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ABSTRACT
Atmospheric nitrogen (N) deposition has increased dramatically since preiaidirsgs and
continues to Increase across many regions of the Earth. In temperate faseagerihof global
change has increased soil carbon (C) storage, but the mechansenlying this responsee
not understeod. One long-standing hypothesis proposed to explain the accumulation of soil C
proposes thatshigher inorganic N availability may suppress both the activity and abundance of
fungi whieh,decay lignin and other polyphenols in soil. In field studies, elevated rates of N
depositiophavereduced the activity of enzymes mediating lignin decay, but a decline in the
abundance of lignolytic fungi has not been definitively documented to date. Here, we tested the
hypothesis,that elevated rates of anthropogenic N deposition reduce the abundgnogyttli
fungi. We gonducted a field experiment in which we compared fungal communities aggonizi
low-lignin, higklignin, and wood substrates in a northern hardwood forest that is part of a long-
term N deposition experiment. We reasoned that, if lignolytic fungi decline unglenir@ental
N deposition, this effect should be most evident among fungi colonizing high-lignin and wood
substrates. Using molecular approaches, we provide evidence that anthropogeusitibde
reduces the relative abundance of lignolytic fungi on both wood and didgmghsubstrate.
Furthermorejexperimental N deposition increased total fungal abundance on a low-ligni
substrate, reduced fungal abundance on wood, and had no significant eftexjalrabundance
on a high-lignin substrate. We simultaneously examined these responses in the surrounding s
and forest floor, in which we did not observe significant reductions in the relativelance b
lignolytic fungi or in the size of the fungal community; however, we did detect a change in
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community composition in the forest floor that appears to be driven by a shift away from
lignolytic fungi and towards cellulolytic fungi. Our results provideadirevidence that
reductions in the abundance of lignolytic fungi are part of the mechanism by which
anthropogenic N deposition increases C storage.
Key words..atmospheric N deposition, nitrogen, fungi, fungal communities, lignin, soil organic
matter,soil\C, decomposition, foresgrest floor,Agaricomycetes

INTRODUCTION

Human,activity has dramatically increased the production of reactive)N¢lpounds,
with global,N _emissions projected to further double by ro@htury Galloway et al. 2003 As
a result, the annual amount of atmospherid®position in terrestrial and coastal ecosystems has
increased_over historical levels and continues to rise in some parts of théGzdivlvay et al.
2004) Rising rates of Ndeposition reduce soil respiratigdanssens et al. 20/18nd increase
soil C conten(Frey et al. 2014in temperate forest soils. Therefore, atmospheric N deposition
has he potential to influence the storage of C in soils, which are a large and globally mh@brta
pool (Prentice et al. 2001

Field=studies have suggested that elevated rates of N deposition may increase soil C
storageby depressing the rate of lignin deaayplant litter (Berg and Matzner 199 Valdrop
and Zak 2008 Lignin is a protective compound found in plant secondary cell walldimits
the rate of plant litter decafMelillo et al. 1989. Fungi are the primary mediators of lignin
decay in terrestrial ecosyster(de Boer et al. 20Q3Bugg et al. 2011 with Agaricomycete
fungi beingespeciallyimportant for this procesd-loudas et al. 2032 Changes in soil fungal
communitiesy=mediated by greater rates of N depositigpresent glausible mechanism by
which seil-Cssterage has increased. For example, high inorganic N concentrations can suppress
fungal lignin“decay in culturéFenn and Kirk 1981Leatham and Kirk 1983as well as on
inoculated natural substraté®@sono et al. 2006 however this effect is not universal among
fungal speciegKaal etal. 1995. Similarly, increasing rates of N deposition reduce lignolytic
enzyme activity in forestloor, suggesting that high inorganic N availability also suppresses
fungal lignolytic enzyme activity under field conditiofGarreiro et al. 20Q0DeForest et al.
2004a,Frey et al. 2004 Furthermore, it has been hypothesized that, by reducing the activity of
lignolytic fungi, anthropogenic N deposition will weaken the competitive advantagieesé
organisms over other decomposers dhdreby decrease their abundance within tkeil
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microbial community(DeForest et al. 2004b As such, the biological mechanism proposed to
explain increased soil C storage under elevated N deposition posits that Nighailability
reduces both the activity and abundance of fungi involved in lignin d8e&yorest et al. 2004b

a).

