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A B S T R A C T  

G e o m yi d  a n d h et er o m yi d  r o d e nts d e m o nstr at e a r a n g e of li m b m or p h ol o g y. I n p arti c ul ar, 

s u bt err a n e a n/ f os s ori al p o c k et g o p h ers h a v e h y p ertr o p hi e d f or eli m bs wit h l ar g e m e c h a ni c al 

a d v a nt a g e ( M A) f or b urr o wi n g, w h er e as t h os e of s e mi-f os s ori al p o c k et mi c e a n d k a n g ar o o 

r ats ar e s m all er i n si z e a n d l a c k M A , y et t h es e t a x a ar e c a p a bl e of  di g gi n g  el a b or at e b urr o w 

s yst e ms  simil ar t o g o p h ers . T o b ett er u n d erst a n d t h e f u n cti o n al c a p a cit y of t h eir f or eli m b 

m us c ul at ur e, dis s e cti o ns of B ott a’s p o c k et g o p h er ( T h o m o m ys b ott a e ; N = 1 0), d es ert p o c k et 

m o us e  ( C h a et o di p us  p e ni cill at us ; N = 5),  a n d  M erri a m’s  k a n g ar o o  r at  ( Di p o d o m ys 

m er ri a mi ; N = 3) w er e c o n d u ct e d t o q u a ntif y li m b M A , m us cl e ar c hit e ct ur al pr o p erti es, a n d 

m y osi n h e a v y c h ai n ( M H C) is of or m  c o nt e nt . A s e x p e ct e d,  m etri cs i n di c ati n g M A v ari e d 

si g nifi c a ntl y  l ar g er  i n T.  b ott a e  t h a n  i n  b ot h C. p e ni cill at us  a n d D.  m er ri a mi .  Wit h  t h e 

e x c e p ti o n  of  t h e  h u m er al  r etr a ct ors,  h o w e v er, t h e  l att er  t w o  t a x a  g e n er all y h a v e l o n g er, 

p ar all el f as ci cl es a n d s h ort er m o m e nt ar ms  i n t h e p o w er str o k e m us cl e f u n cti o n al gr o u ps  

r es ulti n g i n l ar g er f a ci cl e l e n gt h t o m us cl e l e n gt h ( L F / M L) a n d f a ci cl e l e n gt h t o m o m e nt 

ar m  ( L F /r m ) r ati os  t h a n  p o c k et  g o p h ers. N e v ert h el es s,  t h e  h u m er al  r etr a ct ors  of C. 

p e ni cill at us  a n d D.  m er ri a mi ar e  o bs er v e d  t o  h a v e  l ar g e  f or c e  p er  u nit  m as s  b y 

p h ysi ol o gi c al cr os s -s e cti o n ar e a  t o m us cl e m as s ( P C S A/ M M) r ati os n e arl y 2 x t h os e of T. 

b ott a e .  P C S A/ M M  r a n g e d  fr o m  1. 0– 3. 0  i n  all  p o c k et  m o us e  a n d  K-r at  m us cl e  gr o u ps 

a n al y z e d. M H C c o nt e nt  is als o  n ot a bl y f ast er i n C. p e ni cill at us  a n d w as o nl y s p e ci es t o 

e x pr es s f ast M H C -2 B, w h er e as sl o w M H C -1 is of or m  e x pr es si o n  w as l o w, b ut s p e cifi c t o 

T.  b ott a e .  All  t hr e e  s p e ci es  m ai nl y  e x pr es s e d  f ast  M H C-2 A  a n d -2 X wit h  e a c h  is of or m 

s h o wi n g s o m e r el ati o ns hi p wit h b o d y si z e. T h e fi n di n gs pr o vi d e e vi d e n c e t h at p o c k et mi c e 

a n d K -r ats c o m p e ns at e f or t h eir l a c k of M A b y t h eir f or eli m b m us cl es b ei n g c a p a bl e of 

b ot h l ar g e i ntri nsi c c o ntr a ctil e  v el o cit y  a n d si z e -s c al e d f or c e pr o d u cti o n, w hi c h m at c h w ell 

wit h  f u n cti o n al  d at a  t h at  t h e y n ot  o nl y c y cl e  t h eir  li m bs  f ast er  t h a n s p e ci ali ze d p o c k et 

g o p h ers , b ut als o m a y e x ert  l ar g er s u bstr at e re a cti o n f or c es d uri n g s cr at c h -di g gi n g. F ut ur e 

w or k is n e e d e d t o i d e ntif y M H C is of or m e x pr es si o n i n a br o a d er di v ersit y of b urr o wi n g 

t a x a,  w hi c h  s h o ul d  i n cl u d e  e v al u ati o ns  of r e c o v er y  str o k e  m us cl es  a n d  t h eir  r ol es  i n 

s cr at c h -di g gi n g.   
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I N T R O D U C TI O N  

P o c k et g o p h ers ar e m e m b ers of t h e f a mil y G e o m yi d a e ( or d er R o d e nti a) wit h p o p ul ati o ns 

c o n c e ntr at e d i n t h e d es ert bi o m es of t h e s o ut h w est er n U nit e d St at es ( S mit h, 1 9 9 8; Wil ki ns 

a n d  R o b erts,  2 0 0 7).  B ur r o wi n g  b e h a vi or  is  criti c al  t o  r es o ur c e  a c q uisiti o n  i n  p o c k et 

g o p h ers  a n d  c o u pl e d  wit h  t h eir  s u bt err e a n e a n  lif est yl e,  t h eir  f u n cti o n al  h a bits  ar e 

c o nsi d er e d  t o  b e  f os s ori al  (J o n es  a n d  B a xt er,  2 0 0 4). F os s ori al  is  d efi n e d  h er e  as 

s u bt err e a n e a n m a m m als t h at h a v e  s p e ci ali z ati o ns  f or  di g gi n g  i ntri c at e  b urr o w s.  P o c k et 

g o p h ers s h ar e t h eir h a bit at wit h n u m er o us ot h er b urr o wi n g r o d e nts, i n cl u di n g p o c k et mi c e 

a n d  k a n g ar o o  r ats  ( K -r ats)  ( R a n d all,  1 9 9 3).  B ot h  l att er  t a x a  b el o n g  t o  t h e  f a mil y 

H et er o m yi d a e , w hi c h is a  sist er gr o u p of t h e G e o m yi d a e ( L es s a a n d St ei n, 1 9 9 2). B ei n g 

s y m p atri c  r el ati v es  of  p o c k et  g o p h ers  ( e. g., T h y m o m ys ),  p o c k et  mi c e  a n d  K-r ats  m ust 

b urr o w  i n  v er y  dr y  e art h  f or  pr ot e cti o n  fr o m  pr e d at ors,  d es pit e  t h eir  l a c k  of  o b vi o us 

f or eli m b m o difi c ati o ns f or di g gi n g ( Hi d e br a n d, 1 9 8 5 ).  

     P o c k et mi c e ( e. g., C h a et o di p us ) a n d K -r ats ( e. g., Di p o d y m ys ) ar e c o nsi d er e d t o b e  s e mi-

f os s ori al-t o-f os s ori al  r o d e nts.  S e mi-f os s ori al  m a m m als  t y pi c all y  c o nstr u ct  l es s  i ntri c at e 

b urr o w s  a n d  dis pl a y  a  c o nti n u u m  of  m or p h of u n cti o n al  m o difi c ati o ns  f or  di g gi n g  h a bits 

( M o nt o y a-S a n h u e z a, 2 0 2 0). N ot a bl y, p o c k et mi c e h a v e a g e n er ali z e d b o d y pl a n  wit h f or e - 

a n d  hi n dli m bs  l e n gt hs  t h at  ar e e q u al i n  pr o p orti o n  ( Dj a w d a n,  1 9 9 3),  w hil e  K-r ats  h a v e 

r e d u c e d  f or eli m bs  a n d  el o n g at e  hi n dli m bs  t h at  ar e  s p e ci ali z e d  f or  ri c o c h et al  l e a pi n g.  A 

c h ar a ct eristi c  of C h a et o di p us a n d  Di p o d y m ys ,  h o w e v er, is  t h eir  a bilit y t o  c o nstr u ct 

c o m pl e x b urr o w s yst e ms si mil ar t o t h os e of T h y m o m ys t h at c o nsist of m ulti pl e e ntr a n c es 

a n d e xits, as w ell as r el ati v el y s m all er pits f or f o o d st or a g e ( L e a v er a n d D al y, 2 0 0 1). Y et, 

n eit h er p o c k et mi c e n or K -r ats pri m aril y r el y o n s u bt err a n e a n r es o ur c es, a n d i nst e a d, s p e n d 

c o nsi d er a bl e a m o u nts of ti m e a b o v e gr o u n d at ni g ht f or g ai n g f or s e e ds i n s u p p ort of t h e ir 

gr a ni v or o us di et.  

     A si d e fr o m p o c k et g o p h ers, m us c ul os k el et al tr aits r el at e d t o t h e f u n cti o n al m or p h ol o g y 

of  t h e  li m bs  a cr os s  t h e  t h r e e  g e n er a  ar e  n ot  k n o w n.  I n  p arti c ul ar,  t h e  f or eli m bs  ar e 

e m pl o y e d  f or  s cr at c h -di g gi n g  w h er e b y  e art h  is  e x c a v at e d  b y  alt er n ati n g  p o w er  str o k es 

( L es s a  a n d  St ei n,  1 9 9 2;  St ei n,  1 9 9 3).  T h us,  s cr at c h -di g gi n g  t a x a  c o m m o nl y  h a v e  w ell -

d e v el o p e d s h o ul d er fl e x ors, el b o w e xt e ns ors, a n d c ar p al/ di git al fl e x ors ( M o or e et al., 2 0 1 3; 

R u p ert et al., 2 0 1 5; Ols o n et al., 2 0 1 6). A n ot h er tr ait t h at is c o m m o n i n f os s ori al a n d s e mi -
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f os s ori al m a m m als ar e w ell-d e v el o p e d f or e cl a w s ( S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8), 

as  w ell  as  st o ut  li m b  b o n es,  a n d  t h es e  f e at ur es  c o m bi n e d  pr o vi d e  e n h a n c e d  m e c h a ni c al 

a d v a nt a g e  ( M A)  f or  str o n g  b urr o wi n g  p erf or m a n c e.  Li mit e d  o bs er v ati o ns  o n  m us c ul ar 

arr a n g e m e nts i n p o c k et mi c e a n d K -r ats i n cl u d e m us cl e i ns erti o ns o n a m o d estl y e nl ar g e d 

d elt o p e ct or al c r est of t h e h u m er us, e pi c o n d yl es of t h e h u m er us, a n d ol e cr a n o n pr o c es s of 

t h e ul n a ( Pri c e, 1 9 9 3), t h e l att er of w hi c h r e pr es e nts t h e i n-l e v er ( Li n) f or e xt e ns or t or q u e 

a p pli e d at t h e el b o w j oi nt a n d is a pr o p orti o n of  c o nsi d er a bl e si g nifi c a n c e as  a p pli e d t o 

di g gi n g b e h a vi or  ( Hil d e br a n d, 1 9 8 5).  

     T h e i n -l e v er t o o ut-l e v er ( Li n/ Lo ut ) r ati o r e pr es e nts a n i nst a nt a n e o us m e as ur e of M A wit h 

w hi c h c o ntr a ctil e f or c e pr o d u c e d b y a m us cl e ( or f u n cti o n al gr o u p) c a n g e n er at e a m o m e nt 

at a li m b  j oi nt  ( Willi a ms  et  al.,  2 0 0 8). M or e o v er,  L i n/ Lo ut  d et er mi n es  eit h er a r ot ati o n al 

f or c e (t or q u e) or v el o cit y a d v a nt a g e. T h er ef or e, t his si m pl e m etri c is oft e n us e d t o e x pl ai n 

li m b m e c h a ni cs w h er e l ar g e M A is e x p e ct e d. B urr o wi n g p erf or m a n c e i n p o c k et mi c e a n d  

K -r ats, h o w e v er, h as b e e n s h o w n t o a p pr o xi m at e , or e v e n e x c e e d , t h at of p o c k et g o p h ers 

( M o or e  Cris p,  2 0 1 8).  T h es e  pr e vi o us  fi n di n gs  d eri v e d  fr o m r e c or d e d  m a g nit u d es  of 

h ori z o nt al s u bstr at e r e a cti o n f or c es ( S R F) a n d o bs er v e d hi g h er fr e q u e n c y c o m p o n e nts i n 

t h e S R F si g n als s u g g est t h at p o c k et mi c e a n d K -r ats ( M o or e Cris p et al., 2 0 1 9) o v er c o m e 

p ot e nti al li mit ati o ns of r e d u c e d M A b y b ot h pr o d u ci n g m or e m us cl e f or c e a n d c y cli n g t h eir 

f or eli m bs  m or e  r a pi dl y  d uri n g  b urr o wi n g.  I m p ort a ntl y,  t h es e  d at a f urt h er  l e a d  t o 

h y p ot h es es of v ari a bl e m o dif c ati o ns f or m us cl e c o ntr a ctil e f or c e c o u pl e d wit h e x c ursi o n 

a n d v el o cit y a cr os s b urr o wi n g r o d e nts.  

     T h e f or c e, t or q u e, a n d p o w er t h at m us cl es a p pl y at li m b j oi nts ar e str o n gl y i nfl u e n c e d 

b y m us cl e fi b er ar c hit e ct ur e ( Li e b er a n d  W a r d, 2 0 1 1). D u e t o h a vi n g a gr e at er n u m b er of 

s h ort m us cl e fi b ers p er u nit ar e a of m us cl e tis s u e ( G a ns, 1 9 8 2 ), p e n n at e-fi b er e d m us cl es 

t y pi c all y  h a v e  l ar g e  p h ysi ol o gi c al  cr os s-s e cti o n al  ar e a  ( P C S A)  a n d  is o m etri c  f or c e 

pr o d u cti o n  c a p a cit y  ( Al e x a n d er,  1 9 8 4), b ut  ar e  l es s  c a p a bl e  of  p erf or mi n g  m e c h a ni c al 

w or k a n d p o w er ( A zi zi et al., 2 0 0 8; Willi a ms et al., 2 0 0 8). O n t h e ot h er h a n d, p ar all el -

fi b er e d m us cl es h a v e l o n g f as ci cl es ( Li e b er, 2 0 0 2) t h at ar e ori e nt at e d at l o w a n gl es ( 0 – 1 5 °) 

r el ati v e t o t h e li n e of a cti on ( Z aj a c, 1 9 8 9, 1 9 9 2) a n d pr o vi d e t h e a d v a nt a g e of s h ort e ni n g 

a bilit y ( pr o p orti o n al t o f as ci cl e/ m us cl e l e n gt h)  a n d c o ntr a ctil e v el o cit y , al b eit t h e y ar e l es s 

c a p a bl e of pr o d u ci n g l ar g e f or c e. L o n g f as ci cl es ar e t h usl y s p e ci ali z e d f or f ast m o v e m e nts 
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or e xt e nsi v e r ot ati o ns r e q uiri n g a l ar g e r a n g e of m oti o n ( R O M) at t h e li m b j oi nts.  

     C o ntr a ctil e  v el o cit y  is  als o  d e p e n d e nt  o n  m y osi n  h e a v y  c h ai n  ( M H C)  e x pr es si o n  i n 

m us cl e fi b ers. F o ur diff er e nt a d ult is of or ms of M H C ar e e x pr es s e d i n t h e s k el et al m us cl es 

of m a m m ali a n li m bs ar e or d er e d fr o m sl o w est -t o-f ast est c o ntr a cti n g b y t h eir i ntri nsi c r at e 

of A T P h y dr ol ysis: M H C -1 (sl o w), M H C -2 A (sl o w est f ast), M H C -2 X (i nt er m e di at e f ast), 

a n d M H C -2 B (f ast est) ( B otti n elli, 2 0 0 1; T o ni ol o et al., 2 0 0 4). W h er e as m a m m als a cr os s 

br o a d or d ers of b o d y si z e m a y e x pr es s f ast M H C -2 A a n d -2 X is of or ms i n t h eir s k el et al 

m us cl es,  e x pr es si o n  of  f ast  M H C -2 B  is of or m  is  criti c all y  r el at e d  t o  b o d y  si z e  a n d 

t h er m or e g ul ati o n i n s m all m a m m als, a n d is c h eifl y e x pr es s e d i n r o d e nts ( S e o w a n d F or d, 

1 9 9 1; P ell e gri n o et al., 2 0 0 3). T h at s ai d, s e v er al st u di es h a v e f o u n d a pr e d o mi n a nt is of or m 

e x pr es si o n of M H C -2 A i n t h e f or eli m bs of f os s ori al r o d e nts ( G ol dst ei n, 1 9 7 1; Al v ar e z et 

al., 2 0 1 2; R u p ert et al., 2 0 1 5) t h at ar e p h yl o g e n eti c all y a n d f u n cti o n all y s i mil ar t o p o c k et 

g o p h ers. Ot h er st u di es p erf or m e d o n l a b or at or y r ats a n d mi c e, h o w e v er, h a v e f o u n d m ai nl y 

M H C -2 X a n d -2 B is of or ms i n t h eir hi n dli m b s k el et al m us cl es ( e. g., B otti n elli et al., 1 9 9 4, 

2 0 0 1;  P ell e gri n o  et  al.,  2 0 0 3;  M at h e w s o n  et  al.,  2 0 1 2;  E n g et  al.,  2 0 0 8).  M H C  is of or m 

c o nt e nt h as n ot b e e n d et er mi n e d i n p o c k et g o p h ers, p o c k et mi c e , a n d K -r ats.  

     B ot h fi b er ar c hit e ct ur e a n d t h e c o m p ositi o n sl o w vs.  f ast M H C fi b ers t h er ef or e r efl e ct 

t h e f u n cti o n al s p e ci ali z ati o ns of m us cl es, a n d e v al u ati o ns o f t h es e pr o p erti es ar e es s e nti al 

t o i nt er pr et ati o n of li m b f u n cti o n, y et t h e y r e m ai n p o orl y u n d erst o o d f or e xtr e mit y m us cl es 

of a ni m als a d a pt e d f or b urr o wi n g. T h e ai m of t his st u d y is t o q u a ntif y m us cl e ar c hit e ct ur al 

pr o p erti es a n d M H C is of or m c o nt e nt i n f or eli m bs of t hr e e b urr o wi n g r o d e nts. T o t his e n d, 

di v ersit y i n f u n cti o n al us e of r o d e nt f or eli m bs f or s cr at c h -di g gi n g will b e e v al u at e d b y a 

c o m p ar ati v e  a n al ysis  of  m us cl e  pr o p erti es  t o  e x pl ai n  h o w  t hr e e  s y m p atri c  s p e ci es  c a n 

b urr o w e q u all y w ell d es pit e e a c h h a vi n g  m ar k e d diff er e n c es i n b o d y f or m a n d f or eli m b 

si z e. It is h y p ot h esi z e d t h at t h e f or eli m b m us cl es of p o c k et mi c e  a n d K -r ats will h a v e f ast -

c o ntr a cti n g  m us cl es  r el at e d  t o  p o w erf ul  a n d  r a pi d  b ursts  of  s cr at c h -di g gi n g  t h at 

c o m p e ns at e  f or  t h eir  o v er all  l a c k  of  li m b m us cl e d e v el o p m e nt,  w h er e as  p o c k et  g o p h ers 

will h a v e  str o n g er,  sl o w -c o ntr a cti n g  m us cl es  c o n sist e nt  wit h  l ar g e  M A  a n d  sl o w er 

b urr o wi n g b e h a vi or.  

     C e ntr al  t o  t his  h y p ot h esis  ar e  t h e  pr e vi o us  fi n di n gs  a n d  i nt er pr et ati o ns  p ut  f ort h  i n 

M o or e C ris p ( 2 0 1 8). B as e d o n t h es e st u di es, s p e cifi c all y, it is e x p e ct e d t h at ( 1) t h e li m b 
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r etr a ct ors, el b o w e xt e ns ors, a n d c ar p al/ di git al fl e x ors of p o c k et mi c e  a n d K -r ats will h a v e 

a  pr e d o mi n a nt  e x pr es si o n  of  f ast  M H C -2 X  a n d -2 B  is of or m  fi b er  t y p es,  w h er e as  t h os e 

f u n cti o n al  gr o u ps  i n  p o c k et  g o p h ers  will  h a v e  a  br o a d er  distri b uti o n  of  f ast  M H C -2 A 

fi b ers. It  is als o pr e di ct e d  t h at ( 2) t h e m us cl es c o m p osi n g m ai nl y t h os e t hr e e f u n cti o n al 

gr o u ps  will  h a v e  l o n g  m us cl e f as ci cl es a n d  a  l ar g e  c a p a cit y  f or  s h ort e ni n g  e x c ursi o n  i n 

p o c k et mi c e a n d  K -r ats. T h e w ell-d e v el o p e d m us cl es of p o c k et g o p h ers ar e  e x p e ct e d t o 

h a v e gr e at er d e gr e es of m us cl e fi b er p e n n ati o n wit h s h ort er f as ci cl es a n d l ar g er P C S A t h a n 

of t h os e o bs er v e d i n p o c k et mi c e a n d  K -r ats, i n a d diti o n t o o b vi o us li m b m o difi c ati o ns f or 

e n h a n c e d M A.  

M A T E RI A L S A N D M E T H O D S  

St u d y s p e ci m e n s  

T h e  f or eli m bs  of  B ott a’s  p o c k et  g o p h er  ( T.  b ott a e: N = 1 0), t h e  d es ert  p o c k et  m o us e  (C. 

p e ni cill at us: N = 5 ), a n d M erri a m’s k a n g ar o o r at ( D. m er ri a mi: N = 3 ) w er e m e as ur e d f or 

t his st u d y. Fr o z e n s p e ci m e ns of e a c h s p e ci es w er e s u p pli e d b y Al e xis M o or e-Cris p, P h. D. 

( N e v a d a Wil dlif e a n d G a m e Tr a p pi n g Per mit  # 3 7 2 7 1 9 ), st or e d (-2 0º C) u ntil o bs er v ati o n, 

a n d w e r e all o w e d t o t h a w 2 4– 3 6 h o urs at 4º C pri or t o dis s e cti o n.  L i m bs  us e d f or dis s e cti o n, 

b o d y  m as s ,  a n d  t ot al  f or eli m b  m us cl e  m as s f or  all  s p e ci m e ns  a n d  s p e ci es  st u di e d  ar e 

r e p ort e d i n T a bl e 1.  

Dis s e cti o n a n d m u s cl e m e as u r e m e nt  

M y ol o g y a n d m us cl e n o m e n cl at ur e pri m aril y f oll o w e d t h at of L es s a a n d St ei n ( 1 9 9 2) a n d 

T h ori n gt o n et al. ( 1 9 9 7). Bri efl y, t h e f or eli m bs of e a c h a ni m al w er e s ki n n e d, m us cl es w er e 

i d e ntifi e d,  m e as ur e d,  a n d  dis s e ct e d  al o n g  t h eir  ori gi n  a n d  i ns erti o n  wit h  a  diss e cti o n 

mi cr os c o p e  ( Ol y m p us S C X 7 ).  M us cl es  w er e  s yst e m ati c all y  e xis c e d  pr o xi m al-t o-dist al 

b e gi n ni n g  wit h  t h e  e xtri nsi c  m us cl es  of  t h e  li m b.  P h os p h at e  b uff er e d  s ali n e  ( P B S)  w as 

p eri o di c all y a p pli e d t o pr e v e nt m us cl e d esi c c ati o n d uri n g dis s e cti o n ( R u p ert et al., 2 0 1 5 ). 

T h e ri g ht f or eli m b of e a c h a ni m al w as a pri ori s el e ct e d f or dis s e cti o n, m us cl e ar c hit e ct ur e 

m e as ur e m e nts,  a n d  m us cl e  h ar v esti n g.  A  s uit e  of  1 0 – 1 5  li m b  r etr a ct or,  el b o w  e xt e ns or, 

a n d c ar p al/ di git al m us cl es w er e h ar v est e d f or M H C is of or m fi b er t y p e a n al ysis (s e e b el o w).  

     M us cl e ar c hit e ct ur e w as q u a ntifi e d f oll o wi n g t h e pr o c e d ur es us e d i n pr e vi o us st u di es 

( e. g., M o or e et al., 2 0 1 3; R os e et al., 2 0 1 3; R u p ert et al., 2 0 1 5; Ols o n et al., 2 0 1 6, 2 0 1 8). 
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I n sit u m us cl e m o m e nt ar m ( r m ) a n d m us cl e b ell y l e n gt h ( M L) w er e m e as ur e d t hr e e ti m es 

usi n g di git al c ali p ers ( C D -4 C S X, Mit ut o y o, J a p a n) wit h t h e li m b j oi nts pl a c e d i n a n e utr al 

p ositi o n (i. e., ~ 9 0 ° : a n gl e at w hi c h a g o nist/ a nt a g o nist m us cl e p airs c o ul d e x ert e q u al j oi nt 

t or q u e).  F as ci cl e  l e n gt h  ( LF )  w as  m e as ur e d  fr o m  5 – 1 0  r a n d o m  f as ci cl es  ( d e p e n di n g  o n 

m us cl e si z e) usi n g di git al c ali p ers, w hil e p e n n ati o n a n gl e ( θ, t o t h e n e ar est d e gr e e) w as 

als o m e as ur e d fr o m 5 – 1 0 r a n d o m sit es al o n g t h e  m us cl e b ell y usi n g a g o ni o m et er.  W et 

m us cl e  m as s  ( M M)  w as  r e c or d e d wit h  a n  a n al yti c al  b al a n c e  ( M ettl er  T ol e d o,  A B 1 0 4 -

S/ F A C T, a c c ur at e t o 0. 0 0 0 1 g) aft er m us cl e e x cisi o n a n d r e m o v al of a n y fr e e t e n d o ns.  

     U p o n c o m pl eti o n of t h e m us cl e m e as ur e m e nts, a s uit e of 1 6 ost e ol o gi c al m e as ur e m e nts 

w er e  t a k e n  t o  t h e  n e ar est  0. 0 1  m m  wit h  di git al  c ali p ers  fr o m  t h e  cl e a n e d  li m b  b o n es 

( h u m er us, r a di us, ul n a, m et a c ar p al III, a n d first p h al a n x a n d cl a w of di git III). B o n es w er e 

m e as ur e d f or a s eri es of l e n gt h, wi dt h, a n d d e pt h di m e nsi o ns, a n d e a c h m etri c w as r e c or d e d 

t hr e e ti m es a n d a v er a g e d . A t ot al of 6 f u n cti o n al i n di c es w er e c al c ul at e d a n d a n al y z e d fr o m 

t h e r a w ost e ol o gi c al m e as ur e m e nts ( R os e et al., 2 0 1 4), a n d t h es e r ati os w er e us e d t o i nf or m 

q u a ntit ati v e  e v al u ati o ns  of M A  f or s cr at c h -di g gi n g  a bilit y  a n d  s p e ci ali z ati o n  of  t h e 

f or eli mb f or f os s ori al h a bits. A b br e vi ati o ns, f or m ul a e, a n d f u n cti o n al i m pli c ati o ns of e a c h 

i n d e x ar e gi v e n i n T a bl e 2 . 

A r c hit e ct u r al p r o p e rti es q u a ntifi c ati o n  

C al c ul ati o ns of m us cl e v ol u m e w er e d et er mi n e d b y di vi di n g M M b y a m us cl e d e nsit y of 

1. 0 6 g/ c m 3  ( M e n d e z a n d K e y es, 1 9 6 0). P C S A w as t h e n c al c ul at e d usi n g t h e e q u ati o n:  

 
m u s cl e  v ol u m e

m e a n  L F
× c o s ( θ ) , 

w h er e  c os  θ w as  us e d  t o  c orr e ct  P C S A  f or  t h e  o bs er v e d  fi b er  ar c hit e ct ur e.  M a xi m u m 

is o m etri c  f or c e  ( Fm a x )  w as  d et er mi n e d  b y  m ulti pl yi n g  P C S A  (i n  c m 2 )  b y  a  m a xi m u m 

is o m etri c  str es s  of  3 0  N/ c m2  ( W ol e d g e  et  al.,  1 9 8 5;  M e dl er,  2 0 0 2).  J oi nt  t or q u e  w as 

c al c ul at e d as F m a x ×  r m  (m a xi m al v al u e at j oi nt a n gl e s of 9 0º) . L ast, i nst a nt a n e o us m us cl e 

p o w er ( P i nst) w as d et er mi n e d a c c or di n g t o Hill ( 1 9 3 8) as 0. 1( F m a x  ×  Vm a x ), w h er e Vm a x  is 

m a xi m u m  fi b er  s h ort e ni n g  v el o cit y  (i n  fi b er  l e n gt h s  p er  s e c o n d,  F L/s).  A  si z e -s p e cifi c 

v al u e of u nl o a d e d fi b er s h ort e ni n g ( V 0 ) of 2. 7 0 F L s -1  f or f ast, M H C-2 A fi b ers w as us e d t o 

esti m at e  V m a x  f or  p o c k et  g o p h ers.  T his  v al u e  w as  pr e di ct e d  usi n g  p u blis h e d  b o d y  si z e 

s c ali n g  r el ati o ns hi ps  of  V 0  ( T o ni ol o  et  al.,  2 0 0 7;  B ut c h er  et  al.,  2 0 1 0) at  1 0 – 1 5 ° C,  a n d 
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as s u m i n g a Q1 0  of 2 – 6 f or V m a x  at p h ysi ol o gi c t e m p er at ur e , r es ult e d i n a Vm a x of 1 0. 8 F L s -

1  f or T. b ott a e . V al u es of V 0  f or p o c k et mi c e ( 2. 8 5 F L s -1 ) a n d K -r ats ( 2. 5 2 F L s-1 ) w er e 

t a k e n  fr o m  t h e  lit er at ur e  fr o m mi c e a n d  r ats,  r es p e cti v el y  ( P elli gri n o et  al. , 2 0 0 3),  a n d 

a dj ust e d f or b o d y t e m p er at ur e  b y t h e s a m e f a ct or of f o ur.  T h e fi n al v al u es us e d f or Vm a x 

w er e 1 1. 4 F L s -1 f or C. p e n ni cil at us  a n d 1 0. 1  F L s -1 f or D. m er ri a mi . 

     R a w a n d c al c ul at e d m etri cs f or e a c h s p e ci es w er e s c al e d t o t ot al f or eli mb m us cl e m as s 

( T F M M). T F M M  w as  us e d  i n  f a v or  of  b o d y  m a s s  d u e  t o  t h e  dis pr o p orti n al y  s m all 

f or eli m bs of D. m er ri a mi . F oll o wi n g t h e n ull h y p ot h esis of is o m etr y, l e n gt h s c al es wit h 

T F M M t o t h e o n e -t hir d p o w er ( T F M M0. 3 3 ), ar e a t o t h e t w o-t hir ds p o w er ( T F M M0. 6 7 ), a n d 

v ol u m e/ m as s t o t h e t hr e e -t hir ds p o w er ( T F M M1. 0 ) ( Bi e w e n er, 1 9 8 9, 2 0 0 5). E sti m at es of 

F m a x , j oi nt t or q u e, a n d Pi nst w er e si m pl y n or m ali z e d t o T F M M (i n g).  T h e m as s distri b uti o n 

of e a c h f u n cti o n al gr o u p w as a d diti o n all y d et er mi n e d as a p er c e nt a g e of T F M M. M us cl es 

w er e pl a c e d i n t h e f oll o wi n g f u n cti o n al gr o u ps f or t his a n al ysis: li m b r etr a ct ors (s h o ul d er 

fl e x ors),  li m b  pr otr a ct ors  (s h o ul d er  e xt e ns ors), li m b  a d d u ct ors, el b o w  fl e x ors,  el b o w 

e xt e ns ors,  c ar p al/ di git al  fl e x ors,  c ar p al/ di git al  e xt e ns ors,  pr o n at ors,  a n d  s u pi n at ors. 

M us cl es  wit h  s y n er gisti c  f u n cti o ns  ar e  c o m bi n e d  i nt o  o n e  f u n cti o n al  gr o u p, t h o u g h 

m us cl es wit h m ulti pl e a cti o ns ( e. g., p e ct or alis  s u p erfi ci alis ) a n d bi arti c ul ar m us cl es ( e. g., 

tri c e ps br a c hii l o n g h e a d) w er e pl a c e d i n m or e t h a n o n e f u n cti o n al gr o u p  ( T a bl e 3). S e v er al 

si z e-s c al e d r ati os w er e als o c al c ul at e d a n d r e pr es e nt i m p ort a nt m us cl e ar c hit e ct ur al i n di c es 

( AI):  f as ci cl e  l e n gt h  t o  m us cl e  l e n gt h  r ati o  ( L F / M L),  P C S A  t o  m us cl e  m as s  r ati o 

( P C S A/ M M),  a n d  f as ci cl e  l e n gt h  t o  m us cl e  m o m e nt  ar m  r ati o  ( L F /r m ).  E a c h  AI  w er e 

a v er a g e d a cr os s m us cl es wit hi n f u n cti o n al gr o u ps .  

M y osi n h e a v y c h ai n e x p r es si o n  

M us cl e tis s u e w as h ar v est e d b y s a m pli n g 1 0 – 1 5 s el e ct e d f or eli m b m us cl es fr o m a s u b -s et 

of N  = 3 i n di vi d u als fr o m e a c h s p e ci es st u di e d. H ar v esti n g i n v ol v e d fl as h fr e e zi n g e ntir e 

m us cl es i n mi cr o -c e ntrif u g e t u b es a n d st ori n g t h e m at – 8 0º C. S D S -P A G E pr o c e e d e d  b y 

pl a ci n g a  s m all  bl o c k  of  m us cl e  tis s u e  i n  a  b at h  of  li q ui d  nitr o g e n,  gri n di n g  t o  p o w d er, 

h o m o g e ni zi n g  5 0  m g  of  m us cl e  p o w d er  i n  8 0 0 L  ( 1: 1 6  r ati o)  of  L a e m mli  b uff er 

( L a e m mli, 1 9 7 0; T o ni ol o et al., 2 0 0 8), a n d c e ntrif u g ati o n of t h e h o m o g e n at es at 1 3 k r p m 

f or 1 0 mi n ( R u p ert et al., 2 0 1 4). F or s m all m us cl e yi el di n g si g nifi c a ntl y l es s fr e e z e-dri e d  

m us cl e p o w d er ( e. g., 1 0 -2 0 m g), t h e v ol u m e of L a e m mli b uff er w as l o w er e d a c c or di n gl y 
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t o m ai nt ai n t h e s a m e r ati o. Pri or t o l o a di n g s a m pl es o n g els, t h e y w er e m ost c o m m o nl y 

dil ut e d  2: 4 9 8  i n  g el  s a m pl e  b uff er  ( G S B) ( Mi z u n o y a  et  al.,  2 0 0 8)  t o  a  fi n al  pr ot ei n 

c o n c e ntr ati o n of ~ 0 . 2 5 m g/ m L a n d w er e h e at e d f or 5 mi n at 9 0º C. Dil uti o ns i n G S B  w er e 

als o a dj ust e d a c c or di n gl y b as e d o n pr ot ei n b a n d e x pr es si o n i n g els, b ut w er e st a n d ar di z e d 

f or  e a c h  s p e ci es  ( w or ki n g  r a n g e- 2: 4 9 8 – 5: 4 9 5).  M H C  is of or ms  w er e  r es ol v e d  o n  S D S -

P A G E g els usi n g est a blis h e d m et h o ds ( T al m a d g e a n d R o y, 1 9 9 3) w hi c h w er e p erf or m e d 

wit h sli g ht m o difi c ati o ns ( Mi z u n o y a et al., 2 0 0 8) as pr e vi o usl y d es cri b e d ( H a zi m i h alis et 

al., 2 0 1 3; R u p ert et al., 2 0 1 4, 2 0 1 5; T h o m as et al., 2 0 1 7). Bri efl y, g els w er e l o a d e d wit h a 

t ot al  of  ~ 2. 5 g  of  pr ot ei n  p er  l a n e,  st ai n e d  wit h  sil v er  ( Bi o -R a d,  H er c ul es,  C A),  a n d 

p h ot o gr a p h e d usi n g a Ni k o n di git al c a m er a m o u nt e d o n a c o p yst a n d a n d s et t o a st a n d ar d 

f o c al l e n gt h. 

     M H C is of or m c o nt e nt w as q u a ntifi e d b y d e nsit o m etr y i n I m a g e J ( v. 1. 4 3, NI H) usi n g 

t h e bri g ht n es s ar e a pr o d u ct ( B A P) m et h o d of d e nsit o m etr y si mil ar t o T o ni ol o et al. ( 2 0 0 8). 

T h e s u m of t h e b a n d i nt e nsit y v al u es i n e a c h g el l a n e w as us e d t o c al c ul at e a p er c e nt a g e 

f or  e a c h  M H C  is of or m  e x pr es s e d  i n  a  si n gl e  m us cl e.  P o ol e d  p er c e nt a g es  of  t h e  M H C 

is of or ms f or e a c h m us cl e a n d  i n di vi d u al w er e t a k e n a cr os s 2– 3 i n d e p e n d e nt g el r u ns ( 3 

r e pli c at es w er e m ost c o m m o n) t o pr o vi d e a n o v er all p er c e nt a g e c o m p ositi o n of sl o w a n d 

f ast M H C is of or ms. M e a ns of p er c e nt M H C ( % M H C) c o nt e nt w er e t h e n d et er mi n e d f or 

e a c h s p e ci es ( R u p ert et al.,  2 0 1 5).  

St atisti cs  

D es cri pti v e  st atisti cs  f or  all  m e as ur e m e nts  w er e  r e p ort e d  as  m e a ns ±s. d.  (st a n d ar d 

d e v i ati o n),  u nl es s  ot h er wis e  s p e cifi e d.  A M A N O V A (i n  S P S S) w as  us e d  t o  d et er mi n e 

st atisti c al  diff er e n c es  a m o n g  s uit es  of  e x p eri m e nt al  v ari a bl es  a m o n g  t h e t hr e e s p e ci es 

s a m pl e d, wit h p arti c ul ar i nt er est f o c us e d o n st atisti c al diff er e n c es i n % M H C c o nt e nt a n d 

s el e ct e d f u n cti o n al ost e ol o gi c al i n di c es. A N O V A a n d T u k e y’s p ost -h o c  t ests w er e us e d t o 

d et er mi n e all p air wis e diff er e n c es f oll o wi n g si g nifi c a nt r es ults  fr o m M A N O V A. P e ars o n -

M o m e nt c orr el ati o n s w er e als o us e d t o d et er mi n e t h e str e n gt h of t h e r el ati o ns hi ps b et w e e n 

M H C is of or m  c o nt e nt  a n d b o d y si z e a cr os s i n a s m all s a m pl e of b urr o wi n g r o d e nts. F or 

t h es e  t ests,  d at a  f or  t al us  t u c o-t u c os  (Ct e n o m ys  t al ar u m )  w as  t a k e n  fr o m  Alv ar e z  et  al. 

