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Abstract. This paper aims to summarize data on the mycorrhizal
status of prairie species, provide a general knowledge of mycorrhi-
zal fungi, and discuss the relevance and potential role of mycorrhi-
zal fungi in ecological restoration of grasslands. Mycorrhizal
associations were documented both from a field survey of prairie
species and from published studies reporting the mycorrhizal status
of prairie species. Only those published studies examining more
than three samples of a species are reported. Plants, including
members of the Poaceae, Asteraceae, Fabaceae, Plantagonaceae,
Scrophulariaceae, Asclepiadaceae, Onagraceae, Malvaceae, Com-
melinaceae, and Cactaceae, were collected in Illinois, Kansas or
Oklahoma. Of the 109 species (25 families) surveyed or reported in
literature, 96% were mycorrhizal and all formed exclusively arbus-
cular mycorrhizal associations. No family therefore was consis-
tently non-mycorrhizal. The role that mycorrhizas play in
reclamation, restoration, and structuring of plant communities and
soil, and maintaining and promoting of plant species diversity, is
believed to be important. Factors which directly or indirectly deter-
mine the occurrence of mycorrhizal propagules, for example, agri-
cultural practices, disturbances and the presence or absence of
mycotrophic and non-mycotrophic species, are potentially impor-
tant in subsequent plant establishment. Restoration projects should
take into account soil abiotic and biotic changes, especially those
associated with mycorrhizal fungi, which can influence plant popu-
lation response, competition, and ultimately successional trajecto-
ries. Given the high occurrence of mycorrhizas in prairies, it is clear
that mycorrhizal fungi may play an important role in these commu-
nities, and warrant detailed study and incorporation into the practice
of ecological restoration.

INTRODUCTION

Mycorrhizal infections or mycorrhizas represent one exam-
ple of a plant-fungal association found under a range of
abiotic conditions and habitats (for recent in depth reviews
on mycorrhizal fungi see Safir 1987, Allen 1991, Brundrett
1991, Allen 1992). Specifically a mycorrhiza involves a
symbiotic association of a host plant root and its associated
fungus. Mycorrhizal fungi are believed to be important to
plants in all ecosystems, however, restoration and manage-
ment practices of prairies have, in general, not been con-
cerned about their potential role in the establishment and
maintenance of plant species or soil structure. Restoration
efforts, however, have provided significant insights into the

functional role of mycorrhizas, such as the role these fungi
play in increasing soil aggregation (Miller 1987). The lack
of interest in mycorrhizal fungi is partly the result of several
factors including the inconspicuous nature of soil biota and
below-ground processes, the scarcity of scientific studies
addressing questions directly related to mycorrhizae, the
absence of detailed studies on many prairie plants, and the
difficulty in working with mycorrhizas (Miller 1987, Allen
1991). This paper aims to summarize data on the mycorrhizal
status of prairie species, provide a general knowledge of
mycorrhizal fungi, and discuss the relevance and potential
role of mycorrhizal fungi in ecological restoration of grass-
lands.

Mycorrhizal fungi belong to the Basidiomycetes, Zygomy-
cetes or Ascomycetes classes of fungi, and are divided into
four groups according to the external and the internal mor-
phology of the root-fungus association. The first group,
arbuscular mycorrhizal (AM) fungi (previously called ve-
sicular-arbuscular mycorrhizal, VAM, fungi), penetrate the
root forming specialized structures. These are associated
mostly with herbaceous and some woody species. The sec-
ond group, Ectomycorrhizae (ECM), form dense hyphal
networks, called Hartig nets, outside the roots and are asso-
ciated almost entirely with woody species. The third group,
the Ericaceous group, form both external and internal hyphal
structures associated with roots, and are associated with
members of the Ericaceae. The fourth group, Orchidaceous
fungi, form structures internal to the root and are generally
seed-borne. These are associated with members of the Orchi-
daceae family. The arbuscular mycorrhizal type, the most
common mycorrhizal fungi associated with herbaceous
plants, will be the focus of this paper.

Arbuscular Mycorrhizal (AM) Fungi

Arbuscular mycorrhizal (AM) fungi are presumably found
associated with most of the world’s herbaceous species
(Newman and Reddell 1987). For example, eighty-nine per-
cent of 61 plant families surveyed in arid and semi-arid
regions world-wide were found to be mycorrhizal, with 84%
of these families forming exclusively AM fungal associa-
tions (Dhillion and Zak 1993). Typically non-mycorrhizal

Thirteenth North American Prairie Conference 103



104 Thirteenth North American Prairie Conference

taxa include Crucifereae, Zygophylaceae, Cactaceae, Che-
nopodiaceae, Cyperaceae, and Junaceae, although some spe-
cies belonging to these families appear on occasion to be
infected by mycorrhizal fungi under certain conditions
(Newman and Reddell 1987, Safir 1987). At present, only a
few studies have attempted to estimate the occurrence of
mycorrhizas among prairie plants (e.g. Wetta 1972, Dickman
et al. 1984, Medve 1984, Zajicek et al. 1986). To document
the presence of mycorrhizas in prairie plants, we surveyed

published records and examined several species in Illinois,
Kansas and Oklahoma.

Nearly 160 species of AM fungi within six genera are cur-
rently recognized (Schenck and Perez 1990). Mycorrhizas
are highly evolved, symbiotic associations between AM
fungi and plant roots. AM fungal hyphae penetrate the root
epidermis and exist as specialized structures (arbuscules,
pelotons, vesicles and inter- and intracellular hyphae) in the
root cortex. Arbuscules are dichotomous, highly branched
structures which presumably are the sites of exchange be-
tween the host and the fungus. In mutualistic associations,
the host plant receives inorganic nutrients and water in ex-
change for carbohydrates. The host plant is generally consid-
ered the sole source of carbohydrates for the fungus. External
to the root, the fungus forms hyphae and reproductive bodies
called chlamydospores or azygospores, which may rarely
form in the root cortex as well. AM fungi are currently best
identified at the species level by their characteristic spores.
The fungal hyphae extend beyond the root hair zone and
exploit nutrient rich regions and thus bridge regions near the
root that are relatively deficient in immobile nutrients to more
nutrient-rich regions not otherwise available to the plant.
Mycorrhizal hyphae, like fine roots and root hairs, have
important characteristics for the uptake of nutrients such as
absorbing power for ions in solution, abundance and distri-
bution, and an effective radius. The fungi thus function as a
supplemental root system for the plant and increase the
volume of soil that would normally be available for nutrient
extraction to the plant (Jackson and Caldwell 1989, Friese
and Allen 1991a). The beneficial effects of mycorrhizae are
often associated with low availability of inorganic nutrients,
especially phosphorus and nitrogen. The mycorrhizal hyphal
network when well ramified through the soil could be impor-
tant in competing with other organisms, including non-my-
corrhizal roots, for nutrients and moisture (Harley and Smith
1983). Mycorrhizal hyphal bridges can also link the circula-
tory system of plants of similar and different species and,
therefore, may influence succession and community dynam-
ics (Newman 1988, Friese 1991, Friese and Allen 1991a).
The number of species studied is small and the ecological
significance unknown, but mycorrhizal links have been re-
ported between annuals, herbaceous perennials, and tree

species as well as between different taxonomic groups (New-
man 1988, Brundrett 1991, Friese and Allen 1991a). The role
that mycorrhizas play in structuring plant communities is
thought to be important because it operates through processes
such as plant competition, phenology and interspecific nutri-
ent transport through hyphal links both intra- and inter-spe-
cifically (Allen and Allen 1984, Newman 1988, Allen and
Allen 1990, Gange et al. 1990, Brundrett 1991).