However, it has remained uncertain whether lignolytic fungi actually decline under
elevated rates'of*N deposition. For example, elevated N deposition has been observed both to
significantly alter(Eisenlord et al. 201Entwistle et al. 201,3Hesse et al. 201Borrison et al.
2016) and_to,have no effecfFreedman et al. 2015on fungal community composition.
Furthermore, even when elevated N deposition has bmemd to alter fungal community
conmposition, /it hasnot beenclear whether such a change is driven byleclinein lignolytic
fungi. This iS in part because past studies have often examined fungal communities at
taxonomic levelghat weretoo coarse to obtain sufficient insight into the physiology and ecology
of the affected-taxéEdwards et al. 201 Entwistle et al. 2013 However, such limitations can
now be overecome by taking advantage of recent improvements ig@estation sequencing,
automated tools for fungal sequence classificaflon et al. 2012 Schloss et al. 20)6and
knowledge of the phylogenomic distribution of fungal genes involved in lignirydétaudas et
al. 2012, Nagy.et al. 2015).

Adirect comparson of fungal communities colonizing lowand highlignin substrates
under ambient and elevated rates of N depossgfwuldalsoimprove our understanding of the
role of lignin and lignolytic fungi in ecosystem responseanihropogenic N We hypothesized
that anthrpogenic N deposition slows decomposition by reducing the abundance of fungi that
mediate thesprocess of lignin decay, specifically the abundance of fungi with known tlignoly
physiolegies==lfanthropogenid\ deposition altex fungal community compositiom a manner
consistent with our proposed mechanism, we reasoned that these effects should be more evident
in fungal communities colonizing ligninch substratesrelative tothose colonizing lowignin
substratest-urthermorepecauseellulose and hemicellulose are decomposed more rapidly tha
lignin, making partially decayed materials relatively enriched in lignin compared to their initial
condition we similarly reasoned that the negative effectamthropogenidN deposition on
lignolytic fungi should become more apparent with tim€inally, if greater inorganic N
availability suppresses lignin decay, undecayed lignin should prdaeger proportiors of
cellulose and hemicellulose, making them inaccessiblthe fungal communitas an energy
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source. We hypothesizdtat as a resultthe overall size of the fungal community would be
smaller under experimental N deposition, particularlydenomposingplant litter and substrates

with intact lignocellulosei(e., wood and highignin substrates, in this study

Toitest our hypotheses, we allowed {bgnin, highlignin, and wood substrates to be
colonized Ay fungi in a northern hardwood forest that has received experimental Nioeposit
since 1994w==We= investigated whether experimental N deposition altered fungal communit
composition on decomposing substrates that vary in their biochemical composition, and
subsequently examined which types of fungal physiologies primarily account for dissigsilar
in fungal eemmunity composition under experimental N deposition. Furthermore, weydirectl
tested whether fungal groups involved in lignin decay, specifically Agaricomycetes, as well as
highly lignaolytic taxa within the Agaricomycetes, decline in response to empetal rates of N
depositon. Lastly, we assessed fungal abundance on each of our substrates over time using
guantitative=PCR (qPCR). We also assesf@ijal community composition and fungal
abundancerthe mineral soil and the forest floor.

METHODS

Site Description. Our studysite consists of a sugar maphe¢r saccharum Marsh.) dominated
northern_hardwood forest in Lower Michigan, located at 43°40" N, 86°09It\ié.one of four
sites in the Michigan Gradient Experiment, a legn elevated atmospheric N deposition
experiment in Michigan, USA. Soils are wdHlained sandy typic Haptihods of the Kalkaska

series The_forest floor (Q) is dominated by sugar maple leaf litter.

The 'site contains six 3 x 30m plots. Three plots receive ambient N deposition,
whereasHe otherthreehave receivedmbient N deposition plus 3 g NON m? y™* since 1994,
an amount consistent with future levels expeatexbmeportions of northeastern North America
and Europesby:205@Galloway et al. 2004 Treatments are applied as Najgellets in 6 equal
additions of-0:5 g N ffifrom April to September Each treatment plot is surrounded by ari0
treated _buffer to reduce edge effect, which also receives the N deposition treatment.
Experimental*Nadditionhas not altered soil pH, base saturation, matric potential, or forest floor

conductivity Patterson et al. 2012

Substrate selection and deployment. Different products of the forest industry vary in their
lignocellulose contenand bi@hemistry for example, newsprint is produced by mechanical
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152  pulping, with the resulting paper having a high lignin con{Ratgnar et al. 20Q0Kraft paper