( 2 0 1 2). Si g nifi c a n c e f or all st atisti c al t est s w as a c c e pt e d at p ≤ 0. 0 5.  
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R E S U L T S  

F u n cti o n al Ost e ol o gi c al I n di c es  

B o x -w his k er  pl ots  f or  s el e ct e d  ost e ol o gi c al  i n di c es  ar e  s h o w n  i n Fi g.  1.  I n  g e n er al, T. 

b ott a e  h as l ar g e s c or es f or i n di c es t h at i n di c at e l ar g e li m b m e c h a ni c al a d v a nt a g e; h o w e v er, 

C. p e ni cil l at us a n d D. m er ri a mi  b ot h h a v e b o n e pr o p orti o ns i n di c ati v e of a j oi nt r ot ati o n al 

v el o cit y a d v a nt a g e. S c or es o n l e v er a g e -r el at e d i n di c e s, i n cl u di n g S MI, I F A, a n d T M OI ar e 

si g nifi c a ntl y  l ar g er  ( p < 0. 0 0 1)  f or T.  b ott a e t h a n  t h os e  f or  b ot h C. p e ni cill at us a n d D. 

m er ri a mi  ( Fi g. 1 a, d , e). I n c o ntr ast, BI f or D. m er ri a mi  is gr e at er (p < 0. 0 0 1) t h a n t h at of 

eit h er T.  b ott a e  or C.  p e ni cill at us d u e  t o  its  dis pr o p orti o n at el y  l o n g  r a di us  a n d  s h ort 

h u m er us  ( Fi g. 1b), b ut R LI is si g nifi c a ntl y s m all er ( p < 0 .0 0 1) t h a n b ot h.  C. p e ni cill at us a n d 

D.  m er ri a mi ( Fi g.  1 c). T h e  i n d e x  C L A W  is  als o  l ar g e  f or T.  b ott a e  a n d  t h e  diff er e n c es 

b et w e e n  its  s c or es  a n d  t h os e  of  b ot h C.  p e ni cill at us a n d D.  m erri a mi ar e  si g nifi c a nt  

(p < 0. 0 0 1). T h e i n d e x C L A W f or D. m er ri a mi  is also si g nifi c a ntl y gr e at er ( p = 0. 0 2) t h a n 

t h at of C. p e ni cill at us, w hi c h h as n ot a bl y r e d u c e d cl a w s  ( Fi g. 1f).  

F u n cti o n al dist ri b uti o n of f o r eli m b m u s cl e m as s  

T h e di g gi n g a p p ar at us of a p o c k et g o p h er, p o c k et m o us e, a n d K -r at f or eli m b c o nt ai ns 4 4, 

3 6 , a n d 4 0  m us cl es ( e x cl u di n g t h e m us cl es i ntri nsi c t o t h e m a n us), r es p e cti v el y, f or w hi c h 

m us cl e ar c hit e ct ur e is q u a ntifi e d . M e a n v al u es of T F M M f or T. b ott a e , C. p e ni cill at us , a n d 

D. m er ri a mi  ar e 5. 6 9 ± 1. 5 g, 0. 5 8 ± 0. 1 g, a n d 0. 6 5 ± 0. 1 g , r es p e cti v el y, a n d t h es e  a c c o u nt f or 

4. 3 1 ± 0. 5 %, 3. 0 4 ± 0. 6 %,  a n d 1. 9 4 ± 0. 2 %  of  b o d y  m as s  p er  f or eli m b.  T h e  distri b uti o n  of 

m us cl e  f u n cti o n al  gr o u p m as s is  s h o w n  i n  Fi g.  2. T h e  li m b  r etr a ct ors  a n d s c a p ul ar 

st a bili z ers/r ot at ors ar e t h e t w o f u n cti o n al gr o u ps t h at a c c o u nt f or t h e l ar g est % T F M M i n 

all  t hr e e  s p e ci es. H o w e v er,  t h e  li m b  pr otr a ct ors  a n d  a d d u ct ors  ( m ostl y  m us cl es  wit h 

s y n er gisti c f u n cti o ns) ar e als o r el ati v el y w ell -d e v el o p e d ( Fi g. 2 ). T h e h u m er al r etr a ct ors of 

C . p e ni cill at us h a v e o v er all t h e gr e at est % T F M M at a m e a n of 4 3. 4 ± 3. 0 %, w hil e a cr os s 

s p e ci es, t h e s c a p ul ar el e v at ors/r ot at ors i n D. m er ri a mi  n ot a bl y h a v e t h e l ar g est % T F M M 

wit h  a  m e a n  of  2 6. 5 ± 1. 4 %  c o m p ar e d  wit h  a v er a g e s  of  2 2 %  f or  b ot h T.  b ott a e  a n d C . 

p e ni cill at us . A m o n g  t h e  i ntri nsi c li m b m us cl es,  t h e  el b o w  e xt e ns ors  a n d  di git al  fl e x ors 

h a v e a p pr e ci a bl e % T F M M. S p e cifi c all y, t h e el b o w e xt e ns ors of T. b ott a e  h a v e  t h e l ar g est 

r el ati v e  m as s  a cr os s  s p e ci es  wit h  a  m e a n v al u e of  1 5. 9 ± 0. 2 % . T h e  di git al  fl e x ors  ar e 

r el ati v el y t h e m ost w ell-d e v el o p e d i n D. m er ri a mi  ( Fi g. 2). 
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M u s cl e a r c hit e ct u r al p r o p e rti es  

R a w d at a f or m e as ur e d ar c hit e ct ur al pr o p erti es fr o m all e xtri nsi c a n d i ntri nsi c m us cl es f or 

e a c h s p e ci es ar e  pr es e nt e d i n T a bl e s  4 – 9 . O v er all,  t h e f or eli m b of T. b ott a e  c o nt ai ns a n 

e v e n  distri b uti o n  of  p ar all el  a n d  p e n n at e -fi b er e d  m us cl es, w h er e as 6 9 %  a n d  6 3 %,  o f 

m us cl es  i n C.  p e ni cill at us  a n d D.  m er ri a mi , r es p e cti v el y, h a v e  p ar all el -fi b er e d 

ar c hi et e ct ur e .  M or e o v er,  all  e xtri nsi c  m us cl es of  t h e  f or eli m b i n C.  p e ni cill at us a n d D. 

m er ri a mi  d e m o nstr at e p ar all el  f as ci cl es a n d th e t w o m us cl es a m o n g all t hr e e s p e ci es t h at 

a bs ol ut el y h a v e t h e l o n g est f as ci cl es ar e m. tr a p e zi us t h or a ci c a (T T ) a n d m. latis si m us d orsi 

(L A T ) (T a bl e s  4, 5, 6).  

     T h e m etri c L F /M L i n di c at es  m us cl e  s h ort e ni n g  c a p a cit y  a n d  it  is  s h o w n  f or s el e ct e d 

f u n cti o n al gr o u ps as s o ci at e d wit h t h e p o w er /r e c o v er y str o k es of s cr at c h-di g gi n g i n F i g. 3. 

C orr e ps o n di n g  wit h  t h e  o bs er v e d gr e at er p e n n ati o n  of  t h e  m us c ul at ur e , T.  b ott a e  h a s  

r el ati v el y l o w er LF / M L t h a n b ot h C. p e ni cill at us  a n d D. m erri a mi  f or all m us cl e gr o u ps  

a n al y z e d . A m o n g f u n cti o n al gr o u ps, t h e s c a p ul ar r ot at ors/st a bili z ers a n d el b o w e xt e ns ors  

h a v e t h e gr e at est L F / M L wit h v al u es ≥ 0. 7 a n d s h o w a s p e ci es -s p e cifi c  tr e n d of T. b ott a e  

h a vi n g t h e l o w est r ati os, C.  p e ni cill at us  i nt er m e di at e, a n d  D. m er ri a mi  h a vi n g t h e l ar g est  

( Fi g. 3). T h e li m b r etr a ct ors n ot a bl y h a v e si mil ar L F / M L a cr os s all s p e ci es , w h er e as b ot h 

t h e  li m b  pr otr a ct ors  ( a v er a g e  r ati o:  0. 6 6)  a n d  c ar p al  fl e x ors  ( a v er a g e  r ati o:  0. 4 7)  s h o w 

gr e at er v al u es f or C. p e ni cill at us a n d D. m er ri a mi , wit h t h os e of p o c k et mi c e b ei n g sli g ht y 

l ar g er b et w e e n t h e t w o s p e ci es . T his tr e n d w as m ost a p p ar e nt  f or t h e di git al fl e x ors of C. 

p e ni cill at us  h a vi n g  a  m e a n  r ati o  of 0. 4 9 ± 0. 1  v ers u s  a  si mil arl y  l o w er ,  b ut  e q ui v al e nt, 

L F / M L f or T. b ott a e  a n d D. m er ri a mi  (Fi g . 3 ). 

     P C S A  t o  m us cl e  m as s  ( M M)  r ati o r e pr es e nts  t h e  a bilit y  of  f or c e  pr o d u cti o n  p er  u nit 

m as s a n d is s h o w n i n Fi g. 4 . O v er all, C. p e ni cill at u s  a n d D. m er ri a mi  h a v e l ar g er r ati os 

t h a n T.  b ott a e  a cr os s  all  f u n cti o n al  gr o u ps. S p e cifi c all y , p o c k et  mi c e  a n d  K -r ats h a v e 

si mil ar l y l ar g e P C S A/ M M f or all f u n cti o n al gr o u ps (all v al u es a b o v e 1. 0) e x c e pt f or t h e 

c ar p al  fl e x ors  w h er e C.  p e ni cill at us h a s  t h e si n gl e l ar g est  r ati o at  a  m e a n  of  3 .0 7 ± 0. 1 . 

B e y o n d t h e c ar p al fl e x ors, v al u es  f or P C S A/ M M w er e hi g h  f or h u m er al pr otr a ct ors (r a n g e: 

1. 7 – 2. 9) a n d  di git a l  fl e x ors (r a n g e:  1. 9– 2. 9) of  e a c h  s p e ci es  ( Fi g.  4). Si mil ar  s p e ci es -

s p e cif c  tr e n ds  w er e  o bs er v e d  b et w e e n  t h e  h u m er al  pr otr a ct ors  a n d r etr a ct ors b ut  wit h 

P C S A/ M M r ati os f or t h e l att er m us cl es f or C. p e ni cill at us a n d D. m er ri a mi  b ei n g n e arl y 
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d o u bl e  t h at  of T.  b ott a e  ( a v er a g e  r ati o: 0. 9 1 ).  T h e  s c a p ul ar  r ot at ors/st a bili z ers  h a v e  t h e 

l o w est v al u es a m o n g t h e f u n cti o n al gr o u ps a n al y z e d ( Fi g. 4 ).  

     T h e c o ntr a ctil e a bilit y  of  m us cl e f as ci cl es t o r ot at e  a  j oi nt  t hr o u g h  a  l ar g e  r a n g e  of 

m oti o n is gi v e n b y t h e m etri c L F /r m  a n d it is s h o w n  i n Fi g.  5 . M ost if n ot all t h e m us cl es i n 

t h e f or eli m bs  of C.  p e ni cill at us  a n d D.  m er ri a mi  h a v e  s m all er L F /r m  c o m p ar e d wit h  T. 

b ott a e , a n d n o m us cl e f u n cti o n al gr o u p a cr os s all t hr e e s p e ci es h ad a n a v er a g e r ati o l es s 

t h a n 2. 0. M or e o v er, t h e s a m e tr e n ds e vi d e nt f or LF / M L ar e r e pli c at e d i n LF /r m  r ati os b y t h e 

i nfl u e n ce  of  r el ati v el y  l o n g  f as ci cl es. I n  p arti c ul ar,  th e  li m b  r etr a ct ors h a v e  si mil arl y 

el e v at e d  L F /r m  a cr os s s p e ci es  ( a v er a g e r ati o: 4. 0), w h er e as t h e el b o w e xt e ns or gr o u p h a s  

t h e o v er all l o w est m e a n r ati o at 2. 3± 0. 6  f or T. b ott a e , wit h t h at f or C.  p e ni cill at us  b ei n g 

i nt er m e di at e, a n d t h e m e a n v al u e f or D. m er ri a mi  b ei n g t h e l ar g est ( Fi g. 5 ). T his  s p e ci es -

s p e cifi c tr e n d is als o o bs er v e d f or t h e h u m er al pr otr a ct ors . I n g e n er al, th e c ar p al fl e x ors 

h a v e  t h e  l ar g est  L F /r m  wit h a  v al u e  of  5. 4 f or C.  p e ni cill at us  b ei n g  t h e si n gl e gr e at est 

f oll o w e d b y a r ati o of 4. 9 f or D.  m er ri a mi . A si mil ar  p att er n is s e e n i n t h e di git al fl e x o rs, 

al b eit  v al u es  f or L F /r m  ar e  s o m e w h at  l o w er  (r a n g e:  3. 9 – 4. 3)  f or C.  p e ni cill at us  a n d D. 

m er ri a mi  (F i g. 5 ).  

     N or m ali z e d  v al u es  of  P C S A  a n d  L F  f or s el e ct e d  p o w er /r e c o v er y str o k e m us cl es ar e 

pl ott e d  i n F i g. 6 a.  T h e  m aj orit y  of  m us cl es  i n  all  t hr e e  s p e ci es  ar e  s h o w n  t o  b e  m or e 

g e n er ali z e d  i n t h eir f u n cti o n al c a p a cit y b y t h e ir p ositi o n i n t h e l o w er l eft q u a dr a nt of t h e 

pl ot . N o n et h el es s, t h e m. s err at us v e ntr alis ( S V ) f or D. m er ri a mi  is t h e o nl y m us cl e t h at is 

c a p a bl e of hi g h  p o w er  o ut p ut , w hil e T T a n d L A T ar e t w o m us cl e s  s h ar e d a m o n g  s p e ci es 

w hi c h  h a v e  t h e a bilit y f or l ar g e c o ntr a ctil e e x c ursi o n a n d s h ort e ni n g v el o cit y. S p e cifi c ally,  

t h e L A T of D. m er ri a mi  h a s  t h e l o n g est r el ati v e f as ci cl e l e n gt hs a cr os s all s p e ci es  ( Fi g. 

6 a) . I n c o ntr ast, m. s u bs c a p ul aris ( S U B) of T. b ott a e  h as a s h ort er  n or m ali z e d L F  a n d t h e 

l ar g est c a p a bilit y of f or c e pr o d u cti o n of a n y m us cl e a n d s p e ci es. Al o n g wit h S U B, t h e m. 

i nfr as pi n at us  (I S P) is t h e ot h er l ar g e  f or c e-pr o d u ci n g  m us cl e  s h ar e d  a m o n g t h e  t hr e e 

s p e ci es . T h e m. tri c e ps br a c hii l o n g h e a d ( T B L O) f or T. b ott a e  li k e wis e h as t h e c a p a cit y t o 

pr o d u c e s u bst a nti al f or c e. S e v er al of t h e s a m e m us cl e s a cr os s s p e ci es ( e. g., S V a n d T B L O), 

i n a d diti o n t o t h e m. p e ct or alis s u p erfi ci alis ( P S), als o h a v e i nt er m e di at e si z e -s c al e d P C S A 

a n d  L F a n d si mil ar l y h a v e  t h e  c a p a cit y  t o g e n er at e  m o d er at e p o w er ,  m ost  not a bl y  i n C. 

p e ni ci ll at us a n d D. m er ri a mi  ( Fi g. 6a) . 
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     N or m ali z e d P C S A a n d r m  f or s el e ct e d p o w er /r e c o v er y str o k e m us cl es ar e pl ott e d i n F i g. 

6 b. T h e o nl y m us cl e c a p a bl e  of a p pl yi n g l ar g e t or q u e at b ot h t h e s h o ul d er a n d el b o w j oi nts 

is T B L O  i n T. b ott a e  b y its p ositi o n i n t h e u p p er ri g ht q u a dr a nt of t h e pl ot. S m all er  v al u es 

of  n or m ali z e d r m  li mit  t h e  a bilit y  of  S U B  a n d  I S P  t o  a p pl y  j oi nt t or q u e d es pit e  t h eir 

c o nsist e ntl y l ar g e P C S A a cr os s all s p e ci es. P S a n d T B L O  ( at t h e el b o w j oi nt) ar e t h e t w o 

m us cl es t h at h a v e a m o d er at e c a p a cit y t o a p pl y j oi nt t or q u e, a g ai n n a m el y i n C. p e ni cill at us  

a n d D. m er ri a mi . L ast, n or m ali z e d L F  a n d r m  f or s el e ct e d p o w er/r e c o v er y str o k e m us cl es 

ar e pl ott e d i n Fi g.  6 c . M ost m us cl es a n al y z e d a cr os s s p e ci es h a v e m o d est si z e -s c al e d v al u es 

of L F  a n d r m  a n d g e n er ali z e d a bilit y t o aff e ct j oi nt r ot ati o n. O nl y  L A T i n C. p e ni cill at us  

a n d D. m er ri a mi  h a s  t h e c a p a cit y f or f ast j oi nt r ot ati o n al v el o cit y b y o c c u p yi n g t h e u p p er 

l eft q u a dr a nt of t h e pl ot; ho w e v er, t h e L A T i n T. b ott a e  a p p e ars t o b e m o difi e d f or r el ati v el y 

gr e at er j oi nt t orq u e ( h as a n a p pr e ci a bl e r m ) d es pit e it s l o n g f as ci cl es ( Fi g. 6 c). M or e o v er, 

a g ai n t h e P S  a n d T B L O ( at t h e el b o w j oi nt), as w ell a s t h e m. t er es m aj or ( T M J) , als o h a v e 

t h e c a p a cit y f or i nt er m e di at e j oi nt t or q u e t h at is s h ar e d a m o n g  s p e ci es , w h er e as T B L O ( at 

t h e s h o ul d er j oi nt) a n d m. tri c e ps br a c hii l at er al h e a d ( T B L A) h a v e t h e a bilit y f or m o d er at e  

f ast j oi nt r ati o n al v el o cit y.  

M H C I s of o r m C o nt e nt  

M H C c o nt e nt  f or i n di vi d u al m us cl es i n v ol v e d i n t h e p o w er str o k e of s cr at c h di g gi n g  f or 

e a c h  s p e ci es  ar e  pr es e nt e d  i n T a bl e 1 0 . T h e  f or eli m b m us c ul at ur e  of T.  b ott a e  s h o w s  

e x pr es si o n  of  t hr e e  M H C  is of or m s :  M H C-1,  M H C -2 A,  a n d  M H C -2 X .  T h e  s p e ci es C. 

p e ni cill at us  e x pr es s e d  all  t h e t hr e e f ast M H C is of or m s ( -2 A, -2 X, a n d -2 B ) b ut n o sl o w 

M H C -1 , w hil e D. m er ri a mi  e x pr es s e d  o nl y f ast M H C -2 A a n d M H C -2 X . Fi g ur e 7 dis pl a ys 

t h e  % M H C  c o nt e nt  a cr os s  t h e  m us cl e  f u n cti o n al  gr o u ps  h u m er al  r etr a ct ors,  el b o w 

e xt e ns or , a n d  c ar p al/ di git al fl e x ors. C o nsist e ntl y, T.  b ott a e h as  t h e l ar g est e x pr es si o n  of 

f ast M H C -2 A  ( r a n g e: 6 2 – 8 7 %  M H C  c o nt e nt ) al o n g  t h e  f or eli m b  ( T a bl e  1 0). T h e  dist al 

li m b  m us cl es  i n  b ot h T.  b ott a e  a n d D.  m er ri a mi  als o b e c o m e  sl o w er -c o ntr a cti n g  b y 

i n cr e as e d  r el ati v e e x pr es si o n  of  M H C -1  ( 1 2. 3 %)  a n d M H C -2 A ( 8 6. 2 %),  r es p e cti v el y, 

w h er e as i n C. p e ni cill at us , t h e gr e at e st % M H C c o nt e nt of  f ast M H C -2 B  ( 3 1. 1 %) is s e e n i n 

t h e c ar p al/ di git al fl e x ors (Fi g . 7 ). A d diti o n all y, r el ati o ns hi p s  b et w e e n % M H C c o nt e nt a n d 

b o d y m as s ar e d e m o nstr at e d i n  Fi g.  8 . M H C -2 A  s h o w s  a p ositi v e c orr el ati o n  ( c orr el ati o n 



   1 2 

c o effi ci e nt: 0. 9 6 , p = 0. 0 3 6 ) wit h b o d y m as s ( Fi g. 8 a). C o n v ers el y , M H C -2 X  h as a n e g ati v e 

c orr el ati o n  ( c orr el ati o n c o effi ci e nt: 0.9 2 , p = 0. 0 7 6 ) wit h b o d y m as s ( Fi g. 8b).  

DI S C U S SI O N  

T h e m us cl e ar c hit e ct ur al pr o p erti es o bs er v e d i n di c at e t h at t h e m us cl es of p o c k et mi c e a n d 

K -r ats  ar e  c a p a bl e  of m or e  r a pi d  li m b  c y cli n g  b y  t h eir f or eli m bs  d e m o nstr ati n g  l o n g er, 

p ar all el  f as ci cl es,  s h ort er  m o m e nt  ar ms, gr e at er  e x pr es si o n  of f ast  M H C  is of or ms ,  a n d 

l o w er li m b m e c h a ni c al a d v a nt a g e ( M A)  t h a n p o c k et g o p h ers as h y p ot h esi z e d . H o w e v er, 

p o c k et mi c e a n d K -r ats als o h a v e v er y l ar g e f or c e pr o d u cti o n c a p a bilit y i n t h eir f or eli m b 

m us c u l at ur e, w hi c h w as u n e x p e ct e d, a n d m a y f urt h er r e v e al h o w b urr o wi n g p erf or m a n c e 

i n t h es e t a x a m a y  a p pr o xi m at e or e x c e e d t h at of f os s ori al p o c k et g o p h ers . T his st u d y is t h e 

first t o c o m p ar e f or c e pr o d u cti o n c a p a cit y a m o n g  m ulti pl e s y m p atri c  r o d e nts a n d th e k e y 

fi n di n gs of t his st u d y ar e  a dr es s e d  i n r el ati o n t o h y p ot h esi z e d m us cl e ( or gr o u p) f u n cti o n 

wit h c o m p aris o ns t o a v ail a bl e d at a f or b u rr o wi n g p erf or m a c e i n e a c h t a x a. 

     W h er e as m us cl e ar c hit e ct ur al pr o p erti es ar e u n a v ail a bl e f or m a n y f os s ori al m a m m als, 

n u m er o us  st u di es h a v e r e p ort e d t h at b o n e pr o p orti o ns of t h e f or eli m bs of b urr o wi n g t a x a 

c o nf er a si z a bl e M A ( e. g., Hil d e br a n d, 1 9 8 5; L a g ari a a n d Y o ul at os , 2 0 0 6; Elis s a m b ur u a n d 

D e D a ntis, 2 0 1 1; W ar b urt o n et al., 2 0 1 3; R e es e et al., 2 0 1 3;  Ols o n et al., 2 0 1 6). T. b ott a e  

e x hi bits h y p ertr o p hi e d, str o n g m us cl es c o u pl e d wit h f or eli m b m or p h ol o g y (l ar g e S MI a n d 

I F A) t h at pr o vi d es t h e m wit h si g nif c a nt  M A as pr e di ct e d. O n t h e ot h er h a n d, C. p e ni cill at us  

disti n ctl y  l a c ks  t h es e  f e at ur es,  h a vi n g  littl e -t o-n o  m o difi c ati o n  f or  M A,  w h er e as  K -r ats 

dis pl a y el o n g at e dist al f or eli m bs wit h a s h ort h u m er u s (l ar g e BI) a n d a p pr e ci a bl e f or e cl a w s  

(i n d e x: C L A W). A n i n cr e as e i n o ut-l e v er l e n gt h l o w ers M A w hil e i n cr e asi n g t h e v el o cit y 

of j oi nt r ot ati o n (i. e., v el o cit y  a d v a nt a g e)  i n t h e f or eli m bs of K -r ats. T h us , C. p e ni cill at us 

a n d D. m er ri a mi ar e li mit e d b y t w o m aj or f a ct ors: 1. ) t h e l a c k of li m b M A a n d 2.) t h e s m all 

si z e  of  t h eir  f or eli m b  m us cl es. C o ns e q u e ntl y,  t h eir  m us c ul at ur e m ust  b e c a p a bl e  of 

pr o d u c i n g a p pr e ci a bl e si z e-s c al e d f or c e (i n-f or c e) t o c o m p e ns at e f or  r e d u c e d l e v er a g e f or 

b urr o wi n g , a n d t h e P C S A/ M M d at a r e p ort e d h er e h el p e x pl ai n pr e vi o us fi n di n gs t h at t h es e 

t w o  t a x a  e x ert m ar k e dl y gr e at er  h ori z o nt al  s u bstr at e  r e a cti o n  f or c es  ( S R F)  t h a n  p o c k et 

g o p h ers d uri n g  s cr at c h -di g gi n g i n b ot h l o os e a n d c o m p a ct s oil t y p es ( M o or e-Cris p, 2 0 1 8).  

     R e m ar k a bl y,  i s o m etri c  f or c e  pr o d u cti o n  c a p a cit y  i n all  f u n cti o n al  gr o u ps i n  t h e 

f or eli m bs of p o c k et mi c e  a n d K -r ats is l ar g er t h a n t h at of B ott a’s p o c k et g o p h er w it h r ati os 
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br o a dl y  r a n gi n g  fr o m  1 – 3.  T his  fi n di n g  is n ot a bl e b e c a us e  wit h  t h e  e x c e pti o n  of  m ol es 

( R os e et al., 2 0 1 3), w hi c h b urr o w vi a h u m er al -r ot ati o n di g gi n g, P C S A/ M M r ati os oft e n d o 

n ot e x c e e d a v al u e of 1. 0 as s h o w n f or b ot h s cr at c h -di g gi n g ( M o or e et al. 2 0 1 3; R u p ert et 

al., 2 0 1 5) a n d c urs ori al ( Z ar u c c o et al., 2 0 0 4) t a x a. T al pi d m ol es ar e r e k n o w n e d f or t h eir 

str e n gt h  wit h  a n  a bilit y  t o  e x ert  a n  esti m at e d  1 0 – 2 0 ti m es t h eir b o d y  m as s  i n o ut -f or c e 

( R os e et al., 2 0 1 3), or gr e at er  ( Li n et al., 2 0 1 7, 2 0 1 9), b y t h eir f or eli m bs . A n d w hil e s cr at c h-

di g gi n g C. p e ni cill at us a n d D. m er ri a mi ar e n ot e x p e ct e d  t o r e a c h  t h os e  l e v els of f or c e, 

t h eir c ar p al  a n d di git al  fl e x ors a p p e ar  t o  b e q uit e str o n g  a n d si mil arl y  h a d t h e l ar g est 

c a p a cit y f or f or c e pr o d u cti o n i n t h e f or eli m b s a m o n g t h e p o w er str o k e f u n cti o n al gr o u ps  

a n al y z e d .  Dist al  f or eli m b  m us cl es  i n s cr at c h -di g gi n g  t a x a  h a v e b e e n  s h o w n  t o h a v e 

i n cr e as e d  p e n n ati o n (s m all er  LF / M L  a n d  LF /r m ) a c c o u nti n g  f or  t h eir  a p pr e ci a bl e  P C S A, 

a n d t h us  e n h a n c e d f or c e/t or q u e pr o d u cti o n  a bilit y  f or  p ur c h as e  of  t h e  s u bstr at e  a n d  t h e 

str e n gt h t o s ust ai n fl e xi o n of t h e c ar p us a n d d i gits t hr o u g h t h e p o w er str o k e ( M o or e et al., 

2 0 1 3; R u p ert et al., 2 0 1 5) . B ut,  t h e h u m er al pr otr a ct ors, w hi c h ar e t h e prim ar y  r e c o v er y 

str o k e m us cl es,  als o h a v e a p pr e ci a bl e f or c e pr o d u cti o n a bili t y t h at ri v als t h at of t h e li m b 

r etr a ct or a n d el b o w e xt e ns or m us cl es , p arti c ul arl y i n C. p e ni cill at us a n d D. m er ri a mi . T h is 

fi n di n g m a y s u g g est  a n e ar e q u al r e q uir e m e nt of l ar g e m us cl e f or c e f or t h e r e c o v er y str o k e 

of s cr at c h -di g gi n g i n s m all b urr o w ers  t h at mi g ht  b e l es s i m p ort a nt f or ot h er , l ar g er s e mi-

f os s ori al di g g ers ( M arti n  et al., 2 0 1 9). I n a d diti o n, it m a y p oi nt t o t h e n e e d f or  i ntri nsi c 

p o w er  pr o p erti es  of  t h e  m u s cl e  fi b ers  i n  t h e  h u m er al  pr otr a ct ors  a n d  t his  s h o ul d  b e 

a d dr es s e d i n f ut ur e st u di es.  

     O n e of t h e m or e p e c uli ar fi n di n gs of t his st u d y is t h at,  o n a v er g a e, L F / M L a n d LF /r m  

r atios  i n  h u m er al  r etr a ct ors  ar e  i d e nti c al  a cr os s  s p e ci es . I n p arti c ul ar,  L A T  is  a  m us cl e 

c a p a bl e  of  l ar g e  c o ntr a ctil e  e x c ursi o n  a n d  v el o cit y  d u e  t o  it s  e q u all y  l o n g  f as ci cl es, 

alt h o u g h it is als o c a p a bl e of f ast j oi nt r ot ati o n al v el o cit y d u e t o its  s h ort m o m e nt ar m i n 

p o c k et  mi c e  a n d  K -r ats. T.  b ott a e  d o es  n ot  h a v e a n y  m us cl es  t h at  ar e  c a p a bl e  of  j oi nt 

r ot ati o n al v el o cit y a bilit y  w hi c h c o m pl e m e nts  t h eir h y p ertr o p hi e d f or eli m b str u ct ur e a n d  

sl o w,  c o n s t a nt  b urr o wi n g  b e h a vi ors P o c k et  g o p h ers  ar e  a cti v e  t hr o u g h o ut  t h e  d a y/ ni g ht 

a n d  s p e n d  m ost,  if  n ot  all,  of  t h eir  ti m e  i n  or  ar o u n d  t h eir  b urr o w  a n d  f or a g e  stri ctl y 

u n d er gr o u n d (Vl e c k,  1 9 7 9 ). H o w e v er, e x c e pt  f or  L A T,  t h e  i ntri nsi c  f or c e  pr o d u cti o n 

a bilit y of t h e h u m er al r etr a ct ors i n C. p e ni cill at us a n d D. m er ri a mi  is n e arl y d o u bl e t h at i n 
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T.  b ott a e .  S p e cifi c h u m er al r etr a ct ors ar e i n d e e d f or c e  s p e ci ali z e d  ( e. g., S U B,  I S P,  a n d 

T B L O  at t h e s h o ul d er j oi nt ). T h e c o m bi n ati o n of ar c hit e ct ur al pr o p erti es o bs er v e d i n t h es e 

m us cl es m a y r e pr es e nt f u n cti o n al c o m p art m e nt ali z ati o n i n t h e li m b/ h u m er al r etr a ct ors f or 

a cti o ns  p erf or m e d d ur i n g t h e p o w er str o k e of str at c h-di g gi n g. F or e x a m pl e, i n c o m bi n ati o n 

wit h its s h ort r m  a n d p e n n at e f as ci cl es , S U B m a y a ct t o st a bili z e t h e s h o ul d er j oi nt d uri n g 

li m b  h u m er al  r etr a cti o n.  C o v ers el y,  t h e  bi-p e n n at e  I S P  wit h its s h ort r m  m a y  i nit i at e 

s h o ul d er fl e xi o n w hil e t h e l o n g f as ci cl es of  L A T s h ort e n s u bst a nti all y t o m o v e  t h e f or eli m b 

t hr o u g h a n a p pr e ci a bl e r a n g e of li m b r etr a cti o n. E a c h t a x a s a m pl e d h er e m a y a d diti o n all y 

d e p e n d o n a cti v ati o n of a c o m bi n ati o n m us cl es t h at ar e c a p a bl e of eit h er a p pr e ci a bl e  f or c e 

or e x c ursi o n t o a c hi e v e m o d er at e p o w er o ut p ut , a n d s u c h a f e at ur e mi g ht b e criti c al t o t h eir 

b urr o wi n g p erf or m a n c e. I n t h e dist al li m b, t h e m us cl e wit h gr e at est f or c e pr o d u cti o n a n d 

p o w er a bilit y  a m o n g  t h e c ar p al/ di git al fl e x ors is t h e m. fl e x or di git or u m pr of u n d us h u m eral 

m e di al  h e a d ( FD P H M). P o c k et mi c e a n d K -r ats, i n c o ntr ast t o T. b ott a e , ar e n o ct ur n al a n d 

s p e n d c o nsi d er a bl e ti m e  a b o v e  gr o u n d  f or a gi n g  i n  s hr u bs  a n d  br us h (L e a v er  a n d  D al y, 

2 0 0 1 ). R a pi d  s cr at c hi n g  of  t h e  s u bstr at e  t o  u n e art h  a n d  c a c h e  s e e ds  is  es s e nti al  t o  t h eir 

f or a gi n g b e h a vi or  ( M o or e Cris p, 2 0 1 8), w hi c h c o ul d b e a c c o m plis h e d pri m aril y b y a cti o ns 

of t h e c ar p al/ di git al fl e x ors.   

     Ar c hi te ct ur al pr o p erti es i n di c ati v e of r a pi d li mb c y cli n g w o ul d als o all o w p o c k et mi c e 

a n d K -r ats t o e x c a v at e si mil ar a m o u nts of e art h (i n a g gr e g at e) as  p o c k et g o p h ers p er u nit 

ti m e d uri n g  b urr o w  c o nstr u cti o n . T h e  f or eli m bs  of  b urr o wi n g  m a m m als h a v e  b e e n 

g e n er all y s h o w n  t o h a v e w ell-d e v el o p e d e xtri nsi c m us cl es wit h p ar all el  fi b er ar c hit e ct ur e. 

I n  a d diti o n,  t h es e  m us cl es  t y pi c all y  h a v e  el e v at e d  P C S A d u e  t o  l ar g e  m us cl e  m as s. 

M at h e w s o n et al. (2 0 1 2) r e p ort e d o v er all  l ar g e P C S A i n t h e fl e x ors, b ut l o n g fa ci cl e  l e n gt hs  

i n  t h e  e xt e ns ors  of  t h e  f or eli m b  of  t h e c o m m o n  h o us e  m o us e  ( M us  m us c ul us ),  w hi c h 

br o a dl y a gr e e  wit h  o bs er v ati o ns m a d e i n C.  p e ni cill at us  a n d  D.  m er ri a mi . I n  t h at s a m e 

st u d y, T B L O  als o n ot a bl y  h a d b ot h l ar g e P C S A , b ut  l o n g f as ci cl e l e n gt hs, t h us i n di c ati n g 

t h at t his m us cl e c o ul d als o b e c a p a bl e of eit h er l ar g e j oi nt t or q u e at t h e s h o ul d er j oi nt or 

hi g h p o w er  o ut p ut  a n d m a y  b e i m p ort a nt  t o  f or eli m b  f u n cti o n  i n r o d e nts b y  pr o vi di n g 

pr o p ulsi o n  f or  eit h er  r u n ni n g  or  b urr o wi n g. P o c k et  mi c e  a n d  K -r ats  d o  n ot  h a v e a n y 

m us cl es t h at ar e o b vi o usl y c a p a bl e of l ar g e j oi nt t or q u e, w h er e as i n T. b ott a e  T B L O at b ot h 

t h e s h o ul d er a n d el b o w j oi nts is t h e o nl y m us cl e wit h t his c a p a bilit y.  
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     T h e  T B L O  is  o n e  of t h e m o d er at el y  hi g h  p o w er  g e n er ati n g m us cl es st u di e d  h er ei n, 

al o n g  wit h  P S  a n d  S V . T h es e  d at a a gr e e  wit h  t h os e  of  s cr at c h -di g gi n g b a n di c o ots 

(W ar b urt o n  et  al.,  2 0 1 3)  a n d q u e n d as  ( M arti n  et  al.,  2 0 1 9)  a n d  s u g g est  a  s y n er gisti c 

f u n cti o n al of t h es e t hr e e m us cl es t o r etr a ct t h e f or eli m b a n d r ot at e t h e s c a p ul a.  In p arti c ul ar , 

S V  i n p o c k et g o p h ers ( 2 9. 6 m W / g), p o c k et mi c e ( 2 1. 4 m W / g), a n d K-r ats ( 4 8. 1 m W / g) h as 

t h e gr e at est c a p a cit y f or p o w er. B urr o wi n g r o d e nts m a y r el y o n t h e a bilit y of S V f or r a pi d 

r ot ati o n  of  t h e  s c a p ul a  t o  i niti at e  f or eli m b  pr otr a cti o n/r etr a cti o n  d uri n g  s cr at c h-di g gi n g.  

P o w erf ul m us cl e f u n cti o n m a y b e m ost criti c al i n D. m er ri a mi t o o v er c o m e t h e v el o cit y of 

li m b  c y cli n g c o ntr ai nts  i m p os e d b y  its gr a cil e,  b ut  el o n g at e  dist al f or eli m bs. M or o e v er , 

i nt er mitt e nt di g gi n g i n C. p e ni cill at us a n d  D. m er ri a mi m a y all o w t h e m t o g e n er at e  hi g h 

p o w er o ut p ut d uri n g b urr o wi n g. C orr es p o n di n gl y , b a n di c o ots h a v e p o w erf ul m us cl es f or 

q ui c k b ursts of b urr o wi n g f or a q uisti o n of s h all o w s u bt err a n e a n f o o d or  n est  c o nt r u cti o n 

( M arti n et al., 2 0 1 8) a n d m a y n ot r e q uir e o n f or c e-s p e ci ali z e d  m us cl es , w hi c h mi g ht b e 

n e c es s ar y f or pr ol o n g e d b urr o wi n g a n d c o nstr u cti o n of i ntri c at e b urr o w  s yst e ms.  

