
ii F o r e s tF o r e s t
Biogeosciences and ForestryBiogeosciences and Forestry

Gliding patterns of Siberian flying squirrels in relation to forest 
structure

Kei K Suzuki (1-2), 
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It is widely accepted that the evolution of gliding ability is correlated with for-
est environments, but differences in gliding locomotion in relation to forest
structure remains poorly elucidated in mammals. Although the cost of gliding
locomotion  decreases  with  increasing  glide  distance  per  unit  vertical  drop
(glide ratio), gliding mammals often use costly low-ratio glides and seldom ex-
ploit maximum-ratio glides. In this study, we evaluated our hypothesis that
low-ratio glides are related to forest structure by measuring glide distance,
vertical drops and landing tree heights in Siberian flying squirrels (Pteromys
volans), and we also recorded their behaviour in landing trees. Glide ratio de-
creased with increasing landing tree height. Squirrels landed on taller trees
using low-ratio glides and tended to depart from them quickly without spend-
ing much time there, but used high-ratio glides to land on shorter trees for
foraging or nesting. Thus, flying squirrels use two different gliding behaviours
depending on their immediate objective, where inefficient low-ratio glides are
used to move to higher trees for continued gliding. This approach might be
necessary for efficiency and safety in subsequent glides, because taller trees
facilitate long-distance glides and significantly decrease energy costs and land-
ing  impact.  Therefore,  the  location  of  tall  trees  in  forests  and/or  average
canopy height might alter glide path routes. This study provides important evi-
dence that forest structure affects gliding patterns and provides insight  on
how forest management could influence the gliding locomotion of Siberian fly-
ing squirrels.

Keywords: Behaviour, Forest Structure, Forest Management, Gliding, Locomo-
tion, Mammal, Tree Height

Introduction
Gliding locomotion has evolved indepen-

dently in several  animal  classes,  including
mammals, reptiles, amphibians and insects.
In  mammals,  gliding ability  can be traced
back more than 160 million years (Meng et
al.  2017),  and may have been common in
early mammals (Han et al.  2017).  Current-

day  gliding  mammals  have  a  wide  geo-
graphical distribution (Goldingay 2000) and
are strongly dependent on forest environ-
ments. Although it is widely accepted that
the evolution of gliding ability is correlated
with  forest  environments  (Dudley  &  De-
Vries 1990, Heinicke et al. 2012), studies ex-
ploring how gliding locomotion dependent
on  forest  structure  differs  among  mam-
mals remain limited.

Gliding distance is determined by vertical
drop.  Although  the  cost  of  gliding  de-
creases with increasing glide distance per
vertical drop (glide ratio), gliding mammals
frequently  use costly  low-ratio glides  and
seldom use more cost-effective glide ratios
(Ando & Shiraishi 1993, Krishna et al. 2016).
However, the reason why gliding mammals
frequently  perform  inefficient  glides  re-
mains  unclear.  Several  previous  studies
have demonstrated linear relationships be-
tween glide distance and vertical drop. This
correlation has a relatively wide dispersion
(Goldingay  &  Taylor  2009,  Stafford  et  al.
2002), which is manifested in variations in
glide ratio. The large statistical residual in-
dicates  that  glide distance may be  deter-
mined by both vertical drop and other fac-
tors.  Identifying  the  factors  causing  this
dispersion could help clarify the purpose of
costly low-ratio gliding.

Forest  structure,  including  comparative

tree height, might be an important factor
contributing  to  this  dispersion.  Interest-
ingly, there is an asymptotic negative cor-
relation between glide distance and land-
ing impact  (Byrnes et  al.  2008).  Although
this relationship seems counterintuitive, it
could be attributed to the insufficient de-
boost of short distance glides. In addition,
the  energy  costs  associated  with  gliding
decrease  asymptotically  with  increasing
glide distance (Flaherty et al. 2008). There-
fore, long-distance glides are important in
terms of decreasing landing impact (Byrnes
et  al.  2008)  and  maximizing  efficiency.
However, not all trees are tall enough to al-
low long distance glides, and gliding mam-
mals may need to move to tall trees in or-
der to facilitate these movements. Gliding
mammals  select  a  suitable  landing  point
before launching (Caple et al. 1983). There-
fore,  we hypothesize that  flying  squirrels
use initially low-ratio glides to move to ad-
jacent  tall  trees  to  facilitate  subsequent
longer distance glides. If this hypothesis is
correct, then both vertical drop and land-
ing  tree  height  determine  glide  distance,
whereby landing tree height  should  influ-
ence the intercept and/or slope of the lin-
ear correlation between glide distance and
vertical drop. In addition, when flying squir-
rels  use a  low-ratio  glide  to  move to  tall
trees,  they  often  take  off  again  quickly
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from the tall tree. In this study, we tested
our hypotheses by: (1) analysing the effects
of  both  vertical  drop  and  landing  tree
height on glide distance, and (2) recording
flying  squirrel  behaviour  in  the  trees  on
which they land.