Plant Responses to AM Fungal Infection

Growth responses of temperate plants, especially grasses, to
mycorrhizal infection are varied, ranging from mutualistic to
parasitic (e.g. Hetrick et al. 1988, Allen et al. 1989, Anderson
and Liberta 1989). In general, plants benefiting from the
mycorrhizal association have greater tolerance to drought
stress and higher photosynthetic rates, biomass production
and inorganic nutrient uptake than non-mycorrhizal plants of
the same or other species. The type of response observed in
mycorrhizal plants can depend on one or several factors,
including available soil moisture, inorganic nutrient avail-
ability, substrate pH, type of AM fungal species, type of host
plant root system, plant host species, age of host plant, time
of year, irradiance and soil associated microorganisms (e.g.
Harley and Smith 1983, Fitter 1985, Anderson and Liberta
1992, Dhillion 1992a, Dhillion 1992b). Although increased
biomass production has very often been used as an indicator
of the nature of AM symbiosis, it is not always the best
measure of the degree of host responsiveness or dependency
on mycorrhizae, since physiological dependency on AM has
been suggested, at least for some grasses (Allen and Allen
1986). The plants that appear to benefit from AM are those
that have a rather coarse root morphology, produce few root
hairs and occur in low nutrient habitats (Baylis 1976, Ander-
son and Liberta 1987). Baylis (1976) and Fitter (1991), for
example, suggested that grasses that can persist without AM
(non-mycorrhizal or facultative) generally have a well devel-
oped, fine, and highly branched topology.

Many studies on effects of mycorrhizas on plants have been
done in controlled environments (green houses and growth
chambers) and on crop plants. Growth habit and physiology
of crop plants, however, are quite different from those of
native or wild plants (Grime 1979, Chapin 1980), and most
likely mycorrhizal fungi effect these plants differentially.
Therefore, it is important to use care in drawing parallels
between crop plants and native plants. To date little work has
been conducted on non-crop forbs.

Ecological specificity

In field studies several plant species have been shown to
exhibit host-endophyte preference or ’ecological specificity’
when associated with indigenous mycorrhizae. The degree
of plant-AM preference, measured as infection and sporula-



tion levels and/or fungal morphology, has been related to
plant dependence on native AM species (Giovannetti and
Hepper 1985, Henkel et al. 1989, McGonigle and Fitter 1990,
Dhillion 1992a, Dhillion 1992b, Sanders and Fitter 1992).
For example, when little bluestem (Schizachyrium scopar-
ium), prairie dropseed (Sporobolus heterolepis) and big
bluestem (Andropogon gerardii) grasses were inoculated
with each of three AM species, each formed mycorrhizas
with all three AM fungal species. However, based on infec-
tion and sporulation levels there was apparently greater pref-
erence for different AM species by each plant (Dhillion
1992a, Dhillion unpublished data). These results suggest that
although, mycorrhizal fungi are nonspecific in their selection
of host species, it is possible that, a host exposed to a mixed
selection of AM fungi could be preferentially infected by one
or more of the endophytes. This specificity may affect the
success of using non-native seed in restoration efforts. In a
recent study, little bluestem plants from Kansas when grown
in soil from Illinois experienced growth depression (Ander-
son and Roberts 1993). Anderson and Roberts (1993) attrib-
uted the lack of a positive mycorrhizal response for little
bluestem to the lack of compatibility between Illinois sand
prairie AM fungal endophytes and plants grown from Kansas
seed source. The successful establishment of native seedlings
thus may be determined by the presence of appropriate native
mycorrhizal fungal species and vice versa.

Plant and Mycorrhizal Reponses

Fire

Grassland fires can directly affect the abundance of soil
surface microflora (e.g. Wicklow 1975, Kapustka and Rice
1976). For mycorrhizae, however, recent studies on little
bluestem grass (Schizachyrium scoparium) in Illinois sand
prairies have shown that mycorrhizal dynamics, as well as
soil microbial populations and saprophytic fungi may, in fact,
be indirectly affected more by the host plant’s response to
fire than directly by fire (Dhillion et al. 1988, Dhillion and
Anderson 1989, Dhillion and Anderson 1993a, Dhillion and
Anderson 1993b, Dhillion and Anderson 1993c).

Biocides

Many management practices utilize biocides to control
weeds, pests and pathogens. Although specific results differ,
in conjunction with high application rates of fungicides and
herbicides, both adversely affect mycorrhizal survival and
function. Fungicides grouped either as substituted aromatic
hydrocarbons used to control pathogens like Alternaria spp.,
Fusarium spp., Rhizoctonia spp., Phythium spp, [e.g., botran,
lanstan and quintozene (PCNB)], or as benzimidazole fungi-
cides such as benomyl thiophanatate, carbendazim, thiopha-
natate, all used as seed treatments, soil drenches, and foliage
sprays, both inhibit AM fungi (Nemec 1980, Habte et al.
1990). In contrast, two anti-oomycete fungicides, fosetyl and
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metalaxyl, when applied at low levels are frequently known
to stimulate AM colonization (Afex et al. 1991, Hetrick and
Wilson 1991).

Fertilizers

Numerous studies suggest that different AM fungi may each
be adapted to a specific fertility level suggesting that in-
creased fertilization may be more deleterious to AM fungi
indigenous to infertile soils than to AM fungi indigenous to
fertile soils (Hayman 1982, Dehne 1987, Johnson and Pfleger
1992). Therefore, runoff from agricultural fields that reaches
a prairie may have a detrimental effect on mycorrhizal infec-
tion or spore production although it may provide nutrients
for prairie species.

