Journal of Mammalogy, 84(2):480—-486, 2003

EVIDENCE FOR DIETARY SPECIALIZATION ON PINE NEEDLES
BY THE WOOLLY FLYING SQUIRREL (EUPETAURUS CINEREUS)
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The woolly flying squirrel (Eupetaurus cinereus) is an extremely aberrant sciurid. It is the
longest squirrel in the world and the only sciurid with hypsodont dentition. Most of the
information on this species comes from a few study skins collected from the western
Himalayas over a century ago. The unusual tooth structure of the squirrel led to supposi-
tions about its diet, including the supposition that it ate moss and lichens scraped from
rocks. In 1994, 1995, and 1996, we analyzed fecal samples from 4 squirrels. All 4 squirrels
ate 92—-100% pine needles. These data, coupled with observations of captive and recently
released specimens, indicated that woolly flying squirrels feed, mostly or entirely, on pine
needles. Such a diet is extremely unusual for a mammal and may explain the squirrel’s
unusual tooth structure. Destruction of high-elevation pine woodlands in this region is a
distinct and immediate threat to the survival of this species.
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is so divergent from that of other flying

holarctic temperate zone more species of ro- squirrels that. 2 maj-or-treatlseﬁ on marnmals
dents have not evolved to arboreal, folivorous ~ Propose placing it in its own rodent family,
niches utilizing conifers in the manner that ~ the Eupetauridae (Grasse and Dekeyser
Arborimus longicaudus has in the northwest ~ 1955; Shaub 1958). However, although its
coast of North America. (Eisenberg 1978: dentition is distinct from that of any other
149) flying squirrel, in other features it is defi-
nitely a sciurid (McKenna 1962). Based on
structure of the skull and jaw, it probably
is closely related to the giant Himalayan
flying squirrels (Petaurista), 1 species of
which (P. petaurista) also occurs in Paki-

The surprising thing to me is that in the

The woolly flying squirrel (Eupetaurus
cinereus) is an unusual and little-known
mammal. Only 11-13 specimens are known
to exist in collections (Zahler and Woods
1997). Prior to our research, virtually noth-
ing was known about its food, reproduction, ~ Stan (Roberts 1997). _ _
range, habitat preferences, or behavior, and One of the more interesting questions re-

no animals had been collected or reported garding the woolly flying squirrel concerns
as seen aive since 1924 (Lorimer 1924; the kind of diet that could have led to the

Zahler 1996). evolution of this hypsodont dentition. Be-
The high-crowned pattern of dentition of ~ cause of the odd tooth structure, Thomas
the woolly flying squirrel is unlike that of ~ (1888) proposed that E. cinereus might feed
any other known squirrel, fossil or recent. on lichens, mosses, and other abrasive rock-
The hypsodont structure of its cheek teeth ~ substrate vegetation. However, because no
fieldwork had been conducted, the squirrel’s

* Correspondent: pzahler @hotmail.com diet remained a mystery. We analyzed fecal
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pellets to help answer questions about die-
tary preference and evolutionary adapta-
tions related to the unique masticatory ap-
paratus of the woolly flying squirrel. Spe-
cifically, we wanted to determine whether
the squirrel eats moss and lichens as sug-
gested by Thomas (1888) or whether some-
thing in the diet could help explain the evo-
lution of hypsodonty in the woolly flying
squirrel.

MATERIALS AND METHODS

Study area—Northern Pakistan, located at
approximately 35-37° latitude, is the confluence
of the Himalayan, Karakoram, and Hindu Kush
mountain ranges. It has more than 100 moun-
tains with peak elevations of >6,000 m, includ-
ing 5 peaks >8,000 m, and the greatest amount
of glaciation outside the polar regions. These
high mountains block the influence of the sum-
mer monsoons that affect the southern Indian
subcontinent. Because of this, northern Pakistan
is extremely arid and can be characterized as
high, cold desert. The centrally located town of
Gilgit (35°55'N, 74°20'E), at 1,500-m elevation,
has a yearly mean temperature of 17°C (mean
summer temperature = 28°C; mean winter tem-
perature = 6°C). Precipitation, approximately
127 mm annually, occurs mostly between March
and June, with August receiving what little mon-
soon-effect rains reach the mountains (X = 13
mm—Willmott et al. 1981).

