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Mycorrhizal fungi are found in all terres-
trial ecosystems (Allen 1991). In forests, my -
corrhizal symbioses are considered to be among
the more important ecological relationships
(Kimmins 2004), conferring substantial bene-
fits to both the trees and their mycobionts. For
trees, these benefits include improved nutrition,
water relations, and disease resistance; while
for mycorrhizal fungi, trees are their primary
source of energy (Smith and Read 1997).
Efforts to discern advantages derived by the
host from ectomycorrhizae, the predominant
morphological form in coniferous forests
(Fisher and Binkley 2000), have been espe-
cially prominent in mycorrhizal research.
Among pines alone, certain species of these
mycorrhizae have been found to enhance
uptake of essential mineral elements (Marx
and Artman 1979, Walker et al. 1989, Cum-
ming 1993, Rousseau et al. 1994, Walker and
McLaughlin 1997, van Tichelen et al. 1999,
Walker 2001, Ahonen-Jonnarth et al. 2003),
ameliorate effects of potentially phytotoxic
metals (Marx and Artman 1979, Berry 1982,
Cumming and Weinstein 1990, Walker and
McLaughlin 1997, van Tichelen et al. 1999,
Walker 1999, Ahonen-Jonnarth et al. 2003),
reduce moisture stress (Duddridge et al. 1980,

Walker et al. 1989), and discourage infections
by fungal pathogens (Marx 1973, Chakravarty
and Unestam 1987a, 1987b). However, since
most research in this realm has been conducted
on seedlings in laboratory or greenhouse envi-
ronments, it is uncertain whether these results
can be extrapolated to mature trees in natural
settings (Read 2002). Furthermore, fundamental
to an understanding of the ecophysiological role
of mycorrhizae in mature forests is quantification
of their abundance in such settings (Grand and
Harvey 1982), but documentation of infection
levels in natural forests, as is the case for many
plant communities (St. John and Coleman 1983),
is largely lacking.

Reported here are quantitative mycorrhiza-
tion and rooting characteristics in a mature
ponderosa pine stand located on the west slope
of the Sierra Nevada. Regression analyses
were employed to assess the relationships of
these characteristics to sampling depth and
the relationships of ectomycorrhizal infection
to rooting characteristics.

METHODS

The second-growth ponderosa pine stand
selected for study is located in the western
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ABSTRACT.—Ectomycorrhizal colonization and rooting characteristics were quantified in a mature ponderosa pine (Pinus
ponderosa Dougl. ex Laws.) stand in the western Sierra Nevada. Root length totaled 3835.9 m ⋅ m–2 of forest floor surface
area, with 96% consisting of the fine-root fraction. Total root dry weight and volume were 2230.4 g ⋅ m–2 and 5807.4
cm3 ⋅ m–2 of forest floor area, respectively, with 69% of the former and 75% of the latter accounted for by the coarse fraction.
Fine roots were most prevalent in the upper 15 cm of the mineral soil profile, and their abundance declined with increasing
depth. Coarse roots were most abundant at a depth of 15–30 cm. Ectomycorrhizal counts totaled 26,814 ⋅ m–2 of forest floor
area, and an overwhelming preponderance was associated with the fine-root fraction. More than three-quarters of mychor-
rhizae resided in the upper 15 cm of mineral soil, with an overall trend of declining numbers with increasing depth. Roots
and mycorrhizae were exceedingly scarce at a depth of 45–60 cm, and neither was found in the organic soil layer above the
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their abundance in such settings, and the results of this study contribute such information for ponderosa pine.
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Sierra Nevada at the Blodgett Forest Research
Station (38°52�N, 120°40�W). It occupies a site
at an elevation of 1301 m with 5% slope and
southeastern aspect. Precipitation averages
158 cm annually, 78% of which falls from
November through March (Olson and Helms
1996). The soil is of the Holland series (USDA
Natural Resources Conservation Service 2008)
and has a sandy-loam surface layer with a clay-
loam subsoil. It is well drained, features an
argillic (Bt1) horizon at an approximate depth
of 50 cm, and is derived from granodiorite.

