
Arbuscular mycorrhizae (AM) are impor-
tant components of virtually all terrestrial
ecosystems. Over 90% of all higher plants are
estimated to be mycorrhizal, and >80% of
these form AM relationships (Brundrett 1991).
Plant growth is often enhanced by this associ-
ation, mainly due to an increased ability to
take up nutrients, principally phosphorus
(Mullen and Schmidt 1993, Smith and Read
1997) and nitrogen (Tobar et al. 1994). This
mutualism also enhances plant host drought
resistance (Davies et al. 1992), competitive
ability (West 1997a, Titus and del Moral 1998),
and resistance to fungal pathogens (West 1997b)
and insect herbivores (Gange and Bower 1997).

Many studies have found that seasonal fac-
tors, which are directly related to the stage of
development or physiological state of the host
plant, play a major role in AM colonization
levels (e.g., Sanders and Fitter 1992a, Mullen
and Schmidt 1993, Sanders 1993, Titus and
Lepš 2000). For example, AM root coloniza-
tion is often lowest in early summer because
rapid root growth outstrips the spread of AM
colonization (Douds and Chaney 1982, Warner
and Mosse 1982, Dickman et al. 1984, Ebbers
et al. 1987). In addition, temporal factors play
a major role in host benefit from AM coloniza-
tion. For example, AM may benefit plants only
during the brief periods when phosphorus

demand is high during fruit production (Fitter
1989, Sanders and Fitter 1992b).

Arbuscular mycorrhizal mutualism is con-
sidered to be critical to the survival of most
plants in arid environments. Perennial plants
in undisturbed arid environments have gener-
ally been found to be mycorrhizal (e.g., Trappe
1981, Bloss 1985, Siguenza et al. 1996, Carrillo-
Garcia et al. 1999, Stutz et al. 1999). However,
the mycorrhizal status of most desert species
and the shift in level of colonization over the
seasons remain little known. It has been found
that mycorrhizal colonization in a semiarid sys-
tem is higher toward the end of summer than
in midwinter (Requena et al. 1996).

This study was conducted to characterize
AM colonization of common Mojave Desert
plants. First, plants were collected over 2 sea-
sons at the Mojave Global Change Facility
(MGCF) located on the Nevada Test Site (NTS).
The MGCF is a large-scale experiment being
developed to test desert ecosystem responses
to 3 global change scenarios: increased summer
precipitation, increased nitrogen deposition,
and biological soil crust removal. We collected
plant roots and soil samples in spring and
autumn to examine seasonal changes in AM
colonization levels. Second, we examined AM
colonization levels of common plants of the
River Mountains located southeast of Las Vegas.
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METHODS

The MGCF site is located in the northern
Mojave Desert in Nye County, Nevada, USA
(36°49′N, 115°55′W), 90 km northwest of Las
Vegas at an elevation of 960–975 m. The NTS,
a U.S. Department of Energy facility, experi-
ences minimal disturbance. Unlike much of
the Mojave Desert, the NTS has not been
grazed by cattle or utilized by off-road vehi-
cles for at least 50 years. The area has a largely
intact biological soil crust that covers ~20% of
the soil surface ( J. Titus unpublished data).
The River Mountains site is located 15 km
southeast of Las Vegas (36°03′N, 114°55′W) at
an elevation of 700–800 m. Due to the rugged
rocky substrate, much of the area is largely
undisturbed even though biological soil crusts
are not common.

Vegetation at both sites is a Larrea triden-
tata–Ambrosia dumosa plant community (Ostler
et al. 1999, taxonomy based on Hickman 1993).
Common shrubs include the evergreen Larrea
tridentata; the deciduous Ambrosia dumosa,
Lycium pallidum, L. andersonii, Kraschenin-
nikovia lanata, Acamptopappus shockleyi; and
the evergreen gymnosperm Ephedra nevaden-
sis. A common subshrub is Polygala subspinosa.
Common perennial forbs include Sphaeralcea
ambigua and Baileya multiradiata. Abundant
native grasses are Pleuraphis rigida (C4),
Achnatherum hymenoides (C3), and the short-
lived Erionueron pulchellum (C4). The non-
native annual grass Bromus madritensis ssp.
rubens is common in shrub understories. Vege-
tation at the NTS is further described in Beat-
ley (1967, 1976) and Jordan et al. (1999).

