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We investigated fungal consumption and resulting patterns of potential spore dispersal by
6 small mammals in old-growth habitat in the Sierra Nevada of the United States, a region
in which this ecological interrelationship is poorly understood. Small mammals consumed
a wide array of food items, although only feces of northern flying squirrels (Glaucomys
sabrinus), golden-mantled ground squirrels (Spermophilus lateralis), and Douglas squirrels
(Tamiasciurus douglassi) frequently contained spores of hypogeous fungi, whereas those
of lodgepole chipmunks (Tamias speciosus), long-eared chipmunks (T. quadrimaculatus),
and deer mice (Peromyscus maniculatus) did so rarely. Feces from the 3 squirrel species
also contained a greater number of hypogeous fungal genera per sample than did samples
from the latter 3 species. Flying squirrels potentially dispersed the greatest variety of ec-
tomycorrhizal fungi (16 genera): 8 in spring and 15 in autumn. Frequency of occurrence
of 9 genera in the feces of flying squirrels differed between spring and autumn. Interspecific
differences in patterns of fungal consumption, coupled with differences among these small
mammals in habitat use, mobility, and digestive physiology, suggest that these small mam-
mals may disperse fungi in ecologically nonredundant ways and that the integrity of entire
small-mammal communities may be important to the maintenance of ectomycorrhizal di-
versity in coniferous forests.
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Consumption of fungal fruiting bodies,
or mycophagy, commonly occurs among
small mammals that inhabit forest habitats
(Colgan et al. 1997; Fogel and Trappe
1978; Hall 1991; Hayes et al. 1986; Maser
and Maser 1988; Maser et al. 1985; McIn-
tire 1984; Ure and Maser 1982). Mycoph-
agy may play a particularly important role
in the life cycle of hypogeous-ectomycor-
rhizal fungi. Mycophagous animals poten-
tially disperse spores of these fungi when
they defecate on the forest floor, where
spores may establish mycorrhizal relation-

* Correspondent: pyare@blissnet.com

ships with roots of conifers (Maser and Ma-
ser 1988). Although some small mammals
opportunistically consume fruiting bodies
of hypogeous fungi, commonly known as
truffles, others consume truffles with high
frequency (Colgan 1997; Fogel and Trappe
1978; Hall 1991; Maser et al. 1985; Ure and
Maser 1982). For instance, hypogeous-fun-
gal spores appear in .90% of fecal samples
collected from northern flying squirrels
(Glaucomys sabrinus—Colgan 1997; Hall
1991; Maser et al. 1985). Flying squirrels
also exhibit selective preferences for hy-
pogeous fungi over other food items (Brink
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and Dean 1966; Zabel and Waters 1997)
and preferences for microhabitats in which
truffles are found (S. Pyare, in litt.). Thus,
certain small mammals may disperse spores
more frequently or effectively than others,
although few studies have compared patterns
of fungus consumption within small-mammal
communities. Interspecific differences in
patterns of fungus consumption may have
important ecological consequences for the
composition of ectomycorrhizal communi-
ties, distribution and persistence of different
fungal taxa, and ultimately establishment
and productivity of conifers (Cork and Ken-
agy 1989; Kotter and Farentinos 1984; Maser
and Maser 1988; Trappe 1990).

In coniferous forests of the Sierra Ne-
vada, in particular, little is known about the
potential role of small mammals in dispers-
ing these fungi, and even less is known
about the contribution of fungal consumers
like the northern flying squirrel. Therefore,
we investigated to what extent mycophagy
was a general feature among the small-
mammal community in old-growth habitat
and diversity (composition and richness) of
fungal spores potentially dispersed by dif-
ferent mycophagous members of this com-
munity.

MATERIALS AND METHODS

Study area.—We collected data in 3 remnant,
old-growth stands (Blackwood Canyon, Upper
Ward Canyon, and Lower Ward Canyon) within
the western region of the Lake Tahoe Basin
Management Unit (Toiyabe National Forest,
Placer County, California). Stands were 10–15
ha, separated by 2–7 km, and located on upper-
elevation (2,200–2,400 m), north-facing slopes.
Red fir (Abies magnifica) was the most common
conifer in the overstory and understory, and
white fir (A. concolor), lodgepole pine (Pinus
contorta), and western white pine (P. monticola)
were uncommon components in the overstory
and rare in the understory (Oosting and Billings
1943). Forest stands represented remnant patch-
es of old-growth habitat with old (.250 years),
large-diameter (.2-m-diameter at breast height)
live trees, snags, and downed logs; they were
devoid of stumps or logging roads. However, the

matrix that surrounded stands was a combination
of smaller patches (0.25–1 ha) of remnant old-
growth habitat and 2nd-growth habitat resulting
from past logging activity (.25 years from pres-
ent). Fruiting bodies of hypogeous fungi that
were detected at these sites included the follow-
ing genera: Elaphomyces, Gastroboletus, Gau-
tieria, Hydnotrya, Hymenogaster, Martellia,
Rhizopogon, and Thaxterogaster.

