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Summary

� Mycorrhizal phenotypes arise from interactions among plant and fungal genotypes and the

environment. Differences in the stoichiometry and uptake capacity of fungi and plants make

arbuscular mycorrhizal (AM) fungi inherently more nitrogen (N) limited and less phosphorus

(P) limited than their host plants. Mutualistic phenotypes are most likely in P-limited systems

and commensal or parasitic phenotypes in N-limited systems. Carbon (C) limitation is

expected to cause phenotypes to shift from mutualism to commensalism and even parasitism.
� Two experiments compared the influence of fertilizer and shade on mycorrhizas in

Andropogon gerardii across three naturally N-limited or P-limited grasslands. A third experi-

ment examined the interactive effects of N and P enrichment and shade on A. gerardiimycor-

rhizas.
� Our experiments generated the full spectrum of mycorrhizal phenotypes. These findings

support the hypothesis that mutualism is likely in P-limited systems and commensalism or par-

asitism is likely in N-limited systems. Furthermore, shade decreased C-assimilation and gener-

ated less mutualistic mycorrhizal phenotypes with reduced plant and fungal biomass.
� Soil fertility is a key controller of mycorrhizal costs and benefits and the Law of the Mini-

mum is a useful predictor of mycorrhizal phenotype. In our experimental grasslands arbuscular

mycorrhizas can ameliorate P-limitation but not N-limitation.

Introduction

Although mycorrhizas are generally mutually beneficial for both
plants and fungi, many factors influence the symbiotic outcome
of arbuscular mycorrhizal (AM) associations (Hoeksema et al.,
2010). Under certain conditions AM fungi have been shown to
depress plant growth (Modjo & Hendrix, 1986; Peng et al.,
1993); consequently their function forms a continuum from
mutualism to parasitism. The location of a particular AM symbi-
osis on this continuum can be considered its phenotype: an emer-
gent property of interactions among plant and fungal genotypes
and the environment (Johnson et al., 1997). The term mycorrhi-
zal phenotype refers to the fitness outcome for both partners in
the symbiosis. In AMs, Glomeromycota are obligate biotrophs so
there is never a negative response by the fungus; consequently, in
the context of AM symbioses, the terms mutualism (+, +), com-
mensalism (+, 0) and parasitism (+, �) refer to a positive fitness
outcome for fungi and a positive, neutral or negative outcome for
the host plants. Genotypic traits related to resource trade and
control of the symbiosis in the context of local environmental
conditions are important determinants of mycorrhizal pheno-
types (Johnson et al., 1997, 2010).

The availability of soil-derived nutrients has long been recog-
nized as one of the more important environmental factors con-
trolling mycorrhizal phenotype (Mosse, 1973). The extensive

mycelium of AM fungi can better access immobile soil phospho-
rus (P) than plant roots; and AM symbioses often facilitate plant
growth in P-limited soils (Koide, 1991). Despite unequivocal evi-
dence that AM fungi can acquire and transfer substantial
amounts of nitrogen (N) to their host plants (e.g. George et al.,
1995; Leigh et al., 2008; Fellbaum et al., 2012), reports are con-
tradictory regarding the net effects of AM symbioses on plant
growth in N-deficient soil. Some studies show that AM fungi
increase N uptake and biomass gain of their plant hosts (e.g. Tu
et al., 2006) whereas others show that AM symbioses have no
benefit for ameliorating N limitation (e.g. Reynolds et al., 2005).
These studies represent an enigma, if AM fungi can increase plant
N uptake, then why is there not consistent evidence that AM
fungi improve the net production of plants grown in N-deficient
soil? We suggest that the answer is that the relative availability of
soil N and P determines whether or not mycorrhizal benefits out-
weigh their costs. This environmental variable (i.e. soil nutrient
supply) combined with the genetically determined capabilities of
plants and fungi to trade carbon (C) for P are the key determi-
nants of mycorrhizal phenotype.

The economics of trading partnerships provides a useful
framework for understanding resource exchange among mycor-
rhizal fungi and their hosts (Koide & Elliott, 1989; de Mazan-
court & Schwartz, 2010). Photosynthate and minerals are the
commodities exchanged in mycorrhizal symbioses and the trade
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value of these resources is set by their availability in the environ-
ment. The ‘Law of the Minimum’ states that plant production
may be controlled by a single essential resource that is in limiting
supply (von Liebig, 1843; van der Ploeg et al., 1999). Identifying
which resources are in limiting supply in the environment and
determining whether mycorrhizal symbioses can enhance access
to these resources provides an ecologically and evolutionarily
sound approach to predicting mycorrhizal function in ecosystems
(Read, 1991).

Photosynthesis provides the C currency for symbiotic
exchange. As such, any condition that limits the photosynthetic
capacity of a host, such as low light levels as a result of shading,
may limit the amount of C available to provision fungal partners
(Graham et al., 1982; Pearson et al., 1991). Mycorrhizal acquisi-
tion and trade of C, N and P are interconnected because the
capacity of AM fungi to supply P and N to their host plants
depends on the synthesis of extensive networks of external
hyphae. The mycelium of AM fungi may constitute sizable C
and N sinks; once sequestered into the hyphal wall matrix these
resources become unavailable for plant use (Robinson & Fitter,
1999). The concentration of N in the external hyphae of AM
fungi is 4–7 times greater than that of plant shoots and at least 10
times greater than that of roots (Hodge & Fitter, 2010). Conse-
quently, AM fungi must acquire large amounts of N from the soil
for their own growth, and in N-limited systems they are unlikely
to transport biologically meaningful amounts of N to their host
plants (ibid). Furthermore, the disparity in C : N ratios of plants
and fungi suggest that N limitation is likely to inhibit fungal
growth more severely than plant growth (Kaye & Hart, 1997;
Johnson, 2010). In addition, mass flow and diffusion processes
are usually enough to bring mineral-N to the root surface. This is
especially so for soils where NO3-N is the dominant form of
mineral-N. These same processes are not enough to prevent the
formation of a depletion zone around roots for phosphate ions
primarily related to the low solubility of PO4-P in soil solution.
The growth of external AM hyphae into this depletion zone
allows for mycorrhizal plants to have access to soil-P that
otherwise would not be available (Miller, 1987).

There is evidence that N and P availability play different roles
in the determination of mycorrhizal phenotype. Exchange of
plant-derived C for fungal-derived P has been shown to enforce
mycorrhizal cooperation (Hammer et al., 2011; Kiers et al.,
2011) and mycorrhizal trade is clearly linked to biomass gain of
plants and AM fungi growing in P-limited soils (Mosse, 1973).
Recent evidence from root organ cultures shows that C flux from
host plant to fungus may regulate N transport (Fellbaum et al.,
2012); however, the outcome of this for plants and fungal bio-
mass gain has not been demonstrated. Studies using whole plants
indicate that tightly linked C-for-N exchange between plants and
fungi in N-limited systems does not generate bilateral control of
mycorrhizal cooperation in the same manner that C-for-P
exchange enforces cooperation and controls plant and fungal bio-
mass gain in P-limited systems (Smith & Smith, 2011; Corrêa
et al., 2014). Instead, availability of N may influence mycorrhizas
indirectly through its effects on both C supply and C demand.
Ribulose bisphosphate carboxylase, the rate-limiting enzyme in

photosynthesis, accounts for as much as 75% of leaf N (Chapin
et al., 1987); consequently, N nutrition controls the photosyn-
thetic capacity of plants and, in turn, the amount of C that can
be traded with mycorrhizal fungi. Also, the demand for photo-
synthate by AM fungi is influenced by N availability because fun-
gal tissues are rich in amino acids and polymeric N including
chitin and associated glycoproteins (Blackwell, 1988). In other
words, soil N availability influences both the C source strength of
the plant (increased at high N) and the C sink strength of the
fungus (decreased at low N).

Mutually beneficial mycorrhizal phenotypes are likely to be
found in P-limited systems because AM fungi can effectively
trade surplus P for plant photosynthate. By contrast, mutually
beneficial mycorrhizal phenotypes are not expected in N-limited
systems because AM fungi are unlikely to have surplus N for
trade because they have higher N requirements than their host
plants. Both fertilization and shade change the C : N : P stoichi-
ometry, and consequently, the relative costs and benefits of
mycorrhizal symbioses. If the mechanism controlling mycorrhizal
function is simply the balance between costs and benefits of the
symbioses, then C limitation caused by insufficient light is
expected to change the threshold at which C costs exceed P bene-
fits and generate commensalism or even parasitism.

We tested these hypotheses with three experiments that exam-
ine mycorrhizal responses to fertilization and shade using big
bluestem (Andropogon gerardii), a highly mycotrophic C4 grass
from Cedar Creek, Fermi and Konza, three North American
grasslands with very different soil properties. Previous studies
indicate that big bluestem genotypes and their indigenous com-
munities of AM fungi are co-adapted to each other and their local
soil environments (Johnson et al., 2010; Ji et al., 2013). Conse-
quently, all three experiments maintained co-adapted systems of
plant genotypes, soils,- and fungi by growing big bluestem in its
local soil and naturally co-occurring AM fungi. Expt I examined
mycorrhizal responses to N and P enrichment at the three sites,
Expt II examined mycorrhizal response to shading at the three
sites, and Expt III examined the interactive effects of nutrient
enrichment and shading at a single site (Konza). Soils from Kon-
za and Fermi are relatively more P-limited than N-limited,
whereas soil from Cedar Creek is P-rich and N-limited (Johnson
et al., 2010). Thus, the Law of the Minimum predicts mutualistic
mycorrhizas at Konza and Fermi and commensal mycorrhizas at
Cedar Creek. If these predictions are supported, then the Law of
the Minimum may be a useful guide to manage mycorrhizas to
increase crop yield in agriculture, restore ecosystem functions,
and manipulate C-sequestration in mycorrhizal hyphae.

Materials and Methods

Design of Expt I: cross-site nutrient enrichment experiment

Rhizomes of local ecotypes of big bluestem (Andropogon gerardii
Vitman) were collected from Konza Prairie Biological Station
(Konza), Fermi Natural Environmental Research Park (Fermi),
and Cedar Creek Ecosystem Science Reserve (Cedar Creek) in
February 2005 when the grasses were dormant. Rhizomes were
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gently washed to remove soil, roots were trimmed to c. 5 cm and
rhizomes were stored in cold, moist sand. In the spring, all roots
were removed from each rhizome. Rhizome lengths were mea-
sured and 48 rhizomes of similar size from each site were selected
and planted in their corresponding soil. Rhizome size var-
ied among sites, rhizomes from Konza (mean size
16.6 mm9 1.4 mm) were significantly smaller than those from
Cedar Creek (mean size 26.3 mm9 1.6 mm) and Fermi (mean
size 31.9 mm9 1.6 mm). Soil was collected from each site,
steam-pasteurized at 80°C for 2 h, and used to fill 48 plastic pots
(11 cm wide9 14 cm tall) with 1 kg soil in each pot. Half of the
pots from each site were maintained as nonmycorrhizal (NM)
treatments (pasteurized soil) and the remaining half were inocu-
lated with communities of AM fungi and other soil organisms by
placing 20 g of living soil from their corresponding site directly
below each rhizome during planting. All pots were amended with
50 ml of nonsterile soil sievate from the corresponding site
prepared by blending soil : water in a 1 : 2 ratio and passing the
slurry through a 25-lm sieve (Johnson et al., 2010).

Four fertilizer treatments were established in each of the three
experimental systems and each treatment was replicated six times
with or without AM fungi for a total of 144 pots. At Konza and
Fermi the treatments were: N enrichment, P enrichment, both N
and P, and no fertilizer. Phosphorus (200 ml of 50 lg g�1 P2O5:
5 lg g�1 P) was applied once at the beginning of the experiment.
Nitrogen (200 ml of 6.3 lg g�1 NH4NO3: 2.3 lg g

�1 N) was
applied at the beginning of the experiment and once every week
for 14 wk. Previous experiments have shown that P enrichment
does not influence AM structure or function in P-rich Cedar
Creek soil (Johnson, 1993), so in that system, we studied an N
gradient instead of an N and P factorial design. Cedar Creek soil
was supplemented with 200 ml of one of four NH4NO3 treat-
ments: 0N, nonamended control; 1N, 2.3 lg g�1 N; 2N,
4.6 lg g�1 N; 3N, 6.9 lg g�1 N at the beginning of the experi-
ment and every week thereafter for 14 wk. The 1N treatment was
equivalent to a field application rate of 2.5 g Nm�2 over a grow-
ing season (i.e. the 14 wk of this study). At this application rate
the plant is experiencing an N supply rate at levels typically
encountered in tallgrass prairie ecosystems over a growing season
and includes N mineralization as well as N from dry deposition
sources (Seastedt et al., 1991). The 2N and 3N application levels
represent N addition rates of 5 and 7.5 g Nm�2, and doubling
and tripling of ‘typical’ supply rates, respectively.

Design of Expt II: cross-site shade experiment

Seeds from local big bluestem ecotypes from Cedar Creek, Fermi
and Konza were germinated and 14-d-old seedlings were trans-
planted into plastic pots filled with 1 kg of pasteurized soils from
the three prairies. For Expts II and III, we used seedlings germi-
nated from locally collected seed rather than rhizomes to expedite
the experimental set-up. AM and NM pots from the three sites
were prepared as in Expt I and soil sievate was added as described
above. Three shade treatments (0%, 33% and 66% light reduc-
tion) were established for each of the three sites, each treatment
was replicated six times with or without AM fungi for a total of

108 pots. Shade treatments were established by adhering black
polyethylene shade cloth (shadeclothstore.com) to wooden
frames (1.2 m wide9 0.6 m deep9 1.2 m tall). Frames with no
shade cloth were included as ambient controls.

Design of Expt III: Konza nutrient9 shade experiment

Seeds from local big bluestem ecotypes from Konza were germi-
nated and 14-d-old seedlings were transplanted into pots and
filled with 1 kg of pasteurized soil from Konza. AM and NM pots
from Konza were prepared and soil sievate was added as described
above. Four fertilizer treatments (N enrichment, P enrichment,
both N and P, and no fertilizer) were established as described in
Expt I. Two shade treatments (0% and 66% light reduction)
were established as described in Expt II. Each treatment was rep-
licated six times with or without AM fungi for a total of 96 pots.

Glasshouse conditions and mycorrhizal analysis

All experiments were conducted in glasshouses at Kansas State
University with temperature ranging from 20 to 25°C, and the
photosynthetically active radiation in ambient light ranging from
618 to 1047 lmol m�2 s�1. Plants were harvested after 14 wk as
shoots were becoming senescent. There was no indication that
plants were pot-bound at the termination of these experiments.
Pots were not densely filled with root systems and root growth
did not appear to be restricted by lack of available space in any
treatment. Roots were washed free of soil, shoots and roots were
oven dried for 72 h at 60°C and then weighed. Subsamples of
roots were stained in trypan blue (Koske & Gemma, 1989) and
AM colonization was measured (McGonigle et al., 1990). Exter-
nal AM hyphae was extracted from 5 g of soil and quantified by
the gridline intercept method (Miller et al., 1995).

Carbon assimilation: Expt II

Photosynthetic rates of intact leaves still attached to the plant
were measured using a LI-6200 portable photosynthesis system
(LI-COR, Lincoln, NE, USA). One fully expanded leaf was mea-
sured for all plants at 6 wk when plants were actively growing. All
measurements were carried out during midday (10:00 h to
13:00 h central daylight time (CDT)) under full sun conditions.
During the measurements the air relative humidity was c. 70%,
the temperature inside the leaf chamber was maintained between
25 and 28°C, and the ambient CO2 concentration was 320–
380 lmol mol�1. At measurement, the portion of the leaf
enclosed in the gas exchange cuvette was sampled for total leaf
area (leaf length9 leaf width).

Soil and nutrient analyses

Freshly collected soil samples from each site were analyzed for
pH, organic matter, extractable inorganic N (NH4

+-N and
NO3

� N) and available P (Bray test 1); inorganic N and available
P were also measured from the pots at the end of the experiments.
Soil organic matter was determined by direct combustion, soil
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pH was measured from a 1 : 1 (based on weight) soil/water paste.
Inorganic N was extracted using 2M l�1 KCl and analyzed using
cadmium reduction/colorimetry. Kansas State University Soil
Testing Laboratory (Manhattan, KS, USA) conducted all of the
soil analyses.

We used Koerselman & Meuleman (1996) thresholds of plant
tissue N : P ratios as an indicator of relative N and P availability
at the three sites and assumed that N-limited plants have tissue
N : P < 14, P-limited plants have tissue N : P > 16, and plants
with N : P ratios between 14 and 16 are either not limited by
either resource or are co-limited by N and P. This N : P indicator
of nutrient limitation was analyzed for Expts II and III but not
for Expt I because it was initiated with rhizomes of slightly differ-
ent sizes which influenced the final N : P ratios of the plants at
harvest. Plant shoots were dried, ground through a 20-lm mesh,
and digested with sulfuric acid and hydrogen peroxide. Phospho-
rus concentration of the digest was determined using the molyb-
date-blue method (Murphy & Riley, 1962), and N
concentration was determined by a Kjeldahl method with a
rapid-flow auto-analyzer.

Statistical analysis

Mycorrhizal growth response was calculated as a simple response
ratio as described in Johnson (2010): MGR = loge(AM/NM),
where AM was the total dry weight of mycorrhizal plants and
NM was mean DW of a nonmycorrhizal control treatment under
the same nutrient conditions (n = 6). Data were analyzed with
JMP (SAS, 2004) using ANOVA with different factors for the
different experimental systems. In Expt I, the Cedar Creek system
used two-way ANOVA with mycorrhizas and N as factors and
the Konza and Fermi systems used three-way ANOVA with
mycorrhizas, N and P as factors. Expt II used two-way ANOVA
with mycorrhizas and shade as factors in all three systems. Expt
III used four-way ANOVA with mycorrhizas, shade, N and P as
factors in the Konza system. Following ANOVA, post hoc

comparisons of the means were calculated using Tukey’s HSD
test (P ≤ 0.05).

Results

Assessment of soil fertility and nutrient limitation

Soil texture varies across the three sites with the coarsest (sandy)
soils at Cedar Creek and the finest (clayey) soils at Konza
(Table 1). Cedar Creek soil contained significantly more available
PO4, less mineral N (NH4 +NO3), less organic matter, and
lower pH compared to soils from the other sites (Table 1). Dur-
ing the course of Expt II, the mineral N concentration of Fermi
and Cedar Creek soil was reduced by > 94% whereas mineral N
in Konza soil decreased by only 45%. By contrast, the P concen-
tration of Konza soil was reduced by 57% whereas in Fermi and
Cedar Creek soils it was reduced by < 18% (Table 1).

Tissue N : P ratios from Expt II indicate that regardless of light
treatment, NM plants from Fermi and Konza were P-limited
(>> 16) whereas NM Cedar Creek plants were N-limited
(<< 14). Furthermore, mycorrhizas eliminated P limitation of
Fermi and Konza plants but they did not eliminate N limitation
in Cedar Creek plants (Fig. 1a). Tissue N : P ratios from Expt III
also indicate that at Konza, unfertilized NM plants were strongly
P-limited and adding mycorrhizas eliminated this limitation
(Fig. 1b). In Expt III, fertilization with P or with both P and N
generated N-limited Konza plants with N : P ratios as low as
Cedar Creek plants in Expt II (Fig. 1a,b). This occurred in both
AM and NM plants and resulted from higher tissue P not
because of lower tissue N (Supporting Information Fig. S1).

Expt I: cross-site nutrient enrichment experiment

In unfertilized Cedar Creek soil, AM and NM plants were sim-
ilar in size but N enrichment caused NM plants to be larger
than AM plants (Fig. 2a, Table 2). In Fermi and Konza soils,

Table 1 Soil properties of the three study systems at the onset of Expt II and from the pots after completion of the experiment

Soil before Expt II Soil from pots after Expt II

Site
location

Soil
texture pH

Organic
matter (%)

Initial
available
PO4-P
(mg kg�1)

Initial
available
NH4 +NO3

(mg kg�1)

Final
available
PO4-P
(mg kg�1)

Final
available
NH4 +NO3

(mg kg�1) Δ%P Δ%N

Cedar Creek Ecosystem
Science Reserve,
Minnesota

Sandy
loam

5.0 (0.06) a 1.4 (0.2) a 46.0 (2.1) b 8.7 (1.3) a 41.0 (2.5) b 0.5 (0.02) a 10.8 94.2

Fermi National
Environmental Research
Park, Illinois

Silt loam 6.9 (0.05) c 3.3 (0.3) b 12.0 (2.5) a 19.0 (4.0) b 9.9 (0.4) a 0.6 (0.04) a 17.5 96.8

Konza Prairie Biological
Station, Kansas

Silty clay
loam

6.6 (0.08) b 5.7 (0.1) c 17.0 (1.1) a 21.6 (2.4) b 7.2 (0.3) a 11.7 (0.9) b 57.6 45.8

Δ%P and%N indicate the change from the beginning to the end of the experiment. Data are means with 1 SE in parentheses. Values within the same
column with different letters differ significantly from each other according to Tukey HSD tests.
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AM plants were always significantly larger than NM plants
except for plants grown in P-fertilized Konza soil (Fig. 2a). In
Fermi and Konza soils, N increased the biomass of AM plants
but not NM plants whereas P enrichment increased the bio-
mass of NM plants but not AM plants (Fig. 2a). Unfertilized
Cedar Creek plants had significantly less AM root colonization
and less external AM hyphae compared to unfertilized Fermi
and Konza plants (Fig. 2b,c). Fertilization of Fermi and Konza
plants with P reduced internal root colonization and external
hyphae, whereas fertilization with N increased these fungal
structures (Fig. 2b,c). By contrast, N fertilization of Cedar
Creek soil reduced internal root colonization and had little
influence on external AM hyphae. The MGR of Cedar Creek
plants was significantly lower than the MGR of plants at the
other sites (Fig. 2d). Nitrogen fertilization reduced MGR of
Cedar Creek plants and P fertilization strongly reduced MGR
of Fermi and Konza plants (Fig. 2d). Across all treatments, the
amount of AM fungi inside and outside plant roots was posi-
tively correlated with MGR of plants (Fig. 3a,b).

Expt II: cross-site shade experiment

Shade significantly reduced CO2 assimilation at all three sites,
and inoculation with AM fungi increased CO2 assimilation at

Fermi and Konza but not at Cedar Creek (Fig. 4, Table 3). Plant
biomass was significantly reduced in the 66% shade treatment at
all sites (Fig. 5a). As in the previous experiment, Cedar Creek
plants had significantly less mycorrhizal colonization and formed
fewer external hyphae compared to Fermi and Konza plants
(Fig. 5b,c). Shade significantly reduced root colonization at all
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three sites; and it tended to reduce external hyphae, but this was
only significant at Konza. Plant MGR differed significantly
among sites; it was highest at Konza and lowest at Cedar Creek
(Fig. 5d). The 66% shade treatment significantly reduced MGR

of Konza and Fermi plants but it had no influence on MGR of
Cedar Creek plants (Fig. 5d). The amount of AM fungi inside
and outside plant roots was positively correlated with MGR of
plants in the Fermi and Konza systems but not in the Cedar

Table 2 Expt I analysis of variance

Site N Response Nitrogen Phosphorus Mycorrhizas N9 P N9M P9M

Cedar 48 Total plant dry mass 96.3*** – 189.0*** – 20.4*** –
24 AM root colonization 8.3*** – – – – –
24 External AM hyphae 1.0 – – – – –
24 MGR 12.0*** – – – – –

Fermi 48 Total plant dry mass 53.0*** 157.9*** 379.1*** 15.9*** 2.8 85.7***
24 AM root colonization 11.6** 32.8*** – 9.1** – –
24 External AM hyphae 1.5 16.3** – 2.2 – –
24 MGR 1.5 256.5*** – 1.9 – –

Konza 48 Total plant dry mass 20.5*** 107.6*** 289.9*** 1.04 10.1** 128.9***
24 AM root colonization 6.5** 61.8*** – 1.6 – –
24 External AM hyphae 6.7** 87.7*** – 3.0 – –
24 MGR 2.6 201.9*** – 2.2 – –

F-ratios from two-way (Cedar Creek) and three-way (Fermi and Konza) ANOVA for total plant mass, arbuscular mycorrhizal (AM) root colonization, exter-
nal hyphae, and mycorrhizal growth response (MGR). Noninoculated plants were not included in the analysis of AM fungal responses.
Significant main effects and interactions are indicated: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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Creek system (Fig. 3c,d). Plants with tissue N : P < 14 had a
MGR near zero, whereas those with N : P > 16 had a MGR > 2.5
(Fig. 6a).

Expt III: Konza nutrient9 light experiment

As in the previous experiments, Konza NM plants barely survived
without P enrichment (Figs 2a, 5a, 7a). Shade significantly
reduced plant biomass across all the nutrient treatments (Fig. 7a,
Table 4). In full sun, N enrichment increased the biomass of AM
plants and P enrichment and dual N and P enrichment increased
the biomass of NM plants (Fig. 7a). In full sun, N enrichment
alone increased root colonization, whereas in combination with
shade, N fertilization did not influence internal AM colonization
or external hyphae (Fig. 7b,c). Phosphorus fertilizer reduced
internal colonization and external hyphae under both light

regimes (Fig. 7b,c). Both shade and fertilizer reduced MGR, and
shade in combination with P enrichment generated mycorrhizal
induced plant growth depression (Fig. 7d). The amount of AM
fungi inside and outside plant roots was positively correlated with
MGR of plants (Fig. 3c). Plants with tissue N : P < 14 (i.e. N-
limited) had a MGR < 1, whereas those with N : P > 16 (i.e. P-
limited) had a MGR > 2.5 (Fig. 6b).

Discussion

According to the Law of the Minimum, plant growth is con-
trolled by the resource that is most limited in supply (von Liebig,
1843). This law is clearly an oversimplification of reality because
plants are generally co-limited by multiple resources (Harpole
et al., 2011); a single resource may be most limiting at any one
moment but the identity of that resource is likely to change
through the growing season or even through a single day (Farrior
et al., 2013). Nevertheless, the Law of the Minimum is a central
tenet of ecological stoichiometry, which is a useful framework for
connecting resource supply and demand to predictions about
mycorrhizal functioning (Sterner & Elser, 2002; Johnson, 2010).
Mycorrhizas have been considered ‘nature’s response to the law
of the minimum’ because they enhance plant access to limiting
belowground resources in a predictable way (Read, 1991). Arbus-
cular mycorrhizas have long been recognized for their importance
to plant P nutrition, but their role in plant N nutrition has been
controversial (Smith & Smith, 2011). We tested the abilities of
intact mycorrhizal systems to remedy nutrient limitation in three
natural grasslands and showed that AM symbiosis can completely
eliminate P limitation but they cannot ameliorate N limitation
(Fig. 1).

Mycorrhizal phenotypes are emergent properties of the geno-
types of partnering plants and fungi and their environment. Our
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Table 3 Expt II analysis of variance

Site N Response Light Mycorrhizas L9M

Cedar 36 Total plant dry mass 64.8*** 0.5 1.0
18 CO2 Assimilation rate 7.7** 0.8 2.0
17 AM root colonization 11.0** – –
18 External AM hyphae 2.7 – –
18 MGR 2.2 – –

Fermi 36 Total plant dry mass 17.2*** 156.7*** 17.6***
18 CO2 Assimilation rate 13.7** 157.0*** 18.9**
18 AM root colonization 14.7** – –
18 External AM hyphae 1.4 – –
18 MGR 40.9*** – –

Konza 36 Total plant dry mass 28.7*** 348.6*** 29.8***
18 CO2 Assimilation rate 9.9** 127.1*** 11.4**
18 AM root colonization 80.8*** – –
18 External AM hyphae 5.1* – –
18 MGR 177.5*** – –

F-ratios from two-way ANOVA for total plant mass, arbuscular mycorrhi-
zal (AM) root colonization, external hyphae, and mycorrhizal growth
response (MGR). Noninoculated plants were not included in the analysis of
AM fungal responses.
Significant main effects and interactions are indicated: *, P ≤ 0.05;
**, P ≤ 0.01; ***, P ≤ 0.001.
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findings strongly support the hypothesis that soil fertility is an
important determinant of mycorrhizal phenotype and that mutu-
alism is most likely in P-limited soils and commensalism and par-
asitism are most likely in P-rich soil, especially when light is
limited. As predicted, big bluestem mycorrhizas were mutualistic
at Fermi and Konza, the two P-limited sites, and commensal at
Cedar Creek, the P-rich site (Figs 2d, 5d). Furthermore, P fertil-
ization of Fermi and Konza soil dramatically reduced MGR of

big bluestem (Fig. 2d). These patterns in MGR correspond to
resource limitation as determined by mean tissue N : P ratios
(Fig. 1). Mutualism was observed in plants that were P-limited or
co-limited by N and P whereas commensalism was observed in
plants that were strongly N-limited (Fig. 6a). Phosphorus fertil-
ization generated commensalism or parasitism of Konza plants
and reduced tissue N : P below the threshold for N limitation
and to the range observed in plants grown in Cedar Creek soil
(Fig. 6a,b).

Results of our studies suggest that tissue N : P is a useful pre-
dictor of mycorrhizal phenotype. In every case that MGR was
high (mutualism), tissue N : P was > 10 suggesting co-limitation
or P limitation, and when MGR was near zero or negative (com-
mensal or parasitic), tissue N : P was < 14, below the threshold
for N limitation (Koerselman & Meuleman, 1996; Fig. 6).
Although tissue N : P ratio was a useful index of nutrient limita-
tion in our studies of 3-month-old plants, caution is necessary
when using tissue N : P ratios for inferences about plant N and P
limitation. The index is likely to be most accurate when studying
relatively young plants of uniform age. Studies suggest that N : P
ratios may not be accurate indicators of plant nutrient status in
water-limited systems or in older plants that have sequestered
nutrients in their tissues (G€usewell, 2004). In such cases, it is
preferable to detect plant nutrient limitation using fertilization
experiments to reveal plant biomass responses to enrichment of
different nutrients.
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Our findings show that light availability was an important
determinant of mycorrhizal phenotype in Fermi and Konza soils,
but not in P-rich Cedar Creek soil (Fig. 5d). Simultaneous shade
and P fertilizer in the Konza system (Expt III) generated a
remarkable range of mycorrhizal phenotypes, from mutualism to
parasitism (Figs 6b, 7d). Shade reduced the net CO2 assimilation
rate (Fig. 4) and both shade and P enrichment reduced fungal

biomass, presumably because of reduced C-for-P trade. Both
shade and P fertilizer reduced MGR by shifting the relative bal-
ance of commodities: shade increased the relative cost of C and
fertilizer decreased the relative benefit of mycorrhizal P uptake.
These results are parsimonious with the discovery that reciprocal
exchange of C and P control mycorrhizal cooperation (Hammer
et al., 2011; Kiers et al., 2011). In contrast to P, we observed little
evidence to suggest that C-for-N trade directly enforces mycor-
rhizal cooperation by linking resource trade to biomass gain by
both plant and fungal partners. Other studies have reached the
same conclusion (Corrêa et al., 2014). When N is in limited sup-
ply, AM fungi are unlikely to release it to their host plants until
their own needs have been met (Hodge & Storer, 2014). In this
regard, it is likely that plants, AM fungi and other soil microor-
ganisms all compete for N in soils with very low N availability.

In Expt II, a 66% reduction of light reduced MGR, but a 33%
reduction only reduced MGR in Konza soil; it actually increased
MGR in Fermi soil. These findings suggest that the photosyn-
thetic capacity of big bluestem must be substantially reduced to
induce a limitation of C for symbiotic trade with AM fungi in P
limited soils. This agrees with a study of C budgets in legume
mycorrhizas (Kaschuk et al., 2009), and suggests that the C cost
of AM fungi is substantially lower than the photosynthetic capac-
ity of their host plants. Cool-season grasses with a C3 photosyn-
thetic pathway are expected to be inherently more C-limited than
C4 grasses, such as big bluestem in our experiment, and this phys-
iological constraint helps explain why C3 grasses generally have a
much lower dependency on mycorrhizas (Wilson & Hartnett,
1998). With ample light, big bluestem has been shown to
increase its photosynthetic capacity to satisfy the C sink strength
of AM fungal symbionts (Miller et al., 2002). But, without suffi-
cient light, we have shown that mycorrhizal trading partnerships
become C limiting and both fungal biomass and MGR decline.
Others have found evidence that shade reduces C supply to AM
fungi and reduces AM fungal biomass and MGR (Graham et al.,
1982; Olsson et al., 2010; Shi et al., 2014).

Fertilization with N can either decrease or increase the abun-
dance of AM fungi and plant MGR as seen in Expt I (Fig. 2) and
in field studies (Johnson et al., 2003). Nitrogen enrichment of P-
rich Cedar Creek soil reduced AM colonization and MGR of
plants. By contrast, N enrichment increased the abundance of
AM fungi and plant MGR in Fermi and Konza soils. The Func-
tional Equilibrium model helps explain this result (Johnson et al.,
2003). Nitrogen enrichment of P-rich soils may be expected to
induce plants to adjust their biomass allocation in favor of shoots
and away from roots and mycorrhizas. On the other hand, N
enrichment of P-limited soils will exacerbate P limitation,
increase the value of AM symbioses, and induce plants to increase
allocation belowground to roots and AM fungi. This perspective
may help reconcile inconsistencies in the literature. Reynolds
et al. (2005) examined the effects of four different AM fungal
species on five different plant species but did not observe a single
case in which the fungus increased the N nutrition and biomass
of their host plant. By contrast, Tu et al. (2006) found that AM
fungi significantly increased the N uptake and biomass gain of
Avena fatua. Soil N : P stoichiometry is the key to these
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contradictory findings. Reynolds et al. (2005) purposely used P-
rich soil; consequently, similar to Cedar Creek, N enrichment
generated commensal or even parasitic mycorrhizal phenotypes.
By contrast, the soil used by Tu et al. (2006) was co-limited by
both N and P (C. Tu, pers. comm.); and accordingly, N enrich-
ment increased the relative benefit of mycorrhizal P uptake and
increased MGR, just as we observed at Fermi and Konza.

The usefulness of the Law of the Minimum for predicting
mycorrhizal function doesn’t only pertain to N and P. It is well
known that AM fungi can ameliorate plant limitation of other
resources such as water and zinc (Thompson, 1994; Ryan &
Angus, 2003; Aug�e et al., 2014). Improved water relations could
well be the most important function of mycorrhizas in the sandy
drought-prone soil at Cedar Creek, but our experiments would
never detect this because our experimental plants were never
exposed to drought. Mycorrhizas are known to increase plant
uptake of immobile micronutrients such as zinc, copper and
manganese, and the extent to which they improve plant nutrition
is influenced by the relative abundance of P and and other mi-
cronutrients (Liu et al., 2000). Researchers studying fertilization
trials should be aware of the potential for hidden micronutrients
to influence their results (Hejcman et al., 2009). For example,
molybdenum, a critical co-factor in nitrogenase, is often a limit-
ing factor for N-fixing symbioses and it is a common contami-
nant of P fertilizer (Barron et al., 2009).

Resource limitation can be a powerful driver of community
composition and genetic adaptation within populations. Natural
communities of organisms are likely to shift in composition
towards stoichiometric balance with their resource supply (Sch-
ade et al., 2005; Danger et al., 2008). When soil resources are in
limited supply, plant species that form nutritional symbioses are
expected to dominate the community, but fertilization will elimi-
nate the benefits of these symbioses, and over time, plant species
that invest less in useless nutritional symbioses will have a com-
petitive advantage and come to dominate fertilized communities.
We believe that this phenomenon may be driving the shifts in the
species composition of grassland plants and associated AM fungi
that occur in long-term fertilization studies (Johnson, 1993; Eg-
erton-Warburton et al., 2007; Johnson et al., 2008; Liu et al.,
2012). We have found strong evidence that nutrient limitation
may also be an evolutionary force that generates site-specific co-
adaptation among plant genotypes and AM fungi. A reciprocal
inoculation experiment clearly showed that local ecotypes of big

bluestem are adapted to their local soil and indigenous AM fun-
gal communities such that mycorrhizal exchange is maximized
for the most limiting resource (N at Cedar Creek and P at Fermi
and Konza) (Johnson et al., 2010; Ji et al., 2013).

Mycorrhizal phenotypes are shaped by complex interactions
among many biotic and abiotic factors (Newsham et al., 1995;
Johnson et al., 1997). The important insight from this work is
that the Law of the Minimum provides a hypothesis-generating
framework that helps identify the critical factors controlling
mycorrhizal function in different systems. Arbuscular mycorrhi-
zas are found across a remarkable diversity of ecosystems. Cer-
tainly, different factors should be expected to limit their
function in systems as different as deserts and tropical rain for-
ests. Accurate identification of these critical (limiting) factors is a
first step towards developing effective management strategies to
maximize AM benefits in agriculture, horticulture forestry, and
restoration. For example, knowing the threshold tissue N : P
ratio for mutualism will help identify the appropriate fertiliza-
tion schemes to maximize mycorrhizal benefits and minimize
the use of expensive fertilizers. Also, this knowledge could help
manage AM fungi for their role in sequestering C in the soil.
Addition of N to P-limited soils could increase AM fungal bio-
mass and its potential to increase belowground C sinks, whereas
N enrichment of P-rich soils will have the opposite effect and
reduce AM fungal biomass.
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