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In grasslands, fire management and fertilization are established drivers of plant community change, but
associated soil fungal responses are less well defined. We predicted that soil fungal communities would
change seasonally, that decades of fire cessation and nitrogen (N) fertilization would alter fungal dis-
tributions, and that plant and fungal community change would be correlated. Surface soils were sampled
monthly for 1 y from a 30-y fire by fertilization experiment to evaluate fungal community dynamics and
assess correlation with plant community heterogeneity. ITS gene community composition was seasonally
stable, excepting increased arbuscular mycorrhizal fungal summer abundance in the burned, fertilized
treatment. Long-term treatments affected soil fungal and plant communities, with correlated hetero-
geneity patterns. Despite woody encroachment in the fire cessation treatment, soil fungal communities
did not resemble those of forests. This study provides evidence supporting the strength of feedbacks
between fungal and plant community change in response to long-term grassland fire and N management
changes.

© 2019 Elsevier Ltd and British Mycological Society. All rights reserved.
1. Introduction

Soil fungi are a critical component of all terrestrial ecosystems
because of their contributions to soil fertility and plant nutrition
(Reynolds et al., 2003; van der Heijden et al., 2008; Schnitzer et al.,
2011; Hodge and Fitter, 2013). In grasslands, soil fungi are phylo-
genetically and functionally diverse (Blackwell, 2011; van der
Putten et al., 2013), and can affect plant community structure and
nutrition through direct symbioses (Hartnett andWilson,1999; van
der Heijden et al., 2015; Powell and Rillig, 2018), by mediating
dominance through plant-pathogen interactions and negative
feedback loops (Bever et al., 2015), and by facilitating the release of
plant available nutrients through decomposition (Deacon et al.,
2006) and promoting soil aggregate stability and carbon (C)
retention (Six et al., 2006; Wilson et al., 2009). While soil fungi can
affect plant community composition, plants are also the major
source of fungal nutrition, either directly through symbiotic carbon
of Biology, Kansas State Uni-

al Society. All rights reserved.
delivery tomycorrhizas or indirectly through litter that feeds fungal
saprotrophs. Therefore, drivers of plant community structure,
including natural and anthropogenic disturbance regimes, may also
structure fungal communities.

In tallgrass prairie, fire is a major driver of plant, ecosystem and
possibly soil fungal dynamics. Frequent burning suppresses woody
plant growth and maintains productive, herbaceous tallgrass
prairie ecosystems (Hulbert, 1969) and contributes to low available
soil N (Hobbs et al., 1991; Blair, 1997). In recent decades, anthro-
pogenic suppression of fire across the North American Great Plains
has promoted encroachment of native woody shrubs and trees
(Ratajczak et al. 2012), and the accumulation of available soil N
(Seastedt et al., 1991; Ojima et al., 1994). A shift from herbaceous to
woody plant dominance may modify fungal communities by
altering litter quality or quantity (Norris et al., 2001) and the
associated saprotrophic fungi, or by altering plant composition and
associated fungal symbionts (Egidi et al., 2016). Plant responses to
fire suppression (Briggs et al., 2002, Ratajczak et al. 2012), to
changes in N availability (Clark and Tilman, 2008) in grasslands,
and microbial responses to fire in forest ecosystems (Horton et al.,
1998; Hart et al., 2005; Dooley and Treseder, 2012) are well-
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researched. However, many forests are characterized by ectomy-
corrhizal (EcM) fungal interactions, in contrast to the arbuscular
mycorrhizal (AM) associations more commonly found in grass-
lands, and the soil nutrient feedbacks in EcM versus AM dominated
ecosystems can differ a great deal (Cheeke et al., 2017). In general,
less is known about how fire suppression impacts soil fungal
communities in grasslands, and how this might interact with re-
sponses to higher N availability.

Beyond the tendency of fire suppression to increase soil N
availability via greater litter N inputs and reduced volatilization
losses, human activities have increased N availability globally
(Vitousek et al., 1997; Galloway et al., 2004). The consequences of
higher biologically available N in the tallgrass prairie include
greater aboveground net primary production (ANPP) and lower
belowground net primary production (BNPP) (Kitchen et al., 2009;
Wilson et al., 2009), altered plant community structure and
decreased plant richness (Collins et al., 1998; Bardgett et al., 1999),
and changes in soil nutrient stoichiometry (Johnson et al., 2003).
These changes have variable impacts on soil fungal communities, as
metaanalysis (Treseder, 2008) and work in forest ecosystems have
reported that increased N availability frequently causes declines in
fungal biomass, inhibition of fungal growth and even direct toxicity,
as well as lower fungal ligninolytic enzyme activity (Fog, 1988;
Gallo et al., 2004; Edwards et al., 2011).While there is evidence that
AM fungi respond to increased available soil N in grassland eco-
systems, to a level moderated by the site-specific level of plant P
limitation (Jumpponen et al., 2005; Wilson et al., 2009; Johnson
et al., 2015), it is unclear how increased N availability impacts the
composition of the bulk soil fungal community, including AM, EcM,
pathogenic, and saprotrophic fungi.

Within the fungal community, taxa can be broadly sorted into
functional guilds, based on differences in direct and indirect in-
teractions with the plant community and the soil environment
(Garrett, 1951; Nguyen et al., 2016; Cho et al., 2017). For example,
AM fungi in the PhylumGlomeromycota directly contribute to plant
nutrition through their symbiotic relationships in which fungi
alleviate plant phosphorus limitation through enhanced nutrient
acquisition (Hartnett and Wilson, 1999; Johnson et al., 2015).
Pathogenic fungi can affect plant community composition through
direct negative interactions, suppressing growth of some plants
and thus regulating grassland plant diversity (Reinhart, 2012; Bever
et al., 2015). EcM fungi are more abundant in temperate forest
ecosystems, due to their common direct symbiotic association with
dominant tree species; however, likely due to plasticity in the
symbiotic versus saprotrophic lifestyle of many EcM taxa (Talbot
et al., 2008) they may also be found in grassland soils (Thiet and
Boerner, 2007). Saprotrophic fungi produce extracellular enzymes
that break down andmobilize plant available nutrients, including N
and P, from plant litter and soil organic matter (Deacon et al., 2006;
Purahong et al., 2016), thus have essential but indirect interactions
with coexisting plant species. Taken together, the community
composition and functional roles of soil fungi can have strong
feedbacks with plant community structure and nutrient availability
in grasslands.