The Mojave Desert experiences sporadic,
low annual precipitation, with annual rainfall
of <200 mm. Winter rains are widespread and
may last several days. Summer storms gener-
ally occur in July and August and are usually
local, intense, and unpredictable. Relative
humidity is low (<20% is common), resulting
in very high potential evaporation. Moisture is
the primary limitation to plant growth in the
Mojave Desert (Turner and Randall 1989,
Smith et al. 1997). Temperatures are extreme,
with a mean minimum winter temperature of
–10°C and maximum summer temperature
>47°C. A large diurnal temperature fluctua-
tion occurs throughout the year (Bowers 1987).
Soils are aridisols and are characterized by
spatial heterogeneity in nutrients, infiltration,

and texture (Romney et al. 1973, 1980). Nitrate,
ammonium, and phosphorus levels vary from
50, 4, and 20 ppm, respectively, in areas be-
neath larger shrubs to 3, 1, and 9 ppm in areas
between shrubs ( J. Titus unpublished data).
Soils are basic with a mean pH of 8.2. Mounds
and burrows created by the activities of small
mammals, particularly kangaroo rats (Dipodo-
mys spp.) and desert tortoises (Gopherus agas-
sizii), are common and frequently located at
the base of shrubs.

Plant Collection

We collected roots from common LDER
species in spring (May–June) and autumn
(September–November) 1999 for assessment
of AM colonization (n = 10 for each species in
each sampling period). Spring is usually the
period of growth and reproduction for most
species collected in this study, but 1999 was a
dry spring with an annual precipitation of 94
mm (S. Zitzer unpublished data). Thus, plant
activity was strongly reduced. Autumn, gener-
ally a dry season in the Mojave, was dry in
1999. Roots were collected from Larrea tri-
dentata plants both with and without small
mammal burrows. Roots of plants common in
the River Mountains were collected in autumn
1999 (n = 5) and stored in a freezer.

Staining

Roots were separated, washed, cleared, and
stained with trypan blue (Brundrett et al.
1994). Using a dissecting microscope, we esti-
mated percent AM colonization of fine roots
(<1 mm in diameter). A grid of 1-cm squares
was placed below a petri plate that contained
the root sample. One hundred locations in
which a root crossed a line on the grid were
scored for hyphae, arbuscles, and vesicles. We
examined many samples under higher power
to ascertain that the structures were indeed
AM. The number of mycorrhizal “hits” is used
as an estimate of percent root colonized by the
3 AM structures (Brundrett et al. 1994).

Mycorrhizal Inoculum 
Potential

Mycorrhizal inoculum potential (MIP) is an
index of the quantity of inoculum in the soil as
measured by the percent AM fungal coloniza-
tion of corn roots (Moorman and Reeves 1979,
Titus et al. 1998). MIP was assessed only for
the species collected at the NTS. Ten soil 
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samples per species were collected in the
spring at the same time that plants were har-
vested. For each soil sample, 600 g of soil was
amended with 20% sterile perlite to increase
porosity, split in half, and each half placed into
10 × 10-cm freely draining plastic pots. Bioas-
says were conducted with nonfungicide-treated
Zea mays seeds. All pots were watered daily
with tap water. Fertilizer was applied in 50-
mL aliquots per pot of 10% Hoagland’s solu-
tion minus phosphorus at planting and at
weekly intervals throughout the experiment.
The control consisted of 10 pots of sterile soil
placed randomly among the treatment pots
and planted with corn to determine if contam-
ination by glasshouse AM propagules occurred.
Previous work showed that AM propagules, if
present, rapidly colonize corn in the glass-
house (Titus et al. 1998). Pots were random-

ized and maintained for 42 days at the Univer-
sity of Nevada–Las Vegas glasshouse facility at
23°–28°C, and rotated every 15 days. Plants
were harvested and roots washed and frozen
at –5°C until October 1999, at which time roots
were assayed for AM colonization as above.
For each sample, we averaged the percent col-
onization of the 2 corn plants to achieve MIP.