Small-mammal trapping.—We live-trapped
during 2 seasons: spring (late May to early July)
and autumn (August to early October). We live-
trapped small mammals during autumn 1996
(Upper Ward, Blackwood), spring and autumn
1997 (Upper Ward, Lower Ward), and 1998 (all
3 sites). Each trapping session consisted of 4–5
consecutive trap nights. Mammals were live-
trapped in each stand on a 9 by 11 grid (25-m
spacing between trap stations). Although trap-
ping grids were located within the boundaries of
old-growth habitat, edges of trapping grids were
about 50–400 m from 2nd-growth habitat. We
attached a Tomahawk live trap (Tomahawk Live
Trap Company, Tomahawk, Wisconsin; 25 by 25
by 45 cm) horizontally, about 1.5 m high, to the
nearest live tree #3 m from each trap station
(Hayes et al. 1994). We also included a nest box
(the bottom 40 cm of a waxed carton) with cot-
ton stuffing as nesting material. These traps were
left open during the entire trapping session to
facilitate capture of nocturnal (G. sabrinus) and
diurnal small mammals (golden-mantled ground
squirrel, Spermophilus lateralis; lodgepole chip-
munk, Tamias speciosus; long-eared chipmunk,
T. quadrimaculatus; Douglas squirrel, Tamias-
cuirus douglasii). Deer mice (Peromyscus man-
iculatus) could easily escape through the wire
mesh of Tomahawk live traps, and therefore we
also placed a Sherman live trap (H. B. Sherman
Traps, Inc., Tallahassee, Florida) on the ground
#3 m from every trap station. We trapped P.
maniculatus for only a single night per trapping
session because of the numerical abundance of
this species. All traps were baited before dark
(1700–1830 h) with a mixture of peanut butter
and rolled oats, and checked and replenished
with bait the following morning (0630–0900 h).
Captured individuals were placed in a denim bag
for about 5 min for defecation, removed from
the bag, identified, marked with a numbered
Monel-metal ear tag (National Band and Tag
Company, Newport, Kentucky), and released
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near the trap station at which they were cap-
tured.

Fecal analysis.—Each sample of several fresh
fecal pellets derived from a single animal at each
capture event was collected from the denim bag
or directly from the animal using a clean pair of
smooth-surface forceps, and stored in a 5-ml
sterile plastic tube. Although we may have col-
lected .1 fecal sample per individual (never
.2) in any given trapping session, we did not
collect fecal samples from an individual that was
captured the previous night or day. We also did
not collect fecal pellets that appeared to contain
bait. Fecal pellets were air-dried for 24 h and
stored in a refrigerator at 08C. Small portions of
all pellets in a single fecal sample (approximate
total weight 5 25 mg) were combined in a new
tube (5 ml) and were rehydrated with 3 ml of
distilled water and a drop of 10% ethanol. The
mixture was homogenized to achieve a fine so-
lution, a drop of which was placed on a steril-
ized slide, mixed with a drop of Melzer’s reagent
(I, KI, and chloral hydrate), and covered with a
circular, 18-mm slide cover. To familiarize our-
selves with the general types of food items pres-
ent in each sample, we performed cursory ex-
aminations using bright-field microscopy at 10–
203 and occasionally at 1003 to verify distin-
guishing features of microscopic items present
(e.g., spore or cell morphology, color, and ex-
ternal ornamentation). To perform a more rig-
orous analysis, we used standardized methods
from Castellano et al. (1989). We randomly se-
lected 25 fields at 403 and documented occur-
rence of food items in each field. Hypogeous
fungi were identified to genus using spore keys
(Castellano et al. 1989), reference spore samples
of truffles collected from our field sites, and ref-
erence samples from an institutional collection
(United States Forest Service, Forestry Sciences
Laboratory, Corvallis, Oregon). We also docu-
mented presence of epigeous fungi, algal cells
of lichen, vegetation (plant fiber, chloroplast
cells, or pollen), and remains of invertebrates.