Woolly flying squirrels were captured for this
study in 2 valley systems just south of Gilgit:
Sai (35°45'N, 74°30'E) and Gorabad-Balti Gali
(35°38'N, 74°33'E). Below 1,800 m elevation,
the region is mainly barren, rocky desert with
little or no vegetation. Between 1,800 and 2,400
m, vegetation is dominated by sagebrush (Arte-
misia), scattered juniper (Juniperus macropoda),
and scrub oak (Quercus baloot). Between 2,400
and 3,800 m, shady or north-facing slopes have
open forests of blue and chilgoza pine (Pinus
wallichiana and Pinus gerardiana, respectively)
and spruce (Picea smithiana). Above 3,800 m,
woody vegetation is limited to scattered chilgoza
pine, juniper, and Himalayan birch (Betula util-
is).

Methods.—We captured 6 woolly flying
squirrels from 1994 to 1996, and we collected
feca samples from 4 of these individuals: a fe-
male captured in Sai Valley in 1994, amale cap-
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tured in Gorabad in 1995, and 2 males captured
in Balti Gali in 1996. Animas were captured
with the assistance of local people, who collect
and sell a material called salgjit found in cliff
caves that may be an indurated matrix of Eu-
petaurus fecal pellets and urine (Zahler and Kar-
im 1998). The only method known at this time
for capturing the woolly flying squirrel is to
climb or rappel to a cave where a squirrel is
known or suspected to exist, enter the cave, and
capture it by hand or by encasing it in a blanket.
Animals captured in this manner were trans-
ferred immediately to a Tomahawk (Tomahawk,
Wisconsin) 207 (25 by 30 by 80 cm) folding live
trap and placed in a shaded area to recover from
stress induced by capture. We placed cages on
plastic sheets, monitored the animals throughout
the night, and collected fecal pellets the next
morning from under the cages. None of the cap-
tive animals had eaten any food items during
captivity, before the collection of pellets. We re-
leased the animal at or below the entrance to the
capture-site cave the following morning.

Fecal samplesfor al squirrels were sent to the
Habitat Lab at Washington State University,
Sesttle, Washington, for diet composition anal-
ysis. Relative cover of plant cuticle and epider-
mal fragments were quantified for 25 randomly
located microscope views on each of 6 slides (a
total of 150 views). A grid (10 squares by 10
sguares) mounted in the eyepiece of the micro-
scope was used to measure area covered by each
positively identified fragment observed at 100X
magnification. Larger magnification (200X to
450X) was used to aid in identification of dis-
cernable fragments (Holechek and Valdez 1985).
Measurements of area covered were recorded by
plant species, genus, or forage-class category as
desired. Percent diet composition was calculated
by dividing cover of each plant on the micro-
scope slide by total cover observed for all spe-
cies and then multiplying it by 100 (details from
B. B. Davitt and J. R. Nelson, 1980, in litt.).
Laboratory results from pellet analysis were
supplemented by observations of both captive
and recently released squirrels.

REsuLTS

Four woolly flying squirrels fed almost
entirely on pine needles (92—100% of fecal
material) before their capture (Table 1).
Pine needles eaten belonged to both tree
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TaBLE 1.—Diet composition of Eupetaurus cinereus in northern Pakistan as shown by percentage
of each plant item in fecal samples of 4 individuals.

Squirrel

Food item 19942 199548 199648 19963
Conifers 100.0 97.0 92.2 100.0
Pinus gerardiana 60.6 34 204 71.2
P. wallichiana 394 93.6 718 28.8
Shrubs 0.0 25 7.4 0.0
Berberis lycium leaf 0.0 0.0 0.2 0.0
Quercus baloot |eaf 0.0 0.0 35 0.0
Ribes grossularia leaf 0.0 0.0 0.6 0.0
Salix denticulata leaf 0.0 0.0 1.0 0.0

S denticulata hair 0.0 25 1.0 0.0
Shrub leaf 0.0 0.0 11 0.0
Nut, seed 0.0 0.0 0.4 0.0
Unknown 0.0 0.5 0.0 0.0
Total 100.0 100.0 100.0 100.0

species in the area, Pinus gerardiana (chil-
goza or edible-seed pine), a short, white-
barked pine with large “bird” seeds and
thick needles arranged in bundles of 3, and
Pinus wallichiana (blue pine), a tal pine
with small winged seeds and long, thin nee-
dles arranged in bundles of 5.

