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OIKOS 85: 83-94. Copenhagen 1999 

Small mammals, ectomycorrhizae, and conifer succession in beaver 
meadows 

John Terwilliger and John Pastor 

Terwilliger, J. and Pastor, J. 1999. Small mammals, ectomycorrhizae, and conifer 
succession in beaver meadows. - Oikos 85: 83-94. 

Beaver (Castor canadensis) build dams and create ponds on streams within forested 
areas. Upon abandonment, ponds often drain and the subsequent meadows persist 
for decades as graminoid patches that resist invasion of conifers despite their close 
proximity to seed sources. The lack of ectomycorrhizal fungi in soils of beaver 
meadows may limit the rate of conifer invasion. Small mammals such as the red 
backed vole (Clethrionomys gapperi) disperse spores of mycorrhizal fungi in their 
feces, and so the dispersal of spores by small mammals may be the rate-limiting step 
to conifer invasion of beaver meadows. We investigated the distribution and abun- 
dance of small mammals in beaver meadows and adjacent forests in northern 
Minnesota, USA during May and August, the abundance and species composition of 
fungal spores in their fecal pellets, and the growth of black spruce (Picea mariana) 
seedlings in beaver meadow soils inoculated with these spores. C. gapperi was present 
in the forest and at the forest edge but was absent from beaver meadows. Abundance 
of C. gapperi was almost three times higher in August than in May. Feces from C. 
gapperi in May and August contained fungal spores from a total of nine genera of 
fungi, and all but one are known to form ectomycorrhizal symbioses. Feces from 
August contained more fungal genera and more spores than feces from May. 
Seedlings grown in uninoculated beaver meadow soils did not form ectomycorrhizae 
during the length of this study, but beaver meadow soils which received feces formed 
ectomycorrhizae on 20% and 330 of plants using May and August feces, respectively. 
In contrast, seedlings grown in soils from forests adjacent to beaver meadows formed 
ectomycorrhizae on 100% of plants. Black spruce seedlings grown in beaver meadow 
soils containing August feces had significantly higher shoot, root, and total dry 
weights after 46 weeks of growth compared to uninoculated controls but plants 
grown in soils containing May feces were not significantly different from controls. In 
addition, seedlings grown in forest soils had significantly larger shoot, root, and total 
weights than plants grown in untreated beaver meadow soils at all sampling periods. 
Flooding of forest soils for eight weeks had no significant effect on seedling growth 
parameters or mycorrhizal development. Lack of ectomycorrhizal fungi is likely a 
factor that limits conifer invasion into beaver meadows. C. gapperi is a potential 
vector for ectomycorrhizal fungal spores into beaver meadows, but the expression of 
this potential is limited by habitat use patterns of this small mammal. 

J. Terwilliger, Vermilion Community College, Ely, MN 55731, USA. - J. Pastor, 
Natural Resources Research Inst., Univ. of Minnesota, Duluth, MN 55811, USA. 

Ecologists have long been interested in distinct arctic, and other situations where forests abruptly end 
boundaries between plant communities and the factors and are replaced by non-woody graminoid vegetation 
which influence the presence, composition, and dynam- (e.g., grasses and sedges) are especially obvious on the 
ics of these abrupt plant transition zones. Plant com- landscape and were the focus of study by early re- 
munity boundaries such as those at timberline in searchers (Merriam 1898, Clements 1916, Curtis 
mountain regions, at the northern limit of trees in the 1959). 
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The study of distinct forest-graminoid edges and tree 
invasion after disturbance provides insight into the 

general mechanisms which control the nature and rate 
of change in boundaries between plant communities. 
This information is of practical use in the management 
of areas where reforestation is considered beneficial 
(i.e., following logging) as well as in situations where it 
is not (powerlines and rights-of-way). In addition, stud- 
ies on tree regeneration or lack thereof following distur- 
bance provide the means to evaluate and enhance the 
understanding of tree growth factors and successional 
theory. 

Abrupt and relatively stable regional scale conifer- 
graminoid transitions occur in several settings, includ- 
ing subalpine conifer-alpine meadow in mountain 

regions, boreal forest-arctic tundra in the far north, and 
southern boreal forest-northern prairie in central North 
America. These distinct transition zones appear to be 
the result of climatic factors at elevational beelines 
(Butler 1986, Hadley and Smith 1986, Jakubos and 
Romme 1993), low temperatures and frozen soils at 
arctic treelines (Brewer 1994), and precipitation and 
summer temperatures at the boreal forest-northern 

prairie transition (Tester 1995). These transition zones, 
although not permanent, are relatively stable and ap- 
pear to reflect long-term regional scale environmental 
influences. 

Distinct conifer-graminoid plant community edges 
may also arise as a result of a prior disturbance on one 
side of the edge. Fire is the primary natural disturbance 
in the boreal forest (Heinselman 1973). The impact of 
fire on plant communities is affected by initial forest 

species composition, fuel accumulation, weather, and 
season (Pastor and Mladenoff 1992). Logging has re- 

placed fire as the primary disturbance in many northern 
forest areas. Clearing of forest land for agriculture 
often creates graminoid patches within forests, patches 
which may be maintained in a constant state through 
the periodic disturbance associated with harvest and 
site preparation, or which are abandoned and undergo 
secondary succession. 

The degree to which a disturbance-created forest- 

graminoid edge remains distinct over time is a function 
of the rate and nature of woody plant invasion and 
establishment in the recently disturbed graminoid area. 
Factors which influence the successional pathways of 
disturbed areas include the nature of the disturbance 
and the resulting seedbed characteristics, the presence 
of relict seeds and vegetative propagules, and the pres- 
ence of both nearby seed sources and distant 

lightweight wind-dispersed seeds. In the absence of 
reproduction from relict seeds or vegetative propagules 
such as stumps and roots, invasion of woody plants 
requires the presence of viable seeds in the disturbed 
area and the successful germination, growth, and com- 
petition of the resulting seedlings. 

