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CONSUMPTION OF ARBUSCULAR MYCORRHIZAL FUNGI BY
TERRESTRIAL AND ARBOREAL SMALL MAMMALS IN A

PANAMANIAN CLOUD FOREST
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Fecal pellets collected from 10 small-mammal species captured in a Panamanian cloud
forest were examined for presence of spores of arbuscular mycorrhizal fungi. Fifty-two
percent of the 94 fecal samples examined contained spores of $1 of 6 arbuscular mycor-
rhizal fungi species, including Sclerocystis coremioides, Glomus fasciculatum, G. rubifor-
me, G. geosporum, and 2 unidentified Glomus species. G. fasciculatum was the most fre-
quently encountered species, occurring in 87% of the fecal samples that contained spores
and occurring in diets of 7 small-mammal species occupying terrestrial and arboreal hab-
itats. Peromyscus mexicanus and Oryzomys devius frequently consumed arbuscular mycor-
rhizal fungi and may be important spore dispersers in terrestrial habitats. Arbuscular my-
corrhizal fungal spores also were common in diets of the primarily arboreal rodent Reith-
rodontomys mexicanus, suggesting a potentially important role of this species in the dis-
persal of arbuscular mycorrhizal fungal spores to epiphytes of Neotropical cloud forests.
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Many species of small mammals serve as
seed predators and dispersers in tropical for-
ests and therefore have been implicated as
important participants in forest regeneration
(Adler and Kestell 1998; Asquith et al.
1997; Forget and Milleron 1991). Small
mammals also may contribute positively to
tree seedling survival by dispersing spores
of arbuscular mycorrhizal fungi (AMF) in
tropical forests (Janos et al. 1995; Mangan
and Adler 1999; Reddell et al. 1997). Trop-
ical trees depend strongly on AMF for en-
hanced growth and survival (Janos 1980b;
Siqueira et al. 1998). The improved uptake
of scarce nutrients by plants hosting AMF
may subsequently influence coexistence of
plant species in the notoriously nutrient-poor
soils of the tropics (Janos 1980a).

Like their terrestrial counterparts, plants
that have evolved epiphytic strategies reach
their highest diversity in Neotropical cloud
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forests (Gentry and Dodson 1987). Al-
though many species of epiphytic plants
can host mycorrhizal fungi, colonized in-
dividuals are less common and more patch-
ily distributed than individuals of terrestrial
species capable of hosting AMF (Lesica
and Antibus 1990; Maffia et al. 1993;
Michelsen 1993; Nadarajah and Nawawi
1993; Rabatin et al. 1993). Reduced avail-
ability of AMF inocula (e.g., spores, fungal
hyphae, and colonized roots) at arboreal
sites has been proposed as an explanation
for less frequent AMF colonization in epi-
phytic plants (Lesica and Antibus 1990;
Maffia et al. 1993; Michelsen 1993). Epi-
phytes that host AMF reside in spatially
isolated patches of habitat that contain suf-
ficient AMF inocula to support coloniza-
tion. Thus, such sites capable of supporting
colonized epiphytes probably are estab-
lished through the dispersal of AMF inoc-
ula from the forest floor to the canopy.
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In terrestrial plant communities, AMF
can be dispersed through the spread of fun-
gal hyphae in the soil (Harinikumar and Ba-
gyaraj 1995; Powell 1979), by root-to-root
contact with colonized hosts (Alexander et
al. 1992), and by the movement of AMF
spores via wind erosion of soil in arid re-
gions (Allen et al. 1989). These dispersal
mechanisms, however, are unlikely to ac-
count for the introduction of AMF to ar-
boreal sites because canopies are discon-
nected from terrestrial root networks, and
wind dispersal of spores is uncommon in
tropical forests. The most probable mecha-
nism of AMF introduction to the canopy is
dispersal of fungal spores via animal vec-
tors (Janos 1993). Although soil inverte-
brates have been shown to disperse AMF
spores incidentally (McIlveen and Cole
1976; Reddell and Spain 1991), these or-
ganisms may not be as important to long-
distance dispersal as would larger animals
that actively consume mycorrhizal fungi.
Many terrestrial species of small mammals
of lowland tropical regions consume AMF
sporocarps and pass large quantities of
spores in their feces (Emmons 1982; Janos
et al. 1995; Mangan and Adler 1999). Be-
cause many spores are viable after passing
through digestive tracts of rodents (Reddell
et al. 1997; Rothwell and Holt 1978; Trappe
and Maser 1976), small mammals have
been implicated as potentially important
AMF dispersers of both tropical and tem-
perate regions.

