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We assess tocomotor prfonnan-ce by northern flying squirrels Glartcontys 
sabrinus SBaw, 1801 and tesf the hypothesis that gliding locomotion is 
enerrgetieal fy cheaper than quadrupedal locomotion. We measured 168 glides 
by 82 northem flying squirrels in Alaska. Mean glide distances varied from 

, 12.46 m to 14.39 m, with a maximum observed glide distance of  65 m. Mean 
glide angles varied from 41.31" to 36.31°, and mean air speed ranged from 
6.26 d s  to 8.1 1 d s .  There were no differences in the performance of male and 
female flying squirrels. We used models of transport cost to provide an initial 
assessment of the hypcathesis that gliding locomotion is energetically less 
expensive than quadmpebai loeoznotian. Fur glides of  average length, cost of 
gliding was less than cost of quadrupedal 1ocornotio;n except when the animals 
climbed to the launch point very slowly or ran quickly. Thus the hypothesis 
that gliding i s  less expensive than quadrupedal locomotion is supported. 
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f n&ru&.a;rction , and Robins 19981, the hypothesis that gliding 
locomotion is energetically less expensive than 
quadrupdal lmmotioxll. over tbe same distance 

Gliding locomotion is common in vertebrates appears to bave support (Feduccia 1996). 
CMorksrg 1985,1990, Essner and Scheibe 20QOT, There have been few attempts to assess 
and may have been an important; step in the the veracity of the cost rtf transpofi hypothesis. 

- evolution ofpoweted flight (Smith 1977; Schoky Amongst studies of gliding performance in 
1986a, Alqander 1992, Fedueeia l9@[5). This mamma& (Ha.mpsan 1965, PoI~okoya and So- 
argument assumes that gliding 3wmotion is kolov 1965, NachtigaU et d. 1974, Nachtigal 
less expensive than quadmpedal 'rs(;somotion, 1979, Scholey 198Bb, Ekbeibe and Robins 1998, 
and therefore aaimde with the ability tu gEae Addington et at. 2000, da&~xa 2000, '&it& et al. 
bave greater inclusive fitness, We. refer ta this 2WtJ, Wright 2000,'Vemes 2002, Fhherty 2002, 

.. idea as tke cost Elf t2'msW hypothesria, While Stafford et at. 2UOZf, only Woley (1986b), 
other hppotliesw have been proposed to explain Scheibe and h b h s  f19981, Keith ef  al. (2000), 
the evolution of gliding ' (Caple 1983, Schei Wright (?000), and F3&er2;y (2002) attempted to 





Locomotor performance in flying squirrels 

Running and climbing speed data were supplemented 
with laboratory data for 4 animals from a captive colony of 
G, sabsinus hrtngsi fmpt.u~ed in Idaho, USA) nnd G. sabri- 
rtus sabsirarts (captured in UFiscunsin, USA). These animals 
were induced t.0 climb a 3-m tall snag (diameter = 0.27 rnb 
erected in the lab. A 2-m section of the snag was marked, 
2nd the time to climb this distance w a s  averaged from mea- 
surements by 3 observers with &@a1 stopwatches. To esti- 
mate running speed, the snag was placed in an elevated 
horizontal position, and squirrels were induced tu run along 
the snag. T h e e  observers timed each event. In running and 
cli,ml~ing trials in the lab, squirrels were induced t-u rutwe as 
rapidly as possible by tapping the snag directly behind the 
animal. In the Geld, the animals selected their awn pace. 
Because cost-eflective glide distance and cost of transport 
are dependent on veiwjty kqns 1-35, use of a range of run- 
ning and climbing speeds embfed us to assess the precision 
of our results* 

Cost of  transport was estimated using the model of 
Schole~ (1986b) and Scheilx! and Robins (1998). The mode1 
compares the cost of gliding with that of quadrupedal trans- 
port. Gliding locomoti~n rcqui~es an animal to climb to a 
launch point, thus the cost of gliding indudes the cost of 
climbing. Cost of gliding was estimated using: 

where P, and P, denote the metabolic pswer af climbing and 
gliding respectively (see Appendix 11, md T, and T, the time 
spent climbing and gliding. Thus, PT represents the total 
work associated with either climbing or gliding, M - bodbody 
miss, g - gravitational a'cceleration, and F) - horizontal or 
ground distmee, The resuftant eost estimate is  unit free 
Chqfvr 1977, Alexander 2003). Similarly, the cost of qua- 
drupedal transport {C,) can be estimated using: 

where P, - power of quadrupedal locomotion f see Appendix 
11, and T, - time spent marsing quadrupedally. 