The generalized pattern of succession in boreal re- 
gions following disturbance is a rapid invasion by 
shade-intolerant species followed by a long-term transi- 
tion to shade-tolerant vegetation. Research on vegeta- 
tive succession following fire in the boreal forest 
indicates that trees are often well established on re- 
cently burned areas in the first 3-4 years following fire 
(Heinselman 1996) regardless of competition with 
graminoids. The specific species are determined by the 
effects of the fire on the soil, the presence of remnant 
vegetation and seeds, and the proximity of seed sources 
in nearby unburned areas. Succession following log- 
ging, and other forms of forest clearing such as for 
powerlines, also proceeds at a high rate, with the pres- 
ence of vegetative propagules such as roots and stumps 
exerting a strong influence on the resulting plant com- 

position (Fowells 1965). Studies of agricultural open- 
ings within forests in Michigan and Minnesota indicate 
invasion of old fields by conifers within 1-20 yr after 
abandonment (Myster 1993). 

Where present, beaver (Castor canadensis) also act as 
agents of disturbance through flooding associated with 
dam building activity and selective foraging of hard- 
woods within the riparian zone (Jenkins and Busher 
1979, Naiman et al. 1988). Ecosystem impacts resulting 
from beaver occupation which may persist long after 
beavers have abandoned a site include biogeochemical 
characteristics resulting from previously saturated 
anaerobic soil conditions (Naiman et al. 1994) and 

impacts on the structure and function of riparian forest 
communities from prior selective foraging (Johnston 
and Naiman 1990a, Pastor et al. 1993) Following aban- 
donment, beaver ponds drain and often form persistent 
graminoid patches, known as beaver meadows, within 
the forest landscape (Johnston and Naiman 1990b). 

Vegetative succession following abandonment and 

pond drainage may follow multiple pathways influ- 
enced by factors such as existing vegetation, hydrology, 
topography, fire, disease, herbivory, and recolonization 
by beaver (Naiman et al. 1988). Early authors remarked 
on the persistence of grass- and sedge-dominated 
beaver meadows on the landscape long after abandon- 
ment (Morgan 1868, Rudemann and Schoonmaker 
1938, Ives 1942). More recent work (Johnston and 
Naiman 1990b, c, Pastor et al. 1993), using aerial 
photos of Voyageurs National Park in Minnesota, 
showed essentially no woody plant reinvasion into 
beaver meadows over a 70-yr period, despite close 

proximity to conifers such as Picea and Abies and other 
tree seed sources. Succession of beaver meadows thus 

appears to follow an altogether different pathway than 
those of other disturbance-caused openings. The lack of 
woody plant invasion creates a distinct and stable 
graminoid-conifer edge which may persist for decades, 
the cause of which represents a unique and interesting 
problem in plant community ecology. 
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Tree species of the genera Abies and Picea are ob- 
ligate ectomycorrhizal (Meyer 1973, Castellano 1994), 
requiring the association of fungi in their roots for 

growth and survival. Prairie and other grassland soils 
which have never supported trees lack the fungal 
symbionts essential for the large majority of trees 
species (Wilde 1958), but almost all forested or pre- 
viously forested soils retain mycorrhizae-forming 
fungi for many decades, including soils subject to de- 
forestation, fire, cultivation, and conversion to grass- 
land (Rosendahl and Wilde 1942). An exception to 
this pattern are those soils subject to prolonged 
flooding (Iyer et al. 1980). Wilde et al. (1950) sug- 
gested that the flooding and anaerobic conditions as- 
sociated with active beaver ponds may kill the 
ectomycorrhizal fungi necessary for the re-establish- 
ment of conifers once the pond drains and forms a 
meadow. Reinvasion by edge tree species would then 
be limited by lack of ectomycorrhizal symbionts nec- 
essary for survival, growth and reproduction. Disper- 
sal of ectomycorrhizal fungal spores from adjacent 
forest stands into beaver meadows would be required 
for the invasion of conifers. Characterization of soil 
fungi in northern Minnesota has been limited, with 
recent work by Pastor et al. (1996) with fungal 
spores in small mammal feces identifying six genera 
which had not previously been reported in the re- 
gion. In other studies, ectomycorrhizal fungi associ- 
ated with black spruce include both hypogeous and 
epigeous fungi (McAfee and Fortin 1989, Doudrick 
et al. 1990, Browning and Whitney 1991). Hypo- 
geous fungi spread via root contact, animal vectors, 
and erosional dispersal pathways (Allen 1991). Epi- 
geous fungi spread via wind dispersal of spores. 
However, forest floor wind turbulence is low (Allen 
1987) and spore dispersal distance in forest commu- 
nities may be limited. 

A variety of small mammal species consume large 
numbers of ectomycorrhizal fungi (Trappe and 
Maser 1976, Maser et al. 1978) and several re- 
searchers have speculated that mycophagous small 
mammals play a role in the dispersal of ectomycor- 
rhizal inoculum (Trappe and Maser 1976, Maser et 
al. 1978, Pastor et al. 1996). Fungal spores passing 
through rodent digestive systems have been shown to 
remain viable in some cases (Miller 1985, Claridge et 
al. 1992). Red backed vole Clethrionomys gapperi fe- 
ces in northern Minnesota have been found to con- 
tain a broad range of ectomycorrhizal fungal spores 
(Pastor et al. 1996) but this species is often limited 
in distribution to forested habitat with abundant 
woody debris (Gunderson 1959, Miller and Getz 
1977) and may also be excluded from graminoid 
habitats by interactions with Microtus pennsylvanicus 
(Clough 1964, Grant 1969). 

Re-establishment of conifers in beaver meadows 
would involve dispersal of seeds away from the par- 

ent plant, seed survival, and germination. Seedlings 
then must survive resource limitations, frost heaving, 
physical damage, herbivores and successfully compete 
with pre-existing vegetation. In addition, survival and 
growth of conifers require symbiotic association with 
ectomycorrhizal fungi. 