     O v er all , f os s ori al r o d e nts h a v e b e e n s h o w n  t o h a v e littl e-t o-n o m us cl es s p e c i ali z e d f or 

hi g h p o w er o ut p ut.  M ost of t h e f or eli m b m us cl es f or w hi c h ar c hite ct ur al pr o p erti es w er e 

a n al y z e d si mil ar l y t o t h os e h er ei n ar e cl as sifi e d as g e n er ali z e d wit h s o m e m us cl es t h at ar e 

s p e ci ali z e d  f or  eit h er  f or c e  or c o ntr a cti o n e x c ursi o n  a n d/ or v el o cit y. R e m ar k a bl y , t h e 

m us cl es pr e vi o usl y f o u n d t o b e f or c e a n d v el o cit y s p e ci ali ze d  i n gr o u n d h o gs ( R u p ert et al., 

2 0 1 5) o v erl a p wit h t h os e i n p o c k et g o p h ers, p o c k et mi c e, a n d K -r ats. Als o c o nsist e nt wit h 

pr e vi o us r e p orts i n b orr o wi n g r o d e nts is br o a d e x pr es si o n of t h e f ast M H C -2 A is of or m i n 

t h e f or eli m b m us c ul at ur e. C o m p ar e d wit h  C. p e ni cill at us a n d  D. m erri a mi , po c k et g o p h ers 

e x pr es s a l ar g er p er c e nt a g e of M H C -2 A  fi b ers i n t h eir f or eli m bs, as w as o bs er v e d i n t u c o -

t u c os ( Al v ar e z et al., 2 0 1 2) a n d gr o u n d h o gs ( R u p ert et al., 2 0 1 5) . Alt h o u g h m us cl e fi b er 

ar c hit e ct ur e a n d li m b l e v er m e c h a ni cs c o nstr ai n fi b er c o ntr a ctil e pr o p erti es ( Li e b er, 2 0 0 9), 

i ntri nsi c  m us cl e  p o w er  is c hi efl y d e p e n d e nt  o n  f ast  M H C  e x pr es si o n  ( S hi affi n o  a n d 

R e g gi a ni, 2 0 1 1). C o u pli n g l ar g e M A i n t h e dist al li m bs of T . b ott a e wit h a f ast er- t o sl o w er-

c o ntr a cti n g  M H C is of or m  distri b uti o n al o n g t h e f or eli m b r efl e cts a sl o w er, str o n g er m o d e 

of b urr o wi n g.  D ist al li m b m us cl es m a y  b e  e x p e ct e d  t o c o ntr a ct  m or e  sl o wl y  si n c e t h e y 

s er v e p ost ur al  r ol es d uri n g w ei g ht -b e ari n g,  a n d w hil e  t h e p att er n  o bs er v e d  f or  p o c k et 

g o h ers  is m ostl y  c o m p ar a bl e  t o  t h at  of K -r ats,  w hi c h us e  pri m aril y bi p e d al l e a pi n g 
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l o c o m oti o n wit h o ut  f or eli m b  s u p p ort, D.  m er ri a mi d o es  n ot  e x pr es s  sl o w  M H C -1  a n d 

r et ai ns a gr e at er e x pr es si o n of M H C-2 A  i n its dist al for e li m b.  

     H a vi n g  f ast er-c o ntr a cti n g  m us cl es wit h  l o n g  f as ci cl es  a n d  s h ort  m o m e nt  ar ms 

c o n c e ntr at e d pr o xi m all y (i. e., s h o ul d er a n d el b o w j oi nts) p air e d  w it h a n el o n g at e d dist al 

f or eli m b ar e  li k el y t h e m aj or  f a ct ors  gi v i n g K -r ats t h eir a bilit y  t o c y cl e  t h eir  li m bs  f ast  

d uri n g  s cr at c h -di g gi n g . T h e c o n diti o n i n C. p e ni cill at us is t h e o p p osit e of t his p att er n b y  

c o m p aris o n.  T h e  dist al m us cl es of p o c k et mi c e h a v e l ar g e c o ntr a ctil e e x c ursi o n pr o p erti es 

a n d f ast er -c o ntr a cti n g M H C is of or ms , i n cl u di n g e x pr es si o n of f ast M H C-2 B, p os si bl y t o 

c o m p e ns at e f or t h eir s h ort cl a w s  (l o w est s c or e o n C L A W i n d e x). C o u pli n g t h e g e n er al l a c k 

of M A i n t h eir s h o ul d er, el b o w, a n d c ar p al j oi nts a n d e x pr es si o n of f ast M H C -2 B m a y als o 

b e a m e a ns t o a m plif y dist a l li m b j oi nt r ot ati o n al v el o cit y t o k e e p t h eir f e et m o vi n g f ast er 

th a n  t h eir pr o xi m al li m b  s e g m e nts . F or e x a m pl e , C. p e ni cill at us m a y r el y o n l ar g e a n d f ast 

r ot ati o n i n t h e dist al li m b s e g m e nts w h er e b y t h eir c ar p al/ di git al fl e x ors h a v e m o d er at e L F  

a n d r m  p r o p erti es a p pr o pri at e f or a p pr e ci a bl e j oi nt r ot ati o n al v el o cit y. R e g ar dl es s of t h e 

e x a ct li m b m e c h a ni cs e m pl o y e d, v ari ati o n i n M H C b et w e e n p o c k et mi c e a n d K -r ats v ers us 

p o c k et g o p h ers m at c h es w ell wit h diff er e n c es i n fr e q u e n c y c o m p o n e nts of S R F a p pli c ati o n  

o bs er v e d a cr os s t h es e t hr e e t a x a ( M o or e Cris p, 2 0 1 8).  S p e cifi c all y, C. p e ni cill at us a n d  D. 

m er ri a mi d e m o nstr at e  pr o p erti es  of  t h e  S R F  a b o v e t h e  d esi g n at e d  di g gi n g  fr e q u e n c y  of 

(1 5 ± 2 H z) est a blis h e d i n T. b ott a e  ( M o or e Cris p et al., 2 0 1 9). 

     It  w as  e x p e ct e d  t h at  p o c k et mi c e  a n d K -r ats  w o ul d  h a v e  a p pr e ci a bl e e x pr es si o n  of 

M H C -2 B i n a c c or d a n c e wit h pr e vi o us st u di es t h at r e p ort e d l ar g e e x pr es si o n of t h e M H C-

2 B is of or m i n t h e li m bs of l a b or at or y mi c e ( M at h e w s o n et al., 2 0 1 2) a n d r ats ( E n g et al., 

2 0 0 8) .  T h e e x pr es si o n  of sl o w er  M H C is of or ms  i n  t h e  b urr o wi n g  r o d e nts  st u di e d h er e, 

h o w e v er, c o ul d  b e attri b ut e d  t o  t h eir f u n cti o n al n e e d f or i n cr e as e d i ntri nsi c f or c e i n  t h e 

c as e of C. p e ni cill at us a n d  D. m er ri a mi a n d pr ol o n g e d c o ntr a cti o n s  f or st e a d y  b urr o wi n g  

i n T.  b ott a e . G ol dst ei n  ( 1 9 7 1)  pr e vi o usl y  r e p ort e d  c o nsi d er a bl e  a m o u nts  of  sl o w  “r e d ” 

fi b ers i n t h e f or eli m b m us cl es ( e. g., L A T, T B L O, T B L A) of a di v ers e s a m pl e of b urr o wi n g 

gr o u n d s q uirr els; h o w e v er, t h e m et h o ds us e d i n t h at st u d y w er e n ot c a p a bl e of d et er mi ni n g 

c o m p ar a bl e  M H C  e x pr es si o n. In  a d diti o n ,  t h e  o bs er v e d  v ari ati o n i n  o ur  s a m pl e m a y  b e  

r e pr es e nt ati v e of diff er e n c es i n M H C b et w e e n wil d t y p e a n d c a pti v e a ni m als  or t h at  r el at e d 
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t o m us cl e  fi b er  c o m p ositi o n  f or r o d e nts  cl as sifie d  i n  diff er e nt  s u b -or d ers  (i. e., 

s ci ur o m or p hi c a n d c ast or o m o r p hi c r o d e nts vs. m y o m or p hi c r o d e nts).  

     V ari a bilit y  i n M H C is of or m e x pr es si o n i n T. b ott a e , C. p e ni cill at us , a n d  D. m er ri a mi 

m a y  als o b e a f u n cti o n of b o d y si z e b as e d o n est a blis h e d r el ati o ns hi ps s h o wi n g d e cr e asi n g 

fi b er s h ort e ni n g v el o cit y wit h i n cr e as es i n b o d y m as s ( S e o w a n d F or d, 1 9 9 1; P ell e gri n o et 

al. , 2 0 0 3; T o ni ol o  et al., 2 0 0 7; B ut c h er et  al., 2 0 1 0 ). E vi d e n c e of si z e -r el at e d tr e n ds ar e  

pr es e nt i n t h e d at a,  alt h o u g h it is  a c k n o wl e d g e d  t h at t h e s a m pl e  is s m all wit h m e a ns of 

M H C is of or m c o nt e nt fr o m o nl y f o ur s p e ci es. N o n et h el es s, f ast M H C -2 X w as n e g ati v el y 

c orr el at e d wit h b o d y m as s as e x p e ct e d, w h er e as M H C -2 A  s h o w e d a p ositi v e c orr el ati o n. 

M or e o v er, a cr os s j ust o n e or d er of m a g nit u d e i n b o d y si z e a  l a c k ( or l os s) of e x pr es si o n of 

f ast M H C-2 B i n K-r ats a n d t h e e x pr es si o n of sl o w M H C -1 i n p o c k et g o p h ers is i n di c ati v e 

of a r e d u cti o n i n c o ntr a ctil e v el o cit y.     

     D es pit e t h e p ot e nti al  aff e cts  of  b o d y  si z e i nfl u e n ci n g  M H C  e x pr es si o n i n  b urr o wi n g 

r o d e nts, it d o es n ot a p p e ar t o c o nstr ai n M H C -2 A  c o nt e nt i n t h e p o w er str o k e m us c ul at ur e.  

F or e x a m pl e, e x pr es si o n of f ast M H C -2 A b et w e e n a 1 3 4 g p o c k et g o p h er (r a n g e: 6 2 – 8 7 % ) 

a n d a 4 .7 k g gr o u n d h o g (r a n g e:  6 3 – 8 0 % ; R u p ert et al., 2 0 1 5) ar e q uit e si mil ar  a cr os s t h e 

f u n cti o n al  gr o u ps h u m er al  r etr a ct ors,  el b o w  e xt e ns ors,  a n d  c ar p al/ di git al  fl e x ors. 

E x pr es si o n  of  f ast  M H C -2 X  is  f urt h er  i d e nti c al  b et w e e n  p o c k et  g o p h ers  ( 1 – 2 5 %)  a n d 

gr o u n d h o gs ( 0 – 2 1 %). F e w  st u di es , h o w e v er, h a v e r e p ort e d M H C is of or m e x pr es si o n i n 

b urr o wi n g  r o d e nts  a n d  a d diti o n al d at a ar e  n e e d e d  t o  s u p p ort  t h e  as s erti o n  t h at  M H C 

is of or m e x pr es si o n m a y b e str o n gl y  r el at e d t o b urr o wi n g b e h a vi or  i n t h e or d er R o d enti a . 

F ut ur e st u di es s h o ul d ai m t o f o c us o n M H C is of or m c o nt e nt i n p o w er str o k e m us c ul at ur e 

i n a v ari et y of of gr o u n d s q uirr els t o m or e t h or o u g hl y t est t his h y p ot h esis t h at a dr es s es t h e 

r el ati v e  i nfl u e n c e  of  lif est yl e  (i. e.,  f u n cti o n al  si g n al)  v ers us  b o d y si z e  s c ali n g.  T h es e 

e vl a u ati o ns  s h o ul d  als o  s a m pl e  m us c ul at ur e  i n v ol v e d  i n  t h e  r e c o v er y  str o k e  as  t h es e 

m us cl es ar e r e q uir e d f or r a pi d li m b c y cli n g.  

     O n e  l ast  c o nsi d er ati o n  is  t h at  s m all  r o d e nts ar e  e x p e ct e d  t o  c o u nt er  t h e  li mit ati o n  of 

t h eir l ar g e  s urf a c e  ar e a  t o  v ol u m e  r ati os  wit h  f ast-c o ntr a cti n g  m us cl e  fi b ers t o as sist  i n 

m ai nt ai ni n g c or e b o d y t e m p er at ur e. B urr o wi n g b e h a vi or m a y t h e n b e a criti c al m e a ns of 

st a yi n g w ar m t o c o m p e ns at e f or t h e  s m all e x pr es si o n ( or l a c k  t h er e of) of f ast M H C-2 B i n 

t h e f or eli m bs. F ut h er m or e, t h e r e m a y b e str o n g li n k s a m o n g t h e sl o w, st e a d y b urr o wi n g 
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b e h a vi or  i n T. b ott a e, t h eir s u bt err e a n lif est yl e, a n d di et of fi br o us v e g et ati o n. C o nst a nt 

a cti vit y a gr e es wit h t h e ir r es o ur c e a c q uisiti o n h a bits a n d li k e wis e a m e a ns t o st a y w ar m. 

B y  c o ntr ast,  s m all C.  p e ni cill at us a n d  D.  m er ri a mi a p p e ar  t o  r e q uir e  m u c h  gr e at er 

c o ntr a ctil e eff ort t o b urr o w eff e cti v el y. A gr e at d e al of e n er g eti c e x erti o n d uri n g b urr o wi n g  

w o ul d i n c ur a l a r g e m et a b oli c e x p e ns e  t h at li k el y off s et b y t h eir hi g h e n er g y di et. T h us, it 

is p os si bl e t h at t h e y s u p p ort t h eir s h ort b o uts of hi g h fr e q u e n c y /l ar g e f or c e str at c h-di g gi n g 

b y p erf or mi n g t his a cti vit y at ni g ht a n d s u bsisti n g o n pr ot ei n a n d oils fr o m s e e ds.    

C o n cl u si o n s 

T h e p o w er  str o k e m us cl es st u di e d h er e i n t hr e e s p e ci e s of b urr o wi n g r o d e nts pr o vi d e n o v el 

e vi d e n c e  o n  t h eir  ar c hit e ct ur al  pr o p erti es  a n d  M H C  c o nt e nt  as  w ell  as  t h e  w a y s p o c k et 

mi c e a n d K -r ats m ust  c o m p e ns at e f or t h eir l a c k of f or eli m b M A a n d m us cl e si z e . Wit h t h e 

e x c e pti o n of a f e w m us cl e s  s p e ci ali z e d f or eit h er f or c e pr o d u cti o n a n d/ or  a p pli c ati o n of 

j oi nt t or q u e, t h e pr o p erti es of t h e f or eli m b  m us c ul at ur e i n  p o c k et g o h p ers, p o c k et  mi c e, 

a n d k a n g ar o o r ats is s ur pisi n gl y si mil ar b y dis pl a yi n g l o n g f as ci cl es a n d m o d est m us cl e 

m o m e nt ar m l e n gt hs. H o w e v er, s el e cti v e pr es s ur es f or s u bt err a n e a n lif est yl e i n T. b ott a e  

h a v e  str o n gl y  i nfl u e n c e d  li m b  m e c h a ni cs  a n d  h y p er pt o p hi e d  m us c ul at ur e  t o  a p pl y l ar g e 

o ut -f or c e wit h l es s c o ntr a ctil e eff ort. T h es e s p e ci ali z ati o ns ar e a bs e nt or o p p osit e (i. e., j oi nt 

v el o cit y  a d v a nt a g e) i n  p o c k et  mi c e  a n d  K-r ats,  w hi c h  h a v e f or eli m bs  t h at  ar e eit h er 

g e n er ali z e d or r e d u c e d, r es p e cti v el y. T h er ef or e, t h e s e t w o s y m p atri c t a x a m ust us e t h eir 

m us c ul at ur e i n f u n cti o n all y dif f er e nt w a ys t o a p pr o xi m at e t h e b urr o wi n g p erf or m a n c e of 

p o c k et  g o p h ers. C.  p e ni cill at us a n d  D.  m er ri a mi ar e  c a p a bl e  of  o v er c o mi n g  t h eir 

m or p h ol o gi c al li mit ati o ns b y c y cli n g t h eir f or eli m bs at hi g h er fr e q u e n ci es a n d pr o d u ci n g 

gr e at er  m a g nit u d es  of  i ntri nsi c ,  si z e-s c al e d  m us cl e  f or c e.  T h es e  f u n cti o ns  ar e l ar g el y 

f a cili at e d b y f ast er-c o ntr a cti n g M H C is of or ms pr o vi di n g t h e m us cl es of p o c k et mi c e a n d 

K -r ats wit h hi g h er i ntri nsi c p o w er. O v er all, t h e b urr o wi n g  h a bits e a c h s p e ci es c orr es p o n ds  

wit h t h eir e c ol o g y a n d  r es o ur c e a c q uisiti o n b e h a vi or s. 
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J. C o m p. P h ysi ol. B. 1 9 1 , 2 0 7– 2 2 4 . 

St ei n,  B.  R.  (1 9 9 3 ).  C o m p ar ati v e  hi n d  li m b  m or p h ol o g y  i n  g e o m yi n e  a n d  t h o m o m yi n e 

p o c k et g o p h ers. J. M a m m al.  7 4 , 8 6 – 9 4.   

St ei n, B. R.  (2 0 0 2 ). M or p h ol o g y of s u bt err a n e a n r o d e nts. I n Lif e U n d er gr o u n d  ( e ds . E. A. 

L a c e y, J. L. P att o n, a n d G.  N. C a m er o n ). p p. 1 9 – 6 1. C hi c a g o: U ni v ersit y of C hi c a g o 

Pr es s .  

S ulli v a n,  S.  P.,  M c G e c hi e,  F.  R.,  Mi d dl et o n,  K.  M.  a n d  H olli d a y,  C.  M.  (2 0 1 9 ).  3 D 

m us cl e  ar c hit e ct ur e  of  t h e  p e ct or al  m us cl es  of  e ur o p e a n  st arli n g  ( St ur n us  v ul g aris ). 

I nt e gr. O r g. Bi ol. 1 , 1 – 1 8.  

T h o m as, D. R., C h a d w ell, B. A., W al k e r, G. R., B u d d e, J. E., V a n d e B e r g, J. L. a n d 

B ut c h e r,  M.  T. (2 0 1 7 ).  O nt o g e n y  of  m y osi n  is of or m  e x pr es si o n  a n d pr e h e nsil e 

f u n cti o n i n t h e t ail of t h e gr a y s h ort-t ail e d o p os s u m (M o n o d el p his d o m esti c a ). J. A p pl. 

P h ysi ol. 1 2 3 , 5 1 3 – 5 2 5.  

T h o ri n gt o n, R. W., D a r r o w,  K.  a n d B etts A. D. K.  ( 1 9 9 7). C o m p ar ati v e m y ol o g y of 

t h e f or eli m b of s q uirr els. J. M or p h ol . 2 3 4,  1 5 5 – 1 8 2.  

T o ni ol o, L., P at r u n o, M., M a c c at r o z z o, L., P ell e g ri n o, M. A., C a n e p a ri, M., R os si, R., 

A nt o n a, G. D., B otti n elli, R., R e g gi a ni, C. a n d M a s c a r ell o, F.  (2 0 0 4 ). F ast fi br es i n 
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a l ar g e a ni m al: fi b er t y p es, c o ntr a ctil e pr o p erti es a n d m y osi n e x pr es si o n i n pi g s k el et al 

m us cl es. J. E x p. Bi ol. 2 0 7 , 1 8 7 5 – 1 8 8 6.  

T o ni ol o, L., P at r u n o, M., M a c c at r o z z o, L., P ell e g ri n o, M. A., C a n e p a ri, M., R os si, R., 

D’ A nt o n a, G. D., B otti n elli, R., R e g gi a n i, C. a n d M as c a r ell o, F. (2 0 0 7 ). Fi b er t y p es 

i n c a ni n e m us cl es: m y osi n is of or m e x pr es si o n a n d f u n cti o n al c h ar a ct eri z ati o n. A m. J. 

P h ysi ol ., C ell P h ysi ol . 2 9 2 , C 1 9 1 5 – C 1 9 2 6.  

Vl e c k, D. ( 1 9 7 9). T h e e n er g eti c c ost of b urr o wi n g b y t h e p o c k et g o p h er T h o m o m ys b ott a e. 

P h ysi ol. Z o ol. 5 2 , 1 2 2– 1 3 6.  

W a r b u rt o n, N. M., G r é g oi r e, L., J a c q u es, S.  a n d Fl a n d ri n, C.  ( 2 0 1 3). A d a pt ati o ns f or 

di g gi n g  i n  t h e  f or eli m b  m us cl e  a n at o m y  of  t h e  s o ut h er n  br o w n  b a n di c o ot  ( Is o o d o n 

o b es ul us ) a n d bil b y (M a cr otis l a g otis ). A ust. J. Z o ol.  6 1,  4 0 2 – 4 1 9.  

W e b st e r, D. B. (1 9 6 2 ). A f u n cti o n of t h e e nl ar g e d mi d dl e-e ar c a viti es of t h e k a n g ar o o r at, 

Di p o d o m ys . P h ysi ol. Z o ol . 3 5 , 2 4 8 – 2 5 5.   

W hitf o r d,  M.  D.,  F r e y mill e r,  G.  A.  a n d  Cl a r k,  R.  W.  (2 0 1 7 ).  A v oi di n g  t h e  s er p e nts 

t o ot h:  pr e d at or– pr e y  i nt er a cti o ns  b et w e e n  fr e e -r a n gi n g  si d e wi n d er  r attl es n a k es  a n d 

d es ert k a n g ar o o r ats. A ni m. B e h a v . 1 3 0 , 7 3 – 7 8.   

Wil ki n s, K. T. a n d R o b e rts, H. R. (2 0 0 7 ). C o m p ar ati v e a n al ysis of b urr o w s yst e ms of 

s e v e n s p e ci es of p o c k et g o p h ers ( R o d e nti a: G e o m yi d a e). S o ut h w est. N at.  5 2 , 8 3 – 8 8.   

Willi a ms,  S.  B., Wils o n,  A.  M.,  R h o d es,  L.,  A n d r e ws,  J.  a n d  P a y n e,  R.  C.  (2 0 0 8 ). 

F u n cti o n al a n at o m y a n d m us cl e m o m e nt ar ms of t h e p el vi c li m b of a n elit e s pri nti n g 

at hl et e: t h e r a ci n g gr e y h o u n d ( C a nis f a mili aris ). J. A n at . 2 1 3 , 3 6 1 – 3 7 2.  

W ol e d g e,  R.  C.,  C u rti n,  N.  A.  a n d  H o ms h e r,  E.  (1 9 8 5 ).  E n er g eti c  as p e cts  of  m us cl e 

c o ntr a cti o n. M o n o gr. P h ysi ol. S o c.  4 1 : 1– 3 5 7.  

Z aj a c, F. E.  (1 9 8 9 ). M us cl e a n d  t e n d o n: pr o p erti es, m o d els, s c ali n g, a n d  a p pli c ati o n t o 

bi o m e c h a ni cs a n d m ot or c o ntr ol. Crit. R e v. Bi o m e d. E n g. 1 7 , 3 5 9 – 4 1 1.  

Z aj a c, F.  E.  (1 9 9 2 ).  H o w  m us c ul ot e n d o n  ar c hit e ct ur e  a n d  j oi nt  g e o m etr y  aff e ct  t h e 

c a p a cit y of m us cl es t o m o v e a n d e x ert f or c e o n o bj e cts: a r e vi e w wit h a p pli c ati o n t o 

ar m a n d f or e ar m t e n d o n tr a nsf er d esi g n. J. H a n d S ur g. A m. 1 7 , 7 9 9 – 8 0 4.  
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Z a r u c c o,  L., T a yl o r,  K.  T.  a n d  St o v e r,  S.  M.  ( 2 0 0 4).  D et er mi n ati o n  of  m us cl e 

ar c hit e ct ur e a n d fi b er c h ar a ct eristi cs of t h e s u p erfi ci al a n d d e e p di git al fl e x or m us cl es 

i n t h e f or eli m bs of a d ult h ors es. A m. J. V et. R es . 6 5,  8 1 9 – 8 2 8.   
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T A B L E 1 .  M or p h o m etri c d at a f or t h e s p e ci es s a m pl e d a n d dis s e ct e d.  

       

A ni m al 
Li m b 
( R/ L) 

B o d y 
M as s 
( g) 

T ot al 
F o r eli m b 
M us cl e 
M as s ( g) 

F e m u r 
L e n gt h 
( m m) 

R a di us 
L e n gt h 
( m m) 

Ul n a 
L e n gt h 
( m m) 

Ol e c r a n o n 
L e n gt h 
( m m) 

M C 3  
L e n gt h 
( m m) 

Cl a w 
I I I 

( m m) 

T b 1 R 1 4 6. 2 6. 6 2       

T b 2 R 1 3 7. 3 6. 2 2       

T b 3 R 1 8 6. 5 7. 9 0       

T b 4  R  1 1 8. 4  6. 0 3        

T b 5 R 1 6 0. 9 6. 8 5       

T b 6 R 9 9. 7 4. 1 0       

T b 7 R 1 3 8. 2 4. 5 8 2 0. 8 2 0. 5 2 7. 9 6. 2 3. 7 1 4. 7 

T b 8 R 1 8 5. 8 7. 0 9 2 2. 8 2 2. 0 2 9. 8 7. 6 3. 6 1 5. 4 

T b 9 R 9 2. 6 4. 0 6 2 0. 6 1 9. 2 2 7. 0 6. 5 3. 4 1 1. 5 

T b 1 0 R 7 0. 5 3. 2 8 1 8. 8 1 7. 7 2 4. 0 6. 1 3. 2 1 1. 4 

          

C p 1 R 3 0. 5 0. 7 5 1 3. 6 1 3. 3 1 5. 7 2. 8 2. 7 2. 2 

C p 2 R/ L 1 7. 2 0. 5 5 1 0. 6 1 2. 1 1 4. 1 2. 3 2. 2 2. 7 

C p 3 R 1 7. 2 0. 5 1 1 2. 1 1 1. 4 1 4. 6 2. 7 2. 2 1. 4 

C p 4 R 1 5. 7 0. 6 5 1 2. 1 1 2. 7 1 4. 7 2. 8 2. 1 1. 6 

C p 5  R/ L  1 7. 1  0. 5 4  1 1. 5  1 2. 2  1 4. 8  2. 3  2. 1  1. 1  

          

D m 1  R 3 0. 6 0. 5 5 1 2. 5 1 6. 3 2 0. 2 2. 8 2. 3 3. 9 

D m 2  R 3 6. 1 0. 6 9 1 2. 3 1 6. 7 1 9. 3 3. 1 2. 0 3. 2 

D m 3  R 3 3. 4 0. 6 8 1 2. 1 1 6. 3 1 9. 4 2. 8 2. 1 4. 9 
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T A B L E 2. F or eli m b b o n e i n di c es: f or m ul a e a n d f u n cti o n al si g nifi c a n c e.  

I n d e x  D efi niti o n 

  
S h o ul d er M o m e nt I n d e x  
( S MI) 

D elt o- p e ct or al cr e st pr o xi m o dist al l e n gt h ( or d elt oi d t u b er cl e) di vi d e d 
b y  gr e at est  h u m er us  l e n gt h  ( D C L/ H L).  I n di c at es  d e gr e e  of 
m e c h a ni c al  a d v a nt a g e  of  t h e  s h o ul d er  j oi nt  m us c ul at ur e  a n d  t h e 
a bilit y t o str o n gl y r etr a ct t h e h u m er us. 

Br a c hi al I n d e x  
( BI) 

Gr e at est r a di us l e n gt h di vi d e d b y gr e at est h u m er us l e n gt h ( R L/ H L). 
I n di c at es dist al o ut-l e v er l e n gt h a n d o v er all m e c h a ni c al ( or v el o cit y) 
a d v a nt a g e of t h e f or eli m b.  

R a di al L e n gt h I n d e x  
( R LI) 

Gr e at est  r a di us  l e n gt h  di vi d e d  b y  gr e at est  ul n a  l e n gt h  ( R L/ U L). 
I n di c at es r el ati v e si z e a n d t h e ar e a a v ail a bl e f or m us cl e att a c h m e nt 
b et w e e n t h e r a di us a n d ul n a. 

F os s ori al A bilit y I n d e x  
(I F A) 

Ol e cr a n o n  l e n gt h  di vi d e d  b y  f u n cti o n al  ul n a  l e n gt h  [ O L/( F U L)]. 
I n di c at es  i n-l e v er  l e n gt h  a n d  m e c h a ni c al  a d v a nt a g e  of  el b o w 
e xt e ns ors t o a p pl y l ar g e o ut-f or c e d uri n g el b o w e xt e nsi o n. 

Tri c e ps M et a c ar p al O ut-f or c e 
I n d e x ( T M OI) 

F u n cti o n al ol e cr a n o n l e n gt h di vi d e d b y t h e s u m of t h e f u n cti o n al ul n a 
a n d m et a c ar p al III l e n gt h ( F O L/ F U L + M C L). I n di c at es a m o u nt of o ut-
f or c e a p pli e d at dist al e n d of m et a c ar p als p er u nit tri c e ps i n-f or c e. 

R el ati v e M a n us Cl a w L e n gt h 
( C L A W) 

M a n us cl a w l e n gt h of di git III di vi d e d b y t h e s u m of m et a c ar p al III 
l e n gt h  a n d  pr o xi m al  p h al a n x  l e n gt h  of  di git  III  [ C L/( M C L + P P L)]. 
I n di c at es r el ati v e pr o p orti o ns of t h e m a n us. 
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T A B L E 3.  F u n cti o n al m us cl e gr o u ps a n al y z e d f or m as s distri b uti o n i n t h e f or eli m b s  of  a 

p o c k et g o p h er, p o c k et m o us e, a n d k a n g ar o o r at. 

a m. o m o c er vi c alis, m. p e ct or alis pr of u n d us, m. p e ct or alis a b d o mi nis, a n d m. t e ns or f a s ci a e a nt e br a c hi a 
w er e o nl y o bs er v e d i n t h e p o c k et g o p h ers. b F D P H L, E D L, a n d E D 2 w er e o nl y o bs er v e d i n t h e p o c k et 
g o p h er a n d K -r at 

F u n cti o n al G r o u ps a n d M us cl es St u di e d 

E X T RI N SI C M U S C L E S:  
S c a p ul a el e v at o r/ r ot at o r s 

Tr a p e zi us ( p arts: c er vi c al, t h or a ci c), R h o m b oi d e us ( h e a ds: c a pit al, c er vi c al, t h or a ci c), S err at us v e ntr alis 
O m o c er vi c alis a 

S c a p ul a/li m b r et r a ct o r s 
Tr a p e zi us t h or a ci c a, R h o m b oi d e us t h or a cis, L atis si m us d orsi, P e ct or alis s u p erfi ci alis,  
P e ct or alis pr of u n d us a , P e ct or alis a b d o mi nisa 

S c a p ul a/li m b p r ot r a ct o r s 
R h o m b oi d e us c er vi cis , R h o m b oi d e us c a pitis, O m o c er vi c alis a 

Li m b a d d u ct o r s 
P e ct or alis s u p erfi ci alis, P e ct or alis a b d o mi nis a  

I N T R I N SI C M U S C L E S:  
Li m b r et r a ct o rs (s h o ul d e r fl e x o r/st a bili z e r s) 

S pi n o d elt oi d e us, T er e s m aj or, T er e s mi n or, I nfr a s pi n at us, Tri c e ps br a c hii (l o n g h e a d), S u bs c a p ul aris 

Li m b p r ot r a ct o r s (s h o ul d e r e xt e ns o r/st a bili z e r s) 
C or a c o br a c hi alis, D elt oi d e us p ars a cr o mi o- cl a vi c ul aris, S u pr a s pi n at us, Bi c e ps  
br a c hii ( h e a ds: l o n g, s h ort)  

H u m e r al a d d u ct o r s (s h o ul d e r st a bili z e r s) 
C or a c o br a c hi alis, S u bs c a p ul aris, D elt oi d e us p ars a cr o mi o- cl a vi c ul aris  

El b o w fl e x o rs 
Bi c e ps br a c hii ( h e a ds: l o n g, s h ort), Br a c hi alis 

El b o w e xt e ns o r s 
Tri c e ps br a c hii ( h e a ds: l o n g, l at er al, m e di al), A n c o n e us, T e ns or f a s ci a e a nt e br a c hii a  

C a r p al fl e x o r s 
Fl e x or c ar pi r a di alis, Fl e x or c ar pi ul n aris 

C a r p al e xt e ns o r s 
E xt e ns or c ar pi r a di alis, E xt e ns or c ar pi ul n aris 

Di git al fl e x o r s 
Fl e x or di git or u m s u p erfi ci alis, Fl e x or di git or u m pr of u n d us ( h e a ds: h u m er al m e di al, h u m er al  
l at er alb , r a di al, ul n ar)  

Di git al e xt e ns o r s  
E xt e ns or di git or u m c o m m u nis, E xt e ns or di git or u m l at er alis b , A b d u ct or di giti I l o n g us, E xt e ns or  
di giti II b   

P r o n at o r s 
Pr o n at or t er e s 

S u pi n at o r s 
        S u pi n at or 
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T a bl e 4.  Ar c hit e ct ur al pr o p erti es d at a f or p o c k et g o p h er f or eli m b m us cl es.  

M us cl e  A b b r e v. 

 
 

N 

M us cl e 
m ass 
( g) 

B ell y 
l e n gt h 
( m m) 

F as ci cl e 
l e n gt h   
( m m) 

P e n n ati o n 
 a n gl e  

( ) 

 
P C S A  
( m m2 ) 

 
F m a x  
( N) 

 
P o w e r 
( m W) 

 
Fi b e r 

a r c hit e ct u r e 

Tr a p e zi us p ars c er vi c alis  T C  1 0 0. 1 9 ± 0. 0 7 2 3. 7 ± 3. 8 1 7. 0 ± 4. 9 0 1 0. 4 ± 2. 6 3. 1 ± 0. 8 5 7. 9 ± 1 9. 8 p ar all el 

Tr a p e zi us p ars t h or a ci c a  T T  1 0  0. 2 5 ± 0. 3 2  4 1. 7 ± 5. 8  2 9. 4 ± 6. 3  0  7. 5 ± 8. 6  2. 3 ± 2. 6  7 6. 5 ± 9 7. 6  p ar all el  

R h o m b oi d e us c a pitis  R C P  1 0 0. 1 6 ± 0. 0 6 2 3. 9 ± 2. 5 1 8. 0 ± 4. 2 0 8. 6 ± 2. 9 2. 6 ± 0. 9 5 0. 5 ± 1 8. 1 p ar all el 

R h o m b oi d e us c er vi cis  R C R  1 0 0. 1 6 ± 0. 0 5 1 3. 8 ± 3. 4 1 0. 7 ± 3. 3 0 1 4. 4 ± 5. 1 4. 3 ± 1. 5 4 8. 1 ± 1 6. 6 p ar all el 

R h o m b oi d e us t h or a cis  R T  4 0. 0 9 ± 0. 0 5 1 4. 3 ± 4. 0 7. 6 ± 1. 6 0 1 0. 5 ± 5. 2 3. 2 ± 1. 6 1 0. 5 ± 1 6. 0 p ar all el 

O m o c er vi c alis O C  9 0. 0 4 ± 0. 0 1 1 5. 1 ± 5. 1 1 0. 0 ± 2. 7 0 4. 3 ± 1. 7 1. 3 ± 0. 5 1 2. 0 ± 5. 0 p ar all el 

L atis si m us d orsi L A T  1 0 0. 3 3 ± 0. 1 1 4 6. 0 ± 6. 0 3 6. 6 ± 1 0. 7 0 8. 8 ± 3. 1 2. 7 ± 1. 0 1 0 2 ± 3 3. 7 p ar all el 

P e ct or alis s u p erfi ci alis  P S  1 0 0. 3 6 ± 0. 1 3 2 6. 1 ± 3. 8 2 0. 4 ± 5. 3 2 0 ± 8 1 5. 9 ± 6. 1 4. 8 ± 1. 8 1 0 4 ± 3 8. 4 u ni p e n n at e 

P e ct or alis pr of u n d us  P P  1 0 0. 0 9 ± 0. 0 2 2 2. 5 ± 3. 3 1 7. 3 ± 4. 5 0 4. 8 ± 1. 0 1. 4 ± 0. 3 2 6. 7 ± 6. 6 p ar all el 

P e ct or alis a b d o mi nis P A  1 0 0. 2 5 ± 0. 1 7 3 9. 7 ± 1 0. 9 3 3. 7 ± 1 0. 2 1 8 ± 5  6. 4 ± 2. 9 1. 9 ± 0. 9 7 3. 7 ± 4 8. 8 u ni p e n n at e 

S err at us V e ntr alis S V  1 0 0. 5 4 ±. 0 1 3 4. 3 ± 5. 1 2 2. 4 ± 5. 1 0 2 2. 7 ± 4. 0 6. 8 ± 1. 2 1 6 7 ± 4 6. 4 p ar all el 

D elt oi d e us s c a p ul aris  D S  1 0 0. 0 7 ± 0. 0 3 2 1. 5 ± 4. 6 1 1. 9 ± 5. 9 1 9 ± 7 5. 3 ± 2. 2 1. 6 ± 0. 7 2 0. 1 ± 1 0. 0 u ni p e n n at e 

D elt oi d e us a cr o mi alis 
cl a vi c ul aris 

D A C  1 0 0. 0 9 ± 0. 0 3 1 1. 4 ± 1. 3 7. 9 ± 1. 7 0 1 0. 7 ± 4. 9 3. 2 ± 1. 5 2 6. 5 ± 9. 6 p ar all el 

T er e s m aj or  T M J  1 0 0. 1 1 ±. 0 4 1 9. 7 ± 2. 4 1 4. 4 ± 3. 5 0 6. 9 ± 1. 8 2. 1 ± 0. 6 3 2. 4 ± 1 1. 8 p ar all el 

T er e s mi n or  T M N  9 0. 0 3 ± 0. 0 2 1 2. 0 ± 3. 4 6. 9 ± 2. 8 1 8 ± 8 4. 0 ± 1. 5 1. 2 ± 0. 5 8. 6 ± 6. 8 u ni p e n n at e 

I nfr a s pi n at us  I S P 1 0 0. 2 1 ± 0. 0 7 2 0. 7 ± 1. 9 5. 0 ± 1. 6 2 2 ± 6 3 7. 2 ± 1 5. 5 1 1. 2 ± 4. 7 5 8. 4 ± 1 9. 9 bi p e n n at e 

S u pr a s pi n at us  S S P  1 0 0. 2 4 ± 0. 0 6 2 0. 5 ± 2. 2 9. 0 ± 3. 3 2 3 ± 6 2 4. 7 ± 7. 5 7. 4 ± 2. 2 6 7. 6 ± 1 7. 1 bi p e n n at e 

S u bs c a p ul aris  S U B  1 0 0. 2 4 ± 0. 0 7 1 9. 6 ± 3. 2 4. 4 ± 1. 7 2 0 ± 5 5 0. 5 ± 1 5. 8 1 5. 1 ± 4. 7 6 9. 9 ± 1 9. 4 m ulti p e n n at e 

C or a c o br a c hi alis  C C B  1 0 0. 0 1 ± 0. 0 0 1 4. 3 ± 2. 5 3. 3 ± 2. 3 2 2 ± 5 3. 2 ± 2. 1 1. 0 ± 0. 6 2. 8 ± 0. 9 bi p e n n at e 

Bi c e ps br a c hii - l o n g B B L  1 0 0. 0 7 ± 0. 0 2 1 5. 2 ± 1. 6 7. 9 ± 3. 3 1 8 ± 7 8. 6 ± 3. 6 2. 6 ± 1. 1 1 9. 9 ± 4. 0 u ni p e n n at e 

Bi c e ps br a c hii - s h ort B B S  1 0 0. 0 4 ± 0. 0 2 1 6. 8 ± 1. 8 6. 3 ± 2. 9 1 9 ± 6 5. 5 ± 1. 5 1. 7 ± 0. 5 1 1. 3 ± 6. 2 u ni p e n n at e 