We define the cost effective glide distance (f3,) as that 
&stants at which Cg C,. Ils noted by IWth et d. (2000), if 
we ignore the cost of Iaunehing this occrtrs when 

'i"a eslirnate %hit3 distance, we first -fit&d a J3M.A fa+ 
dumd major axis3 mgrwsion (Sokd and bh1f 1996) to tohe 
data fop: vertical drop and horizontal glide 4istslnrre. The pa- 
rameters of the regression mudel represertt; &e bitid vex%- 

drop @@) of the @ide Gkhaley I98C3b) and inverse glide 
ratio A altitude ! A distaace). Second, e&anates of 
power (P,, P, and llgS were obtained using the moBe2s of 
23ehsfe-p (S388bZ. Third, tfie velocity af -ping IVJ and 
e-limbiq ifye> were obtained ~s described sbve., m d  vefac'ity 
of #idling: (Vgl wm derived form a log finear regression of air 
speed -aa glide dhtanee. Raallp, we plotted Z9, as a hnetion 
of cbbing and mnnirag qed ,  and as a funekim of ehmges 
in gliding parfomance, ma% is, we us& RMA regression 

parameters tj3Q and /3,) as well as these paranreter estimates 
+- I SE. 

&bins ef al. (2Q00) identified reverso sexual size dimor- 
phism in Gtaucnrnys valans. Because body size has pssibfc 
aerodynamic consequences, we measured glide parsmeters 
and performed all regressions separately fur males and fe- 
males. Data for Avrizontal glide distance and air sped  were 
trimmed by removing the largest and smallest observation 
for each sex. ?%e reanaiGng data were log transformed, and 
normality evaluated using the Kolmogorov-Srnirnov tes-t 
and box plots [Tukey 1973, Glidc angles far males and fe- 
males were cornpared using the Watson-William test fZar 
19993. This test assumes the data f~llow the von hlises, or 
circular normal distribution (Gumbe1 et at. 1953; cited in 
Zar 19991, hut is robust to deviations from the distribution 
except when sample distributions are not unimodal or have 
unequal dispersion. We evaluated stem and leaf plots and 
bctx plots (Tukey 1977) to assess gossiMe deviations from 
these assumptions. 

Results 

W e  measured 168 glides by 35 individual fe- 
males and 47 males. Components of some glides 
were not measured. Weighted mean glide dis- 
tance varied from 12.5 f-c SI) = 16.1) m for fe- 
males in 2001, to 144 (rt SD = 8.5) rn for males in 
2000. Comparison of glide parameters using 
t - tests fur trimmed and log tramformed data re- 
vealed no sigaificant differences between glide 
distances of males and females = 0.580,p 
= 0.58). Similarly, air speed did not differ be- 
tween sexes (t0.06,64 = 1.395, p = 0.17). Air speed 
varied fiom 6.3 (rt SD = 1.8) di3 fbr males in 
2000, to 8.1 (A SSD = 3.8) d s  for females in 2001. 
Weighted mean glide angles varied from 36.3 (s 
SD = 9.4)" for males in 2000 to 44.0 (A SD = 
17.1)" for females in 2001. The distributions of 
angles for males m d  females were d m o d d .  
Glide angles did not differ between sexes Wt- 
son-Williams &sf Fwzlao = 2.599, p > 0.1). . 

Results of the RMA regressions of vertical 
drop against hozizmtal glide &stmce are pm- 
sented in Fig. t .Tbe  hbrwpt is equivalent to 
the initid verf;id drop of the glide fScbo1ey 
1986b), or alternatively, the initial v e f i d  drop 
minus the &mb ta stdl during 3;anding (Vemes 
2000). hitid vertical drop var-ied from 1.6 M[ fur 
males in 200Uy b 3.9 m for. d e s  in 2WP, Verti- 
cal drop of females vasit4d from 2.5 m (20011 to 
3.9 m (2000)- R W  regresidon sfopes are epuiva- 



Fig. 1- Vesticaf drop (m) versus horizontal glide distance (mf for 168 glides reeorded for Glammys  subriaus in the Geld. 
Heavy fine hales: Drop = 1.53 + U.6lDistanw, SE of slope = 0.63) and fine line (females: Drop = 1.87 + O.fiZDistant.e, SE of 
slope = 0.62 1 represent reduced majw axis regressians. 