Four dominant-crown-class ponderosa pine
with good growth form were selected from
within the stand as subject trees. These were
measured for total height, dbh (breast-height
bole diameter, measured 1.37 m above ground),
and live-crown length. Tree heights and live-
crown lengths were used to calculate live-crown
percentage. Each tree was also cored (4.3-mm
cores extracted 1.37 m above ground) to deter-
mine age and growth rate. Total age was based
on a count of late wood rings from pith to
phloem, plus 10 (the latter an approximate
number of years needed for Sierra Nevada
conifers to produce their first countable ring
at breast height; Dunning 1942). Growth rate
was determined by counting the rings in the
outer 2.54 cm of each core. Tree height and
age were used to assess site quality based on
the site index (SI) curves of Meyer (1938).
Stand basal area was approximated using a
wedge prism at 8 randomly selected sampling
points within the stand (Avery and Burkhart
2002).

For investigation of ectomycorrhizal colo-
nization and rooting characteristics, 4 cylin -
drical soil cores were extracted at each subject
tree. Two cores were positioned at the crown
drip line; the third core was positioned at the
midpoint between the tree bole and its drip
line; and the fourth was positioned outside the
drip line at the same distance from the drip
line as the third core. All cores were oriented
in a randomly chosen cardinal direction and
ex tracted on a single day in June. Core diame-
ter was 10 cm, and coring depth was 60 cm
into mineral soil. The O horizon at the top of
each core was measured for depth and assessed
for root and ectomycorrhizal presence. Min-
eral soil cores were then retrieved in 4 sec-
tions at depths of 0–15, 15–30, 30–45, and
45–60 cm. All root segments in every core sec-
tion were harvested immediately by sieving

and washing and were stored at 4 °C. Diameter
and length of every root segment were subse-
quently measured, and the segments were
divided into fine (<2.0-mm-diameter) and
coarse (≥2.0-mm-diameter) size fractions.
Ectomy corrhizal short roots—identified as
those with characteristic monopodial, bifur-
cate, or coralloid form or those displaying a
fungal mantle—were counted (Grand and
Harvey 1982). Lastly, root-segment volumes
were measured by water displacement using
the apparatus of Yawney and Carl (1969), and
the segments were dried to a constant weight
and weighed. Root length, volume, and dry
weight were segregated by core, core section,
and size fraction and ultimately expressed as
values per unit forest floor surface area (m ⋅
m–2, cm3 ⋅ m–2, and g ⋅ m–2, respectively).
Length and weight values were used to calcu-
late specific root length (m ⋅ g–1), and ectomy-
corrhizal infection was expressed as both the
mycorrhizal count per unit forest floor surface
area (# ⋅ m–2) and mycorrhizal count per unit
root length (# ⋅ m–1). Sporocarps encountered
on the forest floor were identified using the
field guide of Lincoff (1981) to determine pos-
sible mycobiont species.

Data were analyzed using repeated-mea-
sures mixed-model ANOVA incorporating the
first-order autoregressive covariance structure.
Nesting of soil core within tree permitted
examination of within- and between-tree vari-
ation. Tree and depth effects, along with their
interactions, were considered significant when
P ≤ 0.05 according to the F test. The standard
error of the mean (SE) was calculated to pro-
vide an indication of the variation among the
values from which each mean was derived.
Simple linear regression models were used to
discern whether significant correlations existed
between selected independent and dependent
variables. One subset of these models incorpo -
rated sample depth as the independent variable,
with root diameter, length, weight, volume,
specific length, and mycorrhization values (all
segregated by size fraction and with mycor-
rhization values expressed as both # ⋅ m–2 and
# ⋅ m–1) as the dependent variables. The sec-
ond subset was confined to the fine fraction
and featured root diameter, length, weight,
volume, and specific length as independent
variables with mycorrhization values (# ⋅ m–2

and # ⋅ m–1) as the dependent variables. The
third subset included the same independent
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and dependent variables as those in the sec-
ond subset, but all values were derived from
the coarse fraction. Regression models were
considered significant when P ≤ 0.05 accord-
ing to the F test. All statistical analyses were
performed using SAS (SAS Institute, Inc.,
Cary, NC).

RESULTS

On average, the 4 subject trees were 41.4
m tall (range 38.7–43.6 m), were 80.2 cm dbh
(range 73.4–94.2 cm), had 46% live crown (range
42–50%), and were 84 years old (range 79–89
years). Radial growth averaged 3.1 rings ⋅ cm–1

(range 2.4–3.5 rings ⋅ cm–1), which equates to
recent annual diameter growth of 0.6 cm (range
0.6–0.8 cm). Subject trees occupied an SI10043
site (index height in meters). The basal area
for the stand was 36 m2 ⋅ ha–1.