Grazing

Both grazers and mycorrhizal fungi depend on plants for
energy thus an interaction seems likely. The response of
mycorrhizal plants to grazing by vertebrates and inverte-
brates vary from no response to stimulation in both growth
and physiological conditions. Generally plants respond to
moderate grazing by increasing biomass allocation to growth
below the grazing zone, particularly enhanced tillerage and
root growth, and to altered growth habit (Miller 1987). Heavy
grazing by ungulates, however, reduced mycorrhizal activity
(Bethlenfalvay et al. 1985, Wallace 1987) and altered species
composition in rangeland (Bethlenfalvay et al. 1985). Alter-
natively, grazing increased AM fungal colonization in short-
grass prairie (Davidson and Christensen 1977) and in
savanna (Wallace 1981). In addition to indirect responses to
surface grazers, mycorrhizal fungi are directly affected by
soil grazes. Invertebrates (e.g. amoeba, nematodes, mites,
collembola and earthworms; see review by Fitter and Sanders
in Allen 1992) are heavy grazers on mycorrhizal fungal
hyphae. Despite the contradictions in responses to grazers,
animals serve as important agents in the dispersal and migra-
tion (soil enrichment) of mycorrhizal fungi (Allen 1991,
Dhillion et al. 1994, McGinley et al. 1994).

Drought

Mycorrhizal fungi can cause changes in plant water relations
and can, in many cases, improve drought resistance or toler-
ance. Most host changes related to water relations are likely
to be secondary responses due to improved nutrition. For an

excellent in-depth review on drought and mycorrhizas see
Safir (1987).

Soil Structure

The presence of AM hyphae can improve soil conditions. In
studies of a chronosequence of restored prairie at Fermi
National Laboratories, Chicago, soil aggregation was shown
to be related to the presence of AM hyphae associated with
roots of prairie plants (Miller and Jastrow 1990). Physical
entanglement by roots and the hyphae of mycorrhizal fungi
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is considered to be a major mechanism in the binding of
microaggregates into macroaggregates, thereby bringing
about the recovery of the crumb structure of degraded agri-
cultural soils (Miller and Jastrow 1986, Miller 1987, Miller
and Jastrow 1990, Miller and Jastrow 1992). Miller and
Jastrow (1990) have hypothesized that changes in the pro-
portions of aggregates of various sizes and the amount of
water-stable aggregates could be used as an index of distur-
bance, or recovery, in the restoration process.

Disturbance and Species Interactions

Plant communities are dynamic assemblages of species, in
which all species should be viewed as potential invaders and
colonists (e.g. Grubb 1977, Grime 1979, Pickett and White
1985, Gross 1987). Periodic or occasional disturbances and
the type of disturbance, both large and small scale, can
remove some species and allow others to become established
for a certain time. In grassland and other communities, ani-
mal mounds can become sites of enhanced plant estab-
lishment because of both improved nutrient status and the
presence of beneficial mycorrhizal fungi capable of initiating
amutualistic association with the invading plants (e.g. Allen,
M. 1988, Dhillion et al. 1994, McGinley et al. 1994). Thus
mycorrhizal plants, associated with animal disturbances,
may have a better chance of establishment than nearby non-
mycorrhizal individuals. Disturbance can also effect the spe-
cies composition of the mycorrhizal fungus community,
which can result in shifting of dominant fungal species and
thereby changing host response and composition (Miller
1979). Understanding how communities develop following
asmall or large scale disturbance is fundamental to develop-
ing an understanding of the maintenance and restoration of
diversity in plant communities (Grubb 1977, Mooney and
Gordon 1983, Gross 1987, Allen E. 1988, Dhillion et al.
1994).

METHODS AND MATERIALS

Plants surveyed for this study were collected from Illinois,
Kansas or Oklahoma (Table 1). Five to ten individual plants
of each species were examined. Feeder roots (generally 2 mm
diameter) were used for mycorrhizal evaluation. When roots
could not be processed immediately they were fixed in for-
malin-acetic acid-alcohol (FAA; 10:35:10:5 formalin-water-
ethanol-acetic acid) as soon as possible after excavation.
Roots fixed in FAA were washed at least three times prior to
placement for clearing in a glass vial with 10% KOH and left
for about 5 days at room temperature. [Roots may be directly
put in KOH if staining is to be done fairly soon, thus elimi-
nating the FAA step. However this step can be hastened by
heating root in the vial at 90°C in a water bath between 15 -
25 mins.] Cleared roots were rinsed three times with water
and acidified with 1% HCI. The roots are left in 1% HCI for

at least 5 mins. The HCI was decanted off and 0.5 % trypan
blue stain in lactoglycerol (lactic acid:glycerol:water; 1:1:1)
added to cover the roots. The roots were left in the stain for
about 5 days or heated in a water bath at 90°C for about 15-30
mins. The trypan-blue-lactoglycerol solution was decanted
and lactoglycerol solution added (without stain). This
destaining removed excess stain, and preserved roots for up
to a year. Prairie herbaceous species do not contain much
lignin and thus do not require any drastic clearing processes.
However, if such a requirement should arise, consult
Schenck (1982) and Norris et al. (1992).

The staining procedure removes the cellular contents of the
roots leaving fungal structures which appear blue when
viewed under the microscope. Root fungi other than AM
fungi were also stained by this process. The presence of
structures characteristic of AM fungi (arbuscules, pelotons,
vesicles, and coenocytic hyphae) were used to separate from
other root endophytes. Percent AM colonization (% infec-
tion) was estimated using the gridline intersection method
(Giovannetti and Mosse 1980).

In addition to collections made for this study, data used
include those from published studies reporting on the my-
corrhizal status of plaﬁt species. Only those published studies
which examined at least three individuals of a species are
reported in this study.

RESULTS AND DISCUSSION

Mycorrhizal Status of Prairie Plants

Like plants in other communities (Moore 1987, Dhillion and
Zak 1993), prairies also consist of a large number of mycorr-
hizal species. Of the 109 species (25 families) surveyed in
this study or reported in literature, 96% were mycorrhizal and
all formed exclusively AM associations (Table 1). It should
be noted that in members of families considered to be non-
mycorrhizal, mycorrhizas were seen, on occasion, to form
although infection levels were very low (ranging from 1-5%).
No family therefore was consistently non-mycorrhizal. In
this study, dominant prairies grasses, such as big bluestem,
little bluestem, and Indian grass (Sorghastrum nutans), were
found to be highly mycorrhizal. Generally plants which tend
to form coarse or tap roots [e.g. rigid goldenrod (Solidago
rigida), bull thistle (Cirsium vulgare), Jerusalem artichoke
(Helianthus tuberosus), Indian grass, big bluestem] also
were highly mycorrhizal. In contrast,very fine rooted plants
[e.g. hairy aster (Aster pilosus), daisy fleabane (Erigeron
annuus), three-awned grass (Aristida oligantha), grama
grasses (Bouteloua spp.), large fescue (Festuca arundina-
cea), and foxtails (Setaria spp.)] had low levels of infection.
These fine rooted plants may be better able to exploit soil
resources then coarse rooted ones, and thereby not require a
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Table 1. Mycorrhizal status and infection levels of prairie species of North America. Infection levels (% I) may be low (L, <15 %),
moderate (M, 15-40 %),high (H, >40 %)’ or absent (N).