D 

lent to the inverse glide ratio (Seholey 1986h), ity appears to be close to 15 m/s. Because the an- 
and varied from 0.38 (glide ratio = 2.65) for imals accelerated through the early portions of 
males in 2001 to 0.61 (glide ratio = 1.64) for fe- the glides, the mean glide speeds reported here 
males in 2001. The dispersion of points about (and in other papers) underestimate terminal 
the regression lines [Fig. 1) indicates extensive velocity. Our longest glide of about 65 m had a 
variation in perfurmanee. Weighted mean glide mean air speed of about 10 d s .  Clearly, temi- 
ratios varied .From 1.36 to X,64 (Table I). nal velocity is dependent an wind condition, di- 

Weighted mean sir speed varied from 6.3 mls rection of the animal relative to the wind, body 
to 8.1 d s ,  and increased with ground distance mass, and the posture assumed by the animal 
(Fig. 2)  in a logarithmic fmhion. Terminal ueloc- during the glide. 
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Fig. 3. Estimated cost Qf transport for Gluueomy~ sabrinus. Curved lines represent the cost of gliding, a d  horizolatal fines 
represent cost of quadrupedal transport. The m e d  lines represent costs for mates and females during 2 field seasons using 
the fastest observed climbing speeds (4 lower curves) and the sfowest obamcd climbing speeds (4 upper c x ~ ~ e s h  The horizon- 
tal fines represent the range of msts derived fmm lab animals induced, to run fast, and field anirnds allowed tx, chose their 
awn Iface. Note that cost of tsansplr2 is wit free. 



~iscusiion 

There have been few determinations ofthe cost 
of gliding t.ransport (Scholey 1986b, Hendershott 
1996, ~cheibe and ~ o b i n s  1998, Wright 2000, 
FXaherty 20021, even though gliding is oRen 
assurned to be a consequence of selection for 
redneed cost of transport (Alexander 1992, 
Feduccia 1996), Scholey t P986b) reported a cost 
eRective glide distance of about 45 m fur Petau- 
rista petauriirta, and his work has been cited as 
an example of the energetic advantage &gliding. 
Scheibe and Robins (1998) noted several errors in 
Seholey's gaper, a d  estimated the cost effective 
glide distance for Petaurista to be closer to 100 m. 
Work by h d o  and Shisaishi (1993) and StaEford 
edS al. (2002) revealed a mean glide distance for 
Petaurisda ku~ogenys of about 20 m, certainly 
less than the 100 rn for even 45 rn) needed for a 
cost eEiective glide. Unfortunately, StaBord et al. 
(2002) did not collect data necessary to evaluate 
directly the cost oftransgart in P. leueogens, and 
consequently o m  howledge of cost of transport 
far large ptemmyi-nes is limited. 

8 

Cost of transport decreases with increasing 
body mass [Taylor 1977'), but the relationship be- 
tweea cost effective glide distance and body mass 
(Table 3) is not certain. An important component 
ofthe cost of gliding is the cost of climbing to f i e  
launch point, and climbing is proportionately 
more expensive for larger anlnlafs (Dial 2003). 

Thus, we expect the cost effective gfide distance 
to increase with increasing body mass (see Diaf 
2003). Using both lab and field glides, Scheibe 
and Robins (1998) estimated a cost effective 
gfide distance of about 3 m for G. uotaits. Our re- 
sults for G. sabrintls suggest that this larger 
pteromyine has a con-espondingly longer cost ef- 
fective glide distance f ca 10 m). This finding is 
consistent with the much longer cost effective 
glide distance for P. petaurista. Wright (20003 
found the marsupial Petart rus breviceps (males 
100 g, females 70 g) did not realize a consistent 
energetic benefit from gliding in a laboratory 
setting. His result for this small marsupial does 
not fit our pattern, but can be explained in 2 
ways. First, the maximum vertical drop possible 
for his animals was 6.2 m, and Jackson (2000) 
indicated that P. breviceps requires an initial 
verticai drop of 10 m before assuming a normal 
glide trajectory. Second, P. Eireuiceps climbs very 
diRerently than Glaucomys, using a relatively 
slow contralateral gait. The mast expensive 
component of gliding locomotion is the climb to 
the launch point, and the slow gait by Petaurus 
means these animals are working against grav- 
ity for an extended period. f n a field study sf the 
marsupial sq&fsel glider (Petaurua norfolcensis: 
mass = I90 g) Haherty (2002) estimated that the 
cost effective glide distance was significantly 
greater than the mean gfide distance. Thus, 
phylogenetic his@ry may be important in the 
evolution of gliding locomotion. 