This required sequence of events for successful 
conifer invasion implies that if the probability of any 
single event is near zero, then the invasion will not 
proceed. Accordingly, the probability of reinvasion of 
conifers from adjacent forests can be described as: 

p(invasion) =p(seed dispersal)x p(seed survival) 

xp(germination) xp(seedling survival) 

x p(mycorrhizal developement) 

x p(successful competiton). (1) 

We propose that p(mycorrhizal development) is very 
low in beaver meadows, and that relative to other 
reinvasion probability parameters, has a strong influ- 
ence on the slow rate of reinvasion of adjacent 
conifers compared to other disturbance-caused 
conifer graminoid boundaries. In addition, we pro- 
pose that small mammals occupying adjacent forest 
stands may represent a potential vector for dispersal 
of ectomycorrhizal inoculum into beaver meadows, 
although the expression of this potential may be lim- 
ited by habitat preferences and interspecific interac- 
tions. As such: 

p(mycorrihzal development) = p(seedling 

-vole feces encounter) x p(infection success) (2) 

We surveyed eight beaver meadows and adjacent 
forests to determine distribution patterns of small 
mammals, then collected C. gapperi feces from traps 
to use as inoculum for a seedling growth study. Fe- 
ces were examined to determine the presence and rel- 
ative frequency of spores of ectomycorrhizal fungal 
genera. Black spruce, P. mariana, seedlings were 
grown in beaver meadow and forest soils in the 
greenhouse to determine differences in growth and 
ectomycorrhizal formation. Seedlings grown in beaver 
meadow soils were inoculated with C. gapperi feces 
to determine the effect on growth and ectomycor- 
rhizal formation. In addition, we examined the effect 
of short-term flooding of forest soils on the ability 
of black spruce seedlings to produce ectomycor- 
rhizae. 
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Methods 

Study area 

Beaver meadows and adjacent forests were located 
from aerial and ground surveys in the Superior Na- 
tional Forest near Ely, Minnesota, USA (47?52' N, 
91045' W). The region consists of ridge and lowland 
terrain 400-500 m elevation. Precambrian bedrock is 
exposed in rocky outcrops or underlies Pleistocene till 
(Ojakangas and Matsch 1982). Climate is cool-temper- 
ate (Hovde 1941), with precipitation averaging 70 cm, 
two-thirds of which falls during the 100-120-d growing 
season (Baker and Kuehnast 1978, Baker et al. 1985). 
Upland forests are mixed coniferous-deciduous. Low- 
land forests are dominated by black spruce, tamarack, 
Larix laricina, white cedar, Thuia occidentalis, and 
black ash, Fraxinus nigra (Butters and Abbe 1953, 
Ohmann and Ream 1971). Beaver meadows were se- 
lected as study sites on the basis of remnant structures 
indicating past beaver use and level topography indicat- 
ing long-term flooding and sedimentation. The relative 
dominance of Calamagrostis canadensis indicating 
moist meadow conditions similar to those of previous 
studies on beaver meadows (Naiman et al. 1994) was 
also used as a selection criterion. Age since abandon- 
ment of beaver meadows was estimated using U.S. 
Forest Service aerial photographs. Meadow vegetation 
composition was estimated using line transect sampling 
to determine relative coverage. Forest vegetation com- 
position was estimated using random circular plots to 
determine dominance based on relative basal area 
coverage. 

Small mammal trapping 

Beaver meadows and adjacent forests were trapped for 
three consecutive days and nights in May 1995 and 
again in early August 1995. Small mammals were 
trapped using Sherman live traps baited with peanut 
butter twisted into waxed paper. Traps were placed 
every 8 m in a grid five traps deep in the meadow, five 
traps deep in the adjacent forest and a row of traps at 
the forest-meadow boundary which was typically a 
clearly defined border where mature trees abruptly met 
graminoid vegetation. Grid area varied with site in 
order to encompass the full extent of the meadow and 
an equivalent forest area. Traps were checked daily in 
the early morning, and small mammals were identified 
to species, marked with an indelible marker, and re- 
leased. Recaptured individuals were clearly identified 
from markings even after 48 h of wet weather. Because 
of the difficulties in determining densities of small 
mammals (Krebs and Meyers 1974) the number of 
individuals caught per 1000 trap nights was used for 
between site and season comparisons. Traps containing 

small mammals were replaced by clean traps and feces 
were collected from traps containing C. gapperi. Feces 
were refrigerated in plastic vials for later use in the 
seedling experiment. 

Feces analysis 

Feces were collected from traps containing C. gapperi. 
Traps were taken apart and cleaned following each 
catch. Feces were stored in plastic vials and refriger- 
ated. Eleven g of feces collected in May were consoli- 
dated and mixed with 220 ml of distilled water for use 
in the seedling inoculation experiment. This procedure 
was repeated for the feces collected in August. A sub- 
sample of each feces-distilled water mixture was used 
for fungal spore analysis. A small drop of feces mixture 
combined with Meizers reagent was placed into the 
depression of a hanging drop slide with a cover slip. 
Fungal spores were identified to genus following the 
synoptic keys of Miller (1982) and Castellano et al. 
(1989). The slides were examined using an Olympus 
BH-2 compound microscope under visible light at 
400 x magnification which was increased to 1000 x 
when needed to identify ornamentation, point of at- 
tachment, or number of wall layers. The entire slide 
was scanned to determine the different types of spores 
present. Relative frequency was determined by counting 
five random fields at 400 x within two different slides 
for a total of 10 random fields. Spores classified as 
unknown are likely epigeous relatives of those listed in 
the key. Maser et al. (1978) and others have found that 
hypogeous fungi are a major food source for rodents 
and epigeous fungi an incidental food source. 

Black spruce seedling study 

Black spruce seeds were obtained from the General 
Andrews Nursery (Minnesota Dept. Nat. Resources) 
and germinated in an autoclaved potting mixture in 
April 1995. Seedlings were grown under artificial light 
for 10 weeks, then transplanted into one of the soil 
treatments. Soil was collected from five random loca- 
tions within each of three beaver meadows and their 
adjacent upland forests. Based on analysis of aerial 
photographs, the three meadows had each been flooded 
for 10-20 yr and had been dry for 5 yr, between 5 and 
10 yr, and greater than 34 yr, respectively. These six 
soils (three meadows, three forests) constituted the ini- 
tial treatments. Seedlings were grown in these soils for 
four weeks after which a random sample of 15 seedlings 
was collected from each treatment and shoots and roots 
were weighed. The remaining seedlings within each 
meadow treatment soil were randomly divided into 
three groups of 45 seedlings. One group was inoculated 
with a solution of C. gapperi feces collected in May, the 
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second group with feces collected in August, and the 
third group acted as a control. Each plant except those 
in the control group received 50 mg (fresh weight) feces 
in 1 ml distilled water injected into the soil at the base 
of each seedling stem. Control seedlings received 1 ml 
distilled water with no feces. Seedlings were grown in 
an unheated greenhouse in individual containers (220 
ml) within trays containing 20 individual containers. 
There were three trays per treatment. Between Novem- 
ber and May dormant seedlings were stored in an 
unheated but insulated shed. Soils in overwintered 
plants were completely frozen from December to 
March as outside temperatures reached -48?C. 

Seedling processing and measurements 

Fifteen seedlings from each treatment were carefully 
removed from soils and their roots gently rinsed with 
tap water at 12 and 46 weeks after inoculation. Seedling 
roots were examined under a dissecting microscope at 
20 x magnification for evaluation of ectomycorrhizal 
formation. The presence or absence of ectomycorrhizae 
was recorded and the number or ectomycorrhizal short 
roots were counted. Degree of ectomycorrhizal colo- 
nization was determined as a percentage of the short 
roots forming ectomycorrhizae per plant. To verify 
ectomycorrhizal development, and in cases where ecto- 
mycorrhizae formation was uncertain, a subsample of 
short roots was sectioned freehand and examined at 
100 x for the presence of a Hartig net (Wilcox 1991). 
Seedlings were oven-dried at 60?C for 24 h. Shoot, root, 
and total weights were recorded and root:shoot ratios 
calculated for each seedling. 

Flooding effects experiment 

Black spruce seedlings were germinated in an auto- 
claved potting mixture and grown for 16 weeks. Soil 
was collected from within three different black spruce 
stands and mixed thoroughly. Half of the mixture was 
then stored in paper bags for eight weeks and kept 
moist to simulate natural soil moisture conditions. Half 
of the mixture was stored for eight weeks in a large 
clean plastic container with the soil covered by tap 
water. Following the flooding period the soil was 
drained and allowed to dry until the soil moisture levels 
were similar in each treatment. After 16 weeks of 
growth in the germination mixture 100 seedlings were 
transplanted into each of the treatment soils. An addi- 
tional 25 seedlings remained in the germination soil to 
test for airborne fungal contamination in the green- 
house. Seedlings were grown in the treatment soils for 
12 weeks then harvested. Shoot dry weight, root dry 
weight, total dry weight, and the presence or absence of 
ectomycorrhizae were recorded and root:shoot ratios 
were calculated. 

Statistical analysis 

Each treatment sample of 15 seedlings was selected 
from three trays (five random selections from each 
tray). Each treatment sample was tested for tray effects 
with a one-way ANOVA (SAS 1995). No significant 
tray effects were found. Differences in number of plants 
developing ectomycorrhizae in different treatments 
were tested using a Chi-square analysis. Data were 
tested for normality with the Shapiro-Wilk test. If 
normally distributed, data were analyzed using two-way 
ANOVA. T-tests were used to compare treatment 
means if F values of the main effects ANOVA were 
significant. Non-normal data were analyzed using the 
Kruskal-Wallis test. A correlation matrix was con- 
structed to examine correlation between mycorrhizal 
infection and seedling parameters. 

Results 

Small mammal abundance and distribution 

A total of 2706 trap-night units at eight different sites 
yielded 40 individual small mammals of four species in 
the May trapping session. Each site included a beaver 
meadow, adjacent forest, and the forest/meadow edge. 
The same trapping effort in August yielded 112 individ- 
uals of six species. Two species, C. gapperi and P. 
maniculatus, comprised 90% of all individuals caught in 
all habitats for both trapping periods combined. The 
number of individuals of all species combined caught 
per 1000 trapnights was significantly higher in the forest 
than either edge (P < 0.001) and meadow (P < 0.001) 
habitats for seasonally pooled data (Fig. 1). No C. 
gapperi were caught within beaver meadows with the 
exception of one individual caught within a forested 
"island" of eight mature black spruce. Data on this 
individual were not included in the master data set. C. 
gapperi abundance per trapping effort was higher in the 
forest compared with the forest/meadow edge for both 
May (P <0.02) and August (P < 0.03) trapping ses- 
sions. C. gapperi abundance per 1000 trapnights by site 
(mean + SE, N= 8 sites) increased from 13.9 + 3.8 in 
May to 38.3 + 5.9 in August in forest habitats and from 
5.2 + 5.2 to 20.8 + 13.6 at meadow forest edges (Fig. 1). 

Feces fungal spore composition 

Feces from C. gapperi collected in May and August 
contained a total of nine identifiable (Castellano et al. 
1989) genera of fungi (Table 1). The majority of genera 
were hypogeous and ectomycorrhizal, with only one 
genus (Glomus) of VA mycorrhizal fungi present. Many 
of the ectomycorrhizal fungi have a broad host range, 
including perennial shrubs, deciduous trees, and 
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conifers. Others, such as Rhizopogon, are specific to 
conifers. Feces collected in May contained fewer genera 
and fewer overall spores than August feces. Gymno- 
myces and Rhizopogon were the most common genera 
present in May feces, but each was present in only 20% 
of 10 randomly selected fields. Hysterangium and 
Melanogaster were the most abundant genera present in 
August feces, and were present in 100% and 90% of 
samples, respectively. All of these genera have been 
previously identified in C. gapperi fecal pellets in Min- 
nesota (Pastor et al. 1996). 