Data Analysis

AM colonization levels for species collected
in spring and autumn at the NTS were arc-
sine transformed and compared by 2-way
ANOVA at α = 0.05. Due to poor sample
quality, the sample size for a few of the species
was n = 8 or n = 9. Post-hoc tests were con-
ducted by Tukey’s honestly significant differ-
ence test. Spring versus autumn AM coloniza-
tion levels for each species were compared by
Scheffé’s test at α = 0.05 (Zar 1984). Scheffé’s
test was used instead of 48 t tests to avoid type
II error. Species collected at the River Moun-
tains were not compared statistically due to
small sample size. The nonparametric Spear-
man’s rank correlation test (Zar 1984) was con-
ducted between MIP and percent hyphae to
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Figs. 1A–C. Mean percent arbuscular mycorrhizal
hyphae, vesicles, and arbuscles in spring and fall in 15
species at the Nevada Test Site in the Mojave Desert (n =
8, 9, or 10). Vertical bars represent 1 standard deviation.
NO and YES refer to Larrea tridentata without burrows
and with burrows, respectively. A column marked with *
is significantly different across seasons by Scheffé’s test.
See Table 1 for ANOVA F and P values. See Table 2 for
differences between species by Tukey’s post-hoc test at P
≤ 0.05.
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assess whether these 2 AM components were
correlated.

RESULTS

NTS species differed in their levels of AM
colonization in all 3 AM structures in both
spring and autumn (Figs. 1A–C, Tables 1, 2).
Roots of shrubs and perennial herbs generally
contained more hyphae and vesicles than the
short-lived herbaceous species such as Bro-
mus and Erioneuron (Figs. 1A, 1C). A similar
pattern occurred with the River Mountain
species (Table 3), with the annuals having little
or no AM colonization. Only a single peren-
nial, the invasive riparian species Tamarix, was
nonmycorrhizal. Due to the very dry spring
and summer, few native annual species were
available. Larrea without mammal burrows
had higher values for AM structures, except
for fall arbuscles, than did Larrea with mam-
mal burrows; however, differences were not
significant. Although Grayia spinosa was col-
lected at the NTS, it is included in Table 3
because it was collected only in autumn (n =
5). The nonnative annual grass Bromus madri-
tensis ssp. rubens was not present in autumn.

For all species combined hyphae and vesi-
cles decreased from spring to fall and arbuscles
increased (Table 1). Only 2 species showed a
significant seasonal change in hyphae, and 1
species in arbuscles, but a decrease in vesicles
occurred in 7 of the species (Figs. 1A–C). Bai-
leya and Ephedra showed a seasonal shift in 2
AM structures: increased hyphae and arbus-
cles for Baileya and decreased hyphae and
vesicles for Ephedra.

Mycorrhizal inoculum potential was signifi-
cantly different across species (F = 8.063, P =

0.000), but post-hoc tests found the only sig-
nificant difference was with the high MIP of
Yucca schidigera soil (Fig. 2). Large standard
deviations prevented other differences from
occurring. MIP and percent hyphae were not
correlated by Spearman’s rank correlation (P
= 0.076). Control corn plants were nonmycor-
rhizal.

DISCUSSION

All native perennial species of the Nevada
Test Site and River Mountains were found to
be mycorrhizal. Short-lived species, particu-
larly nonnative weeds, contained few hyphae,
as has been found elsewhere (e.g., Berch et al.
1988, Boerner 1992a, Peat and Fitter 1993,
Titus et al. 1998). However, a range of native
annuals could not be tested because drought
conditions did not allow germination and estab-
lishment. An invasive, nonnative tree (Tamarix)
was found to be nonmycorrhizal. Tamarix is an
aggressive invader of southwestern U.S. ripar-
ian zones (Smith et al. 1998), and nonmycor-
rhizal status is common in both invasive
(Pendleton and Smith 1983, Boerner 1992b,
Titus et al. 1998) and wetland species (Peat
and Fitter 1993).