work hati been done to identify RSD in G. sab- mais exhibit a variety of behaviors when released 
rinus. In our study there was little difference be- from traps, and we do not know how dissimilar 
tween the distances glided by males and fe- these me fmm those exhibited by undisturbed 
males. It is possible that the differences in our aisllima1s. However, an expected respunse to trap 
results are a consequence s f  season: our obserara- release that might differ from mom typical loco- 
tiuns occurred during the fall, after reprdazction motor behavior is rapid cfia~lDiag t o  a possible 
had ceased, while Verutes' study occurred in July taurach pint ,  a d  this dwreases the cost effective 
when femaf es may have been pregnant or trans- glide distance, IXResences in glide trajectory ful- 
porting litters. Increased mass arssociated with lowing release from a trap would afTect our con- 
pegnaney may have resulted in faster, slbofier clusion if they resdtxd in simifieanQy shorter 
glides by fexv~ales in Vemes' study. The veracity mean glide distances or steeper descents. 
of this idea is dependent on the identificatian of Other hypokheses may explain the selective 
RSD in G. sabrinus, The effect of forest S ~ ~ U C -  advantage of gliding locsrnotian, either alone or 
ture on gliding performance is tmhown, and in in concert with cast of transport. Bredabs avoid- 
light of the diversity of habitats used by G. sab- ance (Emmona and Gentry 1983, Keith trt at. 
rinrts, potential 3ly important. 20001 and optimal foraging (Galdingay 2800, 

Other than anecdotal information for Eupe- Keith et ail. 2000) have been offered as explana- 
taurus (Zahler 20003, Colugo (B. Wisckusen, tions, and each is  testable to some extent. For 
pers. csmm.), and Anorrwlurus (L. Robbins and example, if gliding mpresents a means of avoid- 
T. Maeyaztise, yers. comm.), we h a w  little about ing predation, we can predict. gliding animals to 
gliding in larger mammals, or gliding in non- maximize launch acceleration andfor ballistic 
pteroruyid mammals. We know that Cuiugo may range fK&th et al. 2000). That is, the animals 
glide as fast as 25 lufs [B. Wischusen, pers, should get away from %he predator as quickly as 
cornm,), and that the very large woolly flying possible, or they should maximize the distance 
squirrel of Kashmir is capable of executing 1800 between themselves and the predator. Tests of 
turns Gkfnler 2000). Although Scholey (1986Cib1, this hypothesis require precise measurements of 
Ando and Shiraishi (1993) and Stafford eE aE. leaping pel.forrnance in the lab (Essner 2002) as 
f20Q2) have published some information about well as careful analysis of the allometry ass&- 
gliding in Petaun'sta, the data necessary to eval- ated with the skeletal and musmlar components 
uate comprehensivefy the cost of transport in of leaping. Keith et at. f20UQ) explored this quw- 
this genus is lacking. . tion, but only in a very superficial way. In accor- 

Our assessment of cost effective glide dis- d a c e  with the predictions of Hifi (1950) they 
tance relies on a comparison of climbing and found that for G. votans, neither launch acceler- 
gliding, with quadrupedal movement either ation nor ballistie range changed with body 
through the canopy or across the ground. Clearly, mass (Keith et  at. 2000). That is, both large and 
this simple comparison ignores the complexity of small animals achieved similar launch accelera- 
canopy structure andlor obstacles to direct tion and ballistic range, and presumably are 
movement on the ground or in the canopy. If an equally adept at avoiding predation. If launch 
arboreal quadruped moves from tree to tree by performance (and predator avoidance) is similar 
climbing down to the ground, moving to the next in Iarge and smdl individuals, then shape dif- 
tree, and climbing up the next tree, our estimate ferences in the propulsive machinery are ex- 
of cost of quadrupedal transport is a significant pected (Hill 1968, Scheibe and Esseer 2000). 
underestimate. In this scenario, the cost eEec- Essner (2002) demonstrated that G. vslalas does 
tive gliding distance would be less than we have not, maximize extension of the pelvic appead- 
estimated. This would not change our resalt ages during launch as expected under the preda- 
with respect to the veracity of the cost of trans- tion hypothesis, suggesting that other factors 
port hypothesis. like control and stability during launch are im- 

OW analysis is based on means of perfor- portant. Furthermore, whereas Holmes and 
mane  events that vary considerably. The mi- Austad (1994) suggested that gliding mammals 
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