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Nitrogen and phosphorus fertilization
consistently favor pathogenic over mutualistic
fungi in grassland soils
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Ecosystems across the globe receive elevated inputs of nutrients, but the consequences of
this for soil fungal guilds that mediate key ecosystem functions remain unclear. We find that
nitrogen and phosphorus addition to 25 grasslands distributed across four continents pro-
motes the relative abundance of fungal pathogens, suppresses mutualists, but does not affect
saprotrophs. Structural equation models suggest that responses are often indirect and pri-
marily mediated by nutrient-induced shifts in plant communities. Nutrient addition also
reduces co-occurrences within and among fungal guilds, which could have important con-
sequences for belowground interactions. Focusing only on plots that received no nutrient
addition, soil properties influence pathogen abundance globally, whereas plant community
characteristics influence mutualists, and climate influence saprotrophs. We show consistent,
guild-level responses that enhance our ability to predict shifts in soil function related to
anthropogenic eutrophication, which can have longer-term consequences for plant
communities.
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cosystems across the globe are receiving elevated inputs of

nitrogen (N) and phosphorus (P) from agriculture and

urban activities!, and atmospheric N deposition has
increased threefold from pre-industrial levels and will likely
increase in the foreseeable future?. Many plant communities are
N limited?, and additional N can promote plant productivity if P
is non-limiting®°. However, growth responses to nutrient addi-
tion are not always positive® and can decline over time’. This is
often attributed to altered plant community composition, invol-
ving loss of dominant species and an increase in ruderal plants’,
but there is growing recognition that nutrient addition may also
alter the composition and function of soil microbial communities,
which may feedback to limit plant community productivity®°.

As mutualists, pathogens, and saprotrophs, soil fungi regulate
key ecosystem processes, including plant primary productivity
and carbon mineralization and sequestration'®11, Global patterns
in fungal guild abundance are related to climate!2, but guilds are
also affected by soil fertility!!. For example, most herbaceous
plants, shrubs, and trees in temperate and tropical habitats form a
root symbiosis with the putative mutualists, arbuscular mycor-
rhizal fungi (AMF)!3. Inside roots, AMF exchange nutrients
(especially P) acquired in soil for plant carbon (C)!3. Where P is
plentiful, AMF abundance is often lower due to reduced C allo-
cation from plants!3. The addition of N can benefit AMF if it
exacerbates plant P limitation!4, but may be suppressive if
nitrophilic, ruderal plants replace plants that allocate more C to
AMF%7, Thus, responses by AMF likely depend on the extent to
which nutrient addition alleviates plant deficiencies and alter
plant communities. Like AMF, interactions between plants and
fungal pathogens are complicated and depend on both host and
pathogen responses to environmental conditions!®. Most research
to date has been conducted on cultivated plants, and less is
known about the role of pathogens in natural communities,
although recent work highlights their importance for maintaining
plant diversity!®. One emerging pattern from work in natural
systems is that pathogens often thrive in resource-rich
environments>!7, and fertilizer addition has been linked to
increased disease incidence in plants!®19. This effect is likely
greater with N than P, because P addition can enhance plant
vigor, which tends to decrease susceptibility to pathogens!®1°.
Fungal saprotrophs have received more attention recently because
of their key role in soil C flux and storage?0-22 where relatively
small changes in abundance and activity could have outsized
consequences for C budgets. While specific responses to P addi-
tion are poorly understood, N addition can affect saprotrophic
activity and decomposition rates. However, such effects are hard
to predict, can change over time, and depend on the saprotrophic
community composition, litter quality, soil fertility, and N supply
rate?%23-26, For example, N addition may accelerate initial
decomposition rates but retard turnover of more recalcitrant litter
due to shifts in oxidative enzymes?32°, As such, it has been
suggested that anthropogenic N deposition can promote C
sequestration®2°,

Most previous studies have focused on individual guild
responses at single locations or have spanned multiple vegetation
types, which complicates direct comparisons among locations
within a single vegetation type. To better predict current and
future functioning of soil microbial communities, we need to
understand how altered nutrient availability influences fungal
guilds, if responses are consistent across locations, and the nature
of the underlying drivers.

In this work, we combined a previously published dataset?”
that documented phylum-level responses (Ascomycota, Basidio-
mycota, Glomeromycota, and Zygomycota) to N and P addition
with novel data on AMF colonization in roots collected from the
same soil cores. Because only Glomeromycota can be assigned

into a functional guild at the phylum level of resolution, these
higher taxonomic groups offer limited information about possible
functional consequences of nutrient addition. We therefore used
taxonomic information more closely related to species, and
assigned potential function to taxa using FUNGuild?8, This
allowed us to quantify responses by AMF, putative pathogens,
and saprotrophs after 1-4 years of experimental N and P addition
at 25 Nutrient Network (NutNet??) grassland sites across four
continents (Supplementary Fig. 1). We predicted that AMF would
be suppressed by P and respond less consistently to N, whereas
pathogens would be promoted by N and possibly be suppressed
by P. Given the context-dependent nature of saprotroph
responses in the literature, we expected less consistent responses
by saprotrophic fungi. To identify the underlying mechanisms, we
used structural equation modeling (SEM) to determine if guild
responses were directly driven by N and P (while accounting for
initial soil conditions), or indirectly mediated by plant commu-
nity responses. We predicted that responses would primarily be
driven by shifts in plant communities given the dependency on
plants by all three guilds. The novel data on AMF colonization in
roots allowed us to determine if N or P addition shifted AMF
biomass allocation between roots and soil. Finally, we used co-
occurrence networks®® to assess how nutrient addition may
change potential interactions within and among guilds. To
explore if differences in guild abundance across sites were related
to inherent differences in soil properties, plant communities, and
climate, we used a mediation test3! restricted to unfertilized
control plots.