Studies of AM colonization for the species
tested here are infrequent in the literature.
Bethlenfalvay and Dakessian (1984) found that
AM colonization levels in Achnatherum
hymenoides from Reno, Nevada, were 86% in
ungrazed plots and 40% in grazed plots, both
values much higher than in this study. Cui and
Nobel (1992) assessed Ferocactus cylindra-
ceous (F. acanthodes in their study) and found
it to have AM colonization levels very similar
to this study (Table 3). The nonnative annual
Salsola kali has been reported to be nonmy-
corrhizal (Khan 1974, Miller 1979, Reeves et
al. 1979). Although AM colonization of Salsola
occurred in our study, levels were very low
and consisted of hyphae only. It is probable
that plant-mycorrhizae mutualism is not func-
tional in this species (Allen et al. 1989).

The presence of an animal burrow near a
shrub may have a significant influence on soil
nutrients and a wide array of other soil para-
meters (reviewed in Whitford and Kay 1999).
Although animal burrows did not influence
AM colonization or MIP values in our study,
during more mesic years burrows may cause
differences to emerge because of greater
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TABLE 1. Two-way ANOVA F and P values for arbuscu-
lar mycorrhizae structures from 14 species at the Nevada
Test Site in the Mojave Desert in spring and autumn 1999
(n = 8, 9, or 10, P ≤ 0.05 for significance, data arc-sine
transformed). See Figures 1A–C for results and Table 2 for
results of Tukey’s post-hoc tests for species.

AM structure Variable F P

Hyphae (%) Species 6.840 0.000
Season 7.474 0.007
Interaction 2.606 0.002

Arbuscles (%) Species 12.223 0.000
Season 7.513 0.007
Interaction 5.047 0.000

Vesicles (%) Species 2.720 0.001
Season 60.631 0.000
Interaction 2.059 0.015



resource demand by vegetation and greater
resource availability in burrow soil.

The decrease in hyphae and vesicles over
the seasons is not surprising because plant
phosphorus demand and soil moisture levels
change over the season, and rates of root
growth and turnover vary. For example, Cui
and Nobel (1992) found AM colonization to
increase in 3 Mojave Desert species from

March to May, perhaps representing fungal
colonization of the season’s new roots. Arbus-
cles are sites for the exchange of materials
between the plant and fungus and are the best
indicators of the quantity of material flow and
therefore the intensity of the mutualism. Sig-
nificant overall increase in arbuscles may be
attributable to the marked increase that
occurred in just 3 of the species (a significant
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TABLE 2. Growth form characteristics of 14 species collected in the Mojave Desert at the Nevada Test Site in spring
and autumn 1999. “Burrows” refer to small mammal burrows at the base of shrubs. Within each column, species with
different letters are significantly different in percent AM hyphae, arbuscles, and vesicles by Tukey’s post-hoc test results
at P < 0.05 (n = 8, 9, or 10). See Figures 1A–C for results and Table 1 for 2-way ANOVA F and P values. Bromus
madritensis is not included here because the species was not present in autumn.

Species Growth form Hyphae Arbuscles Vesicles

- - - - - - - - - - - - - - - % - - - - - - - - - - - - - - -
Achnatherum hymenoides perennial C3 grass abc a ab
Acamptopappus shockleyi deciduous shrub d b c
Ambrosia dumosa drought deciduous shrub d ab abc
Baileya multiradiata short-lived perennial herb cd c abc
Ephedra nevadensis evergreen gymnosperm shrub cd ab abc
Erioneuron pulchellum short-lived perennial C4 grass a a a
Krascheninnikovia lanata deciduous shrub bcd a abc
Larrea tridentata (no burrows) evergreen shrub cd a c
Larrea tridentata (with burrows) evergreen shrub abcd a bc
Lycium andersonii drought deciduous shrub ab a ab
Lycium pallidum drought deciduous shrub abc a abc
Pleuraphis rigida perennial C4 grass abcd ab abc
Polygala subspinosa deciduous subshrub abcd ab bc
Sphaeracephala ambigua perennial herb abc a abc
Yucca schidigera treelike rosette bcd a bc

TABLE 3. Percent arbuscular mycorrhizal colonization and growth form of plants collected in autumn 1999 in the
River Mountains, 15 km southeast of Las Vegas, Nevada, in the Mojave Desert at an elevation of 700–800 m (mean ±
standard deviation, n = 5).

Species Growth form Hyphae Arbuscles Vesicles

Acacia greggi drought deciduous tree 24 ± 16 0.02 ± 0.04 2.4 ± 2.6
Amaranthus fimbriatus perennial herb 1.6 ± 3.6 0 0
Opuntia basilaris cactus 13 ± 9 0.7 ± 1 0.3 ± 0.8
Boerhavia intermedia var. erecta perennial herb 1.2 ± 2.6 0 0
Chamaesyce setiloba prostrate annual 4.0 ± 5.6 0 0
Hymenoclea salsola subshrub or shrub 30 ± 24 0.8 ± 1.8 0.8 ± 1.8
Opuntia acanthocarpa cactus 18 ± 6 0 2.0 ± 2.4
Dalea mollis mat-forming annual 0 0 0
Eriogonum deflexum erect annual 0 0 0
Eriogonum inflatum perennial herb 7.0 ± 10 1.0 ± 2.4 0.03 ± 0.05
Grayia spinosa1 deciduous shrub 24+23 0 3.0+1.4
Mammillaria tetrancistra cactus 13 ± 7 0 0
Pectis papposa erect annual 14 ± 8 0.4 ± 0.9 0.8 ± 1.1
Opuntia ramosissima cholla cactus 10 ± 10 2.0 ± 4.5 2.4 ± 3.3
Physalis crassifolia subshrub 7.2 ± 2.6 0.4 ± 0.9 1.2 ± 1.8
Ferocactus cylindraceous cactus 6.0+5.1 0 0
Salsola kali nonnative annual 1.2 ± 2.7 0 0
Sphaeracephala ambigua perennial herb 10 ± 8 0.5 ± 1.0 0.5 ± 1.0
Tamarix ramosissima non-native tree 0 0 0
Tridens muticus tufted perennial grass 1.6 ± 3.6 0 0.4 ± 0.9
1Collected at the Nevada Test Site in autumn 1999, n = 5.



increase in Baileya). The fact that most of the
species showed small increases or decreases in
arbuscular levels suggests that for these species
the intensity of the mutualism changed little
from spring to autumn. This may be due to the
fact that 1999 was a drought year and the rate
of exchange of materials varied little from
spring to autumn. Baileya was actively flower-
ing at both collection times, and a heavy phos-
phorus demand might account for the increase
in both arbuscles and hyphae. Because of re-
duced activity by most plant species in the fall,
the other increases in arbuscles that occurred
were unexpected. Vesicles indicate carbon
storage, and their reduction may indicate a
reduced reliance by the plant on the fungus,
and hence a reduction in carbon translocation
to the fungus. This would be an expected
occurrence in autumn, even in a drought year.

Because most perennial arid zone plants in
undisturbed environments are mycorrhizal,
positive MIP values at the NTS would be
expected. Although few studies have been
done on arid zone MIPs, they appear to vary
seasonally, spatially, and in relation to environ-
mental variables (Al-Agely and Reeves 1995,

Requena et al. 1996), as in more mesic envi-
ronments (Johnson, Zak et al. 1991, Brundrett
et al. 1996). Similar MIP values were found in
a related study at the NTS for several of the
species (Ambrosia, Pleuraphis, Lycium pallidum,
and Larrea; Titus et al. in preparation).

AM root colonization and MIP from adja-
cent soil were not correlated. Many studies
have found AM parameters not to be corre-
lated (e.g., Ebbers et al. 1987, Scheltma et al.
1987, Johnson, Pfleger et al. 1991). This may
reflect patchiness in the distribution of AM
propagules around a plant (Smith and Read
1997); and host species, surrounding vegeta-
tion, soil, and climatic and temporal factors
are likely to influence AM root colonization
levels (Johnson et al. 1992, Sanders and Fitter
1992c, Blaszkowski 1994, Titus and del Moral
1998). Thus, because of the large number of
variables that influence AM parameters, a lack
of correlation is not surprising.