FAMILY AND SPECIES COMMON NAME HABITAT % 1
APOCYNACEAE

Apocynum cannabinum Dogbane oldfield M
ASCLEPIADACEAE

Asclepias syriaca Prairie Milkweed oldfield L
Asclepias tuberosa Green Milkweed sand prarie, forest M
Asclepias viridiflora Butterfly weed sand prairie M
ASTERACEAE

Ambrosia artemisiifolia Common Ragweed sand prairie

Ambrosia trifida Giant Ragweed sand prairie

Antennaria neglecta Pussy toes sand prairie

Artemisia ludoviciana Western Mugwort sand prairie

Aster drummondii

Drummond Aster

mesic prairie

Aster ericoides Heath Aster mesic prairie
Aster novae-angliae New England Aster mesic prairie
Aster pilosus Hairy Aster mesic prairie
Chrysanthenum leucanthemum Ox-eye Daisy roadside
Cirsium arvense Canada Thistle oldfield
Cirsium discolor Field Thistle oldfield
Cirsium undulatum Wavyleaf Thistle oldfield
Cirsium vulgare Bull Thistle roadside
Conyza canadensis Horseweed, Muleweed sand prairie
Erigeron annuus Daisy Fleabane mesic prairie
Erigeron philadelphicus Philadelphia Fleabane oldfield
Eupatorium perfoliatum Common Boneset oldfield
Helianthus annuus Common Sunflower roadside
Helianthus grosseserratus Sawtooth Sunflower roadside
Helianthus mollis Downy Sunflower oldfield

Helianthus rigidus
Helianthus sempervirens

Prairie Sunflower

mesic prairie
mesic prairie

Helianthus tuberosus Jerusalem Artichoke oldfield
Hieracium pratense King of Devils roadside
Lactuca biennis Tall Blue Lettuce oldfield
Liatris spicata Dense Blazing Star prairie
Rudbeckia hirta Blackeyed Susan sand prairie
Silphium integrifolium Rosinweed roadside
Silphium laciniatum Compass Plant oldfield
Silphium perfoliatum Cup Plant roadside
Silphium terebinthinaceum Prairie Dock roadside
Solidago altissima Tall Goldenrod oldfield
Solidago canadensis Canada Goldenrod oldfield
Solidago graminifolia Grass-leaved Goldenrod oldfield
Solidago juncea Early Goldenrod sand prairie
Solidago rigida Rigid Goldenrod mesic prairie
Solidago speciosa Showy Goldenrod mesic prairie
Sonchus asper Spiny Sow Thistle mesic prairie

Taraxacum officinale

Common Dandelion

oldfield
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Table 1, continued.

FAMILY AND SPECIES COMMON NAME HABITAT % 1
Tussilago farfara Coltsfoot oldfield M
Vernonia fasciculata Ironweed dry-mesic M
CACTACEAE

Opuntia humifusa Prickly-pear Cactus sand prairie M
CHENOPODIACEAE

Chenopodium album Lamb’s Quarters roadside L
COMMELINACEAE

Tradescantia ohioensis Spiderwort mesic prairie L
Tradescantia virginiana Spiderwort sand, mesic prairie M
CORNACEAE

Cornus racemosa Gray Dogwood oldfield L
EUPHORBIACEAE

Acalypha rhomboidea Three-seeded Mercury mesic prairie M
FABACEAE

Baptisia lactea White Wild Indigo dry-mesic prairie H
Cassia fasciculata Partridge Pea mesic prairie H
Lathyrus palustus Marsh Vetching mesic prairie M
Tephrosia virginiana Goat’s Rue sand prairie M
Trifolium pratense Red Clover mesic prairie L
Trifolium repens White Clover mesic prairie L
LABIATAE

Lycopus uniflorus Northern Bugle Weed mesic prairie M
Prunella vulgaris Self-heal mesic prairie M
LOBELIACEAE

Lobelia inflata Indian Tobacco mesic prairie M
OENOTHERACEAE

Oenothera biennis Evening Primrose mesic prairie, roadside M
OXALIDACEAE

Oxalis stricta Yellow Wood Sorrel mesic prairie M
PLANTAGINACEAE

Plantago lanceolata Buckhorn mesic prairie H
Plantago major Common Plantain mesic prairie H
Plantago rugelii Rugel’s Plantain mesic prairie H
POACEAE

Agropyron repens Quack Grass oldfield N
Andropogon gerardii Big Bluestem mesic prairie H
Aristida purpurascens Purple Triple-awned sand prairie L
Aristida oligantha Three-awned sand prairie L
Bouteloua curtipendula Side-oats Grama sand prairie M
Bouteloua dactyloides Buffalo Grass dry prairie L
Bouteloua gracilis Blue Grama dry prairie L
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FAMILY AND SPECIES

Bouteloua hirsuta
Bromus inernis
Digitaria sanguinalis
Elymus canadensis
Elymus cinerus
Eragrostis spectabilis
Eragrostis trichodes
Festuca arundinacea
Koeleria pyramidata
Lolium perenne
Panicum capillare
Panicum lanuginosum
Panicum virgatum
Paspalum stramineum
Phleum pratense

Poa pratensis
Schizachyrium scoparium
Setaria geniculata
Setaria glauca
Setaria faberii

Setaria lutescens
Sorghastrum nutans
Spartina pectinata
Sporobolus heterolepis
Stipa spartea

POLEMONIACEAE
Phlox pilosa

POLYGALACEAE
Polygala senega
Polygala verticillata

POLYGONACEAE

Polygonum persicaria
Rumex acetosella

POLYPODIACEAE
Onoclea sensibilis

MALVACEAE
Abutilon theophrastii

ROSACEAE
Potentilla simplex
Prunus serotina
Rubus allegheniensis
Rubus hispidus

COMMON NAME

Hairy Grama
Awnless Brome
Crab Grass
Nodding Rye

Tumble Grass
Sand love Grass
Large Fescue

English Rye Grass
Witch Grass

Switch Grass

Sand Paspalum
Timothy

Kentucky Bluegrass
Little Bluestem
Perennial Foxtail
Yellow Foxtail
Giant Foxtail
Yellow Foxtail
Indian Grass

Prairie Cordgrass
Prairie Dropseed
Porcupine Needlegrass

Downy Phlox

Senega Snakeroot
Whorled Milkwort

Lady’s Thumb
Sour Dock

Sensitive Fern

Velvet Leaf

Common Cinquefoil
Wild Black Cherry
Common Blackberry
Swampy Dewberry

HABITAT

dry-mesic prairie
oldfield
mesic prairie
mesic prairie
mesic prarie
sand prairie
sand prairie
oldfield
oldfield
mesic prairie
sand prairie
sand prairie
sand prairie
sand prairie
mesic prairie
prairie

sand,mesic prairie

mesic prairie
mesic prairie
oldfield
oldfield
mesic prairie
mesic prairie
mesic prairie
prairie

prairie, oldfield

dry-mesic prairie
dry prairie

mesic prairie
mesic prairie

mesic prairie

mesic prairie

mesic prairie
oldfield
oldfield
oldfield
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Table 1, continued.