Seedling experiment: forest and meadow soils 

Black spruce seedlings grown in untreated beaver 
meadow soils were significantly (P < 0.05) lower in 
shoot dry weight, root dry weight, and total dry weight 
after 12 and 46 weeks of growth compared to seedlings 
grown in soils from forests adjacent to the beaver 
meadows (Table 2). Root:shoot ratios were significantly 
(P < 0.05) lower for meadow soils after 12 weeks and 

May 
50 

40 

O Clethrionomys 
O Peromyscus 
* Microtus 

Number of 30 
individuals 

caught/ 
1000 20 

trapnights 

10 

0 

50 

40, 

Number of 30 
individuals 

caught/ 
1000 20. 

trapnights 

August 

0 Clethrionomys 
O Peromyscus 
* Microtus 

10, 

Edge 

Fig. 1. Number of individual small mammals caught per 1000 
trapnights in May and August in beaver meadows, edges of 
meadows, and adjacent forests at eight sites (mean + SE). 

Table 1. Host association and frequency of observation of 
fungal spores identified in Clethrionomys gapperi feces col- 
lected in May and August. BHR = Broad Host Range, Y = 
Year round fruiting, A = Autumn fruiting, S = Spring 
fruiting. 

May feces 
Fungal taxa Mycorrhizal Fruiting Observed 

association* season** frequency 
(% of 10 fields) 

Endogone Unknown Y 0 
Gymnomyces BHR Y 20 
Rhizopogon Conifers A 20 
Hysferangium BHR Y 10 
Tuber BHR Y 0 
Unknown Unknown 30 

August feces 
Hysterangium BHR Y 100 
Endogone Unknown Y 10 
Glomus VAM hosts Y 60 
Gymnomyces BHR Y 20 
Leucogaster BHR Y 20 
Melanogaster BHR S or A 90 
Tuber BHR Y 20 
Rhizpogon Conifers A 80 
Cortinarius BHR Y 0 
Unknown Unknown 80 

*Compiled from Maser et al. (1978) and Miller (1982). 
**From Castellano et al. (1989). 

significantly higher after 50 weeks. No seedlings grown 
in untreated beaver meadow soils developed ectomycor- 
rhizae during the length of this study. Seedlings grown 
in forest soils developed ectomycorrhizae in 93% and 
100% of plants after 12 and 46 weeks of growth in the 
soils, respectively (Table 2). 

Seedling experiment: C. gapperi feces additions 

Seedling shoot weights, root weights, total weights, and 
root:shoot ratios of plants grown in soils from three 
different beaver meadow sites differed significantly by 
site (ANOVA, P<0.001) after 12 weeks of growth. 
Root weights and root:shoot ratios of seedlings innocu- 
lated with feces were significantly greater than those of 
controls after 12 weeks (ANOVA, P < 0.01), with five 
of six treatments receiving feces having greater mean 
root weights than their controls. The response to feces 
additions of all seedling growth parameters except root 
weights was significantly dependent on beaver meadow 
site (ANOVA, P < 0.05). 

After 46 weeks of growth, shoot weights, root 
weights, total weights, and root:shoot ratios of 
seedlings differed significantly by site (ANOVA, P< 
0.001). Shoot, root, and total weights of innoculated 
seedlings were significantly greater than controls 
(ANOVA, P < 0.05), but root:shoot ratios were similar. 
Mean shoot weights of treatments which received feces 
were greater than controls for five of six treatment 
groups, four of six groups for root weights, and four of 
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Table 2. Seedling parameters of black spruce grown in beaver meadow soils with additions of Clethrionomys gapperi feces and 
seedlings grown in soils from adjacent forests. Values represent means + SE for 45 seedlings per treatment (15 seedlings grown 
in soils from each of three different beaver meadows and adjacent forests). Means within column followed by different letters 
are significantly different at P<0.05. 

Treatment Shoot weight Root weight Total weight Root:shoot % plants 
(mg) (mg) (mg) ratio mycor. 

12 weeks after feces additions 
Meadow soils 
No feces 52.4 + 2.9a 21.4 + 1.2a 73.8 + 4.0a 0.42 + 0.01a Oa 
May feces 59.4 + 3.4a 23.2 + 1.3ab 82.5 + 4.6ab 0.39 + 0.01a 1lb 
Aug. feces 59.3 + 2.9a 26.4 + l.lb 85.7 + 3.9b 0.46 + 0.02b 35b 
Forest soil 125.7 + 1.Ob 65.8 + 4.9c 191.6 + 15.7c 0.55 + 0.01c 93c 
46 weeks after feces additions 
Meadow soils 
No feces 73.8 + 4.2a 24.8 + 1.3a 98.6 + 5.4a 0.35 + 0.Ola Oa 
May feces 79.3 + 3.8ab 25.1 + 1.3ab 104.4 + 4.9a 0.32 + 0.01a 20b 
Aug. feces 87.1 4.2b 28.6+ 1.3b 115.6 +5.3b 0.33 +0.01a 33b 
Forest soil 238.9 + 17.1c 51.8 + 3.8c 290.7 + 20.6c 0.22 + 0.Olb lOOc 

six groups for total weights. The effect of feces addi- 
tions on all seedling growth parameters depended sig- 
nificantly on site (ANOVA, Psite x treatment interaction 

< 0.05). 
When treatments were pooled from different sites, 

the seedlings that received feces from August-caught 
voles had significantly higher root and total dry weights 
and root:shoot ratios (P < 0.05) compared to control 
seedlings 12 weeks after feces additions, and signifi- 
cantly higher shoot, root, and total dry weights (P < 
0.05) after 46 weeks of growth (Table 2). Seedlings that 
received feces from May-caught voles did not grow 
significantly different from controls, but shoot, root, 
and total weight means and root:shoot ratios were 
consistently higher than controls when pooled across all 
three beaver meadow sites. 

No seedlings grown in beaver meadow soils without 
feces additions developed ectomycorrhizae during the 
length of this study (Fig. 2). Additions of May feces 
resulted in 11% and 20% of seedling becoming ectomy- 
corrhizal 12 and 46 weeks after feces additions, respec- 
tively. Additions of August feces resulted in 35% and 
83% of seedlings becoming ectomycorrhizal after 12 
and 46 weeks, respectively. Addition of May feces 
resulted in significantly lower infection after 12 weeks 
(P < 0.01) and after 46 weeks (P < 0.05) than August 
feces. 