At our study site, like other tallgrass prairies and rangelands,
long-term fertilization has promoted growth of weedier plant
species over long-lived C4 grasses, and fire suppression has
increased litter accumulation and woody plant abundance. In a
previous study (Carson and Zeglin, 2018), we learned that soil
bacterial community composition responded to long-term N
fertilization, not fire cessation, despite the large fire-associated
plant community change. Following on this finding, we predicted
that changes in fire regime would impact soil fungal community
composition with a stronger correlation to plant community
change than the bacterial community turnover. This pattern would
support the hypothesis that fungal and plant community assembly
are more directly related, due to species-specific symbiotic or
parasitic relationships (Wilson and Hartnett, 1998; LeBlanc et al.,
2014; Cassman et al., 2016), or due to the stronger importance of
plant litter quality for the niche differentiation of fungal sapro-
trophs (Strickland et al., 2009). We also expected that chronically
N-fertilized soils would have a different fungal community (Allison
et al., 2007), including a higher AM fungal relative abundance due
to greater soil N:P ratio, thus an increased reliance of plants on AM
partners (Johnson et al., 2003; Wilson et al., 2009). We further
predicted seasonal changes in soil fungal composition to be
apparent, due to differential population growth of mycorrhizal taxa
during the summer, and saprophytic growth over the winter,
tracking plant phenological changes (Bentivenga and Hetrick, 1992;
Schmidt et al., 2007; Mandyam and Jumpponen, 2008). Finally, we
expected to observe different direct and immediate fungal re-
sponses to the application of N fertilizer, and to fire, that reflect
sensitivity or stimulation of certain taxa to high temperatures or
ephemerally very high nutrient availability (Dooley and Treseder
2012). To evaluate these predictions, we collected data on soil
fungal community composition in a thirty-year fire suppression by
N fertilization experiment monthly for one year, including samples
collected one week post-fire and post-fertilization, and compared
results with data collected concurrently on soil bacterial (Carson
and Zeglin, 2018) and plant community composition.

2. Methods

2.1. Study site and experimental design

This research was conducted at Konza Prairie Biological Station
(KPBS) (39�050N, 96�350W) within the Belowground Plot Experi-
ment (BGPE), a long-term field manipulation of fire and fertiliza-
tion, in a split-strip block experimental design, maintained for 30 y
by the Konza Prairie Long-Term Ecological Research (LTER) pro-
gram. We sampled from replicate 12.5 m by 12.5 m plots that had
been annually fertilized (10 g Nm�2 y�1 as NH4NO3) or unfertilized,
and annually burned or not burned since 1986, to investigate soil
fungal community dynamics in differently managed tallgrass
prairie. The dominant vegetation at KPBS is perennial C4 grasses,
such as Andropogon gerardii, Sorghastrum nutans, Panicum virgatum,
and Schizachyrium scoparium, although fire suppression in the
unburned treatment has promoted dominance by woody plants
such as Juniperus virginiana, Cornus drummondii, and Rubus occi-
dentalis (Ratajczak et al. 2012). The experimental plots are located
on an Irwin silty clay loam soil (fine, mixed, mesic, Pachic Arguis-
tolls). This location experiences warm, dry summers and cool, wet
winters, with a mean annual precipitation (MAP) of 835mm and
mean annual temperature (MAT) of 12.9 �C. During the study year,
precipitation (1002.5mm in 2015) was 20% greater than average,
supporting a soil water content that rarely dropped below field
holding capacity (Zeglin et al., 2013), and mean temperatures were
near or slightly above average (Carson and Zeglin, 2018). The long-
term fire and fertilization treatments had not significantly affected
soil organic matter (SOM) content or soil pH, with a range of
0.05e0.11 g g�1 SOM and pH of 5.5e6.8 (Carson and Zeglin, 2018).

Surface soil cores (top 15 cm of mineral soil) from all replicate
treatment plots were collected once per month from November
2014 to December 2015, excluding December 2014 and February
2015. The four treatment combinations (burned unfertilized con-
trol (BC), burned and N-fertilized (BN), unburned and unfertilized
(UBC), unburned and N-fertilized (UBN)) were oriented in four
replicate blocks, each including the fertilization treatment within
the split-plot burn treatment. Soils from all plotswere collected one
week following the annual burn treatment in April 2015, and one
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week following the annual fertilizer application in June 2015. Soils
were collected using aseptic techniques in 2 cm diameter cores
from three random locations within each plot, homogenized in the
field to create a composite sample, placed on ice in the field and
immediately carried back to the laboratory and frozen at �20 �C
until further analysis.