Our method of fecal sample analysis yielded
frequencies of different food items found within
a group of samples derived from the same area
and hence provided population-level estimates
of the overall importance of different food items.
However, our method was insufficient for deter-
mining presence of other food items that were
nearly completely digestible, such as seeds or
vertebrate tissue. In addition, more detailed di-

etary analyses, such as assessing relative abun-
dance of different food items (including differ-
ent fungal genera) within the diet of single ani-
mals were not possible because abundance of
food items in feces may not have reflected abun-
dances (or relative preferences) of food items
ingested (Castellano et al. 1989; Colgan 1997;
Thysell et al. 1997). For instance, differences in
concentrations of spores in feces do not neces-
sarily reflect differences in ingestion rates of
fruiting bodies because spores differ in concen-
tration within fruiting bodies, retention rates
within digestive tracts, digestibility, detectabili-
ty, and spore size (Colgan et al. 1997; Cork and
Kenagy 1989; Hall 1991; Maser et al. 1986; Ro-
sentreter et al. 1997). Therefore, for each of
spring and autumn seasons, we grouped all sam-
ples derived from individuals of the same spe-
cies that were captured in each stand and per-
formed simple comparisons of the group mean
frequency of occurrence of different food items
among species.

Statistical analysis.—Ranks of the percent oc-
currences of different food items and ranks of
the percent occurrences of hypogeous fungal
genera did not differ among years or among
stands, and therefore we pooled data for subse-
quent analyses. Ranks of the percent occurrence
of different food items for T. speciosus (n 5 15
samples) and T. quadrimaculatus (11 samples)
were similar, so we combined both species into
a single category for subsequent comparisons.

To evaluate if frequency of different food
types differed among mammals, we ran a log-
linear analysis of a 3-factor contingency table,
within which each cell frequency represented a
unique combination of species, food type, and
frequency of occurrence of different food types.
The likelihood ratio chi-square value of a com-
pletely saturated log-linear model (i.e., a model
including all 3 main terms and all three 2-way
interactions), which is equivalent to a test of the
significance of the 3-way interaction (Everitt
1977), was used to test for codependence among
these 3 factors. We then used cell-specific Free-
man–Tukey deviates generated from this log-lin-
ear analysis to explore separate contributions of
the 3 factors to the overall significance of the
log-linear model (SYSTAT 7.0, SPSS Inc., Chi-
cago, Illinois). We also compared the mean
number of fungal genera per fecal sample
among mammals using 1-way analysis of vari-
ance. Finally, for G. sabrinus only, we compared
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FIG. 1.—Frequency of occurrence of different
food items in mammalian fecal samples that
were collected during spring (e) and autumn
(h) in the Lake Tahoe Basin, California.

occurrence of specific fungal genera between
spring and autumn using Fisher’s exact test.

RESULTS

Except for the absence of lichen in the
diet of T. douglasii, all food items appeared
in the feces of all 6 species (Fig. 1). Spores
of hypogeous fungi occurred in 100% of
samples of G. sabrinus and T. douglasii in
both seasons and of S. lateralis in autumn,
occurred less frequently for the 2 species of
Tamias, and occurred only rarely for P.
maniculatus. Log-linear analysis of fre-
quency data indicated mutual dependence
among mammal species, food type, and
presence or absence of food type (x2 5
260.46, d.f. 5 16, P , 0.001). That is, the
occurrence of different food types in fecal
samples differed significantly among small
mammals. Furthermore, Freeman–Tukey
deviates of cell frequencies were typically
highest for hypogeous fungi (Table 1), in-
dicating that cell frequencies associated
with presence or absence of that particular
food item largely drove the significance of
this 3-way dependence.

Mean number of fungal genera per fecal
sample was significantly greater in samples
from G. sabrinus, S. lateralis, and T. doug-
lasii than in samples either from P. mani-
culatus or Tamias (Fig. 2). G. sabrinus con-
sumed $16 genera of hypogeous fungi dur-
ing our study (Table 2). Compositional dif-
ferences were found in the occurrence of
fungal genera in G. sabrinus samples be-
tween spring (8 total genera consumed) and
autumn (15 genera). The percent occur-
rence of 9 genera in diets of G. sabrinus
differed significantly between spring and
autumn. Although 8 genera appeared in
spring and autumn samples of G. sabrinus,
only Gautieria and Martellia consistently
occurred in .50% of samples. Many fungal
genera occurred in feces of S. lateralis (7
genera) and T. douglasii (8 genera), where-
as few occurred in the feces of Tamias (5
genera) or P. maniculatus (2 genera).
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FIG. 2.—Comparison of mean number of hy-
pogeous fungal genera per fecal sample among
mammals. Bars represent standard error. Num-
bers are sample sizes. Gs 5 Glaucomys sabri-
nus, Pm 5 Peromyscus maniculatus, Sl 5 Sper-
mophilus lateralis, T 5 Tamias, Td 5 Tamias-
ciurus douglasii.
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DISCUSSION