Treatment groups which produced ectomycorrhizae 
in at least some seedlings were further compared on the 
basis of ectomycorrhizal and nonmycorrhizal plants. 
There were no significant differences in shoot, root, 
total weight, or root:shoot ratios between mycorrrhizal 
and non-mycorrhizal plants for either time period, but 
unbalanced sample size between treatments precluded 
an adequate analysis. Weight means and root:shoot 
ratios tended to be greater in mycorrhizal plants. There 
were no significant correlations at any harvest period 
between number of ectomycorrhizae per plant and any 
seedling growth parameter. 

Seedling experiment: soil flooding 

Flooding of forest soil for eight weeks before use as a 
growing medium for 16 week old black spruce seedlings 
did not significantly affect shoot dry weight, root dry 
weight, total dry weight, or shoot:root ratios of 
seedlings compared to non-flooded soil after 12 weeks. 
Seedlings grown in previously flooded soil had shoot 
weights of 74.9 + 1.2 mg, root weights of 45.4 + 0.8 mg, 
and total weights of 120.4+ 1.8 mg compared to 
77.2 + 1.8 mg, 44.5 + 0.8 mg, and 121.7 + 1.7 mg for 
non-flooded soils, respectively. Flooding of soil for 
eight weeks did not significantly affect mycorrhizal 
development (percent plants mycorrhizal) although 
flooded soil produced slightly lower numbers of mycor- 
rhizal plants (70% versus 75% of plants). Within treat- 
ment comparisons of mycorrhizal versus nonmycor- 
rhizal plants showed no significant differences in shoot, 
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Fig. 2. Percentages of plants with ectomycorrhizal symbioses 
in forest soils, meadow soils, and meadow soils with feces 
additions. 
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root, total weight, or root:shoot ratio. There was no 

significant correlation between either number of myc- 
orrhizal tips per plant and any seedling parameter. 
None of the control plants (grown for 28 weeks in 
original autoclaved potting mixture) developed mycor- 
rhizae, indicating a lack of contamination from air- 
borne spores. 

Discussion 

Small mammal distribution 

For a small mammal to disperse mycorrhizal fungi 
from forests into beaver meadows it must ingest fun- 
gal spores within forests, move into a beaver 
meadow, and deposit feces containing viable spores in 
close proximity to the roots of seedlings. In two dif- 
ferent seasons and within eight different meadows no 
C. gapperi were caught in any beaver meadow with 
the exception of one individual caught in a trap 
placed in an "island" of eight mature black spruce. 
C. gapperi was essentially absent from beaver mead- 
ows. 

That C. gapperi was not present in beaver meadows 
in this study indicates that this species does not play 
a significant role in the dispersal of fungal spores into 
these areas during spring and summer. However, little 
work has been done on the winter distribution of 
small mammals in northern regions with deep snow 
accumulations. There is some evidence that habitat 
separation due to interspecific interactions may break 
down during the winter non-breeding season, with 
Microtus and Clethrionomys coexisting in both forest 
and grassland areas in winter during peak popula- 
tions (Iverson and Turner 1972, Turner et al. 1975). 
Some ectomycorrhizal fungi are known to fruit year 
round (Castellano et al. 1989) and although small 
mammal densities decline after a late summer peak 
(Merritt 1981) the possibility exists that C. gapperi 
may play a role, albeit diminished, in spore dispersal 
during winter. 

M. pennsylvanicus has also been documented as 
mycophagous, and although its feces contain fewer 
fungal spores (Pastor et al. 1996), it should be consid- 
ered along with C. gapperi as a potential disperser of 
ectomycorrhizal spores. In this study, Microtus was 
not found in forested areas. However the possibility 
remains that during peak populations, Microtus may 
migrate under snowpack into forested habitats during 
winter, and movement back into meadows in the 
spring may potentially disperse spores into these ar- 
eas. Peromyscus maniculatus was the only small mam- 
mal found in both meadow and forested habitat in 
this study. However, numerous studies have identified 
conifer seeds and insects as the primary foods of this 
species (Smith and Aldous 1947, Williams 1959, Ahi- 
gren 1966, Martell and Macaulay 1981). 

Fungal spore composition of C. gapperi feces 

Spores of ectomycorrhizal fungi were found in feces 
from both spring and summer collection periods. The 
higher number of genera and relative abundance of 
spores observed in August feces could represent C. 
gapperi seasonal food preferences, a fungi fruiting sea- 
son peak, or both. 

Hypogeous fungi make up a large part of the summer 
and autumn diet of C. gapperi over most of its range 
(Merritt 1981, Ure and Maser 1982) although there are 
regional and seasonal differences in the relative impor- 
tance of fungi to various subspecies (Maser and Maser 
1988). Martell (1981) sampled stomach contents of C. 
gapperi in northern Ontario and found fungi to be 
important in early summer and the primary food in 
August and September. More recent work by Pastor et 
al. (1996) in northern Minnesota found a total of 16 
genera of hypogeous fungi represented in fungal spores 
of feces from animals trapped in August. 

Five genera of hypogeous fungi were found in feces 
collected in May in this study, compared to nine genera 
found in August. In addition, relative abundance of 
spores in feces as indicated by the observed frequency 
of genera was always equal or greater in August feces 
than in May feces. Most research on seasonality of 
hypogeous fungi in North America comes from the 
Pacific Northwest, where the primary peak of produc- 
tivity is in autumn with a secondary peak in late spring 
(Fogel 1976, Castellano et al. 1989). Hypogeous fungal 
phenology in the boreal forest is not well known al- 
though snow cover, soil frost and growing season char- 
acteristics may be similar to mountainous regions where 
primary sporocarp fruiting season exhibits a single 
summer peak (Castellano et al. 1989).The presence of 
spores of fungi known to fruit in seasons other than 
collected (i.e. Rhizopogon) may indicate either persis- 
tence of sporocarps in soil over winter or perhaps 
caching behavior by small mammals. In experimental 
work, captive Clethrionomys given sporocarps in the 
laboratory cached large numbers in their nests (Ure and 
Maser 1982). Clethrionomys in that study typically bit 
holes in sporocarps prior to catching, a behavior which 
may allow drying and long-term persistence. 