FAMILY AND SPECIES COMMON NAME HABITAT % 1
SCROPHULARIACEAE

Linaria vulgaris Butter-and-eggs mesic prairie L
Verbascum thapsus Common Mullien mesic prairie,roadside M
SOLANACEAE

Physalis heterophylla Ground Cherry mesic prairie M
Solanum carolinense Horse-Nettle prairie M
UMBELLIFERAE

Daucus carota Wild Carrot,Queen Ann’s Lace oldfield,roadside N
VITACEAE

Vitis sp. Wild Grape oldfield M

IThese data are a list of prairie species collected in either Illinois, Kansas, Oklahoma (Dhillion, period of collection 1987-91)
or summarized from Anderson and Liberta 1987, Dickman et al. 1984, Ebbers et al. 1987, Hetrick et al. 1986, Hetrick et al.

1990, Medve 1984, Medve 1985 and Zajicek et al. 1986.

heavy investment in a symbiotic association. Another expla-
nation may be that even highly mycorrhizal species can have
differential responses to AM fungal infection due to soil
nutrient levels, soil microbes and ecotypic variation (Hetrick
et al. 1986, Cerligione et al. 1988, Hetrick et al. 1988,
Anderson and Liberta 1989, Anderson and Liberta 1992,
Meredith and Anderson 1992).

Relevance and Potential Role of Mycorrhizal Fungi in Res-
toration

Ewel (1987) stated that the success of community restoration
can be judged by five criteria, sustainability, invasibility,
productivity, nutrient retention and biotic interactions, all of
which should be critically investigated and not simply based
on whether or not a reconstituted community appears to
resemble the original. Many restoration attempts are de-
signed to establish the relatively high level of species diver-
sity, species composition and interactions characteristic of a
prairie community (Kline and Howell 1987, Dhillion et al.
1994). Successful restoration should be ecologically sustain-
able and repeatable. Much of what we understand today
about restoration is, however, anecdotal because of the past
lack of emphasis on collecting and analyzing data. This has
made repeating successful restorations difficult (Allen E.
1988, Allen 1991). Thus for a prairie to be truly ecologically
sustainable the need to understand interactions of its various
components becomes essential. With the current rapid loss
of species and deterioration of our ecosystems restoration
efforts have increased. It is necessary for successful restora-
tion to obtain appropriate data for past efforts including
investigating less obvious habitat factors, such as mycorrhi-
zal fungi, prior to the implementation of restoration, and

subsequent management practices (Allen E. 1988, Allen
1991, Dhillion et al. 1994).

Species Diversity, Plant Community and Succession

There is also growing evidence from both laboratory and
field data suggesting that AM fungi may be important in
maintaining and promoting plant species diversity since the
diversity of AM fungal communities has been correlated to
diversity of plant communities (Rabatin and Stinner 1989,
Allen 1991). Mycorrhizas for example can increase plant
diversity in early successional communities (Gange et al.
1990). Non-mycotrophic species (those that do not form
mycorrhizas) exist in early successional communities where
AM fungal inoculum is low or absent and mycotrophic
species predominate where AM fungal inoculum is high
(Miller 1987, Allen 1989, Allen 1991). Thus a highly diverse
community of AM fungi may be desirable to increase options
for host-fungus combinations. Plant dependency on mycorr-
hizae may change with the successional stage of the system
(Miller 1987, Allen 1991). For example, in shrublands of the
western U.S., many pioneer herbaceous plants of early suc-
cession belong to non-mycorrhizal families, whereas late
successional stages have plants belonging to mostly mycorr-
hizal families (Allen 1991). It appears that the earlier seral
stages have facultative species that, through various means,
build inoculum and nutrient levels that facilitate the estab-
lishment of obligate mycotrophs (Allen and Allen 1986,
Allen 1989). In prairie restorations, Howell and Jordan
(1991) argue that poor competitors should be planted first to
facilitate their establishment before aggressive plants, per-
haps pioneer species, are introduced. It is very likely that
these "poor competitors’ or ’conservative species’, which are
regarded by some workers as late seral successional species



(Howell and Jordan 1991, Allen 1992, Howell personal
communication), may successfully establish only when ap-
propriate AM fungi are present. It is not surprising that some
late successional species do not establish in disturbed envi-
ronments where AM inoculum may be very low or absent
(Janos 1980, Allen E. 1988, Allen 1992).

Numerous studies have suggested that the mycorrhizal in-
oculum levels (mycorrhizal propagules) of soils determine
plant species establishment and persistence, and introduction
of soils from late successional seres may hasten the rate of
reclamation or restoration (Allen E. 1988, Allen 1991). The
increasing number of species dependent on AM and larger
number of mycorrhizal species in later seral stages along with
growth and physiological responses of plant species from
different seral stages provide support for this hypothesis
(Allen E. 1988, Allen 1991). The type of mycorrhizal com-
munity found on a site, therefore, may influence the next
assemblage of species through its affects on the mycorrhizal
fungus population (Friese and Allen 1991b). One manage-
ment strategy is to hasten the rate of succession by planting
late seral species in the hope that the vegetation and associ-
ated abiotic and biotic components will continue in the same
trajectory of succession as would the undisturbed system
(Allen E. 1988). This approach, however, may be futile if
needed AM fungi are absent from the establishment site. It
is logical, therefore, to hypothesize that the introduction of
AM fungi may facilitate continuity in succession and thus
hasten the restoration process (Moorman and Reeves 1979,
Janos 1980).

AM Fungal Inoculum

Mycorrhizal hyphae in root fragments can be more effective
inoculum than spores. Recent studies show that mycorrhizal
hyphae in root pieces are probably the most important source
of inoculum (mycorrhizal propagules) since mycorrhizal root
fragments can initiate infection faster than spores (Friese
1991, Friese and Allen 1991a, Friese and Allen 1993).
Spores, however, can account for up to about 33% of the
potential inoculum in sand prairies (Dhillion and Anderson
1993a, Dhillion and Anderson 1993c). The most significant
contributor to mycorrhizal inoculum levels is, however, the
presence of an intact mycorrhizal hyphal network and asso-
ciated root system (Newman 1988, Friese and Allen 1991a).
In general, mycorrhizal inoculum potential, and sporulation
levels, are lowest in the middle of the growing season and
highest near the end of the season (Dhillion and Anderson
1993). Seasonal patterns in sporulation can, however, vary
according to the individual AM fungal or plant species. The
presence of mycorrhizal propagules in recently removed
soils has been shown to contain more viable mycorrhizal
propagules than soils that have been stored (Miller 1984).
The inoculum of AM fungi is reduced when soil is disturbed,
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such as during mining, biocide application, agricultural prac-
tices and erosion.