2.2. DNA extraction and polymerase chain reaction (PCR)

Total genomic DNA (gDNA) was extracted from approximately
0.5 g of homogenized soil per sample using physical lysis, cetyl-
trimethylammonium bromide (CTAB) and phenol: chloroform
extraction and overnight precipitation in PEG 6000 (DeAngelis
et al., 2010). Fungal community sequence libraries were con-
structed from these gDNA extracts, with the ribosomal Internal
Transcribed Spacer (ITS2) as the target locus, using barcoded uni-
versal fungal primers (fITS7/ITS4, White et al., 1990; Ihrmark et al.,
2012). Each sample was PCR-amplified in triplicate 25 ml reactions
with 5 ml GoTaq Flexi Buffer with 1.5mMMgCl2, 5 ml of 0.04% Bovine
Serum Albumin, 5 ml of uniquely barcoded 1 mM primers, 0.25 ml
(1.25 U) of HotStart GoTaq Polymerase, 1 ml of 10mM dNTPs, be-
tween 1 and 100 ng of soil template gDNA, and brought to volume
with Nuclease-free PCR grade water. Cycling conditions were 94 �C
for 3min initial denaturation, followed by 35 cycles of 94 �C
denaturation 10 s, 54 �C annealing for 10 s, and a final 10min 72 �C
extension step. Amplification success and amplicon length were
confirmed with horizontal gel electrophoresis in a 2% agarose gel.
Triplicate reactions were combined and cleaned using Axygen PCR
Magnetic Bead Clean-up (Axygen Scientific, Inc., Union City, CA),
following the manufacturer's protocol with 1:1 vol ratio of Axygen
Magnetic beads for each reaction volume. The cleaned products
were combined into one library with Illumina specific adapters.
Adapters were ligated using a NEBNextDNA MasterMix (Protocol
E6040, New England Biolabs Inc., Ipswich, MA, USA) and sequenced
using a 2� 300 cycle MiSeq Reagent Kit v3 (Illumina, San Diego, CA,
USA) on the Illumina MiSeq at the Integrated Genomics Facility at
Kansas State University (Manhattan, KS, USA).

2.3. Sequence data processing and annotation

The sequence data were processed using mothur (v. 1.35.1;
Schloss et al., 2009). The paired-end library contained 5,779,183
sequences after joining forward and reverse reads. The data were
screened to remove sequences with ambiguous bases, sequences
shorter than 250 base pairs, contiguous sequences with less than
100 base pair overlap, or homopolymers longer than 8 base pairs,
which removed 65 sequences. Sequences were then cut to 232
bases, and near-identical sequences were preclustered to decrease
sequencing bias (Huse et al., 2008) and putative chimeras were
identified and removed (UCHIME algorithm; Edgar et al., 2011).
After these quality control steps, all data were rarified to 7466 se-
quences per sample. A pairwise distance matrix was calculated,
Operational Taxonomic Units (OTUs) were defined by clustering
sequences to 97% sequence similarity, and taxonomic annotations
were assigned using the UNITE database (Supplementary Data File
1). The final dataset contained 4049 unique OTUs in 166 remaining
samples (of 192) that yielded adequate sequencing depth. Se-
quences are are publically available at NCBI SRA (BioProject number
PRJNA509462).

Mothur-generated taxonomy was used to assign OTUs to func-
tional groups, or guilds, using the UNITE-compatible FUNGuild
(v1.0) database (Nguyen et al., 2016). This online database desig-
nates OTUs into ecologically relevant functional groups based on
nutrient-acquisition strategies, e.g., pathogenic, saprotrophic, or
symbiotic (Nguyen et al., 2016). Because arbuscular mycorrhizal
fungi are particularly important for plant nutrition in grasslands
(Hartnett andWilson,1999) and ectomycorrhizae form associations
with many woody species (Nilsson and Wallander, 2003), we
parsed the coarse assignment of symbionts into arbuscular
mycorrhizae (AM), ectomycorrhizae (EcM), and symbiotic OTUs
that did not fall into these two categories as “other symbionts”. Of
the 4049 OTUs assigned by the UNITE database, 1290 (32%) were
assigned to a functional guild by FUNGuild using any available
assignment. Of all OTUs assigned, the confidence of the functional
assignment for 231 was “Possible”, 815 “Probable”, and 244 “Highly
Probable” (Supplementary Data File 2).
2.4. Plant community composition and production

Plant community composition was assessed in late July 2015 at
two 5 m2 circular subplots within each of the 16 plots sampled. In
each subplot, canopy cover of individual species was assessed by
visual estimates based on a modified Daubenmire scale, and esti-
mated cover was then averaged for the two subplots. Additionally,
plant biomass was collected and recorded from two separate 0.1m2

quadrats in each plot following peak growth (September) to mea-
sure live grass and forbs, the current and previous year dead
biomass, and that season's new biomass on small woody plants in
each plot. The total amount of new biomass was used to estimate
aboveground net primary production (ANPP, g m�2) during the full
growing season. These data are available online through the KNZ
LTER Data Portal in dataset PBB01.
2.5. Statistical analysis

All variables were checked for normality using a Shapiro-Wilk's
test, and log-transformed if necessary to meet assumptions of
normality (ITS taxon relative abundance and plant productivity)
before statistical analysis. The individual and interactive effects of
burning, fertilization and sample date for all variables were evalu-
ated with a repeated-measures two-way Analysis of Variance (RM-
ANOVA) test, using mixed-effect models with plot as a random
variable, then stratified by block due to the split-plot field design, in
the “lme” package in R Studio. Similarly, effects of burning and
fertilization, but not sample date, were evaluated for all plant vari-
ables using mixed-effect models using the same R package. A Bray-
Curtis dissimilarity matrix was created using the “vegdist” function
to create a nonmetric multidimensional scaling ordination with the
“metaMDS” function, producing an optimal two-axis solution (stress
0.150). The “adonis” function was used to test for treatment effects
on the Bray-Curtis dissimilarity matrix, with a permuational anal-
ysis of variance (PERMANOVA), for both plant and fungal commu-
nities (vegan package, R Studio) (Oksanen et al. 2007). Sub-plot
heterogeneity was evaluated by measuring and comparing ordina-
tion cloud size (function “betadisper”, vegan package). Correlation of
plant and soil fungal and bacterial community distance (as Bray-
Curtis dissimilarity) in July was evaluated using Mantel tests
(function “mantel,” vegan package); plant, fungal and bacterial
communities and soil environmental variables (Bray-Curtis
dissimilarity of pH, SOM, and GWC) were also evaluated using a
Mantel test. Correlations between NMDS axes and possible cova-
riates pH, SOM, GWC, ANPP, % Grass, % Woody, and % Forb were
evaluated using Pearson's R coefficient and associated p-values
determined using the “cor.test” function in R Studio. Paired t-tests
were used to evaluate changes in fungal taxon relative abundances
between treatments using R Commander (R Development Core
Team).