Within the fine-root fraction, root length,
weight, and volume declined sequentially with
sampling depth (all P < 0.0001) in mineral soil
(Table 1). Fifty percent of the length and 50%
of the volume were found in the upper 15 cm,
and 80% of each was in the upper 30 cm; but
for both, only 4% was located at the 45–60-cm
depth. Similarly, 47% and 77% of the weight
was found in the upper 15 and 30 cm, respec-
tively, while 5% existed in the deepest stratum.
Totaled across all 4 depths, fine-root length
amounted to 3672.6 m ⋅ m–2 of forest floor sur-
face area, while dry weight totaled 692.5 g ⋅
m–2 and volume totaled 1468.9 cm3 ⋅ m–2. Sta-
tistically, fine-root diameter was unaffected by
depth (P = 0.4403), but some evidence that
roots in this fraction became more coarse the
deeper they grew was provided by specific
length, which decreased with depth (P =

0.0493). The 4 subject trees also differed in
fine-root length (P = 0.0006), weight (P =
0.0051), volume (P = 0.0015), and specific
length (P = 0.0356). However, the extent of
such differences varied by depth for length,
weight, and volume, as the tree × depth inter-
action effect was significant for these variables
(P = 0.0434, P = 0.0149, and P = 0.0242,
respectively).

For the coarse-root fraction, root length was
not significantly influenced by sampling depth
(P = 0.3185), but weight (P = 0.0347) and vol-
ume (P = 0.0474) were (Table 1). The greatest
weight and volume were found at the 15–30-
cm depth, amounting to 46% and 45% of the
respective totals; and for each, 78% resided in
the 2 middle strata. Coarse-root weight and
volume were lowest at the 45–60-cm depth,
where only 9% of each was found. Across all 4
strata, total length of the coarse fraction was
163.3 m ⋅ m–2 of forest floor area, while the
weight and volume totals were 1537.9 g ⋅ m–2

and 4338.5 cm3 ⋅ m–2, respectively. Coarse-
root diameter tended to increase with depth
(P = 0.0474), while specific length tended to
decrease (P = 0.0497). Rooting differences
among subject trees in the coarse fraction
were significant only for length (P = 0.0020)
and weight (P = 0.0411).

Within the fine-root fraction, ectomycor-
rhizal counts per unit forest floor area (P <
0.0001) and per unit root length (P = 0.0007)
declined sequentially with depth (Table 1). For
the former, 79% of all mycorrhizae were found
in the upper 15 cm and only 1% at 45–60 cm.
Similarly, the count per unit root length in the
upper stratum was approximately 6.5 times that
at the deepest depth. Across all strata, the count
per unit forest floor area totaled 26,748 ⋅ m–2
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TABLE 1. Root demography and mycorrhization of dominant crown class ponderosa pine in a pure stand on the west
slope of the Sierra Nevada.  Each value is the mean of 16 soil cores divided equally among 4 trees (n = 4), and indicated
parenthetically is the standard error of the mean.

Depth Diameter Length Dry weight Volume Specific length Mycorrhizae
(cm) (mm) (m ⋅ m–2) (g ⋅ m–2) (cm3 ⋅ m–2) (m ⋅ g–1) (# ⋅ m–2) (# ⋅ m–1)

FINE ROOT FRACTION

0–15 0.38 (0.01) 1832.9 (199.5) 323.2 (33.8) 732.5 (98.8) 5.78 (0.26) 21,067 (3416) 12.3 (1.4)
15–30 0.38 (0.01) 1106.5 (139.7) 210.9 (13.3) 445.9 (29.1) 5.26 (0.43) 3416 (458) 3.3 (0.8)
30–45 0.42 (0.04) 585.0 (63.3) 125.3 (12.3) 230.9 (30.1) 4.84 (0.37) 1967 (262) 3.2 (0.6)
45–60 0.45 (0.03) 148.2 (12.8) 33.1 (3.1) 59.6 (6.3) 4.44 (0.29) 298 (52) 1.9 (0.3)

