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ABSTRACT.—Mycorrhizal fungi are ubiquitous components of terrestrial ecosystems that can
influence plant performance, abundance and diversity. Patterns of allocation to specific
mycorrhizal fungal structures could provide a useful context for understanding belowground
dynamics in response to changing resources. Specifically, increased soil nutrient availability
has been predicted to favor plants with lower rates of mycorrhizal association. In addition,
fertilization has been predicted to favor mycorrhizae with higher investment in storage
structures relative to uptake and exchange structures.

A 3 y field experiment was conducted in coastal tallgrass prairie to examine how
fertilization affects mycorrhizal abundance and investment patterns. Fertilization significantly
increased total mycorrhizal abundance. Specifically, mycorrhizal investment in hyphae, coils
and vesicles were significantly increased 53%, 252% and 440% in fertilized plots, respectively.
Together these results suggest that mycorrhizae in high fertility soils allocate more to internal
fungal storage at a potential cost to plant hosts. Thus, fertilization could have important
indirect effects on the aboveground plant community by potentially altering the costs and
benefits of mycorrhizae to host plants.

INTRODUCTION

Mycorrhizal fungi are soil organisms that provide soil resources to plants in exchange for
reduced carbon used for growth and reproduction (Allen, 1991; Smith and Read, 1997).
Arbuscular mycorrhizal fungal associations are ubiquitous components of terrestrial
ecosystems that can influence plant performance, abundance and diversity (Johnson,
1993; Eom et al., 1999; Hartnett and Wilson, 1999; Smith et al., 2003; Johnson et al., 2006).
They are estimated to associate with 82% of angiosperms (Brundrett, 2002). Mycorrhizal
associations can have other important benefits in the form of root protection, disease
resistance, enhanced water and inorganic ion uptake, soil aggregation and stimulation of
plant growth through auxin production (e.g., Allen, 1991; Read, 1991; Ganade and Brown,
1997; van der Heijden et al., 1998; Eom et al., 2000). Most importantly, arbuscular
mycorrhizae may play a role in plant uptake of phosphorus (Hetrick et al., 1989a; Koide,
1991; Read, 1991; Wilson et al., 2001).

In grassland ecosystems, phosphorus availability is often limited because of its rapid
fixation as iron, aluminium or calcium phosphates and it’s weak ability to be transported by
mass flow (Allen, 1991; Ganade et al., 1997; Smith and Read, 1997). However, nitrogen
availability is also frequently limited in grassland ecosystems because of poor parent material
or volatization of aboveground biomass and detritus in frequently burned areas (Tilman,
1987; Ojima et al., 1990; Seastedt et al., 1991; Eom et al., 1999). Arbuscular mycorrhizae
possess external hyphae that reach beyond the root zone of depletion as well as specialized
structures within the root to increase plant nutrient acquisition and exchange (Hetrick et al.,
1989b; Hetrick et al., 1989c; van der Heijden et al., 1998). Therefore, arbuscular mycorrhizal

1 Present Address: Department of Ecosystem Science and Management, Texas A&M University,
College Station 77843

Am. Midl. Nat. 163:124–133

124



fungi may be particularly important in grassland systems with high phosphorus and nitrogen
limitation.

Understanding how plants allocate resources in response to resource fluctuations is well
studied and has important implications for our knowledge of how plants respond to
changes in resource availability. Focusing attention on the allocation shifts of specific
mycorrhizal fungal structures could provide a powerful context for understanding
belowground dynamics in response to changing resources and better integrate the
functional ecology of plants with other important members of terrestrial ecosystems.
Mycorrhizal allocation patterns are expected to be closely linked with resource availability in
grasslands because mycorrhizal associations are obligatory for many plant species and have
been suggested to be controlled by carbon supplied from the host plant (Johnson, 2003).