Methods

Study area and gliding observations
We  observed  the  gliding  behaviour  of

Siberian  flying  squirrels  (Pteromys  volans
L.) in urban forests with good visibility and
flat ground (approximately 20 ha; 42° 51′  -
42° 53′  N, 143° 09′  - 143° 11′  E) on Hokkaido
Island, Japan. The forests consisted of co-
nifers (29%), including Japanese larch (Larix

kaempferi [Lamb.]  Carr.),  and  broadleaf
trees  (71%),  including  Japanese  emperor
oak  (Quercus  dentata Thunb.).  The  mean
height of the trees in this area was 15.3 ±
5.6  m  (SD).  Observations  were  made  al-
most daily from April to June 2010. As the
area  is  dominated  by  deciduous  trees,
there  was  generally  poor  visibility  in  the
canopy  after  late  May,  which  hampered
observations. Details of the study area are
provided by Suzuki et al. (2012).

We located 17 nests (14 tree cavities and
three nest boxes) of free-ranging Siberian
flying squirrels  and observed their  gliding
behaviour. The number of gliding observa-
tions  per  nest  ranged  from  one  to  five
(mean:  2.06  ±  1.43).  Each  glide  was  ob-

served by  two or three researchers,  with
one determining launch point  and the re-
maining  one  or  two  determining  landing
point.  Horizontal  glide  distance,  launch
height,  landing  height  and  landing  tree
height were measured using a Nikon Laser
550AS (Nikon Corp., Tokyo, Japan). Vertical
drop was calculated as the difference be-
tween  the launch height  and  the landing
height (Suzuki et al. 2012). In addition, we
recorded behaviour in landing trees for ap-
proximately  10  min after  landing.  No ani-
mals  were  trapped,  and  none  were  ob-
served using artificial  lighting to minimise
disturbance caused by researchers.

Statistical analysis
We  evaluated  the  effect  of  the  vertical

drop and landing tree height on glide dis-
tance.  Because  glide  distance,  as  the  de-
pendent variable, followed a normal distri-
bution  (Kolmogorov-Smirnov  test:  D  =
0.20, P = 0.11), we evaluated it using a linear
mixed model (LMM). Vertical drop, landing
tree height and their interaction were used
as  independent  variables.  Nest  ID  was
added as  a  random effect  to avoid pseu-
doreplication  and  unclear  effects  for  the
same  individual.  The  best  model  was  se-
lected using the Akaike Information Crite-
rion (AIC).  Each influence of  the fixed ef-
fects in the best model was evaluated us-
ing an  F test. These analyses were run us-
ing  the  “lmer”  function  of  the  “lme4”
package in R and the “anova” function in R
ver. 3.2.4 (R Core Team 2016).

Results

Gliding locomotion
During  the  course  of  the  study,  we ob-

served 35 glides of Siberian flying squirrels
(Tab. 1). Glide ratios varied from 0.7 to 2.5.
In approximately 50% of  all  glides,  the ra-
tios were ≤ 2.0. Both vertical drop and land-
ing  tree  height  were  ranked  as  best-fit
models  (Tab.  2),  where  vertical  drop
strongly  affected  glide  distance  (coeffi-
cient = 2.27; F = 230.9; P < 0.001) with an ev-
ident linear correlation (Fig. 1), and landing
tree height  also influenced glide distance
(coefficient = -0.55; F = 6.4; P = 0.015). How-
ever,  the  interaction  between  these  vari-
ables was not included in this best-fit mod-
el  (Tab.  2).  Accordingly,  although  landing
tree height determined the intercept, it did
not affect the slope of  the linear  correla-
tion  between  vertical  drop  and  glide  dis-
tance. Specifically, the intercept of the lin-
ear regression was -1.9 when a 25% (15.8 m)
landing tree height was assumed, but was
-5.9  when  a  75%  (23.2  m)  landing  tree
height was assumed (Fig. 1). Therefore, the
glide ratios were consistently lower when
Siberian  flying  squirrels  landed  on  taller
trees compared to shorter ones.