Seedling experiment: forest and meadow soils 

This experiment demonstrated that beaver meadow 
soils lack the fungi necessary to form ectomycorrhizae 
with black spruce. No black spruce seedlings grown in 
beaver meadow soil formed ectomycorrhizae over the 
duration of this study. Therefore, p(mycorrhizal infec- 
tion) from Eq. (1) is equal to zero and, as a result, 
p(conifer invasion) is also equal to zero. In contrast, 
when seedlings were grown in soil from adjacent forests 
where fungi were known to be present, they formed 
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ectomycorrhizae on almost all plants within 12 weeks. 
Since conifers including the genus Picea are obligate 
ectomycorrhizal (Meyer 1973, Castellano 1994), this 
lack of fungal infection represents a critical limitation 
to the invasion of meadows by adjacent conifers. Al- 
though seedlings grown in meadow soils did survive 
and grow, they did so at significantly lower rates and in 
the artificial environment of greenhouse containers 
without the competitive and environmental constraints 
associated with graminoid communities. Ectomycor- 
rhizal formation has been shown to result in improved 
drought tolerance and increased nutrient uptake 
(Harley and Smith 1983) and many field studies have 
demonstrated the superiority of mycorrhizal seedlings 
over nonmycorrhizal ones in terms of improved sur- 
vival and earlier growth responses on reforestation sites 
(Marx and Barnett 1974, Navratil et al. 1981, Ruehle 
1982). 

However, inhibition of ectomycorrhizal formation in 
conifers has also been detected in seedlings grown in 
soils subjected to high fertilization regimes (Marx and 
Barnett 1974, Molina 1979). Gagnon et al. (1987) indi- 
cated an upper limit of 39 ppm available nitrogen 
above which mycorrhizal formation was diminished in 
jack pine, Pinus banksiana. In comparison, total inor- 
ganic nitrogen concentrations associated with pore wa- 
ter in similar beaver meadows in Voyageurs National 
Park had mean values of 1.23 ppm (Naiman et al. 
1994). Thus, high nutrient concentrations are unlikely 
to cause the absence of ectomycorrhizal formation in 
black spruce seedlings grown in beaver meadow soils. 

Seedling experiment: C. gapperi feces additions 

This experiment demonstrated that C. gapperi feces 
contain viable fungal spores capable of infecting 
seedlings of black spruce planted in beaver meadow 
soils. However, rates of infection appear to be slow, 
with 23% and 27% plants becoming infected after 12 
and 50 weeks of contact with feces inoculum, respec- 
tively. In addition, there were significant differences in 
infection rate between different combinations of feces 
type (spring or summer) and beaver meadow location. 
Therefore, even if C. gapperi feces were to be deposited 
in beaver meadows, p(mycorrhizal infection) in Eq. (2) 
would be positive, but still low as p(infection success) in 
Eq. (2) is still low (< 0.33). In contrast, black spruce 
seedlings inoculated using forest soils in this study 
developed mycorrhizae on 51%, 93%, and 100% of 
plants after 4, 12, and 50 weeks in contact with soils, 
respectively. 

Infection rates for the feces addition treatment are 
much lower than those reported for studies using fungal 
mycelium as inoculum (Gagnon et al. 1987, Browning 
and Whitney 1991, 1993) or soils (this study). Mycor- 
rhizal infection rates for feces inoculum are similar to 

those of aseptic seedlings planted in recently abandoned 
farmland (McAfee and Fortin 1989) suggesting that 
even if C. gapperi were present in beaver meadows 
conifer invasion may take the several decades often 
associated with the reestablishment of woody plants on 
long-term agricultural soils (Myster 1993). 

The addition of August feces from C. gapperi re- 
sulted in significantly larger root and total weights in 
black spruce seedlings after 12 weeks, and significantly 
larger shoot, root, and total weights after 46 weeks. 
May feces had no significant effects on seedling growth 
parameters. The effect of feces additions on seedling 
growth differed significantly between sites. Differences 
between May and August feces may reflect differences 
in spore quantities, viabilities, and fungal species. 
Conifers, although obligate ectomycorrhizal, have 
shown differing effects of mycorrhizal inoculation on 
seedling growth parameters with different seedling spe- 
cies (Gagnon et al. 1987, McAfee and Fortin 1989) and 

fungal species (Browning and Whitney 1991, 1992). 
There are several possible effects of feces additions. 

One is the effect of the nutrients from the feces which 
should influence all seedlings within a treatment to a 
similar degree. Another effect is that of seedling becom- 
ing ectomycorrhizal as a result of inoculation from 

fungal spores within the feces. This effect will only be 
observed in seedlings that actually became ectomycor- 
rhizal, not in all the plants within the treatment. When 
seedlings with ectomycorrhizae in this study were com- 
pared with seedlings without ectomycorrhizae within 
the same treatment, weight means tended to be greater 
after 46 weeks but no significant differences in growth 
parameters were detected, due in large part to small 

sample size and unbalanced nature of the sample sizes. 
Feces additions add fungal spores into the root sys- 