We find that nutrient addition promotes pathogens, suppresses
AMF, and reduces co-occurrences within and among fungal
guilds in ways that appear primarily mediated by shifts in plant
communities. We also document global distribution patterns of
fungal guilds, with soil properties influencing pathogens, plant
community characteristics influencing mutualists, and climate
affecting saprotrophs. Our results demonstrate that fungal guilds
respond predictably to nutrient addition despite substantial dif-
ferences in plant and fungal communities, climatic conditions,
and edaphic properties across grasslands. The generality of these
patterns contributes to a growing body of knowledge that may
ultimately help us build better models to identify areas where
disease prevalence or severity could be particularly high, and
where soils are more likely to be carbon sources than sinks under
anthropogenically altered environmental conditions.

Results and discussion

Guild responses to N and P additions. Independent and com-
bined N and P addition promoted fungal pathogens as we
observed an average increase of 140% in N + P plots relative to
control plots in relative pathogen abundances. The effect of N
aligns with previous work in mostly cultivated systems where N
addition has increased disease severity!®1°. The independent
promotion of pathogens by P was surprising given that P has
more often had no effect!8 or has been associated with improved
plant health and reduced disease!®. Future work should assess if
this is largely driven by a subset of taxa, as pathogens differ in
their response to fertilizer'8. Unfortunately, this could not be
done here due to an insufficient number of sequences for robust
community analyses.

We predicted that P would suppress AMF, but this only
occurred when P was added together with N (—33% relative to
control plots), whereas independent addition of N or P had no
effect (Fig. 1). Because AMF rely on plants for all their C, this
general suppression of AMF with N and P indicates that plants
can somewhat adjust C flow to AMF and reduce the risk of
parasitism32 when nutrient availability is high. Direct links
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Fig. 1 Responses by fungal guilds to nitrogen (N), phosphorus (P), and N + P addition across grasslands. a Colonization by AMF in roots based on
microscopy (Root AMF), and soil abundance of AMF (Soil AMF, A,), putative pathogens (P), and saprotrophs (S) based on sequence numbers in
comparison to the control plots. b The P:(P + As) quantifies shifts in pathogen to mutualist ratios, and the S:(S + P + As) highlights shifts in the producer
and decomposer food webs®! and how nutrient addition changes the relative abundance of fungi associated with living and dead plants. The black dot
indicates the estimated mean effect, the blue bars the 0.95 confidence interval of the mean, while the gray bar and dots represent the boxplot and
corresponding outliers of the partial residuals. Boxplots denote median value (black bar), with hinges (gray) representing the 25th and 75th percentiles,
and lines extending to the 1.5x interquartile range. Numbers at the bottom indicate the number of observations included in each treatment. Numbers at the
top indicate the p-value based on the two-sided t-statistic of the estimated treatment mean effect compared to the control plots.

between fungal guilds and plant-soil feedbacks have been shown
previously!l. The promotion of pathogens and—to a lesser extent
—the suppression of AMF with nutrient addition observed here
may help explain why plant biomass responses to fertilizer decline
with time*7. It also supports predictions that the effects of soil
biota on plant growth are more negative in resource-rich
environments®11,33,

To acquire C, AMF must colonize roots, but relative biomass
allocation between roots and soil differs among fungal taxa and
environmental conditions!334, AMF occupancy of both roots and
soil differed across sites here, but unlike AMF soil colonization,
root colonization was not suppressed by combined N and P
addition. On the contrary, root colonization appeared to have
been slightly promoted by N (P = 0.105, Fig. 1), which suggests a
shift in fungal allocation with N addition where a greater
proportion of total fungal biomass was inside, not outside, the
root. Nitrogen addition can alter AMF communities from taxa
that grow extensively in soils to those that preferentially occupy
roots>4-3%, but see ref. 37. Due to the generally low AMF sequence
counts, we could not assess if shifts in composition accompanied
the slight shift in allocation, here. Regardless, AMF that allocate
biomass preferentially inside rather than outside roots are
sometimes considered less beneficial with a lower capacity to
acquire P3>38, but they can provide protection against
pathogens3®40, Thus, we speculate that an intriguing alternative
hypothesis to nutrient-induced parasitism is that N promotes
pathogens, which initiates a switch in AMF function from
resource acquisition to pathogen protection. Testing the pathogen
protective ability of AMF that are promoted by N in soils where P
is non-limiting would be a fruitful area for future research,
because, if true, it would alter how we view the mutualism-to-
parasitism continuum of this symbiosis*!.

Compared with pathogens and mutualists, nutrient addition
did not alter the relative abundance of fungal saprotrophs (Fig. 1
and Supplementary Fig. 1), concordant with an earlier study
conducted along a soil fertility gradient*2. This lack of response
was evident despite an increase in productivity and may be

because litter biomass, and thus substrate inputs, did not increase
with N or P addition (Supplementary Table 1). This lack of
response is also in agreement with the observation that soil C
concentration has not changed in response to nutrient addition in
many of the same grasslands?2. It is possible that the context-
dependency of responses to N addition outlined earlier may limit
directional responses due to differences in climate??, or that
measurable responses may simply be slow to manifest. However,
responses across all three guilds did not depend on the number of
years elapsed since the start of the nutrient addition (P> 0.05),
suggesting that factors other than time are stronger determinants
of fungal responses to nutrient addition. Nonetheless, some of
sites in the Nutrient Network have been maintained for >10 years,
and repeated sampling could assess whether differences in the
first 1-4 years decrease over time as communities acclimate to the
novel nutrient conditions, stabilize and remain the same, or
become more pronounced.

Direct or indirect effects of N and P on fungal guilds. In
accordance with our predictions and previous work!41%, the SEM
supported plant community mediation of fungal guild responses
in most cases. AMF were suppressed by an increased plant bio-
mass, saprotrophs were promoted by greater root biomass, and
both AMF and pathogens responded to shifts in community
dissimilarity. Here AMF abundance was suppressed as the phy-
logenetic distance increased within plant communities, whereas
pathogen abundance was promoted when plant communities
became more dissimilar from control communities (Fig. 2). How
plant communities may drive the observed shifts is unknown. But
if nutrient addition changes plant communities toward taxa with
more ruderal traits, this can promote pathogens and suppress
mutualists!'!, because ruderal plants allocate less C to AMF and
are more susceptible to disease!®43-45, Two previous studies that
focused on many of the same sites show that N and P addition
reduces root:shoot ratios, promotes nutrient concentrations in
leaves, and increases specific leaf areas#047; traits that are all
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Fig. 2 SEM assessing direct responses by guilds or indirect effects mediated by plant communities and pre-treatment soil properties. Black lines
indicate significant (P < 0.05) positive relationships and red lines negative relationships and the strength of these relationships is indicated by the width of
the arrows where dotted lines indicate pathways that are non-significant (P > 0.05) but improved the model-fit (Supplementary Table 2). Because some
predictor or response variables were missing for some sites, the SEM analyses were restricted to 15 sites with complete data matrices.

associated with faster life histories*S. Given that plant richness
and functional groups are often highlighted as potential drivers of
plant-soil feedbacks*’, it is noteworthy that plant functional
groups played only a minor role compared to overall community
descriptors here, and that the effect of plant richness was mostly
mediated by changes in phylogenetic distance within commu-
nities (MNTD). Whether shifts in fungal guilds precede—and
possibly cause—shifts in plant communities, or if fungal guilds
respond to altered plant species and traits will require detailed
analyses of plant and fungal community changes over time. We
also cannot rule out a direct effect of N and P on pathogens,
because a model replacing plant community similarity with the
direct effect of treatment (while keeping soil properties) per-
formed similarly (Supplementary Table 2). Careful experi-
mentation could disentangle the potential bidirectional
interactions of plant community and soil chemical properties on
fungal guild abundances, especially pathogens.

One unexpected finding was the relatively strong effect of pre-
treatment soil nutrient concentrations (Fig. 2 and Supplementary
Table 3). For instance, iron was associated with a higher
saprotroph abundance and root biomass but a lower AMF soil
abundance and root colonization (Supplementary Fig. 2). Even
though we found directional responses to N and P addition by
putative pathogens and AMF across sites, among-site variability
and pre-treatment soil conditions explained more variability than
the N and P effects or the differences among plant communities at
the time of sampling. Several soil nutrients were correlated

(Supplementary Figs. 3 and 4), so the specific effect of individual
nutrients is difficult to determine. Further, pre-treatment soil
conditions are likely correlated with initial plant communities, so
we cannot isolate plant effects from soil effects on the fungal guilds
with the available information. It is safe to say, however, that soil
chemistry is an important mediator of fungal guild abundances.
Soil pH is a known driver of fungal communities®>>!, and pre-
treatment pH influenced pathogens but had little effect on
saprotrophs and AMF (Fig. 2 and Supplementary Fig. 2). Why pH
—or other soil properties that correlate with soil pH—affects one
guild more than another, and in different directions, is unknown
but could have consequences for identifying sites where disease
prevalence or severity could be particularly high.

We found more complex networks in control plots than plots
receiving nutrients (Fig. 3 and Supplementary Table 4 for
identities). Network complexity can be reduced by
perturbation®>>3 and fungal communities may respond to
fertilization as a disturbance (possibly short-term), where the
enriched soil nutrient environment is completely altered and
homogenized in ways that could alter the available niches. Our
results could be a product of habitat filtering where taxa respond
similarly to environmental shifts, but do not necessarily
interact>*. As such, more research is needed to disentangle the
cause and consequences of these changing patterns. If nutrient
addition reduces interspecific interactions, it could have func-
tional consequences, as more connected soil networks are more
efficient at C uptake and nutrient cycling”2.
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Nodes 37 33 38 37
Edges 992 652 59b 63b
Connectance 0.0722 0.0602b 0.041¢ 0.046%
Mean degree 5.352 3.942b 3.11° 3.41b

Fig. 3 Co-occurrence network analyses on fungal genera belonging to mutualists (white circles), pathogens (gray circles), and saprotrophs (black
circles). The number of nodes is the number of genera that had significant correlations with other genera, edges represent the number of significant
correlations (positive indicated by black and negative indicated by red), connectance is the proportion of all possible edges that are present in each
network, calculated as (number of edges)/(number of nodes)?, and mean degree is the average number of edges per node. Different superscript letters
indicate statistically significant differences. All 25 sites were included in the co-occurrence analysis.
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Fig. 4 Principal coordinate analyses of Bray-Curtis distances of Hellinger transformed relative abundance data showing dissimilarities among
communities for mutualists (AMF), pathogens, and saprotrophs occurring in North America (pink, n = 16), Europe (blue, n = 3), Africa (maroon, n =
3), and Australia (peach, n = 3) in either control plots (circles) or plots that had received nitrogen (squares), phosphorus (triangles), or both
(diamonds). Error bars around the means represent standard error. Communities of all guilds differed among continents using PERMANOVA (p < 0.001),
but nutrient treatments had no consistent effect on composition, most likely due to high community turnover among sites and low sequence numbers
resulting in low power. Results were not different when dissimilarities were assessed based on Raup-Crick transformed presence/absence data.