Table 1
Means (SE) of fungal and plant community diversity and composition metrics. Results of RM-ANOVA, with all significant (p < 0.05) effects of sample date (M), burn treatment
(B), and fertilization treatment (N) are noted for the fungal community; B and N effects, or their interaction (BxN) are noted for the plant community. S ¼ OTU or species
richness; J’¼ Simpson's evenness; H’¼ Shannon diversity; NMDS axis 1 and 2. Superscript letters indicate significant treatment differences by Bonferroni-corrected post-hoc
tests.

Month
M

Burn
B

Fertilizer
N

Fungal community Plant community

S J’ H’ NMDS
1

NMDS
2

S J’ H’ NMDS
1

NMDS
2

M, B - M B, N B N BxN BxN B N

BC
Burn -N

296
(16)

0.62
(0.01)

3.50
(0.11)

0.171
(0.01)

0.008
(0.01)

15
(2)

0.33b

(0.02)
1.52b

(0.08)
-0.25
(0.02)

-0.18
(0.06)

BN
Burn þN

330
(12)

0.65
(0.01)

3.79
(0.09)

0.033
(0.02)

-0.111
(0.02)

5
(1)

0.05a

(0.01)
0.23a

(0.06)
-0.29
(0.11)

0.17
(0.01)

UBC
Unburn -N

363
(14)

0.64
(0.01)

3.80
(0.08)

-0.004
(0.02)

0.084
(0.02)

15
(3)

0.30b

(0.06)
1.40b

(0.26)
0.36
(0.15)

-0.06
(0.03)

UBN
Unburn þN

373
(11)

0.67
(0.01)

3.95
(0.07)

-0.191
(0.02)

0.021
(0.01)

11
(2)

0.24ab

(0.06)
1.15b

(0.27)
0.19
(0.18)

0.07
(0.10)
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3. Results

Fungal community compositionwas significantly affected by the
30-y burning and fertilization treatments, but did not change
month-to-month (Table 1, Table 2, Fig. 1A, Fig. 2A and B). The
relative abundance of covarying taxa along NMDS axis one varied
with both fertilization ([F, P]: 26.87, 0.0002) and burn history ([F, P]:
19.95, 0.0008), and along NMDS axis two indicating that a different
subset of taxa occurred in soils within the unburned and burned
treatments (burn history [F, P]: 4.76, 0.0497). Fire history, N fertil-
ization, and their interaction explained 5.1%, 4.7% and 1.7%,
respectively, of the total variation in the OTU dissimilarity matrix,
according to PERMANOVA results (Table 2). Fungal richness across
dates and treatments ranged from 146 to 524 and varied signifi-
cantly by sample month and fire history (RM two-way ANOVA:
Burn [F, P]¼ 24.4, 0.0003; Month [F, P]: 4.43, <0.0001). Across all
treatments, fungal richness was lowest in March, increased in April
and was higher the rest of the year. Fungal richness was signifi-
cantly lower throughout the year in annually burned soils (Table 1,
Fig. 2C). Shannon diversity was lowest in March (Month [F, P]:
2.1452, 0.0230) but did not vary with long-term treatments, and
fungal evenness did not change with month or treatment history
(Table 1). While there was temporal change in richness, there were
no treatment-specific temporal responses in community compo-
sition following the prescribed burn (April) or fertilization event
(June).

Ascomycota dominated this dataset (76.1%), followed by Basi-
diomycota (21.5%), then basal lineages assigned to Zygomycota
(0.8%) and Glomeromycota (0.2%). Of the 4049 total OTUs, an
average of 0.2% were AM, 2.3% were EcM, 6.1% were pathogens,
19.5% were saprotrophs, 3.9% were an assortment of other symbi-
onts (including lichenized fungi, endophytes, and other
Table 2
Permutational Analysis of Variance (PERMANOVA) results for fungal community compo
community composition data in July 2015. Bold values represent factors that explained s

Fungi (All Months) Fungi (July)

SS F R2 Pr (>F) SS

þN 2.60 8.49 0.047 0.001 0.59
Burn 2.84 9.26 0.051 0.001 0.51
Month 3.50 1.04 0.063 0.301 e

Burn*þN 0.93 3.01 0.017 0.001 0.33
þN*Month 2.98 0.88 0.054 0.973 e

Burn*Month 3.41 1.01 0.061 0.417 e

þN*Burn*Month 2.76 0.82 0.049 1.000 e

Residuals 0.31 e 0.656 e 3.68
mycorrhizas), and 68% of the community was unassigned any
functional group by FUNGuild (Fig. 3). Of the assigned taxa, sap-
rotrophs, pathogens, and other symbionts belonged primarily to
Phylum Ascomycota (70.7%; 55.8%; and 71.4% of the assigned taxa
in each group, respectively), EcM belonged primarily to Basidio-
mycota (58.8%), and 100% of AMF belonged to Glomeromycota.
Within the Phylum Glomeromycota, 51.2% of all reads detected
were assigned to Order Glomerales, and 42.7% to Order
Archaeosporales.

Few fungal groups responded significantly to either long-term
fertilization or burn treatment: Glomeromycota/AM fungi and
saprotrophs were more abundant in N-fertilized soils (repeated
measures two-way ANOVA [F, P]: 21.62, 0.0006; [F, P]: 28.18, 0.0003
respectively), and putative pathogens were more abundant in N-
fertilized and in unburned soils (respectively [F, P]: 26.18, 0.0003;
[F, P]: 6.53, 0.0252), with no significant interactive effects. Also,
Basidiomycota showed a three-way, month by fire by fertilization
interaction ([F, P]: 1.94, 0.0426), possibly reflecting the higher
relative abundance of this group in burned, unfertilized soils in
November (Fig. 4B), although no post-hoc comparisons were sig-
nificant. A trend towards higher relative abundance of Ascomycota
in unburned soils (Figs. 3 and 4A) was not significant ([F, P]: 3.28,
0.095). Temporal dynamics in fungal group relative abundance
included an increase in Glomeromycota/AM fungi and Zygomycota
after a low point in March, across all long-term treatments (Fig. 4C
and D; respectively [F, P]: 3.01, 0.0016; [F, P]: 5.30, <0.0001). While
no interactive effects were statistically significant, Glomeromycota/
AM fungi relative abundance was notably more than four times
higher in July and August in burned, fertilized soils than in other
plots and months (Fig. 4C). Further analysis showed that this in-
crease was driven by the relative abundance of Order Archae-
osporales (Fig. 4E: month [F, P]: 1.96, 0.040; N-addition [F, P]: 10.26,
sition over all 12 months, fungal community composition in July 2015, and plant
ignificant (P< 0.05) levels of variability.

Plant (July)

F R2 Pr (>F) SS F R2 Pr (>F)

1.93 0.116 0.001 0.80 3.79 0.156 0.010
1.67 0.099 0.007 1.27 6.02 0.248 0.001
e e e e e e e

1.08 0.065 0.310 0.54 2.56 0.105 0.045
e e e e e e e

e e e e e e e

e e e e e e

0.307 2.52 e 0.493 e



Fig. 1. NMDS ordination models of Bray-Curtis dissimilarity (A) among soil fungal
communities measured in all months, (B) among soil bacterial þ archaeal communities
measured in all months and (C) among the plant communities measured in July 2015.
The fungal ITS and bacterial þ archaea 16S rRNA gene data collected in July 2015 and
used to evaluate correlation with plant community distances are highlighted. BC ¼
Burned control, BN ¼ Burned fertilized, UBC ¼ Unburned control, UBN ¼ Unburned
fertilized.

Fig. 2. Fungal ITS NMDS axis one (A) and two (B), and fungal richness (C) in soils
sampled from each treatment (BC ¼ Burned control, BN ¼ Burned fertilized, UBC ¼
Unburned control, UBN ¼ Unburned fertilized) between Nov. 2014 and Dec. 2015. Lines
trace mean values, bars indicate standard error of the mean (n ¼ 4 for each point), and
letters represent Bonferonni post-hoc difference groups.
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0.0076; month by N-addition [F, P]: 2.49, 0.0080), not Order Glo-
males (Fig. 4F: N-addition [F, P]: 7.51, 0.0179; month, burn, in-
teractions not significant). Besides the Archaeosporales response,
no other treatment-specific temporal changes in taxon relative
abundance following fire (April) or fertilization (June) were
detected.

Plant community composition was also significantly affected by
the long-term treatments (two-axis NMDS solution, stress¼ 0.077;
Fig. 1C, Table 1), with fire history, N fertilization and their interac-
tion explaining 24.8%,15.6% and 10.5%, respectively, of the variation
in plant community (PERMANOVA results, Table 2). The relative
abundance of woody plants ([R2, P]: 0.91, 0.001), live grass ([R2, P]:
0.86, 0.001) and ANPP ([R2, P]: 0.35, 0.043) were significantly
correlated with plant community ordination axes, whereas forb
abundance, SOM, GWC and pH were not (P> 0.05, Fig. 1C): This
reflects the significant turnover in plant cover from herbaceous to
woody (0%e48e66%; [F, P]: 11.99, 0.005) with long-term fire sup-
pression and the 116e198% increase in ANPP with long-term N
addition ([F, P]: 7.54, 0.018) (Table 4). Plant species richness ranged
from 4 to 21 species per 5m2, evenness ranged from 0.03 to 0.44,
and Shannon diversity ranged from 0.15 to 1.97. Plant richness was



Fig. 3. Average relative abundance of dominant soil fungal phyla (left side of figure) and functional groups (right side of figure) from long-term field treatments (BC ¼ Burned
control, BN ¼ Burned fertilized, UBC ¼ Unburned control, UBN ¼ Unburned fertilized) sampled between Nov. 2014 and Dec. 2015. Taxa in addition to Glomeromycota (mean 0.23%)
in the “Other” (lightest grey) taxonomy bar are predominantly “Unclassified”, but also include Chytridiomycota and Zygomycota.
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higher in unfertilized plots ([F, P]: 14.48, 0.003), and plant evenness
([F, P]: 5.59, 0.031) and diversity ([F, P]: 7.05, 0.021) were lowest in
annually burned and fertilized plots (Table 1). All burned and
fertilized plots were dominated by P. virgatum (switchgrass,
95.3%± 1.6%). In contrast, burned, unfertilized plant communities
were dominated by A. gerardii (big bluestem, 49.4%± 9.0%),
P. virgatum (23.9%± 9.8%), and S. scoparium (little bluestem,
7.1%± 4.2%). Unburned, fertilized plant community composition
had the highest heterogeneity among field replicates (Fig. 1C), with
the four sub-plots dominated by either P. virgatum, Sporobolus
compositus, Symphoricarpos orbiculatus and C. drummondii, or R.
occidentalis (switchgrass, dropseed, coralberry and roughleaf
dogwood, or black raspberry, respectively).

Because no significant monthly turnover in the soil fungal
community was observed, a subset distance matrix of fungal OTU
relative abundance in soils collected in July was used to evaluate
among-plot correlation with the plant community composition
data, which were collected in that month (Fig. 1A, C). These com-
munity distance matrices were also compared to the July 16S rRNA
gene community distance (Carson and Zeglin, 2018), and the soil
environmental distance, to evaluate whether plant composition
was more strongly related to fungal composition than bacterial
composition or environment. Mantel test results showed that
fungal ITS and plant community distance were significantly corre-
lated, while 16S rRNA gene community distance and plant com-
munity distance were not (Table 4). Also, both fungal ITS and plant
community among-plot distances were significantly correlated
with soil environment differences, but the 16S rRNA gene com-
munity distance was not (Table 4).
4. Discussion