Br a c hi alis  B C H  1 0 0. 0 7 ± 0. 0 3 1 6. 3 ± 2. 2 1 1. 6 ± 2. 7 0 5. 8 ± 2. 2 1. 7 ± 0. 7 2 1. 4 ± 8. 8 p ar all el 
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Tri c e ps br a c hii –  l o n g  T B L O  1 0 0. 4 9 ± 0. 1 4 2 0. 9 ± 2. 3 1 4. 4 ± 4. 2 1 9 ± 7 3 1. 2 ± 8. 9 9. 4 ± 2. 7 1 4 4 ± 3 9. 7 u ni p e n n at e 

Tri c e ps br a c hii –  l at er al  T B L A  1 0 0. 2 ± 0. 0 7 2 1. 0 ± 2. 1 1 5. 3 ± 3. 0 0 1 2. 1 ± 3. 4 3. 6 ± 1. 0 6 0. 9 ± 2 1. 4 p ar all el 

Tri c e ps br a c hii –  m e di al                       T B M  1 0 0. 1 1 ± 0. 0 5 1 7. 0 ± 2. 3 1 0. 1 ± 2. 5 1 8 ± 7  1 0. 0 ± 4. 3 3. 0 ± 1. 3 3 2. 3 ± 1 3. 5 u ni p e n n at e 

A n c o n e us  A N C  9 0. 0 3 ± 0. 0 2 8. 4 ± 2. 5 5. 7 ± 1. 7 0 4. 4 ± 2. 3 1. 3 ± 0. 7 7. 7 ± 6. 8 p ar all el 

T e ns or f a s ci a e 
a nt e br a c hii  

T F A  9  0. 0 4 ± 0. 0 1  2 0. 5 ± 4. 1  1 6. 1 ± 3. 6  0  2. 5 ± 0. 5  0. 8 ± 0. 1  1 1. 7 ± 4. 9  p ar all el  

Pr o n at or t er e s  P T  1 0 0. 0 3 ± 0. 0 1 1 1. 3 ± 1. 1 7. 3 ± 1. 9 0 4. 6 ± 1. 9 1. 4 ± 0. 6 1 0. 7 ± 3. 8 p ar all el 

P al m aris l o n g us P L  1 0 0. 0 5 ± 0. 0 2 1 6. 3 ± 2. 0 1 1. 0 ± 2. 4 0 4. 6 ± 2. 1 1. 4 ± 0. 6 1 6. 4 ± 7. 3 p ar all el 

Fl e x or c ar pi r a di alis  F C R  1 0 0. 0 1 ± 0. 0 0 1 1. 2 ± 1. 6 4. 6 ± 2. 7 1 8 ± 8 1. 8 ± 0. 9 0. 5 ± 0. 3 2. 2 ± 0. 9 u ni p e n n at e 

Fl e x or c ar pi ul n aris  F C U  1 0 0. 0 7 ± 0. 0 4 1 7. 4 ± 2. 6 6. 9 ± 2. 6 1 8 ± 4 1 0. 3 ± 5. 8 3. 1 ± 1. 8 2 1. 5 ± 1 2. 3 u ni p e n n at e 

Fl e x or di git or u m 
s u p erfi ci alis  

F D S  1 0 0. 0 6 ± 0. 0 2 1 6. 3 ± 2. 4 4. 3 ± 2. 1 1 9 ± 5 1 2. 6 ± 4. 4 3. 8 ± 1. 3 1 6. 4 ± 5. 3 bi p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  h u m er al 
l at er al 

F D P H L  1 0 0. 0 2 ± 0. 0 0 1 2. 7 ± 2. 9 5. 5 ± 3. 1 0 3. 0 ± 1. 2 0. 9 ± 0. 4 4. 8 ± 1. 3 p ar all el 

Fl e x or di git or u m 
pr of u n d us –  h u m er al 
m e di al  

F D P H M  1 0 0. 0 7 ± 0. 0 2 1 5. 9 ± 1. 5 3. 4 ± 0. 9 1 9 ± 5  1 7. 4 ± 3. 2 5. 2 ± 1. 0 1 9. 2 ± 4. 3 bi p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  r a di al  

F D P R  1 0 0. 0 3 ± 0. 0 1 1 2. 2 ± 2. 5 4. 4 ± 1. 3 2 5 ± 5 5. 7 ± 2. 4 1. 7 ± 0. 7 7. 9 ± 3. 5 u ni p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  ul n ar  

F D P U  1 0 0. 0 7 ± 0. 0 2 1 9. 3 ± 3. 2 4. 8 ± 2. 1 2 0 ± 5 1 5. 2 ± 7. 7 4. 6 ± 2. 3 2 0. 8 ± 7. 0 u ni p e n n at e 

E xt e ns or c ar pi r a di alis     
–  l o n g us  

E C R L  1 0 0. 0 5 ± 0. 0 2 1 6. 6 ± 1. 8 1 2. 9 ± 1. 9 0 3. 4 ± 1. 5 1. 0 ± 0. 4 1 4. 4 ± 6. 6 p ar all el 

E xt e ns or c ar pi r a di alis     
–  br e vis  

E C R B  1 0 0. 0 5 ± 0. 0 1 1 5. 5 ± 2. 4 1 2. 5 ± 2. 3 0 4. 1 ± 0. 7 1. 2 ± 0. 2 1 6. 7 ± 4. 4 p ar all el 

E xt e ns or c ar pi ul n aris  E C U  1 0 0. 0 3 ± 0. 0 1 1 6. 1 ± 2. 2 4. 0 ± 2. 2 1 9 ± 5 8. 8 ± 5. 0 2. 7 ± 1. 5 9. 7 ± 3. 3 bi p e n n at e 

E xt e ns or di git or u m 
c o m m u nis  

E D C  1 0 0. 0 3 ± 0. 0 1 1 5. 1 ± 2. 4 5. 6 ± 1. 8 1 7 ± 3 5. 5 ± 1. 8 1. 7 ± 0. 5 9. 8 ± 2. 5 bi p e n n at e 

E xt e ns or di git or u m 
l at er alis  

E D L  1 0 0. 0 1 ± 0. 0 1 1 2. 2 ± 1. 6 6. 2 ± 2. 9 0 2. 7 ± 2. 2 0. 8 ± 0. 7 3. 6 ± 1. 5 p ar all el 

E xt e ns or di giti II  E D 2  1 0 0. 0 1 ± 0. 0 1 1 0. 5 ± 1. 5 3. 9 ± 1. 8 1 7 ± 5 1. 6 ± 1. 5 0. 5 ± 0. 4 2. 0 ± 1. 6 u ni p e n n at e 

A b d u ct or di giti I l o n g us  A D L 1  1 0 0. 0 2 ± 0. 0 1 1 3. 3 ± 2. 9 2. 9 ± 1. 2 1 8 ± 4 7. 5 ± 3. 4 2. 2 ± 1. 0 6. 9 ± 2. 4 bi p e n n at e 

S u pi n at or  S U P  1 0 0. 0 1 ± 0. 0 0 8. 1 ± 1. 2 5. 3 ± 1. 5 0 1. 3 ± 0. 3 0. 4 ± 0. 1 2. 3 ± 1. 0 p ar all el 
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T a bl e 5  Ar c hit e ct ur al pr o p erti es d at a f or p o c k et m o u s e f or eli m b m us cl es.  

M us cl e  A b b r e v. 

 
 
N 

M us cl e 
m ass 
( m g) 

B ell y 
l e n gt h 
( m m) 

F as ci cl e 
l e n gt h   
( m m) 

P e n n ati o n 
 a n gl e  

( ) 

 
P C S A  
( m m2 ) 

 
F m a x  
( N) 

 
P o w e r 
( m W) 

 
Fi b e r 

a r c hit e ct u r e 

Tr a p e zi us p ars c er vi c alis  T C  5 2 0. 6 ± 1 3. 0 1 0. 9 ± 2. 2 9. 1 ± 2. 5 0 2. 1 ± 0. 8 0. 6 ± 0. 3 6. 7 ± 4. 2 p ar all el 

Tr a p e zi us p ars t h or a ci c a  T T  5  1 6. 2 ± 7. 4  1 4. 1 ± 2. 2  1 0. 4 ± 2. 6  0  1. 5 ± 0. 4  0. 4 ± 0. 1  5. 2 ± 2. 4  p ar all el  

R h o m b oi d e us c a pitis  R C P  4 3 4. 2 ± 1 9. 8 1 2. 7 ± 3. 3 9. 9 ± 3. 1 0 3. 4 ± 1. 6 1. 0 ± 0. 5 8. 8 ± 7. 4 p ar all el 

R h o m b oi d e us c er vi cis  R C R  5 1 1. 1 ± 4. 2 8. 0 ± 1. 9 6. 2 ± 1. 1 0 1. 7 ± 0. 5 0. 5 ± 0. 2 3. 6 ± 1. 4 p ar all el 

R h o m b oi d e us t h or a cis  R T  5 1 8. 6 ± 4. 9 9. 9 ± 1. 1 7. 3 ± 1. 5 0 2. 4 ± 0. 7 0. 7 ± 0. 2 6. 0 ± 1. 6 p ar all el 

L atis si m us d orsi L A T  5 3 8. 2 ± 1 4. 6 2 6. 5 ± 3. 9 1 5. 5 ± 4. 6 0 2. 4 ± 1. 1 0. 7 ± 0. 3 1 2. 3 ± 4. 7 p ar all el 

P e ct or alis s u p erfi ci alis  P S  5 6 6. 7 ± 1 9. 7 1 6. 4 ± 2. 9 1 0. 7 ± 2. 5 0 5. 8 ± 1. 2 1. 7 ± 0. 4 2 1. 5 ± 6. 4 p ar all el 

S err at us V e ntr alis S V  5 4 0. 8 ± 1 8. 5 1 7. 9 ± 1. 7 1 0. 4 ± 2. 9 0 3. 9 ± 2. 1 1. 2 ± 0. 6 1 3. 2 ± 6. 0 p ar all el 

D elt oi d e us s c a p ul aris  D S  5 5. 0 ± 4. 7 7. 4 ± 0. 7 5. 1 ± 1. 1 0 0. 9 ± 0. 9 0. 3 ± 0. 3 1. 6 ± 1. 5 p ar all el 

D elt oi d e us a cr o mi alis 
cl a vi c ul aris 

D A C  5 5. 5 ± 2. 1 5. 5 ± 0. 7 4. 7 ± 0. 9 0 1. 1 ± 0. 4 0. 3 ± 0. 1 1. 8 ± 0. 7 p ar all el 

T er e s m aj or  T M J  5 3 2. 7 ± 5. 8 1 0. 7 ± 0. 9 8. 7 ± 1. 0 0 3. 6 ± 0. 7 1. 1 ± 0. 2 1 0. 6 ± 1. 9 p ar all el 

T er e s mi n or  T M N  5 1 6. 4 ± 1 2. 7 1 0. 4 ± 1. 4 8. 7 ± 1. 2 0 1. 8 ± 1. 3 0. 5 ± 0. 4 5. 3 ± 4. 1 p ar all el 

I nfr a s pi n at us  I S P 5 1 9. 8 ± 4. 1 1 0. 2 ± 0. 6 2. 5 ± 0. 8 2 0 ± 4  7. 1 ± 1. 8 2. 1 ± 0. 5 6. 0 ± 1. 3 bi p e n n at e 

S u pr a s pi n at us  S S P  5 2 3. 4 ± 4. 6 1 0. 6 ± 0. 6 7. 9 ± 1. 3 0 2. 8 ± 0. 5 0. 8 ± 0. 1 7. 5 ± 1. 5 p ar all el 

S u bs c a p ul aris  S U B  5 1 7. 3 ± 4. 5 1 0. 1 ± 1. 1 2. 4 ± 0. 9 1 9 ± 4 6. 9 ± 2. 5 2. 1 ± 0. 8 5. 3 ± 1. 3 m ulti p e n n at e 

C or a c o br a c hi alis  C C B  5 2. 0 ± 0. 6 7. 2 ± 1. 4 1. 2 ± 0. 4 1 8 ± 5 1. 5 ± 0. 4 0. 5 ± 0. 1 0. 6 ± 0. 2 bi p e n n at e 

Bi c e ps br a c hii - l o n g B B L  5 9. 1 ± 1. 4 8. 8 ± 0. 8 6. 6 ± 0. 7 0 1. 3 ± 0. 2 0. 4 ± 0. 1 2. 9 ± 0. 4 p ar all el 

Bi c e ps br a c hii - s h ort B B S  5 3. 9 ± 0. 9 8. 2 ± 0. 9 6. 9 ± 0. 6 0 0. 5 ± 0. 1 0. 2 ± 0. 0 4 1. 3 ± 0. 3 p ar all el 

Br a c hi alis  B C H  5 1 0. 4 ± 1. 1 7. 4 ± 0. 2 5. 5 ± 1. 1 0 1. 8 ± 0. 4 0. 6 ± 0. 1 3. 4 ± 0. 4 p ar all el 

Tri c e ps br a c hii –  l o n g  T B L O  5 5 5. 1 ± 2. 7 1 1. 1 ± 0. 7 9. 7 ± 0. 7 0 5. 4 ± 0. 5 1. 6 ± 0. 2 1 7. 8 ± 0. 9 p ar all el 

Tri c e ps br a c hii –  l at er al  T B L A  5 2 1. 0 ± 4. 1 1 0. 9 ± 0. 7 8. 6 ± 1. 3 0 2. 3 ± 0. 5 0. 7 ± 0. 2 6. 8 ± 1. 3 p ar all el 

Tri c e ps br a c hii –  m e di al                       T B M  5 3. 7 ± 1. 8 7. 6 ± 1. 0 5. 0 ± 1. 4 0 0. 7 ± 0. 4 0. 2 ± 0. 1 1. 2 ± 0. 6 p ar all el 
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A n c o n e us  A N C  5 2. 1 ± 0. 9 5. 1 ± 0. 2 3. 5 ± 0. 6 0 0. 6 ± 0. 3 0. 2 ± 0. 1 0. 7 ± 0. 3 p ar all el 

Pr o n at or t er e s  P T  5 2. 1 ± 0. 7 5. 3 ± 0. 6 3. 6 ± 0. 8 0 0. 5 ± 0. 2 0. 2 ± 0. 1 0. 7 ± 0. 2 p ar all el 

Fl e x or c ar pi r a di alis  F C R  5 3. 1 ± 1. 9 7. 7 ± 1. 8 4. 5 ± 1. 2 0 0. 9 ± 1. 1 0. 3 ± 0. 3 1. 0 ± 0. 6 p ar all el 

Fl e x or c ar pi ul n aris  F C U  5 4. 7 ± 1. 8 8. 3 ± 1. 7 3. 0 ± 1. 5 1 7 ± 4 1. 8 ± 1. 0 0. 5 ± 0. 3 1. 4 ± 0. 6 bi p e n n at e 

Fl e x or di git or u m 
s u p erfi ci alis  

F D S  5  6. 4 ± 2. 7  9. 5 ± 2. 4  3. 6 ± 2. 3  1 4 ± 3  1. 7 ± 0. 6  0. 5 ± 0. 2  2. 0 ± 0. 9  bi p e n n at e  

Fl e x or di git or u m 
pr of u n d us –  h u m er al 
m e di al  

F D P H M  5 1 3. 2 ± 4. 7 9. 6 ± 1. 1 3. 6 ± 2. 2 1 4 ± 2  4. 3 ± 3. 0 1. 3 ± 0. 9 4. 1 ± 1. 5 bi p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  r a di al  

F D P R  5 5. 5 ± 2. 7 7. 7 ± 1. 7 4. 7 ± 1. 2 1 6 ± 2 1. 0 ± 0. 4 0. 3 ± 0. 1 1. 7 ± 0. 8 u ni p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  ul n ar  

F D P U  5 4. 3 ± 1. 5 7. 2 ± 1. 7 3. 4 ± 1. 9 1 2 ± 3 1. 2 ± 0. 5 0. 4 ± 0. 2 1. 4 ± 0. 5 u ni p e n n at e 

E xt e ns or c ar pi r a di alis     
–  l o n g us  

E C R L  5 5. 5 ± 1. 4 8. 3 ± 1. 4 6. 8 ± 1. 5 0 0. 8 ± 0. 4 0. 3 ± 0. 1 1. 8 ± 0. 5 p ar all el 

E xt e ns or c ar pi r a di alis     
–  br e vis  

E C R B  5 5. 9 ± 0. 6 8. 7 ± 0. 9 6. 7 ± 1. 0 0 0. 8 ± 0. 2 0. 3 ± 0. 1 1. 9 ± 0. 2 p ar all el 

E xt e ns or c ar pi ul n aris  E C U  5 1. 8 ± 0. 6 8. 6 ± 1. 9 3. 5 ± 2. 2 1 3 ± 3 0. 6 ± 0. 4 0. 2 ± 0. 1 0. 6 ± 0. 2 bi p e n n at e 

E xt e ns or di git or u m 
c o m m u nis  

E D C  5 4. 4 ± 1. 2 9. 7 ± 1. 3 2. 7 ± 1. 9 1 6 ± 3 2. 0 ± 1. 4 0. 6 ± 0. 4 1. 4 ± 0. 4 bi p e n n at e 

A b d u ct or di giti I l o n g us  A D L 1  5 2. 5 ± 0. 5 8. 6 ± 0. 7 3. 4 ± 1. 6 1 7 ± 4 0. 8 ± 0. 3 0. 2 ± 0. 1 0. 8 ± 0. 2 bi p e n n at e 

S u pi n at or  S U P  4 0. 4 ± 0. 3 5. 5 ± 1. 3 3. 6 ± 1. 1 0 0. 1 ± 0. 1 0. 0 3 ± 0. 0 2 0. 1 ± 0. 1 p ar all el 

 
  



   3 5 

T a bl e 6.  Ar c hit e ct ur al pr o p erti es d at a f or k a n g ar o o r at f or eli m b m us cl es.  

M us cl e  A b b r e v. 

 
 
N 

M us cl e 
m ass 
( m g) 

B ell y 
l e n gt h 
( m m) 

F as ci cl e 
l e n gt h   
( m m) 

P e n n ati o n 
 a n gl e  

( ) 

 
P C S A  
( m m2 ) 

 
F m a x  
( N) 

 
P o w e r 
( m W) 

 
Fi b e r 

a r c hit e ct u r e 

Tr a p e zi us p ars c er vi c alis  T C  3 2 1. 9 ± 7. 8 1 2. 7 ± 1. 6 1 0. 8 ± 2. 3 0 1. 9 ± 0. 4 0. 6 ± 0. 1 6. 3 ± 2. 2 p ar all el 

Tr a p e zi us p ars t h or a ci c a  T T  3  1 3. 1 ± 5. 9  1 8. 0 ± 3. 2  1 5. 1 ± 2. 6  0  0. 9 ± 0. 5  0. 3 ± 0. 1  3. 8 ± 1. 7  p ar all el  

R h o m b oi d e us c a pitis  R C P  3 9. 5 ± 3. 3 8. 7 ± 2. 9 8. 0 ± 2. 0 0 1. 1 ± 0. 2 0. 3 ± 0. 1 2. 7 ± 0. 9 p ar all el 

R h o m b oi d e us c er vi cis  R C R  3 1 0. 7 ± 5. 6 7. 1 ± 0. 5 5. 6 ± 1. 2 0 1. 9 ± 1. 2 0. 6 ± 0. 4 3. 1 ± 1. 6 p ar all el 

R h o m b oi d e us t h or a cis  R T  3 1 3. 6 ± 9. 7 8. 8 ± 2. 2 7. 5 ± 1. 8 0 2. 0 ± 1. 6 0. 6 ± 0. 5 3. 9 ± 2. 8 p ar all el 

L atis si m us d orsi L A T  3 3 4. 4 ± 5. 7 2 5. 4 ± 3. 2 2 2. 9 ± 2. 0 0 1. 4 ± 0. 1 0. 4 ± 0. 0 4 9. 8 ± 1. 6 p ar all el 

P e ct or alis s u p erfi ci alis  P S  3 5 7. 9 ± 7. 8 1 5. 9 ± 1. 1 1 2. 2 ± 1. 9 0 4. 5 ± 0. 5 1. 3 ± 0. 2 1 6. 6 ± 2. 2 p ar all el 

S err at us V e ntr alis S V  3 1 0 5. 5 ± 1 3. 2 2 2. 5 ± 5. 4 1 4. 3 ± 6. 2 0 7. 9 ± 3. 0 2. 4 ± 0. 9 3 0. 2 ± 3. 8 p ar all el 

D elt oi d e us s c a p ul aris  D S  3 6. 3 ± 1. 7 8. 8 ± 0. 4 6. 0 ± 1. 7 0 1. 0 ± 0. 2 0. 3 ± 0. 1 1. 8 ± 0. 5 p ar all el 

D elt oi d e us a cr o mi alis 
cl a vi c ul aris 

D A C  3 6. 2 ± 2. 1 4. 9 ± 0. 6 4. 0 ± 0. 7 0 1. 6 ± 0. 7 0. 5 ± 0. 2 1. 8 ± 0. 6 p ar all el 

T er e s m aj or  T M J  3 3 8. 7 ± 5. 5 1 2. 5 ± 0. 4 9. 7 ± 0. 8 1 9 ± 5 3. 5 ± 0. 6 1. 1 ± 0. 2 1 0. 4 ± 1. 6 u ni p e n n at e 

T er e s mi n or  T M N  3 2. 4 ± 0. 8 6. 6 ± 1. 2 2. 7 ± 1. 7 0 0. 7 ± 0. 4 0. 2 ± 0. 1 0. 7 ± 0. 2 p ar all el 

I nfr a s pi n at us  I S P 3 1 8. 2 ± 2. 2 1 1. 9 ± 1. 3 2. 8 ± 1. 4 1 6 ± 4 6. 4 ± 2. 4 1. 9 ± 0. 7 5. 0 ± 0. 5 bi p e n n at e 

S u pr a s pi n at us  S S P  3 2 2. 0 ± 6. 6 1 1. 5 ± 0. 3 7. 0 ± 2. 6 0 2. 9 ± 0. 3 0. 9 ± 0. 1 6. 3 ± 1. 9 p ar all el 

S u bs c a p ul aris  S U B  3 3 0. 1 ± 3. 8 1 2. 2 ± 0. 4 2. 7 ± 1. 0 1 6 ± 4 1 0. 8 ± 3. 8 3. 3 ± 1. 2 8. 3 ± 0. 9 m ulti p e n n at e 

C or a c o br a c hi alis  C C B  3 1. 3 ± 0. 2 6. 9 ± 0. 5 1. 1 ± 0. 3 1 2 ± 3 1. 1 ± 0. 0 4 0. 3 ± 0. 0 1 0. 4 ± 0. 1 bi p e n n at e 

Bi c e ps br a c hii - l o n g B B L  3 1 3. 4 ± 3. 3 9. 1 ± 0. 9 7. 1 ± 0. 8 0 1. 8 ± 0. 5 0. 5 ± 0. 2 3. 8 ± 1. 0 p ar all el 

Bi c e ps br a c hii - s h ort B B S  3 6. 5 ± 3. 2 8. 0 ± 0. 3 6. 9 ± 0. 5 0 0. 9 ± 0. 5 0. 3 ± 0. 2 1. 9 ± 0. 9 p ar all el 

Br a c hi alis  B C H  3 1 0. 4 ± 2. 3 7. 7 ± 0. 9 6. 2 ± 0. 8 0 1. 6 0. 4 0. 5 ± 0. 1 3. 0 ± 0. 6 p ar all el 

Tri c e ps br a c hii –  l o n g  T B L O  3 4 1. 6 ± 4. 6 1 1. 0 ± 0. 3 9. 8 ± 0. 9 0 4. 0 ± 0. 4 1. 2 ± 0. 1 1 1. 9 ± 1. 3 p ar all el 

Tri c e ps br a c hii –  l at er al  T B L A  3 1 3. 4 ± 2. 8 1 1. 0 ± 1. 0 9. 3 ± 1. 5 0 1. 4 ± 0. 4 0. 4 ± 0. 1 3. 8 ± 0. 8 p ar all el 

Tri c e ps br a c hii –  m e di al                       T B M  3 6. 9 ± 2. 4 7. 3 ± 1. 0 5. 2 ± 1. 5 0 1. 4 ± 0. 8 0. 4 ± 0. 2 2. 0 ± 0. 7 p ar all el 
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A n c o n e us  A N C  3 3. 4 ± 1. 6 5. 8 ± 0. 6 4. 4 ± 0. 7 0 0. 7 ± 0. 3 0. 2 ± 0. 1 1. 0 ± 0. 5 p ar all el 

Pr o n at or t er e s  P T  3 3. 3 ± 1. 5 6. 5 ± 1. 2 4. 9 ± 1. 2 0 0. 7 ± 0. 4 0. 2 ± 0. 1 1. 0 ± 0. 4 p ar all el 

P al m aris l o n g us P L  3 6. 8 ± 0. 8 1 1. 2 ± 0. 4 6. 4 ± 1. 7 0 1. 0 ± 0. 2 0. 3 ± 0. 1 1. 9 ± 0. 3 p ar all el 

Fl e x or c ar pi r a di alis  F C R  3 4. 3 ± 0. 7 7. 9 ± 0. 6 3. 3 ± 1. 0 1 3 ± 2 1. 2 ± 0. 3 0. 4 ± 0. 1 1. 2 ± 0. 2 bi p e n n at e 

Fl e x or c ar pi ul n aris  F C U  3  2. 6 ± 0. 7  8. 3 ± 1. 4  4. 3 ± 1. 4  1 2 ± 3  0. 6 ± 0. 4  0. 2 ± 0. 1  0. 7 ± 0. 2  bi p e n n at e  

Fl e x or di git or u m 
s u p erfi ci alis  

F D S  3 6. 0 ± 1. 0 1 0. 9 ± 0. 5 2. 7 ± 1. 2 1 1 ± 3 2. 2 ± 0. 6 0. 7 ± 0. 2 1. 7 ± 0. 3 m ulti p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  h u m er al 
l at er al 

F D P H L  3 2. 0 ± 1. 2 6. 4 ± 3. 0 3. 6 ± 0. 8 0 0. 5 ± 0. 4 0. 2 ± 0. 1 0. 6 ± 0. 3 p ar all el 

Fl e x or di git or u m 
pr of u n d us –  h u m er al 
m e di al 

F D P H M  3 1 3. 9 ± 3. 0 1 1. 6 ± 1. 6 3. 0 ± 1. 1 1 5 ± 4  4. 5 ± 1. 6 1. 3 ± 0. 5 3. 8 ± 0. 8 bi p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  r a di al  

F D P R  3 7. 3 ± 1. 3 9. 8 ± 0. 9 3. 0 ± 1. 4 2 2 ± 3 2. 2 ± 0. 3 0. 7 ± 0. 1 1. 9 ± 0. 4 u ni p e n n at e 

Fl e x or di git or u m 
pr of u n d us –  ul n ar  

F D P U  3 8. 6 ± 2. 5 1 1. 7 ± 1. 4 3. 2 ± 0. 6 1 3 ± 3 2. 6 ± 0. 9 0. 8 ± 0. 3 2. 4 ± 0. 7 u ni p e n n at e 

E xt e ns or c ar pi r a di alis     
–  l o n g us  

E C R L  3 8. 0 ± 1. 8 1 0. 9 ± 0. 2 9. 1 ± 0. 6 0 0. 8 ± 0. 2 0. 3 ± 0. 1 2. 3 ± 0. 5 p ar all el 

E xt e ns or c ar pi r a di alis     
–  br e vis  

E C R B  3 9. 6 ± 1. 3 1 1. 0 ± 0. 9 5. 1 ± 0. 8 1 2 ± 3 1. 8 ± 0. 3 0. 5 ± 0. 1 2. 7 ± 0. 4 bi p e n n at e 

E xt e ns or c ar pi ul n aris  E C U  3 2. 4 ± 1. 0 9. 6 ± 1. 2 3. 1 ± 0. 8 1 1 ± 3 0. 7 ± 0. 3 0. 2 ± 0. 1 0. 7 ± 0. 3 bi p e n n at e 

E xt e ns or di git or u m 
c o m m u nis  

E D C  3 5. 0 ± 3. 7 8. 6 ± 0. 9 3. 0 ± 1. 0 1 4 ± 3 1. 8 ± 1. 4 0. 5 ± 0. 4 1. 4 ± 1. 0 bi p e n n at e 

E xt e ns or di git or u m 
l at er alis  

E D L  3 0. 5 ± 0. 3 9. 0 ± 1. 1 2. 6 ± 1. 1 8 ± 3 0. 3 ± 0. 3 0. 0 8 ± 0. 0 8 0. 1 ± 0. 1 bi p e n n at e 

E xt e ns or di giti II  E D 2  3 1. 5 ± 0. 3 8. 7 ± 0. 9 4. 4 ± 1. 2 0 0. 4 ± 0. 3 0. 1 ± 0. 1 0. 4 ± 0. 2 p ar all el 

A b d u ct or di giti I l o n g us  A D L 1  3 4. 1 ± 1. 2 9. 8 ± 0. 7 2. 3 ± 1. 1 1 7 ± 4 1. 9 ± 1. 1 0. 6 ± 0. 3 1. 1 ± 0. 3 bi p e n n at e 

S u pi n at or  S U P  3 0. 8 ± 0. 3 6. 4 ± 0. 3 4. 1 ± 1. 4 0 0. 2 ± 0. 0 5 0. 0 6 ± 0. 0 2 0. 2 ± 0. 1 p ar all el 
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T a bl e 7. M us cl e m o m e nt ar ms ( r m ), j oi nt t or q u es, a n d ar c hit e ct ur al i n di c es ( AI) f or 

p o c k et g o p h er f or eli m b m us cl es.  

M us cl e J oi nt  
M e a n r m  

( m m) 
J oi nt T o r q u e 

( N. m m) L F /r m  L F / M L 

L atis si m us d orsi 

S h o ul d er 

6. 4 ± 2. 9 1 6. 9 6. 4 6 0. 7 9 
P e ct or alis s u p erfi ci alis 5. 0 ± 1. 7 2 4. 3 4. 5 7 0. 7 8 
P e ct or alis pr of u n d us 3. 7 ± 1. 3 5. 2 5. 0 0 0. 7 7 
P e ct or alis a b d o mi nis 4. 0 ± 0. 9 7. 6 8. 3 9 0. 8 2 
S c a p ul o d elt oi d e us  4. 8 ± 1. 7  8. 2  2. 8 7  0. 5 8  
A cr o mi o- cl a vi c ul ar d elt oi d e us 3. 9 ± 1. 3 1 3. 2 2. 1 9 0. 7 0 
T er e s m aj or 5. 0 ± 1. 1 1 0. 6 3. 0 1 0. 7 3 
T er e s mi n or 3. 1 ± 0. 7  3. 6 2. 4 7 0. 6 0 
I nfr a s pi n at us 2. 0 ± 0. 7  2 2. 6 2. 9 3 0. 2 4 
S u pr a s pi n at us 3. 2 ± 1. 4 2 4. 4 3. 8 9 0. 4 3 
S u bs c a p ul aris 2. 6 ± 0. 8 3 9. 3 1. 8 7 0. 2 3 
C or a c o br a c hi alis 1. 9 ± 0. 6 1. 8 2. 3 3 0. 2 7 
Tri c e ps br a c hii –  l o n g 9. 1 ± 3. 0 8 6. 0 2. 1 0 0. 6 9 
Bi c e ps br a c hii - l o n g 3. 2 ± 1. 5  7. 4 3. 1 4 0. 5 3 
      
Bi c e ps br a c hii –  l o n g 

El b o w 

3. 1 ± 0. 4 8. 1 2. 7 5 0. 5 3 
Bi c e ps br a c hii –  s h ort 2. 3 ± 0. 3 3. 9 2. 8 5 0. 4 0 
Br a c hi alis 2. 8 ± 0. 9 4. 8 4. 7 6 0. 7 1 
Tri c e ps br a c hii –  l o n g 7. 4 ± 1. 3  7 0. 6 2. 0 0 0. 6 9 
Tri c e ps br a c hii –  l at er al 4. 7 ± 0. 9  1 7. 5  3. 3 3  0. 7 3  
Tri c e ps br a c hii –  m e di al 5. 6 ± 0. 8 1 6. 8 1. 8 0 0. 5 9 
A n c o n e us 2. 9 ± 1. 1 4. 4 2. 0 9 0. 6 9 
T e ns or f a s ci a e a nt e br a c hii 7. 1 ± 1. 2 5. 6 2. 3 4 0. 8 0 
      
Fl e x or c ar pi r a di alis 

C ar p al 

1. 3 ± 0. 5 0. 7 4. 4 2 0. 4 1 
Fl e x or c ar pi ul n aris 2. 6 ± 0. 9 8. 7 2. 8 1 0. 3 9 
P al m aris L o n g us 2. 4 ± 0. 7 3. 5 4. 8 7 0. 6 8 
Fl e x or di git or u m s u p erfi ci alis           2. 0 ± 0. 8 7. 9 2. 3 7 0. 2 7 
Fl e x or di git or u m pr of u n d us             
–  h u m er al m e di al 

1. 3 ± 0. 5 6. 9 2. 9 3 0. 2 2 

Fl e x or di git or u m pr of u n d us             
–  h u m er al l at er al      

1. 6 ± 0. 6 1. 5 3. 7 3 0. 4 4 

Fl e x or di git or u m pr of u n d us             
–  r a di al        

1. 7 ± 0. 7 3. 1 3. 1 9 0. 3 8 

Fl e x or di git or u m pr of u n d us             
–  ul n ar        

1. 9 ± 0. 4 8. 4 2. 7 9 0. 2 8 

I n b ol d ar e m e a n ± s. d. 
L F  is m e a n f a s ci cl e l e n gt h 
r m  is m e a n m o m e nt ar m 
M L is m us cl e b ell y l e n gt h  
L F /r m  r ati os > 2. 0 i n di c at e a hi g h a bilit y of t h e m us cl e t o m o v e a j oi nt t hr o u g h a l ar g e r a n g e of m oti o n  
L F / M L r ati os > 0. 6 i n di c at e a hi g h a bilit y of t h e m us cl e t o s h ort e n a n d c o ntr a ct at a p pr e ci a bl e v el o cit y 

  



3 8  

T a bl e 8. M us cl e m o m e nt ar ms ( r m ), j oi nt t or q u es, a n d ar c hit e ct ur al i n di c es ( AI) f or 

p o c k et m o us e f or eli m b m us cl es.   

M us cl e J oi nt  
M e a n r m  

( m m) 
J oi nt T o r q u e 

( N. m m) L F /r m  L F / M L 

L atis si m us d orsi 

S h o ul d er 

2. 2 ± 0. 1 1. 6 7. 1 3 0. 5 8 
P e ct or alis s u p erfi ci alis 2. 8 ± 0. 8 4. 8 4. 1 5 0. 6 6 
S c a p ul o d elt oi d e us 1. 6 ± 0. 5 0. 4 3. 4 0 0. 6 9 
A cr o mi o- cl a vi c ul ar d elt oi d e us 2. 7 ± 0. 5 0. 9 1. 7 5 0. 8 4 
T er e s m aj or  2. 9 ± 0. 9  3. 1  3. 3 6  0. 8 2  
T er e s mi n or 1. 9 ± 0. 7  1. 0 5. 5 1 0.. 8 4 
I nfr a s pi n at us 1. 2 ± 0. 3  2. 4 2. 2 0 0. 2 5 
S u pr a s pi n at us 1. 4 ± 0. 3 1. 2 5. 8 2 0. 7 5 
S u bs c a p ul aris 1. 0 ± 0. 2 1. 9 2. 4 4 0. 2 3 
C or a c o br a c hi alis 0. 9 ± 0. 3 0. 4 1. 4 4 0. 1 8 
Tri c e ps br a c hii –  l o n g 2. 3 ± 0. 5 3. 6 4. 3 8 0. 8 7 
Bi c e ps br a c hii –  l o n g 1. 9 ± 0. 3  0. 7 3. 5 8 0. 7 5 
      
Bi c e ps br a c hii –  l o n g 

El b o w  

1. 8 ± 0. 2 0. 7 3. 7 9 0. 7 5 
Bi c e ps br a c hii –  s h ort 0. 9 ± 0. 1 0. 1 7. 9 3 0. 8 5 
Br a c hi alis 1. 2 ± 0. 3 0. 7 4. 7 4 0. 7 4 
Tri c e ps br a c hii –  l o n g 3. 1 ± 0. 9  5. 0 3. 3 5 0. 8 7 
Tri c e ps br a c hii –  l at er al 1. 9 ± 0. 2  1. 4 4. 5 4 0. 7 9 
Tri c e ps br a c hii –  m e di al 1. 9 ± 0. 3 0. 4 2. 7 3 0. 6 7 
A n c o n e us  1. 4 ± 0. 5  0. 2  2. 9 3  0. 7 0  
      
Fl e x or c ar pi r a di alis 

C ar p al 

0. 7 ± 0. 1 0. 2 6. 8 5 0. 5 8 
Fl e x or c ar pi ul n aris 0. 8 ± 0. 1 0. 4 3. 9 8 0. 3 6 
Fl e x or di git or u m s u p erfi ci alis           1. 0 ± 0. 1 0. 5 3. 6 9 0. 4 0 
Fl e x or di git or u m pr of u n d us             
–  h u m er al m e di al 

1. 0 ± 0. 2 1. 2 4. 6 5 0. 4 3 

Fl e x or di git or u m pr of u n d us             
–  r a di al        

0. 9 ± 0. 3 0. 3 5. 6 0 0. 6 4 

Fl e x or di git or u m pr of u n d us             
–  ul n ar        

1. 1 ± 0. 2 0. 4 3. 2 1 0. 5 1 

I n b ol d ar e m e a n ± s. d. 
L F  is m e a n f a s ci cl e l e n gt h 
r m  is m e a n m o m e nt ar m 
M L is m us cl e b ell y l e n gt h  
L F /r m  r ati os > 2. 0 i n di c at e a hi g h a bilit y of t h e m us cl e t o m o v e a j oi nt t hr o u g h a l ar g e r a n g e of m oti o n  
L F / M L r ati os > 0. 6 i n di c at e a hi g h a bilit y of t h e m us cl e t o s h ort e n a n d c o ntr a ct at a p pr e ci a bl e v el o cit y  
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T a bl e 9. M us cl e m o m e nt ar ms ( r m ), j oi nt t or q u es, a n d ar c hit e ct ur al i n di c es ( AI) f or 

k a n g ar o o r at f or eli m b m us cl es.   