153 by contrastjs subjected to chemical pulping which reduces lignin conteb0by Kleppe 1970

154  as well adreakng thebonds betweethe remainindignin, cellulose, and hemicellulogRagnar
155 et al. 2000. Wood has not been subjedto physical or chemical alteratiotherefore,it has
156  bothintact_cell walls and intact lignocelhse. In our study, we use birch wodgetUla spp.;
157  Woodsies,.Loew Cornell, Cincinnati, OH), a hiligmin paper substrate (newsprint, white 3401,
158  Pacon 'Corp.;"Appleton, WI), and a ldignin paper substrate (kraft paper; #60, Caremail,
159  ShurTech"Brands, LL@von, OH) in a field decomposition experiment to make comparisons
160  between fungal communities targeting weakly and highly lignified substiaieharacterize the
161 initial biochemistry of these materials, we submitted dried, ground kraft papespret, and
162  wood samples‘to the Soil & Forage Lab at the University of Wiscaviagtison for analysis of

163  lignin, cellulose; hemicellulose, and nitrogen content (Table 1).

164 Whereas wood is a natural product, the paper {lggiin and lowlignin) substrates do
165 not have precise analogues in nature. Our primary motivation for usindidngh low-lignin,

166 and wood substrates was that it specifically allowed us to examine decompositinduéts
167  which are diferent from one anothen terms of plant biochemistry. Beyond allowing us to
168  easily manipulate plant litterbiochemistry in our decomposition experimentising these
169 commercially.available foregiroductsas our substratehl severaladvantages oversingplant
170  litter and wood collectedrom our study e. The substrates areBomogenous in b@hemical
171  composition=within sampleaunlike field-collectedleaf litter or woog debriswhich contains
172  tissues offvaryindpiochemicalcompositionwithin individual samplege.g., leaf petioles, bark)
173 Additionally, factory-processing of forest productesults in homogeneity in physical and
174  chemical ‘characteristics between samplaslike field-collected materials whickexhibit an
175 unavoidabledegree obiological variability Furthermoreplantlitter or wood/ debrisfrom the
176 field may havetalready experienced the very earliest phases of decomposition prior to collection;
177  using forestiindustry products ensures we are starting with undecayedatsaand removes
178  anothergpotential source of variation. Finally, by using materials which were naitedlfeom
179  our study sitesy we avoid ampptentially confoundingeffects of experimental N deposition on
180 initial plant biochemistr§Zak et al. 2004, Xia et al. 2015).

181 In preparation for deploying substrates to the fieddygof nylon screen with a mesh size
182  of 1.13 mm x 1.30 mm were filled with ~6 g of either kraft paper or newsmrimth consisted
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of four piecesof kraft paper or eight pieces of newsprint (10.8 cm x 13.97 icnorder to give

the low and highlignin paper substrates similar initial mass and surface area. The wood
substratg(15 cm x2 cm x 0.15 cm) was not placed in a litter bad@rocessed fest industry
productsare subjected to dryingit elevated temperatufer sterilizing purposegRoss 201])
because of.thjsve did not conduct aadditional sterilizatiorstep prior toassembling litter bags

or deploying substrates to the field.

After recordingthe initial mass of each substrate sample tetheredne substrate of
each type (higtignin, low-lignin, wood) to each stake, using < 0.5 m of monofilamelmt
November,2031one stake for each collection date vdaced at five points withieach plot
specifically 3m from each corner of the rectangular plot and within 1 m of the plot cefies.
design enabled us to colleatabmposing substrate$ each typeover two datesrom the same
locatiors within plots thus minimizing spatial variability betweesamples When placing
substratesrsinthe field, wemoved the O horizgmplaced the substrates on top of the mineral
soil, and thenseovered tisabstrates by returning the O horizon.

Field collection.We collected substrat¢30 of each type per collection dateym the field after

7 and 18-menths of decay. During our first collection date, we also collected thieflfmye O,
Oe, Oahorizons) from a 100 charea and a 5 crdeep mineral soil core from within 1 m of each
substrate location in ordéo assess the composition and abundandbeoforest floor andoil
fungi. Sampleswere transportetb the lab on ice, anstoredat—80 T prior to DNA extraction.