Soil fungal community composition changed significantly as a
result of contrasting 30-y grassland management regimes, indi-
cating that soil fungi are affected by both chronic nitrogen
enrichment and fire suppression (Fig. 1, Table 2). Although we ex-
pected that the soil fungal community would also vary monthly
due to differences in the source and availability of plant inputs
between summer and winter, or in direct short-term response to
fertilization or fire events, neither fungal communities as a whole
nor the distribution of functional guilds changed month to month
(Fig. 2). Thus, the heterogeneity observed among sample replicates
was largely spatial, rather than temporal. Evaluation of the corre-
lations between plant, fungal and bacterial community distances
showed that heterogeneity in the plant and soil fungal commu-
nities was correlated, unlike the plant and soil bacterial commu-
nities (Table 4), supporting the hypothesis that complex feedbacks
between plants and soil fungi underlie the fungal community shifts
observed in this field experiment. However, the bulk soil fungal
community did not respond as strongly as the plant community to
long-term fertilization and fire cessation, in either abundance,
heterogeneity or composition, suggesting that other factors (e.g.,
the soil environment) also play a strong role in moderating soil
fungal taxonomic and functional changes in the long-term.
4.1. Short-term responses to fire and fertilization events

In contrast to long-term effects of fire and fertilization, there
was no evidence for short-term soil fungal community responses to
spring burning (early April) or N fertilizer addition (early June) in
the week following each event. Total fungal ITS gene abundance in
these soils also did not respond to fertilization or fire (Carson and
Zeglin, 2018). Fungal communities do respond to fire in forest
systems, where the fuel load is greater and heat penetrates deeper
into the soil profile (Dooley and Treseder, 2012; Mu~noz-Rojas et al.,
2016; Reazin et al., 2016; Smith et al., 2016). In grasslands, soil
temperatures reach only a fraction of the temperatures observed in
forests and there is little heat penetrationwith depth, so that much
of the impact of fire is due to indirect effects such as increased
heating from solar inputs, soil drying, and changes in nutrient
availability due to above-ground litter volatilization, rather than
direct mortality during the fire event (Ojima et al., 1994; Neary
et al., 1999; Dooley and Treseder, 2012). The lack of responses to
N addition pulses may be a function of the long-term treatment in



Fig. 4. Relative abundance of soil fungal phlya or orders sampled from each treatment (BC ¼ Burned control, BN ¼ Burned fertilized, UBC ¼ Unburned control, UBN ¼ Unburned
fertilized) between Nov. 2014 and Dec. 2015. Lines trace mean values, bars indicate standard error of the mean (n¼ 4 for each point), and letters represent Bonferroni post-hoc
difference groups.
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this experiment. Taxa in currently N-fertilized soils may continue to
thrive year-round, or N availability itself may be elevated year-
round relative to unfertilized soils. While there was an increase in
fungal richness as well as in the abundance of Glomeromycota and
Zygomycota after the fire event (between March and April, Figs. 1
and 4), this response occurred across all treatments and, there-
fore, cannot be attributed to burning.

We also expected that soil fungal communities would reflect
seasonal changes in plant phenology, such that greater inputs of
photosynthate below ground over the summer would increase the
relative dominance of plant-associated fungi and pathogens,
whereas saprotrophic fungi relying on litter would be more
dominant inwinter. However, of those fungal functional guilds that
we targeted, only Glomeromycota and AM fungi showed any
indication of seasonality, and the increase in relative abundance of
Glomeromycota and Zygomycota, and fungal OTU richness over the
course of the year, did not exhibit a seasonal pattern. The total
fungal ITS gene abundance in these soils did not change signifi-
cantly between January and September, dropped in October, and
increased again to the original level by December (Carson and
Zeglin, 2018). So, there was potential for fungal community turn-
over following the loss of plant exudate C input at the end of the
growing season, yet no community shifts were detected. The
minimal temporal dynamics during the growing season may indi-
cate the presence of abundant dormant propagules of obligate
plant-associated fungi or pathogens during the entire year



Table 4
Mantel test output indicating Pearson's R-squared and p-values for correlations of
plant community, fungal ITS community and 16S rRNA gene community distances in
July 2015, and environmental distance (Table 3). Bold values indicate significant
(p< 0.05) correlations.

Mantel R2, P Plant community Environment 16S rRNA gene

Fungal ITS 0.46, 0.001 0.34, 0.001 0.47, 0.002
Plant community e 0.50, 0.001 0.018, 0.075
Environment e e 0.08, 0.171
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(Tommerup, 1983; Lennon and Jones, 2011). Also, some putative
pathogens may not be obligately pathogenic, so could persist
through winter due to either alternative saprophytic states or
reliance on other hosts for nutrition (Bever et al., 2015). In turn,
saprotrophic fungal populations may persist through both winter
and summer, relying on relatively constant available substrate in
large pools of fine root litter and soil organic matter (Schmidt et al.,
2007). In addition to nutrient acquisition strategies, fungi may also
be less sensitive to seasonal change due to their longer generation
times, and larger growth forms and rigid cell walls that provide
some protection from environmental stressors (Schimel et al.,
2007; Strickland and Rousk, 2010). In contrast to the weak sea-
sonal dynamics in the soil fungi, bacterial abundance did increase
in the study soils by an order of magnitude during June, July and
August (Carson and Zeglin, 2018), then decreased again, suggesting
a strong bacterial response to plant photosynthate production and
exudation in the summer.
4.2. Long-term responses to chronic fertilization

While fungal seasonal dynamics and responses to short-term
pulse disturbances were minimal, long-term N-additions led to
distinct fungal communities (Figs. 1e3). N addition can affect the
soil environment and plant-fungal feedbacks in several ways, but
one well-established mechanism in grassland soils is mediated by
changes in nutrient stoichiometry. In the Flint Hills ecoregion
where soils are typically relatively low in biologically available
phosphorus (P), increasing soil N tends to promote higher AM
fungal colonization and mycelial foraging activity, due to increased
plant P demand and dependence on AM fungi for P acquisition
(Johnson et al., 2003; 2015; Wilson et al., 2009; Avolio et al., 2014).
Our data support this P-limitation plant-fungal-soil feedback
mechanism, since Glomeromycota/AM fungi had a higher relative
abundance year-round in fertilized soils (Fig. 4C). Notably, in July
2015, the AM order Archaeosporales was not detected in unfertil-
ized soil samples, but its relative abundance was 8 times higher in
burned and fertilized than unburned and fertilized soils, a pattern
not followed by the other dominant AM order Glomales (Fig. 4E and
F). The plant community in these burned and fertilized plots is also
distinct from other long-term treatments: it is a near-monoculture
(95% cover) of the warm-season grass P. virgatum (switchgrass),
that also boasts three times the ANPP than the more diverse un-
fertilized plots (Table 3). AM fungi commonly associate with warm-
season grasses in tallgrass prairies (Wilson and Hartnett, 1998), but
other studies have shown P. virgatum to have relatively low
mycorrhizal dependency compared to other warm-season grasses
(Eom et al., 1999). In our study, we sampled bulk soils rather than
root tissue, so we cannot confirm any species-specific plant-AM
Table 3
Means (SE) of soil and plant covariates. Soil organic matter (SOM, g g-1), gravimetric
water content (GWC, g g-1) and pH from Carson and Zeglin (2018); ANPP, above-
ground net primary production (g m-2). Significant (p < 0.05) results of RM-ANOVA
are noted for the effects of burn (B) or fertilization (N) treatment.