In 1994, the captive female squirrel was
offered a wide variety of food, including
apricots, walnuts, almonds, bread, pine
cones, and juniper berries, bark, and fo-
liage, but the squirrel refused to eat it. The
male captured in 1995 was observed in the
morning feeding on apical buds of spruce
(Picea smithiana) from branches that had
recently been placed in the cage as bedding.
The squirrel drank by lapping water from a
stream for over 3 min before itsrelease. Af-
ter release, this squirrel glided to a chilgoza
pine (Pinus gerardiana), where it mouthed
needles, but direct observations of possible
feeding were blocked by branches. During
captivity in 1996, all 3 healthy squirrels fed
entirely on pine needles of both species (Pi-
nus wallichiana and Pinus gerardiana) af-
ter pellets were collected, while refusing all
other food items presented to them. A
squirrel released at midmorning in 1996
paused for 15 min to lick at wet moss and
then spent 9 min drinking from a spring

trickle nearby. It then climbed onto a 2-m-
tall rose bush (Rosa webbiana) and masti-
cated leaves for 9 min. The squirrel then
climbed into a 5-m-tall chilgoza pine (Pinus
gerardiana) and fed intermittently on nee-
dles for >1 h before it retreated to a cave.
The squirrel also sampled from an uniden-
tified herb and a small bush before retreat-
ing to cover. Frequent observations were
made in Balti Gali of pine trees whose nee-
dles had been heavily browsed well above
the ““goat line” (the highest point agoat can
reach standing on its hind legs), in amanner
that was reminiscent of the feeding method
of captive squirrels.

DiscussioN

Woolly flying squirrels in this study ate,
mostly or entirely, pine needles before cap-
ture, and we hypothesize that the unusual
tooth structure of Eupetaurus is an adapta-
tion for handling and breaking down this
thick, waxy food item that is difficult to di-
gest. High-crowned, flat-surfaced (hypso-
dont) teeth usually are found in species that
specialize in abrasive food items (Woods
and Howland 1979). If, as observations and
fecal samples suggest, the diet of the squir-
rel is predominantly pine needles, E. ciner-
eus would be the only mammal and one of
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the few vertebrates to make pine needles a
primary food source.

Pine needles contain secondary com-
pounds such as phenolics, terpenes, and
tannins. These compounds can reduce
growth rates by reducing digestibility
through their effects on microbial popula-
tions (Adams et al. 1992) or by negatively
affecting postabsorptive use of nutrients
(Mole et al. 1990). Pine needles inhibit re-
production in voles (Berger et a. 1997),
and they also may have toxic effects such
as abortions, retained placentas, and endo-
metritis in cattle (Adams et al. 1992; Gard-
ner and James 1999; Stegelmeier et al.
1996; but see Short et a. 1997). Many an-
imals, especially lagomorphs and cervids,
use pine needles as a winter supplement to
their diets (Fitzgerald et al. 1994; Heptner
et al. 1988; Verts et a. 1984) but do not
specialize on needles and probably could
not survive over time on such a diet. A
number of species of grouse specialize in
conifer needles in winter, although only 1,
the capercaillie (Tetrao urogallus) of north-
western Eurasia, is known to feed primarily
on pine needles. In all such cases, however,
grouse revert to more nutritious and easily
digestible dietary items in spring and sum-
mer (Johnsgard 1983). Among mammals,
the woodrat, Neotoma stephensi, feeds to a
large extent on juniper foliage (Vaughan
1982), and Arborimus longicaudus, a vole
of northwestern North America, feeds on
conifer needles, although primarily of
Douglas-fir (Pseudotsuga menzesii—Ham-
ilton 1962). Abert’s squirrel (Sciurus aberti)
specializes on ponderosa pine (Pinus pon-
derosa), but it feeds primarily on the inner
bark (phloem) of terminal twigs as well as
on ovulate cones, staminate flowers, apical
buds, and seeds of this tree and to a lesser
extent on a variety of other nonpine food
items but not on needles (Keith 1965; Sny-
der 1992).

Among other flying squirrels, the Japa-
nese giant flying squirrel (P. leucogenys)
has been found to include pine needles (Pi-
nus thunbergii and Pinus densiflora) as a
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very minor part of its diet, whereas the fo-
liage of another conifer, red cedar (Cryp-
tomeria japonica), made up 3.3% of the
diet (Kawamichi 1997). Wang (1985) listed
branches and leaves of a variety of treesin
the diet of the complex-toothed flying
squirrel (Trogopterus xanthipes), including
Pinus tabulaeformis, but did not list pine or
needles as a preferred food. Vaughan
(1982) listed 3 species of woodrat, other
than N. stephensi, that use conifer needles
to a limited degree, and Atsatt and Ingram
(1983) found that N. fuscipes can survive
on a pure diet of high-phenolic oak (Quer-
cus) leaves. Evolutionary adaptations
among folivorous woodrats for handling
high-phenolic leaves, including conifer nee-
dles, may have led to the ability of N. ste-
phens to speciaize on conifer foliage. In
the same way, increasing folivory among
large flying squirrels (P. petaurista diet is
described as being at least 55% leaves—
Lee et a. 1993), including occasional use
of conifer needles, may have led to the
adaptive radiation that resulted in the ability
of E. cinereus to use conifer needles as a
primary food source.