This study increases our understanding of
AM colonization levels of some Mojave Desert
plants and illustrates that hyphal and vesicle
levels decrease in these species from spring to
autumn in a drought year, while arbuscles
increase in a few species. This study also
demonstrates that MIP levels present in soil
adjacent to these species are similar, except for
soil surrounding Yucca, which has higher MIP
levels. Mycorrhizae are critical to the procure-
ment of essential nutrients for desert plants
for at least part of their life cycle. Because of
this, mycorrhizae play a vital role in competi-
tive outcomes and successional pathways in
harsh arid environments where plant commu-
nity development is very slow.
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Fig. 2. Mean percent mycorrhizal inoculum potential
(MIP) for soil collected from the base of 15 species at the
Nevada Test Site in the Mojave Desert (n = 10). Vertical
bars represent 1 standard deviation. NO and YES refer to
Larrea tridentata without burrows and with burrows,
respectively. Based on Tukey’s post-hoc test at P ≤ 0.05,
Yucca MIP is significantly greater than that of all the other
species; the other MIP values do not differ from each
other. See Table 1 for ANOVA F and P values. 



LITERATURE CITED

AL-AGELY, A.K., AND F.B. REEVES. 1995. Inland sand dune
mycorrhizae: effects of soil depth, moisture, and pH
on colonization of Oryzopsis hymenoides. Mycologia
87:54–60.

ALLEN, M.F., E.B. ALLEN, AND C.F. FRIESE. 1989. Responses
of the non-mycotrophic plant Salsoli kali to invasion
by vesicular-arbuscular mycorrhizal fungi. New Phy-
tologist 111:45–49.

BEATLEY, J.C. 1967. Survival of winter annuals in the
northern Mojave Desert. Ecology 48:745–750.

______. 976. Vascular plants of the Nevada Test Site and
central-southern Nevada: ecological and geographi-
cal distributions. TID-26881, Energy Research and
Development Administration, National Technical
Information Service, U.S. Department of Commerce,
Springfield, VA.

BERCH, S.M., S. GAMIET, AND E. DEOM. 1988. Mycorrhizal
status of some plants of southwestern British Colum-
bia. Canadian Journal of Botany 66:1924–1928.

BETHLENFALVAY, G.J., AND S. DAKESSIAN. 1984. Grazing
effects on mycorrhizal colonization and floristic com-
position of the vegetation on a semiarid range in
northern Nevada. Journal of Range Management
37:312–316.

BLASZKOWSKI, J. 1994. Arbuscular fungi and mycorrhizae
(Glomales) of the Hel Peninsula, Poland. Mycorrhiza
5:71–88.

BLOSS, H.E. 1985. Studies of the symbiotic microflora and
their role in the ecology of desert plants. Desert
Plants 7:119–127.

BOERNER, R.E.J. 1992a. Plant life span and response to
inoculation with vesicular-arbuscular mycorrhizae. I.
Annual versus perennial grasses. Mycorrhiza
1:153–161. 

______. 1992b. Plant life span and response to inoculation
with vesicular-arbuscular mycorrhizae. II. Species
from weakly mycotrophic genera. Mycorrhiza 1:
163–167.

BOWERS, M.A. 1987. Precipitation and the relative abun-
dances of desert winter annuals: a 6-year study in
the northern Mojave Desert. Journal of Arid Envi-
ronments 12:141–149.

BRUNDRETT, M.C. 1991. Mycorrhizas in natural ecosys-
tems. Advances in Ecological Research 21:171–313.

BRUNDRETT, M.C., N. ASHWATH, AND D.A. JASPER. 1996.
Mycorrhizas in the Kakadu region of tropical Aus-
tralia. Plant and Soil 184:159–171. 

BRUNDRETT, M.C., L. MELVILLE, AND L. PETERSON. 1994.
Practical methods in mycorrhiza research. Mycologue
Publications, Guelph, Ontario.

CARRILLO-GARCIA, A., J.-L. LEON DE LA LUZ, Y. BASHAN,
AND G.J. BETHLENFALVAY. 1999. Nurse plants, mycor-
rhizae, and plant establishment in a disturbed area of
the Sonoran Desert. Restoration Ecology 7:321–335.