M us cl e J oi nt  
M e a n r m  

( m m) 
J oi nt T o r q u e 

( N. m m) L F /r m  L F / M L 

L atis si m us d orsi 

S h o ul d er 

2. 3 ± 0. 5 1. 0 1 0. 3 1 0. 9 0 
P e ct or alis s u p erfi ci alis 3. 3 ± 0. 1 4. 4 3. 6 8 0. 7 7 
S c a p ul o d elt oi d e us 2. 2 ± 0. 2 0. 7 1. 3 2 0. 6 8 
A cr o mi o- cl a vi c ul ar d elt oi d e us 3. 0 ± 0. 1 1. 4 2. 7 1 0. 8 1 
T er e s m aj or  3. 2 ± 0. 1  3. 4  3. 0 5  0. 7 8  
T er e s mi n or 1. 3 ± 0. 5  0. 4 2. 1 1 0. 4 4 
I nfr a s pi n at us 1. 2 ± 0. 3  2. 4 2. 6 2 0. 2 4 
S u pr a s pi n at us 1. 4 ± 0. 7 1. 2 6. 1 7 0. 6 1 
S u bs c a p ul aris 1. 1 ± 0. 2 3. 5 2. 3 9 0. 2 2 
C or a c o br a c hi alis 0. 6 ± 0. 1 0. 2 1. 9 1 0. 1 7 
Tri c e ps br a c hii –  l o n g 1. 8 ± 0. 2 2. 2 5. 4 1 0. 9 0 
Bi c e ps br a c hii –  l o n g 2. 5 ± 0. 2  1. 3 2. 8 8 0. 7 9 
      
Bi c e ps br a c hii –  l o n g 

El b o w  

2. 4 ± 0. 4 1. 2 3. 0 5 0. 7 9 
Bi c e ps br a c hii –  s h ort 1. 3 ± 0. 5 0. 4 6. 2 5 0. 8 6 
Br a c hi alis 1. 6 ± 1. 0 0. 7 4. 7 9 0. 8 0 
Tri c e ps br a c hii –  l o n g 2. 8 ± 0. 6  3. 3 3. 7 1 0. 9 0 
Tri c e ps br a c hii –  l at er al 1. 8 ± 0. 2  0. 8 5. 3 2 0. 8 7 
Tri c e ps br a c hii –  m e di al 1. 6 ± 0. 4 0. 7 3. 3 8 0. 7 2 
A n c o n e us  1. 4 ± 0. 3  0. 3  3. 3 2  0. 7 5  
      
Fl e x or c ar pi r a di alis 

C ar p al 

0. 7 ± 0. 3 0. 2 5. 6 2 0. 4 2 
Fl e x or c ar pi ul n aris 1. 0 ± 0. 1 0. 2 4. 1 3 0. 5 0 
P al m aris L o n g us 1. 3 ± 0. 1 0. 4 4. 9 6 0. 5 7 
Fl e x or di git or u m s u p erfi ci alis           1. 2 ± 0. 6 0. 7 2. 4 9 0. 2 4 
Fl e x or di git or u m pr of u n d us             
–  h u m er al m e di al 

1. 1 ± 0. 1 1. 5 2. 6 6 0. 2 5 

Fl e x or di git or u m pr of u n d us             
–  h u m er al l at er al      

0. 9 ± 0. 3 0. 1 4. 9 1 0. 6 7 

Fl e x or di git or u m pr of u n d us             
–  r a di al        

0. 9 ± 0. 1 0. 6 3. 5 2 0. 3 0 

Fl e x or di git or u m pr of u n d us             
–  ul n ar        

0. 7 ± 0. 2 0. 5 5. 2 1 0. 2 7 

I n b ol d ar e m e a n ± s. d. 
L F  is m e a n f a s ci cl e l e n gt h 
r m  is m e a n m o m e nt ar m 
M L is m us cl e b ell y l e n gt h 
L F /r m  r ati os > 2. 0 i n di c at e a hi g h a bilit y of t h e m us cl e t o m o v e a j oi nt t hr o u g h a l ar g e r a n g e of m oti o n  
L F / M L r ati os > 0. 6 i n di c at e a hi g h a bilit y of t h e m us cl e t o s h ort e n a n d c o ntr a ct at a p pr e ci a bl e v el o cit y 
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T a bl e 1 0. M e a n p er c e nt a g e M H C is of or m c o nt e nt  f or p o w er str o k e m us cl es i n t h e 

f or eli m bs of a p o c k et g o p h er , p o c k et m o us e, a n d k a n g ar o o r at. 

  M y osi n H e a v y C h ai n I s of o r m ( %) 
M us cl e  S p e ci es M H C - 1 M H C - 2 A M H C - 2 X M H C - 2 B 

L atis si m us d orsi 
T b  1 5. 2 ± 5. 4 8 3. 8 ± 4. 9 0. 9 ± 1. 6 0. 0 
C p  -- -- -- -- 
D m  0. 0 4 3. 8 ± 9. 7 5 6. 2 ± 9. 7 0. 0 

      

P e ct or alis 
s u p erfi ci alis  

T b  1 6. 6 ± 3. 5  8 0. 5 ± 7. 6  2. 9 ± 4. 5  0. 0  
C p  0. 0 4 9. 1 ± 7. 6 5 0. 9 ± 7. 6 0. 0 
D m  0. 0 4 1. 6 ± 2 5. 3 5 8. 4 ± 2 5. 3 0. 0 

      

D elt oi d e us  
T b  1 9. 2 ± 1. 4 7 1. 3 ± 8. 6 9. 5 ± 7. 5 0. 0 
C p  0. 0 4 0. 7 ± 3. 1 4 6. 7 ± 3. 4 1 2. 6 ± 6. 4 
D m  0. 0 3 6. 5 ± 1 4. 1 6 3. 5 ± 1 4. 1 0. 0 

      

T er e s m aj or  
T b  1 1. 1 ± 0. 5 7 8. 6 ± 5. 3 1 0. 2 ± 4. 8 0. 0 
C p  0. 0 4 6. 1 ± 6. 2 4 6. 3 ± 3. 4 7. 6 ± 7. 7 
D m  0. 0 3 3. 4 ± 2 3. 4 6 6. 6 ± 2 3. 4 0. 0 

      

I nfr a s pi n at us 
T b  1 3. 4 5. 3 6 1. 5 1 2. 2 2 5. 1 9. 9 0. 0 
C p  0. 0 3 4. 6 ± 1 1. 6 3 3. 3 ± 9. 3 3 3. 2 ± 2 0. 8 
D m  0. 0 4 1. 5 ± 9. 8 5 8. 5 ± 9. 8 0. 0 

      

S u bs c a p ul aris 
T b  1 1. 0 ± 2. 6  7 8. 4 ± 1 7. 0  1 0. 6 ± 1 8. 4  0. 0  
C p  0. 0 5 1. 1 ± 1 8. 1 3 5. 0 ± 1 5. 3 1 3. 9 ± 5. 6 
D m  0. 0 5 2. 5 ± 2. 5 4 7. 5 ± 2. 5 0. 0 

      

Tri c e ps br a c hii 
l o n g 

T b  1 4. 4 ± 2. 2 7 8. 1 ± 0. 6 7. 4 ± 2. 2 0. 0 
C p  0. 0 4 7. 7 ± 3. 4 4 6. 1 ± 7. 3 6. 2 ± 6. 0 
D m  0. 0 3 7. 8 ± 2 8. 7 6 2. 2 ± 2 8. 7 0. 0 

      

Tri c e ps br a c hii 
l at er al 

T b  0. 0 7 6. 4 ± 1 6. 6 2 3. 6 ± 1 6. 6 0. 0 
C p  0. 0 4 8. 5 ± 3. 9 4 7. 7 ± 2. 9 3. 8 ± 3. 7 
D m  0. 0 2 4. 3 ± 2 0. 9 7 5. 7 ± 2 0. 9 0. 0 

      

Fl e x or c ar pi ul n aris 
T b  1 1. 4 ± 1. 4 8 5. 7 ± 4. 1 3. 0 ± 5. 1 0. 0 
C p  -- -- -- -- 
D m  -- -- -- -- 

      

Fl e x or di git or u m 
s u p erfi ci alis  

T b  1 4. 5 ± 7. 0 8 1. 6 ± 4. 5 4. 0 ± 5. 5 0. 0 
C p  -- -- -- -- 
D m  -- -- -- -- 

      

Fl e x or di git or u m 
pr of u n d us  

T b  1 1. 1 ± 5. 6 8 7. 2 ± 6. 4  1. 7 ± 1. 5 0. 0 
C p  0. 0 3 3. 5 ± 1 5. 4 3 5. 4 ± 1 1. 8 3 1. 1 ± 2 1. 8 
D m  0. 0 8 6. 2 ± 4. 7 1 3. 8 ± 4. 7 0. 0 

All d at a ar e m e a n ± s. d.  f or e a c h m us cl e list e d i n or d er: p o c k et g o p h er, p o c k et m o us e, a n d k -r at; m e a ns f or 
e a c h m us cl e w er e c o m p ut e d fr o m 3 i n d e p e n d e nt g el e x p eri m e nts p er i n di vi d u al.   
M m. fl e x or c ar pi ul n aris  a n d fl e x or di git or u m s u p e rfi ci alis w er e t o o s m all t o s a m pl e i n p o c k et  mi c e a n d k -
r ats. 
M. l atis si m us d orsi  h a d l o w b a n d r e s ol uti o n a n d w a s n ot q u a ntifi a bl e i n p o c k et mi c e.  

  



4 1  

Fi g. 1. B o x a n d w his k e r pl ots f o r ost e ol o gi c al  i n di c es.  B o x es s h o w t h e r a n g e of e a c h 

i n d e x  ( w his k ers),  m e a n  ( h ori z o nt al  b ars),  a n d  d at a  q u artil es  ( b o xes). a .  S MI,  s h o ul d er 

m o m e nt i n d e x; b . BI, br a c hi al i n d e x; c . R LI, r a di al l e n gt h i n d e x; d . I F A, f os s ori al a bilit y 

i n d e x; e .  T M OI,  Tri c e ps  M et a c ar p al  O ut-f or c e  I n d e x; f.  C L A W,  R el ati v e  M a n us  Cl a w 

L e n gt h.  Bl a c k  b o x es  ar e  p o c k et  g o p h er;  w hit e  b o x es  ar e p o c k et  m o us e;  gr e y  b o x es  ar e 

k a n g ar o o r at. Si g nifi c a n c e l e v els: * p < 0 . 0 5 a n d * * p < 0. 0 0 1 .  
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Fi g. 2. Dist ri b uti o n of f u n cti o n al g r o u p m u s cl e m as s t o t ot al f o r eli m b m u s cl e m as s i n 

p o c k et  g o p h e r,  p o c k et  m o u s e,  a n d  K -r at  f o r eli m b s . T ot al  f or eli m b  m us cl e  m as s  w as 

c al c ul at e d as t h e s u m m e d  m as s of all i n di vi d u al m us cl es st u di e d  p er li m b . Pr o xi m al-t o-

dist al m us cl e gr o u p m as s is e x pr es s e d as a p er c e nt a g e, wit h b ars r e pr es e nti n g m e a ns f or 

e a c h f u n cti o n al gr o u p : N = 1 0, T. b ott a e ; N = 5, C. p e ni cill at us ; a n d N = 3, D. m er ri a mi . Err or 

b ars  r e pr es e nt t h e st a n d ar d  d e vi ati o n  (s. d.).  M us cl es  wit h  s y n er gisti c  f u n cti o ns  ar e 

c o m bi n e d  i n  o n e  f u n cti o n al  gr o u p.  Bi arti c ul ar  m us cl es  ar e  i n cl u d e d  i n  m or e  t h a n  o n e 

f u n cti o n al gr o u p. Bl a c k b ar s ar e p o c k et g o p h er, w hit e  b ars ar e p o c k et m o us e, a n d gr e y  b ars 

ar e k a n g ar o o r at.  
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Fi g.  3.  A r c hit e ct u r al  i n d e x  of  f as ci cl e  l e n gt h  ( L F )  t o  m u s cl e  l e n gt h  ( M L)  r ati os f o r 

p o c k et  g o p h e r,  p o c k et  m o u s e,  a n d  K -r at  f u n cti o n al  g r o u p s . A  r ati o  cl os er  t o  1 . 0 

i n di c at es gr e at er  f as ci cl e  s h ort e ni n g  c a p a bilit y a n d  v el o cit y  of  c o ntr a cti o n.  B ars  ar e 

m e a ns ±s. d. a n d ar e c ol or -c o d e d b y s p e ci es t h e s a m e as ill ustr at e d i n Fi g ur e 2.  F u n cti o n al 

gr o u ps  ar e  S c a p ul ar r ot at ors/st a bili z ers: T C, T T, R C P, R C R, R T, S V, a n d O C a ; H u m er al 

pr otr a ct ors: D A C, C C B, S S P, B B L, a n d B B S ; H u m er al r etr a ct ors: L A T, P S, P A a , P Pa , D S, 

T M J,  I S P,  T M N,  S U B,  a n d  T B L O ; El b o w  e xt e ns ors:  T B L O,  T B L A,  T B M,  A N C,  a n d 

T F A a ; C ar p al fl e x ors: F C U a n d F C R ; Di git al fl e x ors: F D P H L a b , F D P U, F D PH M, F D P R, 

F D S, a n d P L a b . M us cl e a b bri e vi ati o ns ar e d efi n e d i n T a bl es 4 – 6.  a, m us cl es f o u n d i n o nl y 

T. b ott a e . a b, m us cl es f o u n d i n b ot h T. b ott a e  a n d  D. m er ri a mi.  
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Fi g. 4. A r c hit e ct u r al i n d e x of p h ysi ol o gi c al c r os s -s e cti o n a r e a ( P C S A) t o m u s cl e m as s 

( M M) f o r p o c k et g o p h e r, p o c k et m o u s e, a n d K -r at f u n cti o n al g r o u ps . A r ati o cl os er t o 

1 . 0 i n di c at es l ar g er f or c e pr o d u cti o n c a p a bilit y ( p er u nit m as s). B ars ar e m e a ns ±s. d. a n d 

ar e  c ol or -c o d e d  b y  s p e ci es  t h e  s a m e  as  ill ustr at e d  i n  Fi g ur e  2.  T h e  m us cl es  i n  e a c h 

f u n cti o n al gr o u p ar e t h e s a m e as t h os e cl as sifi e d i n Fi g ur e 3.  C or a c o br a c hi alis e x cl u d e d 

fr o m h u m er al pr otr a ct ors d u e t o l ar g e v ari a bilit y i n d e gr e e of p e n n ati o n.  
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Fi g.  5.  A r c hit e ct u r al  i n d e x  of  f as ci cl e  l e n gt h  ( L F )  t o m u s cl e m o m e nt  a r m  ( r m ) f o r 

p o c k et  g o p h e r,  p o c k et  m o u s e,  a n d  k -r at f u n cti o n al  g r o up s . R ati os  gr e at er  t h a n  2 – 3 

i n di c at es  a n  a bilit y  f or  m us cl e  c o ntr a cti o n  t o  m o v e  t h e  j oi nt  t hr o u g h  a  l ar g e  r a n g e  of 

m oti o n.  B ars  ar e  m e a ns ±s. d.  a n d  ar e  c ol or -c o d e d  b y  s p e ci es  t h e  s a m e  as  ill ustr at e d  i n 

Fi g ur e 2.  T h e m us cl es i n e a c h f u n cti o n al gr o u p ar e t h e s a m e as t h os e cl as sifi e d i n Fi g ur e 3 

e x c e pt f or  s c a p ul ar r ot at ors/st a bili z ers.  
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Fi g. 6. F u n cti o n al s p a c e pl ots f o r n o r m ali z e d f as ci cl e l e n gt h ( L F ), m u s cl e m o m e nt a r m 

(r m ), a n d p h ysi ol o gi c al c r os s-s e cti o n al a r e a ( P C S A) . a.  N or m ali z e d P C S A as a f u n cti o n 

of n or m ali z e d f as ci cl e l e n gt h ( L F ). P C S A is n or m ali z e d t o b o d y m as s ( B M) 0. 6 7 a n d f as ci cl e 

l e n gt h t o ( B M)0. 3 3 . b.  N or m ali z e d P C S A as a f u n cti o n of n or m ali z e d m us cl e m o m e nt ar m  

(r m ). M e as ur e m e nts f or r m  ar e n or m ali z e d t o b o d y m as s ( B M) 0. 3 3 . c.  N or m a li z e d LF  as a 

f u n cti o n  of  n or m ali z e d r m .  D at a p oi nts  ar e  m e a ns  s h o w n  wit h  n o er r or  b ar s .  S el e ct e d 

m us cl es ar e l a b el e d i n e a c h p a n el. M us cl es t h at pr o d u c e l ar g e f or c e (l ar g e P C S A) a n d ar e 

c a p a bl e  of  l ar g e  e x c ursi o n  a n d  s h ort e ni n g  v el o cit y  (l o n g  L F )  h a v e  t h e c a p a cit y  f or  hi g h 

p o w er o ut p ut ( u p p er ri g ht q u a dr a nt i n a ); b ot h l ar g e P C S A a n d l o n g r m ar e m us cl es c a p a bl e 

of a p pl yi n g l ar g e j oi nt t or q u e ( u p p er ri g ht q u a dr a nt i n b ); b ot h l o n g LF  a n d s h ort r m ar e 

m us cl es  c a p a bl e  of  f ast  j oi nt  r ot ati o n al  v el o cit y  ( u p p er l eft  q u a dr a nt  i n c ). G e n er ali z e d 

m us cl es h a v e r el ati v el y s m all P C S A a n d b ot h s h ort f a s ci cl e a n d m o m e nt ar m l e n gt hs.  O nl y 

p o w er str o k e m us cl es ar e pl ott e d. M us cl es wit h l ar g e P C S A, l o n g f as ci cl e l e n gt h, a n d l o n g 

m o m e nt ar m l e n gt h ar e pri m aril y t h os e l a b el e d. M us cl e a b br e vi ati o ns ar e d efi n e d i n T a bl e 

3 – 5 . Cir cl e d at a p oi nts ar e p o c k et g o p h er;  s q u ar e s  ar e p o c k et mi c e; a n d tri a n gl es  ar e  K -r at.  
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Fi g.  7.  M y osi n  h e a v y  c h ai n  ( M H C)  is of o r m  c o m p ositi o n  i n  p o c k et  g o p h e r,  p o c k et 

m o u s e, a n d K -r at f o r eli m b m u s cl es.  M e a n p er c e nt a g e c o m p ositi o n of M H C is of or ms f or 

t h e m aj or f u n cti o n al m us cl e gr o u ps as s o ci at e d wit h s cr at c h di g gi n g: li m b r etr a ct ors, el b o w 

e xt e ns ors a n d c ar p al/ di git al fl e x ors f or all t hr e e s p e ci e s.  D at a ar e s h o w n as st a c k e d c ol u m ns 

wit h n o st a n d ar d d e vi ati o n  err or b ars . 
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Fi g.  8.  R e g r es si o n s of  M H C  e x p r es si o n  a n d  b o d y  m as s  i n  b u r r o wi n g  r o d e nts.  a. 

P er c e nt a g e  e x pr es si o n  of  t h e  f ast  M H C -2 A  is of or m  a g ai nst  b o d y  m as s . b. P er c e nt a g e  

e x pr es si o n of t h e f ast M H C -2 X is of or m a g ai nst b o d y m as s. D at a f or Ct e n o m ys t al ar u m  

(t al us t u c o-t u c o) ar e fr o m Al v ar e z et al. ( 2 0 1 2).  



5 8

y = 0. 3 4 2 1 x + 3 6. 9 2 2
R ² = 0. 9 3

0

2 0

4 0

6 0

8 0

1 0 0

0. 0 2 0. 0 4 0. 0 6 0. 0 8 0. 0 1 0 0. 0 1 2 0. 0 1 4 0. 0

M
H

C
-2

A 
C

o
nt

e
nt

 (
%)

T. b ott a e D. m erri a mi C. p e ni cill at u s C. t al ar u m

a

y = -0. 3 6 7 9 x + 5 7. 2 8 5
R ² = 0. 8 5 2 8

0

1 0

2 0

3 0

4 0

5 0

6 0

0. 0 2 0. 0 4 0. 0 6 0. 0 8 0. 0 1 0 0. 0 1 2 0. 0 1 4 0. 0

M
H

C
-2

X 
C

o
nt

e
nt

 (
%)

B o d y m a s s ( g)

b



5 9  

S 1.  N or m ali z e d m us cl e ar c hit e ct ur al pr o p erti e s f or p o c k et g o p h er f or eli m bs.  

M us cl e 

r m 

( m m/ g0. 3 3 ) 

F as ci cl e l e n gt h 

( m m/ g0. 3 3 ) 

P C S A  

( m m2 / g0. 6 7 ) 

F m a x  

( N/ g) 

J oi nt 
T o r q u e 

( N. m m/ g) 

P o w e r 

( m W/ g) 

T C  -- 9. 6 ± 2. 6 3. 3 ± 0. 5 0. 5 7 -- 1 0. 2 

T T  -- 1 6. 7 ± 3. 3 2. 3 ± 2. 5 0. 3 9 -- 1 3. 0 

R C P  -- 1 0. 3 ± 2. 4  2. 7 ± 0. 6  0. 4 6  -- 8. 8  

R C R  -- 6. 1 ± 1. 9 4. 4 ± 1. 1 0. 7 5 -- 8. 3 

R T  -- 4. 6 ± 0. 9 3. 6 ± 1. 0 0. 6 5 -- 5. 3 

S V  -- 1 2. 7 ± 2. 4 7. 3 ± 1. 3 1. 2 6 -- 2 9. 6 

O C  -- 5. 7 ± 1. 5 1. 4 ± 0. 6 0. 2 4 -- 2. 4 

L A T  3. 6 ± 1. 4 2 0. 7 ± 5. 5 2. 8 ± 0. 7 0. 4 8 2. 7 9 1 7. 9 

P S  2. 8 ± 1. 0 1 1. 6 ± 2. 8 4. 9 ± 1. 2 0. 8 4 4. 1 9 1 7. 9 

P A  2. 3 ± 0. 5 1 9. 0 ± 5. 1 2. 0 ± 0. 6 0. 3 4 1. 3 1 1 2. 2 

P P  2. 1 ± 0. 8 9. 9 ± 2. 4 1. 5 ± 0. 2 0. 2 6 0. 9 9 4. 8 

D A C  2. 2 ± 0. 6 4. 5 ± 1. 0 3. 4 ± 1. 0 0. 5 9 2. 3 5 4. 8 

D S  2. 7 ± 0. 9 6. 8 ± 3. 6 1. 6 ± 0. 5 0. 2 7 1. 3 8 3. 4 

S S P  1. 8 ± 0. 9 5. 1 ± 1. 7 8. 0 ± 2. 8 1. 4 0 4. 7 6 1 2. 1 

I S P 1. 1 ± 0. 4 2. 9 ± 1. 0 1 1. 4 ± 3. 4 1. 9 4 3. 9 1 1 0. 2 

T M N  1. 8 ± 0. 4 3. 9 ± 1. 6 1. 3 ± 0. 6 0. 2 2 0. 6 5 1. 8 

T M J  2. 8 ± 0. 6 8. 2 ± 1. 8 2. 2 ± 0. 3 0. 3 7 1. 8 5 5. 6 

S U B  1. 4 ± 0. 4 2. 5 ± 0. 9 1 5. 8 ± 3. 5 2. 7 1 6. 7 9 1 2. 4 

C C B  1. 1 ± 0. 3 1. 9 ± 1. 2 1. 0 ± 0. 6 0. 1 8 0. 3 3 0. 5 

T B L O -s 5. 2 ± 1. 9 8. 2 ± 2. 3 9. 8 ± 1. 5 1. 6 7 1 5. 4 0 2 5. 5 

T B L O - e 4. 2 ± 0. 7 8. 2 ± 2. 3 9. 8 ± 1. 5 1. 6 7 1 2. 3 1 2 5. 5 

T B M  3. 2 ± 0. 6 5. 7 ± 1. 4 3. 1 ± 1. 0 0. 5 2 2. 8 8 5. 5 

T B L A  2. 7 ± 0. 5 8. 7 ± 1. 6 3. 8 ± 0. 5 0. 6 4 3. 0 8 1 0. 6 

T F A  4. 0 ± 0. 5 9. 1 ± 1. 9 0. 8 ± 0. 2 0. 1 4 0. 9 9 2. 3 

A N C  1. 6 ± 0. 6 3. 3 ± 1. 1 1. 4 ± 0. 7 0. 2 4 0. 7 9 1. 6 

B C H  1. 6 ± 0. 6 6. 6 ± 1. 4 1. 8 ± 0. 6 0. 3 1 0. 9 0 3. 8 

B B L -s 1. 9 ± 1. 0 4. 5 ± 1. 9 2. 7 ± 1. 0 0. 4 7 1. 4 7 3. 7 

B B L - e 1. 8 ± 0. 3 4. 5 ± 1. 9 2. 7 ± 1. 0 0. 4 7 1. 4 6 3. 7 
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B B S -s 0. 9 ± 0. 3 3. 6 ± 1. 8 1. 7 ± 0. 3 0. 3 0 0. 4 5 2. 1 

B B S - e 1. 3 ± 0. 1 3. 6 ± 1. 8 1. 7 ± 0. 3 0. 3 0 0. 6 9 2. 1 

F C U  1. 5 ± 0. 5 4. 0 ± 1. 6 3. 1 ± 1. 5 0. 5 2 1. 4 2 3. 6 

F C R  0. 7 ± 0. 3 2. 7 ± 1. 7 0. 6 ± 0. 2 0. 1 0 0. 1 2 0. 4 

P T  -- 4. 1 ± 1. 1 1. 5 ± 1. 0 0. 2 7 -- 2. 1 

P L  1. 4 ± 0. 4 6. 3 ± 1. 5 1. 5 ± 0. 7 0. 2 7 0. 6 7 3. 2 

F D S  1. 2 ± 0. 5  2. 5 ± 1. 4  3. 9 ± 0. 9  0. 6 7  1. 4 2  3. 0  

F D P U  1. 1 ± 0. 2 2. 7 ± 1. 3 4. 8 ± 2. 2 0. 8 2 1. 4 8 3. 7 

F D P R  1. 0 ± 0. 4 2. 5 ± 0. 8 1. 8 ± 0. 7 0. 3 0 0. 5 5 1. 4 

F D P H M  0. 8 ± 0. 3 1. 9 ± 0. 5 5. 5 ± 0. 6 0. 9 5 1. 3 1 3. 4 

F D P H L  0. 9 ± 0. 4 3. 2 ± 1. 9 0. 9 ± 0. 3 0. 1 6 0. 2 7 0. 9 

E C R L  1. 3 ± 0. 5 7. 4 ± 1. 0 1. 1 ± 0. 6 0. 1 9 0. 4 2 2. 7 

E C R B  1. 0 ± 0. 5 7. 1 ± 1. 1 1. 3 ± 0. 2 0. 2 3 0. 4 0 3. 0 

E D C  0. 9 ± 0. 6 3. 2 ± 0. 9 1. 8 ± 0. 5 0. 3 0 0. 5 0 1. 8 

E D 2  1. 2 ± 0. 1 2. 3 ± 1. 1 0. 5 ± 0. 4 0. 0 9 0. 2 4 0. 4 

E D L  1. 3 ± 0. 4 3. 6 ± 1. 7 0. 8 ± 0. 6 0. 1 4 0. 3 3 0. 6 

E C U  0. 7 ± 0. 4 2. 3 ± 1. 3 2. 7 ± 1. 3 0. 4 7 0. 6 2 1. 7 

A D 1 L 1. 3 ± 0. 6 1. 7 ± 0. 7 2. 3 ± 0. 8 0. 3 9 0. 8 8 1. 2 

S U P  -- 3. 0 ± 0. 8 0. 4 ± 0. 1 0. 0 7 -- 0. 4 

V al u e s ar e m e a n ± s. d.  
F or st atisti c al c o m p aris o n, m us cl e d at a w er e n or m ali z e d is o m etri c all y t o t ot al f or eli m b m us cl e m a s s, ar e a 
( P C S A) a n d l e n gt h (f a s ci cl e l e n gt h). 
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S 2.  N or m ali z e d m us cl e ar c hit e ct ur al pr o p erti e s f or p o c k et mi c e f or eli m bs.  

M us cl e 

r m 

( m m/ g0. 3 3 ) 

F as ci cl e l e n gt h 

( m m/ g0. 3 3 ) 

P C S A  

( m m2 / g0. 6 7 ) 

F m a x  

( N/ g) 

J oi nt 
T o r q u e 

( N. m m/ g) 

P o w e r 

( m W/ g) 

T C  -- 1 0. 8 ± 2. 6 2. 9 ± 0. 9 1. 0 2 -- 1 0. 7 

T T  -- 1 2. 2 ± 2. 6 2. 1 ± 0. 5 0. 7 3 -- 8. 5 

R C P  -- 1 0. 9 ± 2. 9  5. 0 ± 2. 3  1. 8 1  -- 1 9. 4  

R C R  -- 7. 3 ± 1. 2 2. 4 ± 0. 6 0. 8 5 -- 5. 9 

R T  -- 8. 7 ± 1. 8 3. 4 ± 0. 7 1. 2 0 -- 1 0. 0 

S V  -- 1 2. 3 ± 3. 3 5. 4 ± 2. 7 1. 9 2 -- 2 1. 4 

L A T  2. 6 ± 0. 2 1 8. 3 ± 4. 8 3. 4 ± 1. 3 1. 1 9 2. 6 7 2 0. 1 

P S  3. 4 ± 1. 0 1 2. 7 ± 2. 9 8. 2 ± 1. 1 2. 9 1 8. 0 8 3 5. 6 

D A C  3. 2 ± 0. 5 5. 5 ± 0. 9 1. 7 ± 0. 8 0. 6 1 1. 5 6 3. 1 

D S  1. 9 ± 0. 6 6. 0 ± 1. 3 1. 2 ± 1. 0 0. 4 2 0. 6 6 2. 5 

S S P  1. 7 ± 0. 3 9. 4 ± 1. 6 3. 9 ± 0. 5 1. 4 0 2. 0 1 1 2. 6 

I S P 1. 4 ± 0. 2 3. 0 ± 0. 9 1 0. 3 ± 3. 3 3. 7 2 4. 1 2 1 0. 4 

T M N  2. 2 ± 0. 8 1 0. 3 ± 1. 6 2. 4 ± 1. 5 0. 8 3 1. 6 0 8. 3 

T M J  3. 5 ± 1. 2 1 0. 4 ± 1. 4 2. 0 ± 0. 7 1. 7 8 5. 2 6 1 7. 6 

S U B  1. 1 ± 0. 2 2. 8 ± 1. 0 9. 9 ± 4. 0 3. 5 7 3. 2 4 8. 9 

C C B  0. 7 ± 0. 1 1. 5 ± 0. 5 2. 1 ± 0. 6 0. 7 7 0. 7 0 1. 1 

T B L O -s 2. 7 ± 0. 6 1 1. 6 ± 1. 2 7. 6 ± 0. 5 2. 7 2 6. 2 1 3 0. 1 

T B L O - e 3. 7 ± 1. 0 1 1. 6 ± 1. 2 7. 6 ± 0. 5 2. 7 2 8. 4 9 3 0. 1 

T B M  2. 2 ± 0. 4 6. 0 ± 1. 7 1. 0 ± 0. 5 0. 3 6 0. 7 0 2. 0 

T B L A  2. 3 ± 0. 3 1 0. 2 ± 1. 6 3. 3 ± 0. 6 1. 1 7 2. 2 6 1 1. 4 

A N C  1. 6 ± 0. 5 4. 1 ± 0. 7 0. 8 ± 0. 4 0. 2 8 0. 3 9 1. 1 

B C H  1. 4 ± 0. 3 6. 5 ± 1. 5 2. 6 ± 0. 4 0. 9 2 1. 1 0 5. 7 

B B L -s 2. 3 ± 0. 4 7. 9 ± 0. 8 1. 8 ± 0. 2 0. 6 5 1. 2 4 4. 9 

B B L - e 2. 1 ± 0. 3 7. 9 ± 0. 8 1. 8 ± 0. 2 0. 6 5 1. 1 4 4. 9 

B B S -s 1. 0 ± 0. 1 8. 3 ± 0. 8 0. 8 ± 0. 3 0. 2 8 0. 3 3 2. 2 

B B S - e 1. 4 ± 0. 4 8. 3 ± 0. 8 0. 8 ± 0. 3 0. 2 8 0. 2 4 2. 2 

F C U  0. 9 ± 0. 1 3. 6 ± 1. 9 2. 5 ± 1. 2 0. 8 7 0. 6 5 2. 4 

F C R  0. 8 ± 0. 1 5. 3 ± 1. 3 1. 4 ± 1. 7 0. 5 2 0. 3 9 1. 8 
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P T  -- 4. 3 ± 1. 0 0. 8 ± 0. 3 0. 2 8 -- 1. 2 

F D S  1. 2 ± 0. 1 4. 2 ± 2. 6 2. 4 ± 1. 0 0. 8 6 0. 8 8 3. 3 

F D P U  1. 3 ± 0. 2 4. 1 ± 2. 1 1. 7 ± 0. 6 0. 6 0 0. 6 4 2. 3 

F D P R  1. 1 ± 0. 3 5. 6 ± 1. 5 1. 4 ± 0. 5 0. 5 1 0. 4 6 2. 9 

F D P H M  1. 1 ± 0. 2 4. 2 ± 2. 6 6. 3 ± 4. 4 2. 2 6 2. 1 2 7. 1 

E C R L  1. 1 ± 0. 1  8. 1 ± 1. 9  1. 1 ± 0. 4  0. 4 0  0. 3 8  3. 0  

E C R B  1. 1 ± 0. 2 8. 0 ± 1. 3 1. 2 ± 0. 2 0. 4 3 0. 3 8 3. 2 

E D C  1. 4 ± 0. 1 3. 1 ± 2. 0 2. 9 ± 2. 1 1. 0 6 1. 1 8 2. 3 

E C U  ± 4. 2 ± 2. 8 0. 9 ± 0. 5 0. 3 1 0. 2 0 1. 0 

A D 1 L 1. 1 ± 0. 2 4. 0 ± 1. 8 1. 1 ± 0. 5 0. 4 0 0. 3 4 1. 3 

S U P  -- 4. 3 ± 1. 3 0. 2 ± 0. 1 0. 0 6 -- 0. 2 

V al u e s ar e m e a n ± s. d.  
F or st atisti c al c o m p aris o n, m us cl e d at a w er e n or m ali z e d is o m etri c all y t o t ot al f or eli m b m us cl e m a s s, ar e a 
( P C S A) a n d l e n gt h (f a s ci cl e l e n gt h). 
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S 3.  N or m ali z e d m us cl e ar c hit e ct ur al pr o p erti e s f or k a n g ar o o r at f or eli m bs.  

M us cl e 

r m 

( m m/ g0. 3 3 ) 

F as ci cl e l e n gt h 

( m m/ g0. 3 3 ) 

P C S A  

( m m2 / g0. 6 7 ) 

F m a x  

( N/ g) 

J oi nt 
T o r q u e 

( N. m m/ g) 

P o w e r 

( m W/ g) 

T C  -- 1 2. 5 ± 2. 4 2. 6 ± 0. 7 0. 9 1 -- 9. 9 

T T  -- 1 7. 5 ± 2. 7 1. 2 ± 0. 6 0. 4 1 -- 5. 9 

R C P  -- 9. 3 ± 2. 1  1. 5 ± 0. 2  0. 5 4  -- 4. 2  

R C R  -- 6. 6 ± 1. 4 2. 5 ± 1. 5 0. 8 6 -- 4. 6 

R T  -- 8. 8 ± 2. 4 2. 6 ± 2. 1 0. 8 9 -- 5. 8 

S V  -- 1 6. 9 ± 7. 9 1 0. 6 ± 3. 3 3. 6 6 -- 4 8. 1 

L A T  2. 6 ± 0. 5 2 6. 6 ± 1. 7 1. 9 ± 0. 0 2 0. 6 7 1. 5 1 1 5. 4 

P S  3. 9 ± 0. 3 1 4. 2 ± 2. 3 6. 1 ± 0. 5 2. 1 2 7. 0 4 2 6. 2 

D A C  3. 5 ± 0. 2 4. 6 ± 0. 9 2. 1 ± 0. 8 0. 7 1 2. 1 6 2. 8 

D S  2. 6 ± 0. 3 6. 9 ± 1. 9 1. 3 ± 0. 2 0. 4 6 1. 0 3 2. 8 

S S P  1. 6 ± 0. 8  8. 1 ± 2. 8  4. 0 ± 0. 3  1. 3 9  1. 8 7  9. 8  

I S P 1. 4 ± 0. 4 3. 3 ± 1. 8 8. 5 ± 2. 7 2. 9 4 3. 6 0 7. 9 

T M N  1. 5 ± 0. 5 4. 0 ± 1. 4 1. 0 ± 0. 5 0. 3 4 0. 3 9 1. 1 

T M J  3. 7 ± 0. 1 1 1. 3 ± 1. 1 4. 8 ± 0. 5 1. 6 7 5. 3 4 1 6. 4 

S U B  1. 3 ± 0. 3 3. 1 ± 1. 2 1 4. 5 ± 4. 3 5. 0 4 5. 4 3 1 3. 0 

C C B  0. 7 ± 0. 1 1. 3 ± 0. 4 1. 5 ± 0. 1 0. 5 1 0. 3 1 0. 6 

T B L O -s 2. 1 ± 0. 3 1 1. 5 ± 1. 0 5. 4 ± 0. 2 1. 8 9 3. 4 5 1 8. 7 

T B L O - e 3. 3 ± 0. 8 1 1. 5 ± 1. 0 5. 4 ± 0. 2 1. 8 9 5. 2 9 1 8. 7 

T B M  1. 9 ± 0. 4 6. 1 ± 1. 8 1. 8 ± 1. 0 0. 6 3 1. 1 0 3. 1 

T B L A  2. 1 ± 0. 3 1 0. 8 ± 1. 9 1. 9 ± 0. 5 0. 6 5 1. 1 7 6. 0 

A N C  1. 6 ± 0. 3 5. 1 ± 0. 8 1. 0 ± 0. 4 0. 3 3 0. 4 5 1. 5 

B C H  1. 9 ± 1. 2 7. 2 ± 1. 0 2. 2 ± 0. 5 0. 7 6 1. 2 1 4. 7 

B B L -s 2. 9 ± 0. 2 8. 3 ± 0. 9 2. 5 ± 0. 8 0. 8 6 2. 1 1 6. 1 

B B L - e 2. 8 ± 0. 5 8. 3 ± 0. 9 2. 5 ± 0. 8 0. 8 6 1. 9 8 6. 1 

B B S -s 1. 0 ± 0. 2 8. 1 ± 0. 7 1. 2 ± 0. 6 0. 4 2 0. 3 7 2. 9 

B B S - e 1. 5 ± 0. 6 8. 1 ± 0. 7 1. 2 ± 0. 6 0. 4 2 0. 6 1 2. 9 

F C U  1. 2 ± 0. 1 5. 0 ± 1. 8 0. 9 ± 0. 4 0. 3 0 0. 3 1 1. 1 

F C R  0. 8 ± 0. 3 3. 8 ± 1. 2 1. 7 ± 0. 4 0. 5 8 0. 3 7 1. 9 



6 4  

P T  -- 5. 7 ± 1. 6 0. 9 ± 0. 5 0. 3 2 -- 1. 5 

P L  1. 5 ± 0. 1 7. 4 ± 1. 8 1. 4 ± 0. 5 0. 5 0 0. 6 4 3. 0 

F D S  1. 3 ± 0. 6 3. 1 ± 1. 3 3. 1 ± 1. 1 1. 0 9 1. 1 0 2. 7 

F D P U  0. 8 ± 0. 2 3. 7 ± 0. 8 3. 4 ± 1. 0 1. 1 9 0. 8 3 3. 8 

F D P R  1. 0 ± 0. 0 2 3. 6 ± 1. 7 3. 0 ± 0. 3 1. 0 3 0. 8 9 3. 1 

F D P H M  1. 3 ± 0. 1 3. 4 ± 1. 3 6. 1 ± 2. 0 2. 1 1 2. 4 0 6. 1 

F D P H L  1. 0 ± 0. 4  4. 2 ± 1. 0  0. 7 ± 0. 5  0. 2 5  0. 2 1  0. 9  

E C R L  1. 4 ± 0. 6 1 0. 6 ± 0. 9 1. 1 ± 0. 3 0. 3 9 0. 4 5 3. 6 

E C R B  1. 3 ± 0. 7 5. 9 ± 1. 0 2. 4 ± 0. 3 0. 8 3 0. 9 2 4. 2 

E D C  1. 2 ± 0. 3 3. 0 ± 1. 7 2. 3 ± 1. 7 0. 8 0 0. 7 1 2. 1 

E D 2  1. 0 ± 0. 3 5. 1 ± 1. 4 0. 5 ± 0. 4 0. 1 7 0. 1 4 0. 7 

E D L  0. 9 ± 0. 3 3. 0 ± 1. 3 0. 3 ± 0. 3 0. 1 2 0. 0 8 0. 2 

E C U  0. 8 ± 0. 1 3. 6 ± 0. 9 0. 9 ± 0. 3 0. 3 2 0. 2 2 1. 0 

A D 1 L 0. 8 ± 0. 1 2. 7 ± 1. 4 2. 6 ± 1. 3 0. 8 8 0. 6 3 1. 7 

S U P  -- 4. 7 ± 1. 6 0. 3 ± 0. 1 0. 0 9 -- 0. 4 

V al u e s ar e m e a n ± s. d.  
F or st atisti c al c o m p aris o n, m us cl e d at a w er e n or m ali z e d is o m etri c all y t o t ot al f or eli m b m us cl e m a s s, ar e a 
( P C S A) a n d l e n gt h (f a s ci cl e l e n gt h). 
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A P P E N DI X  

I nt r o d u cti o n 

F a mil y G e o m yi d a e  

G o p h ers ar e s q uirr el -li k e r o d e nts (s u b-or d er: S ci ur o m or p h a) t h at c o nsist of n e arl y t hirt y -

fi v e e xt a nt a n d ni n e e xti n ct s p e ci es t h at ar e m e m b er s of t h e m a m m ali a n Or d er R o d e nti a. 

S p e cifi c all y, p o c k et g o p h ers ar e b urr o wi n g r o d e nt s t a x o n o mi c all y cl as sifi e d i n t h e f a mil y 

G e o m yi d a e, w hi c h i n cl u d es ei g ht g e n er a ( N e v o, 1 9 7 9). P o c k et g o p h ers ar e c o nsi d er e d t o 

b e tr u e g o p h ers b e c a us e t h e y h a v e dist a nt r el ati v es i n t h e F a mil y S ci uri d a e. T h e a n c est ors 

of m o d er n p o c k et g o p h ers ar os e i n t h e e arl y Mi o c e n e pri or t o t h e er a of t h e M e g af a u n a ( or 

gi a nt m a m m als). At pr es e nt, p o c k et g o p h ers ar e g e o gr a p hi c all y distri b ut e d t hr o u g h o ut b ot h 

N ort h  a n d  C e ntr al  A m eri c a  ( N e v o,  1 9 7 9).  T h e  g e n us  T h o m o m ys  c o nt ai ns  ni n e  s p e ci es, 

w hi c h i n cl u d es B ott a’s p o c k et g o p h er, T h o m o m ys b ott a e  (T. b ott a e : L es s a a n d St ei n, 1 9 9 2). 

T his  s p e ci es  is  l o c at e d  t hr o u g h o ut  N ort h  A m eri c a,  b ut  s p e cifi c all y  h as  p o p ul ati o ns 

c o n c e ntr at e d  i n  t h e  d es ert  e c os yst e ms  of  C alif or ni a,  T e x as,  N e w  M e xi c o,  a n d  N e v a d a 

( S mit h, 1 9 9 8; Wil ki ns a n d R o b erts, 2 0 0 7). H o w e v er, t h e g e o gr a p hi c r a n g e of t his s p e ci es 

i n  n ot  li mit e d  t o  d es erts  as  t h e y  als o  i n h a bit  m o u nt ai n  v all e ys  or  bi o m es  c o nsisti n g  of 

s a v a n n a or gr as sl a n ds.  

    T h e  s p e ci es T.  b ott a e  is  c o nsi d er e d  t o  b e  a  f os s ori al  r o d e nt.  I n  t his  r e vi e w,  t h e  t er m 

f os s ori al  is  d efi n e d  as  m a m m als  wit h  f u n cti o n al  s p e ci ali z ati o ns  f or  di g gi n g  i ntri c at e 

b urr o w s. I n a d diti o n t o t h eir hi g h l e v el of f os s ori alit y, p o c k et g o p h ers ar e s u bt err a n e a n. 

T h e t er m s u bt err a n e a n d efi n es t h e e c ol o g y of t h e a ni m al a n d t h es e m a m m als s p e n d m ost, 

if n ot all, of t h eir ti m e u n d er gr o u n d c o nstr u cti n g t u n n els w h er e t h e y hi d e fr o m pr e d at ors 

a n d f or a g e t h e i ns e cts t h e y fi n d i n t h e s oil. T h er ef or e, s u bt err a n e a n a n d f os s ori al m a m m als 

ar e  c h ar a ct eri z e d  b y  pri m aril y  li vi n g  i n  a n d  c o n str u cti n g  el a b or at e  b urr o w  s yst e ms 

u n d er gr o u n d. Stri ctl y f os s ori al r o d e nts, h o w e v er, ar e c h ar a ct eri z e d as li vi n g i n b urr o w s b ut 

s p e n d  a p pr e ci a bl e  ti m e  a b o v e  gr o u n d  f or a gi n g  a n d  m ai nl y  us e  t h eir  b urr o w s  t o  e v a d e 

pr e d at ors a n d st or e f o o d, w h er e as s e mi -f os s ori al m a m m als c o nstr u ct l es s i ntri c at e b urr o w s 

t h a n  f os s ori al  r o d e nts  a n d  dis pl a y  a  c o nti n u u m  of  m or p h of u n cti o n al  m o difi c ati o ns  f or 

di g gi n g h a bits ( M o nt o y a -S a n h u e z a, 2 0 2 0).  

     T h e di et of T. b ott a e  is stri ctl y h er bi v or o us a n d i n cl u d es alf alf a, b ul bs, a n d r o ots wit hi n 

t h eir b urr o w s yst e ms. F or a gi n g b ot h a b o v e a n d b el o w gr o u n d r e q uir es g o p h ers t o us e t h eir 
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e v er -gr o wi n g i n cis ors t o c ut t hr o u g h t o u g h v e g et ati o n; h o w e v er, it is m ost t y pi c al f or T. 

b ott a e  t o  a c q uir e r es o ur c es u n d er gr o u n d.  F or a n y f or a g e a c q uir e d a b o v e-gr o u n d, p o c k et 

g o p h ers will tr a ns p ort r es o ur c es i nt o t h eir b urr o w s usi n g m ulti pl e m et h o ds. F or e x a m pl e, 

T. b ott a e  will gri p f o o d wit h its t e et h a n d p ull f or a g e i nt o t h eir b urr o w s, p a c k f o o d i nt o 

t h eir c h e e k p o u c h es ( a c h ar a ct eristi c cr a ni al tr ait of t h e f a mil y) a n d tr a ns p ort f or a g e i nt o 

its  b urr o w  s yst e m,  or  t u m bl e  f o o d  a g ai nst  l o os e  s oil  (i. e.,  cl e ari n g  s oil  a w a y  wit h 

v e g et ati o n) (J o n es a n d B a xt er, 2 0 0 4).  

     Wit hi n t h e t u n n els of a b urr o w s yst e m, T. b ott a e  is t y pi c all y a cti v e f or 9 h o urs p er d a y 

a n d it is n ot s p e cifi c all y li mit e d t o di ur n al or n o ct ur n al a cti vit y ( G etti n g er, 1 9 8 4). B urr o w 

s yst e ms ar e n ot o nl y r e q uir e d f or f or a gi n g, b ut als o n esti n g, pr e d at or e v asi o n, a n d r e ari n g 

of y o u n g. P o c k et g o p h ers t y pi c all y li v e i n d e p e n d e ntl y i n t h eir b urr o w s e x c e pt w h e n r e ari n g 

y o u n g, w hi c h ar e b or n as altri ci al ( pr e m at ur e) i nf a nt offs pri n g. N o n et h el es s, y o u n g p o c k et 

g o p h ers l e a v e t h e b urr o w s yst e m of t h eir m ot h er i m m e di at el y aft er w e a ni n g ( ~ 4 0 d a ys). 

T h e ot h er i nst a n c e w h e n m or e t h a n o n e a ni m al o c c u pi es t h e b urr o w s yst e m is d uri n g t h e 

br e e di n g s e as o n (J o n es a n d B a xt er, 2 0 0 4). Br e e di n g s e as o ns oft e n di ct at e t h e a cti vit y of 

g o p h ers,  es p e ci all y  d uri n g  p eri o ds  of  c o ol er  t e m p er at ur es  i n  S pri n g,  F all,  a n d  Wi nt er. 

S p e cifi c all y,  t h e a cti vit y of T. b ott a e  is hi g h er d uri n g t h e c o ol er s e as o ns d u e t o r ai nf all, 

w h er e as a cti vit y is l es s fr e q u e nt d uri n g t h e S u m m er d u e t o  t h e hi g h er t e m p er at ur es  a n d 

dr y n es s. R ai nf all i n cr e as es m oist ur e i n t h e s oil a n d ot h er m at eri als t h at T. b ott a e  c a n  m or e 

e asil y m a ni p ul at e c o m p ar e d wit h dr y, c o m p a ct s oil t o c o nstr u ct t h eir b urr o w s yst e ms. T h us, 

b urr o w c o nstr u cti o n t a k es pl a c e m or e fr e q u e ntl y d uri n g t h e c o ol er s e as o ns.  

S y m p atri c r el ati v es –  H et er o m yi d a e  

T h e  f a mil y  H et er o m yi d a e  is  g e n er all y  cl as sifi e d as  t h e  sist er  gr o u p  of  G e o m yi ds,  as  it 

c o m pris es  t h e  cl os est  li vi n g  r el ati v es  of T.  b ott a e  ( L es s a  a n d  St ei n,  1 9 9 2).  Wit hi n  t his 

f a mil y t h er e ar e t hr e e s u bf a mili es; H et er o m yi n a e, Di p o d o m yi n a e, a n d P er o g n at hi n a e. T h e 

g e n er a  i n cl u d e d  wit hi n  t h e  l att er  t w o  s u b f a mili es  i n cl u d e  Di p o d y m ys  (Di p o d o m yi n a e ), 

w hi c h c o nsists of M erri a m’s k a n g ar o o r at ( D. m er ri a mi ), a n d P er o g n at h us a n d C h a et o di p us 

(P er o g n at hi n a e ), t h at i n cl u d es d es ert p o c k et mi c e ( e. g., C. p e ni cill at us ) ( R a n d all, 1 9 9 3). 

T h e  r e pr es e nt ati v e  s p e ci es  of Di p o d y m ys  a n d C h a et o di p us  ar e  n o ct ur n al  a n d  c o -i n h a bit 

N ort h  A m eri c a n  cli m at es  t h at  ar e  v er y  dr y,  w h er e  t h e y  s ur vi v e  as  gr a ni v or es  (i. e.,  s e e d 

e ati n g a ni m als). D u e t o t h eir o v er all l a c k of f or eli m b s k el et al s p e ci ali z ati o ns, k a n g ar o o r ats 
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( K-r ats) a n d p o c k et mic e ar e c o nsi d er e d t o b e s e mi -f os s ori al r o d e nts, b ut h a v e hi n dli m bs 

t h at  eit h er  s p e ci ali z e d  f or  ri c o c h et al  l e a pi n g  or  m or e  g e n er ali z e d  f u n cti o n,  r es p e cti v el y. 

T h eir h a bit ats r a n g e fr o m wi n d -bl o w n s a n d a n d d es ert s hr u b t o gr as sl a n ds a n d c h a p arr al, 

a n d  t h es e t y p es  of  bi o m es  ar e  h o m es  t o  m ulti pl e  s p e ci es  of  g e o m yi ds  a n d  h et er o m yi ds 

( R a n d all, 1 9 9 3). M or e o v er, t h e distri b uti o n of K-r ats a n d p o c k et mi c e r a n g es fr o m s o ut h er n 

C a n a d a t o C e ntr al M e xi c o, i n cl u di n g r e gi o ns of Ari z o n a, N e w M e xi c o, T e x as, C alif or ni a, 

N e v a d a, a n d Ut a h. K -r ats c a n b e f o u n d i n m ostl y s a n d -b as e d h a bit ats (i. e., d es ert), b e c a us e 

d es erts  h a v e  a n  i n cr e as e d  n u m b er  of  s e e ds  a v ail a bl e  f or  f or a g e,  w h er e as  p o c k et  mi c e 

t y pi c all y  r esi d e  i n  h a bit ats  of  t h e  wi n d-bl o w n  s a n d,  d es ert  s hr u b,  gr as sl a n ds,  r o c k y  

hillsi d es, a n d c h a p arr al.  

     F or a gi n g  t e c h ni q u es  utili z e d  b y D.  m er ri a mi  a n d C.  p e ni cill at us  c o nsist  of  s cr at c h -

di g gi n g  wit h  t h eir  f or eli m bs,  w hi c h  ar e  gr e atl y  r e d u c e d  i n  K -r ats  a n d  g e n er ali z e d  ( or 

si m plifi e d) i n p o c k et mi c e ( M o or e -Cris p, 2 0 1 8 ). T h eir f or e cl a w s ar e us e d t o pi er c e t hr o u g h 

s oil  t o  g at h er  s e e ds  a b o v e  gr o u n d  t h at  ar e  t h e n  st or e d  i n  t h eir  e xt er n al,  f ur -li n e d  c h e e k 

p o u c h es. Y et, f e e di n g t a k es pl a c e u n d er gr o u n d ( o ut of si g ht of pr e d at ors) w h er e t h e y als o 

c a c h e t h eir f o o d. S p e cifi c all y, s e e ds a r e st or e d b y D. m er ri a mi i n eit h er s h all o w c a c h es, or 

s e e ds  ar e  h o ar d e d  i n  b urr o w  l ar d ers  ( R a n d all,  1 9 9 3).  W hil e  f or a gi n g  h a bits  ar e  si mil ar 

b et w e e n K -r ats a n d p o c k et mi c e, t h eir disti n ct li m b m or p h ol o gi es s e p ar at e t h e t w o s p e ci es 

f u n cti o n all y. B e y o n d r e d uc e d f or eli m bs, K -r ats h a v e el o n g at e hi n dli m bs a n d hi n df e et, a n d 

s h ort e n e d  v ert e br al  c ol u m ns  ( e. g.,  n e c k:  c er vi c al  v ert e br at e)  ( M or g a n  a n d  Pri c e,  1 9 9 2). 

T h e  tr ait  of  el o n g at e d  hi n dli m bs  i n D.  m er ri a mi  i s  r el at e d  t o  its  j u m pi n g  or  l e a pi n g 

l o c o m ot or h a bits ( Na d er, 1 9 7 8). I nst e a d of s ust ai n e d h o p pi n g li k e k a n g ar o os a n d w all a bi es 

(i. e., s alt at ori al h a bit), k a n g ar o o r ats e m pl o y a ri c o c h et al m o d e of j u m pi n g (i. e., ri c o c h et al 

h a bit) t o l e a v e t h e s e c urit y of c o v er ( h o m e b urr o w) t o f or a g e a n d t o q ui c kl y v erti c all y l e a p 

t o  e v a d e  a  pr e d at or  stri k e  ( e. g.,  r attl es n a k es,  a m o n g  ot h er  a vi a n  n at ur al  pr e d at ors  of D. 

m er ri a mi ; s e e b el o w). I n c o ntr ast, p o c k et mi c e m ai nt ai n a t y pi c al m o us e-li k e b o d y pl a n, 

w h er e C. p e ni cill at us  i n p arti c ul ar, l a c ks s pi n es o n t h e r u m p, h as s h ort f or eli m bs, a n d h as 

gr o o v e d u p p er i n cis ors ( M or g a n a n d Pri c e, 1 9 9 2). N eit h er s p e ci es h as br o a d f or ef e et wit h 

w ell -d e v el o p e d cl a w s. H o w e v er, als o c h ar a ct eristi c of D. m er ri a mi  a n d C. p e ni cill at us  is 

t h eir  a bilit y  t o  c o nstr u ct  c o m pl e x  b urr o w  s yst e ms  si mil ar  t o t h os e  of  t h eir  s y m p atri c 
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r el ati v e T. b ott a e  as i n di c at e d a b o v e. T h eir b urr o w s yst e ms c o nsist of m ulti pl e e ntr a n c es 

a n d e xits, as w ell as r el ati v el y s m all er pits f or f o o d st or a g e ( L e a v er a n d D al y, 2 0 0 1).  

B ur r o w S yst e m C o nstr u cti o n  

     T h e di g gi n g b e h a vi ors  of T. b ott a e c o nsist of c his el t o ot h -di g gi n g a n d s cr at c h -di g gi n g. 

Wit h  eit h er  h a bit,  t h e  m oti o ns  of  t h e  h e a d/ n e c k  or  f or eli m bs  e x c a v at e  e art h  a n d  m o v e 

s oft/l o os e m at eri als t o  c o nstr u ct  its b urr o w s yst e ms (J o n es a n d B a xt er, 2 0 0 4). T h us, t h e 

str u ct ur e of it s j a w s a n d h e a d/ n e c k, i n a d diti o n t o it s f or eli m bs, r e q uir es m o difi c ati o n or 

f u n cti o n al  s p e ci ali z ati o n  t o  t h es e  t w o  l e v er  s yst e m s  t o  i n cr e as e  m e c h a ni c al  a d v a nt a g e 

( M A) a n d t h e o ut-f or c e t h at p o c k et g o p h ers ar e a bl e t o a p pl y t o t h e s u bstr at e (s e e b el o w 

f or m e c h a ni c al d et ails). T h e a v er a g e si z e of a p o c k et g o p h er b urr o w s yst e m is 1 3 2 m m i n 

d e pt h  a n d  7 0  m m  i n  di a m et er  (J o n es  a n d  B a xt er,  2 0 0 4).  T h e  i niti al  c o nstr u cti o n  of  t h e 

b urr o w s yst e m b e gi ns o n t h e s urf a c e, w hi c h h as o n e or m or e m o u n ds w h er e s oil t h at h as 

b e e n e x c a v at e d  is st or e d  a n d t h e e ntr a n c e is pl u g g e d wit h a d diti o n al  c oll e ct e d s oil. T h e 

e ntr a n c es c a n b e o p e n, b ut t h e y ar e t y pi c all y pl u g g e d t o li mit a c c es s b y pr e d at ors s u c h as 

N ort h A m eri c a n b a d g ers (J o n es a n d B a xt er, 2 0 0 4).  

     A s  t h e  b urr o w  s yst e m g ets  pr o gr es si v el y  d e e p er  fr o m  t h e  s urf a c e  l e v el,  wit h  o v er all 

str u ct ur e c o nsisti n g of a l o n g c o nti n u o us t u n n el (i. e., m ai n b urr o w) i nt o t h e m ai n c h a m b er. 

T hr o u g h o ut t h e b urr o w s yst e m t h er e ar e br a n c h es off of t h e m ai n b urr o w, w h er e s h ort er 

br a n c h  t u n n els t y pi c all y  r e pr es e nt  t h e  ar e as  us e d  f or  f or a gi n g.  T h e  f e e di n g  t u n n els  r u n 

p ar all el t o t h e s urf a c e a n d t h es e ar e i nt er c o n n e ct e d t o ot h er p orti o ns of t h e b urr o w s yst e ms 

b y d o w n -s h afts a n d r a m ps. Si d e t u n n els t h at br a n c h off of t h e f e e di n g t u n n els ar e us e d f or  

t h e dis p os al of s oil t h at h as b e e n e x c a v at e d. T h e n esti n g ar e as ar e d e e p a n d T. b ott a e li n es 

t h es e ar e as wit h v e g et ati o n (J o n es a n d B a xt er, 2 0 0 4). A d diti o n al br a n c h es i n t h e b urr o w 

s yst e m ar e utili z e d as c o oli n g z o n es, d ef e c ati o n ar e as, a n d ar e as t o hi d e f or pr e d at or e v asi o n 

( Wil ki ns  a n d R o b erts, 2 0 0 7). C oll e cti v el y, t h e c o m pl e xit y of t h e b urr o w s yst e ms of t h e 

p o c k et g o p h ers is q uit e r e m ar k a bl e. P er h a ps e v e n m or e e xtr a or di n ar y is t h at t h e d esi g n of 

b urr o w  s yst e m  c o nstr u cti o n  f or T.  b ott a e  is  si mil ar  t o  t h at  of  b ot h D.  m er ri a mi  a n d C. 

p e ni cill at us , w hi c h ar e s y m p atri c s p e ci es i n w est er n d es ert h a bit ats of t h e U S A, b ut ar e 

t a x o ns t h at l a c k t h e t y pi c al m or p h ol o gi c al s p e ci ali z ati o ns f or f os s ori al h a bit as o bs er v e d i n 

t h e p o c k et g o p h ers. 

Pr e d at or y a v oi d a n c e b e h a vi or  
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A criti c al s el e cti v e pr es s ur e c o m m o n t o all s m all r o d e nts is pr e d ati o n, a n d e a c h of t h e t hr e e 

i d e ntifi e d  g e n er a/s p e ci es  h a v e  u ni q u e  pr e d at or y  e v asi o n  b e h a vi ors.  P o c k et  g o p h ers 

t y pi c all y e v a d e pr e d at ors b y t h e us e of t h eir f ur c ol or ati o n p att er ns as c a m o ufl a g e as w ell 

as hi di n g i n t h eir b urr o wi n g s yst e ms. A s t h e pr es e n c e of a m o u n d a b o v e -gr o u n d i n di c at es 

t h e b urr o w s yst e m b el o w, it n e c es sit at es t h at p o c k et g o p h ers pl u g t h eir e ntr a n c es m a ki n g 

it diffi c ult f or pr e d at ors t o e nt er. T h e y als o te n d t o li mit t h eir m o v e m e nt w hil e i n t h e b urr o w 

w h e n tr yi n g t o e v a d e pr e d at ors ( Kr u p a a n d G el us o, 2 0 0 0). B ot h K -r ats a n d p o c k et mi c e 

ar e cr y pti c all y c ol or e d, c a usi n g pr e d at ors t o h a v e diffi c ult y l o c ati n g t h e m at ni g ht w h e n 

t h e y ar e a cti v e. M or e o v er, K-r ats h a v e als o b e e n o bs er v e d t o a v oi d a cti vit y w h e n t h er e is 

dir e ct m o o nli g ht, b ut e v e n w h e n t h e y ar e n ot a v oi di n g m o o nli g ht, t h e y t e n d t o f or a g e i n 

ar e as c o v er e d wit h br us h a n d b us h es ( R a n d all, 1 9 9 3). T h e n at ur al pr e d at ors of T. b ott a e,  

D. M er ri a mi,  a n d C. p e ni cill at us  i n cl u d e bir ds of pr e y s u c h as o wls ( K otl er, 1 9 8 4), a n d 

t err estri al  c ar ni v or es,  i n cl u di n g  c o y ot es,  f o x es,  b o b c ats,  b a d g ers,  a n d  pr e d at or y  r e ptil es 

s u c h as r attl es n a k es, g o p h er s n a k es, a n d w hi p s n a k es ( N a d er, 1 9 7 8).  

     F or t h e h et er o m yi ds, i n p a rti c ul ar, w h e n li vi n g i n di v ers e o p e n h a bit ats t h e y s p e cifi c all y 

e v a d e  pr e d at ors  b y  s wit c hi n g  t h eir  a cti vit y  p att er n s  fr o m  f or a gi n g  i n  o p e n  h a bit ats  t o 

f or a gi n g  i n  s hr u b  h a bit ats.  A s  i n di c at e d  a b o v e,  K -r ats  t y pi c all y  es c a p e  pr e d at ors  vi a 

p o w erf ul  l e a ps  aft er  t h e y  d et e ct  l o w -fr e q u e n c y  s o u n ds  or  gr o u n d  vi br ati o ns  t h at  t h eir 

pr e d at or pr o d u c es w h e n m o vi n g, or t h e y us e t h eir s e ns e of s m ell t o d et e ct o d ors gi v e n off 

b y a s n a k e. I nt er esti n gl y, t w o s p e ci es of k a n g ar o o r ats ( e. g., D. m er ri a mi ) als o e v a d e s n a k es 

b y k i c ki n g s a n d a n d f o ot-dr u m mi n g (i. e., stri ki n g t h e f e et or h e a d o n t h e gr o u n d t o cr e at e 

s eis mi c vi br ati o ns). T h e l att er is a pri miti v e f or m of e c h ol o c ati o n. W h e n i n o p e n h a bit ats, 

t h e D.  m er ri a mi  us e  bi p e d al  l o c o m oti o n  t o  es c a p e  pr e d at ors  vi a  zi g -z a g gi n g  p a tt er ns  of 

l e a ps.  T his  is  i n  c o ntr ast  t o  w h e n  t h e y  ar e  i n  cl os e  pr o xi mit y  t o  a  pr e d at or  w h er e  t h e y 

c o m pl et e  a  s eri es  of  str at e gi c  v erti c al  l e a ps,  t h e  tr aj e ct or y  of  w hi c h  d e p e n ds  o n  w hi c h 

dir e cti o n a pr e d at or is att e m pti n g t o stri k e. F or e x a m pl e, w h e n u n d er att a c k b y a n o wl, D. 

m er ri a mi  l e a ps p er p e n di c ul ar t o t h e fli g ht p at h ( L o n gl a n d a n d Pri c e, 1 9 9 1), w h er e as f or 

s n a k es,  it  l e a ps  b a c k w ar ds  t o  a v oi d  t h e  stri k e  ( W e bst er,  1 9 6 2).  O n  t h e  ot h er  h a n d,  t h e 

pr e d at or y  a v oi d a n c e  b e h a vi or  of  p o c k et  mi c e  is  g e n er ali z e d. P o c k et  mi c e  m o v e  vi a 

q u a dr u p e d al l o c o m oti o n a n d si m pl y us e a f ast g all o pi n g g ait (f ull -b o u n d) t o r u n a w a y fr o m 

pr e d at ors a n d es c a p e t o t h eir b urr o w s.  
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T h er m or e g ul at or y b e h a vi or  

T h e a cti vit y p att er ns of g e o m yi d a n d h et er o m yi d r o d e nts ar e als o str o n gl y r el at e d t o t h eir 

el e v at e d m as s -s p e cifi c m et a b oli c r at es (i. e., e n er g y c o ns u m e d p er gr a m of tis s u e) a n d t h e 

a bilit y t o m ai nt ai n a r el ati v el y st a bl e c or e b o d y t e m p er at ur e ( L es s a a n d St ei n, 1 9 9 2). S m all 

m a m m als h a v e a l ar g e s urf a c e ar e a t o v ol u m e r el ati o ns hi p ( S A: V  r ati o), t h usl y t a x a s u c h 

as  r o d e nts  oft e n  dis pl a y  fr e n eti c  b e h a vi ors  t o  offs et  r a pi d  l os s  of  b o d y  h e at  as  a 

c o ns e q u e n c e of s m all b o d y si z e ( C o ntr er as a n d M c N a b, 1 9 9 0). T h e s p e ci es T. b ott a e  h as a 

b o d y m as s of ~ 1 2 0 g, w hil e D. M er ri a mi,  a n d C. p e ni cill at us  h a v e a n a v er a g e b o d y m as s es 

of 4 5 g a n d 2 0 g, r es p e cti v el y, t h us p o c k et g o p h ers ar e at l e ast t hr e e ti m es l ar g er t h a n K -

r ats a n d p o c k et mi c e. I n g e n er al, m ai nt e n a n c e of e n d ot h er mi c h o m e ost asis i n g e o m yi d a n d 

h et er o m yi d r o d e nts is d u e t o dili g e nt f or a gi n g a cti vit y. H o w e v er, di g gi n g is a m et a b oli c all y 

c ostl y b e h a vi or, w hi c h pr o d u c es e x c es s m et a b oli c h e at. T his eff e ct is f urt h er a m plifi e d b y 

s u bst a nti all y el e v at e d a m bi e nt t e m p er at ur es i n t h eir c h os e n d es ert h a bit ats.  

     A ni m als c a n p erf or m s cr at c h -di g gi n g s l o wl y a n d str o n gl y, or r a pi dl y, r e q uiri n g gr e at er 

m e c h a ni c al p o w er o ut p ut ( a n d t h us gr e at er h e at pr o d u cti o n). S p e cifi c all y, t h e l ar g e e n er g y 

d e m a n ds  d uri n g  b urr o wi n g  i n T.  b ott a e  a c c o u nt  f or  a  s u bst a nti al  i n cr e as e  i n  its  b o d y 

t e m p er at ur e.  M or e o v er,  b e c a us e r o d e nts  ar e  u n a bl e  t o  d u m p  b o d y  h e at  vi a  c o m m o n 

m e c h a nis ms s u c h as s w e ati n g a n d p a nti n g, it m ust b urr o w d e e p er i nt o c o ol e art h w h e n its 

b o d y t e m p er at ur e s pi k es (J o n es a n d B a xt er, 2 0 0 4). A s s u c h, i n or d er t o n ot o v er h e at d uri n g 

a cti v e  ti m e,  p o c k et  g o p h ers,  K -r ats,  a n d  p o c k et  mi c e  ali k e  t e n d  f or a g e  at  ni g ht  a n d 

c o nstr u ct b urr o w s yst e ms d uri n g t h e c o ol er s e as o ns.  

F u n cti o n al M or p h ol o g y  

T h e  f u n cti o n al  m or p h ol o g y  of  m e m b ers  of  g e n er a  T h o m o m ys,  Di p o d y m ys,  a n d 

C h a et o di p us is r el at e d t o t h eir i n di vi d u al b e h a vi ors  ( S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8; 

W hitf or d et al., 2 0 1 7). I n g e n er al, t h e s m all b o d y si z e of b urr o wi n g r o d e nts is n e c es s ar y 

b e c a us e of h o w t h es e s p e ci es h a bit u at e t h e ms el v es t o lif e u n d er gr o u n d a cr os s t h e m aj orit y 

of  t h eir  lif es p a n.  D es pit e  all  t hr e e  s p e ci es  of  d es ert -d w elli n g  b urr o w ers,  h o w e v er,  t h e 

o v er all  s h a p es  of  t h eir  b o di es  ar e  q uit e  diff er e nt;  p o c k et  g o p h ers  h a v e  t h e  st er e ot y pi c al 

b o d y pl a n of a f os s ori al m a m m al, K -r ats h a v e hi g hl y r e d u c e d f or eli m bs a n d el o n g at e l o n g 

hi n dli m bs f or l e a pi n g l o c o m ot i o n as m e nti o n e d a b o v e, a n d p o c k et mi c e h a v e g e n er ali z e d 

m or p h ol o g y wit h f or e - a n d hi n dli m bs l e n gt hs t h at ar e e v e n i n pr o p orti o n ( Dj a w d a n, 1 9 9 3). 



7 1  

M or e o v er, t h e m et h o d a n d fr e q u e n c y of t h e di g gi n g utili z e d b y T. b ott a e , D. M er ri a mi,  a n d 

C. p e ni cill at us  is ge n er all y r e pr es e nt ati v e of str e n gt h i n t h eir f or eli m bs a n d h e a d/ n e c k a n d 

j a w. N o n et h el es s, m or p h ol o gi c al s p e ci ali z ati o n i n t h e f or eli m bs will b e t h e m ai n f o c us of 

t his s e cti o n. T h e m ost w ell -d e v el o p e d f u n cti o n al m u s cl e gr o u ps i n t h e f or eli m b of di g gi n g 

m a m m als ar e t h e s h o ul d er fl e x ors, el b o w e xt e ns ors, a n d c ar p al/ di git al fl e x ors ( M o or e et 

al.,  2 0 1 3;  R u p ert  et  al.,  2 0 1 5;  Ols o n  et  al.,  2 0 1 6).  T h es e  f u n cti o n al  gr o u ps  i n cl u d e  t h e 

f oll o wi n g m us cl es as t h e m aj or m us c ul at ur e a cti v at e d d uri n g s cr at c h -di g gi n g: m. p e ct or alis 

s u p erfi ci alis/ pr of u n d us,  m.  l atis si m us  d orsi,  m.  d elt oi d e us,  m.  t er es  m aj or,  m.  tri c e ps 

br a c hii,  m.  fl e x or  c ar pi  r a di alis,  m.  fl e x or  c ar pi  ul n aris,  a n d  m.  fl e x or  di git or u m 

s u p erfi ci alis/ pr of u n d us.   

a. M us c ul os k el et al str u ct ur e  

     -T. b ott a e  

     O n e of t h e m ai n el e m e nts t h at is c o m m o n i n f os s ori al a n d s e mi -f os s ori al m a m m als is 

el o n g at e d cl a w s o n t h e m a n us (f or ef e et) ( S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8). P o c k et 

g o p h ers e m pl o y s cr at c h -di g gi n g a n d t h eir w ell -d e v el o p e d f or e cl a w s ar e pri m ar y str u ct ur e s 

i n v ol v e d  i n  t his  b e h a vi or  ( L es s a  a n d  St ei n,  1 9 9 2;  St ei n,  1 9 9 3).  I n  a d diti o n,  t h e  dist al 

f or eli m bs of T. b ott a e ar e r e d u c e d i n l e n gt h (i. e., s h ort er li m b o ut -l e v er l e n gt h), a n d t his 

f e at ur e  c o u pl e d  wit h  l ar g e  cl a w s,  pr o vi d es  e n h a n c e d  M A  f or  str o n g  b urr o wi n g  a n d 

e x c a v ati o n of s oil, r es p e cti v el y. S cr at c h -di g gi n g is p erf or m e d b y t w o str o k es: p o w er str o k e 

a n d  r e c o v er  str o k e  ( Hil d e br a n d  a n d  G osl o w,  2 0 0 1).  Bri efl y,  t h e  p o w er  str o k e  i n v ol v es 

r etr a cti o n of t h e f or eli m bs p air e d wit h t h e e xt e nsi o n at t h e el b o w j oi nt  a n d fl e xi o n at t h e 

c ar p us  a n d  di gits.  T h e  r e c o v er y  str o k e  r e c y cl es  t h e  li m b  b y  pr otr a cti o n  of  t h e  f or eli m b, 

fl e xi o n at t h e el b o w j oi nt, a n d e xt e nsi o n at t h e c ar p us a n d di gits. At t h e e n d of t h e f ull li m b 

c y cl e,  t h e  f or eli m b  is  i n  p ositi o n  t o  u n d er g o  a n ot h er  p o w er  str o k e  a n d  t h es e  s e q u e nti al 

p att er ns of li m b m o v e m e nt t y pi c all y alt er n at e b et w e e n l eft a n d ri g ht f or eli m bs as s cr at c h -

di g gi n g c o nti n u es ( Hil d e br a n d, 1 9 8 5). D uri n g t h e p o w er str o k e, s oil is m o v e d v e ntr al a n d 

c a u d al  (r e ar w ar d)  r el ati v e  t o  t h e  b o d y, a n d  e v e nt u all y  s oil  is  m o v e d  o ut  of  t h e  b urr o w 

t u n n els ( m ai n b urr o w) or t o s p e cifi c b urr o w br a n c h es. P o c k et g o p h ers p erf or m s oil r e m o v al 

b y t ur ni n g 1 8 0º (fr o m t h e dir e cti o n of b urr o wi n g) i n t h e t u n n el a n d t h e n us e t h eir f or eli m bs 

t o p us h u p a n d o ut a c c u m ulat e d d e bris ( M o or e -Cris p, 2 0 1 8).  

     It is n ot e d t h at t h e g e o m yi ds ar e als o s p e ci ali z e d f or c his el t o ot h -di g gi n g, w hi c h o v er all, 
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r e q uir es  f e w er  m us cl es  a n d  str u ct ur al  m o difi c ati o n s  t o  t h e  j a w  r el ati v e  t o  t h os e  i n  t h e 

f or eli m bs. F or e x a m pl e, t h e r a pi dl y gro wi n g, c ur v e d i n cis ors of T. b ott a e h a v e n o gr o o v es, 

l e a di n g t o o n e of  t h eir c o m m o n n a m es, t h e s m o ot h-t o ot h e d g o p h ers ( N e v o, 1 9 7 9).  T his 

c his el -t o ot h or h e a d/ n e c k m et h o ds of b urr o wi n g c o nsi sts of t h e a ni m al p e n etr ati n g s oil wit h 

t h eir i n cis ors p ositi o n e d at a hi g h g a p e a n gl e (i. e., a n gl e at w hi c h t h e m o ut h is o p e n e d) wit h 

t h e h e a d pit c h e d sli g htl y n os e-u p. T h e u p p er i n cis or s h ol d a n a n c h ori n g p ositi o n f or t h e 

l o w er i n cis ors t o gr a b s oil f oll o w e d b y t h e e xt e nsi o n of t h eir c o m p a ct, str o n g n e c k t o m o v e 

t h e s oil wit h t h e l o w er j a w s ( L es s a a n d T h a el er, 1 9 8 9). O n e s h o ul d vis u ali z e a b a c k h o e 

m a c hi n e a n d t h e a cti o ns of its s c o o p b ei n g us e d t o e x c a v at e s oil. T h e d e v el o p m e nt of t h eir 

pr o c u m b e nt t e et h m or p h ol o g y all o w s T. b ott a e t o b e a s p e ci alist i n t o ot h-di g gi n g; h o w e v er, 

f or eli m b s cr at c h-di g gi n g is r e q uir e d b y T. b ott a e f or str o n g er b urr o w c o nstr u cti o n d u e t o 

t h e m e c h a ni cs of t h e j a w el e v at or m us cl es i ns erti n g cl os e t o arti c ul ati o n of t h e m a n di b ul ar 

c o n d yl e (i. e., j a w j oi nt) ( L es s a a n d St ei n, 1 9 9 2). T his m e c h a ni c al a rr a n g e m e nt r es ults i n 

r e d u c e d M A at t h e j a w j oi nt. T h us, t h e i n cis ors as si st i n l o os e ni n g s oil a n d t h e f or eli m b 

m us cl es e x c a v at e a n d r e m o v e e art h (J o n es a n d B a xt er, 2 0 0 4). P o c k et g o p h ers t y pi c all y us e 

c his el t o ot h -di g gi n g i n c o m p a ct s oil t o i niti all y l o os e n it.  