Sample preparation and characterization. Samples were weighed to determine mass loss.
Soil cores:were manually homogenized inside a sterile plastic bag. We cut leaf litter and high
and lowlignin~ substratesinto ~25mn’ pieces with sterilized scissors and manually
homogénized the material. Wood was first cut into ~8?rpiaces with sterilized pruning
shearswhich were then collected in a sterile plastic bag, shaken to mix, and pulveribea wit
hammer.A subsample was drieaif 24 h at 105 ° C to determine moisture content. Another

subsample was taken for DNA extraction.

DNA extraction. We extracted DNA from each sample in triplicate using a PowerLyzer®
PowerSoil® DNA isolation kifMoBio Laboratories, Carlsbad, CA, UpAWe added ~0.125 g
forest floor, ~0.18 g wood, or ~0.25 g soil, ~0.25 g Highin substrate, or ~0.25 g lelignin
substrate to a Powerlyzer® Glass Bead Tube with 0.1 mm glass beads. WMee&ke#ie
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material for extraction on a PowerLyzer® 24 homogenizer for 45s at 2500 rpm fdk soil at
3500 rpm for forest floor, 1 min at 4500 rpm for wood, or 45s at 4500 rpm for theglaiw and
highdignin substrates. We followed manufacturer’s instructions with the sewvedifications.
Specifically, we, incrased 4 °Cncubationtimes t010 minutesand addedwo centrifugations
and a 10 minute ethanol evaporation steprder toremove residual wash buffer and ethanol
prior to DNA elution. In order to maximize DNA yield at the elution step, we incubated th
molecular biology grade water on the membrane for one minute before centrifugingerwe t
repeated this‘process using the eluted DNAe quality of the extracted DN#as measuredn

a NanoDrop™ spectrophotometéFhermoScientific, Waltham, MA, USA). Triplicate DNA
extractionsswere pooled prior to amplification.

Fungal 28S rDNA amplification and sequencing. We amplified the 28S rRNA gene using 10
barcoded pairs of fungal primers LROR' (BCCCGCTGAACTTAAGC 3) and LR3 (5'
CCGTGTFFCAAGACGGG 3') [ittp://sites.biology.duke.edu/fungi/mycolab/primers htm
Barcode pairs=l, 42, 3, 40, 7, 33, 11, 17, 20, and 24 were selected from among 96 paired

barcodes/ available for multiplexing on the Pacific BioScieng&acBio) RS Il sequencer

(https://qgithub.com/PacificBiosciences/Bioinformatics

Training/blob/master/barcoding/pacbio_barcodes paired nopadding.f&sactions contained
2.5 pL dNIRs.(2 mM each), 2.5 pL Expand™ High Fidelity 10x Bufache, Indianapolis,
IN) with 15 mM MgCh, 0.5 pL bovine serum albumin (20 mg MI.0.5 pL of barcoded LROR
(20 pM), 0:5=puL barcoded LR3 (20 uM), 16 pL molecular biolgggde water, 0.5 pL
Expand™High FidelitypNA polymeraseand 2 pL of 10x diluted target DNA. For samples

that amplified weaklyPCR was repeated with template DNginga lower dilution factor or no
dilution until products of satisfactory concentration were obtained. Thermocycling oosditi
were: initial.denaturation (5 min, 96), followed by 25 cycles consisting of denaturation (30 s,
95 °C), primer-annealing (30 s, 54 °C), extension (75 s, 72 °C), with cycling followed by a final
extension(7°min, 7Z). Each sample was amplified in triplicate and these triplicate products
were poeoled prior to purification.

We purified thePCR products using a MinElute PCR Purification (Qiagen, Valencia,
CA). The quality ofpurified PCR productswas measuredn aNanoDrop™ spectrophotometer,
while the concentration of PCR products was measured fluorometrically using alQWant
PicoGreen® dsDNA ki{Life Technologies, Carlsbad, CA, USAh a Synergy HT microplate
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reader (BioTek Instruments, Winooski, VT, USA We combined 10 barcoded samples in
equimolar concentrations for multiplexing on a PacBio SMRT® clBamples were sequeed

at the University of Michigan sequencing core on a PacBio RS Il sequencer wib4P6
chemistry, We gbtainedcircular consensus sequenciiiigs with 5x coveragethese files have
been depasited in thidational Center for Biotechnology InformatioN@BI) SequenceRead
Archive (SRA. as described in the Data Accessibility section of this manuscript.

