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Abert’s squirrel (Sciurus aberti) is a highly specialized mammal dependent upon ponderosa
pine (Pinus ponderosa) for a significant part of its yearly diet. For up to six months of the
year, these squirrels only eat ponderosa pine phloem, which is a high-fiber, low-quality
diet. We compared gross morphologies of the gastrointestinal tract in specialized Abert’s
squirrels to those of generalist fox squirrels (S. niger) and found that Abert’s squirrels have
significantly longer gastrointestinal tracts with greater tissue surface area and weight than
do fox squirrels. Published data describing the eastern gray squirrel (S. carolinensis) and
the western gray squirrel (S. griseus) indicate that these generalist species have body
weights and a gut morphology very similar to that of the fox squirrel. We conclude that
the morphology of the digestive tract of Abert’s squirrel has become adapted to its low-

quality diet.
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Abert’s squirrels (Sciurus aberti) are
feeding and habitat specialists that live in
ponderosa pine (Pinus ponderosa) forests
of the Rocky Mountains. Abert’s squirrels
are remarkable due to their degree of de-
pendence upon ponderosa pine as a food
plant; cones and pollen strobili, as well as
hypogeous fungi that are mycorrhizal with
ponderosa pines, are their preferred food
sources. Because Abert’s squirrels do not
cache food, when these preferred food
sources are unavailable during winter, they
eat less nutritional food sources. For up to
six months of the year, they survive by
feeding predominantly on the cortical tissue
(primarily phloem) of small twigs (Keith,
1965; States et al., 1988), which is a low-
quality (i.e., low amounts of digestible car-
bohydrates, proteins and fats), high-fiber
diet (Snyder, 1992). For example, dry pon-
derosa phloem contains <1% N, 4-6%
non-structural (i.e., digestible) carbohy-
drates, and 4-11% tannins and related po-
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lyphenols. The bulk of the remainder is cel-
lulose, lignin, and other plant structural el-
ements; it has the general consistency of
sawdust (Snyder, 1992). This dependence
on one species of plant is remarkable and
renders the biology of Abert’s squirrels as
worthy of attention as that of other special-
ized mammalian herbivores, such as the ko-
ala (Phascolarctos cinereus) and the giant
panda (Ailuropoda melanoleuca). The ex-
tent to which dietary specialization has af-
fected the evolution of morphology in these
specialist herbivores is of special relevance
in the context of recent comparative studies
of digestive systems from evolutionary per-
spectives (Chivers and Langer, 1994; Foley
and Cork, 1992; McWilliams et al., 1997).

Previous research has demonstrated that

‘Abert’s squirrels choose to feed only on

certain ponderosa pines. They select these
trees based on the chemical composition of
the resin, flow rate of the resin, and nutri-
tive value (Snyder, 1992). Snyder (1993)
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and Snyder and Linhart (1998) concluded
that due to this selection of specific trees
and the damage inflicted upon these trees,
Abert’s squirrels can have a significant im-
pact on the evolutionary dynamics of pon-
derosa pines. However, whether or not pon-
derosa pines have had any evolutionary in-
fluence on Abert’s squirrels has not been
examined. In this study, we ask if there is
any evidence that Abert’s squirrel evolved
a digestive system that allows it to obtain
adequate nutrition from the low-quality
food that the phloem of ponderosa pines
provides.

Cork (1994) summarizes the predicament
facing mammals that eat high fiber diets by
stating that such mammals appear to follow
two alternative strategies for fulfilling their
energy requirements: 1) an ‘‘intake-maxi-
mizing” strategy of passing food through
the gut as rapidly as possible to maximize
the quantity of food processed, or 2) a “‘re-
tention-maximizing’’ strategy of delaying
the passage of food through the gut to max-
imize digestion. Pandas exemplify the ““in-
take-maximizing” strategy; an average 80—
125 kg panda eats 10—18 kg of bamboo/day
(Schaller et al., 1985), which is equal to ca.
15% of its body weight. Conversely, koalas
compensate for the low quality of a euca-
lyptus-leaf diet by extending the mean re-
tention time of digesta (Hume, 1982) by
virtue of their significantly enlarged gastro-
intestinal tract and an especially large ce-
cum.

Abert’s squirrels do not consume large
volumes of food daily. During a 3-year
study in Arizona, States et al. (1988) found
that these squirrels clip an average of 25
twigs/day throughout winter. Feeding in-
volves preliminary peeling and discarding
of the outer bark, consumption of the phlo-
em, and finally discarding the woody core
(Snyder, 1992). Thus, an estimate of phlo-
em weight per twig is an accurate measure
of food intake. If each clipped twig contains
an average weight of 1.6 g of phloem (Y.
Linhart, in litt.), Abert’s squirrels eat ca. 40
g of phloem/day. For a 500-600 g Abert’s
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squirrel, this means that they consume ca.
6-8% of their body weight daily, suggest-
ing that they are not using the ‘‘intake-max-
imizing” option. To test if a relatively long
gastrointestinal tract associated with the
‘“retention-maximizing” strategy can en-
able the Abert’s squirrel to feed exclusively
on a fibrous and low-quality diet, we com-
pared the gastrointestinal tracts of specialist
Abert’s squirrels to those of generalist fox
squirrels (S. niger) along with published
data on two other generalists: the eastern
gray squirrel (S. carolinensis), and the
western gray squirrel (S. griseus).

Fox squirrels are feeding generalists
whose year-round diet consists primarily of
fruits, berries, grains, seeds, buds, insects,
some phloem from various deciduous trees,
and human leftovers (Lechleitner, 1969).
The nutritional value of such a diet is much
higher than that of Abert’s squirrels. For ex-
ample, buds, seeds, insects, and related
foods can be expected to contain nitrogen
at levels one order of magnitude greater
than the =0.5% of pine phloem in winter,
and fiber contents that are at least one order
of magnitude lower (Kramer and Kozlow-
ski, 1979; Salisbury and Ross, 1985; Strong
et al., 1984). The fox squirrels that we stud-
ied belong to the subspecies S. niger rufi-
venter (Armstrong, 1972). In this region,
fox squirrels tend to have a body weight of
500-900 g, comparable to the body weights
of Abert’s squirrels.

Interspecific comparisons of various
mammals that are specialized herbivores in-
dicate that length, surface area, and capac-
ity of digestive tracts are markedly larger
than in omnivorous species of comparable
size (Chivers and Langer, 1994). Such char-
acteristics also can vary intraspecifically as
a function of diet. For example in various
rodents, total capacity of the digestive tract
and relative size of the cecum and colon
can increase with diminishing food quality
(Chivers and Langer, 1994; Young Owl and
Batzli, 1998). Our predictions, based on
previous interspecific analyses, were that
Abert’s squirrels would have a significantly
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enlarged cecum and that those differences
should be much larger than the intraspecific
variation observed to be associated with
diet and seasonality in other species.

MATERIALS AND METHODS

We compared S. aberti ferreus and S. niger
rufiventer. We used road-killed specimens with
intact viscera and relatively minor external dam-
age. All were collected along the Colorado Front
Range near Boulder, Denver, and Colorado
Springs. After opening the abdominal cavity, we
removed the entire gastrointestinal tract, first
severing the stomach from the esophagus at the
cardiac sphincter. We separated the stomach
from the small intestine at the pyloric sphincter
and the small intestine from the cecum at the
ileocecal sphincter. We separated the cecum
from the proximal colon just after the junction
between the cecum and the ileum. We detached
the colon from the anus at the standardized dis-
tance of 3.5 cm from the rectum. That 3.5 cm
was added to all of our measurements for colon
length. However, we were unable to calculate
weight and surface area for that missing 3.5-cm
section, so weight and surface area measure-
ments for the colon were uniformly low.

After separating the gastrointestinal tract into
the stomach, small intestine, cecum, and colon,
we measured lengths of each of these sections.
For the stomach and cecum, we measured the
lesser and greater curvatures and then averaged
those values.

We weighed each of the separate organs when
they were full and empty. To cleanse the stom-
ach and cecum, we cut them along both their
lesser and greater curvatures and gently washed
out the internal contents. We cleansed the small
intestine and colon in the same manner after cut-
ting them into several pieces of ca. 15 cm and
then cutting these segments lengthwise from one
end to the other.

To measure the surface area, we used a tech-
nique adapted from Chivers and Hladik (1980)
and Young Owl (1994). After weighing the
stomach, small intestine, cecum, and colon, we
traced the tissue pieces onto paper without
stretching or enlarging the surface area. We pro-
ceeded to trace the paper outlines onto alumi-
num foil with a known surface area:weight ratio
and then cut out and weighed these aluminum
foil pieces. By multiplying the aluminum foil
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weight by the surface area:weight ratio, we were
able to obtain accurate surface area measure-
ments for stomach, small intestine, cecum and
colon. According to Young Owl (1994), surface
area gives a truer picture of mammalian gastro-
intestinal tract size than length and can be mea-
sured more accurately than volume. For all com-
parisons that met assumptions of normality and
homoscedasticity, we used one-way analysis of
variance (ANOVA). For those comparisons that
did not meet those assumptions, we used the
Kruskal-Wallis non-parametric test (Cody and
Smith, 1997).

RESULTS

We dissected seven Abert’s squirrels and
eight fox squirrels (Table 1). Mean body
weights of the two species were remarkably
similar and did not differ significantly (P =
0.67). The mean head and body lengths
were not significantly different (P = 0.33).
All measurements of gastrointestinal tract
length differed significantly between the
two species (Fig. 1). The stomach (P =
0.01), small intestine (P < 0.05), cecum (P
= 0.001), colon (P = 0.001) and overall
length of the gastrointestinal tract (P =
0.001) were significantly longer in Abert’s
squirrel than in the fox squirrel. Weights for
the empty stomach and small intestine were
not significantly different whereas tissue
weights of the cecum (P < 0.05), colon (P
= 0.001) and complete gastrointestinal tract
(P < 0.05) were significantly larger in
Abert’s squirrel. The only section of the
gastrointestinal tract that was not signifi-
cantly different in surface area was the
small intestine. Surface areas of the stom-
ach (P = 0.01), cecum (P =< 0.001), colon
(P = 0.001) and the total surface area for
the entire gastrointestinal tract (P = 0.001)
were significantly larger in Abert’s squirrel.

DiscussION

The specialized Abert’s squirrel had a
markedly different gastrointestinal mor-
phology from that observed or reported in
the generalist fox, eastern gray, and western
gray squirrels (Table 1). All of these sciurid
species had similar body weights, and
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TABLE 1.—Body and gastrointestinal tract measurements of Sciurus aberti (specialized herbivore,
n = 7, this study), S. niger (omnivore, n = 8, this study), S. carolinensis (granivore, n = 17, from
Schieck and Millar, 1985), and S. griseus (generalized herbivore, n = 1, from Young Owl, 1994).

S. aberti S. niger S. carolinensis
Character X SE X SE P X SE  S. griseus
Body weight (g) 511.7 229 532.2 38.7 n.s.b 523.0 23.0 520.0
Head and body length (cm) 30.5 1.1 31.8 0.7 n.s.®
Lengths (cm)
Stomach 12.0 0.6 9.6 0.4 =0.01°
Small intestine 166.6 10.8 144.0 2.0 <0.05¢ 212.0 6.0
Cecum 19.8 1.8 11.5 0.4 =0.001¢ 10.1 0.4
Colon 73.5 35 48.0 1.3 =0.001¢ 49.5 1.2
Total 271.8 14.2 213.1 2.4 =0.001¢
Empty weights (g)
Stomach 4.6 0.5 3.8 0.3 n.s.b
Small intestine 8.8 1.2 6.5 0.6 n.s.b
Cecum 3.9 0.5 2.0 0.2 <0.05¢
Colon 5.8 0.5 3.1 0.4 =0.001°
Total 23.1 2.5 154 0.8 <0.05¢
Surface areas (cm?)
Stomach 84.6 6.7 54.5 4.4 =0.01° 44.0
Small intestine 304.6 40.7 216.3 12.2 n.s.© 209.0
Cecum 91.4 9.1 40.6 1.9 =0.001¢ 17.0
Colon 158.9 12.7 84.9 5.6 =0.001¢ 79.0
Total 639.5 61.2 396.3 14.9 =0.001¢ 349.0

@ Statistical significance comparing S. aberti and S. niger.

® Because of normality of data, comparisons with analysis of variance.
¢ Because of non-normality of data, comparisons with Kruskal-Wallis test.

a) b)
stomach stomach
small
intestine
cecum
colon
Fic. 1.—Gastrointestinal tracts of a) an

Abert’s squirrel (Sciurus aberti) and b) a fox
squirrel (S. niger).

therefore, we did not need to scale any of
the measurements. The gastrointestinal tract
of the Abert’s squirrel was significantly lon-
ger, had a significantly larger surface area,
and had a larger tissue weight than fox
squirrels. The largest differences were
found in the length, weight, and surface
area measurements of the cecum and colon,
indicating that the hindgut of the Abert’s
squirrel is particularly enlarged. Most of the
food that the Abert’s squirrel ingests is fi-
ber, which cannot be broken down until it
reaches the cecum. Consequently, the large
hindgut of the Abert’s squirrel may enable
symbiotic microbes to digest the food and
perhaps detoxify the digesta, which, in the
case of ponderosa pine, include terpenes,
resin acids, and tannins (Snyder, 1992; Y.
Linhart, in litt.). Sciurids have never been
shown to be caecotrophic or to possess a
colonic separation mechanism, either of
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which would enable Abert’s squirrel to min-
imize the loss of fermentable digesta and
symbiotic microbes in the feces. We sug-
gest that future research could demonstrate
that Abert’s squirrel utilizes one of these di-
gestive strategies. Because the food cannot
be digested in the foregut, it is reasonable
that the small intestine would not be sig-
nificantly larger in the Abert’s squirrel. In-
deed, this lack of enlargement of the small
intestine has been observed in several small
mammals including sciurids (Schieck and
Millar, 1985). However, the stomach of the
Abert’s squirrel had both significantly
greater length and surface area than the
stomach of the fox squirrel, yet tissue
weights were not significantly different.
This suggests that Abert’s squirrel either
has a significantly lighter stomach or that it
stuffs as much food as possible into its
stomach and thereby stretches it. Because
the first option is unlikely, these data sug-
gest that Abert’s squirrel may maximize
both intake and retention within the con-
straints imposed by its size and arboreal
ecology.

Comparisons with published data of the
two other sciurid species indicate that these
generalists are very similar to the fox squir-
rel in their gastrointestinal tract measure-
ments and thus significantly different from
the Abert’s squirrel. Only the gastrointesti-
nal lengths were available for the eastern
gray squirrel; its small intestine length is
larger than either that of the Abert’s or fox
squirrel, but the cecum and colon lengths
are comparable with those of the fox squir-
rel. The surface area measurements for the
western gray squirrel also are significantly
different from those of Abert’s squirrel.

We interpret the large differences ob-
served between the specialist Abert’s squir-
rel and the other generalist squirrel species
as being relevant in an evolutionary con-
text. We propose that gut morphology in
Abert’s squirrels has changed as a result of
the selective pressures generated by the
need for this species to maximize the food
value of its low-quality diet. Gut morphol-
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ogy can vary in rodents as a function of
changes in diet, condition of given individ-
uals, and seasonality (Hammond and Wun-
der, 1995; Young Owl and Batzli, 1998).
Most such reports typically show a range of
variation of 5-20%. Our results show that
differences between Abert’s and other
squirrels are usually much more pro-
nounced (Table 1). Besides differences in
length, our measurements of surface area,
which are thought to illustrate gastrointes-
tinal tract differences more accurately
(Young Owl, 1994), show that the cecum
of Abert’s squirrel is on average 125% larg-
er, the colon 87% larger, and the overall
gastrointestinal tract 61% larger than those
of the fox squirrel. The difference in the
cecum is especially notable and consistent
with the enlarged cecum characteristic of
other specialized herbivores such as koalas.
In addition, none of the females used in this
study were pregnant or lactating and both
our Abert’s and fox squirrels were collected
during several seasons, so seasonal changes
were accounted for. Thus, although mor-
phology of the digestive tract in the squir-
rels may vary intraspecifically to some de-
gree, the magnitude of the interspecific dif-
ferences we observed is consistent with
published comparisons of herbivores and
omnivores both within and among families
(Hume, 1994; Schieck and Millar, 1985)
and leads us to suggest that there has been
adaptation of the Abert’s squirrels to their
diet of pine phloem.
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