Specifically, the intercept of the linear re-
gression was -1.9 when a 25% (15.8 m) land-
ing tree height was assumed. In contrast, it
was -5.9 when a 75% (23.2 m) landing tree
height was assumed (Fig. 1). Therefore, the
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Tab. 1 - Gliding parameters of Siberian flying squirrels (Pteromys volans). The mean val-
ues were previously reported by Suzuki et al. (2012). (SD): standard deviation.

Parameter Mean SD Min Max

Glide distance (m) 23.7 16.3 5.0 52.8

Vertical drop (m) 12.0 6.9 2.0 25.8

Glide ratio 2.0 0.5 0.7 2.5

Landing tree height (m) 19.4 4.4 11.5 26.5

Tab.  2 -  Linear  mixed model  selection based on the Akaike’s  information criterion
(AIC). GD, VD, and TH are glide distance, vertical drop, and landing tree height, respec-
tively. VD:TH is the interaction between these two variables. All models included a
random intercept (nesting site ID).

Model structure AIC ΔAIC

GD ~ VD + TH 227.22 -

GD ~ VD 229.81 2.59

GD ~ VD + TH + VD:TH 233.11 5.89

GD ~ TH 292.23 65.01
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Fig. 1 - Glide distance as a function of vertical drop. Plot colour indicates landing tree
height. Solid line: regression predicted using a linear mixed model. Upper and lower
dashed lines:  regressions  assuming 25%  (15.8  m)  and 75%  (23.2  m)  of  landing tree
height, respectively.



Gliding patterns of Siberian flying squirrels

glide ratios were consistently lower when
the Siberian flying squirrels landed on taller
trees  than  when  they  landed  on  smaller
trees.

Behaviours on landing trees
Behaviours  on  landing  trees  were  ob-

served after 11 glides (Tab.  3).  For the re-
maining 24 glides,  the squirrels  hid in the
canopy area and were lost  from view.  In
five  glides,  squirrels  launched  again  from
landing  trees;  the  height  of  these  trees
ranged from 22.1 to 26.2 m (mean: 23.8 ±
1.6),  and  they  were  thus  taller  than  the
mean height of all landing trees (19.4 m ±
4.4  – Tab.  1,  Fig.  2).  Glides to these trees
had  lower  glide  ratios  (0.9-1.9)  than  the
mean glide ratio of 2.0 ± 0.5 (Tab. 1, Fig. 2).
Thus, Siberian flying squirrels used low-ra-
tio glides to move to tall trees for their sub-
sequent glides.

In the five instances in which feeding be-
haviour was observed after landing,  land-
ing tree height ranged from 11.5 to 23.4 m
(mean: 12.0 ± 0.9). These glides tended to
have higher glide ratios (2.0-2.5) compared
to the mean glide ratio (Tab. 1,  Fig. 2).  In
one case where a squirrel hid in a tree cav-
ity  after  landing,  the  landing  tree  height
and glide ratio were 17.5 m and 2.5, respec-
tively. The ratio of this glide was the sec-
ond highest of all 35 glides recorded (Tab.
1,  Fig. 2).  The landing tree height was ap-
proximately equivalent to the mean land-
ing tree height. In addition, this cavity was
used as nest site, because there was abun-
dant  nesting  material  derived  from  tree
bark in the cavity. Therefore, Siberian flying
squirrels appear to use high-ratio glides to
move to trees used for foraging or nesting.