COARSE ROOT FRACTION

0–15 3.26 (0.09) 43.0 (7.4) 187.6 (32.0) 517.5 (77.3) 0.29 (0.01) 8 (8) 4.8 (3.6)
15–30 4.98 (0.34) 59.9 (9.8) 703.3 (186.8) 1934.7 (534.9) 0.16 (0.04) 32 (22) 0.6 (0.5)
30–45 5.61 (0.87) 47.6 (9.4) 504.4 (190.4) 1472.9 (561.4) 0.23 (0.04) 24 (24) 0.8 (0.7)
45–60 8.91 (0.61) 12.8 (2.4) 142.6 (34.1) 413.4 (91.4) 0.11 (0.01) 2 (1) 0.2 (0.1)



within the fine fraction, averaging 5.2 ⋅ m–1 of
root length. In contrast, the count across the 4
depths only totaled 66 ⋅ m–2 of surface area for
the coarse root fraction, with 1.6 ⋅ m–1 of
length. Furthermore, neither the count per
unit forest floor area (P = 0.7293) nor the
count per unit root length (P = 0.5978) was
significantly influenced by depth. For both fine-
and coarse-root fractions, differences among
subject trees in the counts per unit area (P =
0.7771 and P = 0.3087, respectively) and
counts per unit length (P = 0.6145 and P =
0.3614, respectively) were not significant, and
neither were the tree × depth interaction
effects for these variables (P = 0.6630 and P =
0.6114 for the counts per unit area within the
fine and coarse fractions, respectively, and P
= 0.9463 and P = 0.6102 for counts per unit
length within the respective fractions).

The O horizon samples collected at the top
of each mineral soil core averaged 8.4 cm in
depth (range 6.3–9.7 cm) but were devoid of
either fine or coarse roots and thus of ectomy-
corrhizal short roots. Field identification of
sporocarps inhabiting the study site during
core extraction indicated the presence of 2
possible ectomycorrhizal species: Rhizopogon
occidentalis Zel. & Dod. and Suillus granula-
tus (L. ex Fr.) Kuntze.

Of the simple regression models developed
with sampling depth as the independent vari-
able, 7 proved to be significant, and all but one

of the significant models incorporated values
derived from the fine-root fraction as depen-
dent variables (Table 2). Among the models
involving the fine-root fraction, root length,
weight, volume, and specific length, along with
mycorrhizal counts per unit forest floor area
and mycorrhizal counts per unit root length,
were negatively related to depth. Of these
models, the 2 involving root length and weight
yielded the highest R2 values, with both explain-
ing more than one-half of the variation in the
dependent variables; while the model involv-
ing specific root length had the lowest R2. The
lone significant model involving the coarse
fraction with depth as the independent variable
revealed a positive but weak relationship
between root diameter and depth.

Of the regression models developed to exam-
ine relationships between root demography
and mycorrhizal colonization within the fine-
root fraction, 7 were significant (Table 2). The
lone negative correlation among these 7 mod-
els related mycorrhizal count per unit forest
floor area to root diameter; positive relation-
ships were revealed between both the counts
per unit area and per unit root length and
the independent variables of root length,
weight, and volume. Of these models, how-
ever, only the 2 relating mycorrhizal counts
per unit area to weight and volume explained
more than 40% of the variation in this
dependent variable.
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TABLE 2. Significant simple linear regressions relating root demography and mycorrhization to sample depth, and
mycorrhization to root demography. All models incorporate measurements derived from 64 samples (n = 64).

Independent variable Dependent variable Correlation P value (F test) for model R2

VERTICAL DISTRIBUTION

Sample depth Fine root length Negative <0.0001 0.5655
Sample depth Fine root dry weight Negative <0.0001 0.5768
Sample depth Fine root volume Negative <0.0001 0.4482
Sample depth Specific fine root length Negative 0.0272 0.1084
Sample depth Fine root mycorrhizae (# ⋅ m–2) Negative <0.0001 0.3360
Sample depth Fine root mycorrhizae (# ⋅ m–1) Negative 0.0007 0.2373
Sample depth Coarse root diameter Positive 0.0131 0.1348

FINE ROOT FRACTION

Diameter Mycorrhizae (# ⋅ m–2) Negative 0.0499 0.1609
Length Mycorrhizae (# ⋅ m–2) Positive <0.0001 0.3073
Length Mycorrhizae (# ⋅ m–1) Positive 0.0351 0.0929
Dry weight Mycorrhizae (# ⋅ m–2) Positive <0.0001 0.4087
Dry weight Mycorrhizae (# ⋅ m–1) Positive 0.0017 0.1941
Volume Mycorrhizae (# ⋅ m–2) Positive <0.0001 0.4514
Volume Mycorrhizae (# ⋅ m–1) Positive 0.0027 0.1796

COARSE ROOT FRACTION

Diameter Mycorrhizae (# ⋅ m–2) Positive <0.0001 0.3168
Dry weight Mycorrhizae (# ⋅ m–2) Positive 0.0024 0.1948
Volume Mycorrhizae (# ⋅ m–2) Positive 0.0005 0.2505



For the coarse-root fraction, models com-
puted to discern relationships between root
demography and mycorrhizal colonization
yielded only 3 that were significant (Table 2).
These models revealed positive correlations
between mycorrhizal count per unit forest floor
area and root diameter, weight, and volume.
Only the model involving mycorrhization and
root diameter explained more than 30% of the
variation in the dependent variable.

DISCUSSION

Ectomycorrhizae represent an obligate sym-
biosis for pine species (Meyer 1973, Kottke
2002, Dahm 2005) to the extent that all pines
growing in natural field substrates have these
associations (Kimmins 2004). Because ectomy -
corrhizae constitute such an integral component
of their root systems, quantification of the
mycorrhizal colonization of pines in field set-
tings necessitates an assessment of overall root
demography as well.

In this study of mature ponderosa pine
growing on a highly productive Sierra Nevada
site, total root length amounted to 3835.9 m
⋅ m–2 of forest floor surface area, 96% of which
was in the fine-root fraction. In contrast, for
total root dry weight and volume, which were
2230.4 g ⋅ m–2 and 5807.4 cm3 ⋅ m–2 of forest
floor area, respectively, 69% of the former and
75% of the latter were accounted for by the
coarse fraction. Thus, fine roots compose a
preponderance of the length but little of the
biomass in ponderosa pine root systems, while
coarse roots compose most of the biomass but
little of the length. This finding supports
prevailing assumptions about basic root demog-
raphy in forest trees (Kozlowski and Pallardy
1997).

The disparity here between the fine and
coarse fractions in comparative length and
weight was also evident in specific length,
which was approximately 26 times greater in
fine roots. Another pronounced difference
between the 2 size fractions was the depth
in mineral soil at which each predominantly
resided. Regardless of the measure used, fine
roots were most prevalent at a depth of 0–15
cm, and more than three-quarters of them
occurred in the upper 30 cm; coarse roots
were most prevalent at a depth of 15–30 cm,
and two-thirds or more, depending on the
measure, were found at 15–45 cm. Given the

critical role of fine roots in nutrient uptake
and the tendency for nutrients to be most
abundant in the upper soil profile (Fisher and
Binkley 2000), a preponderance of the fine
roots of ponderosa pine near the mineral soil
surface is logical. It is also concordant with
findings from root studies of other pines (Parker
and van Lear 1996, Achat et al. 2008).

A commonality shared by the 2 fractions,
however, was that few of either fine or coarse
roots resided at the deepest stratum of 45–60
cm, although the latter were more prevalent pro-
portionally at this depth than the former. Few
roots were found at the deepest depth regardless
of size, and the argillic horizon within this stra-
tum likely impedes root penetration deeper into
the soil profile. Thus, it is reasonably assumed
that the coring depth used here captured a high
proportion of the vertical root distribution for
this forest stand. The absence of any roots within
the O horizon at this site reflects the scarce
growing-season precipitation in the Sierra
Nevada. Such climate regimes frequently result
in very dry organic layers (Kimmins 2004) which
are inhospitable to root development.

Due to the arduous nature of acquiring data,
quantitative assessments of ectomycorrhizal col -
onization levels in mature forests are rare.
However, to build upon the large body of stud-
ies conducted to date on immature plants in
controlled environments, mycorrhizal research
in the future should focus on investigations in
natural settings in order to answer questions
of ecological relevance (Smith and Read 1997).
A critical component of such research is the
quantification of mycorrhizal populations in
field substrates supporting native plant com-
munities (St. John and Coleman 1983).

In this study, the number of ectomycor-
rhizae emanating from the roots of ponderosa
pine totaled 26,814 ⋅ m–2 of forest floor area,
and nearly all were a component of the fine-
root fraction. Further evidence of the mycor-
rhizal affinity for fine roots was the number
per unit root length, which averaged 3.4 ⋅ m–1

overall but was over 3 times higher in fine
roots than in coarse roots, despite a total length
for the former that was more than 22 times
that for the latter. More than three-quarters
of the total mycorrhizae were found at the
0–15-cm depth in mineral soil. Given the afore-
mentioned tendency for nutrients to be most
abundant in the upper soil profile, this finding
corroborates the view that ectomycorrhizae
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are essential in nutrient absorption by the host
plant (Simard et al. 2002).