     I nt er esti n gl y, t h e f or eli m b m us cl es of T. b ott a e ar e l ar g er i n q u a ntit y b ut s m all er i n si z e 

t h a n  its  j a w  m us cl es  ( L es s a  a n d  T h a el er,  1 9 8 9;  L es s a  a n d  St ei n,  1 9 9 2),  a n d  y et  m us cl e 

c o m pl e x es  of  t h e  f or eli m b  s h o w  e xt e nsi v e  f usi n g,  es p e ci all y  wit hi n t h e  f or e ar m  fl e x or 

c o m p art m e nt. P o c k et g o p h ers als o h a v e a n e xtr a li g a m e nt i n t h eir a nt e br a c hi u m t h at r u ns 

b et w e e n  t h e  r a di us  a n d  ul n a,  pr o xi m al  t o  t h e  c ar p us.  I n  t h e  pr o xi m al  r e gi o ns  of  t h e 

f or eli m b, t h e i ns erti o n of m m. l atis si m us d orsi a n d t er es m aj or d is pl a ys e xt e nsi v e f usi n g. 

T h e  s p e ci es T.  b ott a e is  o bs er v e d  t o  h a v e  o nl y  t hr e e  h e a ds  of  t h e  m.  tri c e ps  br a c hii 

( u n c o m m o n f or m ost di g gi n g m a m m als) wit h a n ot a bl y e nl ar g e d l o n g h e a d of m. tri c e ps 

br a c hii ( L es s a a n d St ei n, 1 9 9 2). C o nsist e nt wit h w ell -d e v el o p e d m us c ul at ur e ar e e nl ar g e d 

ar e as of m us cl e att a c h m e nt o n t h e d elt o p e ct or al cr est of t h e h u m er us, m e di al e pi c o n d yl e of 

t h e h u m er us,  a n d ol e cr a n o n pr o c es s of t h e ul n a ( S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8), 

w hi c h  ar e  t h e  m ost  t y pi c al  f or eli m b  s k el et al  m o difi c a ti o ns  o bs er v e d  i n  s cr at c h-di g gi n g 

t a x a. T h e c o m pl e x of e xt e ns or m us cl es t h at i ns ert at t h e ol e cr a n o n pr o c es s ar e m m. tri c e ps 

br a c hii, d ors o e pitr o c hl e aris ( m. t e ns or f as ci a e a nt e br a c hii), a n d a n c o n e us, w hil e t h e l ar g est 

m us cl e i n t h e a nt e br a c hi u m of T. b ott a e , t h e m. fl e x or c ar pi ul n aris ( F C U), ori gi n at es fr o m 
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t h e  ol e cr a n o n  ( S a m u els  a n d  V a n  V al k e n b ur g h,  2 0 0 8),  t h us  n e c es sit ati n g  t h at  t his  b o n y 

l a n d m ar k b e r o b ust.  

     Al o n g wit h e nl ar g e d m us cl es a n d ar e as of m us cl e att a c h m e nt, t h e s h afts of t h e l o n g li m b 

b o n es of p o c k et g o p h ers dis pl a y a d diti o n al r o b ust n e s s (i. e., t hi c k n es s). T h e h u m er us a n d 

ul n a,  i n  p arti c ul ar,  m ust  b e  str o n g  t o  r esist  b ot h  cr a ni o c a u d al  a n d  m e di ol at er al  b e n di n g 

l o a ds a cti n g o n t h es e b o n es d uri n g s cr at c h-di g gi n g. I n a d diti o n, li m b b o n es m ust  wit hst a n d 

b ot h  b e n di n g  a n d  t orsi o n al  (t wisti n g)  str es s es  a n d  str ai ns  s u p eri m p os e d  o n  c o m pr es si v e 

l o a di n g i n v ol v e d i n b o d y w ei g ht s u p p ort d uri n g di g gi n g ( S a m u els a n d V a n V al k e n b ur g h, 

2 0 0 8). T h e d e v el o p m e nt ( a n d r e m o d eli n g) of r o b ust l o n g b o n es i n pr o xi m al f or eli m b of T. 

b ott a e is li k el y i n r es p o ns e t o t h e m e c h a ni c al l o a ds i m p os e d o n t h e m as s o ci at e d wit h t h eir 

s u bt err a n e a n a n d f os s ori al lif est yl e. I n c o ntr ast, t h e dist al li m b b o n es of t h e m a n us i n T. 

b ott a e ar e r e d u c e d i n l e n gt h i n or d er t o i m pr o v e M A of pr o xi m al li m b m us cl es ( m e c h a ni c al 

a d v a nt a g e, M A = gr e at er i n -l e v er t o o ut-l e v er r ati os) (s e e b el o w s u bs e cti o n b: Li m b l e v er 

s yst e m s ), alt h o u g h r o b ust n es s of t h es e b o n es is r et ai n e d as t h e f e et ar e t h e sit e of t h e a p pli e d 

o ut -f or c e  a n d  dir e ctl y  e x p eri e n c e  t h e i m p a ct  of  l ar g e  s u bstr at e  r e a cti o n  f or c es  ( S R F: 

S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8). T h e b o n es of t h e f or ef e et ar e a ptl y o bs er v e d t o b e 

st o ut i n m a n y s cr at c h -di g gi n g t a x a i n cl u di n g p o c k et g o p h ers.  

     -D. m er ri a mi & C. p e ni cill at us  

     M us c ul ar arr a n g e m e nt f or s cr at c h -di g gi n g i n t h e K -r ats a n d p o c k et mi c e i n cl u d e m us cl e 

i ns erti o ns o n a m o d estl y e nl ar g e d d elt o p e ct or al cr est of t h e h u m er us, e pi c o n d yl es of t h e 

h u m er us, a n d ol e cr a n o n pr o c es s of t h e ul n a. F or e x a m pl e, t h e d elt o p e ct or al c r est i n K-r ats 

m ust  b e  l ar g e  e n o u g h  t o  a c c o m m o d at e  att a c h m e nts  of  t h e  m m.  d elt oi d e us  ( p arts: 

s pi n o d elt oi d e us a n d a cr o mi o d elt oi d e us), p e ct or alis a n d l atis si m us d orsi b e c a us e a disti n ct 

d elt oi d t u b er osit y is n ot o bs er v e d. C oll e cti v el y, t h es e m us cl es h a v e t h e  a cti o ns of r etr a cti n g 

a n d a d d u cti n g t h e f or eli m bs as t h e y d o i n T. b ott a e  ( S a m u els a n d V a n V al k e n b ur g h, 2 0 0 8). 

T h e pr es e n c e of a s o m e w h at e nl ar g e d h u m er al m e di al e pi c o n d yl e is a n i m p ort a nt s k el et al 

m o difi c ati o n f or di g gi n g. T h e m e di al e pi c o n d yl e is t h e or i gi n f or t h e c ar p al/ di git al fl e x ors, 

w hi c h i n cl u d e t h e  m m. fl e x or c ar pi r a di alis, p al m aris l o n g us, fl e x or di git or u m s u bli mis, 

a n d h u m er al h e a ds of t h e fl e x or di git or u m pr of u n d u s. T h e m e di al e pi c o n d yl e is als o t h e 

ori gi n  of  t h e  m.  pr o n at or  t er es  ( S a m u els  a n d  V a n  V al k e n b ur g h,  2 0 0 8).  T h e  ol e cr a n o n 

s er v es as t h e c o m m o n i ns erti o n f or t h e el b o w e xt e ns ors m m. d ors o e pitr o c hl e aris, a n c o n e us, 
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a n d  tri c e ps  br a c hii  m e di al  a c c es s or y  h e a d,  as  w ell  as  t h e  ori gi n  of  t h e  m.  fl e x or  c ar pi 

ul n aris.  

b. Li m b l e v er s yst e m s  

T h e  b o n es  a n d  m us cl es  of  t h e  f or eli m bs  f u n cti o n  as  a n  i nt e gr at e d  s yst e m  t o  p erf or m 

s cr at c h -di g gi n g. T h e li m b s yst e m c o m pris es diff er e nt cl as s es of l e v ers t h at ar e as s o ci at e d 

pri m aril y wit h fl e xi o n/ e xt e nsi o n of li m b s e g m e nts vi a r ot ati o ns at t h e li m b j oi nts. Bri e fl y, 

t h er e ar e t hr e e cl as s es ( or or d ers) of l e v er s yst e ms: fir st, s e c o n d, a n d t hir d. A first ( 1st) cl as s 

l e v er is f or m e d b y t h e j oi nt (i. e., f ul cr u m) l o c at e d b et w e e n t h e a p pli e d m us cl e f or c e (i. e., 

i n-f or c e)  a n d  r esist a n c e  t o  m o v e m e nt  or  l o a d  (i. e.,  o ut-f or c e)  ( D a vis  et  al.,  2 0 1 0).  A n 

a n at o mi c al  e x a m pl e  of  a  1 st cl as s  l e v er  is  t h e  m.  tri c e ps  br a c hii  a cti n g  t o  e xt e n d  t h e 

a nt e br a c hi u m at t h e el b o w j oi nt a g ai nst t h e r esist a n c e pr o vi d e d b y t h e s u bstr at e. A s e c o n d 

( 2n d ) cl as s l e v er is f or m e d b y t h e o ut-f or c e p ositi o n e d i n b et w e e n t h e  j oi nt a n d i n-f or c e. 

T h e m us c ul os k el et al a n at o m y of a ni m als ar e n ot n at ur all y c o m p os e d of 2 n d  cl as s l e v ers, 

alt h o u g h t h e y c a n b e f or m e d ( as w h e n usi n g a m a c hi n e) t o m o v e a h e a v y l o a d ( e. g., a w h e el 

b arr o w) ( Hil d e br a n d a n d G osl o w, 2 0 0 1 ). L ast, a t hir d ( 3r d) cl as s l e v er is f or m e d b y t h e i n-

f or c e l o c at e d b et w e e n t h e j oi nt a n d t h e o ut-f or c e. A n e x a m pl e of a 3r d cl as s l e v er is t h e m. 

bi c e ps br a c hii a cti n g t o fl e x t h e a nt e br a c hi u m at t h e el b o w j oi nt a g ai nst t h e m as s of t h e 

dist al li m b w h e n r e c o v eri n g t h e f or eli m b aft er a p o w er str o k e of s cr at c h -di g gi n g ( M o n d al 

a n d T a b as s u m, 2 0 1 6). I n -f or c e a n d o ut-f or c e ar e r el at e d b y t h e t or q u e (i. e., r ot ati o n f or c e 

or m o m e nt) b al a n ci n g e q u ati o n:  

                                                 F i n x L i n = F o ut  x L o ut ,      E Q. 1  

w h er e F is f or c e a n d L is l e v er ( m o m e nt) ar m l e n gt h. T h us, t h e o ut -f or c e t h at is a p pli e d b y 

a ni m al  li m bs  h as  a  m a g nit u d e  t h at  is  d u e  t o  t h e  M A  of  t h e  l e v er  s yst e m,  w hi c h  is 

d et er mi n e d b y t h e L i n/ Lo ut  r ati o. I n ot h er w or ds, t h e r es ulti n g o ut -f or c e a p pli e d r e pr es e nts 

t h e  a m o u nt  of  f or c e  t h at  w as  pr o d u c e d  b y  t h e  li m bs  m us cl es  a m plifi e d  b y  t h eir  M A 

( D e M o nt, 1 9 9 6). 

     M us cl e m o m e nt ar m, w hi c h r e pr es e nts t h e i n -l e v er f or m us cl e t or q u e a p pli e d at a li m b 

j oi nt, is a m etri c of c o nsi d er a bl e i nt er est as a p pli e d t o di g gi n g or b urr o wi n g b e h a vi or. It is 

d efi n e d as t h e p er p e n di c ul ar dist a n c e b et w e e n t h e m u s cl e li n e of a cti o n a n d t h e j oi nt c e nt er 

of r ot ati o n, a n d r e pr es e nts a n i nst a nt a n e o us m e as ur e of M A wit h w hi c h c o ntr a ctil e f or c e 

pr o d u c e d  b y a  li m b  m us cl e  ( or  f u n cti o n al  gr o u p)  c a n  g e n er at e  a  t or q u e  at  li m b  j oi nt 
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( Willi a ms et al., 2 0 0 8). T h er ef or e, m e as ur e m e nt of m us cl e m o m e nt ar m ( d e n ot e d as r m ) is 

criti c al f or d et er mi ni n g o n e of t h e m ost i m p ort a nt f u n cti o n al c a p a citi es of li m b m us cl es vi a 

e v a l u ati o n of ar c hit e ct ur al pr o p erti es (s e e M at eri als a n d M et h o ds, s u bs e cti o n Ar c hit e ct ur al 

Pr o p erti es/ Q u a ntifi c ati o ns ). 

     F urt h er m or e, t h e L i n/ Lo ut  r ati o d et er mi n es eit h er f or c e or v el o cit y a d v a nt a g e at a li m b 

j oi nt. A l ar g e r ati o c orr es p o n ds wit h e n h a n c ed M A a n d r es ults i n t h e a p pli c ati o n of  l ar g e 

o ut -f or c e b ut at a sl o w j oi nt r ot ati o n al v el o cit y. I n c o ntr ast, a s m all r ati o r es ults i n f ast j oi nt 

r ot ati o n al  v el o cit y  b ut  wit h  s m all  o ut-f or c e  a p pli c ati o n.  It  is  f or  t his  r e as o n  t h at  li m b 

m us cl es wit h s h ort r m  c a n m o v e a n el o n g at e d li m b s e g m e nt t hr o u g h a l ar g e r a n g e of m oti o n 

( R o M) wit h r el ati v el y littl e m us cl e s h ort e ni n g, or c o ntr a ctil e e x c ursi o n. H o w e v er, t h e li m b 

s k el et o ns of s cr at c h -di g gi n g t a x a ar e t y pi c all y m o difi e d f or e n h a n c e d M A b y h a vi n g l ar g e 

r m c o u pl e d wit h s h ort dist al li m b el e m e nts. F or e x a m pl e, t h e f or eli m bs p o c k et g o p h ers h a v e 

l ar g e M A b e c a us e a n el o n g at e d ol e cr a n o n pr o c es s (i n-l e v er) a n d a s h ort r a di us a n d ul n a 

( o ut-l e v er) pr o d u ci n g hi g h o ut-f or c e ( a p pli e d j oi nt t or q u e) p er u nit i n-f or c e. A s a r es ult, T. 

b ott a e  c y cl e  t h eir f or eli m bs wit h sl o w er j oi nt v el o citi es. K -r ats a n d p o c k et  mi c e, o n t h e 

ot h er  h a n d,  g e n er all y  h a v e  l o n g er  o ut -l e v er  t o  i n-l e v er  arr a n g e m e nts  r es ulti n g  i n  a  l o w 

a p pli c ati o n  of  o ut -f or c e,  al b eit  t h e y  ar e  c a p a bl e  of  c y cli n g  t h eir li m bs  at  a  hi g h er  j oi nt 

v el o cit y t h a n p o c k et g o p h ers. B y c o m p aris o n, T. b ott a e  h as a n a v er a g e di g gi n g fr e q u e n c y 

(i. e., li m b c y cli n g fr e q u e n c y) t h at r a n g es fr o m 1 3-1 7 H z, w h er e as C. p e ni cill at us a v er a g e 

1 7 – 2 1 H z a n d D. M er ri a mi a n d h as t h e hi g h est li m b c y cl i n g fr e q u e n c y a m o n g t h es e t hr e e 

s p e ci es at 2 0 – 2 4 H z ( Cris p et al., 2 0 1 9). K -r ats a n d p o c k et mi c e a p p e ar t o c o m p e ns at e f or 

r e d u c e d M A b y c y cli n g t h eir f or eli m bs m or e r a pi dl y d uri n g b urr o wi n g.  

c. M us cl e fi b er ar c hit e ct ur e  

M us cl e ar c hit e ct ur e is d efi n e d as t h e arr a n g e m e nt of fi b ers r el ati v e t o t h e m us cl e li n e of 

a cti o n ( Willi a ms et al., 2 0 0 8). T h er e ar e t w o m ai n fi b er ar c hit e ct ur es: p e n n at e - a n d p ar all el -

fi b er e d  m us cl es.  P e n n at e  m us cl es  h a v e  f as ci cl es  ( b u n dl es  of  m us cl e  fi b ers)  t h at  ar e 

att a c h e d  o bli q u el y  t o  t h e  t e n d o n  of  i ns erti o n  or  a  t e n di n o us  i ns cri pti o n(s)  t h at  r u n 

t hr o u g h o ut t h e m us cl e b ell y. T h e a n gl e at w hi c h t h e f as ci cl es ar e arr a n g e d r el ati v e t o t h e 

l o n g a xis f as ci al pl a n e or i ntr a m us c ul ar t e n d o n tis s u e is k n o w n as p e n n ati o n a n gl e a n d t his 

m etri c t y pi c all y r a n g es fr o m 0 ° t o 4 5 ° u n d er r esti n g c o n diti o ns. H o w e v er, w h e n m us cl es 

ar e r e cr uit e d t o pr o d u c e a cti v e f or c e a n d p erf or m m e c h a ni c al w or k, t his c a us es fi b ers t o 
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r ot at e  a b o ut  t h eir  ori gi n,  a n d  t h us  p e n n ati o n  a n gl e  c h a n g es  as  m us cl es  s h ort e n  d uri n g 

c o ntr a cti o n ( G a ns, 1 9 8 2, A zi zi et al., 2 0 0 8). B y d efi niti o n, p e n n at e -fi b er e d m us cl es h a v e 

r esti n g  p e n n ati o n  a n gl es  t h at  r a n g e  fr o m  1 5  t o  4 5 °  ( Z aj a c,  1 9 8 9,  1 9 9 2).  A s s ess m e nt  of 

m us cl e ar c hit e ct ur e pr o p erti es i n v ol v es m e as ur e m e nt of t h e r esti n g p e n n ati o n a n gl e of  t h e 

f as ci cl es, i n a d diti o n t o f as ci cl e l e n gt h, m us cl e b ell y l e n gt h, a n d m us cl e b ell y m as s.  

     I n g e n er al, t h e m a g nit u d e of f or c e pr o d u c e d b y p e n n at e-fi b er e d m us cl es is l ar g er t h a n 

t h at of p ar all el-fi b er e d m us cl es. T his is b e c a us e fi b er p e n n ati o n c orr es p o n ds wit h s h ort er 

f as ci cl es, w hi c h i n t ur n, all o w s f or a gr e at er n u m b er of m us cl e fi b ers p er u nit ar e a of m us cl e 

tis s u e ( G a ns, 1 9 8 2, A zi zi et al., 2 0 0 8). T h er ef or e, p e n n at e m us cl es t y pi c all y h a v e gr e at er 

p h ysi ol o gi c al  cr os s -s e cti o n al  ar e a  ( P C S A)  t h a n  p ar al l el-fi b er e d  m us cl es,  a n d  P C S A  is 

pr o p orti o n al  t o  t h e  is o m etri c  f or c e  pr o d u cti o n  c a p a bilit y  of  m us cl es  ( Al e x a n d er,  1 9 8 4; 

Willi a ms  et  al., 2 0 0 8). P e n n ati o n t h e n pr o vi d es a n  a d v a nt a g e f or  l ar g e f or c e pr o d u cti o n 

c a p a cit y  p er  gr a m  of  m us cl e  tis s u e,  b ut  p e n n at e -fi b er e d  m us cl es  ar e  l es s  c a p a bl e  of 

p erf or mi n g m e c h a ni c al w or k a n d p o w er ( G a ns, 1 9 8 2; A zi zi et al., 2 0 0 8).  

     M us cl e  p e n n ati o n  c a n  b e  i d e ntifi e d  as  o n e  of  t hr e e  fi b er  ar c hit e ct ur es:  u ni p e n n at e, 

bi p e n n at e, a n d m ulti p e n n at e. U ni p e n n at e m us cl es h a v e f as ci cl es ori e nt e d i n a si n gl e pl a n e 

at s o m e a n gl e r el ati v e t o t h e m us cl e li n e of a cti o n. P e n n ati o n a n gl es ar e r el ati v el y l o w f or 

u ni p e n n at e m us cl es r a n gi n g fr o m 1 5 t o 2 5 °. Bi p e n n at e m us cl es h a v e f as ci cl es ori e nt e d at 

s o m e a n gl e r el ati v e t o t h e m us cl e li n e of a ct i o n o n b ot h si d es of a c e ntr al t e n d o n wit hi n t h e 

m us cl e b ell y t h at is c o nti n u o us wit h its i ns erti o n. P e n n ati o n a n gl es of bi p e n n at e m us cl es 

ar e t y pi c all y l ar g er t h a n t h os e of u ni p e n n at e m us cl es ( e. g., 2 0 – 3 5 °). M ulti p e n n at e m us cl es 

h a v e  m ulti pl e  di visi o ns  of  f as ci cl es  t hr o u g h o ut  t h e  m us cl e  b ell y  t h at  ar e  s e p ar at e d  b y 

n u m er o us t e n di n o us i ns cri pti o ns. P e n n ati o n a n gl es ar e o bs er v e d t o b e r el ati v el y hi g h f or 

m ulti p e n n at e m us cl es a n d c a n r a n g e fr o m 2 5 t o 4 5 ° ( G a ns, 1 9 8 2, Z aj a c, 1 9 8 9, 1 9 9 2; A zi zi 

et  al.,  2 0 0 8).  M ul ti p e n n at e  m us cl es  h a v e  s h ort  f as ci cl es  a n d  l ar g e  P C S A.  T h e  m. 

s u bs c a p ul aris,  a  s c a p ul ar  st a bili z er  m us cl e,  is  a n  e x a m pl e  of  a  m us cl e  t h at  is  al m ost 

u ni v ers all y m ulti p e n n at e i n m a m m als.  

     P ar all el -fi b er e d m us cl es h a v e l o n g f as ci cl es t h at r u n t h e m aj orit y  of t h e m us cl e b ell y 

l e n gt h ( Li e b er, 2 0 0 2), a n d b y d efi niti o n, h a v e f as ci cl es ori e nt at e d at l o w a n gl es fr o m 0 t o 

1 5 ° r el ati v e t o t h e l o n g a xis of t h e m us cl e ( Z aj a c, 1 9 8 9, 1 9 9 2). T h e s h a p e of p ar all el -fi b er e d 

m us cl es c a n b e di vi d e d i nt o t hr e e c at e g ori es: st r a p, f u sif or m, a n d f a n-s h a p e d ( G a ns, 1 9 8 2). 
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I nt er esti n gl y, t h e m. bi c e ps br a c hii is oft e n d es cri b e d as f usif or m b y s h a p e a n d y et it is a 

u ni p e n n at e m us cl e i n n u m er o us m a m m ali a n t a x a. F a s ci cl es t h at ar e arr a n g e d i n p ar all el t o 

t h e li n e of a cti o n pr o vi d e t h e a d v a nt a g e of s h ort e ni n g a bilit y (i. e., c o ntr a ctil e e x c ursi o n) 

a n d v el o cit y of c o ntr a cti o n, w hi c h is pr o p orti o n al t o m us cl e f as ci cl e a n d/ or fi b er l e n gt h. 

G e n er all y, p ar all el -fi b er e d m us cl es h a v e a l ar g er c a p a cit y f or p erf or mi n g w or k a n d p o w er 

t h a n p e n n at e-fi b er e d m us cl es, b ut t h e y ar e l es s c a p a bl e of pr o d u ci n g l ar g e f or c e. P ar all el 

m us cl es  wit h  l o n g  f as ci cl es  ar e  t h usl y  s p e ci ali z e d  f or  f ast  m o v e m e nts  or  e xt e nsi v e 

m o v e m e nts r e q uiri n g a l ar g e R O M at t h e li m b j oi nts.  

     C o m pl et e  m e as ur e m e nts  of  m us cl e  ar c hi t e ct ur al  pr o p erti es  i n cl u d e:  m us cl e  m o m e nt 

ar m  l e n gt h  ( r m ),  m us cl e  m as s  ( M M),  b ell y  l e n gt h  ( M L),  f as ci cl e  l e n gt h  ( L F ),  p e n n ati o n 

a n gl e ( θ), a n d P C S A. S p e cifi c all y, P C S A is t h e m ost i m p ort a nt ar c hit e ct ur al pr o p ert y a n d 

it c a n b e c al c ul at e d wit h t h e f oll o wi ng e q u ati o n:  

                                                 ( V/ LF ) x c os θ,        E Q. 2  

w h er e V is m us cl e v ol u m e (i n g/ c m 3 ), LF is m e a n f as ci cl e l e n gt h, a n d θ is m e a n p e n n ati o n 

a n gl e i n d e gr e es. W hil e P C S A is t y pi c all y l ar g er i n p e n n at e -fi b er e d m us cl es, it is i m p ort a nt 

t o r e c o g ni z e t h at p ar all el-fi b er e d m us cl es wit h l ar g e m as s c a n als o h a v e l ar g e P C S A d u e 

t o  t h e  us e  of  v ol u m e  ( m as s  a n d  v ol u m e  ar e  r el at e d  b y  d e nsit y)  i n  its  c al c ul ati o n. 

N o n et h el es s,  dir e ct  c al c ul ati o n  of  P C S A  fr o m  m e as ur e d  li n e ar  g e o m etri c di m e nsi o ns 

all o w s f or esti m ati o n of s e v er al f u n cti o n c a p a citi es of m us cl es i n cl u di n g: is o m etri c f or c e 

( Fm a x ),  m a xi m al  j oi nt  t or q u e  ( at  a  j oi nt  a n gl e  of  ~ 9 0º),  a n d  i nst a nt a n e o us  m us cl e  p o w er 

( Pi nst) (s e e M at eri als a n d M et h o ds, s u bs e cti o n Ar c hit e ct ur al Pr o p e rti es/ Q u a ntifi c ati o ns ).  

     S e v er al  ar c hit e ct ur al  i n di c es  ( AI)  als o  pr o vi d e  i nf or m ati o n  o n  c a p a citi es  of  m us cl e 

f u n cti o n.  F as ci cl e  l e n gt h  t o  m us cl e  l e n gt h  ( L F / M L)  r ati o  pr e di cts  s h ort e ni n g  v el o cit y 

a bilit y. A L F / M L cl os e t o 1. 0 i n di c at es l ar g e c o ntr a ctil e e x c ursi o n i nst e a d of f or c e d u e t o 

l o n g  f as ci cl es.  A n ot h er  i m p ort a nt  r ati o  is  f as ci cl e  l e n gt h  t o  m us cl e  m o m e nt  ar m  l e n gt h 

( LF /r m ).  T h e  s m all er  t h e  r ati o  c al c ul at e d,  t h e  gr e at er  t h e  M A  of  a  m us cl e -t e n d o n  u nit 

( M T U)  at  a  j oi nt  f or  l ar g e  f or c e  o ut p ut.  I n  c o ntr ast,  a  LF /r m  gr e at er  t h a n  2 – 3  i n di c at es 

gr e at er j oi nt e x c ursi o n p er c h a n g e i n m us cl e f as ci cl e l e n gt h. M T U wit h l ar g e L F /r m  r ati os 

c a n m o v e j oi nts a n d li m b s e g m e nts t hr o u g h l ar g e R o M.  

     B urr o wi n g a n d n o n -b urr o wi n g s ci uri ds h a v e pr e vi o usl y b e e n s h o w n t o h a v e l ar g e P C S A 

i n  t h eir  pr o xi m al  li m b  m us cl es  t o  a ct  t o  r etr a ct  t h e  f or eli m b  d uri n g  t h e  p o w er  str o k e  of 
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s cr at c h -di g gi n g ( L a g ari a a n d Y o ul at os 2 0 0 6). S p e cifi c all y, t h e m as si v e m. l atis si m us d orsi 

w as r e p ort e d t o h a v e t h e l ar g est P C S A a m o n g t h e li m b r etr a ct ors w hil e t h e w ell -d e v el o p e d 

a n d bi -arti c ul ar l o n g h e a d of tri c e ps br a c hii ( als o a li m b r etr a ct or/s h o ul d er fl e x or) h a d t h e 

l ar g est P C S A of t h e e xt e ns or m us cl es i ns erti n g at el b o w j oi nt. I n t h e dist al f or eli m b, t h e 

m.  fl e x or  di git or u m  pr of u n d us  h a d  t h e  hi g h est  P C S A  of  t h e  c ar p al  a n d  di git al  fl e x ors 

( L a g ari a a n d Y o ul at os 2 0 0 6). All t hr e e of t h es e m us cl es ar e i m p ort a nt t o o ut -f or c e (t or q u e) 

a p pli c ati o n t o t h e s u bstr at e. T h es e fi n di n gs g e n er all y c orr es p o n d wit h t h os e of R u p ert et 

al.  ( 2 0 1 5)  w hi c h  e v al u at e d  f o r eli m b  ar c hit e ct ur al  pr o p erti es  i n  gr o u n d h o gs  (M ar m ot a 

m o n a x ) a n d f o u n d t h at m ost e xtri nsi c m us cl es of t h e f or eli m b w er e p ar all el -fi b er e d wit h 

l o n g  f as ci cl e  l e n gt hs  b ut  h a d  l ar g e  m as s.  T h us,  t h e  m m.  l atis si m us  d orsi  a n d  p e ct or alis 

s u p erfi ci alis/ pr of u n d us h a d l ar g e L F / M L a n d LF /r m  r ati os i n di c ati n g c o ntr a ctil e e x c ursi o n 

t o r etr a ct t h e h u m er us (f or eli m b) d uri n g t h e p o w er str o k e of s cr at c h-di g gi n g a n d c o ul d d o 

t his  wit h  a p pr e ci a bl e  f or c e  b e c a us e  of  t h eir  el e v at e d  P S C A.  It  w as  als o  o bs er v e d  t h at 

i ntri nsi c m us c ul at ur e b e c a m e m or e p e n n at e i n t h e di st al f or eli m b. F or e x a m pl e, m. fl e x or 

di git or u m s u p erfi ci alis ( F D S) a n d pr of u n d us ( F D P) w er e p e n n at e -fi b er e d m us cl es wit h t h e 

c a p a cit y t o pr o d u c e l ar g e f or c e t o k e e p t h e di gits fl e x e d w hil e e x c a v ati n g s oil ( R u p ert et 

al., 2 0 1 5). M or e o v er, F D S a n d F D P c a n a p pl y a p pr e ci a bl e fl e x or t or q u e at t h e c ar p als j oi nt 

a n d f u n cti o n c o ul d s u p pl e m e nt l o w f or c e pr o d u c e d b y t h e m m. fl e x or c ar pi r a di alis ( F C R) 

a n d  ul n aris  ( F C U).  Si mil ar  t o  L a g ari a  a n d  Y o ul at os  ( 2 0 0 6),  t h e  l o n g  h e a d  of  m.  tri c e ps 

br a c hii i n t h e gr o u n d h o g w as i n di c at e d t o h a v e a hi g h f or c e pr o d u cti o n b as e d o n its l ar g e 

P C S A, w h er e as t h e i ntri nsi c s h o ul d er m us cl es ( e. g., m. s u bs c a p ul aris a n d m. i nfr as pi n at us) 

of  gr o u n d h o gs  w er e  c h ar a ct eri z e d  as  st a bili zi n g  m us cl es  b e c a us e  of  t h eir  l o n g  f as ci cl e 

l e n gths, a n d l o w P C S A a n d f or c e c a p a cit y ( R u p ert et al., 2 0 1 5).  

     M us cl e ar c hit e ct ur al pr o p erti es h a v e n ot b e e n q u a ntifi e d i n eit h er p o c k et g o p h ers, K -

r ats, or p o c k et mi c e. H o w e v er, t h e a b o v e o bs er v ati o ns fr o m di g gi n g s q uirr els d o pr o vi d e 

e x p e ct ati o ns  of  m us cl e  p erf or m a n c e  i n  b urr o wi n g T.  b ott a e .  Wit h  r es p e ct  t o  K-rats  a n d 

p o c k et mi c e, pr e vi o us as s es s m e nt of m us cl e fi b er ar c hit e ct ur e i n g e n er ali z e d r ats a n d mi c e 

als o m a y b e i nsi g htf ul. A s a n e x a m pl e, M at h e w s o n et al. ( 2 0 1 2) r e p ort e d l ar g e P C S A (i. e., 

f or c e  c a p a cit y)  i n  t h e  fl e x ors  a n d  l o n g  fi b er  l e n gt h  (i. e.,  s h ort e n i n g  c a p a cit y)  i n  t h e 

e xt e ns ors  of  t h e  f or eli m b of  t h e  c o m m o n h o us e  m o us e  ( M us  m us c ul us ). T h e  m.  tri c e ps 

br a c hii  l o n g  h e a d  ( T B L O)  n ot a bl y  h a d  a  b ot h  l ar g e  P C S A  a n d  l o n g  f as ci cl e  l e n gt hs 
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( M at h e w s o n et al., 2 0 1 2), w hi c h i n di c at es t h at t his m us cl e w o ul d pr o d u c e m or e hi g h p o w er 

o ut p ut. H e n c e, t h e T B L O m a y b e o n e of t h e m ost  i m p ort a nt m us cl es  i n t h e f or eli m b of 

mi c e b y pr o vi di n g pr o p ulsi o n f or eit h er r u n ni n g or b urr o wi n g. A n d w hil e t h e f or eli m b of 

r ats h a v e n ot b e e n i n v esti g at e d s p e cifi c all y f or t h eir m us cl e ar c h it e ct ur al pr o p erti es, t h es e 

m etri cs fr o m l a b or at or y r at hi n dli m bs w er e als o f o u n d t o l ar g e P C S A a n d l o n g f as ci cl es i n 

t h e  hi p  e xt e ns ors  a n d  k n e e  fl e x ors  f or  hi g h  p o w er  c o m p ar e d  t o  t h eir  c orr es p o n di n g 

a nt a g o nist m us cl e gr o u ps ( E n g et al., 2 0 0 8). A si mil ar s uit e of ar c hit e ct ur al pr o p erti es m a y 

li k e wis e b e e x p e ct e d i n r at f or eli m bs f urt h er s u g g esti n g t h at hi g h p o w er o ut p ut f or c y cli n g 

t h e li m b r a pi dl y is c o m m o n t o r ats a n d mi c e.    

d. Diff usi bl e I o di n e -B as e d C o ntr ast -E n h a n c e d C o m p ut e d T o m o gr a p h y  

T h e m ost r e c e n t t o ol t h at f u n cti o n al m or p h ol o gists ar e i m pl e m e nti n g t o p erf or m st u di es of 

fi n e  i nt er n al  tis s u e  a n at o m y  is  diff usi bl e  i o di n e-b as e d  c o ntr ast -e n h a n c e d  c o m p ut e d 

t o m o gr a p h y ( DI C E-C T: Gi g n a c et al., 2 0 1 6; Di c ki ns o n et al., 2 0 1 8, 2 0 1 9; N y a k at ur a et al., 

2 0 1 9;  S ulli v a n  et  al.,  2 0 2 0,  R e g n a ult  et  al.,  2 0 2 0).  O n e  of  t h e  m ai n  a d v a nt a g es  of  t his 

t e c h ni q u e is t h at it pr es er v es a n at o mi c al str u ct ur e t h us all o wi n g st u d y of t h e e ntir e a ni m al 

s p e ci m e n  as  a  n o n -d estr u cti v e  pr ot o c ol  v ers us  t h at  of  tr a diti o n al  dis s e cti o n  m et h o ds.  A 

s e c o n d  a d v a nt a g e,  a n d  p er h a ps  e q u all y  i m p ort a nt,  i s  t h at  DI C E -C T  h as  t h e  p ot e nti al  of 

i n cr e asi n g  t h e  a c c ur a c y  of  m or p h ol o gi c al  m e as ur e m e nts  b y  ‘ di git al  dis s e cti o n’  i n 

s p e ci m e ns  t h at  ar e  t o o  s m all  or  diffi c ult  t o  pr e cis el y  dis s e ct  f or  q u a ntifi c ati o n  o f 

m us c ul os k el et al m or p h ol o g y. T h e l e v el of r es ol uti o n ( u p t o 1 n m) of s c a ns pr o d u c e d fr o m 

DI C E -C T  c a n  pr o vi d e  vis u ali z ati o n  of  i n di vi d u al  fi b ers  fr o m  m us cl es  t h at  c o ntri b ut e  t o 

s p e cifi c t y p es of li m b m o v e m e nts ( e. g., s cr at c h -di g gi n g), t h us all o wi n g f or q u a ntifi c ati o n 

of ar c hit e ct ur al pr o p erti es fr o m si n gl e f as ci cl es c o nsisti n g of fi b ers t h at w o ul d ot h er wis e 

o nl y b e p os si bl e usi n g a mi cr os c o p e a n d a ci d -di g est e d (t o br e a k d o w n c oll a g e n) m us cl e 

tis s u e m o u nt e d o n sli d es. A t hir d a d v a nt a g e is t h at C T ( or -C T) s c a ns pr o d u c e r el ati v el y 

r a pi d, hi g h-r es ol uti o n 3 D i m a g es of bi ol o gi c al tis s u es. T h e 3 D r e n d eri n gs of m us cl es at t h e 

l e v els  of  r es ol uti o n  p os si bl e  b y  DI C E-C T  ar e  c urr e ntl y  all o wi n g  f or  m or e  c o m pl et e 

u n d erst a n di n g  h o w  m us cl e  tis s u e  is  or g a ni z e d  ( e. g.,  p e n n at i o n  of  f as ci cl es)  a n d  h o w  it 

f u n cti o ns t o pr o d u c e f or c e a n d li m b s e g m e nt m o v e m e nt.  

     T h e m ai n p ar a m et ers i n v ol v e d wit h DI C E -C T ar e s p e ci m e n si z e, d e nsit y of t h e tis s u es 

t o b e st ai n e d-l a b el e d, c o n c e ntr ati o n of t h e i o di n e m e di a, d ur ati o n of i o di n e i n c u b ati o n, a n d 
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ti m e  c o urs e f or C T s c a n ni n g (s e e M at eri als a n d M et h o ds, s u bs e cti o n Di git al dis s e cti o n: 

DI C E -C T).  T h er e  ar e  a  v ari et y  of  s p e ci m e n  fi xi n g  a n d  st ai ni n g  pr ot o c ols  t h at  c a n  b e 

f oll o w e d f or DI C E-C T, a n d t h e o n e c h os e n is oft e n d e p e n d e nt o n c ost a n d a v a il a bilit y of 

m at eri als. Pri or fi x ati o n of w h ol e a ni m al s p e ci m e ns a n d/ or li m bs ( or tis s u e) is st a n d ar d b y 

us e of f or m ali n ( or f or m al -al c o h ol), b ut c a n v ar y i n f or m ul ati o n d e p e n di n g o n t h e t a x o n 

b ei n g st u di e d a n d f o c us of t h e st u d y. T h e t y pi c al pr ot o c ol r e q u ir es c o n c e ntr ati o n of 1 0 % 

fi x ati v e ( Gi g n a c et al., 2 0 1 6). Tis s u e i n c u b ati o n wit h i o di n e c a n f oll o w eit h er diff usi o n -

b as e d  or  p erf usi o n -b as e d  s ol uti o n  pr ot o c ols.  L u g ol s  i o di n e  is  t h e  m ost  c o m m o nl y  us e d 

st ai ni n g -l a b eli n g s ol uti o n as it h as t h e p ot e n c y t o c o mpl et el y p er m e at e a r a n g e bi ol o gi c al 

tis s u es effi ci e ntl y, as w ell as its eff e cti v e n es s f or a r a n g e of a ni m al b o d y si z es t h at is c a n 

st ai n.  S p e cifi c all y,  i n c u b ati o ns  i n  L u g ols  i o di n e  l a b els  m us cl e  tis s u e  w ell  a n d  at 

i nt er m e di at e r at es, w h er e it c a n t a k e h o urs -t o-m o nt h s t o st ai n a n a ni m al d e p e n di n g o n t h e 

o v er all si z e  a n d r e gi o n of t h e b o d y b ei n g st ai n e d ( Gi g n a c et al., 2 0 1 6; Di c ki ns o n et  al., 

2 0 1 8, 2 0 1 9; N y a k at ur a et al., 2 0 1 9; S ulli v a n et al., 2 0 2 0).  