CONCLUSION

Given the high occurrence of mycorrhizas in prairies and the

potential benefits of the mycorrhizal symbiosis, prairie res-

toration processes, plant establishment, community dynam-

ics and soil development in prairie can be influenced by the

presence or absence of mycorrhizal fungi. Factors which

directly or indirectly determine the occurrence of mycorrhi-

zal propagules, for example, agricultural practices, natural

disturbances and the presence or absence of mycotrophic and

non-mycotrophic species, are potentially important in sub-

sequent plant establishment. Restoration projects should take

into account soil abiotic and biotic changes, especially those

associated with mycorrhizas which can influence plant popu-

lation/community response, competition, and ultimately suc-

cessional trajectories. Without successful establishment of
appropriate mycorrhizal fungi, the plant species composition

and soil characteristics of grassland communities undergoing’
restoration may be altered, and lead to the further degradation

of these lands.

ACKNOWLEDGEMENTS

We like to thank Roger C. Anderson for providing encour-
agement and support to S. Dhillion during the collection and
examination of plants in Illinois, and for the many hours of
discussions. We also like to thank Mike Miller for discus-
sions on mycorrhizal ecology. Laaw Ampornpan, Pamela
Benjamin, James Cooke and Dagne Olsberg kindly assisted
in the collection of plants in Illinois. Elvin Newman, Univer-
sity of Oklahoma, and Paul Reddell, Kansas State University,
are acknowledged for their assistance in the collection of
plants and soil. Emilio H. De Leon is thanked for data
organization. Much appreciated are also the critical and
constructive reviews by two anonymous reviewers which
helped improve this manuscript substantially.

LITERATURE CITED

Afex, U, J.A. Menge and E.L.V. Johnson. 1991. Interaction
among mycorrhizae, soil solarization, metalaxyl, and
plants in the field. Plant Disease 75:665-671.

Allen, E.B. (ed.) 1988. The reconstruction of disturbed arid
ecosystems. Westview Press, Boulder, Colorado. pp. 136-
161.

Allen, E.B. 1989. The restoration of disturbed arid land-
scapes with special reference to mycorrhizal fungi. Journal
of Arid Environments 17:279-286.



112 Thirteenth North American Prairie Conference

Allen, EB. and M.F. Ailen. 1984, Competition between
plants of different successional stages: mycorrhizae as
regulators. Canadian Journal of Botany 62:2625-2629.

Allen, E.B. and ML.F. Allen. 1986. Water relations of xeric
grasses in the field: interactions of mycorrhizas and com-
petition. New Phytologist 104:559-571.

Allen, M.F. 1988. Re-establishment of VA mycorrhizae
following severe disturbance: comparative patch dynam-
ics of a shrub desert and a subalpine volcano. Proceedings
of the Royal Society, Edinburgh, 94:63-71.

Allen, M.F. 1991. The ecology of mycorrhizae. Cambridge
University Press. Cambridge Studies in Ecology series.

Allen, M.F. 1992. (ed.) Mycorrhizal functioning. Routledge,
Chapman and Hall, New York.

Allen, M. F. and E.B. Allen. 1990. The mediation of compe-
tition by mycorrhizae in successional and patchy environ-
ments. /n Perspectives on Plant Competition. Edited by
J.B. Grace and G.D. Tilman. Academic Press, New York.

Allen, M.F., E. B. Allen, and C. F. Friese. 1989. Responses
of the non-mycotrophic plant Salsola kali to invasion by
vesicular-arbuscular mycorrhizal fungi. New Phytologist
111:45-49.

Andersen, D.C. and J.A. MacMahon. 1985. Plant succession
following the Mount St. Helens volcanic eruption: facili-
tation by a burrowing rodent, Thomomys talpoides.
American Midland Naturalist 114:62-69.

Anderson, R.C. and C. Roberts. 1993. Response of isolates
of three little bluestem (Schizachyrium scoparium) popu-
lations to mycorrhizal fungal inoculum from a single
source. Restoration Ecology 1:00-00. (in press).

Anderson, R.C. and A.E. Liberta. 1987. Variation in vesicu-
lar-arbuscular mycorrhizal relationships of two sand prai-
rie species. American Midland Naturalist 118:56-63.

Anderson, R.C. and A.E. Liberta. 1989. Growth of little
bluestem (Schizachyrium scoparium) (Poaceae) in fumi-
gated and nonfumigated soil under various inorganic nu-
trient conditions. American Journal of Botany 76:95-104.

Anderson, R.C. and A.E. Liberta. 1992. Influence of supple-
mental inorganic nutrients on the growth, survivorship,
and mycorrhizal relationships of Schizachyrium scopar-
ium (Poaceae) grown in fumigated and unfumigated soil.
American Journal of Botany 79:406-414.

Bethlenfalvay, G.J.,R. A. Evans and A.L. Lesperance. 1985.
Mycorrhizal colonization of crested wheatgrass as influ-
enced by grazing. Agronomy Journal 77:233-236.

Baylis, G.T.S. 1976. The magnolioid mycorrhiza and my-
cotrophy in root systems derived from it. /n Endomycorr-
hizas. Edited by Mosse B, Saunders FE and Tinker PB.
Academic Press, London. pp. 373-389.

Brundrett, M. 1991. Mycorrhizas in natural ecosystems.
Advances in Ecological Research 21:171-313.

Chapin, F.S. ITI. 1980. The mineral nutrition of wild plants.
Annual Review of Ecology and Systematics 11:233-245.

Cerligione, L.J., A.E. Liberta and R.C. Anderson. 1988.
Effects of soil moisture and soil sterilization on vesicular-
arbuscular mycorrhizal colonization and growth of little
bluestem (Schizachyrium scoparium). Canadian Journal
of Botany 66:756-761.

Davidson, D. E. and M. Christensen. 1977. Root-microfun-
gal and mycorrrhizal associations in a shoprtgrass prairie.
In the belowground ecosystem: A synthesis of plant-as-
sociated processess. Edited by J.K. Marshall, colorado
State University Press, Collins, CO. pp. 279-87.

Dehne, H. W. 1987. Management of VA mycorrhizae in
temperate crops. In Mycorrhizae in the next decade prac-
tical applications and research priorities. Proceedings
Seventh North American Conference on Mycorrhizae,
Gainesville, Fl. p. 5.

Dhillion, S.S. 1992a. Host-endophyte specificity of vesicu-
lar-arbuscular mycorrhizal colonization of three varieties
of Oryza sativa L. at the pretransplant stage in low and
high phosphorus soils. Soil Biology and Biochemistry
24(5):405-411.