Burn
B

Fertilizer
N

SOM GWC pH %Grass %Wood %Forb ANPP

e e e B B e N

BC
Burn -N

0.067
(0.006)

0.270
(0.009)

6.44
(0.15)

96.7
(1.5)

0.0
(0.0)

3.3
(1.5)

501.2
(64.1)

BN
Burn þ N

0.065
(<0.001)

0.267
(0.010)

6.35
(0.15)

99.3
(0.5)

0.0
(0.0)

0.7
(0.5)

1492.2
(289.3)

UBC
Unburn-N

0.067
(0.005)

0.305
(0.039)

6.31
(0.18)

33.4
(18.0)

66.0
(17.7)

0.6
(0.6)

543.1
(158.3)

UBN
Unburn þ N

0.0862
(0.008)

0.288
(0.012)

6.00
(0.28)

40.8
(23.1)

48.1
(27.8)

11.1
(10.9)

1173.9
(484.5)
symbiotic relationships, and additional research is necessary to
evaluate a putative Archaeosporales- P. virgatum association.
Generally, relationships between AMF and host plants can create
positive feedbacks over multi-annual time scales by giving
competitive nutrient acquisition and growth advantages to hosts
(Bever et al., 2012; van der Putten et al., 2013).

Conversely, increased soil N availability may alter negative
plant-fungal feedbacks through increased prevalence of fungal
pathogens (Maron et al., 2011; Schnitzer et al., 2011; van der Putten
et al., 2013), which may become more prevalent and specialized in
soils with higher and more stable nutrient availability (Wardle,
2004). This phenomenon is a major concern in agroecosystems
where plant species-specific pathogens reduce crop yield (Altieri,
1999); while in native grasslands, fungal pathogens can support
higher plant species diversity, which has desirable feedbacks at
multiple trophic levels (Reynolds et al., 2003; van der Heijden et al.,
2008; Bever et al., 2015). However, in our experiment, putative
fungal pathogens were more abundant in N-fertilized soils (Fig. 3),
concurrent with lower plant species richness and higher ANPP
(Table 1), which is contrary to the expected pattern for either
cultivated or native plant communities. It is possible that these
pathogens comprise propagule banks in accumulated litter, and are
not directly interacting with coexisting plant species, or that the
database-assigned pathogenic life history does not apply to the
plant hosts at our study site. Further work is necessary to under-
stand whether these fungal community changes are mechanisti-
cally related to plant dynamics, or a parallel but independent
response to long-term N addition.
4.3. Long-term responses to fire cessation

Thirty years of fire suppression had a significant effect on the
taxonomic and functional distribution of soil fungi (Figs. 1e3,
Table 2). This change was primarily related to greater relative
abundances of taxa within the Ascomycota and the pathogenic
functional guild (Figs. 3 and 4A); however, most taxa within the
dataset were Ascomycota of unassigned function, making it chal-
lenging to mechanistically interpret this shift. In the context of
broad changes in the plant community towards woody plant
dominance following fire cessation (Fig. 1C), it is notable that the
belowground fungal community does not present a “forest-like”
(basidiomycete and EcM dominated (Gallo et al., 2004; Edwards
et al., 2011; Morrison et al., 2016)), assemblage. In fact, there was
a trend toward highest Basidomycete relative abundance in burned,
unfertilized tallgrass prairie bulk soils (Fig. 4B), in association with
zero woody plant cover (Table 1). All forbs and woody plants in our
study plots associate with AMF, not EcM, symbionts, with the ex-
ceptions of the non-mycorrhizal Alliaria petiolata (garlic mustard)
and Amaranthus rudis (commonwaterhemp) (Pendleton and Smith,
1983; Medve, 1984; Roberts and Anderson, 2001; Kremer, 2014;
Eissenstat et al., 2015). Woody plant species establishment under
fire suppression in tallgrass prairies may be characterized by non-
EcM obligate host plants, if the woody species form symbiotic re-
lationships with AMF (Williams et al., 2013). Woody encroachment
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presents a widespread threat to the conservation and sustainable
management of grasslands and rangelands (Ratajczak et al., 2012),
and prior work has shown that simply reintroducing fire to un-
burned grassland does not remediate long-term woody encroach-
ment (Neary et al., 1999; Nippert et al., 2013; Ratajczak et al., 2014,
2016). While the implications of links between woody encroach-
ment and fungal symbiont prevalence cannot be fully understood
from our data alone, a greater understanding of these links could
help in addressing management and prevention of woody
encroachment into native grasslands.

