
 1 3.5 0.5* 34.4†  MG F [126] 
 1 3.5 0.5* 36.8†  MG FF [1] 
 1 3.5

‡
 0.35* 23.8†  G F [115, 116]  

Mean  3.2  27.9     
Goat 7 23 3.5 36.7  MG, LG F [13] 

Mean  23  36.7     
Giraffe 4 498.75 83.18 45.9 10.7 MG Sup [9] 

Mean  498.75  45.9     

Standard deviations (sd) approximated by dividing the range by four are indicated with a 
superscript *, values obtained from figures are indicated with a superscript †, masses 
estimated from other sources (e.g. species growth charts) are indicated with a superscript ‡. 
Muscles are EDL = extensor digitorum longus, G = gastrocnemius LG = lateral 
gastrocnemius, MG = medial gastrocnemius, Tri = triceps surae. Muscle fiber types are F = 
fast, FF = fast fatiguable, Sup = superficial fibers (generally faster; [14-16]). 
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Table S7. Phylogenetically independent contrasts analyses 

Delay Pearson product-moment 
correlation 

Least squares regression p 

  slope R2  

Nerve conduction 0.97 0.30 0.93 <0.001 
Electromechanical 0.91 0.19 0.83 0.01 
Force generation 0.92 0.20 0.85 <0.01 

Trees are shown in figure S1. Analyses were performed on contrasts of the logarithmically 
transformed species averages shown in tables S2, S5, and S6. 
 

Table S8. Model parameters for simulating force generation delay. 

Parameter Value Unit Ref. 
Activation time constant 0.005 s [127, 128] 
Contractile element (CE) 

   
Maximum isometric force 60.8 M0.77 N [48] 
Optimal (rest) length 10.9 M0.21 mm [48] 
Force-length width parameter 0.63 [dimensionless] [49] 
Maximum shortening velocity 1.49 M-0.126 CE resting lengths·s-1 [46] 

Series elastic element (SEE)    
Slack (rest) length 63.7 M0.34 mm [48] 
Stiffness 56.9 M0.34 N·mm-1 [48] 
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