In Neotropical cloud forests, several spe-
cies of small mammals use both the forest
floor and the canopy (Emmons and Feer
1997). Because epiphytes host the same
AMF species as found in soils of the forest
floor (Maffia et al. 1993), small mammals
that consume sporocarps in terrestrial soil
and subsequently defecate spores at arbo-
real sites may serve as important AMF dis-
persers to epiphytes. Unfortunately, little is
known about the dietary habits of most
small mammals of Neotropical cloud for-
ests (Emmons and Feer 1997).

We investigated AMF consumption by

small mammals in a Panamanian cloud for-
est. Feces collected from small mammals
captured both on the ground and in trees
were examined for presence of AMF spores
to identify potentially important dispersers
of AMF spores to terrestrial and arboreal
habitats.

MATERIALS AND METHODS

Study site.—The study was conducted in a
lower montane wet forest at 1,100 m elevation
in the Central Cordillera of Chiriquı́ Province,
western Panamá. These mountains comprise the
Fortuna drainage basin, in which rainwater flows
into a man-made lake created for producing hy-
droelectric power. Because the surrounding veg-
etation buffers against erosion, this region is
protected rigidly by the Instituto de Recursos
Hidraulicos y Energeticos and remains mostly as
primary forest. The study site was near a former
Instituto de Recursos Hidraulicos y Energeticos
facility used now by the Smithsonian Tropical
Research Institute as their Fortuna field station.

Annual rainfall was about 4,000 mm at the
study location, with most falling from May
through December (Cavelier et al. 1997). Av-
erage canopy height at the study site was 18.5
m (G. H. Adler, in litt.), and the canopy and
lower strata supported abundant epiphytes (Cav-
elier et al. 1996).

Sampling procedures.—During July 1998, we
established 2 sampling transects to census small
mammals within mostly primary cloud forest.
Both transects contained 55 sampling stations
spaced 20 m apart. We placed live traps both on
the ground and in trees to determine the propor-
tion of captures at each habitat type (terrestrial
versus arboreal) for each small-mammal species.
At each station, 1 Tomahawk live trap (40.5 by
12.6 by 12.7 cm) and 1 Sherman live trap (22.9
by 8.9 by 7.6 cm) were placed on the forest floor
within 2 m of each other. Single Tomahawk and
Sherman traps also were placed in trees and li-
anas at each station. Arboreal traps were placed
within 4 m of the ground, which was deemed
sufficient to sample mammals moving between
the forest floor and canopy. Traps were baited
with a mixture of sweet potato, peanut butter,
and bird seed and were set for 10 consecutive
nights and checked each morning. All captured
mammals were identified and weighed, and sex
and age were determined (based on pelage char-
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acteristics). Each individual was marked unique-
ly by toeclipping (strictly terrestrial species) or
earnotching (arboreal species) for permanent
identification and was released at the station of
capture.

Fecal pellets from each captured mammal
were collected from the bottom of the trap and
placed into a vial containing 70% ethanol. We
selected dark, firm pellets to avoid samples con-
taminated by bait. Pellets were collected only
upon 1st capture of an individual.

In the laboratory, 2–5 fecal pellets (depending
on availability) from each individual were pro-
cessed together. Composite samples (hereinafter
referred to as single samples) were air dried,
weighed to the nearest 0.001 g, and placed in a
9-cm gridded Petri dish containing distilled wa-
ter. Each sample was lightly crushed into a fine
debris, and contents were swirled to obtain a
thin, even distribution. The entire Petri dish was
scanned under 403 magnification, and all AMF
spores or whole sporocarps were grouped by
morphotype and counted. For each sample,
spore density was computed by dividing total
number of spores or sporocarps (separately for
each AMF species) by the dried weight of the
composite sample. All samples were standard-
ized to 0.025 g. Representative spores of each
morphotype were mounted on slides and iden-
tified to species under higher magnification. Per-
manent slide vouchers for all AMF species were
deposited in the herbarium at the University of
Wisconsin–Oshkosh and are available upon re-
quest.

Statistical analysis.—We tallied number of in-
dividuals captured for each small-mammal spe-
cies and total number of captures in ground and
arboreal traps. Proportion of captures on the
ground and in trees was used as a relative mea-
sure of habitat use. For small-mammal species
that had $20 total captures, terrestrial and ar-
boreal habitat use was compared by constructing
linear models of repeated categorical data be-
cause multiple captures of some individuals
were included in the analysis (Kleinbaum and
Kupper 1978).

Fungal consumption was assessed by tabulat-
ing total number of fecal samples that contained
AMF spores for each species of small mammal.
Only small-mammal species with .15 fecal
samples were used in this analysis. Total number
of individuals for which fecal samples were ex-
amined differed from the total number captured

because we were unable to collect samples from
all individuals. The proportion of samples con-
taining spores (all AMF species combined) was
compared among the different small-mammal
species by chi-square analysis. Chi-square anal-
ysis also was used to compare the proportion of
samples containing AMF spores (all species
combined) between sexes separately for each
small-mammal species. For each small-mammal
species, mean densities of spores of common
AMF species were log transformed, and means
were compared among small-mammal species
by analysis of variance (ANOVA) for unbal-
anced group design (SAS Institute Inc. 1993).

RESULTS

Small-mammal species and habitat use.—
We recorded 290 captures of 169 small
mammals, including 151 individuals of 8
species of rodents and 18 individuals of 3
species of marsupials (Table 1). Reithro-
dontomys mexicanus, Peromyscus mexican-
us, and Oryzomys devius were the most fre-
quently captured species, comprising 67%
of the total number of individuals. Oligo-
ryzomys vegetus and Oryzomys alfaroi rep-
resented 17% of the total number of indi-
viduals captured. The 3 remaining rodent
species, Heteromys desmarestianus, Nycto-
mys sumichrasti, and Tylomys watsoni, and
the 3 marsupial species, Didelphis marsu-
pialis, Marmosa mexicana, and Marmosops
invictus, were encountered rarely, with cap-
tures of #8 individuals/species (Table 1).

Five species of rodents had sufficient
sample sizes for statistical analysis of hab-
itat use. Terrestrial and arboreal captures
differed among the 5 species (x2 5 329.92,
d.f. 5 4, P 5 0.0001; Table 1). R. mexican-
us was captured more frequently in trees
(86% of captures), whereas P. mexicanus
(91%), O. devius (88%), O. alfaroi (100%),
and O. vegetus (82%) were captured more
frequently on the ground. Although our
data suggest that R. mexicanus is largely ar-
boreal, some individuals also were captured
on the ground. Similarly, individuals of P.
mexicanus, O. devius, and O. vegetus (pre-
dominately captured on the ground) also
were captured in arboreal traps. O. alfaroi



566 Vol. 81, No. 2JOURNAL OF MAMMALOGY

TABLE 1.—Total number of individuals per small-mammal species and total number of captures in
traps set on the ground and in trees. Percentage of total captures by terrestrial and arboreal traps is
in parentheses.

Mammal
Total no.

individuals

Total no. captures

Terrestrial Arboreal

Marsupials

Didelphis marsupialis
Marmosops invictus
Marmosa mexicana

8
8
2

12 (0.71)
0
0

5 (0.29)
10 (1.00)

4 (1.00)

Rodents

Heteromys desmarestianus
Nyctomys sumichrasti
Oligoryzomys vegetus
Oryzomys alfaroi
Oryzomys devius
Peromyscus mexicanus
Reithrodontomys mexicanus
Tylomys watsoni

5
5

17
11
32
39
40

2

5 (1.00)
0

19 (0.82)
21 (1.00)
71 (0.88)
60 (0.91)

7 (0.14)
0

0
11 (1.00)

4 (0.18)
0

10 (0.12)
6 (0.09)

43 (0.86)
2 (1.00)

TABLE 2.—Number of fecal samples containing arbuscular mycorrhizal fungi (AMF) spores for
each small-mammal species. Cumulative number of AMF taxa encountered in samples of each species
of small mammal also is shown.

Mammal n
No. (%) samples
with AMF spores No. AMF taxa

Marsupials

Didelphis marsupialis
Marmosops invictus
Marmosa mexicana

4
5
2

0
2 (0.40)
1 (0.50)

0
3
1

Rodents

Heteromys desmarestianus
Nyctomys sumichrasti
Oligoryzomys vegetus
Oryzomys alfaroi
Oryzomys devius
Peromyscus mexicanus
Reithrodontomys mexicanus

4
3
8
2

18
22
26

2 (0.50)
0
1 (0.13)
0

12 (0.67)
19 (0.86)
12 (0.46)

1
0
1
0
2
6
2

was the only commonly recorded species
that was captured exclusively on the ground
(Table 1). Of the less frequently captured
rodents, N. sumichrasti and T. watsoni were
captured only in trees, and H. desmaresti-
anus was captured exclusively on the forest
floor.