tems of seedlings but also add mineralizable nutrients, 
especially nitrogen, as well. However, the amount of 
nitrogen received by each plant in this study is too 
small to account for any significant differences in plant 
weights. Pastor et al. (1996) analyzed C. gapperi feces 
and estimated nitrogen content as 2.5 mg/g feces dry 
weight. Seedlings in this study received 13 mg dry 
weight of feces per plant, or approximately 0.033 mg 
nitrogen per plant. Studies on nitrogen content of black 
spruce seedlings grown in a variety of soils and infected 
with a variety of ectomycorrhizae have measured nitro- 
gen concentrations of plants close to 2% of dry weight 
(Browning and Whitney 1992). Thus, a seedling weigh- 
ing 100 mg dry weight receiving 0.033 mg of additional 
nitrogen would have a nitrogen gain of 1.6% of its total 
nitrogen pool. If full uptake of mineralizable nitrogen is 
assumed, and we assume that nitrogen concentrations 
in seedlings remain at 2%, this would correspond to 
only a 1.6-mg increase in seedling tissue weight, an 
amount much smaller than differences in seedling 
biomass between treatments. 
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The possibility that nutrients associated with feces 
additions had a positive effect on germination of spores 
must also be considered. If this were the case there is 
the possibility that viable spores existed within the 
meadow soils but lacked sufficient nutrients to germi- 
nate. However, beaver meadow soils are not deficient in 
nutrients, with concentrations and standing stocks of 
total nitrogen and phosphorus being similar in mead- 
ows and adjacent forests (Naiman et al. 1994). Germi- 
nation of spores in these adjacent forests is certainly 
not inhibited by soil nutrient levels and it is doubtful 
that it is in beaver meadows as well. 

Seedling experiment: soil flooding 

Flooding of riparian areas by beaver ponds affects 

vegetation directly through flooding mortality and indi- 
rectly through changes in soil characteristics and hy- 
drology (Naiman et al. 1988, 1994). Wilde et al. (1950) 
and Pastor et al. (1996) speculated that flooding of soils 
by beaver ponds kills existing ectomycorrhizae and 
even after draining, beaver meadow soils remain defi- 
cient in mycorrhizal inoculum. Although research has 
been minimal, inhibition of ectomycorrhizal formation 
under saturated soil conditions has been observed in 
Pinus (Lorio et al. 1972) and Populus (Lodge 1989). 
Most species of ectomycorrhizal fungi are sensitive to 
aeration (Harley 1959) and in very wet soils, oxygen 
deficiency severely limits fungal activity (Slankis 1974). 
However, once established, mycorrhizae may not be 
eliminated by periodic flooding (Stenstrom 1991). Most 
research in this area has been done exclusively on 

ectomycorrhizal formation while soils are saturated. 
There is limited data on the ability of previously 
flooded soils to produce ectomycorrhizae after soil 
drainage. 

In the present study, the ability of forest soils to 
produce ectomycorrhizae on black spruce was not sig- 
nificantly affected after submersion for eight weeks. 
This finding indicates that either flooding does not 
influence soil mycorrhizal potential or that eight weeks 
is not a sufficient time period for complete mortality of 
both mature ectomycorrhizae and fungal spores. Fun- 
gal spores are known to be extremely resistant, and 
have remained viable after passage through rodent di- 
gestive systems (Kotter and Farentinos 1984, Claridge 
et al. 1992), burial by volcanic ash (Allen 1991) and in 
soil storage for more than a decade (Christiansen and 
Allen 1980). Some distilled water and spore suspensions 
can be stored for up to two years with only negligible 
effects on spore viability (Castellano 1994). 

Since eight weeks of submersion is essentially a grow- 
ing season in boreal regions, it could be expected that 
ponds that are created and abandoned within one year 
might exhibit a more rapid reinvasion of woody plants 
after abandonment than ponds of long-term occupa- 

tion. Food supply is probably the major factor affecting 
colony site longevity (Hammerson 1994) and ponds 
created during the latter part of a period of coloniza- 
tion are often occupied for one or two years, then 
abandoned (Howard and Larson 1985). Thus, beaver 
population trends and food supply and their influence 
on pond longevity may play a role in the subsequent 
successional pathways of abandoned ponds. 

Conclusion 

Since seedlings grown in uninoculated beaver meadow 
soils did not form ectomycorrhizae, these soils appear 
to lack the fungal symbionts necessary for the survival 
and growth of black spruce and other conifers. Since 
p(mycorrhizal development) is equal to zero in the 
beaver meadows studied here, this factor alone could 
account for the lack of conifer invasion. However, 
other factors such as unsuitable hydrologic regime, 
competition from existing vegetation, and herbivory 
could have similar influences and should be considered. 

Beaver meadows studied in Voyageurs National Park 
typically had a hydrologic regime of temporary flood- 
ing with soil water levels more than 10 cm below the 
surface for most of the growing season (Naiman et al. 
1994). Soils in this study flooded for eight weeks were 
able to produce ectomycorrhizae on spruce seedlings 
indicating that, once established, ectomycorrhizae are 
unlikely to be eliminated by soil moisture conditions 
typically found in beaver meadows. 

Other work related to woody plant invasion into 
meadows, particularly old fields, has identified competi- 
tion with grasses and herbivory as critical factors (Mys- 
ter 1993). It has been proposed that conifer invasion 
into grass-dominated meadows is slowed by the physi- 
cal effects of grasses, where the few seeds which make 
contact with the soil are either shaded out by rapidly 
growing grass (Arlidge 1967) or crushed during the 
winter when snow laden grass collapses on top of them 
(Stiell 1976). Although numbers of M. pennsylvanicus in 
this study were low, it is a cyclic species (Taitt and 
Krebs 1985) and higher numbers could affect seedling 
survival as experimental work with this species has 
shown high levels of seedling predation on conifers 
(Osffeld and Canham 1993). 

These environmental factors independent of any 
small mammal mycorrhizal interaction may be consid- 
ered important in their influence on the rate of succes- 
sional change in graminoid meadows located adjacent 
to forest communities. However, if all tree invasion 
probabilities were similar in beaver meadows, clearcuts, 
powerlines, and abandoned fields, then conifer invasion 
from adjacent forests would show similar rate patterns 
in all these situations, and they clearly do not. Beaver 
meadows exhibit much lower conifer invasion rates 
than these other plant communities. This study pro- 
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vides evidence that lack of ectomycorrhizal fungi, an 
essential component of conifer survival, is a distinguish- 
ing characteristic of beaver meadows which, in combi- 
nation with other factors, delays conifer invasion. In 
addition, this study indicates that C. gapperi is a poten- 
tial disperser of ectomycorrhizal fungi, but that the 
expression of this potential in beaver meadows is lim- 
ited by the habitat use patterns of this small mammal. 
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