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Abstract. It is commonly assumed that microbial communities are structured by “bottom-up”
ecological forces, although few experimental manipulations have rigorously tested the mechanisms
by which resources structure soil communities. We investigated how plant substrate availability
might structure fungal communities and belowground processes along an experimental plant rich-
ness gradient in a grassland ecosystem. We hypothesized that variation in total plant-derived sub-
strate inputs, plant functional group diversity, as well as the relative abundance of C4 grasses and
legumes would modulate fungal a- and b-diversity and their rates of soil carbon (C) and nitrogen
(N) cycling. To test these predictions, we molecularly characterized fungal communities, as well as
potential extracellular enzyme activity, net N mineralization, and soil organic matter respiration. We
found higher fungal richness was associated with increasing aboveground plant biomass; whereas,
fungal b-diversity was explained by contributions from C4 grass and legume relative dominance,
plant functional group diversity, as well as plant biomass. Furthermore, aboveground plant biomass
consistently shaped the richness and composition of individual fungal trophic modes (i.e., sapro-
trophs, symbiotrophs, pathotrophs). Finally, variation in extracellular enzyme activity, net N miner-
alization rates, and soil organic matter respiration was significantly explained by fungal b-diversity
when fungi were functionally classified. Via changes in the supply and composition of organic sub-
strates entering soil, our study demonstrates that changes in the plant species richness and func-
tional composition collectively influence fungal communities and rates of soil C and N cycling.

Key words: belowground diversity; community assembly; decomposition; extracellular enzymes; fungi;
mineralization; plant species richness; resource availability.

INTRODUCTION

Soil fungi are important determinants of primary pro-
ductivity through the direct and indirect transfer of
growth-limiting nutrients from soil to plants (de Boer
et al. 2005, Berg and McClaugherty 2008, Smith and
Read 2010). As mediators of soil nutrient availability,
understanding the ecological factors that structure soil
fungal communities is of ecosystem-scale importance.
However, we have historically lacked a conceptual frame-
work for the study of microbial community assembly
(Nemergut et al. 2013). Resource availability is a key fac-
tor regulating biodiversity in plant and animal communi-
ties (Tilman et al. 1982, Chesson 2000, Chase and
Leibold 2003). It is commonly assumed that microbial
communities are similarly structured by “bottom-up” eco-
logical forces (Kowalchuk et al. 2002, Zak et al. 2003).
However, ecological theory encompassing microorganisms

and rigorous experimental manipulations provide limited
evidence for this assumption. The expanding use of DNA
sequencing provides new opportunities to examine plant
controls on fungal diversity via resource availability.
Plants regulate fungal resource availability in the form

of organic substrate inputs. Saprotrophic fungi are lim-
ited by the energy that can be obtained from the decay
of plant detritus and other soil organic materials. In con-
trast, symbiotic mycorrhizal fungi receive photosyn-
thates directly from plant root tips; therefore, their
energy supply is largely limited by plant photosynthetic
rates and C allocation to symbionts (Berg and
McClaugherty 2008, Smith and Read 2010). Individual
fungal taxa also vary in their relative capacities to
extract energy from plant resources (Frankland 1998,
Schneider et al. 2012). For example, a subset of sapro-
trophic fungi produce extracellular enzymes that
degrade lignin, a major component of the plant cell wall
(i.e., members of the phylum Basidiomycota; Floudas
et al. 2012); whereas, mycorrhizal fungi are constrained
by their capacity to form associations with plant hosts
(Verbruggen et al. 2012). Thus, plant communities may
serve as a strong selective force for soil fungi due to their
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reliance on plants for organic substrates and varied
metabolic capacities.
Specifically, plant species richness and composition

may influence soil fungal communities and their biogeo-
chemical processes as a result of three potential influ-
ences on fungal substrate availability. First, plant species
richness has been associated with increased plant bio-
mass (Tilman et al. 2001), leading to corresponding
increases in total soil C and N inputs available to fungi
(Fornara and Tilman 2008). Second, due to variation in
biomass, biochemistry, and root exudation by plant spe-
cies (Grayston et al. 1998, Craine et al. 2002), increased
plant species richness may increase the richness of sub-
strates entering soils, thereby increasing the niches avail-
able to soil fungi (Grayston et al. 1998, Hooper et al.
2000, Waldrop et al. 2006). Third, a change in the com-
position of plant functional groups could alter the rela-
tive abundance of organic substrates entering soil
(Hooper and Vitousek 1997) to favor fungi with particu-
lar metabolic capacities (Wardle et al. 2004, Bardgett
et al. 2005). For example, due to the high lignin:N ratios
of C4 grass tissues (Craine et al. 2001, Knops et al.
2001, Fornara et al. 2009), plant communities domi-
nated by C4 grasses may correspond with a higher abun-
dance of fungi with lignolytic capacities (Cline and Zak
2015).
Observational, experimental, and theoretical work

describing the patterns and mechanisms by which
resource availability structures plant a- and b-diversity
provides a potentially useful framework to generate
hypotheses regarding the relationship between fungal
communities and resource supply. For example, the

relationship between soil nutrient availability and plant
richness has been observed to be unimodal (Inouye et al.
1987, Theodose and Bowman 1997, Fraser et al. 2015),
although not this is not always the case (Adler et al.
2011, Willig 2011). At low initial nutrient availability,
plant richness increases with soil nutrients as more spe-
cies are able to meet their minimum resource require-
ments (i.e., resource-ratio hypothesis; Tilman et al.
1982), and potentially leading to species co-existence via
“trade-off based mechanisms,” including interspecific
complementarity and greater use of limiting resources
(Tilman et al. 2014). At high nutrient availability, plant
diversity may decrease as a result of fewer belowground
limiting factors (i.e., reduced niche dimensionality) and
increasing light limitation (Goldberg and Miller 1990,
Harpole et al. 2016). We might observe a similar uni-
modal relationship in fungal richness along a plant
diversity gradient (Waldrop et al. 2006, Langenheder
and Prosser 2008), if increased fungal access to organic
substrates (a consequence of increased plant diversity)
increases fungal richness until competition for mineral
nutrients leads to declining fungal richness (Fig. 1a).
Alternatively, the combined biochemical complexity of
organic substrates (e.g., cellulose, hemicellulose, lignin,
tannins) and varied metabolic capacities of fungi (i.e.,
extracellular enzyme synthesis), may lead to linear
increases in fungal OTU richness along a resource gradi-
ent (Cline and Zak 2015; Fig. 1a) as substrate diversity
subsequently increases the number of “niches” available
to fungi (Grayston et al. 1998).
Observations of increasingly distinct plant communi-

ties along a nutrient gradient (Chapin 1980, Bedford
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FIG. 1. Hypothesized relationships between substrate availability and fungal richness along a plant diversity gradient. Plant spe-
cies richness may modulate fungal richness as a result of total inputs or the diversity of substrates (a), or plant composition may
shape fungal richness as a result of its influence on functional groups and resulting litter biochemistry (b). In the grassland diversity
experiment at Cedar Creek Ecosystem Science Reserve, plant biomass and substrate diversity increase with plant species richness,
due to increasing productivity and representation of plant functional groups. We may observe a unimodal relationship in fungal
richness along a plant diversity gradient, if increased fungal access to organic substrates increases fungal richness until competition
for mineral nutrients leads to declining fungal richness (solid line; a). Alternatively, increasing plant richness may lead to linear
increases in fungal richness, if substrate diversity increases the number of “niches” available to fungi (dashed line; a). If the plant lit-
ter biochemistry is a primary governor of fungal diversity, we expect fungal richness increases with the relative dominance of
legumes and/or decrease with C4 grass dominance (b).
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et al. 1999) can inform the generation of hypotheses
about whether organic substrate availability may simi-
larly structure fungal b-diversity. For example, low nutri-
ent habitats favor plant species with lower maximal
growth and lower nutrient uptake rates (Chapin 1980);
whereas, plant species with rapid resource capture and
high dispersal dominate soils with high nutrient avail-
ability (Aerts et al. 1990). If analogous life history trade-
offs occur between fungal resource uptake and growth,
we expect that fungal communities will become increas-
ingly dissimilar along a resource gradient (Johnson et al.
2003, Peay et al. 2011, Cline and Zak 2015). Further, if
plant litter biochemistry governs fungal b-diversity as a
result of varied metabolic capacities among fungal taxa,
we expect that the relative dominance of individual plant
functional groups (i.e., C4 grasses and legumes) will
shape fungal communities, independent of total sub-
strate entering the system (Fig. 1b; Meier and Bowman
2008). Alternatively, the potential influence of stochastic
spore dispersal and priority effects in fungal community
assembly may override the influence of resource supply
on fungal communities (Fukami et al. 2010, Peay and
Bruns 2014).
Through its effects on the richness and composition of

the fungal community, substrate availability may further
influence soil biogeochemical cycling. It is well estab-
lished that increases in belowground biomass lead to
more rapid C and N cycling as a result of increased res-
piration, enzyme activity, and mineralization rates (Zak
et al. 1990). Independent of fungal biomass, soil process
rates may be expected to increase with fungal richness
due to varying metabolic capacities of individual fungi
(Gessner et al. 2010, H€attenschwiler et al. 2011). Fur-
thermore, if soil fungal communities exhibit some degree
of functional equivalence (Talbot et al. 2014), we expect
that the turnover of functional groupings of fungi across
experimental plots (i.e., fungal guilds) will account for
more variation in soil function than taxonomic consider-
ations alone (H€attenschwiler et al. 2011).
To explore the potential mechanisms by which plant

diversity might structure fungal a- and b-diversity, via
controls on resources, we characterized fungal commu-
nities and belowground processes along an experimental
plant richness gradient in a grassland ecosystem. We
measured above and belowground biomass, root chem-
istry, substrate diversity (i.e., the diversity of above-
ground biomass when classified by plant functional
group) and plant functional group composition. We also
quantified potential extracellular enzyme activity, net N
mineralization and soil organic matter respiration in
order to understand whether variation in fungal commu-
nities along a plant diversity gradient have consequences
for belowground processes. Furthermore, fungal
sequences were classified according to “species” level
classifications (i.e., operational taxonomic units; OTUs)
as well as trophic modes (i.e., saprotrophs, symbionts,
pathogens) to understand whether plant-allocated
resources vary with fungal mode of resource capture.

METHODS

Experimental design and sample harvest

Our study was conducted at Cedar Creek Ecosystem
Science Reserve (East Bethel, Minnesota), where a grass-
land biodiversity experiment was established in 1994 (Til-
man et al. 2001). One, 2, 4, 8, or 16 perennial grassland
species were planted from a pool of 18 species (four spe-
cies, each, of C4 grasses, C3 grasses, legumes, non-legume
forbs; two species of woody plants) in 9 9 9 m plots
(n = 168). Soil was sampled to a depth of 10 cm (2 cm
diameter) from 35 plots in July 2014 to quantify soil
edaphic properties, soil microbial biomass, microbial respi-
ration, net N mineralization, and extracellular enzyme
activity. In July 2015, soil from 125 plots (including the 35
plots from the 2014 sampling) was similarly sampled for
fungal molecular characterization. Five soil cores were
sampled from each plot and composited into a single sam-
ple. Roots were removed from soil samples using a
2 9 2 mm sieve and dried at 60°C for 48 h. We measured
soil pH using a 1:1 (v/v) soil:water mixture. Sieved soils
dried at 60°C for 48 h were used to measure total soil % C
and % N by combustion using a Costech ECS4010
element analyzer (Valencia, California, USA) and root car-
bon fractions (cell solubles, cellulose, hemicellulose +
bound proteins, nonhydrolyzable) using an ANKOM for-
age analyzer (Macedon, New York, USA). Sieved 2015
soils were transported on ice and stored at �80°C until
fungal molecular characterization was initiated.

Plant community analysis

To quantify plot productivity and the relative domi-
nance of plant functional groups, we collected above-
ground plant biomass for each plot (n = 125) in a
9 m 9 6 cm strip clip in July 2014 and also July 2015.
All aboveground biomass was classified by plant species,
dried at 60°C for 48 h and weighed. Aboveground bio-
mass was assigned to 79 plant species and 5 plant func-
tional groups, including C3 grasses, C4 grasses, forbs,
legumes, and sedges. We quantified total aboveground
biomass of each plot, as well as the relative proportion
of biomass (i.e., relative dominance) made up by individ-
ual plant functional groups. Plant functional group b-
diversity was calculated using the Bray-Curtis distance
metric, when the biomass of all five plant functional
groups was considered.

Molecular characterization of fungi

DNA was extracted from 0.5 g soil using the Fas-
tDNA SPIN Kit (MP Biomedical, Solon, Ohio, USA).
PCR amplification of the ITS1 gene region was con-
ducted using primers ITS1F and ITS2 (Smith and Peay
2014). See Appendix S1 for details of PCR conditions,
amplicon clean-up, and normalization. Sequencing was
performed on the MiSeq platform (Illumina, San Diego,
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California, USA) with 250 paired-end reads at West Vir-
ginia University’s Genomic Core Facility. Low quality
reads were removed bioinformatically using the FAST
pipeline (https://github.com/ZeweiSong/FAST; see App-
endix S1). Taxonomy was assigned using the BLAST
algorithm (Altschul et al. 1990) against the UNITE
database (v.7.0.; K~oljalg et al. 2013), and functional
assignments (i.e., trophic mode and guild) were made in
FunGuild using taxonomic assignments (Nguyen et al.
2016). Raw sequences were uploaded to the NCBI
Sequence Read Archive (SRP108802).

Microbial biomass

Using samples collected in 2014 (n = 35) as well as
2015 (n = 125), we analyzed microbial biomass C
using a chloroform fumigation extraction procedure
(Appendix S1; Brookes et al. 1985). As in Riggs and
Hobbie (2016), soil microbial biomass C was calculated
as the difference between extractable C in the fumigated
and unfumigated samples divided by an extraction effi-
ciency coefficient (0.45). Values ranged between 0.006
and 0.18 mg C/g soil.

Soil process rates

Also from plots sampled in 2014 (n = 35), we calcu-
lated microbial respiration, extracellular enzyme potential
activity and in situ net N mineralization rates. We quanti-
fied microbial respiration during a year-long laboratory
incubation. Microbial respiration rate (mg CO2-C�
[g soil]�1�d�1) was quantified from a 50 g subsample of
fresh, sieved soil by measuring the accumulation of CO2