     Tis s u e st ai ni n g pr ot o c ol r e q uir es ti nt e d gl as s j ars a n d p eri o di c s ol uti o n e x c h a n g es as t h e 

c ol or of t h e L u g ols i o di n e c h a n g es t o t h at of a “ w e a k t e a ” a p p e ar a n c e. Tis s u e s hri n k a g e 

fr o m  st ai ni n g  is  c o m m o n  b ut  c a n  b e  pr e v e nt e d/ mi ni mi z e d  b y  a d di n g  s u cr os e  t o  t h e 

i n c u b ati o ns or b y pr e-i n c u b ati n g bi ol o gi c al tis s ue i n a 1 0 % s u cr os e s ol uti o n ( Di c ki ns o n et 

al.,  2 0 1 9).  St ai ni n g  m ust  r e a c h  t h e  c e nt er  of  t h e  ti s s u e  b ef or e  m a ki n g  fi n al  C T  s c a ns, 

alt h o u g h i m a gi n g c a n b e d o n e d uri n g t h e st ai ni n g pr o c es s t o v erif y t h at a n e ntir e r e gi o n of 

tis s u e h as b e e n p er m e at e d wit h o ut ov er -st ai ni n g ( Gi g n a c et al., 2 0 1 6). It is als o i m p ort a nt 

t o n ot e t h at pr e-s c a ns vi a C T of t h e s p e ci m e n or li m b s ar e n e c es s ar y if i m a gi n g of b o n es is 

d esir a bl e. C o m pl et e d i o di n e i n c u b ati o ns d o v er y w ell t o c o ntr ast l e v els of tis s u e ( m us cl e, 

t e n d o n, c o n n e ctiv e tis s u e) b ut d o n ot p er m e at e b o n e tis s u e, a n d r e a dil y m as k it o n DI C E -

C T s c a ns.  

     T h e r es ol uti o n of C T s c a n n ers is v ari a bl e a n d t hi s will d et er mi n e t h e t ot al a m o u nt of 

ti m e t h at t h e a ni m al or r e gi o n of its a n at o m y ( e. g., li m b) r e m ai ns i n t h e s c a n n er t o o bt ai n 

i m a g es. Si z e of t h e w h ol e  a ni m al or a n at o mi c al s p e ci m e n als o d et er mi n es  t h e  l e n gt h of 

ti m e s p e nt i n t h e C T s c a n n er, w h er e s c a n ti m e c a n r a n g e fr o m mi n ut es t o h o urs. I m a g es at 

a s p e cifi e d r es ol uti o n ( 1 0 -2 0 m is m ost c o m m o n) ar e c a pt ur e d i n st a c ks  usi n g i m a gi n g 

s oft w ar e.  I m a g es  c a n  i n cl u d e  m ar k ers  t o  b e  dis pl a y e d  at  ar e as  of  i nt er est  ( e. g.,  m us cl e 
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att a c h m e nt  sit es  a n d  j oi nt  c e nt ers  of  r ot ati o n)  i n  or d er  t o  m a k e  all  n e c es s ar y  m us cl e 

ar c hit e ct ur al m e as ur e m e nts.  

     A s i n di c at e d a b o v e, DI C E -C T is b e c o mi n g m or e u bi q uit o us b e c a us e of t h e a d v a nt a g es 

of  di git al  dis s e cti o n,  n o n d estr u cti v e  pr ot o c ols,  a n d  p ot e nti all y  m or e  a c c ur at e 

m e as ur e m e nts d u e t o t h e  m us cl es r e m ai ni n g i n  t h eir i n sit u st at e. N o n et h el es s, t h er e ar e 

s o m e dis a d v a nt a g es t o e m pl o yi n g t his t e c h ni q u e f or m or p h o m etri c a n al ys es. S p e cifi c all y, 

a dj ust m e nts still n e e d t o b e m a d e t o t h e s oft w ar e al g orit h ms c o d e d f or t h e a n al ysis of t h e 

m us cl e ar c hit e ct ur al pr o p erti es m e as ur e d fr o m DI C E -C T. B ut, a r e c e nt st u d y o n t h e j a w 

m us cl e f as ci cl es of a  cr a b  e at i n g m a c a q u e c o m p ar e d t h e r es ults of tr a diti o n al ( or bl u nt) 

dis s e cti o n t o m us cl e g e o m etr y as s es s e d fr o m DI C E -C T  f o u n d si mil ar ( a n d r eli a bl e) r es ults 

f or f as ci cl e l e n gt hs, p e n n ati o n a n gl es, a n d P C S A usi n g A vi z o 8. 0 s oft w ar e f or vis u ali z ati o n 

a n d m e as ur e m e nt ( Di c ki ns o n et al., 2 0 1 9). I n s e c o n d st u d y ( N y a k at ur a et al., 2 0 1 9), m us cl e 

ar c hit e ct ur e pr o p erti es w er e q u a ntifi e d usi n g DI C E -C T  o n a c o m p ar ati v e m us cl e d at as et 

fr o m t h e hi n dli m bs of ar b or e al-t o-f os s ori al s q uirr els. T h e f os s ori al s q uirr els h a d m us cl e 

wit h g e n er all y l ar g e p e n n ati o n  a n gl es a n d P C S A t h us gi vi n g t h e m  t h e c a p a cit y f or hi g h 

pr o d u cti o n,  w h er e as  t h e  hi n dli m b  m us c ul at ur e  of  m ost  ar b or e al  s q uirr els  s a m pl e d  w er e 

f o u n d  t o  h a v e  l o n g  f as ci cl es  f a v ori n g  gr e at er  m us cl e  e x c ursi o n,  a n d  c o u pl e d  wit h  t h eir 

l arg e  v ol u m e,  t h es e  m us cl es  h a v e  t h e  c a p a cit y  f or  hi g h  p o w er  o ut p ut  ( N y a k at ur a  et  al., 

2 0 1 9).  L ast,  a  n o v el  r e p ort  b y  R e g n a ult  et  al.  ( 2 0 2 0)  e v al u at e d  m us cl e  ar c hit e ct ur e 

pr o p erti es of t h e s h o ul d er m us cl es i n s e mi -f os s ori al s h ort-b e a k e d e c hi d n a ( T a c h y gl os s us 

a c ul e at us ). U si n g a c o m bi n ati o n of DI C E-C T  a n d bl u nt dis s e cti o n t o m e as ur e t h e f as ci cl e 

l e n gt hs a n d c al c ul at e P C S A, t h e y s h o w e d t h at al m o st all m us cl es s a m pl e d w er e p ar all el-

fi b er e d  a n d  wit h  r el ati v el y  l o n g  f as ci cl es  (i. e.,  si m plifi e d  a n d  c o ns er v ati v e  m us c l e  fi b er 

ar c hit e ct ur e).  A c c or di n gl y,  P C S A  of  t h e  f or eli m b  m us c ul at ur e  w as  l o w -t o-m o d er at e 

c o m p ar e d  t o ot h er s pr a wli n g, f os s ori al t a x a pr e vi o u sl y a n al y z e d ( R e g n a ult et al., 2 0 2 0). 

F or  e x a m pl e,  s c a p ul ar  st a bili z ers  s u c h  as  t h e  m m.  i nfr as pi n at us  a n d  s u pr as pi n at us  w er e 

c h ar a ct eri z e d as l o w f or c e pr o d u ci n g o v er a m o d er at e r a n g e of s c a p ul ar m oti o n i n e c hi d n as, 

w hi c h h a v e l es s s c a p ul ar e x c ursi o n c o m p ar e d wit h f os s ori al di g gi n g r o d e nts. T h es e t w o 

m us cl es i n t h e l att er t a x a t y pi c all y h a v e s h ort f as ci cl e s a n d hi g h p e n n ati o n a n gl es r es ulti n g 

i n l ar g e P C S A ( R e g n a ult et al., 2 0 2 0).  

     U si n g  t h e  s y m p atri c  s p e ci es T.  b ott a e , D.  M er ri a mi,  a n d C.  p e ni cill at us ,  DI C E-C T 
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w o ul d  pr o vi d e  hi g h -r es ol uti o n  i m a g es  f or  q u a ntifi c ati o n  of  t h e  li n e ar  g e o m etri c 

m e as ur e m e nts t h at c a n als o b e m e as ur e d wit h tr a diti o n al ( bl u nt) dis s e cti o n. Si mil ar hi g h 

s u c c es s r at es i n t h e a c c ur a c y of fi n e m e as ur e m e nts fr o m bi ol o gi c al tis s u es ( Gi g n a c et al., 

2 0 1 6), es p e ci all y fr o m s m all a ni m als, ar e e x p e ct e d f or t h e f or eli m b m us cl es of t h es e t hr e e 

d es ert -d w e lli n g  r o d e nts  as  it  w as  s h o w n  i n  t h e  m u s cl es  fr o m  ot h er  m a m m ali a n  t a x a  i n 

s e v er al r e c e nt st u di es usi n g DI C E -C T f or q u a ntifi c ati o n of ar c hit e ct ur al pr o p erti es.  

e. M y osi n fi b er t y p es/ M y osi n H e a v y C h ai n  

T h er e  ar e  f o ur  diff er e nt  a d ult  is of or ms  of  m y osi n  h e a v y  c h ai n  ( M H C)  e x pr es s e d  i n  t h e 

s k el et al m us cl es of m a m m ali a n li m bs a n d t h e y ar e pri m aril y i d e ntifi e d b y t h eir r at e of A T P 

h y dr ol ysis. T h e f oll o wi n g is of or ms ar e list e d i n or d er of sl o w est -t o-f ast est c o ntr a cti n g b y 

t h eir  r at e  of  A T P  h y dr ol ysis:  M H C-1  (sl o w),  M H C -2 A  (sl o w est  f ast),  M H C -2 X 

(i nt er m e di at e f ast), a n d M H C-2 B (f ast est) ( B otti n elli, 2 0 0 1; T o ni ol o et al., 2 0 0 4). T h es e 

M H C is of or ms r el at e t o a s p e cifi c ‘fi b er t y p e’ b y a c o m m o n n a m e of eit h er sl o w -t wit c h 

( T y p e I) or f ast-t wit c h ( T y p e II) m us cl e fi b ers. Sl o w -c o ntr a cti n g fi b ers utili z e A T P at sl o w 

r at es w h er e as f ast-c o ntr a cti n g fi b ers utili z e A T P at f a st r at es, t h us e x pl ai ni n g t h e sl o w - a n d 

f ast-t wit c h  n o m e n cl at ur e.  M or e o v er,  b y  c o n v e nti o n,  M H C  is of or m  fi b er  t y p es  ar e 

b e n efi ci al f or s p e cifi c f u n cti o n al r ol es. F or e x a m pl e, sl o w M H C -I is of or m fi b ers ar e us ef ul 

f or pr ol o n g e d c o ntr a cti o ns (i. e., a nti-gr a vit y or p ost ur al m us cl es), w h er e as f ast M H C -2 A, 

-2 X,  or -2 B  is of or m  fi b ers  ar e  n e c es s ar y  f or  b e h a vi ors  r e q uiri n g  gr e at er  l e v els  of  f or c e 

( e. g., M H C-2 A) or p o w er  ( e. g., M H C-2 X or -2 B) ( Li e b er, 2 0 0 2).  

     R o d e nts a n d h u m a ns ali k e e x pr es s f ast M H C -2 X fi b ers. H o w e v er, o nl y s m all r o d e nts 

a n d r a b bits (t h e or d ers R o d e nti a a n d L a g o m or p h a ar e cl os el y r el at e d b y p h yl o g e n y) a n d 

m ars u pi als e x pr es s t h e f ast M H C -2 B is of or m i n  t h eir s k el et al m us cl es ( M as c ar ell o et al., 

2 0 0 4).  E x pr es si o n  of  t h e  f ast est  M H C  is of or m  is  p artl y  d e p e n d e nt  o n  b o d y  si z e  a n d 

t h er m or e g ul ati o n  i n  m a m m als  ( S e o w  a n d  F or d,  1 9 9 1;    P ell e gri n o  et  al.,  2 0 0 3). 

I nt er esti n gl y, m a m m als of m e di u m-t o-l ar g e b o d y si z e (i n cl u di n g h u m a ns) h a v e t h e M Y H 4 

g e n e ( T h o m as et al., 2 0 1 7), alt h o u g h a f u n cti o n al M H C -2 B is of or m pr ot ei n is n ot tr a nsl at e d 

i n t h eir s k el et al m us cl es ( C hi k u ni et al., 2 0 0 4). T h er ef or e, it is a mis n o m er t h at h u m a ns 

e x pr es s  T y p e  II B  m us cl e  fi b ers  ( S m er d u  a n d Er z e n,  2 0 0 1;  S c ott  et  al.,  2 0 0 1).  I n  t his 

i nst a n c e, ‘fi b er t y p e’ n o m e n cl at ur e a n d M H C e x pr es si o n ar e mis m at c h e d a n d T y p e II B ar e 

M H C -2 X is of or m fi b ers, or k n o w c o m m o nl y k n o w n as ‘ T y p e II X’ fi b ers. Als o n ot a bl e is 
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t h e i n v ers e s c ali n g r el ati o ns hi p fi b er s h ort e ni n g v el o cit y wit h b o d y si z e, w h er e v el o cit y of 

s h ort e ni n g d e cr e as es f or ort h ol o g o us (i. e., s a m e is of or m, diff er e nt s p e ci es) M H C is of or ms 

as b o d y m as s i n cr e as es.  F or e x a m pl e, sl o w M H C -1 fi b ers of a r at  c o ntr a ct si g nifi c a ntl y 

f ast er t h a n M H C-1 fi b ers i n a  h ors e, a n d t h e r el ati o ns hi p is m ost dr a m ati c f or t h e sl o w -

c o ntr a cti n g  is of or m  ( T o ni ol o  et  al.,  2 0 0 7).  I n d e e d,  l ar g e  m a m m als  h a v e  a  br o a d er 

distri b uti o n of sl o w -c o ntr a cti n g M H C is of or ms ( P ell e gri n o et al., 2 0 0 3) a n d t his is r el at e d 

t o t h eir li mit e d a bilit y t o d u m p b o d y h e at (i. e., l o w S A: V ol r ati os). D e cr e as es i n s h ort e ni n g 

v el o cit y,  h o w e v er,  ar e  m or e  gr a d u al  f or  f ast  M H C  is of or ms  a n d  c o ntr a cti o n  a n d  h alf -

r el a x ati o n ti m e f or M H C-2 X fi b ers ar e m or e si mil ar t o t h at of M H C -2 A a n d -2 B is of or m 

fi b er t y p es a cr os s t a x a ( S c hi affi n o a n d R e g gi a ni, 2 0 1 1).  

     I ntri nsi c  p o w er  g e n er ati o n  s h ar es  a  si mil ar  b o d y  si z e  d e p e n d e n c e  wit h  s h ort e ni n g 

v el o cit y. T his is b e c a us e p o w er is d et er mi n e d as t h e pr o d u ct of fi b er s h ort e ni n g v el o cit y 

a n d f or c e. I n g e n er al, sl o w M H C -1 fi b ers  g e n er at e l o w f or c e a n d p o w er, w hil e f ast M H C -

2 A fi b ers g e n er at e m o d est f or c e a n d p o w er. M H C -2 X fi b ers g e n er at e i nt er m e di at e l e v els 

of  f or c e  a n d  p o w er  a n d  M H C -2 B  fi b ers  g e n er at e  hi g h  f or c e  a n d  p o w er  ( Li e b er,  2 0 0 9). 

P o w er g e n er ati o n is cl os el y r el at e d t o t h er m or e g ul at or y a biliti es b e c a us e c o ntr a cti o n of f ast 

M H C is of or m fi b ers g e n er at es m or e h e at as a b y pr o d u ct, w hi c h i m p ort a nt t o h o m e ot h er m y 

a n d m et a b olis m i n s m all m a m m als. H e n c e, r o d e nts c a n c y cl e t h eir li m bs q ui c kl y b e c a us e 

of gr e at er i ntri nsi c p o w er fr o m  f ast M H C is of or m e x pr es si o n. M us cl e fi b er m et a b olis m is 

als o r el at e d  t o ‘f ati g u e r esist a n c e.’ B y  c o n v e nti o n,  sl o w M H C -I fi b ers h a v e t h e gr e at est 

f ati g u e r esist a n c e a n d t h at of f ast M H C-2 X fi b ers is i nt er m e di at e b et w e e n M H C -2 A a n d -

2 B  is of or m  fi b ers  ( S c hi a ffi n o  a n d  R e g gi a ni,  2 0 1 1).  F ati g u e  r esist a n c e,  h o w e v er,  is  l es s 

d e p e n d e nt o n M H C is of or m e x pr es si o n ( K o h n, 2 0 1 4; S p ai n h o w er et al., 2 0 1 8) a n d is m or e 

d e p e n d e nt o n f u n cti o n al us e of m us cl es (i. e., f u n cti o n al a d a pt ati o n), a n d h o w t his f a ct or 

c o -v ari es wit h s p e cifi c a er o bi c ( o xi d ati v e) a n d a n a er o bi c ( e. g., gl y c ol yti c) m us cl e e n z y m e 

a cti viti es ( S p ai n h o w er et al., 2 0 1 8; i n r e visi o n). Mit o c h o n dri al d e nsit y is a n ot h er criti c al 

f a ct or i n f ati g u e r esist a n c e i n s k el et al m us cl es ( Li e b er, 2 0 0 9). F or e x a m pl e, f ast M H C -2 X 

a n d -2 B m us cl e fi b ers i n r o d e nts h a v e el e v at e d mit o c h o n dri al d e nsiti es c o m p ar a bl e t o t h os e 

i n  sl o w  M H C-1  fi b ers  i n  ot h er,  l ar g er  t a x a,  a n d  t h us  c a n  s ust ai n  hi g h  p o w er  o ut p ut 

i m p ort a nt t o t h e m as s-s p e cifi c m et a b olis m i n s m all r o d e nts ( Li e b er, 2 0 0 9).  
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     B e y o n d  t h es e  c o nsi d er ati o ns,  t h e  pr o p orti o ns  of  sl o w  a n d  f ast  M H C  e x pr es s e d  v ar y 

a m o n g  m us cl es  ( a n d  s p e ci es)  a n d  ar e  ulti m at el y  d e p e n d e nt  o n  f u n cti o n.  A  w ell -k n o w n 

e x a m pl e ar e dist al m us cl es i n v ol v e d i n p ost ur al ( a nti -gr a vit y) a cti viti es t h at t y pi c all y h a v e 

l ar g er  pr o p orti o ns  of  sl o w-c o ntr a cti n g  fi b ers  wit h  gr e at er  o xi d ati v e  p ot e nti al,  w h er e as 

pr o xi m al m us cl es i n v ol v e d i n l o c o m oti o n (i. e., a c c el er ati o n) m a y h a v e l ar g er pr o p orti o ns 

of f ast -c o ntr a cti n g M H C of t h e gl y c ol yti c fi b er t y p e ( Al v er e z et al., 2 0 1 2; S c hi affi n o a n d 

R e g gi a ni, 2 0 1 1). D u e t o b ot h t h e b o d y si z e a n d f u n cti o n al h a bits of t h e t hr e e s p e ci es of 

r o d e nts r e vi e w e d h er ei n, as w ell as t h e i m p ort a n c e of us e of t h eir f or eli m bs f or b urr o wi n g, 

t h e f ast-c o ntr a cti n g M H C is of or ms ar e of p arti c ul ar i nt er est wit h r es p e ct t o r at e at w hi c h 

t h e f or eli m bs ar e c y cl e d d uri n g s cr at c h-di g gi n g.  

     S e v er al  st u di es  h a v e  e v al u at e d  fi b er  t y p es  i n  di g gi n g  r o d e nts  ( e. g.,  G ol dst ei n,  1 9 7 1; 

R o ur k e  et  al.,  2 0 0 4;  Al v ar e z  et  al.,  2 0 1 2;  R u p ert  et  al.,  2 0 1 5).  G ol dst ei n  et  al.  ( 1 9 7 1) 

ori gi n all y  st u di e d  t h e  h et er o g e n eit y  of  fi b er  t y p es  i n  b urr o wi n g  s p er m o p hil us  ( gr o u n d 

s q uirr els),  s c a p a n us  ( m ol es),  a n d  e ut a mi as  ( c hi p m u n ks).  B y  c orr el ati n g  m as s  s p e cifi c 

m et a b oli c r at e ( a ni m al wit h l ar g er m as s h a v e l o w er m as s -s p e cifi c m et a b oli c r at es)  a n d sl o w 

(r e d) vs. f ast ( w hit e) fi b er t y p e distri b uti o ns, l ar g er r o d e nts w er e e x p e ct e d t o h a v e m or e 

sl o w fi b ers, w h er e as s m all er r o d e nts w er e e x p e ct e d t o h a v e m or e f ast fi b ers t o m e et t h e 

r es p e cti v e m et a b oli c d e m a n ds. Al m ost all t h e m us cl es s a m pl e d s h o w e d  h et er o g e n eit y of 

r e d,  i nt er m e di at e,  a n d  w hit e  fi b er  t y p es;  h o w e v er,  r o d e nts  h a d  pr e d o mi n a ntl y  sl o w -f ast 

fi b er t y p es w hil e m ol es s h o w e d a m aj orit y of f ast fi b er t y p es.  

     S o ut h A m eri c a n c a vi o m or p hs ( g e n us Ct e n o m ys), i n p arti c ul ar, ar e t h e m ost n u m er o us 

s p e ci es of all f os s ori al r o d e nts ( R ei g et al., 1 9 9 0) a n d ar e c o n v er g e nt wit h N ort h A m eri c a n 

p o c k et  g o p h ers.  I nt er esti n gl y, t u c o-t u c os  ( e. g., Ct e n o m ys.  t al ar u m ) h a v e  r el ati v el y  l o w 

li m b M A si mil ar t o D. m er ri a mi  a n d C. p e ni cill at us , t h us r e q uiri n g t h es e r o d ents t o r el y o n 

a v el o cit y r at h er t h a n a m e c h a ni c al a d v a nt a g e f or s cr at c h -di g gi n g p erf or m a n c e. Al v ar e z et 

al. ( 2 0 1 2) f o u n d > 9 0 % of m us cl e fi b ers i n m m. t er es m aj or a n d tri c e ps br a c hii l at er al h e a d 

of C. t al ar u m  w er e t h e f ast, o xi d ati v e -gl y c ol yti c ( F O G = M H C -2 A) a n d f ast gl y c ol yti c ( F G 

=  M H C -2 X/ 2 B)  fi b er  t y p es,  w h er e  t h e  p er c e nt a g e  m aj orit y  of  fi b er  e x pr es s e d  i n  b ot h 

m us cl es w er e t y p e F O G ( Al v ar e z et al., 2 0 1 2). It is n ot u n c o m m o n f or M H C -2 A fi b ers t o 

h a v e m et a b ol i c pr o p erti es t h at ar e m or e o xi d ati v e t h a n sl o w M H C-1 fi b ers ( H e p pl e et al., 

2 0 0 0; Ørt e n bl a d,  2 0 1 8; S p ai n h o w er et al., 2 0 1 8). Si mil arl y, a m aj orit y of f ast M H C -2 A 
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fi b ers  w er e  als o  f o u n d  t hr o u g h o ut  t h e  f or eli m b  di g gi n g  m us c ul at ur e  of  t h e  c o m m o n 

gr o u n d h o g  ( M ar m ot a  m o n a x :  R u p ert  et  al.,  2 0 1 5). I n  t h e  li m b  r etr a ct ors  a n d  el b o w 

e xt e ns ors  of M.  m o n a x ,  r el ati v el y  s m all  p er c e nt a g es  ( < 2 0 %)  of  sl o w  M H C-1  a n d  f ast 

M H C -2 X is of or m fi b ers w er e e x pr es s e d, w h er e as dist al c ar p al/ di git al fl e x ors h a d r el ati v el y 

gr e at er sl o w M H C -1 fi b ers wit h t h e l a c k of f ast M H C -2 X e x pr es si o n ( R u p ert et al., 2 0 1 5). 

N ot a bl y, n eit h er s p e ci es  e x pr es s e d t h e f ast M H C -2 B, alt h o u g h M H C is of or ms w er e n ot 

i d e ntifi e d  i n  t h e  st u d y  b y  Al v ar e z  et  al.  ( 2 0 1 2).  A  fi n al  st u d y  e x a mi ni n g  M H C  g e n e 

e x pr es si o n ( m R N A) d uri n g hi b er n ati o n i n g ol d e n -m a ntl e d gr o u n d s q uirr els ( S p er m o p hil us 

l at er alis: R o ur k e et al., 2 0 0 4) c o n v ers el y r e p ort e d t h at M H C-2 A h a d t h e l o w est e x pr es si o n 

i n  fi b ers  fr o m  t h e  f or eli m b  m us c ul at ur e.  I nst e a d,  t h e  m aj orit y  of  t h e  f or eli m b  m us cl es 

s a m pl e d i n S. l at er alis  pr e d o mi n a ntl y e x pr es s e d M H C -2 X, a n d i n s o m e m us cl es, a c h a n g e 

i n m R N A e x pr es si o n si g n ali n g a n is of or m tr a nsiti o n ( or s hift) fr o m f ast M H C-2 X t o f ast 

M H C -2 B  w as  o bs er v e d  d u e  t o  t h e  e n vir o n m e nt al  str es s  of  hi b er n ati o n  ( R o ur k e  et  al., 

2 0 0 4).  

     T h e  a b o v e  c o m bi n e d  r es ults  f or  di g gi n g  t a x a  ar e  r e m ar k a bl e  c o nsi d eri n g  t h at  l ar g e 

distri b uti o ns of M H C -2 X a n d 2 B is of or m fi b ers ar e c o m m o n t o t h e li m b m us cl es of s m all 

r o d e nts s u c h as r ats a n d mi c e. I n p arti c ul ar, f ast M H C-2 X a n d 2 B c o m pris e n e arl y 8 5 % of 

t h e  r at  hi n dli m b  ( E n g  et  al.,  2 0 0 8)  a n d  m o us e  f or eli m b  ( M at h e w s o n  et  al.,  2 0 1 2)  wit h  

mi ni m al e x pr es si o n of M H C -1 or a p pr e ci a bl e e x pr es si o n i n s el e ct e d m us cl es o nl y ( e. g., m. 

s ol e us  i n  r ats).  M us cl e  fi b er  t y p e  c h ar a ct eristi cs,  h o w e v er,  h a v e  n ot  b e e n  e v al u at e d  i n 

p o c k et g o p h ers, K -r ats, a n d p o c k et mi c e. A g ai n, t h e m ai n m us cl e f u n cti o n al gr o u ps t h at 

ar e  i n v ol v e d  i n  s cr at c h -di g gi n g  i n cl u d e  t h e  li m b  r etr a ct ors  (s h o ul d er  fl e x ors),  el b o w 

e xt e ns ors, a n d c ar p al/ di git al fl e x ors. T h us, it w o ul d b e v al u a bl e t o d e t er mi n e M H C is of or m 

fi b er t y p e i n e xtri nsi c m us cl es s u c h as t h e m m. l atis si m us d orsi a n d p e ct or alis ( all h e a ds), 

as w ell as t h at of t h e m aj or i ntri nsi c f or eli m b m us c ul at ur e, i n cl u di n g b ut n ot li mit e d t o, m. 

d elt oi d e us ( all p arts), m. t er es m aj or, m. tri c e p s br a c hii, m. d ors o e pitr o c hl e aris, m. fl e x or 

c ar pi ul n aris, a n d m. fl e x or di git or u m pr of u n d us. M H C e x pr es si o n a n d fi b er t y p e % f o u n d 

i n T.  b ott a e , D.  m er ri a mi ,  a n d C.  p e ni cill at us  is  p ot e nti all y  a n  i m p ort a nt  f a ct or  f or 

d et er mi ni n g f u n cti o n al diff er e n c es a m o n g t h es e t hr e e s p e ci es d es pit e t h eir o bs er v e d si mil ar 

lif est yl es a n d b e h a vi ors ( M o or e-Cris p, 2 0 1 8).  

O bj e cti v es a n d H y p ot h es es  
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R ati o n al e  

Si mil ar  t o  p o c k et  g o p h ers,  k a n g ar o o  r ats,  a n d  p o c k et  mi c e  e a c h  b urr o w  usi n g  t h eir 

f or eli m bs as a n i m p ort a nt b e h a vi or f or t h eir s ur vi v al i n a h ars h d es ert e c os yst e m. H o w e v er, 

w h er e as T. b ott a e  dis pl a y t y pi c al  m us c ul os k el et al  m o difi c ati o ns f or s cr at c h -di g gi n g, t h e 

f oreli m bs of D. m er ri a mi a n d  C. p e ni cill at us ar e r e d u c e d a n d g e n er ali z e d, r es p e cti v el y, i n 

t h eir  li m b  f or m.  T h e  f u n d a m e nt al  q u esti o n  is  h o w  d o  k a n g ar o o  r ats  a n d  p o c k et  mi c e 

d e m o nstr at e  s cr at c h -di g gi n g  p erf or m a n c e  si mil ar  or  e q u al  t o  t h at  of  p o c k et  g o p h ers ? 

R e c e nt f u n cti o n al d at a ( M o or e  Cris p, et al., 2 0 1 9 ) of di g gi n g p erf or m a n c e i n di c at e t h at t h e 

m us cl es of D. m er ri a mi a n d  C. p e ni cill at us  m a y b e s p e ci ali z e d f or s h ort, r a pi d b ursts of 

s cr at c h -di g gi n g  w hil e  t h os e  of T.  b ott a e  ar e  b ett er  s uit e d  f or  pr ol o n g e d  b urr o wi n g. 

M or e o v er, s o m e p o c k et mi c e w er e f o u n d t o b e c a p a bl e of pr o d u ci n g r el ati v el y l ar g er o ut -

f or c e t h a n b ot h p o c k et g o p h ers a n d K-r ats ( M o or e-Cris p, 2 0 1 8). T h es e pr e vi o us fi n di n gs 

ar e p os si bl e o nl y if t h e i ntri nsi c pr o p erti es of s h o ul d er fl e x or a n d el b o w e xt e ns or m us cl es 

of D.  m er ri a mi a n d  C.  p e ni cill at us ar e  a d a pt e d  f or  l ar g er  f or c e  a n d  p o w er  b y  t h eir 

ar c hit e ct ur al  pr o p erti es  a n d  e x pr es si o n  of  f ast er  M H C  is of or m  fi b ers  c o m p ar e d  wit h T. 

b ott a e .  T h us,  gr e at er  m us cl e  f or c e  c a n  c o m p e ns at e  f or  r e d u c e d  m e c h a ni cal  a d v a nt a g e 

( M A)  of  t h e  f or eli m bs  of D.  m er ri a mi a n d  C.  p e ni cill at us ,  a n d  gr e at er  i ntri nsi c  m us cl e 

p o w er w o ul d all o w t h es e t w o s p e ci es t o c y cl e t h eir f or eli m bs at gr e at er fr e q u e n ci es. T h e 

l att er is als o c o nsist e nt wit h r e d u c e d M A of K-r at a n d p o c k et mi c e f or eli m bs, a n d i nst e a d, 

t h es e  t a x a  h a v e  a n  a d v a nt a g e  f or  f ast  j oi nt  r ot ati o n al  v el o cit y  ( Hil d e br a n d,  1 9 8 5;  St ei n, 

2 0 0 0).    

     T h e  o bj e cti v e  of  t his  i n v esti g ati o n  is  t o  q u a ntif y  m us cl e  ar c hit e ct ur al  pr o p erti es  a n d 

M H C is of or m e x pr es si o n i n f or eli m bs of t hr e e b ur r o wi n g r o d e nts. T o t his e n d, di v ersit y i n 

f u n cti o n al  us e  of  r o d e nt  f or eli m bs  f or  s cr at c h-di g gi n g  will  b e  e v al u at e d  b y  a  t h or o u g h 

c o m p ar ati v e a n al ysis of m us cl e pr o p erti es t o e x pl ai n h o w t hr e e s y m p atri c s p e ci es s ur vi v e 

b y b urr o wi n g w hil e e a c h h a v e m ar k e d diff er e n c es i n b o d y f or m  a n d f or eli m b si z e. It is 

h y p ot h esi z e d  t h at  t h e  f or eli m b  m us cl es  of D.  m er ri a mi a n d  C.  p e ni cill at us  h a v e  f ast -

c o ntr a cti n g m us cl es r el at e d t o p o w erf ul r a pi d b ursts of s cr at c h -di g gi n g t h at c o m p e ns at e f or 

t h eir o v er all l a c k of m us cl e d e v el o p m e nt, w h er e as t h e p o c k et g o p h ers will h a v e str o n g er, 

sl o w -c o ntr a cti n g  m us cl es  c o nsist e nt  wit h  l ar g e  li m b  M A.  T hr e e  s p e cifi c  pr e di cti o ns  ar e 

i n di c at e d b el o w. 
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     It is p r e di ct e d  t h at ( 1) t h e li m b r etr a ct ors, el b o w fl e x ors, a n d c ar p al/ di git al fle x ors of 

D. m er ri a mi a n d  C. p e ni cill at us  will h a v e a pr e d o mi n a nt e x pr es si o n of f ast M H C -2 X a n d 

-2 B  is of or m  fi b er  t y p es,  w h er e as  t h os e  f u n cti o n al  gr o u ps  i n  p o c k et  g o p h ers  will  h a v e  a 

br o a d er  distri b uti o n  of  f ast  M H C -2 A  fi b ers.  It  is  als o  pr e di ct e d  t h at  ( 2) t h e  m us cl es 

c o m p osi n g  t h os e  t hr e e  f u n cti o n al  gr o u ps  will  h a v e  l o n g  fi b ers  a n d  a  l ar g e  c a p a cit y  f or 

s h ort e ni n g a n d e x c ursi o n i n D. m er ri a mi a n d  C. p e ni cill at us.  T h e w ell -d e v el o p e d m us cl es 

of  p o c k et  g o p h ers  ar e  e x p e ct e d  t o  h a v e  gr e at er  d e gr e es  of  fi b er  p e n n ati o n  wit h  s h ort er 

fi b ers a n d l ar g er P C S A t h at t h a n o bs er v e d i n s alt at ori al K -r ats a n d g e n er ali z e d p o c k et mi c e. 

A fi n al pr e di cti o n is t h at ( 3) t h er e will b e g o o d c o nsist e n c y b et w e e n m us cl e ar c hit e ct ur al 

pr o p erti es  m e as ur e d  usi n g  tr a diti o n al  ( bl u nt)  dis s e cti o n  v ers us  di git al  DI C E -C T 

t e c h ni q u es, b ut wit h gr e at er a c c ur a c y r e p ort e d vi a di git al m e as ur e m e nt, es p e ci all y i n t h e 

s m all m us cl e b elli es of K -r ats a n d p o c k et mi c e. Wit h a ni m als as s m all as p o c k et g o p h ers, 

K -r ats,  a n d  p o c k et  mi c e,  DI C E-C T  will  b e  m ost  b e n efi ci al  f or  t a ki n g  ar c hit e ct ur al 

m e as ur e m e nts i n v ol vi n g m us cl e p e n n ati o n b y o v er c o mi n g li mit ati o ns p os e d b y o bt ai ni n g 

m e as ur e m e nts w hil e w or ki n g u n d er a mi cr os c o p e.  

Br o a d P h ysi ol o gi c al P er s p e cti v e  

Si n c e p o c k et g o p h ers, K -r ats, a n d p o c k et mi c e all h a v e s m all b o d y si z es a n d t h eir m us cl es 

m ust  e x pr es s  a  l ar g e  distri b uti o n  of  f ast -c o ntr a cti n g  fi b ers  t o  m ai nt ai n  t h eir  c or e  b o d y 

t e m p er at ur e (i. e., st a y w ar m). A n o ut c o me s h o wi n g s u btl e diff er e n c es a m o n g s p e ci es c o ul d 

b e  f urt h er  i n di c ati v e  of  f u n cti o n  s p e ci ali z ati o n  ( or  a d a pt ati o n)  of  r o d e nt  li m bs.  T his  is 

es p e ci all y criti c al f or t h e r e q uir e m e nt of gr e at er i ntri nsi c p o w er t o c y cl e t h eir li m bs at a 

f ast r at e w hil e e x c a v atin g t h eir b urr o w s. Al o n g wit h t h eir l o w b as al (t ot al) m et a b oli c r at es 

t h at ai ds i n c o m p e ns ati n g f or t h e hi g h-e n er g y d e m a n d i n t h es e r o d e nts, t h e c o m p ositi o n of 

t h e  f ast  M H C  fi b er  t y p es  ( a n d  hi g h  mit o c h o n dri al  v ol u m e)  w or ks  si mil arl y  t o  pr o d u c e 

m a xi m u m effi c i e n c y i n e n er g y e x p e n dit ur e. T his is i m p ort a nt f or t h es e r o d e nt t a x a b e c a us e 

t h e m et a b oli c a cti vit y of t h e li m b m us cl es i n s m all a ni m als is hi g h er w h e n c o m p ar e d t o 

l ar g er a ni m als. Si n c e t h eir li m bs ar e b ei n g c y cl e d t hr o u g h t h e di g gi n g m oti o ns at a r a pi d 

fre q u e n c y a n d at a hi g h p o w er o ut p ut, A T P is c o ns u m e d m u c h f ast er a n d t his a c c o u nts f or 

t h e f ast M H C fi b er t y p e is of or ms e x pr es s e d ( Kl ei b er, 1 9 4 7). L ast, t h e r e d u c e d o ut-l e v ers 

(i. e., r el ati v e f or eli m b l e n gt h) i n T. b ott a e , D. m er ri a mi , a n d C. p e ni cill at us  a r e a d diti o n all y 

( e q u all y) i n c o nsist e nt wit h a hi g h fr e q u e n c y of f or eli m b c y cli n g t h us n e c es sit ati n g t h at b ot h 
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m us cl e ar c hit e ct ur al m o difi c ati o ns i n c o or di n ati o n wit h t h e is of or m of f ast M H C e x pr es s e d 

tr a nsl at e i nt o t h e o bs er v e d p erf or m a n c e. 
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