Our sample size is small, and pellets col-
lected represent only 1 or a few feeding
bouts per animal. However, other observa-
tions support the idea that woolly flying
squirrels feed largely on pine needles. One
might expect that a large quantity of nee-
dles must be eaten due to low nutrient up-
take and much of the material would pass
through the digestive tract due to reduced
digestibility from either the high cellulose
content or the effects of secondary com-
pounds on populations of cecal microbes.
One captive squirrel produced over 950 fe-
cal pellets during a 12-h period from 1900
to 0700 h, with no food ingested during that
time. This prodigious quantity of fecal mat-
ter suggests that the squirrel eats a large
quantity of food, which is not well pro-
cessed before elimination.

A large quantity of water might need to
be ingested to counteract and help purge
secondary compounds found in pine nee-
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dles. Two of the captured squirrels drank
water for extended periods either before or
immediately after release, and all 4 squir-
rels captured in 1996 were found within
100 m of a water source (small springs).
The woolly flying squirrel may be water de-
pendent, as an aid in processing the chem-
ically complex diet of needles, and free wa-
ter may be a limiting resource for the squir-
rel in the arid region of northern Pakistan.

Behavioral observations have shown that
the woolly flying squirrel is surprisingly
slow moving. This suggests that the species
may have a lower metabolic rate than other
sciurids, as has been found to be the case
with other folivorous mammals (Flannery
et al. 1996; McNab 1978; Schmid and Gan-
zhorn 1996).

Fecal samples were collected from only
4 individuals and in only 2 seasons, sum-
mer (8 July) and fall (8 and 9 November).
Ponderosa pine needles vary from spring to
fall in levels of several carbohydrates, shi-
kimic acid, and phenolic and flavonoid
compounds (Adams et al. 1992). Abert's
squirrel (Snyder 1992), pocket gophers
(Geomyidae—Radwan et a. 1982), sewel-
lels (Aplodontia rufa—O’ Brien 1988), and
Stephens' woodrat (N. stephensi—\Vaughan
and Czaplewski 1985) differentiate among
and select for individual conifers with low
levels of defensive compounds. If Pinus
wallichiana and Pinus gerardiana show
similar changes in levels of carbohydrates
and secondary compounds, E. cinereus may
feed selectively or even seasonally on pine
needles, depending on levels of secondary
compounds and digestibility and on avail-
ability of alternative forage. However, the
seasons (summer and autumn) when other
plant foods are likely to be most prevalent
were the same periods when squirrels in
this study fed almost entirely on needles.

The woolly flying squirrel also may exist
or may have existed in small numbers in
Hunza, upper Chitral, and even China (Zah-
ler and Woods 1997). Parts of these areas,
such as in Hunza and upper Chitral, are de-
void of pinesand have only scattered J. ma-
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cropoda and willow (Salix) as tree cover. In
these areas, the squirrel would have to feed
on some other food source, perhaps juniper
foliage. Although this same juniper was
common in Sai and Gorabad-Balti Gali, the
female woolly flying squirrel in 1994 re-
fused juniper foliage, bark, and berries, and
the 4 fecal samples showed no juniper in
the diet. No woolly flying squirrels were
found in Hunzain 2 field seasons (1995 and
1997). Because of the different vegetational
structure found in Hunza and northern Chi-
tral and the apparent preference for pine
over juniper shown by woolly flying squir-
rels from Sa and Gorabad-Balti Gali, the
pine-clad cliffs around Sai and Gorabad
may be the original source of most popu-
lations of Eupetaurus, with the more arid
and sparse juniper-clad cliffs of Hunza and
Chitral being sinks of barely acceptable
habitat.

To help determine whether the woolly
flying squirrel is specializing on pine nee-
dles, the digestive tract could be examined
for specializations related to a folivorous
diet (Milton 1978, Murphy and Linhart
1999). However, we did not collect speci-
mens for study, given the endangered status
of the species (IUCN 2000), its limited dis-
tribution (Zahler and Woods 1997), and
what we believe is a declining population
and increasing threats to its existence.
Northern Pakistan is only about 4% forest-
ed, and these forests are rapidly being cut
for building materials for the rapidly grow-
ing human population. If, as this research
suggests, the squirrel depends on pine nee-
dles as a food source, the loss of pine trees
in this area represents a serious threat to the
continued survival of this unusual mammal.
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