Our study documents patterns of my-
cophagy among co-occurring species and
gives clear evidence that mycophagous be-
havior is a common feature of the small-
mammal community in red-fir forests of the
Sierra Nevada. The frequent occurrence of
hypogeous-fungal spores, especially among
sciurids at these sites, indicates that truffles
are important food resources for forest-
dwelling mammals. In Washington, North
et al. (1997) found that small mammals
consumed hypogeous fungi in proportion to
their availability, suggesting that these fun-
gi may be a limited and preferred resource.
Although hypogeous fungi are considered
of moderate nutritional value compared to
seeds (Claridge et al. 1999; Colgan 1997;
Cork and Kenagy 1989), they provide pe-
rennial food sources that fruit throughout
the snow-free period in the Sierra Nevada.

Occurrence of hypogeous fungi was
more important than the occurrences of oth-
er food items in distinguishing diets among
small mammals (Table 1). P. maniculatis
and Tamias, for instance, rarely consumed
hypogeous fungi, whereas all samples of
flying squirrels contained spores, including
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TABLE 2.—Percent occurrence and rank (Glaucomys sabrinus only), or presence (all other mammals), of different fungal genera in small-
mammal feces.

Genus

Glaucomys sabrinus

Spring (n 5 35)

%
occurrence Rank

Autumn (n 5 58)

%
occurrence Rank

Peromyscus
maniculatus

(n 5 34)

Spermophilus
lateralis
(n 5 7)

Tamias
(n 5 36)

Tamiasciurus
douglassi
(n 5 8)

Alpovaa

Elaphomyces
Gastroboletusa

Gautieria
Hymenogaster
Gysterangium
Leucophlepsa

Leucogaster
Martelliaa

Mycolevisa

Melanogastera

Nivatogastriuma

Radiigeraa

Rhizopogona

0.0
25.7

0.0
94.3
31.4

2.9
0.0
0.0

77.1
0.0
0.0
0.0
0.0
5.7

4.5

1
3
8

2

6.5

12.1
29.3
60.3
87.9
17.2
13.8
12.1

1.7
55.7

3.4
13.8
13.8
13.8
75.8

12.5
5
3
1
6
9.5

12.5
14

4
13

9.5
9.5
9.5
2

X

X

X
X
X

X

X

X

X

X

X

X

X
X
X
X
X
X
X

X

X
Thaxterogaster
Trappea

25.7
5.7

4.5
6.5

15.5
0.0

7

a Percent occurrence differed significantly between seasons.
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several rare genera that were never collect-
ed during truffle surveys performed for a
related study. This supports the notion that
flying squirrels, although not exclusively
mycophagous (Fig. 1—Thysell et al. 1997),
are fungal specialists relative to other spe-
cies in the Sierra Nevada. At these same
sites, truffles also were frequently found
near trap stations where flying squirrels
were captured, also suggesting dietary spe-
cialization (S. Pyare, in litt.). These findings
are in agreement with other studies of
northern flying squirrels that have docu-
mented selective preferences for hypogeous
fungi (Zabel and Waters 1997) and poor
body condition when deprived of fungi
(Brink and Dean 1966). Although S. later-
alis and T. douglassi also consumed truf-
fles, small samples prevented a clear as-
sessment of the relative importance of hy-
pogeous fungi to these species. S. lateralis,
in particular, is found more commonly in
xeric, open-conifer and shrub habitats
where truffles are less likely to occur and
thus may only consume forest fungi oppor-
tunistically. Indeed, this species was always
captured near openings or 2nd-growth hab-
itat at the periphery of these grids. T. doug-
lasii is primarily an arboreal species that
actively consumes and stores conifer seeds,
but our evidence was in agreement with
other studies that suggested that this species
also descends to the forest floor to consume
truffles (Maser and Maser 1988; North et
al. 1997).