Discussion
Although several studies have focused on

gliding  locomotion  in  mammals,  reptiles,
amphibians  and  insects  (Bahlman  et  al.
2013,  Dudley  et  al.  2007,  Goldingay  2014,
Socha 2002), the role of the costly low-ra-
tio  glide has  been previously  overlooked.
Our study aimed to assess the function of
low-ratio  glides.  Glide  ratios  were  consis-
tently lower for glide to taller trees (Fig. 1).
Although  we  could  not  measure  the  dis-
tance  of  subsequent  glides  from  these
landing trees (because we could not view
subsequent landing points),  landing trees
for the first glides had sufficient height to
facilitate long-distance glides (Suzuki et al.
2012). Therefore, we suggest that low-ratio
glides serve as a means of travelling to a
tall  tree,  which  then  facilitates  long-dis-
tance glides, contributing to safe and effi-
cient movement in gliding mammals (Byr-
nes et al. 2008, Flaherty et al. 2008).

In  comparison,  Siberian  flying  squirrels
that  used  the  high-ratio  glide  used  the
landing  tree  as  a  feeding  or  hiding  (in  a
nest)  site.  Our  study  also  showed  that
there is a  wide range of  the landing tree
heights  in  high-ratio  glides  (Fig.  2).  Thus,
squirrels use high-ratio glides when moving
towards a tree in which they intend to feed

or nest, rather than those from which they
undertake subsequent glides (Fig. 2). Nest
site selection in Siberian flying squirrels is
not correlated with tree height (Suzuki et
al.  2013).  Accordingly,  when  gliding  to
reach  target  trees,  squirrels  save  energy
and time by using high-ratio glides.  Thus,
squirrels deploy two different gliding strat-
egies, depending on their intention: low-ra-
tio  glides  to  facilitate  subsequent  travel,
and  high-ratio  glides  to  reach  a  specific
destination.  As  such,  the  location  of  tall
trees  in  forests  and/or  average  canopy
height might determine the routes of glide
paths.

A similarly wide range of glide ratios has
also been observed in other gliding mam-
mals. For example, glide ratios range from
0.6 to 3.5 in Japanese giant flying squirrels
(Ando & Shiraishi 1993) and 1.1 to 2.5 in the
mahogany glider (Petaurus gracilis) and the
sugar glider (Petaurus breviceps  – Jackson
1999).  These,  and  other  species,  seldom
display maximum glide ratios (Ando & Shi-
raishi 1993, Krishna et al. 2016). Tree thick-
ness also influences landing tree choice in

giant flying squirrels (Krishna et al.  2016).
Overall, these findings strongly imply that
forest structure influences the gliding loco-
motion of gliding mammals.

Conclusions
Stafford et al. (2002) proposed that glid-

ing  behaviour  is  more diverse  than previ-
ously believed and that environmental ge-
ometry  might  contribute  towards  deter-
mining glide paths. The present study pro-
vides important evidence that forest struc-
ture can have a prominent effect on deter-
mining the route of glide paths. These re-
sults could be applied to devise forest man-
agement  approaches  that  take  into  ac-
count  the  gliding  locomotion  of  Siberian
flying squirrels.

We found that the low-ratio glide is com-
mon in Siberian flying squirrels in this study
area.  This  phenomenon  might  be  caused
by low-tree height in the study area (mean
height:  15.3  m  – see  methods  section).
Thus,  Siberian flying squirrels  might  need
to  land  on  tall  trees  to  ensure  efficiency
and  safety  in  subsequent  glides.  Con-
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Tab. 3 - Behaviours of Siberian flying squirrels (Pteromys volans) in landing trees.

Behaviour Glide ratio Landing tree height (m)

Gliding 0.92 22.5
Gliding 1.00 26.2

Gliding 1.21 23.8
Gliding 1.89 22.1
Gliding 1.92 24.2

Feeding 1.98 13.1

Feeding 2.05 23.4
Feeding 2.11 11.5
Feeding 2.28 11.5

Feeding 2.46 23.2
Hiding in cavity 2.51 17.5

Fig. 2 - Correlation between glide ratio and landing tree height. Plot colour indicates
behaviours in landing trees.
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versely, in forests with taller trees, the rate
of low-ratio glides might be lower, facilitat-
ing long glides. Thus, it is important to clar-
ify  the  relationship  between  gliding  loco-
motion and forest structure in future stud-
ies  by  comparing  the  rates  of  low-ratio
glides  among  forests  with  diverse  tree
heights.
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