Dhillion, S.S. 1992b. Evidénce for host-mycorrhizal prefer-
ence in native grassland species. Mycological Research.
96(5):359-362.

Dhillion, S.S. and R.C. Anderson. 1989. Mycofloral re-
sponse to burning on sand prairie. Proceedings of the XVI
International Grassland Congress, INRA, Jony-en-Josas,
France, 2:707-708.

Dhillion, S.S. andR.C. Anderson. 1993a. Seasonal dynamics
of dominant species of arbuscular mycorrhizal fungi in
burned and unburned sand prairies. Canadian Journal of
Botany 71:000-000 (in press).

Dhillion, S.S. and R.C. Anderson.1993b. Root growth, and
microorganisms associated with the rhizoplane and root
zone of a native C4 grass on burned and unburned sand
prairies. Soil Biology and Fertility 17:000-000 (in press).

Dhillion, S.S. and R.C. Anderson. 1993c. Growth dynamics
and associated mycorrhizal fungi of little bluestem grass
(Schizachyrium scoparium) on burned and unburned sand
prairies. New Phytologist 123:77-91.

Dhillion, S.S., R.C. Anderson and A.E. Liberta. 1988. Effect
of fire on the mycorrhizal ecology of little bluestem
(Schizachyrium scoparium). Canadian Journal of Botany
66:706-713.

Dhillion, S.S., M.A. McGinley, C.F. Friese and J.C. Zak.
1994. Construction of the sand-shinnery oak communities
of the Llano Estacado: animal disturbances, plant commu-
nity structure, and restoration. Restoration Ecology 2:00-
00 (in press).

Dhillion, S.S. and J.C. Zak. 1993. Microbial dynamics in arid
ecosystems: desertification and the potential role of my-



corrhizas. Revista Chilena de Historia Natural 66:253-
270.

Dickman, L. A., A. E. Liberta and R.C. Anderson. 1984.
Ecological interaction of little bluestem and vesicular-ar-
buscular mycorrhizal fungi. Canadian Journal of Botany
62: 2272-2277.

Ebbers, B. C. , R. C. Anderson and A. E. Liberta. 1987.
Aspects of the mycorrhizal ecology of prairie dropseed,
Sporobolus heterolepis (Poaceae). American Journal of
Botany 74(4):564-573.

Ewel, I. J. 1987. Restoration is the ultimate test of ecological
theory. In Restoration Ecology: A synthetic approach to
ecological research. Edited by Jordan III, W. R., M. E.
Gilpin and J. D. Aber. Cambridge University Press.

Fitter, A.H. 1985. Functioning of vesicular-arbuscular my-
corrhizas under field conditions. New Phytologist 99:257-
265.

Fitter, A. H. 1991. Costs and benefits of mycorrhizas: Impli-
cations for functioning under natural conditions. Experi-
entia 47:350-355.

Friese, C. F. 1991. The interaction of harvester ants and VA
mycorrhizal fungi in a patchy environment: The effects of
mound structure on fungal dispersion and establishment.
Ph. D. Dissertation. Utah State University, Logan.

Friese, C. F., and M. F. Allen. 1991a. The spread of VA
mycorrhizal fungal hyphae in the soil: Inoculum types and
external hyphal architecture. Mycologia 83(4):409-418.

Friese, C. F.,, and M. F. Allen. 1991b. Tracking the fates of
exotic and local VA mycorrhizal fungi: methods and
patterns. Agriculture, Ecosystems and the Environment
34:87-96.

Friese, C.F. and M.F. Allen 1993. The interaction of har-
vester ants and VA mycorrhizal fungi in a patchy environ-
ment: The effects of mound structure on fungal dispersion
and establishment. Functional Ecology 7:13-20.

Gange, A.C., V.K. Brown and L.M. Farmer. 1990. A test of
mycorrhizal benefit in an early successional plant commu-
nity. New Phytologist 115:85-92.

Giovannetti, M and C.M. Hepper 1985. Vesicular-mycorrhi-
zal infection in Hedysarum coronarium and Onobrychus
viciaefolia: Host-endophyte specificity. Soil Biology and
Biochemistry 17(6):899-900.

Giovannetti, M. and B. Mosse.1980. An evaluation of tech-
niques for measuring vesicular-arbuscular mycorrhizal
infection in roots. New Phytologist 84:489-500.

Grime, J.P. 1979. Plant strategies and vegetation processess.
John Wiley, New York.

Gross, K.L. 1987. Mechanisms of colonization and species
persistence in plants communitites. In Restoration ecol-
ogy: A synthetic approach to ecological research. Edited
by Jordan III, W. R., M. E. Gilpin and J. D. Aber. Cam-
bridge University Press.

The Occurence of Mycorrhizas in Prairies 113

Grubb, P. J. 1977. The maintenance of species richness in
plant communities: the importance of the regeneration
niche. Biological Reviews 52:247-70.

Habte, M., T. Aziz and J.E. Yuen. 1990. Residual effect of
chorothalonil on the vesicular-arbuscular mycorrhizal
symbiosis in Leucaena leucocephala. In Eigth North
American Conference on Mycorrhizae. Jackson, Wyo-
ming. p. 130.

Harley, J. L. and S.E. Smith. 1983. Mycorrhizal symbiosis.
Canadian Journal of Botany 51:944-951.

Hayman, D.S. 1982. Influence of soils and fertility on activ-
ity and survival of vesicular-arbuscular mycorrhizal fungi.
Phytopathology 72:1119-1125.

Henkel, T.W., W.K. Smith and M. Christensen. 1989. Infec-
tivity and selectivity of indigenous vesicular-arbuscular
mycorrhizal fungi from contiguous soils in southwestern
Wyoming, USA. New Phytologist 112:205-214,

Hetrick, B.A.D., D.G. Kitt, and G.T. Wilson. 1986. The
influence of phosphorus fertilization, drought, fungal spe-
cies, and nonsterile soil on mycorrhizal growth response
in tall grass prairie plants. Canadian Journal of Botany 64:
1199-1203.

Hetrick, B.A.D., G.T. Wilson, D.G. Kitt and A.P. Schwab.
1988. Effects of soil microorganisms on mycorrhizal con-
tribution to growth of big bluestem grass in non-sterile
soil. Soil Biology and Biochemistry 20:501-507.

Hetrick, B.A.D. and G.W.T. Wilson. 1991. Effects of my-
corrhizal fungus species and metaxyl application on mi-
crobial suppression of mycorrhizal symbiosis. Mycologia
83: 97-102.

Hetrick, B.A. D., G. W. T. Wilson and T. C. Todd. 1990.
Differential responses of C3 and C4 grasses to mycorrhizal
symbiosis, phosphorus fertilization, and soil micororgan-
isms. Canadian Journal of Botany 68:461-467.