Global drivers of fungal guilds. We observed clear biogeo-
graphical patterns of fungal taxa within all guilds (Fig. 4), sug-
gesting that responses to N and P addition occurred despite
substantial differences in taxonomic composition. Also, sites
differed in their relative guild abundances (Supplementary
Table 5). Some sites contained many saprotrophs, but very few
AMEF, and vice versa. When restricting analyses only to control
plots (those receiving no fertilizer inputs) to assess potential
underlying drivers of these distribution patterns, we found that
each guild followed a distinctive pattern (Table 1). Similar to the
SEM, plant communities were the most important predictor of
AMEF (root and soil colonization), whereas pathogens were more
affected by soil properties (Supplementary Table 6 and Supple-
mentary Fig. 2). In contrast, climate was the most important
driver of saprotroph abundance. It is also possible that dissim-
ilarities in plant community composition could be important for
predicting differences in pathogen abundances, similar to our
SEM and earlier findings targeting the whole fungal

community®”. Unfortunately, we could not include a measure of
plant community dissimilarity in these analyses as, per definition,
it relies on pairwise comparisons and a “reference” community,
analogous to the control plots used to calculate the treatment
effect in the SEM. Regardless, our results build on previous work
across biomes showing differential responses among fungal guilds
to plant community characteristics, soil edaphic properties, and
climate®%%, De-aggregating bulk fungal responses and examining
differences among fungal guilds will help us better predict soil
function and responses to future perturbations.

Limitations. While we show clear directional effects of N and P
addition on fungal guilds, these findings are based on relatively
short-term responses and rely on sequence counts and their link
to potential function. This approach assumes that sequence
counts accurately reflect abundance or biomass and that potential
function informs actual function, which may not always be the
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variability explained by predictor type.

Table 1 Total variability (R2) explained from each fungal guild by the most parsimonious predictive model and amount of

Fungal guild N Total R2 Location Climate Soil Biomass (BM) Biodiversity (BD) Plants (BM & BD)
AMF

Root 20 0.608 - - 0.147 0.390 - 0.390

Soil 19 0.81 0.302 - - 0.443 0.195 0.614

Pathogens 19 0.499 - - 0.499 - - -

Saprotrophs 19 0.740 - 0.509 0.149 - - -

The amount explained by predictor type was estimated as the difference between the R2 of the full model minus the R2 of the model without those variables. Plant community effect was estimated
independently dropping biomass (BM) and biodiversity (BD) variables, and also dropping biomass and biodiversity variables together (BM & BD). In bold, the largest fraction for each fungal guild.

case®’?8, For example, AMF can sometimes be parasitic when
costs outweigh benefits*!, and pathogens can occur in host tissues
without causing disease®®. We argue that these potential dis-
crepancies, including potential PCR biases®?, apply equally to all
treatments and in comparisons across sites, and that our method
can be used to assess relative shifts across treatments and global
distributions. The use of relative sequence counts is another
potential issue where responses by one guild may constrain
responses by another given the proportional nature of these data.
While the SEM indicated that some guilds are correlated (Fig. 2),
in accordance with previous surveys28, ~40% of the fungal
sequence data could not be functionally assigned, so responses
among the guilds we tested should therefore be relatively
decoupled. Interactions between the producer and decomposer
food webs also are expected®!, and correlations among fungal
guilds have been documented previously®2, suggesting that the
correlations observed here represent actual ecological responses.
Most importantly, the shifts in pathogen to mutualist ratios with
nutrient addition we observed is consistent with previously
documented changes in plant responses to soil biota®!l. For
example, plants inoculated with soil from fertilized fields were
50% smaller than plants grown in soil collected from unfertilized
fields (estimated from Revillini et al.?, Fig. 4). Two of the four
sites in Revillini et al. (Konza LTER and Short Grass Steppe
LTER) showed a more than tenfold increase in pathogen to
mutualist ratios between control and N + P addition plots in our
analyses. Thus, while we cannot unequivocally support a direct
link between pathogen abundance and disease development or
growth suppression here, this has been shown previously®3:64,
supporting the likely ecological relevance of the results
presented here.

Methods

General background and FUNGuild analyses. We used a published fungal dataset
generated from 25 NutNet grassland sites?” that are distributed world-wide and
where researchers follow the same treatment and sampling protocols. In brief, each
grassland site is situated in a relatively homogeneous ~1000 m? area divided into
three blocks. Each block is made up of 5 x5 m plots that are surveyed annually for
plant community composition and productivity, and a subset of plots receive
applications of 10 g of either N [(NH,),CO] or P [Ca(H,PO,),] or both m~2 per
year. Soil samples for fungal community analyses were collected from control plots
and plots with N and P added alone and in combination in 2011 or 2012, 1-4 years
after the initial nutrient addition. DNA was extracted and amplified using fungal-
specific primers (ITS1F/ITS2) targeting the internal transcribed spacer (ITS1)
region. For more details on experimental design as well as soil sampling, DNA
extraction, amplification, and bioinformatics see Borer et al.2%, Leff et al.?’,
Prober et al.>%, and supplemental material.