in airtight 1 L Mason jars during 24–48 h intervals on
days 5, 7, 9, 12, 19, 26, 54, 84, 117, 178, 207, 237, 269,
301, 325, 355 of the incubation (Appendix S1). We calcu-
lated cumulative C respired (mg CO2-C/g soil) as the sum
of the average respiration rate between adjacent measure-
ment dates multiplied by the time interval between mea-
surements, ranging from 0.23 to 1.25 mg CO2-C/g soil.
We estimated the hydrolytic, chitinolytic, and lignolytic
enzyme activity of soil communities using extracellular
enzyme assays (Appendix S1). To measure activity of
a-glucosidase (AG; EC 3.2.1.20), b-1,4-glucosidase (BG;
EC 3.2.1.21), cellobiohydrolase (CBH; EC 3.2.1.91),
b-1,4-xylosidase (BX; EC 3.2.1.37), and N-acetyl-b-gluco-
saminidase (NAG; EC 3.1.6.1), we used 200 lmol/L
methylumbellyferyl-linked substrates (German et al. 2011).
A 25-mM L-dihydroxy-phenylalanine substrate was used
to assay phenol oxidase (PO; EC 1.10.3.2) and peroxidase
(PX; EC 1.11.1.7) activity. Chitinolytic enzyme potential
was calculated as NAG activity (ranging from 14.1 to
215.8 lmol�g�1�h�1 across experimental plots). Hydro-
lytic enzyme potential represented the summed activities
of AG, BG, BX, and CBH activity (95.3–637.1
lmol�g�1�h�1), and lignolytic activity was calculated as
the sum of PX and PO (0.089–0.48 lmol�g�1�h�1). Mid-
growing season in situ net N mineralization rates were

estimated using 1.9 cm diameter plastic tubes (PVC) sunk
to a depth of 10 cm at two different locations within each
plot and covered with caps to prevent leaching losses.
NH4

+ and NO3
� was measured initially in soil subsam-

ples, as well as following 30 d of soil incubation within
each PVC. We calculated net N mineralization rates
(lg N�[g soil]�1�d�1) as the difference between initial and
final extractable concentrations of NH4

+ and NO3
�

(Doane and Horwath 2003) using a BioTek Synergy H1
microplate reader (Winooski, Vermont, USA).

Statistical analysis

Univariate and multivariate statistics tested whether
plant diversity, via changes in plant biomass, substrate
diversity (i.e., plant functional group diversity) and func-
tional group composition, significantly predicted fungal
community composition and soil process rates. To
understand how plant richness altered microbial sub-
strate availability, linear regression quantified the rela-
tionship between planted species richness and plant
biomass as well as plant functional group diversity, cal-
culated as Shannon diversity index according to above-
ground biomass of the five plant functional groups.
Permutational multivariate analysis of variance (PER-
MANOVA) and dispersion analysis assessed whether
plant species richness contributed to significant differ-
ences in plant functional group b-diversity. To under-
stand whether C4 grasses and legumes influenced root
chemistry, we performed simple linear regression to
quantify the relationship between root carbon fractions
and predictors, including C4 grass and legume relative
dominance. To investigate potential ways by which plant
communities shape fungal communities, linear regres-
sion tested the relationship between fungal response
variables (i.e., fungal richness and microbial biomass)
and four plant explanatory variables (i.e., aboveground
plant biomass, plant functional group diversity, C4 grass
relative dominance, and legume relative dominance).
Using this same set of predictors, we performed dis-
tance-based redundancy analysis (db-RDA; Legendre
and Anderson 2006) to quantify whether plant metrics
accounted for variation fungal b-diversity. Using Hellin-
ger-transformed abundances, fungal OTU b-diversity
(all fungi, saprotrophs, symbiotrophs, pathotrophs) and
guild b-diversity was calculated by the Bray-Curtis dis-
similarity metric (Legendre and Gallagher 2001). To fur-
ther assess which combination of plant substrate metrics
accounted for the largest amount of variation in fungal
richness and composition, all four explanatory variables
were included into a single linear regression model (fun-
gal richness as response variable) and a single db-RDA
model (fungal b-diversity as response variable), followed
stepwise model selection (forward and backward) based
on Akaike’s information criterion (AIC) of variables
with a variance inflation factor <2. To investigate
whether substrate availability influenced individual taxa,
we conducted spearman correlations between the 176
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OTUs representing >0.1% of the community and above-
ground plant biomass, plant functional group diversity,
and C4 grass and legume relative dominance. P-values
were adjusted for multiple comparisons (Benjamini and
Hochberg 1995). To test whether soil edaphic factors
also contributed to fungal b-diversity, we calculated a
Euclidean distance matrix from soil moisture, pH, soil
C, and soil N of the 2014 field subset, and conducted a
Mantel correlated test with fungal OTU b-diversity. To
understand whether variation in soil process rates corre-
lated with fungal richness and fungal b-diversity, we
expressed rates per unit microbial biomass C and con-
ducted linear regression (fungal richness as response
variable) and db-RDA (fungal b-diversity as response
variable) models using soil progress rates as predictors
and adjusting P-values for multiple comparisons. Analy-
ses were performed in the R environment (http://www.
R-project.org) using stats (Version 3.01; R Code Team
2016), vegan (Oksanen et al. 2016) packages.

RESULTS

Plant species richness and measures of fungal
substrate availability

Planted species richness was positively associated with
aboveground plant biomass (F1,107 = 74.3; r2 = 0.41;
P < 0.001) and had a significant log-linear relationship
with belowground biomass (Fig. 2a; F1,28 = 22.6; r2 =
0.45; P < 0.001). Plant functional group diversity was
positively associated with log-transformed planted species
richness (Fig. 2b; F1,107 = 78.0; r2 = 0.42; P < 0.001).
Plant functional group composition was also significantly
different between plant richness treatments (PERMA-
NOVA; F1,107 = 9.33; P < 0.001), as indicated by a

positive linear relationship between plant richness and C4

grass biomass (Fig. 2c; F1, 107 = 31.6; r2 = 0.23; P <
0.001) as well as legume biomass (F1, 107 = 8.7; r2 =
0.075; P = 0.004). Furthermore, variation in plant func-
tional group b-diversity was significantly greater in spe-
cies-rich plots, as indicated by an inverse relationship
between average distance to centroid and richness treat-
ment (dispersion analysis; F1,3 = 60.3; r2 = 0.95; P =
0.004). C4 grass relative dominance was positively related
to root hemicellulose content (Appendix S2: Fig. S1;
F1,25 = 4.3; r2 = 0.21; P = 0.008) and negatively related
to the soluble root components (F1,25 = 8.1; r2 = 0.30;
P = 0.001). No other root C fractions varied with C4

grass or legume relative dominance (P = 0.19–0.93).

Fungal community characterization

Taxonomy and guild assignments.—Following removal
of fungal sequences of poor quality, 57% were classified
in the phylum Ascomycota, 19% Basidiomycota, 4%
Zygomycota, and 20% unidentified at the phylum level.
One hundred and seventy-six OTUs and 10 fungal
guilds, including undefined saprotoph, plant pathogen,
arbuscular mycorrhizal fungi, comprised at least 0.1% of
the fungal sequences across 2015 experimental plots
(n = 125). Dominant guilds were classified in the trophic
modes saprotrophs, pathotrophs, and symbiotrophs
(Appendix S2: Fig. S2).

OTU richness.—In simple regression models, fungal
OTU richness significantly increased with aboveground
plant biomass and plant functional group diversity
(Fig. 3a, b), but was not related to C4 grass or legume
relative dominance (Fig. 3c; P = 0.49–0.63). Fungal
richness was best explained by a multiple regression
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FIG. 2. Planted species richness is positively related to aboveground and belowground plant biomass (a), plant functional group
diversity (b), and C4 grass and legume biomass (c). Belowground biomass was collected for a subset of plots (n = 35). Plant func-
tional group diversity (a proxy for substrate diversity) was calculated from the Shannon index at each plot, according to the biomass
of C3 grasses, C4 grasses, forbs, legumes and sedges. In panel (c), dashed regression line represents the significant increase in C4
grass biomass; whereas, solid line represents the significant increase in legume biomass. Significance was determined at a < 0.05.
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model containing both aboveground plant biomass and
functional group diversity (F2,83 = 5.8; R2 = 0.13;
P = 0.004). In this two-factor model of fungal richness,
total biomass remained significant (b = 0.1; P = 0.02);
whereas, plant functional group diversity was marginally
significant (b = 27.9; P = 0.07), and accounted for only
an additional 2% of variation (Fig. 3d). When we mod-
eled the richness of saprotrophs, pathogens and sym-
biotrophs separately, saprotrophic richness was best
modeled by aboveground plant biomass and plant func-
tional group diversity; whereas, aboveground biomass
was selected to model pathogenic richness, and the best
model of symbiotrophic richness consisted of above-
ground plant biomass and legume relative dominance
(Appendix S2: Table S1).

Fungal b-diversity.—Principal coordinates analysis illus-
trated that fungal OTU b-diversity varied along the plant
diversity gradient (Fig. 4a), co-varying with plant above-
ground biomass, plant functional group diversity, and the

relative dominance of C4 grasses and legumes. All four
variables were selected to model fungal OTU b-diversity
(stepwise db-RDA; F4, 104 = 2.8; P < 0.001), cumula-
tively accounting for 9.7% of the total variation across
plots (Fig. 4b). Furthermore, collective variation in
soil edaphic factors (i.e., pH, moisture, C and N) did
not significantly explain fungal b-diversity (Mantel;
R = �0.003; P = 0.50). Considering individual trophic
modes, aboveground plant biomass and the relative domi-
nance of C4 grasses accounted for variation in saprotroph
b-diversity (stepwise db-RDA; F3,105 = 3.5; P < 0.001;
R2 = 0.091). Similarly, symbiotroph b-diversity was best
modeled by aboveground plant biomass and C4 grass rel-
ative dominance (F2,106 = 2.2; P < 0.001; R2 = 0.044).
Aboveground plant biomass and legume relative domi-
nance were included in the best model of pathogen
b-diversity (F2,106 = 5.8; P < 0.001; R2 = 0.098).

Taxa-specific responses.—Of the 176 dominant OTUs,
26% were significantly correlated to aboveground plant
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FIG. 3. Simple linear regression between fungal OTU richness and aboveground plant biomass (a), plant functional group
diversity (b), C4 grass and legume relative dominance (c), as well as the proportion of variance accounted for by significant variables
in a multiple regression model (d). Plant functional group diversity was calculated for each plot from the Shannon index, according
to the biomass of 5 plant functional groups, including C3 grasses, C4 grasses, forbs, legumes, and sedges. Significance was deter-
mined at a < 0.05.
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biomass (45 OTUs), 19% were significantly related to C4

grass relative dominance (34 OTUs), 15% were correlated
with legume relative dominance (27 OTUs), and 4.5% (8
OTUs) correlated with plant functional group diversity
(Fig. 5; Spearman; �0.50 > q < 0.60). Significant OTU
correlations occurred within 24 fungal genera, most of
which are classified as Ascomycetes (79%). Of OTUs with
trophic mode classifications, the largest number of OTU
correlations was observed within saprotrophs (32 OTUs).
While significant OTU-aboveground plant biomass corre-
lations were a mixture of positive and negative relation-
ships (19 and 26, respectively), we observed largely
positive OTU correlations with legume relative domi-
nance (20 of 27 total) and plant functional group diver-
sity (6 of 8) and mostly negative OTU correlations with
C4 grass relative dominance (21 of 34). Within each
trophic mode, the direction of correlations between OTU
abundances and plant variables was generally mixed.
Saprotrophic OTUs were positively and negatively corre-
lated to aboveground plant biomass and C4 grass relative
dominance. Interestingly, only positive correlations
occurred between saprotrophic OTUs and legume relative
dominance, as well as plant functional group diversity.

Microbial biomass C.—Microbial biomass C increased
with aboveground plant biomass (Appendix S2: Fig. S3;
F1,33 = 11.7; r2 = 0.26; P = 0.002), but was not associ-
ated with plant functional group diversity (P = 0.47) or
the relative dominance of C4 grasses (P = 0.32) and

legumes (P = 0.35). Furthermore, increases in microbial
biomass C along the plant diversity gradient were inde-
pendent of changes in fungal richness (P = 0.22). Micro-
bial biomass C was positively related to cumulative
respiration (F1,33 = 29.1; r2 = 0.47; Padjust < 0.001), as
well as hydrolytic (F1,33 = 7.2; r2 = 0.18; Padjust = 0.022)
and chitinolytic (F1,33 = 20.4; r2 = 0.38; Padjust < 0.001)
potential enzyme activity. However, no relationship was
observed between microbial biomass C and lignolytic
enzyme potential or net N mineralization (Padjust > 0.44).

Links between fungal communities and soil processes

While fungal richness did not account for variation in
soil process rates, fungal guild composition was a signifi-
cant predictor. Specifically, no significant relationships
occurred between fungal OTU richness and cumulative
C respired per unit microbial biomass (mg CO2-C/g soil
C; linear regression; Padjust = 0.50), enzyme activity
(hydrolytic, chitinolytic, and lignolytic) per gram microbial
biomass C (lmol substrate�[g microbial biomass C]�1�
h�1; Padjust = 0.41–0.70), or N mineralization rates (lg N�
[g soil]�1�[g microbial biomass C]�1�d�1; Padjust = 0.41–
0.60), indicating that fungal richness did not contribute to
variation in soil process rates (after considering microbial
biomass C). We also tested the hypothesis that fungal
community composition accounted for variation in soil
biogeochemical processes and found no relationship
between fungal OTU b-diversity and any measured soil
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process rate per gram microbial biomass C (db-RDA;
Padjust = 0.20–0.28). However, when b-diversity was calcu-
lated from the relative abundance of fungal guilds across
experimental plots, guild b-diversity was significantly
related to cumulative respiration/(g microbial biomass C),
hydrolytic, chitinolytic, and lignolytic enzyme activities/(g
microbial biomass C), as well as in situ net N mineraliza-
tion/(g microbial biomass C), accounting for between 9%
and 14% of process rates (Table 1).

Of the guilds representing at least 0.1% of the overall
fungal community (Appendix S2: Fig. S2), cumulative
respiration (per g microbial biomass C) and potential
hydrolytic enzyme activity (per g microbial biomass C)
increased with the abundance of taxa classified as soil
and wood saprotrophs, as well as plant pathogens
(Spearmen q = 0.55–0.58; Padjust = 0.008–0.017). No
individual guilds were significantly correlated with chiti-
nolytic or lignolytic enzyme potential or net N
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mineralization following P-value corrections for multi-
ple comparisons.

DISCUSSION

Despite rigorous theory and empirical tests relating
resource availability to plant diversity and productivity,
we lack an analogous mechanistic understanding of the
role that plant diversity structures soil fungal diversity,
via changes in substrate supply and composition. Here,
we show that changes in plant diversity influence the
richness and composition of soil fungal communities by
altering the quantity of organic substrates, as well as
plant functional group diversity and composition, in
ways that have functional consequences for soil C
cycling. First, we consistently found higher fungal rich-
ness where plant biomass was high. Second, increasing
substrate diversity and the relative dominance of individ-
ual plant functional types also had significant influences
on fungal a- and b- diversity, although the relative
importance of these factors varied with fungal trophic
mode (i.e., saprotroph, pathotroph, symbiotroph).
Finally, respective changes in fungal guild abundance
across the plant diversity experiment had significant
consequences for rates of soil C and N cycling, indicat-
ing the functional significance of different modes of fun-
gal resource capture.
Plant diversity appeared to influence fungal richness

largely through the positive relationship between plant
diversity and plant biomass across the grassland bio-
diversity manipulation (Fig. 3), suggesting that access to
organic substrates increased the fungal taxa able to meet
their minimum resource requirements (Waldrop et al.
2006, Cline and Zak 2015). The relationship between
plant biomass and fungal richness was linear, not

unimodal (as reported by Waldrop et al. 2006, Langen-
heder and Prosser 2008). Thus, it appears that experi-
mental plots with high plant richness did not increase
organic substrate availability to the point that below-
ground competition for mineral nutrients began limiting
fungal richness (i.e., reduced niche dimensionality; Har-
pole et al. 2016). While plant richness appears to struc-
ture belowground richness at local or regional scales
(Mitchell et al. 2010, Hiiesalu et al. 2014, LeBlanc et al.
2015, Chen et al. 2017), there is less evidence of a global
relationship between plant and fungal diversity. Fungal
richness exhibited the latitudinal diversity gradient com-
monly observed in plants, although this global pattern
appeared to be best explained by parallel responses to
climatic and edaphic variables (Tedersoo et al. 2014).
Furthermore, grassland fungal communities across con-
tinents were more strongly shaped by variation in plant
community composition relative to plant species rich-
ness (Prober et al. 2015). Because plant productivity
does not appear to predict plant species richness at the
global scale (Adler et al. 2011), global investigations of
plant-microbial richness patterns may fail to target
changes in microbial substrate availability. Alternatively,
weak relationships between plant and fungal diversity at
these broad spatial scales may be the result of large vari-
ability in abiotic factors combined with the low sampling
density, relative to studies across smaller spatial scales,
required to span the globe.
Unlike the strong relationship observed between fun-

gal richness and aboveground plant biomass, fungal
community composition (i.e., b-diversity) was explained
by comparable –albeit small– contributions from C4

grass and legume relative dominance, plant functional
group diversity, and plant biomass (Fig. 4). Thus, the
abundance of individual fungal taxa appeared sensitive
to particular plant functional groups, plausibly through
an influence on litter biochemistry and available plant
hosts (Spehn et al. 2000, Fornara et al. 2009). For exam-
ple, the relative dominance of C4 grasses likely sup-
pressed the abundance of saprotrophic taxa in
Penicillium and Aspergillus (Fig. 5), due to increasingly
recalcitrant litter chemistry (Appendix S2: Fig. S1;
Knops and Tilman 2000, Cline and Zak 2015). As cellu-
lolytic Ascmoycetes dominate the early stages of litter
decay (Frankland 1998, Vo�r�ı�skov�a and Baldrian 2013), it
is plausible these genera were outcompeted by fungi with
hemicellulolytic and lignolytic capacities when C4

grasses dominated. In contrast, many significant correla-
tions between fungal taxa and legume relative domi-
nance were positive, suggesting that the relatively N-rich
litter of legumes favored particular saprotrophic and
pathotrophic taxa.
Individual fungal trophic modes responded to differ-

ent metrics of plant substrate availability along the plant
diversity gradient. Specifically, while the richness of
saprotrophs, symbiotrophs, and pathogens consistently
increased with aboveground plant biomass, saprotrophic
richness was positively related to plant functional group

TABLE 1. Significant relationships between guild b-diversity
and soil process rates standardized per unit microbial
biomass C, as revealed by distance-based redundancy
analysis.

Factor F R2 Padjust

Cumulative respiration 3.32 0.11 0.006
Chinitolytic potential 3.32 0.11 0.008
Hydrolytic potential 4.31 0.14 0.006
Lignolytic potential 3.51 0.12 0.006
Net N mineralization (in situ) 2.54 0.09 0.022

Notes: Cumulative respiration expressed as mg CO2-C�[g soil
C]�1�[g microbial biomass C]�1�d�1, potential enzyme activities
calculated as mmol substrate�[g microbial biomass C]�1�h�1;
and net N mineralization mg N�[g soil microbial biomass C]�1�
d�1. P-values were corrected for multiple comparisons using the
Benjamini-Hochberg correction (Padjust). Guild b-diversity was
calculated from guilds representing >0.1% of sequence
abundance across the plant diversity gradient, including (in
descending order of abundance) undefined saprotroph, taxa
dually classified as undefined saprotroph/symbiotroph, plant
pathogen/soil and wood saprotroph, as well as plant pathogen,
plant pathogen/wood saprotroph, dung-undefined-wood sapro-
troph, soil saprotroph, undefined endophyte, wood saprotroph,
and arbuscular mycorrhizae (Appendix S2: Fig. S2).
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diversity. This pattern could be explained by the varied
metabolic capacities of saprotrophic fungi (de Boer et al.
2005, Baldrian 2006, McGuire et al. 2010) in conjunc-
tion with the increasing number of niches introduced by
biochemically diverse plant litter (Grayston et al. 1998,
Loreau 1998). Along the same lines, only symbiotroph
richness (primarily AMF; Appendix S2: Fig. S2)
increased with legume relative abundance, a plant func-
tional group associated with increasing soil N availabil-
ity (Knops and Tilman 2000, Fornara and Tilman
2008). At the low end of soil N availability, greater soil
N may increase the opportunity for symbiotic fungi to
transfer soil N to host plants (George et al. 1995, Fell-
baum et al. 2012). Thus, soil N added by legume N-fixa-
tion in the sandy OM-poor soils of our experiment could
plausibly stimulate symbiotroph richness.
Although organic substrate availability significantly

shaped fungal richness and composition, we accounted
for a relatively small amount of the total variation in fun-
gal communities across the plant diversity gradient. One
potential explanation of the unexplained variation in fun-
gal a- and b-diversity is that by measuring root biomass
and chemistry in a subset of plots, we failed to adequately
characterize the belowground C inputs (i.e., roots and
microbial detritus), which are increasingly realized as crit-
ical to soil metabolism and the long-term storage of soil
C (Clemmensen et al. 2013, Cotrufo et al. 2013). Addi-
tionally, it is plausible that soil fauna mediate plant diver-
sity effects on fungal communities by changing the
physical and chemical structure of plant detrital inputs
(Carrillo et al. 2011) and altering fungal competitive
dynamics during fungal herbivory (Crowther et al. 2011).
Lastly, land use history may have limited the importance
of the plant richness gradient in structuring soil fungal
communities, due to either a lasting influence on organic
substrates present in soil (Jangid et al. 2011) or historical
contingencies that were introduced by fungal priority
effects (Fukami et al. 2010).
Independent of the predominant community assembly

mechanism at work, the varied composition of fungi
across the plant diversity gradient significantly
accounted for rates of soil C and N cycling when taxa
were functionally classified (e.g., soil saprotroph, arbus-
cular mycorrhizae, plant pathogen; Table 1). The signifi-
cance of guild b-diversity in accounting for soil process
rates supports mounting evidence that method of
resource capture influences the metabolic capacities and
substrate-use efficiencies of fungi to break down organic
substrates (Brzostek et al. 2015, Tunlid 2015, B€odeker
et al. 2016). Whereas, the lack of significant relationship
between OTU b-diversity (i.e., species-level classifica-
tion) and soil respiration, potential enzyme activity or
net N mineralization indicates fungal taxa within guilds
have overlapping metabolic capabilities. While soil
process rates were quantified a year earlier than fungal
community characteristics, the consistent plant inputs
and microbial biomass C quantified between years
(Appendix S2: Figs. S4, S5) suggests that treatment

effects on the fungal community and soil process rates
were likely preserved between years. Furthermore, soils
were collected in July across both years, constraining
any potential variation that would be associated with
seasonality. Convergent functions across distinct fungal
communities have been described as functional redun-
dancies that likely occur due to common selection pres-
sures (Talbot et al. 2014). However, it is also possible
that functional equivalencies depend on environmental
context (Fetzer et al. 2015), such that specific environ-
mental conditions result in similar efficiencies between
enzymes that mediate the same biological process. Thus,
characterizing fungi by fungal traits may be an increas-
ingly promising approach to explain variations in bio-
geochemical cycling (Crowther et al. 2014, Aguilar-
Trigueros et al. 2015).

CONCLUSIONS

Across a grassland biodiversity manipulation, our
study demonstrates that plant species richness and func-
tional composition collectively structured fungal commu-
nities and soil processes. While these findings support
previous observations of the relationship between plants
and fungi (Waldrop et al. 2006, LeBlanc et al. 2015), our
manipulation of plant species richness and functional
group composition provides a mechanistic framework to
begin to understand how plant-mediated changes in
organic substrate availability contribute to the composi-
tion and functioning of soil communities. Similar to
observed plant richness patterns along nutrient gradients
(Theodose and Bowman 1997), we found that fungal
richness increased with total substrate availability along
the plant diversity gradient. We also provided evidence
that analogous life history tradeoffs occurred between
plants and fungi along a resource gradient, due to
increasingly distinct plant and fungal communities along
their respective resource gradients (i.e., soil N and organic
substrates). Despite these parallels, the relatively large
amount of unexplained variation in fungal communities
could indicate the potential importance of fine-scale vari-
ation in belowground inputs (i.e., root or microbial detri-
tus), soil fauna, or priority effects acting as additional
governors of fungal community assembly. To ultimately
elucidate the factors that govern soil biogeochemical
cycling, these insights highlight the importance of inte-
grating microbial community studies into a unified con-
ceptual framework (Vellend 2010, Nemergut et al. 2013)
as well as the need to understand how community assem-
bly mechanisms influence fungal traits.
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