However, substantial numbers of mycor-
rhizae were also found in association with fine
roots at the 15–30-cm and even the 30–45-cm
depths. This finding suggests that the nearly
exclusive proliferation of ectomycorrhizae in
mineral soil just below the organic horizon
reported for some pines (Smith and Read
1997) does not hold entirely true for ponderosa
pine. The low counts obtained in the deepest
stratum sampled, which included the argillic
horizon, indicate that the coring depth used
here probably captured the entire vertical
mycorrhizal distribution. Also, the complete
absence of mycorrhizae in the O horizon is a
departure from findings in other forests with
prolific ectomycorrhizal associations (Smith
and Read 1997). This absence likely reflects
the desiccation of the O horizon during the
growing season.

Given the difficulty of identifying fungal
taxa involved in the mycorrhizal symbioses
existing in natural environments (Allen 1991),
the observation of R. occidentalis and S. gran-
ulatus at this study site suggests the possible
presence of what may be an array of indige-
nous mycobionts, as it is common for several
mycorrhizal species to coexist on a single root
system in pines (Smith and Read 1997). Fur-
thermore, although these 2 fungi are known
ectomycorrhizal symbionts of ponderosa pine
(Trappe 1962, Molina and Trappe 1982), it is
also prob able that a succession of mycobionts
infect individual trees over time (Bledsoe
1992).

To varying degrees, the regression analy-
sis used here further substantiated the influ-
ences of sampling depth on fine-root demog-
raphy and mycorrhization. Values derived
from the fine-root fraction combined with
depth to yield significant models for every
variable, either measured or computed,
except root diameter. In each significant
model, increases in depth were related to
decreases in the dependent variable. How-
ever, only in the 2 models involving fine-root
length and weight did depth explain as much
as one-half of the variation in the dependent
variable. In contrast, among values derived
from the coarse fraction, root diameter alone
was related to depth, with the associated
model revealing an increase in diame  ter as
depth increased. Regardless, little of the

variation in diameter was explained by the
model.

Of significant models concerned with rela-
tionships between mycorrhization and root
demography within the fine fraction, none
accounted for as much as one-half of the varia-
tion in mycorrhizal development. Nevertheless,
these models revealed that mycorrhizal count,
expressed as the number per unit forest floor
area, declined as root diameter increased but
mycorrhizal count increased with increasing
length, weight, and volume of fine roots, whe -
ther expressed as the number per unit area or
per unit root length.

Among models involving mycorrhization and
root demography within the coarse fraction,
only a small proportion was significant. Again,
none of the models accounted for as much as
one-half of the variation in mycorrhizal devel-
opment; but these models also revealed an
increase in mycorrhizal count with increasing
weight and volume when the count was
expressed as the number per unit area. One
model in this group, however, indicated an
increase in mycorrhization with increasing
coarse-root diameter, which was a departure
from the relationship demonstrated in the fine
fraction.

In summary, rooting characteristics and
mycorrhization were quantified in a mature,
second-growth ponderosa pine stand occupy-
ing a highly productive site in the western
Sierra Nevada. Fine roots comprised most of
the root system length but little of its biomass,
while coarse roots comprised most of the bio-
mass but little of the length. Distinct vertical
stratification of the 2 size fractions was evi-
dent, with fine roots most prevalent in the
upper 15 cm of mineral soil while coarse roots
were most abundant at 15–30 cm. Ectomycor-
rhizae were numerous, especially near the
mineral soil surface, and were overwhelmingly
associated with the fine-root fraction. A pro-
nounced scarcity of roots, regardless of size
fraction, and of mycorrhizae was apparent at a
45–60-cm depth in mineral soil (the deepest
stratum sampled), and neither roots nor my -
corrhizae resided in the organic soil layer
above the mineral profile. The generally weak
nature of the associations between the indepen-
dent and dependent variables revealed by
regression analysis in this study reflects the vari-
ability inherent in naturally regenerated forests.
It also suggests that factors beyond the scope of
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the study exert strong influences on both root
and my corrhizal demography.
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