CUI, M., AND P.S. NOBEL. 1992. Nutrient status, water
uptake and gas exchange for three desert succulents
infected with mycorrhizal fungi. New Phytologist
122:643–649.

DAVIES, F.T., J.R. POTTER, AND R.G. LINDERMAN. 1992.
Mycorrhiza and repeated drought exposure affect
drought resistance and extra radical hyphae develop-
ment of pepper plants independent of plant size and
nutrient content. Journal of Plant Physiology
139:289–294.

DICKMAN, L.A., A.E, LIBERTA, AND R.C. ANDERSON. 1984.
Ecological interactions of little bluestem and vesicu-
lar-arbuscular mycorrhizae. Canadian Journal of
Botany 62:2272–2277.

DOUDS, D., AND W. CHANEY. 1982. Correlation of fungal
morphology and development to host growth in a
green ash mycorrhiza. New Phytologist 92:519–526.

EBBERS, B.C., R.C. ANDERSON, AND A.E. LIBERTA. 1987.
Aspects of the mycorrhizal ecology of prairie drop-
seed, Sporobolus heterolepsis (Poaceae). American
Journal of Botany 74:564–573.

FITTER, A.H. 1989. The role and ecological significance of
vesicular-arbuscular mycorrhizas in temperate eco-
systems. Agriculture, Ecosystems and the Environ-
ment 29:137–151.

GANGE, A.C., AND E. BOWER. 1997. Interactions between
insects and mycorrhizal fungi. Pages 115–130 in A.C.
Gange and V.K. Brown, editors, Multitrophic inter-
actions in terrestrial systems. Blackwell, Oxford.

HICKMAN, J.C., EDITOR. 1993. The Jepson manual. Higher
plants of California. University of California Press,
Berkeley. 1400 pp.

JOHNSON, N.C., F.L. PFLEGER, R.K. CROOKSTON, S.R. SIM-
MONS, AND P.J. COPELAND. 1991. Vesicular-arbuscu-
lar mycorrhizae respond to corn and soybean crop-
ping history. New Phytologist 117:657–663.

JOHNSON, N.C., D. TILMAN, AND D. WEDIN. 1992. Plant
and soil controls on mycorrhizal fungal communities.
Ecology 73:2034–2042.

JOHNSON, N.C., D.R. ZAK, D. TILMAN, AND F.L. PFLEGER.
1991. Dynamics of vesicular-arbuscular mycorrhizae
during old field succession. Oecologia 86:349–358.

JORDAN, D.N., S.F. ZITZER, G.R. HENDRY, K.F. LEWIN, J.
NAGY, R.S. NOWAK, S.D. SMITH ET AL. 1999. Biotic,
abiotic and performance aspects of the Nevada Free-
Air CO2 Enrichment (FACE) facility. Global Change
Biology 5:659–668.

KHAN, A.G. 1974. The occurrence of mycorrhizas in halo-
phytes, hydrophytes, and xerophytes, and of Endo-
gone spores in adjacent soils. Journal of General
Microbiology 81:7–14.

MILLER, R.M. 1979. Some occurrences of vesicular-arbus-
cular mycorrhizae in natural and disturbed ecosys-
tems of the Red Desert. Canadian Journal of Botany
57:619–623.

MOORMAN, T., AND F.B. REEVES. 1979. The role of endo-
mycorrhizae in revegetation practices in the semi-
arid West. II. A bioassay to determine the effect of
land disturbance on endomycorrhizal populations.
American Journal of Botany 66:14–18.

MULLEN, R.B., AND S.K. SCHMIDT. 1993. Mycorrhizal in-
fection, phosphorus uptake, and phenology in Ranun-
culus adoneus: implications for the functioning of
mycorrhizae in alpine systems. Oecologia 94:229–234.

OSTLER, W.K., D.J. HANSEN, AND D.B. HALL. 1999. The
classification of shrublands on the Nevada Test Site.
Pages 137–147 in E.D. McArthur, W.K. Ostler, and
C.L. Wambolt, editors, Proceedings: shrubland eco-
tones, 12–14 August 1998, Ephraim, UT. Proc.
RMRS-P-11, USDA, Forest Service, Rocky Moun-
tain Research Station, Ogden, UT.