In general, resource partitioning plays an
influential role in structure and organization
of numerous ecological communities (Grant
1986; Munger and Brown 1981; Werner
1986), but few have considered the rele-
vance of interspecific competition for hy-
pogeous fungi to the structure of small-
mammal communities. Truffles, which are
ephemeral and patchy resources, could be
intensely contested resources. Comparisons
of consumption patterns among species are
consistent with the hypothesis that these
small mammals may compete for this re-
source, especially during autumn. In the fu-

ture, detailed information about the selec-
tive preferences of different mammals for
different fungal taxa may provide evidence
of resource partitioning among these my-
cophagous animals.

The observation that all mammals in this
study consumed hypogeous fungi has im-
plications for the functioning of forest eco-
systems. First, consumption of truffles by
animals that differ in mobility, microhabitat
preferences, and size of home ranges may
affect differentially the dispersal capability
and establishment potential of ectomycor-
rhizal fungi. Animals that, for instance, dis-
perse spores to microenvironments that are
unfavorable for spore germination or in
which conifer seedling hosts are less likely
to grow, such as in forest canopies, rocky
habitats, or tree cavities, may be relatively
unimportant or detrimental to fungal fitness.
Alternatively, species that disperse spores to
disturbed microhabitats, such as clear cuts,
recently burned areas, and the forefront of
receding glaciers, may promote succession-
al changes among fungal and vegetation
communities (Cazares and Trappe 1990;
Waters et al. 1994). For instance, S. later-
alis, which may frequent forest interiors to
consume hypogeous fungi but more fre-
quently inhabits open habitats at the perim-
eter of closed-canopy forests, may promote
mycorrhizal symbioses by dispersing spores
from late- to early-successional habitats.

Second, mammals differ in body size,
diet, dentition, gut morphology, gut flora,
and presence of physiologic mechanisms
that selectively retain small particles in the
hindgut (Kotter and Farentinos 1984;
Vaughan 1986), all of which influence re-
tention rates and possibly establishment po-
tential of hypogeous fungi. For instance,
captive P. maniculatus and S. lateralis re-
tained only trace amounts of spores .4
days after consumption (Cork and Kenagy
1989), whereas captive G. sabrinus retained
spores #11 days after consumption (S. Py-
are, in litt). Differences in retention rates
consequently may influence temporal and
spatial dynamics of spore dispersal (Cork
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and Kenagy 1989). Because ceca of mam-
mals concentrate fungal spores with nitro-
gen-fixing bacteria and yeast cells (Li et al.
1986; Maser and Maser 1988), fecal pellets
derived from mammals with different gut
floras also may affect differentially spore
germination and ultimately establishment of
mycorrhiza on seedling roots (Kotter and
Farentinos 1984).

Third, differences in consumption rates
of different fungal taxa because of differ-
ences in palatability might affect composi-
tion of fungal communities. Although an
availability–use comparison was not per-
formed in our study, others have found ev-
idence for selective preferences among fun-
gal genera by small mammals (Cazares et
al. 1999; Colgan 1997; North et al. 1997;
Zabel and Waters 1997). Dispersal of some
fungal genera thus may be enhanced rela-
tive to others because of such selectivity,
although conflicting dietary preferences of
different mycophagous mammals certainly
would confound this relationship.

The observation that northern flying
squirrels consumed many genera of hypo-
geous fungi, including some genera that
were not detected in feces of other small
mammals, merits special attention. How-
ever, widespread consumption of truffles by
all small mammals in this habitat under-
scores the general importance of fungi as a
food resource and importance of small-
mammal communities to other ecosystem
components such as ectomycorrhizal fungi.
Loss of mycophagous mammals from co-
niferous stands could affect long-term func-
tioning of those stands and their ability to
respond after disturbance. Likewise, loss or
decline of hypogeous fungi after anthropo-
genic disturbance, which has been docu-
mented in several studies (Amaranthus et
al. 1997; North et al. 1997; Waters and Za-
bel 1995), may have consequences for di-
versity of small mammals and persistence
of vertebrate predators that depend on a
mammalian prey base (Carey and Johnson
1995; Thomas et al. 1990). Possible inter-
dependency among these groups of species

suggests that simple management strategies
that strive to preserve forest cover in hopes
of preserving biological diversity may be
insufficient. Rather, management plans that
enhance persistence of less obvious forest
components, such as hypogeous fungi and
small-mammal communities, are equally
likely to ensure long-term conservation of
forest habitat.
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