28S rDNA: sequence data processing. We processedhe 28S rDNA sequencesr mothur
v.1.31.2 Gchlass et al. 2009 We removed sequences that logility scores lower than 25 over
windows of 50 bp, > 1 mismatch to the primer or barcode, > 1 ambiguous nucleotide,
homopolymers of > 8 nucleotides; lengtls that were outside alur expected amplicon size of
550-750 bp We aligned sequences with the Ribosomal Database Project (RDP) version 7 fungal
28S rRNA (LSU) training sefLiu et al. 2012 Cole et al. 2014 which had been previously
obtained fromhttp://mothur.org/wiki/RDP_reference_filesid algned Freedman et al. 201t

Clustal OmegdSievers et al. 20)Jaccording tadefault parameters. Chimeric sequenweese
identified ‘with ' UCHIME (Edga et al. 201) and were removed. Sequences were classified
using the mothucompatible taxonomy file that accompanied the RDP v.7 LSU fungal training

set (availablewathttp://mothur.org/wiki/RDPreference_filgs using a bootstrap cutoff of 51.

Non-fungal.sequences and sequences that were not able to be classified beyond kingdom were
removed. We clustered operational taxonomic units (OTaispP7% similarity using the
cluster.splitseemmand with sequences split for clustering at the class THwelmost abundant
sequence’in each OTU was considered the representative sequence for that OTU and identified
using NCBI BLAST®. Our complete pipeline and all associated files used in sequence
processing ar@vailable with the archived data associated with this publicatitm.assist in
subsequent.data interpretation of our fungal community composition analyses, wé initial
exploredthe“overlap of fungal OTUs occurring on substrates, soil, and the forest floor and
examined“the“effects of sample type, time, and experimental N depositibmgal OTU
richnesss#For the examinatiorof overlap of fungal OTUs among substrates, soil, and forest
floor, we present values averaged across substrates for simplicity, as the trends for each type of

substrate were similar in this regard.

Fungal community composition and dissmilarity analyses. To test the hypothesis that

experimental N deposition alters fungal community composition, we compared fungal
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communities from our ambient and experimental N deposition treatmentstwotfactor
permutational multivariate analysis of variance (PERMANOVYAhderson 2001 with 9999
permutations and the default options for sum of squares and permutation of reskilatse
OTU abundances calculated after removingingleton OTUs were used for analyses
PERMANOVA analysesvere performedn PRIMERE (version § with the PERMANOVA+
add-on Clarke.and Gorley 2006 We restricted analysis to OTUs that compris@d% of at
least one sampl®©TU abundances were squao®t transformedandpairwise distances among

samples were calculated Bsay-Curtis similarity.

ForithehigHignin and wood substrates, we had data for samples collected at 7 and 18
months, allowing us to analyze communities on these substrates individualgponse td\
deposition treatment and time as factors. Howewerhad only one timpoint for forest floor
and soil, whichwas only collected once, and for the ldignin substrate, which decayed too
rapidly ingthe=field for a second collection date. We were unable to perform individual
PERMANOWVArecomparisons for sangs obtained from only one timpoint (.e., the lowlignin
substrate sail, and forest floor) because the statistical power of our expgnmed)tis too low
for PERMANOVA to be able to detect differences between communities even where they are
present Therefore, we analyzed all samples collected after 7 months of decay together with
sampleptype.and N deposition treatment as facteesfollowed PERMANOVAwith pairwise
tests tdurtherexamine differences in fungal community composition between sample types.

We performed similarity percentages (SIMPER) analy&#arke 1993 in PRIMERE
(Clarke and Gorley 20060 determine whether the changes in fungal community composition
we detectedsinsresponse to experimental N deposition were driven by shifts foown lggnin
decompeserss«io weakeratenposers of lignin.SIMPER analysesvere onefactor, with each
sample type~and collection datensidered independentlall other conditions for SIMPER
analyses were the same as those previausdy for PERMANOVA. From the results foeach
of thesecomparisonswe report the ten OTUs accounting for the highest amount of dissimilarity
between.fungal communities under ambient and experimental N deposiiensubsequently
identified the closest known species for eegortedOTU usinga megablast sech through the
NCBI BLAST® portal. