
Abstract We documented the patterns of root occupan-
cy by Glomalean and ectomycorrhizal (EM) fungi in
Quercus agrifolia, and host plant responses to inocula-
tion with each mycorrhizal type alone or in combination.
Glomalean hyphae, coils and vesicles, and EM root tips
were recorded. Colonization patterns conformed to a
succession from Glomalean and EM fungi in 1-year-old
seedlings to predominantly EM in saplings (>11 years
old); both mycorrhizal types were rarely detected within
the same root segment. Inoculation of Q. agrifolia seed-
lings with EM or Glomalean fungi (AM) alone or in
combination (EM+AM) altered the cost:benefit relation-
ship of mycorrhizas to the host plant. Seedling survival,
plant biomass, foliar nitrogen (N), and phosphorus (P)
status were greatest in EM- or AM-only inoculated seed-
lings. Seedlings inoculated with both mycorrhizal types
(AM+EM) exhibited the lowest survival rates, biomass,
foliar N, and P levels. Roots of these plants were highly
colonized by both EM (38% root length colonized) and
Glomalean fungi (34%). Because these levels of coloni-
zation were similar to those detected in 1-year-old field
seedlings, the presence of both mycorrhizal types may be
a carbon cost and, in turn, less beneficial to oaks during
establishment in the field. However, the shift to EM col-
onization in older plants suggests that mycorrhizal ef-
fects may become positive with time.
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Introduction

The majority of vascular plants establish either ecto-
(EM) or arbuscular (AM) mycorrhizas with symbiotic
fungi. Nevertheless, these different types of mycorrhiza
periodically co-occur within the root as dual (co-domi-
nant) or successional mycorrhizal associations (Molina
et al. 1992).

In dual AM–EM associations of Abies, Tsuga, Pseu-
dotsuga, Pinus (Cázares and Trappe 1993; Horton et al.
1998), Alnus (Molina 1981), Populus (Lodge and 
Wentworth 1990), Adenostoma (Allen et al. 1999) and
certain legumes (Frioni et al. 1999), each mycorrhizal
type occurs within the same root segment and forms
physiologically active mycorrhizas (Lapeyrie and 
Chilvers 1985). In contrast, successional mycorrhizas are
characterized by the temporal replacement of one mycor-
rhizal type by another. For example, the transition from
AM–EM seedlings to EM plants occurs in Helianthe-
mum (Read et al. 1977), Salix (Lodge 1989; Lodge and
Wentworth 1990; Dhillion 1994; Van der Heijden and
Kuyper 2001), Uapaca (Moyersoen and Fitter 1999) and
Eucalyptus (Lapeyrie and Chilvers 1985; Chilvers et al.
1987; Chen et al. 2000). However, these two categories
are not mutually exclusive. Host plants that demonstrate
a temporal replacement of mycorrhizas may also possess
dual mycorrhizas (Eucalyptus, Lapeyrie and Chilvers
1985; Uapaca, Moyersoen and Fitter 1999). In addition,
residual colonization by AM fungi may persist long after
the completion of temporal succession, either when a
host tree is distant from sources of EM inoculum 
(Dominik 1957) or in response to certain environmental
conditions, such as flooding (Lodge 1989).

Empirical studies have repeatedly demonstrated that
AM or EM facilitate the uptake of soil resources, such as
nitrogen, phosphorus and water, to the host plant in ex-
change for photosynthates (Smith and Read 1997 and
references therein). However, the role of the dual or suc-
cessional mycorrhizas on host plant survival, productivi-
ty and nutrient status has received little attention (Lodge
and Wentworth 1990; Chen et al. 2000), even though
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combinations of mycorrhizal types may alter the
cost:benefit relationship between mycorrhiza and host
plant (Fitter 1991; Read 1991). The cost:benefit relation-
ship may be modified in two ways. Firstly, the presence
of two mycorrhizal types may increase the uptake of nu-
trients because AM and EM may explore and exploit soil
resources differentially (Lapeyrie and Chilvers 1985).
Alternatively, the presence of such a large fungal sink
may comprise a significant carbon cost from the host, es-
pecially if nutrient acquisition is limited (Smith and
Smith 1996). In this study, we document the patterns of
root colonization of Glomalean and ectomycorrhizas in
Quercus agrifolia Nee. (coast live oak, Fagaceae) with
season and host ontogeny, and the cost:benefit relation-
ship of the two mycorrhizal types, alone or in combina-
tion, on host plant productivity and nutrient status.

Members of the Fagaceae typically form EM with di-
verse fungi (Henry 1933; Trappe 1962). Available data
also indicate that extra- and intraradical hyphae and vesi-
cles typical of Glomalean fungi occur within the roots of
Fagus and Quercus seedlings (Henry 1933; Grand 1969;
Filer 1975; Williams and Aldon 1976; Rothwell et al.
1983). Sporocarp surveys in Q. agrifolia groves docu-
ment the presence of more than 90 species of macrofungi
that typically form EM, including Pisolithus tinctorius
Pers. (Coker & Couch), Boletus amygdalinus (Thiers)
Thiers, Laccaria amethysteo-occidentalis Muller and
Amanita ocreata Peck. Colonization of Q. agrifolia roots
by Glomalean fungi has not been recorded previously
and the symbiotic efficacy of Glomalean fungi alone or
in concert with EM in oaks is unknown. Nevertheless,
the role of both mycorrhizal types in the establishment
and survival of Q. agrifolia seedlings may become in-
creasingly important. Exotic forbs and Mediterranean
annual grasses have progressively invaded many coast
live oak woodlands (Minnich and Dezzani 1998). Oak
seedlings now establish in a matrix of plants that are
largely AM or non-mycorrhizal and these weedy plant
species may inhibit the formation of EM (Sylvia and
Jarstfer 1997). In this study, our goals were to (1) inves-
tigate the patterns of root colonization, (2) investigate
the relative importance of each mycorrhizal type during
seedling establishment, and (3) use these data to deter-
mine the role of mycorrhizas in seedling establishment in
oak–grasslands transitions.

Materials and methods

Root occupancy by Glomalean and ectomycorrhizas

During 1998 and 1999, we sampled Q. agrifolia plants at an oak
savanna in the Shipley Reserve in southern-western Riverside
County, California (33° 3′ N 117° 02′ E, 380 m asl). The region is
typified by a warm Mediterranean-type climate (35°/14°C sum-
mer; 18°/3°C winter) and receives an average of 275 mm precipi-
tation per annum with all rainfall occurring during the winter
months. Vegetation associations within the reserve include an oak
savanna of Q. agrifolia interspersed with Q. engelmanii Greene
(Engelman oak), expanses of coastal sage shrub and chaparral, rip-
arian zones and tracts of exotic Mediterranean grasses from previ-

ous site disturbances. The soils are decomposed granite (Lithic
Haploxeroll), slightly acidic (mean pH 5.8), and contain signifi-
cant pools of P (HCO3-extractable P, 30 µg g–1) and K (200 µg g–1,
Padgett et al. 1999).

Patterns of root occupancy by Glomalean and ectomycorrhizas
were evaluated seasonally in a monospecific stand of 2-year-old
Q. agrifolia plants located under the canopy of mature Q. agrifolia
trees; exotic grasses were encountered within 10 m of the sam-
pling area. On each occasion, soil cores were collected to depth
10 cm within the rhizosphere of each of 10 different plants. Root
colonization along an ontogenetic sequence (1- to 30-year-old
plants) was evaluated in samples collected in winter when both
Glomalean and EM colonization levels were at their maximum.
For the latter study, 10 individuals from each of four age catego-
ries (1, 6, 11 or ~30 years old) were sampled; plant age was deter-
mined by dendrochronology. Each sample was taken within the
rhizosphere, and a composite formed by combining two immedi-
ately adjacent soil cores each 2.5 cm diameter and 10 cm deep.

Root samples were sieved from the soil cores, washed free of
adhering soil particles and fine roots (≤1 mm) hand-picked from
each sample. A subsample of roots was stained using Trypan blue
(Koske and Gemma 1989) and evaluated for the presence and
abundance of Glomalean, ecto- and dual mycorrhizas (Glomalean
and EM within the same root segment) using the magnified root
intersect method (McConigle et al. 1990). Short roots were con-
sidered ectomycorrhizal when covered by a mantle and Hartig net.
Roots were examined under transmitted light and differential in-
terference contrast optics on a Zeiss Axioskop2 microscope and
images recorded digitally using a Zeiss Axiocam (v2.0.5).

A second subsample of roots was assayed for the presence of
extraradical Glomalean hyphae using direct immunofluorescence;
production of the immune serum is detailed in Egerton-Warburton
and Allen (2000). Root segments were incubated in antisera raised
against whole spore fractions of Glomus deserticola Trappe, Bloss
& Menge, Acaulospora laevis Gerdemann & Trappe, Gigaspora
margarita Becker & Hall, and Scutellospora calospora (Nicol. &
Gerd.) Walker & Sanders, and scored for the abundance of fluo-
rescent hyphae of each genus using the magnified root intersect
method. Immunolabeled samples were examined and imaged us-
ing a Bio-Rad MRC600 confocal laser scanning microscope with
a Kr-Ar mixed gas laser and single channel filter block for FITC
(excitor filter 488 DF10, dichroic reflector 510 LP, emission filter
OG515LP) fitted to a Nikon Optiphot-2 epifluorescence micro-
scope. A series of optical xy-slices at 0.5-µm steps were collected
from ectomycorrhizal root tips that demonstrated the presence of
immunoreactive hyphae. Individual images were collected using
Kalman averaging (8–10 scans) and subsequently merged using
the Bio-Rad CoMOS program. Root segments incubated in deion-
ized water were used as controls and also to check for autofluores-
cence associated with potential incompatibility reactions between
Glomalean fungi and host roots (Allen et al. 1992).

Root colonization data were analyzed with one-way analysis of
variance (ANOVA, general linear model) (Zar 1988). Prior to
analysis, assumptions of normality were checked, and data were
log10 or arcsine square root transformed as required. The associa-
tion between observed and predicted incidence of dual coloniza-
tion in Q. agrifolia roots and differences in the numbers of roots
with immunofluorescent hyphae of each AM genus per sample
date were both analyzed by χ2. Changes in mycorrhizal coloniza-
tion (Glomalean versus EM fungi) along the ontogenetic sequence
were analyzed by two-way ANOVA (season, mycorrhizal type),
and Pearson's product moment correlation between plant age and
the extent of root colonization by each mycorrhizal type.

Comparison of Glomalean and ectomycorrhiza inocula on plant
productivity and nutrient status

Acorns collected from a single maternal tree (half-sib progeny)
were used to reduce the influence of host plant genotype on my-
corrhiza responses. Quercus agrifolia acorns were cool moist
stratified (4°C) for 2 weeks and germinated in the dark in sterile
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perlite (10°C). Germinants were planted into prepared pots (capac-
ity 800 g) containing an autoclaved soil mixture composed of
1:1:1 Shipley Reserve soil (sieved to 2 mm):coarse sand:fine sand
(final pH 6.8, HCO3-extractable P 9 µg g–1) that had been amend-
ed with three inoculation treatments as follows:

1. Pisolithus tinctorius spores from sporocarps collected on the
Reserve (EM inoculum), 5 g of sporogenous mass per pot.

2. Soil from under heavily grassed areas (Avena) within the Ship-
ley Reserve areas (AM inoculum), 25 g soil per pot. This inoc-
ulum contained an average of 117 Glomalean spores per gram
soil and comprised 16 species of AM fungi representing the
four major genera (Glomus, Scutellospora, Gigaspora, Acau-
lospora).

3. Combined EM and AM inocula using the same ratios as per
treatments 1 and 2.

Ten replicate pots of each treatment and control (autoclaved inoc-
ulum) were initiated. Following the expansion of the first true
leaves, the vestigial acorns were excised from each seedling to en-
courage the formation of mycorrhizas. Seedlings were maintained
under greenhouse conditions (18°/27°C, night/day) for 5 months
and watered to field capacity as required. Fertilizers were not ap-
plied at any time during the trial.

Plants were destructively harvested by washing under a stream
of gently running water. Each plant was then divided into root and
shoot components. A portion of the newly harvested roots from
each plant was stained in Trypan blue and scored for colonization
by Glomalean and ectomycorrhizas as described previously. An
additional subsample of roots was evaluated for extraradical
Glomalean fungi using immunofluorescence as described previ-
ously. The remaining root sample and all shoot material was oven-
dried to constant weight (80°C, 24 h), after which the biomass of
leaf, stem and root of each plant was determined. Replicate root
and shoot samples from each inoculation treatment were analyzed
for N and P content. Mycorrhizal dependency (%) was calculated
as: [(dry wt. MYC – dry wt. NON)/dry wt. NON] × 100, where
MYC is the total dry weight (leaf + stem + root) of an individual
plant inoculated with mycorrhizas, and NON refers to total dry
weight of a non-inoculated (control) plant.

Variation in seedling survival among treatments was analyzed
using χ2, while differences in seedling height, root, shoot and stem
biomass, and N and P content were analyzed using one-way 
ANOVA (general linear model, type III sums of squares). Differ-
ences in root colonization and immunofluorescent assays of extra-
radical hyphae among inoculation treatments were tested as de-
scribed previously.

Results

Root occupancy by Glomalean and ectomycorrhizas

Mycorrhizas in Q. agrifolia demonstrated structural ele-
ments characteristic of both Glomalean and ectomycor-
rhizas (Fig 1). Monopodial pinnate or irregular branched
EM short roots exhibited a compact hyphal mantle with
emanating extraradical hyphae, a cortical Hartig net and
elongated cortical cells within the host root (Fig. 1A, B).
Glomalean mycorrhizas were evidenced as extraradical
hyphae loosely associated with EM root tips (Fig. 1A) or
discrete points of vesicular and intraradical hyphal colo-
nization (Fig. 1C, D, E) including a hyphal coil (Fig. 1C).
Arbuscules were not detected in any root segments. In ad-
dition, incompatibility reactions between Glomalean fun-
gi and Q. agrifolia roots were not observed.

On a seasonal cycle, mycorrhizal colonization peaked
in winter (76.7%) and declined in summer (23.06%;

F=57.59; P=0.001, Fig. 2A). Such patterns were in
agreement with annual trends in colonization in Baja
California (Sigüenza et al. 1996) and other Mediterra-
nean-type climates (Brundrett and Abbott 1991). Root
colonization was primarily EM with a small, but signifi-
cant, level of colonization by Glomalean hyphae and
vesicles (up to 25%; F=10.11; P=0.001).

Antisera illustrated the presence and seasonal shifts in
abundance of Glomalean fungi in the rhizoplane
(Fig. 2B, χ2 P=0.066). Acaulospora prevailed during
summer, while the cooler, moister conditions in autumn
and winter promoted the proliferation of Gigaspora and
Scutellospora. The abundance of Glomus remained rela-
tively constant throughout the year. Brundrett and 
Abbott (1991) noted similar seasonal patterns of root
colonization by Glomalean genera.

Mycorrhizas in Q. agrifolia conformed to the postu-
late of mycorrhizal succession in a temporal sequence
(Fig. 2C). Ectomycorrhizal colonization (r=0.982,
P=0.018) and the percentage of non-infected root
(r=0.917, P=0.05) in Q. agrifolia increased significantly
with plant age, while Glomalean colonization decreased
significantly over time (r=–0.964, P=0.035). Ectomycor-
rhizal and Glomalean colonization units were rarely de-
tected within the same root segment in Q. agrifolia; the
relationship between observed and predicted dual
Glomalean–EM association counts was not significant
(χ2 P>0.05).

Comparison of Glomalean and ectomycorrhiza inocula
on plant productivity and nutrient status

Mycorrhizal type significantly influenced coast live oak
seedling survival, productivity and nutrient status
(Fig. 3). Survival was greatest in plants inoculated with
P. tinctorius (100%) or AM (90%) and lowest in those
receiving AM+EM inoculation (χ2 P=0.001). Inoculation
treatments affected root and stem, but not leaf (F=1.78,
P=0.1748) dry matter accumulation (Fig. 3A). Specifi-
cally, plants inoculated with AM or EM were significant-
ly larger (root F=5.414, P=0.0048; stem F=10.14,
P=0.0001, total biomass F=4.642, P=0.0096), demon-
strated a positive mycorrhizal dependency (AM 50.11%,
EM 51.5%), and a higher foliar N (F=53.38 P<0.0001)
and P (F=32.19 P<0.0001) status than non-inoculated or
AM+EM inoculated plants. Interestingly, inoculation
with AM resulted in the highest foliar N content while
EM inoculum promoted the highest foliar levels of P
(Figs. 3B, C, respectively). In contrast, seedlings receiv-
ing AM+EM inoculum exhibited a net negative mycor-
rhizal response (–12.01%), and foliar N and P levels that
did not differ significantly from those in non-inoculated
seedlings.

Differences between inoculation treatments were also
manifest in significant shifts in root colonization patterns
(F=71.18, P=0.001). The majority of root tips in EM-
inoculated seedlings were ectomycorrhizal, although we
noted some extraradical colonization by Glomalean hy-
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phae (Scutellospora, Fig. 4A, B). Root colonization in
AM-inoculated plants was dominated by Glomalean hy-
phae (Glomus, Gigaspora) with a low abundance of ves-
icles. This was similar to the occupancy of Q. agrifolia
roots by Glomalean fungi under field conditions (Fig. 2).

Roots of seedlings from the mixed inoculum treat-
ment were highly colonized by both EM and Glomalean
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Fig. 1A–E Light and confocal microscope images of mycorrhizas 
in Quercus agrifolia roots. A Ectomycorrhizal root tip (EM) with
dense hyphae (H) and immunofluorescently detectable extraradical
Glomalean hyphae (arrow) loosely associated with the root. 
B Transverse section of fresh root tip showing dense hyphal mantle
(M), and Hartig net (HR) with elongated cortical cells and beaded in-
tercellular hyphae. C–E Distribution of intraradical vesicles (V), hy-
phae (H) and hyphal coil (CL) of Glomalean fungi within an oak root



fungi. Particularly striking was the reduced density of
EM root tips (38% versus 52% of root length colonized,
Fig. 4A). The percentage of root length colonized by
Glomalean fungi was also significantly reduced (22%
versus 12%, Fig. 4A). Glomalean hyphae of the genus
Glomus predominated (Fig. 4B). Moreover, the propor-
tion and abundance of EM and Glomalean fungi in
AM+EM inoculated plants were similar to those noted in
field seedlings on both a seasonal basis (Fig. 2A), and in
1-year-old seedlings (Fig. 2C). Thus, the observed host
responses were most likely due to differences in the my-
corrhizal biota and not cultural conditions.

Discussion

The mycorrhizal associations in Q. agrifolia display a
number of attributes that may influence the establish-
ment of seedlings and development of oak woodlands.
From the results presented, it is clear that there are
marked differences in root colonization patterns by
Glomalean and ectomycorrhizas over the lifespan of
coast live oak, that Glomalean and EM fungi interact
within the same root system, and that the relative abun-
dance of each mycorrhizal type within the roots alters
plant productivity and nutrient acquisition.

Oak seedlings (1-year-old) were commonly associat-
ed with both Glomalean and EM fungi. The detection of
Glomalean hyphae, vesicles and EM root tips in Q. agri-
folia corroborates earlier studies of mycorrhizas in the
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Fig. 2A–C Percentage of root length colonized in Q. agrifolia.
A Seasonal fluxes in EM and Glomalean colonization. B Percent-
age extraradical colonization apportioned by Glomalean genus and
season. C Variation in EM and Glomalean colonization over the
host ontogenetic sequence.. Vertical bars indicate the standard er-
ror of the means. Values within each graph with the same letter do
not differ at P<0.05 by Fisher's LSD test (EM ectomycorrhiza)

Fig. 3A–C Inoculation of Q. agrifolia seedlings with ecto- (EM)
or arbuscular (AM) mycorrhizas, combined EM+AM inoculum,
and in comparison with non-inoculated (NON) plants. A Dry mass
accumulation apportioned to root, stem and leaves. B, C Mean fo-
liar N and P content per plant, respectively. Vertical bars indicate
the standard error of the means. Values within each graph with the
same letter do not differ at P<0.05 by Fisher's LSD test



Fagaceae (Henry 1933; Grand 1969; Williams and Aldon
1976) and dual mycorrhizal associations in general (e.g.,
Cázares and Trappe 1993). The detection of hyphal coils
in Q. agrifolia, however, is particularly important and
upholds an earlier observation of arbuscules in Eucalyp-
tus (Chilvers et al. 1987). Both arbuscules and coils may
be sites of carbon and mineral nutrient transfer 
(Giovanetti et al. 1994) and their presence indicates pos-
sible mutualistic functioning by Glomalean fungi alone
or in concert with EM in Q. agrifolia, as occurs in Euca-
lyptus (Lapeyrie and Chilvers 1985; Chen et al. 2000).
The positive growth and mineral nutrient (N) benefits to
oak seedlings inoculated with AM alone supports this
proposal. However, oaks inoculated simultaneously with
both mycorrhizal types performed poorly by comparison.
Root colonization data illustrate the causal nature of this
relationship.

Glomalean and EM fungi extensively colonized, in-
teracted and competed for space within the same root
system. Because mycorrhizas constitute a significant
sink (30%) for the host's net primary productivity 
(Finlay and Söderström 1992), it follows that a high fun-
gal load and associated demand for photosynthates likely
resulted in carbon depletion from and reduced growth in
the host plant (Nylund and Wallander 1989; Lodge and
Wentworth 1990). Thus, simultaneous Glomalean–EM
associations create a negative impact in the oak plant.

Since 1-year-old field seedlings demonstrated a similarly
high Glomalean and EM fungal load, it is possible that
coexistent mycorrhizal types constitute a cost, rather
than a benefit, during the establishment of young oaks
and potentially impede their establishment. However, the
progressive shift to predominantly EM colonization with
increasing plant age suggests that mycorrhizal associa-
tions become beneficial over time, especially for the ac-
quisition of P. Oaks are generally regarded as obligately
EM (Trappe 1962) and could, therefore, be expected to
benefit from an increasing abundance of these fungi
within the roots (Smith and Read 1997).

The observed increase in EM colonization and con-
comitant decline in Glomalean colonization over time
suggests that age-related changes result in the competi-
tive exclusion of Glomalean fungi in Q. agrifolia, as
they do in Eucalyptus (Chilvers et al. 1987) and Populus
(Lodge and Wentworth 1990). A number of mechanisms
have been proposed to explain this shift (detailed in
Chen et al. 2000). For example, the susceptibility of
roots to colonization by AM fungi may decline with host
age (Chen et al. 2000). In addition, suberization of the
root or the development of the EM mantle may physical-
ly constrain Glomalean colonization to new root tips
(Chilvers et al. 1987). Alternatively, molecular recogni-
tion and signaling molecules at the fungus–root interface
may act to suppress colonization (Gianinazzi-Pearson
1996). Apart from these mechanisms, our root coloniza-
tion data imply that carbon limitation also controls suc-
cession. Björkman (1942) and others (Jasper et al. 1979;
Chilvers et al. 1987; Lodge and Wentworth 1990) have
suggested that soluble carbohydrate supply to the roots
selectively controls mycorrhizal colonization. Although
AM fungi are rapid colonizers of individual roots and
early recipients of carbon, the gradual increase in the
abundance of EM root tips over time possibly constitutes
a more powerful sink for carbon than AM fungi local-
ized within root segments (Lapeyrie and Chilvers 1985).
Because older EM roots (2-year-old), as well as new root
tips, also comprise a significant carbon sink (Al Abras et
al. 1988), domination of the carbon pool by EM fungi
might only be expected to increase with host age.

Based on this and previous studies of dual associa-
tions, there appears to be a limit on the number of mycor-
rhizas or symbionts that may be sustained within a host's
root system. One or two mycorrhizal types appear to be
the threshold in a suite of plant families (e.g., Fagaceae,
Myrtaceae, Betulaceae, Pinaceae). The three-way interac-
tions between tropical leguminous tree species, Rhizobi-
um and mycorrhizal fungi are also instructive because
they similarly demonstrate the presence of one or two
symbionts within a root system. Such combinations in-
clude EM and AM, EM and Rhizobium, AM and Rhizobi-
um, or Rhizobium alone (Högberg 1982; Newbery et al.
1988; Frioni et al. 1999; Moyersoen and Fitter 1999), and
Frankia and AM in Casuarina (Reddell et al. 1986). Be-
cause similar patterns occur among a diversity of plant
taxa and ecosystems, it is possible that carbon limitation
represents a more general mechanism to limit the number
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Fig. 4A, B Percent root length colonized following inoculation of
Q. agrifolia seedlings with ecto- (EM) or arbuscular (AM) mycor-
rhizas, combined EM+AM inoculum, and in comparison with non-
inoculated (NON) plants. A Intraradical colonization. B Extraradi-
cal colonization apportioned by Glomalean genus. Vertical bars
indicate the standard error of the means. Values within each graph
with the same letter do not differ at P<0.05 by Fisher's LSD test



of symbionts within a particular root system in order to
balance the cost:benefit relationship of symbiont to host.

Finally, the responses of oaks to AM fungi alone yield
clues about the patterns of oak establishment in natural
systems and the fate of woodlands in ecosystems cur-
rently undergoing conversion to Mediterranean annual
grasslands. In a manner comparable to Eucalyptus
(Chilvers et al. 1987) and Pseudotsuga (Smith et al.
1998), coast live oak seedlings were responsive to AM
as well as EM inocula, suggesting that this host species
is receptive to a wide range of fungi and will host either
type of mycorrhiza, depending on the spatial heterogene-
ity in fungal inoculum (Chilvers et al. 1987; Brundrett
and Abbott 1995). For example, when EM inoculum lev-
els are high, oak seedlings show strong colonization by
EM fungi. However, if EM inoculum levels are low or
absent, oaks will readily host, and benefit from, Gloma-
lean fungi based on their high inoculum potential. It fol-
lows that edaphic constraints (Lodge 1989; Bever 1994;
Moyersoen and Fitter 1999; Van der Heijden et al. 1999)
most likely have a greater control over oak establishment
in grasslands than simply the type of mycorrhiza present.

The concordance between experimental and descrip-
tive components in this study support a causal relation-
ship between mycorrhizal type and host plant productivi-
ty, and a possible role for both Glomalean and ectomy-
corrhizas in maintaining or initiating the spatial and tem-
poral structure of oak woodlands, because differences in
mycorrhizal colonization patterns altered the cost:benefit
relationship of mycorrhizas to the host plant. Such inte-
gration of mycorrhizal functioning into the coast live oak
community further supports the paradigm of plant–my-
corrhiza interactions as regulators of the plant communi-
ty (Read 1991; Trappe and Luoma 1992).

Acknowledgements We thank the reviewers for their insights on
the study and constructive comments on the manuscript. This
study was supported by grants from the National Science Founda-
tion (DEB 9981548), and the University of California Agricultural
Experiment Station Skinner-Shipley Reserve Endowment.

References

Al Abras K, Bilger I, Martin F, Le Tacon F, Lapeyrie F (1988)
Morphological and physiological changes in ectomycorrhizas
of spruce (Picea excelsa (Lam.) Link) associated with aging.
New Phytol 110:535–540

Allen MF, Clouse SD, Weinbaum BS, Jeakins S, Friese CF, Allen
EB (1992) Mycorrhizae and the integration of scales: from
molecules to ecosystems. In: Allen MF (ed) Mycorrhizal func-
tioning: an integrative plant–fungus approach. Chapman and
Hall, New York, pp 488–515

Allen MF, Egerton-Warburton LM, Allen EB, Kårén O (1999)
Mycorrhizae in Adenostoma fasciculatum Hook. & Arn.: a
combination of unusual ecto- and endo- forms. Mycorrhiza
8:225–228

Bever JD (1994) Feedback between plants and their soil commu-
nities in an old field community. Ecology 75:1965–1977

Björkman E (1942) Über die Bedingungen der Mykorrhizabildung
bei Kiefer und Fichte. Symb Bot Ups 6:1–191

Brundrett MC, Abbott LK (1991) Mycorrhizal fungus propagules
in the jarrah forest. I. Seasonal study of inoculum levels. New
Phytol 127:539–546

Brundrett M, Abbott LK (1995) Mycorrhizal fungal propagules in
the jarrah forest. II. Spatial variability in inoculum levels. New
Phytol 131:461–469

Cázares E, Trappe JM (1993) Vesicular endophytes in roots of the
Pinaceae. Mycorrhiza 2:153–156

Chen YL, Brundrett MC, Dell B (2000) Effects of ectomycorrhi-
zas and vesicular-arbuscular mycorrhizas, alone or in competi-
tion, on root colonization and growth of Eucalyptus globulus
and E. urophylla. New Phytol 146:545–556

Chilvers GA, Lapeyrie FF, Horan DP (1987) Ectomycorrhizal ver-
sus endomycorrhizal fungi within the same root system. New
Phytol 107:441–448

Dhillion SS (1994) Ectomycorrhizae, arbuscular mycorrhizae, and
Rhizoctonia spp. of alpine and boreal Salix spp. in Norway.
Arct Alp Res 26:304–307

Dominik T (1957) Badanie mikotrofizmu zespolov buka nad Bal-
tykem. Ekol Pol 5:213

Egerton-Warburton LM, Allen EB (2000) Shifts in arbuscular my-
corrhizal communities along an anthropogenic nitrogen depo-
sition gradient. Ecol Appl 10:484–496

Filer TH (1975) Mycorrhizae and soil microflora in a green tree
reservoir. For Sci 21:36–39

Finlay RD, Söderström B (1992) Mycorrhizae and carbon flow to
the soil. In: Allen MF (ed) Mycorrhizal functioning: an inte-
grative plant–fungus approach. Chapman and Hall, New York,
pp 134–160

Fitter AH (1991) Costs and benefits of mycorrhizas. Implications
for functioning under natural conditions. Experientia 47:350–
355

Frioni L, Minasian H, Volfovicz R (1999) Arbuscular mycorrhizae
and ectomycorrhizae in native tree legumes in Uruguay. For
Ecol Manage 115:41–47

Gianinazzi-Pearson V (1996) Plant cell responses to arbuscular
mycorrhizal fungi: getting to the roots of the symbiosis. Plant
Cell 8:1871–1883

Giovanetti M, Sbrana C, Logi C (1994) Early processes involved
in host recognition by arbuscular mycorrhizal fungi. New Phy-
tol 127:703–709

Grand LF (1969) A beaded endotrophic mycorrhiza of northern
and southern red oak. Mycologia 61:408–409

Henry LK (1933) Mycorrhizas of trees and shrubs. Bot Gaz
94:791–800

Högberg P (1982) Mycorrhizal associations in some woodland and
forest trees and shrubs in Tanzania. New Phytol 92:407–
415

Horton TR, Cázares E, Bruns T (1998) Ectomycorrhizal, vesicu-
lar-arbuscular and dark septate fungal colonization of bishop
pine (Pinus muricata) seedlings in the first 5 months of
growth after wildfire. Mycorrhiza 8:11–18

Jasper DA, Abbott LK, Robson AD (1979) Phosphorus and the
formation of vesicular-arbuscular mycorrhizas. Soil Biol Bio-
chem 11:501–505

Koske RE, Gemma JN (1989) A modified procedure for staining
roots to detect VA mycorrhizas. Mycol Res 92:486–505

Lapeyrie FF, Chilvers GA (1985) An endomycorrhiza–ectomycor-
rhiza succession associated with enhanced growth of Eucalyp-
tus dumosa seedlings planted in a calcareous soil. New Phytol
100:93–104

Lodge DJ (1989) The influence of soil moisture and flooding on
formation of VA- endo- and ectomycorrhizae in Populus and
Salix. Plant Soil 117:243–253

Lodge DJ, Wentworth TR (1990) Negative associations among
VA-mycorrhizal fungi and some ectomycorrhizal fungi inhab-
iting the same root system. Oikos 57:347–356

McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA
(1990) A new method which gives an objective measure of
colonization of roots by vesicular-arbuscular mycorrhizal fun-
gi. New Phytol 115:495–501

Minnich R, Dezzani RJ(1998) Historical decline of coastal sage
scrub in the Riverside-Perris Plain, California. West Bird
29:366–391

Molina R (1981) Ectomycorrhizal specificity in the genus Alnus.
Can J Bot 59:325–334

289



Molina R, Massicotte H, Trappe JM (1992) Specificity phenome-
na in mycorrhizal symbiosis: community–ecological conse-
quences and practical implications. In: Allen M (ed) Mycor-
rhizal functioning: an integrative plant–fungal process. Chap-
man and Hall, New York, pp 357–423

Moyersoen B, Fitter AH (1999) Presence of arbuscular mycorrhi-
zas in typically ectomycorrhizal host species from Cameroon
and New Zealand. Mycorrhiza 8:247–253

Newbery DM, Alexander IJ, Thomas DW, Gartlan JS (1988) Ecto-
mycorrhizal rain-forest legumes and soil phosphorus in Korup
National Park, Cameroon. New Phytol 109:433–450

Nylund J-E, Wallander H (1989) Effects of ectomycorrhizae on
host growth and carbon balance in semi-hydroponic cultiva-
tion system. New Phytol 112:389–398

Padgett PE, Allen EB, Bytnerowicz A, Minnich RA (1999)
Changes in soil inorganic nitrogen as related to atmospheric
nitrogenous pollutants in southern California. Atmos Environ
33:769–781

Read, DJ (1991). Mycorrhizas in ecosystems. Experientia 47:376–
391

Read DJ, Kianmehr H, Malibari A (1977) The biology of mycor-
rhiza in Helianthemum Mill. New Phytol 78:305–312

Reddell P, Bowen GD, Robson AD (1986) Nodulation of Casuar-
inaceae in relation to host species and soil properties. Aust J
Bot 34:435–444

Rothwell FM, Hacskaylo E, Fisher D (1983) Ecto- and endomy-
corrhizal fungus associations with Quercus imbricaria L. Plant
Soil 71:309–312

Sigüenza C, Allen EB, Espejel I (1996) Seasonality of mycorrhi-
zae in coastal sand dunes of Baja California. Mycorrhiza
6:151–157

Smith FA, Smith SE (1996) Mutualism and parasitism: diversity in
function and structure in the “arbuscular” (VA) mycorrhizal
symbiosis. Adv Bot Res 22:1–43

Smith JE, Johnson KA, Cázares E (1998) Vesicular colonization
of seedlings of Pinaceae and Betulaceae after spore inocula-
tion with Glomus intraradices. Mycorrhiza 7:279–285

Smith SE, Read DJ (1997) Mycorrhizal symbiosis, 2nd edn. Aca-
demic, New York

Sylvia DM, Jarstfer AG (1997) Distribution of mycorrhiza on
competing pines and weeds in a southern pine plantation. Soil
Sci Soc Am J 61:139–144

Trappe JM (1962) Fungus associates of ectotrophic mycorrhizae.
Bot Rev 28:538–606

Trappe JM, Luoma D (1992) The ties that bind: fungi in ecosys-
tems. In: Carroll GC, Wicklow DT (eds) The fungal communi-
ty. Its organization and role in the ecosytem. Dekker, New
York, pp 17–27

Van der Heijden EW, Kuyper ThW (2001) Laboratory experiments
imply the conditionality of mycorrhizal benefits for Salix
repens: role of pH and nitrogen to phosphorus ratios. Plant
Soil 228:275–290

Van der Heijden EW, de Vries FW, Kuyper ThW (1999) Mycorrhi-
zal associations of Salix repens L. communities in succession
of dune ecosystems. I. Above-ground and below-ground views
of ectomycorrhizal fungi in relation to soil chemistry. Can J
Bot 77:1821–1832

Williams SE, Aldon EF (1976) Endomycorrhizal (vesicular-ar-
buscular) associations of some arid zone shrubs. Southwest
Nat 20:437–444

Zar JH (1988) Biostatistical analysis, 2nd edn. Prentice Hall, New
Jersey

290