All 3 species of marsupials occurred
above ground (Table 1). All captures of M.
invictus and M. mexicana were in tree traps.
Although D. marsupialis also was captured

in arboreal traps, 71% of the captures for
this species were on the ground (Table 1).

Occurrence of arbuscular mycorrhizal
fungi spores.—Fecal samples were collect-
ed from all species except T. watsoni. Fifty-
two percent of the 94 fecal samples con-
tained AMF spores, with spores being pre-
sent in diets of 7 of the remaining 10 spe-
cies of small mammals (Table 2). We
identified spores of 6 species from 2 AMF
genera, Glomus and Sclerocystis. G. fasci-
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FIG. 1.—Proportion of fecal samples contain-
ing each arbuscular mycorrhizal fungus (AMF)
taxon for 3 commonly captured rodent species
in a Neotropical cloud forest.

culatum was by far the most frequently con-
sumed fungal species. This species was
found in 87% of the fecal samples that con-
tained spores and in samples of all 7 my-
cophagous small mammals (Table 2).
Spores of G. fasciculatum are produced in
tight, unorganized sporocarps (Gerdemann
and Trappe 1974; Walker and Koske 1987),
which apparently are consumed by many
small mammals of this region.

Two AMF species that produce highly
organized sporocarps (Sclerocystis core-
mioides and G. rubiforme—Almeida and
Schenck 1990) were encountered less fre-
quently. Intact sporocarps of S. coremioides
were found in 18.4% of fecal samples con-
taining AMF and from 2 species of small
mammals, P. mexicanus and O. devius.
Both spores and intact sporocarps of G.
rubiforme were encountered in 10.2% of fe-
cal samples containing AMF; however, this
species was found only in fecal samples of
P. mexicanus. G. geosporum was found in
only 3 fecal samples, and 2 unidentified
species of Glomus each were found in only
2 fecal samples.

Of the 7 mammal species that deposited
AMF spores, 4 occupied predominately ter-
restrial habitat, and 3 were captured more
commonly in trees (Table 2). We were able
to include P. mexicanus, O. devius, and R.
mexicanus for statistical analysis of spore
occurrence. The proportion of samples con-
taining spores did not differ between sexes
for any of the rodent species (P. mexicanus:
x2 5 0.22, d.f. 5 1, P 5 0.637; O. devius:
x2 5 0.47, d.f. 5 1, P 5 0.494; R. mexi-
canus: x2 5 0.10, d.f. 5 1, P 5 0.756).
Although individuals of those species com-
monly passed AMF spores, the number of
samples containing spores significantly dif-
fered among the 3 species (x2 5 8.51, d.f.
5 2, P 5 0.014); spores were most frequent
in pellets collected from P. mexicanus (Fig.
1). Furthermore, spores from all AMF spe-
cies encountered in our study occurred in
samples collected from P. mexicanus, with
single fecal samples from several individ-
uals containing up to 3 AMF species.

Glomus fasciculatum was the dominant
AMF species encountered in fecal samples
collected from the 3 rodent species (Fig. 1).
For fecal samples that contained G. fasci-
culatum, mean log-transformed number of
spores per 0.025 g of fecal material did not
differ significantly among rodent species
(O. devius: 2.599 6 0.736 SD; P. mexican-
us: 2.136 6 0.634 SD; R. mexicanus: 2.226
6 0.640 SD; F 5 1.606; d.f. 5 2, 34; P 5
0.216).

DISCUSSION

Consumption of AMF species apparently
is widespread among small mammals of
this montane fauna. Seven of the 10 species
examined contained AMF spores or whole
sporocarps in their feces. Several authors
have suggested that small mammals active-
ly (versus incidentally) consume AMF spe-
cies only of genera that produce their spores
in clusters or organized sporocarps (Ger-
demann and Trappe 1974; Janos et al.
1995). Despite the co-occurrence of non-
sporocarpic AMF species in the soil, only
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TABLE 3.—Number of samples in which the most common arbuscular mycorrhizal fungi species
occurred, including each respective mean number of single spores or intact sporocarps per 0.025 g
of fecal material.