Howell, E.A. and W.R. Jordan III. 1991. Tall grass prairie
restoration in the North American Midwest. In The scien-
tific management of temperate communities for conserva-
tion. Edited by Spellerberg LF., F.B. Goldsmith and M.G.
Morris. Blackwell Scientific Publications, Oxford, UK.
pp 394-414.

Jackson, R.B. and M.M. Caldwell. 1989. The timing and
degree of root proliferation in fertile-soil microsites for
three cold-desert perennials. Oecologia 81:149-153.

Janos, D.P. 1980. Mycorrhizae influence tropical succession.
Biotropica (Tropical Succession) 12:56-95.

Johnson, N.C. and Pfleger, F.L., 1992. In VA mycorrhizae
and cultural stresses. Edited by G.J. Bethlenfalvay and
Linderman R.G. VA Mycorrhizae in Sustainable Agricul-
ture. ASA special Publication No 54., Madison, pp. 71-
100.

Kapustka, L. A. and E. L. Rice. 1976. Acetylene reduction
(N2-fixation) in soil and old-field succession in central
Oklahoma. Soil Biology and Biochemistry 8:497-503.



114 Thirteenth North American Prairie Conference

Kline, V.M. and E.A. Howell. 1987. Prairies. In Restoration
ecology: A synthetic approach to ecological research.
Edited by Jordan III, W. R., M. E. Gilpin and J. D. Aber.
Cambridge University Press.

McGinley, M.A., S. S. Dhillion and J. Neumann. 1994,
Environmental heterogeneity and seedling establishment:
ant-plant-microbe interactions. Functional Ecology (in
press).

McGonigle, T.P. and A.H. Fitter. 1990. Ecological specific-
ity of vesicular-arbuscular mycorrhizal associations. My-
cological Research 94(1):120-122.

Medve, R. J. 1984. The mycorrhizae of pioneer species in
disturbed ecosystems in western Pennsylvania. American
Journal of Botany 71(6):787-794.

Medve, R. J. 1985. The effect of fire on the root hairs and
mycorrhizae of Liatris spicata. Ohio Academy of Science
85(4):151-154.

Meredith, J.A. and R.C. Anderson. 1992. The influence of
varied microbial substrate conditions on the growth and
mycorrhizal colonization of little bluestem (Schizachy-
rium scoparium (Michx.) Nash). The New Phytologist
121:235-242.

Miller, R.M. 1979. Some occurrences of vesicular-arbuscu-
lar mycorrhiza in natural and disturbed ecosystems of the
Red Desert. Canadian Journal of Botany 57:619-623.

Miller, R.M. 1984. Microbial ecology and nutrient cycling in
disturbed arid ecosysterms. /n Ecological Studies of dis-
turbed landscapes Ch. 3. DOE/NBM-500-9372.

Miller, R M. 1987. The ecology of vesicular-arbuscular my-
corrhizae in grass- and shrublands. /n Ecophysiology of
VA mycorrhizal plants. Safir, G.R. (ed.) CRC Press, Boca
Raton, Florida.

Miller, R.M. and J.D. Jastrow. 1986. Influence on soil struc-
ture supports agricultural role for prairies, prairie restora-
tion. Restoration and Management Notes 4:62-63.

Miller, R.M. and J.D. Jastrow. 1990. Hierarchy of root and
mycorrhizal fungal interactions with soil aggregation. Soil
Biology and Biochemistry 22:579-584.

Miller, R. M. and J.D. Jastrow. 1992. The application of VA
mycorrhizae to ecosystem restoration and reclamation.
438-467. In Mycorrhizal functioning. Edited by M.F.
Allen. Routledge, Chapman and Hall, New York.

Mohlenbrock, R.H. 1986. Guide to the vascular flora of
Illinois. Southern Illinois University Press, Carbondale,
Illinois.

Mooney, H.A. and M. Gordon. (eds.) 1983. Disturbance and
ecosystems. Berlin: Springer-Verlag.

Moore, P. D. 1987. Distribution of mycorrhiza throughout
the British Flora. Nature 327:217.

Moorman, T. and R.B. Reeves. 1 979. The role of endomy-
corrhizae in revegetation practices of the semi-arid west.
II. Bioassay to determine the effect of land disturbance on

endomycorrhizal populations. American Journal of Bot-
any 6:14-18.

Nemec, S. 1980. Effects of 11 fungicides on endomycorrhi-
zal development on sour orange. Canadian Journal of
Botany 58:522-526.

Newman, E. 1. 1988. Mycorrhizal links between plants: Their
functioning and ecological significance. Advances in Eco-
logical Research 18:243-270.

Newman, E.I.and P. Reddell. 1987. The distribution of my-
corrhizas among families of vascular plants. New Phy-
tologist 106:745-751.

Norris, JR., D. J. Read, and A. K. Varma. (eds.) 1992.
Methods in Microbiology; Techniques for the study of
mycorrhiza. Volume 24. Academic Press, San Diego,
California.

Pickett, S.T.A. and P.A. White. 1985. The ecology of natural
disturbance and patch dynamics. Academic Press, Or-
lando, Florida.

Rabatin, S.C. and B.R. Stinner. 1989. The significance of
vesicular-arbuscular mycorrhizal fungi-soil macroinver-
tebrate interactions in agroecosystems. Agriculture Eco-
systems and Environment 27:195-204.

Safir, G.R. (ed.) 1987. Ecophysiology of VA mycorrhizal
plants. CRC Press; Boca Raton, Florida.

Sanders, I.LR. and A.H. Fitter. 1992. Evidence for differential
responses between host-fungus combinations of vesicu-
lar-arbuscular mycorrhizas from a grassland. Mycological
Research 96 (6):415-419.

Schenck, N.C. (ed) 1982. Methods and principles of mycorr-
hizal research. The American Phytopathological Society,
St Paul, Minnesota.

Schenck, N.C. and Y. Perez.1990. Manual for the identifica-
tion of vesicular mycorrhizal fungi. 3rd ed. Synergistic
Publications, Gainesville, Florida.

Wallace, L.L. 1981. Growth, morphology and gas exchange
of mycorrhizal and nonmycorrhizal Panicum coloratum
L., a C4 grass species, under different clipping and fertili-
zation regimes. Oecologia (Berlin) 49:272-278.

Wallace, L.L. 1987. Mycorrhizas in grasslands: interactions
of ungulates, fungi and drought. New Phytologist
105:619-632.

Wetta, T. C. 1972. A survey of mycorrhizas in Kansas
bluestemn prairie and adjacent forest. Master of Science
thesis. Kansas State University.

Wicklow, D.T. 1975. Fire as a environmental cue initiating
ascocarp development in a tallgrass prairie. Mycotaxon
67: 852-862.

Zajicek, J. M., B.A. Daniels Hetrick, and C.E. Owensby.
1986. The influence of soil depth on mycorrhizal coloni-
zation of forbs in the tallgrass prairie. Mycologia
78(2):316-320.