PEAT, H.J., AND A.H. FITTER. 1993. The distribution of
arbuscular mycorrhizas in the British flora. New
Phytologist 845–854.

PENDLETON, R.L., AND B.N. SMITH. 1983. Vesicular-arbus-
cular mycorrhizae of weedy and colonizer plant

2002] MOJAVE DESERET MYCORRHIZAE 333



species at disturbed sites in Utah. Oecologia 59:
296–301.

REEVES, F.B., D.W. WAGNER, T. MOORMAN, AND J. KIEL.
1979. The role of endomycorrhizae in revegetation
practices in the semi-arid West. I. A comparison of
incidence of mycorrhizae in severely disturbed vs.
natural environments. American Journal of Botany
66:1–13.

REQUENA, N., P. JEFFRIES, AND J.M. BAREA. 1996. Assess-
ment of natural mycorrhizal potential in a desertified
semiarid system. Applied and Environmental Micro-
biology 62:842–847.

ROMNEY, E.M., V.Q. HALE, A. WALLACE, O.R. LUNT, J.D.
CHILDRESS, H. KAAZ, G.V. ALEXANDER ET AL. 1973.
Some characteristics of soil and perennial vegetation
in northern Mojave Desert areas of the Nevada Test
Site. UCLA #12-916, University of California Los
Angeles, School of Medicine, Los Angeles.

ROMNEY, E.M., A. WALLACE, H. KAAZ, AND V.Q. HALE.
1980. The role of shrubs on redistribution of mineral
nutrients in soil in the Mojave Desert. Great Basin
Naturalist Memoirs 4:124–133.

SANDERS, I.R. 1993. Temporal infectivity and specificity of
vesicular-arbuscular mycorrhizas in co-existing grass-
land species. Oecologia 93:349–355. 

SANDERS, I.R., AND A.H. FITTER. 1992a. The ecology and
functioning of vesicular-arbuscular mycorrhizas in
co-existing grassland species. I. Seasonal patterns of
mycorrhizal occurrence and morphology. New Phy-
tologist 120:517–524. 

______. 1992b. The ecology and functioning of vesicular-
arbuscular mycorrhizas in co-existing grassland
species. II. Nutrient uptake and growth of vesicular-
arbuscular mycorrhizal plants in a semi-natural grass-
land. New Phytologist 120:517–524. 

______. 1992c. Evidence for differential responses be-
tween host-fungus combinations of vesicular-arbus-
cular mycorrhizas from a grassland. Mycological
Research 96:415–419.

SCHELTMA, M.A., L.K. ABBOTT, AND A.D. ROBSON. 1987.
Seasonal variation in the infectivity of VA mycor-
rhizal fungi in annual pastures in a Mediterranean
environment. Australian Journal of Agricultural
Research 38:707–715.

SIGUENZA, C., I. ESPEJEL, AND E.B. ALLEN. 1996. Season-
ality of mycorrhizae in coastal sand dunes of Baja
California. Mycorrhiza 6:151–157.

SMITH, E.E., AND D.J. READ. 1997. Mycorrhizal symbio-
sis. Academic Press, San Diego, CA.

SMITH, S.D., D.A. DEVITT, A. SALA, J.R. CLEVERLY, AND

D.E. BUSCH. 1998. Water relations of riparian plants
from warm desert regions. Wetlands 18:687–696.

SMITH, S.D., R.K. MONSON, AND J.E. ANDERSON. 1997.
Physiological ecology of North American desert
plants. Springer-Verlag, Berlin. 

STUTZ, J.C., R. COPEMAN, C.A. MARTIN, AND J.B. MORTON.
1999. Patterns of species composition and distribu-
tion of arbuscular mycorrhizal fungi in arid regions
of southwestern North America and Namibia, Africa.
Canadian Journal of Botany 78:237–245.

TITUS, J.H., AND R. DEL MORAL. 1998. Vesicular-arbuscu-
lar mycorrhizae influence Mount St. Helens pioneer
species in greenhouse experiments. Oikos 81:495–510.
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