We matched taxonomic identities of fungal sequences randomly rarefied to
485 sequences per plot with ecological guilds using the expert-curated database
FUNGuild?3. This rarefaction level represents a trade-off between keeping as many
sites as possible in our analyses while characterizing most taxa within each
treatment at each site. This rarefaction was also chosen as it was the same as in
Leff et al.?7, thus allowing direct comparisons with that publication. While this
rarefaction level did not result in an exhaustive characterization of all taxa at all
sites, it did capture abundant taxa in all sites (Supplementary Fig. 6). We then
assessed if sequence numbers belonging to different guilds varied across sites and

among control plots and those receiving N, P, or N + P. Of the 164,900 total
sequence reads, 60% belonged to taxa annotated with a guild assignment. These
assignments were further subset into three guilds: highly probable and probable
arbuscular mycorrhizal (AMF, putative mutualists), plant pathogenic fungi, and
saprotrophic fungi. For the latter, both the soil saprotroph and undefined
saprotroph guilds were included. The specific substrate or habitat of many
saprotrophic fungi is undefined, and by only including soil and undefined
saprotrophs, we sought to exclude those taxa known to associate with non-
representative substrates such as wood or dung. Total sequence counts were 5659
for AMF, 13,263 for plant pathogens, and 24,333 for saprotrophs. To complement
sequence data from soils, we also quantified the abundance of AMF in roots using
trypan blue and the gridline intersect method!3. For this additional analysis, we
included four additional sites that contained roots but not sequence data (n = 29).

Responses by fungal guilds and structural equation model. To understand
overall trends in fungal communities in response to nutrient addition, we com-
pared fungal guild sequences across nutrient addition treatments using a linear
mixed-effects model and incorporating site and block within sites as random effects
using ImerTest package. Fungal guild sequences were log +1 transformed to meet
assumptions of normality. We calculated the partial effect of the treatment and the
partial residuals using the visreg package (Fig. 1). To assess the potential
mechanisms driving the treatment effect, we included three sets of covariates to
determine if any of them could drive the observed patterns: post-treatment vege-
tation, pH and root biomass, and pre-treatment soil conditions (Supplementary
Table 5). For each guild, we eliminated one of each pair of highly correlated
variables identified using a variance inflation factor (VIF) and, to obtain a more
parsimonious model, we retained only significant variables. Post-treatment vege-
tation was described using functional group descriptors or whole community
descriptors, and the best model in each case was compared between them. For
every regression, we required at least two control plots and eight total samples per
site for inclusion. Not enough samples had all the information needed so we
dropped the random block factor and excluded root colonization in the model.
Also, because some predictor or response variables were missing for some sites, the
SEM analyses were restricted to 15 sites with complete data matrices.

The significant predictors (p < 0.05) from each of the three groups of covariates
were pulled together to build the final regression model for each fungal guild. We
combined the three regressions obtained for AMF, pathogens and saprotrophs into
a structural equation model (SEM), including the effect of treatment and each
significant predictor (p < 0.05) using the piecewiseSEM package®®. We modified
these final models and obtained the marginal and conditional R? to test if adding
treatment effects or replacing the plant community information with treatments
improved the models. Finally, to assess the overall explanatory power of each of
those variables, we estimated the marginal and conditional R? of models including
plant community and pre-treatment soil conditions only.

Global mediation test. Because the relative abundance within each guild differed
among sites (Supplementary Table 5), we ran a mediation test to assess whether
differences in soil (including total N range: 0.05-1.6% and available P range:
7-248 mg kg~ !soil), climate, or plant communities better predict the observed
abundance trends. We used control plots only and averaged observed values
across years (years 0-4 after establishment where available) to reduce the effects
of plot-to-plot and year-to-year variation. Thus, each site was represented by a
single value for each predictor and response. We identified the best predictors
for each guild from each set of covariates (plant communities, soil, climate,
location), selecting variables using a stepwise backward selection model, using
BIC to identify the most parsimonious model. Then, for each combination of
fungal guild and predictor set, we tested if the best predictors of another set
could improve the model (provide new information) or decrease the significance
of some of the original predictors (which could suggest that one of the variables
added mediates the effect of the original predictor). See Supplementary Infor-
mation for detailed methods.
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Co-occurrence network analyses. To examine co-occurrence patterns, first, we
grouped all taxa that were identified to guild by genus and looked for significant
correlations between different genera’s sequence abundances using the SparCC
method®®, which accounts for compositional data (‘sparccboot’ function from the
SpiecEasi package in R%7). Only those genera with significant correlations (both
positive and negative, with p < 0.05) by bootstrapping (100 times) were included in
the networks. We created a separate network for each of the four treatments (N, P,
N + P, and control), where a node represents a genus, and an edge between two
genera represents a significant correlation in abundances between the pair. To
calculate p-values for the network statistics in Fig. 3, we performed 10,000 per-
mutations of the networks. To calculate p-values for number of links, mean degree,
and connectance, we took the edge lists for all four of the networks, which consist
of each possible pairwise combination of genera (those present in any of the four
networks) and 0 if no link, and 1 if linked. We then randomly shuffled the edge
weights (0 or 1) across pairwise treatments, keeping the nodes constant, and
reformed the two focal networks from these shuffled weights. We calculated the
metrics for each of the networks for each permutation. P-values were calculated as
the proportion of permutations at least as extreme as the observed differences
between the network metrics. Superscripts in Fig. 4 indicate treatments that were
significant at p < 0.05.