Few studies have looked specifically at how mycorrhizae allocate resources to specific
fungal structures under different levels of soil fertility; such assessments can provide a more
detailed understanding of mycorrhizal structure and function (Johnson, 1993; Klironomos
et al., 1996; Johnson et al., 2003a, 2006). For example, across a range of mesic and semiarid
grasslands in the United States nitrogen enrichment tended to decrease or increase
allocation among mycorrhizal structures in sites of ample or deficient soil phosphorus,
respectively (Johnson et al., 2003a). A few studies have quantified mycorrhizal allocation
patterns and effectiveness in field settings. For example, field studies have shown decreases
in vesicles under high fertility (Egerton-Warburton et al., 2000; Titus et al., 2000; Treseder et
al., 2002), decreases or increases in spore numbers of particular mycorrhizal species
(Thomson et al., 1992; Egerton-Warburton et al., 2000; Kahiluoto et al., 2001), reductions in
arbuscules and coils (Johnson et al., 2003a), decreases in extraradical hyphae (Johnson et al.,
2003a) and increased mycorrhizae and vesicles (Pietikainen et al., 2005). However, how
ecological factors affect arbuscular mycorrhizal allocation to different fungal structures in
the field is not yet well resolved.

Mycorrhizal colonization frequency may change under different levels of soil fertility that
may alter the net costs and benefits received by plant hosts (Hetrick et al., 1989a; Johnson,
1993; Johnson et al., 1997; Marler et al., 1999). Changes in the relative benefits of
mycorrhizae to different plant hosts are important because they may influence plant species’
coexistence, biodiversity and ecosystem function of grassland communities (Hetrick et al.,
1988; Hartnett et al., 1993; Johnson, 1993; van der Heijden et al., 1998; Callaway et al., 2003).
Fertilization may decrease or eliminate the net benefits that mycorrhizae provide to infected
plants (manifested as increased growth and survival) because the plant’s cost of carbon
allocation to the fungus may not be offset by the benefits of hosting fungi when soil
nutrients are less limiting to the plant (Johnson et al., 1992, 1997; Johnson, 1993). Thus, we
predict that if fertilization reduces the benefits of mycorrhizae to plants, then plants will
decrease their frequency of association as fertilization increases (‘‘Production Hypothesis’’
hereafter, developed by Hetrick, 1991).

In addition, the overall benefit of mycorrhizae to plants may decrease with fertilization if
the fungal symbionts allocate more resources to growth and reproduction at the expense of
nutrient exchange with the plant host. If plants in high fertility soils allocate less carbon to
root exudates, mycorrhizal strains that are more aggressive colonizers may proliferate
because they convert more of the plant’s resources to internal fungal growth and respiration
instead of nutrient gathering and exchange (Peng et al., 1993; Graham et al., 1996; Johnson
et al., 1997). For example, high fertility may promote shifts in fungal community
composition that promote the proliferation of less generous fungi. Rapid fungal colonizers
that can overcome plant control of mycorrhizal colonization rates and carbon allocation
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would be at an advantage over slower fungal colonizers sensitive to plant regulation
(Johnson et al., 1997). Rapid utilization of non-structural carbohydrates by aggressive fungal
colonizers would result in increased belowground costs to plants associated with the
construction and maintenance of intra- and extraradical fungal structures (Peng et al., 1993;
Graham et al., 1996). We predict that if fertilization reduces plant exudates and favors shifts
towards a more aggressive, mycorrhizal community composition, then fertilization will
increase the production of structures associated with growth and storage (hyphae and
vesicles) relative to those associated with the plant host (arbuscules and coils) (‘‘Investment
Hypothesis’’ hereafter, developed by Johnson, 1993; Johnson et al., 1997, 2006).

If high fertility favors mycorrhizal fungi that reduce allocation to structures for nutrient
exchange between the fungi and plant (arbuscules and coils) and increase allocation to
structures for internal storage and growth (vesicles and intraradical hyphae), then the
benefits of the mycorrhizal symbionts for plant nutrition are anticipated to decrease
(Johnson et al., 1997, 2003a).

Many studies have assessed how the experimental reduction of mycorrhizal fungi and
fertilization may affect mycorrhizal colonization and abundance in central to northern
grasslands of the United States, which may in turn affect host plant competitive abilities,
species composition and plant diversity in greenhouse and field studies (Grime et al., 1987;
Hetrick et al., 1988; van der Heijden et al., 1998; Hartnett et al., 1999; Eom et al., 2000;
Johnson et al., 2003b). However, no information exists on how mycorrhizal fungi allocate
resources to specific fungal structures in Western Gulf Coastal grasslands. Coastal grasslands
and coastal tallgrass prairie specifically, are a threatened ecosystem in the United States with
less than 1% remaining (Grace, 1998). The purpose of this study was to assess how multiple
years of anthropogenic fertilization impact mycorrhizal investment patterns at the plant-root
interface. We address the following questions: (1) Does increased nutrient availability
decrease mycorrhizal colonization frequency? (2) Does fertilization favor mycorrhizae with
higher investment in storage structures relative to uptake and exchange structures?