Contrary to expectations, saprotroph relative abundance did not
differ between annually burned and unburned treatments, but was
higher in long-term N-fertilized treatment soils (Fig. 3). This was
surprising because regular fire removes aboveground plant mate-
rial, decreasing the amount of surface litter available for sapro-
trophs (Blair, 1997). However, results of previous work from this
tallgrass prairie site also showed that overall decomposition rates
were not affected by burning history, despite higher total soil C and
lower soil C:N (Reed et al., 2009). In this study, long-term fertil-
ization sustained a 2e3x higher level of ANPP (Table 3, Collins et al.,
1998; Wilson et al., 2009), which returns significantly more fresh
litter between the end of the growing season and late spring when
fire is applied. In the first months after litterfall, significant infil-
tration of litter-derived organic matter into the soil occurs (Cotrufo
et al., 2015); this may be enough to support a greater abundance of
soil fungal saprotrophs. The positive response of fungal saprotrophs
to N addition may also reflect less investment by saprophytes in
decomposition of complex litter resources due to greater labile N
availability, and more investment in growth (Morrison et al., 2016;
van Diepen et al., 2017). Furthermore, because fire cessation did not
lead to an increase in Basidiomycota or EcM fungi, lower decom-
position following chronic fertilization due to plant release from
reliance on laccase-producing basidiomycete ectomycorrhizal
symbionts for N availability, which is well-documented in forest
soils (Fog, 1988; Gallo et al., 2004; Edwards et al., 2011; Morrison
et al., 2016), should not be expected in these historically grass-
dominated soils, despite woody encroachment. Overall, the fungal
community shift following fire cessationmay not reflect differences
in the quantity of litter inputs ormycorrhizal status. Instead, change
in the composition of available organic substrates, due to plant
species turnover, should be investigated as a major driver of change
in the grassland soil fungal community (Strickland et al., 2009;
Schneider et al., 2012; Austin et al., 2014).

4.4. Relationships between plant and soil microbial community
change

After 30 y of fire cessation and N fertilization, the soil fungal
community changed significantly, but to a lesser extent than the
plant community (Table 1, Table 2, Fig. 1). In annually burned plots,
fertilization caused a switch in co-dominance from A. gerardii/S.
scoparium/P. virgatum to a near monoculture of P. virgatum (Fig. 1C).
This may be attributed to A. gerardii's presumed advantage in lowN
soils, whereas P. virgatum often exhibits competitive dominance in
less N-limited conditions (Wedin and Tilman, 1993; Baer et al.,
2004; Koerner et al., 2016). In contrast, fertilized, unburned plots
had different dominant plants in each plot, possibly indicating
priority effects (Fukami, 2015). Our linked plant and fungal com-
munity data represent estimates of covariation at the plot scale
only, because samples were not collected to enable identifying the
fungal taxa directly associated with individual plants: Multiple soil
cores from across each plot were composited for the measurement
of fungal composition, and these were collected outside of the two
5 m2 plant composition sub-plots, to minimize plant disturbance.
Also, many OTUs within the bulk soil fungal community are not
direct symbionts or pathogens (Fig. 3), and do not necessarily
resemble the fungi that inhabit the root tissue of different plant
species. Still, by definition, the dominant plant species provide the
bulk of carbon inputs that support soil fungi (Freschet et al., 2012;
Austin et al., 2014; Hobbie, 2015), thus dominant plant turnover can
affect fungal community composition at the plot scale. However,
fungal turnover may be less strong than plant community turnover
at this scale for numerous reasons. Root and shoot quantity and
quality effects on fungal communities may not be plant species-
specific, saprotrophic taxa may respond at scales larger than indi-
vidual plant turnover, or other important drivers may affect fungal
community assembly in our study soils.

Our data also showed that plant and soil fungal community
distance among all experimental plots was correlated, while plant
and soil bacterial community distance was not (Table 4). So, while
soil fungal community responses to long-term changewereweaker
than plant responses, fungal turnover was more closely associated
with the changes in plant composition than soil bacterial turnover.
In general, free-living soil fungi have several competitive advan-
tages over bulk soil bacteria for survival and nutrient acquisition
from complex litter resources, which indicate that fungi are more
likely to be the primary decomposers of plant litter and possible
specialists for specific litter types (Austin et al., 2014). In turn, there
is evidence to suggest that bacterial communities may rely on fungi
or fungal exudates as a source of nutrition (Linderman, 1988;
Garbaye, 1991; de Boer and van der Wal, 2008; Zeglin and Myrold,
2013). Bacterial populations in soil are alsomore likely than fungi to
be structured bymicro-scale habitat factors, including soil pore size
distribution, water availability and soil mineralogy, or to be
responsive to labile C inputs in a non-species-specific manner
(Carson and Zeglin, 2018). The networks of direct and secondary
interactions, and neutral coexistence of plants, fungi and bacteria in
the heterogeneous soil habitat are complex. Our data suggest that
long-term fire and N fertilization effects on plant and fungal com-
munities may be structured in part by plant-fungal feedbacks,
while soil bacterial community responses are independent of plant
community turnover.

5. Conclusions

In tallgrass prairies, plant and fungal communities have pivotal
roles for ecosystem functions and are intimately linked through
their nutritional requirements. We found that fire and N enrich-
ment alters plant and soil fungal communities more similarly than
bacterial communities, and that fungal communities respond more
strongly to fire cessation and N additions on decadal scales, rather
than in the short-term. Because soil fungi vary widely in their
nutritional strategies within coarse taxonomic assignments, we
used a fungal functional assignment database, which allowed for
the assignment of ecologically meaningful functional guilds to
some of the fungal community sampled. This functional annota-
tion, in addition to established knowledge about the nutrient
acquisition functions that define AM fungi and EcM benefits to
plant hosts, enabled some inference about the importance of
certain plant-fungal feedbacks for soil fertility and ecosystem
function in the face of long-term changes: Most notably, that while
the soil fungal community clearly changed in response to the
woody encroachment caused by fire cessation, this change did not
indicate a turnover to EcM dominance. While many annotated
groups responded to long-term treatments, the unassigned taxa,
which compose the majority of the fungal community, represent a
large component of the fungal community shift following 30 years
of fire cessation and chronic fertilization (Figs. 1 and 2). The
mechanistic underpinnings of fungal community sensitivity to
environmental change need to be better understood. This presents
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a demand for future research into the functional ecology of these
more cryptic fungal taxa to fully understand responses of fungal
biodiversity, potential feedbacks to plant and soil nutrition, and
implications for grassland management and conservation in the
face of global change.
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