PCoAs on guild communities. Using the ‘cmdscale’ function in the vegan
package®8, we performed principal coordinate analyses (PCoAs) on Bray-Curtis
distances of Hellinger transformed relative abundance data for each fungal guild
and plot. PCoAs were plotted using ggplot2%°. To detect significant differences
among treatments and continents within each guild, we performed permutational
analyses of variance (Permanova), using the ‘adonis’ function. Permanova analyses
were run on both Bray-Curtis distances as well as on Raup-Crick transformed
presence/absence data.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data (plant, fungal, climate, and soil properties) required to repeat analyses are
available in the Environmental Data Initiative (EDI) repository with the identifier https://
doi.org/10.6073/pasta/8b3{f674e7123f08e0ae960d006c202e. Climate data was originally
collected from the WorldClim database (version 1.4) is available at http://www.
worldclim.org/bioclim. Supplementary Information is available for this paper.

Code availability

R-code to reproduce SEM, co-occurrence analysis, ordinations, mediation tests, and the
subsequent tables are available in the Environmental Data Initiative (EDI) repository
with the identifier https://doi.org/10.6073/pasta/8b3ff674e7123f08¢0ae960d006c202e.

Received: 26 November 2020; Accepted: 3 May 2021;
Published online: 09 June 2021

References

1. Carpenter, S. R. et al. Nonpoint pollution of surface waters with phosphorus
and nitrogen. Ecol. Appl. 8, 559-568 (1998).

2. Galloway, J. N. et al. Transformation of the nitrogen cycle: Recent trends,
questions, and potential solutions. Science 320, 889-892 (2008).

3. LeBauer, DavidS. & Treseder, K. K. Nitrogen limitation of net primary
productivity in terrestrial ecosystems is globally distributed. Ecology 89,
371-379 (2008).

4. Fay, P. A. et al. Grassland productivity limited by multiple nutrients. Nat.
Plants 1, 1-5 (2015).

5. Yue, K. et al. Stimulation of terrestrial ecosystem carbon storage by nitrogen
addition: a meta-analysis. Sci. Rep. 6, 1-10 (2016).

6. Avolio, M. L. et al. Changes in plant community composition, not diversity,
during a decade of nitrogen and phosphorus additions drive above-ground
productivity in a tallgrass prairie. J. Ecol. 102, 1649-1660 (2014).

7. Isbell, F. et al. Nutrient enrichment, biodiversity loss, and consequent declines
in ecosystem productivity. Proc. Natl Acad. Sci. USA 110, 11911-11916 (2013).

8. Van der Putten, W. H., Bradford, M. A,, Pernilla Brinkman, E., van de Voorde,
T. F. J. & Veen, G. F. Where, when and how plant-soil feedback matters in a
changing world. Funct. Ecol. 30, 1109-1121 (2016).

9. Revillini, D., Gehring, C. A. & Johnson, N. C. The role of locally adapted
mycorrhizas and rhizobacteria in plant-soil feedback systems. Funct. Ecol. 30,
1086-1098 (2016).

10. Peay, K. G., Kennedy, P. G. & Talbot, J]. M. Dimensions of biodiversity in the
Earth mycobiome. Nat. Rev. Microbiol. 14, 434-447 (2016).

11. Semchenko, M. et al. Fungal diversity regulates plant-soil feedbacks in
temperate grassland. Sci. Adv. 4, eaau4578 (2018).

13.
14.

16.

17.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

Vétrovsky, T. et al. A meta-analysis of global fungal distribution reveals
climate-driven patterns. Nat. Commun. 10, 1-9 (2019).

Smith, S. E. & Read, D. J. Mycorrhizal Symbiosis. (Academic Press, 2008).
Johnson, N. C. Resource stoichiometry elucidates the structure and function of
arbuscular mycorrhizas across scales. New Phytol. 185, 631-647 (2010).
Velasquez, A. C., Castroverde, C. D. M. & He, S. Y. Plant-pathogen warfare
under changing climate conditions. Curr. Biol. 28, R619-R634 (2018).
Mangan, S. A. et al. Negative plant-soil feedback predicts tree-species relative
abundance in a tropical forest. Nature 466, 752-755 (2010).

Reynolds, H. L., Packer, A., Bever, ]. D. & Clay, K. Grassroots ecology: plant-
microbe-soil interactions as drivers of plant community structure and
dynamics. Ecology 84, 2281-2291 (2003).

Veresoglou, S. D., Barto, E. K., Menexes, G. & Rillig, M. C. Fertilization affects
severity of disease caused by fungal plant pathogens. Plant Pathol. 62, 961-969
(2013).

Walters, D. R. & Bingham, 1. J. Influence of nutrition on disease development
caused by fungal pathogens: implications for plant disease control. Ann. Appl.
Biol. 151, 307-324 (2007).

Knorr, M., Frey, S. D. & Curtis, P. S. Nitrogen additions and litter
decomposition: a meta-analysis. Ecology 86, 3252-3257 (2005).

Chai, Y. et al. Patterns of taxonomic, phylogenetic diversity during a long-
term succession of forest on the Loess Plateau, China: insights into assembly
process. Sci. Rep. 6, 27087 (2016).

Crowther, T. W. et al. Sensitivity of global soil carbon stocks to combined
nutrient enrichment. Ecol. Lett. 22, 936-945 (2019).

Fogg, K. The effect of added nitrogen on the rate of decomposition of organic
matter. Biol. Rev. 63, 433-462 (1988).