METHODS

Field experiment.—In Jun. 2001, 32 2 m 3 2 m plots were established at the University of
Houston Coastal Center, a research area located approximately 50 km southeast of
Houston, TX, USA in the Western Gulf Coastal Prairie (Harcombe et al., 1993). This site is
jointly phosphorus and nitrogen limited (Smeins et al., 1991). The Western Gulf Coastal
prairie is considered a distinct ecosystem that is not included in the north-south continuum
of tallgrass prairie because of its more semitropical climate, proximity to the Gulf coast,
distinct natural processes and geological origin with subsequent succession since the
Pleistocene (Diamond and Smeins, 1984; Diamond and Fulbright, 1990; Bailey, 1994). The
regional climate is semitropical with 1200 mm annual mean rainfall and a 250 d growing
season (Harcombe et al., 1993). Soils are Lake Charles clay (fine, montmorillonitic, theric
Typic Pelludert) containing a 40–60% clay content. The primary vegetation in the field
where the experiment was established included the C4 grass dominants Schizachyrium
scoparium (Michx.) (little bluestem), Muhlenbergia capillaries (Lam.) (Muhly grass) and
Andropogon glomeratus (Walt.) (bushy bluestem) (unpublished data). A diverse assemblage of
graminoids, perennial forbs and shrubs comprise the remaining plant cover in the field.

Each plot was randomly assigned to a NPK treatment in a randomized design (16 control
and 16 fertilized plots). Plots in the fertilized treatment received 4 g/m2 of nitrogen, 1.3 g/m2

of phosphorus, 2.6 g/m2 of potassium and micronutrients (Vigoro Ultra Turf fertilizer) twice
per growing season. Fertilizer was broadcast in a day prior to forecasted rain.
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In late Sept. 2003, four background soil cores (2 cm diameter by 16 cm deep) were
collected from each experimental plot. Samples were stored at 4 C until they could be
processed. Roots were washed on a 500-micrometer sieve and stored in 50% ethanol until
processed for staining. Roots were cleared in 10% KOH at 80 C for 45 min then rinsed and
soaked in 10% bleach for additional clearing. Roots were rinsed and acidified in
concentrated HCl for 5 min (Bray et al., 2003). Fine roots from each core were stained
and dyed in trypan blue and ten 1 cm root fragments were mounted on microscope slides
and measured for arbuscular mycorrhizal colonization rates following modification of the
gridline intersect method (McGonigle et al., 1990; Brundrett et al., 1996). A total of 100
intersections, 10 per root fragment, were viewed on each slide. Mounted roots were scored
for the presence of vesicles, arbuscules, coils and hyphae of arbuscular mycorrhizal fungi
under a compound microscope at 4003 magnification. Nonmycorrhizal fungi and microbes
were also noted. Arbuscular mycorrhizae were distinguished from nonmycorrhizal fungi by
the methods of Callaway et al. (2003).

Data analysis.—We performed two sets of analyses. The first set tested whether different
structures responded significantly to fertilization and the second set tested whether their
magnitudes of changes in response to fertilization varied significantly.

We performed ANOVAs to test whether fertilization treatement changed the frequency of
occurrence of different structures. For these analyses, the four background cores were
averaged to give one percentage value per plot for total mycorrhizal root colonization,
arbuscules, vesicles, coils, hyphae per plot for mycorrhizal fungi and non-mycorrrhizal fungi
and endophytic microbes respectively. Percentage total root colonization and mycorrhizal
hyphae had non-normal residuals distributions and were transformed with a squareroot
function to achieve normality and homogeneity of variances. Data for arbuscules, vesicles,
coils and endophytic microbes could not be transformed to approximate a normal
distribution of the residuals. These data were ranked and tested using a non-parametric
version of ANOVA (Conover and Iman, 1981, SAS Institute, Cary, NC). Data were also tested
with a Mann-Whitney non-parametric test and results were consistent with the ANOVA.

A second analysis examined how strongly each mycorrhizal structure responded to
fertilization in comparison to other structures. This ANOVA included fertilization, plot
(nested within fertilization), the factor ‘‘structure type’’ (with five levels: arbuscules, hyphae,
vesicles, coils and endophytic hyphae) and the structure type*fertilization interaction (SAS
Institute, Cary, NC). A significant interaction in this model indicates that structures differed
in the magnitude of their response to fertilization. Finally, we constructed a priori planned
contrast tests for each mycorrhizal structure that compared the fertilization treatment to the
control for that structure.

RESULTS

Total mycorrhizal colonization (F1,30 5 5.8, P 5 0.0226), hyphae (F 5 1,30 5 4.4, P 5

0.0444), coils (F1,30 5 4.9, P 5 0.0349) and vesicle production (F1,30 5 18.1, P 5 0.0002)
were significantly increased by fertilization (Fig. 1a–d). Allocation to hyphae, coils and
vesicles were increased under fertilization 53%, 253%and 440%, respectively. Mycorrhizal
arbuscules (F1,30 5 0.2, P 5 0.6520) and endophytic microbes (F1,30 5 ,0.1, P 5 0.8750)
were not significantly affected by fertilization (Fig. 1e–f).

The magnitude of response to fertilization differed among the mycorrhizal structures as
shown by a significant structure*fertilization interaction (Table 1). Planned contrasts
revealed significant increases in coils and vesicles with fertilization (Table 2) with no
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significant response by hyphae or arbuscules. This suggests that coils and vesicles are
increasing particularly strongly in response to fertilization.

DISCUSSION

Fertilization significantly altered mycorrhizal allocation patterns in this coastal tallgrass
prairie. Results of this study strongly supported the Investment Hypothesis. Fertilization
significantly increased mycorrhizal growth and storage structures (hyphae, Fig. 1b and

FIG. 1.—The dependence of (a) percent total mycorrhizal colonization, (b) hyphae, (c) vesicles, (d)
coils, (e) arbuscules and (f) endophytic microbes on fertilization. +1 standard errors are presented.
Asterisks denote significant results (P , 0.05)
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vesicles, Fig. 1c). Although coil production also increased significantly with fertility (253%

increase, Table 2, Fig. 1d) and coils are thought to function in nutrient exchange, the much
greater allocation to vesicles in higher fertility soils (440% increase, Table 2, Fig. 1c),
suggests that these fungi are increasing internal storage reserves at the potential cost of
nutrient exchange with the plant.

To our knowledge, this is the first study to document increases in both intraradical
hyphae and vesicle production following fertilization in grassland field soils. Although a
number of empirical greenhouse and field studies have shown changes in mycorrhizal
colonization with increased fertility (e.g., Menge et al., 1978; Bentivenga and Hetrick, 1992;
Johnson, 1993; Olsson et al., 1997; Cordiki et al., 2002), few have quantified changes in
allocation to specific mycorrhizal structures in field conditions as a relative measure of
mycorrhizal functioning (Klironomos et al., 1996). Pietikainen et al. (2005) others showed
increased mycorrhizal hyphae and vesicles of Solidago virgaurea in subarctic meadows, but
did not document significant increases for any other species with fertilization.

Our study cannot disentangle whether changes in mycorrhizal allocation reflect different
allocation patterns of individual mycorrhizal fungi species or overall shifts in the
mycorrhizal community composition. However, the dramatic increase in vesicle numbers
between fertilized and unfertilized soils suggests that mycorrhizae in fertilized soils could
yield lower net benefits or perhaps a net cost to their hosts because they exchange similar
soil resources (no change in arbuscule number) while increasing their own storage
structures (vesicles) (Fig. 1, Johnson, 1993). However, it is also possible that the increased
vesicle numbers found in fertilized soils are due solely to greater nutrient abundance. If so,
mycorrhizal fungi in high fertility would be able to increase storage reserves without
decreasing benefits to the plant host. Future studies will need to be conducted to verify if
such changes in mycorrhizal production and investment are indeed indicative of costs and
benefits to aboveground plant fitness.

TABLE 1.—Dependence of mycorrhizal structure type to experimental treatments. Significant
treatment effects are highlighted in bold

Terms df SS F-value P-value

Model 39 328,080 6.39 ,0.0001
Error 120 157,990

Fertilization 1 15,524 11.79 0.0008
Structure 4 239,323 45.44 ,0.0001
Fertilization*Structure 4 14,531 2.76 0.0309
Plot(Fertilization) 30 58,703 1.49 0.0697

TABLE 2.—Planned a priori contrasts for each mycorrhizal structure type contrasting unfertilized
versus fertilized plots. Significant treatment effects are highlighted in bold

Contrast df Contrast SS F-value P-value

Arbuscules 1 237 0.18 0.6724
Coils 1 6815 5.18 0.0247
Endophytic

Microbes 1 32 0.02 0.8764
Hyphae 1 657 0.50 0.4813
Vesicles 1 22,313 16.95 ,0.0001
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Contrary to support for the Investment Hypothesis, the predicted decrease in mycorrhizal
association under high fertility (Production Hypothesis) was not supported because
fertilization significantly increased total mycorrhizal colonization (Fig. 1a). Patterns here
are opposite of results expected if plants control mycorrhizal growth via root exudation
because when nutrient supply is less limiting, plants that allocate carbohydrates to growth,
reproduction, or defense should outperform those with greater root exudation (Treseder et
al., 2002).

In the coastal grassland we studied, these changes in allocation to specific mycorrhizal
structures may be one factor influencing the decline in percent cover of the obligately
mycorrhizal C4 grasses (Schizachyrium scoparium, Muhlenbergia capillaries and Andropogon
glomeratus control 5 40% cover, fertilized 5 23% cover) and increase in woody species
(Sapium sebiferum, Rubus louisianus, Myrica cerifera and Ilex vomitoria control 5 54%, fertilized
5 70%) (unpublished data). While each of these woody genera can form endomycorrhizal
associations, it is not known to what extent these species utilize (facultative association) or
require (obligate association) mycorrhizae in field conditions (Sylvia, 1990; Poole and
Sylvia, 1991; Semones and Young, 1995; Taylor and Harner, 2000; Nijjer et al., 2004). Overall
changes in mycorrhizal allocation may reduce the ability of obligately mycorrhizal C4

dominants to compete with woody species.
In conclusion, nitrogen and phosphorus fertilization altered patterns of mycorrhizal

allocation in this coastal grassland. Under fertilization, strong increases in hyphal and
vesicle investment combined with no change in arbuscule production suggest that
mycorrhizal growth and storage reserves expanded at the potential expense of nutrient
exchange with plant hosts. Although measurements of costs and benefits for aboveground
plant fitness will be necessary to elucidate the broader ecological impacts of these changes,
increased mycorrhizal production and investment under elevated fertility could have
important consequences for the structure and function of the aboveground plant
community in this endangered ecosystem.

Acknowledgments.—We would like to thank the University of Houston Coastal Center staff for
providing space to conduct this field study. Chandrika Achar, Candy Donahue, William Gordon,
Catherine LaMaur, Vic Lin, Daniel Mee, Kim Chi Thi Nguyen, Jay Nijjer, Jonathan Orr, Megan Rua,
Rachel Tardiff and Brandon Wagner provided valuable assistance. Anita Antoninka and Sarah Bray
provided training and assistance in endomycorrhizal identification and procedures and Jennifer
Rudgers, Jianwen Zou and Jason Hoeksema offered comments on this manuscript. This research was
supported by funding from NSF DEB-9981654 and DEB-0315796 to E.S. and W.E.R. and a Wray Todd
Fellowship and Autrey Fellowship to S.N.

LITERATURE CITED

ALLEN, M. F. 1991. The Ecology of Mycorrhizae. University Press, Cambridge, UK. 196 p.
BAILEY, R. G. 1994. Descriptions of the Ecoregions of the United States, 2nd ed. Forest Service, U.S.

Department of Agriculture, Washington D.C., USA. 108 p.
BENTIVENGA, S. P. AND B. A. D. HETRICK. 1992. The effect of prairie management practices on mycorrhizal

symbiosis. Mycologia, 84:522–527.
BRAY, S. R., K. KITAJIMA AND D. M. SYLVIA. 2003. Differential response of an exotic invasive shrub to

mycorrhizal fungi: growth, physiology, and competitive interaction. Ecol. Appl., 13:565–574.
BRUNDRETT, M., L. MELVILLE AND R. L. PETERSON. 1994. Practical Methods in Mycorrhiza Research.

Mycologue Publications, Waterloo, Canada. 161 p.
———, ——— AND ———. 2002. Coevolution of roots and mycorrhizas of land plants. New Phytol.,

154:275–304.

130 THE AMERICAN MIDLAND NATURALIST 163(1)



CALLAWAY, R. M., B. E. MAHALL, C. WICKS, J. PANKEY AND C. ZABINSKI. 2003. Soil fungi and the effects of an
invasive forb on grasses: neighbor identity matters. Ecology, 84:129–135.

CONOVER, W. J. AND R. L. IMAN. 1981. Rank transformations as a bridge between parametric and
nonparametric statistics. Am. Stat, 35:124–133.

CORDIKI, L., D. L. ROWLAND AND N. C. JOHNSON. 2002. Nitrogen fertilization alters the functioning of
arbuscular mycorrhizas at two semiarid grasslands. Plant Soil, 240:299–310.

DIAMOND, D. D. AND T. E. FULLBRIGHT. 1990. Contemporary plant communities of upland grasslands of
the Coastal Plain. Southwest Nat., 35:385–392.

——— AND F. E. SMEINS. 1984. Remnant grassland vegetation and ecological affinities of the upper
coastal prairie of Texas. Southwest Nat., 29:321–334.

EGERTON-WARBURTON, L. M. AND E. B. ALLEN. 2000. Shifts in arbuscular mycorrhizal communities along an
anthropogenic nitrogen deposition gradient. Ecol. Appl., 10:484–496.

EOM, A., D. C. HARTNETT, G. W. T. WILSON AND D. A. H. FIGGE. 1999. The effect of fire, mowing and
fertilizer amendment on arbuscular mycorrhizas in tallgrass prairie. Am. Midl. Nat., 142:55–70.

———, ——— AND ———. 2000. Host plant species effects on arbuscular mycorrhizal fungal
communities in tallgrass prairie. Oecologia, 122:435–444.

GANADE, G. AND V. K. BROWN. 1997. Effects of belowground insects, mycorrhizal fungi and soil fertility on
the establishment of Vicia in grassland communities. Oecologia, 109:374–381.

GRAHAM, J., D. DROUILLARD AND N. C. HODGE. 1996. Carbon economy of sour orange in response to
different Glomus spp. Tree Physiol, 16:1023–1029.

GRACE, J. B. 1998. Can prescribed fire save the endangered coastal prairie ecosystem from Chinese tallow
invasion? Endang. Spec. Update, 15:70–76.

GRIME, J. P., J. M. L. MACKE, S. H. HILLIER AND D. J. READ. 1987. Floristic diversity in a model system using
experimental microcosms. Nature, 328:420–422.

HARCOMBE, P. A., G. N. CAMERON AND E. G. GLUMAC. 1993. Aboveground net primary productivity in
adjacent grasslands and woodlands on the coastal prairie of Texas. J. Veg. Sci., 4:521–530.

HARTNETT, D. C., B. A. D. HETRICK, G. W. T. WILSON AND D. J. GIBSON. 1993. Mycorrhizal influence on intra-
and interspecific neighbor interactions among co-occurring prairie grasses. J. Ecol., 81:787–795.

——— AND G. W. T. WILSON. 1999. Mycorrhizal influence plant community structure and diversity in
tallgrass prairie. Ecology, 80:1187–1195.

HETRICK, B. A. D., G. W. T. WILSON, D. G. KITT AND A. P. SCHWAB. 1988. Effects of soil microorganisms on
mycorrhizal contribution to growth of big bluestem grass in non-sterile soil. Soil. Biol. Biochem.,
20:501–507.

———, ——— AND C. E. OWENSBY. 1989a. Influence of mycorrhizal fungi and fertilization on big
bluestem seedling biomass. J. Range. Manage., 42:213–216.

———, ——— AND T. C. TODD. 1989b. Differential responses of C3 and C4 grasses to mycorrhizal
symbiosis, phosphorus, fertilization, and soil microorganisms. Can. J. Bot., 68:461–467.

———, ——— AND D. C. HARTNETT. 1989c. Relationship between mycorrhizal dependence and
competitive ability of two tallgrass prairie grasses. Can. J. Bot., 67:2608–2615.

———. 1991. Mycorrhizas and root architecture. Experientia, 47:355–362.
JOHNSON, N. C., P. J. COPELAND, R. K. CROOKSTON AND F. L. PFLEGER. 1992. Mycorrhizae - possible

explanation for yield decline with continuous corn and soybean. Agron. J., 84:387–390.
———. 1993. Can fertilization of soil select less mutualistic mycorrhizae? Ecol. Appl., 3:749–757.
———, J. H. GRAHAM AND F. A. SMITH. 1997. Functioning of mycorrhizal associations along the

mutualism-parasitism continuum. New Phytol., 135:575–585.
———, D. L. ROWLAND, L. CORKIDI, L. M. EGERTON-WARBURTON AND E. B. ALLEN. 2003a. Nitrogen

enrichment alters mycorrhizal allocation at five mesic to semiarid grasslands. Ecology,
84:1895–1908.

———, J. WOLF AND G. W. KOCH. 2003b. Interactions among mycorrhizae, atmospheric CO2 and soil N
impact plant community composition. Ecol. Lett., 6:532–540.

———, J. D. HOEKSEMA, J. D. BEVER, V. B. CHAUDHARY, C. GEHRING, J. KLIRONOMOS, R. KOIDE, R. M. MILLER, J.
MOORE, P. MOUTOGLIS, M. SCHWARTZ, S. SIMARD, W. SWENSON, J. UMBANHOWAR, G. WILSON AND C.

2010 NIJJER ET AL.: IMPACT ON MYCORRHIZAL FUNGI 131



ZABINSKI. 2006. From Lilliput to Brobdingnag: extending models of mycorrhizal function across
scales. Bioscience, 56:889–900.

KAHILUOTO, H., E. KETOJA, M. VESTBERG AND I. SAARELA. 2001. Promotion of AM utilization through
reduced P fertilization. 2. Field studies. Plant Soil., 231:65–79.

KLIRONOMOS, J. N., M. C. RILLIG AND M. F. ALLEN. 1996. Belowground microbial and microfaunal
responses to Artemisia tridentate grown under elevated atmospheric CO2. Funct. Ecol.,
10:527–534.

KOIDE, R. T. 1991. Nutrient supply, nutrient demand and plant response to mycorrhizal infection. New
Phytol., 117:365–386.

MARLER, M. J., C. A. ZABINSKI AND R. M. CALLAWAY. 1999. Mycorrhizae indirectly enhance competitive
effects of an invasive forb on a native bunchgrass. Ecology, 80:1180–1186.

MCGONIGLE, T. P., M. H. MILLER, D. J. EVANS, G. L. FAIRCHILD AND J. A. SWAN. 1990. A new method which
gives an objective-measure of colonization of roots by vesicular arbuscular mycorrhizal fungi.
New Phytol., 115:495–501.

MENGE, J. A., D. STEIRLE, D. J. BAGYARAJ, E. L. V. JOHNSON AND R. T. LEONARD. 1978. Phosphorus
concentrations in plants responsible for inhibition of mycorrhizal infection. New Phytol.,
80:575–578.

NIJJER, S., W. E. ROGERS AND E. SIEMANN. 2004. The effect of mycorrhizal inoculum on the growth of five
native tree species and the invasive Chinese Tallow Tree (Sapium sebiferum). Tex. J. Sci.,
56:357–368.

OJIMA, D. S., D. S. SCHIMEL, W. J. PARTON AND C. E. OWENSBY. 1994. Long and short term effects of fire on
nitrogen cycling in tallgrass prairie. Biogeochemistry, 24:67–84.

OLSSON, P. A., E. BAATH AND I. JAKOBSEN. 1997. Phosphorus effects on the mycelium and storage structures
of an arbuscular mycorrhizal fungus as studied in the soil and roots by analysis of fatty acid
signatures. Appl. Environ. Microb., 63:3531–3538.

PENG, S., D. EISSENSTAT, J. H. GRAHAM, K. WILLIAMS AND N. C. HODGE. 1993. Growth depression in
mycorrhizal citrus at high phosphorus supply: analysis of carbon costs. Plant Physiol.,
101:1063–1071.

PIETIKAINEN, A., M. M. KYTOVIITA AND U. VUOTI. 2005. Mycorrhiza and seedling establishment in a subarctic
meadow: Effects of fertilization and defoliation. J. Veg. Sci., 16:175–182.

POOLE, B. C. AND D. M. SYLVIA. 1991. Companion plants affect colonization of Myrica cerifera by VA
mycorrhizal fungi. Can. J. Bot., 68:2703–2707.

READ, D. J. 1991. Mycorrhizas in ecosystems. Experientia, 47:376–391.
SEASTEDT, T. R., J. M. BRIGGS AND D. J. GIBSON. 1991. Controls of nitrogen limitation in tallgrass prairie.

Oecologia, 87:72–79.
SEMONES, S. W. AND D. R. YOUNG. 1995. VAM association in the shrub Myrica cerifera on a Virginia, USA

Barrier Island. Mycorrhiza, 5:423–429.
SMEINS, F. E., D. D. DIAMOND AND C. W. HANSELKA. 1991. Coastal prairie, p. 269–290. In: Coupland, R. T.

(ed.). Ecosystems of the world: Natural grasslands: introduction and western hemisphere.
Elsevier, New York, USA.

SMITH, S. E. AND D. J. READ. 1997. Mycorrhizal symbiosis 2nd ed. Academic Press, New York, USA. 605 p.
———, F. A. SMITH AND I. JAKOBSEN. 2003. Mycorrhizal fungi can dominate phosphate supply to plant

irrespective of growth responses. Plant Physiol., 133:16–20.
SYLVIA, D. M. 1990. Inoculation of native woody plants with vesicular-arbuscular mycorrhizal fungi for

phosphate mine land reclamation. Agr. Ecosyst. Environ., 31:253–261.
TAYLOR, J. AND L. HARNER. 2000. A comparison of 9 species of AM fungi on the development and

nutrition of micropropagated Rubus idaeus L. cv Glen Prosen (Red Raspberry). Plant Soil,
225:53–61.

THOMSON, B. D., A. D. ROBSON AND L. K. ABBOTT. 1992. The effect of long-term applications of phosphorus
fertilizer on populations of vesicular-arbuscular mycorrhizal fungi in pastures. Aust. J. Agr. Res.,
43:1131–1142.

TILMAN, D. 1987. Secondary succession and the pattern of dominance along experimental nitrogen
gradients. Ecol. Monogr., 57:189–214.

132 THE AMERICAN MIDLAND NATURALIST 163(1)



TITUS, J. H. AND J. LEPS. 2000. The response of arbuscular mycorrhizae to fertilization, mowing and
removal of dominant species in a diverse oligotrophic wet meadow. Am. J. Bot., 87:392–401.

TRESEDER, K. K. AND M. F. ALLEN. 2002. Direct nitrogen and phosphorus limitation of arbuscular
mycorrhizal fungi: a model and field test. New Phytol., 155:507–515.

VAN DER HEIJDEN, M. G. A., J. N. KLIRONOMOS, M. URSIC, P. MOUTOGLIS, R. STREITWOLF-ENGEL, T. BOLLER, A.
WIEMKEN AND I. R. SANDERS. 1998. Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Nature, 396:69–72.

WILSON, G. W. T., D. C. HARTNETT, M. D. SMITH AND K. KOBBEMAN. 2001. Effects of mycorrhizae on growth
and demography of tallgrass prairie forbs. Am. J. Bot., 88:1452–1457.

SUBMITTED 25 OCTOBER 2006 ACCEPTED 10 FEBRUARY 2009

2010 NIJJER ET AL.: IMPACT ON MYCORRHIZAL FUNGI 133