Fungus n X̄ SE Range

Glomus fasciculatum (spores)
G. rubiforme (spores)
G. rubiforme (sporocarps)
Sclerocystis coremioides (sporocarps)

43
5
5

10

493.1
52.4

5.2
9.1

112.3
23.4

2.5
3.9

13–2,775
5–165
1–15
1–40

spores from Sclerocystis and several spo-
rocarpic species of Glomus commonly oc-
cur in stomach contents or fecal pellets of
small mammals (Fogel and Trappe 1978;
Janos et al. 1995; Maser et al. 1978; McGee
and Baczocha 1994). The ubiquity of
spores of G. fasciculatum (Table 3) and fre-
quent occurrence of spores and intact spo-
rocarps of 2 highly organized sporocarpic
species (G. rubiformes and S. coremioides)
in fecal pellets collected at our study site
corroborate these previous findings. We
therefore suggest that many small-mammal
species in cloud forests of Panamá actively
seek and include at least some species of
AMF in their diets. Because consumption
of AMF sporocarps by small mammals
probably is active, dispersal of spores of
these AMF species undoubtedly is more
frequent than if spores were consumed only
incidentally.

Investigations of small-mammal my-
cophagy generally have focused on terres-
trial species. However, we identified my-
cophagy by both terrestrial and arboreal
species of small mammals. The common
occurrence of AMF spores in the pellets of
R. mexicanus is of particular interest. Not
only do trapping records indicate that this
small rodent is primarily arboreal, individ-
uals frequently were observed to climb high
into the canopy following their release. Be-
cause 10 of the 12 fecal samples that con-
tained spores were collected from tree traps
and mean densities of G. fasciculatum
spores found in scats of R. mexicanus did
not differ from densities in scats of other
mycophagous species, R. mexicanus may be
important in moving spores of this AMF

species to the canopy and lower arboreal
strata.

Arboreal marsupials such as M. invictus
and M. mexicana may play a role similar to
that of R. mexicanus. Although only a few
samples were examined, 2 of the 5 fecal
samples collected from M. invictus in tree
traps contained spores from 3 AMF species.
Presumably, AMF sporulating in terrestrial
soils provide a food source for these arbo-
real mammals. However, the lack of cap-
tures of either marsupial species on the
ground suggests a need for studies assess-
ing sporocarp densities in canopy soils be-
cause these soils also may provide fruiting
bodies for mycophagous mammals. In such
case, spores would not only move vertically
from the forest floor to the canopy and low-
er strata but also would move horizontally
among trees.

Because of their high abundance and fre-
quent consumption of AMF, O. devius and
P. mexicanus undoubtedly are important
spore dispersers in terrestrial habitats.
Moreover, because individuals of both spe-
cies were captured in trees, these rodents
also may move AMF spores to at least low-
er arboreal sites. Mycophagy apparently is
common in both genera of small mammals;
other species of Peromyscus (Maser and
Maser 1987) and Oryzomys (Janos et al.
1995) have been reported to consume AMF.
In our study, P. mexicanus was the most
avid consumer of AMF, with 86% of the
samples containing spores from 6 different
fungal species. Most fecal pellets collected
from individuals of P. mexicanus also con-
tained .1 AMF species. Because P. mexi-
canus also is frugivorous and is known to
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scatterhoard seeds (Emmons and Feer
1997), this rodent may play an ecological
role similar to that of the tropical lowland
rodent Proechimys semispinosus. Like P.
mexicanus, P. semispinosus actively con-
sumes AMF (Mangan and Adler 1999) and
serves as an important seed predator and
disperser in lowland forests (Adler and
Kestell 1998; Hoch and Adler 1997). Stud-
ies of potential interactions between my-
cophagy and frugivory by these rodents
would aid in understanding implications of
spore and seed dispersal on the ecology of
tropical forests.

Long-distance movement of spores facil-
itated by small mammals is important in re-
introducing AMF to soils after large-scale
disturbances (Allen 1987) and probably to
inoculum-poor microsites within intact for-
ests (see Janos 1992). Because of the dis-
continuity of suitable substrates in forest
canopies, AMF dispersal via root-to-root
contact is limited because expansive root
networks cannot be established (Janos
1993). Therefore, introduction of spores to
newly formed arboreal sites (e.g., branches)
is necessary for AMF colonization of epi-
phytic plants. In documenting mycophagy
by several species of scansorial and arbo-
real small mammals (in particular R. mexi-
canus), we have identified at least 1 prob-
able mechanism for the movement of AMF
spores to canopies of Neotropical cloud for-
ests.
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