Bonner, M. T. et al. Why does nitrogen addition to forest soils inhibit
decomposition? Soil Biol. Biochem. 137, 107570 (2019).

Zak, D. R. et al. Anthropogenic N deposition, fungal gene expression, and an
increasing soil carbon sink in the Northern Hemisphere. Ecology 100, 1-8
(2019).

Hobbie, S. E. et al. Response of decomposing litter and its microbial
community to multiple forms of nitrogen enrichment. Ecol. Monogr. 82,
389-405 (2012).

Leff, J. W. et al. Consistent responses of soil microbial communities to elevated
nutrient inputs in grasslands across the globe. Proc. Natl Acad. Sci. USA 112,
10967-10972 (2015).

Nguyen, N. H. et al. FUNGuild: an open annotation tool for parsing fungal
community datasets by ecological guild. Fungal Ecol. 20, 241-248 (2016).
Borer, E. T. et al. Finding generality in ecology: a model for globally
distributed experiments. Methods Ecol. Evol. 5, 65-73 (2014).

Barberan, A., Bates, S. T., Casamayor, E. O. & Fierer, N. Using network
analysis to explore co-occurrence patterns in soil microbial communities.
ISME J. 6, 343-351 (2012).

MacKinnon, D. P., Krull, J. L. & Lockwood, C. M. Equivalence of the
mediation, confounding and suppression effect. Prev. Sci. 1, 173-181 (2000).
Kiers, E. T. et al. Reciprocal rewards stabilize cooperation in the mycorrhizal
symbiosis. Science 333, 880-882 (2011).

Lekberg, Y. et al. Relative importance of competition and plant-soil feedback,
their synergy, context dependency and implications for coexistence. Ecol. Lett.
21, 1268-1281 (2018).

Hart, M. M. & Reader, R. J. Taxonomic basis for variation in the colonization
strategy of arbuscular mycorrhizal fungi. New Phytol. 153, 335-344 (2002).
Johnson, N. C. Can fertilization of soil select less mutualistic mycorrhizae?
Ecol. Appl. 3, 749-757 (1993).

Weber, S. E. et al. Responses of arbuscular mycorrhizal fungi to multiple
coinciding global change drivers. Fungal Ecol. 40, 62-71 (2019).

Han, Y., Feng, J., Han, M. & Zhu, B. Responses of arbuscular mycorrhizal
fungi to nitrogen addition: a meta-analysis. Glob. Change Biol. 26, 7229-7241
(2020).

Treseder, K. K. et al. Arbuscular mycorrhizal fungi as mediators of ecosystem
responses to nitrogen deposition: A trait- based predictive framework. J. Ecol.
106, 480-489 (2018).

Sikes, B. A., Cottenie, K. & Klironomos, J. N. Plant and fungal identity
determines pathogen protection of plant roots by arbuscular mycorrhizas. J.
Ecol. 97, 1274-1280 (2009).

Mabherali, H. & Klironomos, J. N. Influence of phylogeny on fungal community
assembly and ecosystem functioning. Science 316, 1746-1748 (2007).
Johnson, N. C., Graham, J. H. & Smith, F. A. Functioning of mycorrhizal
associations along the mutualism - parasitism continuum. New Phytol. 135,
575-585 (1997).

Balser, T. C., Treseder, K. K. & Ekenler, M. Using lipid analysis and hyphal
length to quantify AM and saprotrophic fungal abundance along a soil
chronosequence. Soil Biol. Biochem. 37, 601-604 (2005).

Cappelli, S. L., Pichon, N. A., Kempel, A. & Allan, E. Sick plants in grassland
communities: a growth-defense trade-off is the main driver of fungal pathogen
abundance. Ecol. Lett. 23, 1349-1359 (2020).

| (2021)12:3484 | https://doi.org/10.1038/s41467-021-23605-y | www.nature.com/naturecommunications 7


https://doi.org/10.6073/pasta/8b3ff674e7123f08e0ae960d006c202e
https://doi.org/10.6073/pasta/8b3ff674e7123f08e0ae960d006c202e
http://www.worldclim.org/bioclim
http://www.worldclim.org/bioclim
https://doi.org/10.6073/pasta/8b3ff674e7123f08e0ae960d006c202e
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

Grman, E. Plant species differ in their ability to reduce allocation to non-
beneficial arbuscular mycorrhizal fungi. Ecology 93, 711-718 (2012).

Kardol, P., Martijn, Bezemer, T. & van der Putten, W. H. Temporal variation
in plant-soil feedback controls succession. Ecol. Lett. 9, 1080-1088 (2006).
Firn, J. et al. Leaf nutrients, not specific leaf area, are consistent indicators of
elevated nutrient inputs. Nat. Ecol. Evol. 3, 400-406 (2019).

Cleland, E. E. et al. Belowground biomass response to nutrient enrichment
depends on light limitation across globally distributed grasslands. Ecosystems
22, 1466-1477 (2019).

Adler, P. B. et al. Functional traits explain variation in plant life history
strategies. Proc. Natl Acad. Sci. USA 111, 10019-10019 (2014).

Kulmatiski, A., Beard, K. H., Stevens, J. R. & Cobbold, S. M. Plant-soil
feedbacks: a meta-analytical review. Ecol. Lett. 11, 980-992 (2008).
Tedersoo, L. et al. Global diversity and geography of soil fungi. Science 346,
1052-1053 (2014).

Davison, J. et al. Global assessment of arbuscular mycorrhizal fungus diversity
reveals very low endemism. Science 349, 970-973 (2015).

Morrién, E. et al. Soil networks become more connected and take up more
carbon as nature restoration progresses. Nat. Commun. 8, 14349 (2017).
Karimi, B. et al. Microbial diversity and ecological networks as indicators of
environmental quality. Environ. Chem. Lett. 15, 265-281 (2017).

Carr, A., Diener, C,, Baliga, N. S. & Gibbons, S. M. Use and abuse of
correlation analyses in microbial ecology. ISME J. https://doi.org/10.1038/
$41396-019-0459-z (2019).

Prober, S. M. et al. Plant diversity predicts beta but not alpha diversity of soil
microbes across grasslands worldwide. Ecol. Lett. 18, 85-95 (2015).
Steidinger, B. S. et al. Climatic controls of decomposition drive the global
biogeography of forest-tree symbioses. Nature 569, 404-408 (2019).

Corradi, N. et al. Gene copy number polymorphisms in an arbuscular
mycorrhizal fungal population. Appl. Environ. Microbiol. 73, 366-369 (2007).
Tedersoo, L. et al. Response to Comment on “Global diversity and geography
of soil fungi. Science 349, 936 (2015).

Malcolm, G. M., Kuldau, G. A., Gugino, B. K. & Jiménez-Gasco, M. D. M.
Hidden host plant associations of soilborne fungal pathogens: an ecological
perspective. Phytopathology 103, 538-544 (2013).

Taylor, D. L. et al. Accurate estimation of fungal diversity and abundance
through improved lineage-specific primers optimized for illumina amplicon
sequencing. Appl. Environ. Microbiol. 82, 7217-7226 (2016).

Zou, K., Thebault, E., Lacroix, G. & Barot, S. Interactions between the green
and brown food web determine ecosystem functioning. Funct. Ecol. 30,
1454-1465 (2016).

Chen, W. et al. Fertility-related interplay between fungal guilds underlies plant
richness—productivity relationships in natural grasslands. New Phytol. 226,
1129-1143 (2020).

Busby, P. E., Peay, K. G. & Newcombe, G. Common foliar fungi of Populus
trichocarpa modify Melampsora rust disease severity. New Phytol. 209,
1681-1692 (2016).

Li, X,, Ding, C., Zhang, T. & Wang, X. Fungal pathogen accumulation at the
expense of plant-beneficial fungi as a consequence of consecutive peanut
monoculturing. Soil Biol. Biochem. 72, 11-18 (2014).

Lefcheck, J. S. piecewiseSEM: Piecewise structural equation modelling in r for
ecology, evolution, and systematics. Methods Ecol. Evol. 7, 573-579 (2016).
Friedman, J. & Alm, E. J. Inferring correlation networks from genomic survey
data. PLoS Comput. Biol. 8, 1-11 (2012).

Kurtz, Z., Mueller, C., Miraldi, E. & Bonneau, R. SpiecEasi: Sparse Inverse
Covariance For Ecological Statistical Inference. R package version 1.0.6 (2019).
Oksanen, J. et al. vegan: Community Ecology Package. R package (2019).
Wickham, H. ggplot2: Elegant Graphics for Data Analysis. (Springer-Verlag
New York, 2016).

Acknowledgements

Authors are grateful to Nancy Johnson, Rich Philips, Jeff Gailus, and Mike McTee for
helpful comments that improved earlier drafts of this manuscript. Authors also thank
former undergraduate researchers Efemona Famati, Carter Linhardt, and Jessica Lettel-
lier for their efforts measuring fungal colonization, CAA thanks George Arhonditsis for
his support, and Y.L. and L.S.B. thank MPG Ranch for funding. This work was generated
using data from the Nutrient Network (http://www.nutnet.org) experiment, funded at the
site scale by individual researchers. Coordination and data management have been
supported by funding to E.T.B. and E.W.S. from the National Science Foundation
Research Coordination Network (NSF-DEB-1042132) and Long-Term Ecological
Research (NSF-DEB-1234162 and NSF-DEB-1831944 to Cedar Creek LTER) programs,
and the Institute on the Environment (DG-0001-13). We also thank the Minnesota
Supercomputer Institute for hosting project data and the Institute on the Environment
for hosting Network meetings. All authors are grateful to participating NutNet site
scientists for generating the original data.

Author contributions

Y.L. conceived of the idea, coordinated the analyses and wrote the first draft, C.A.A. ran
the SEM and the mediation test with input from J.A.H. J.A.H. collected root colonization
data, P.G.K. compiled the FUNGuild analyses, and A.D.L. conducted the co-occurrence
analyses. L.S.B. plotted the PCoA and ran the PERMANOVA, and J.W.L. and N.F.
provided the original sequence data. All co-authors contributed to the editing of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23605-y.

Correspondence and requests for materials should be addressed to Y.L.

Peer review information Nature Communications thanks Elly Morrién, Biao Zhu, and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:3484 | https://doi.org/10.1038/s41467-021-23605-y | www.nature.com/naturecommunications


http://www.nutnet.org
https://doi.org/10.1038/s41467-021-23605-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Nitrogen and phosphorus fertilization consistently�favor pathogenic over mutualistic fungi�in grassland soils
	Results and discussion
	Guild responses to N and P additions
	Direct or indirect effects of N and P on fungal guilds
	Global drivers of fungal guilds
	Limitations

	Methods
	General background and FUNGuild analyses
	Responses by fungal guilds and structural equation model
	Global mediation test
	Co-occurrence network analyses
	PCoAs on guild communities

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




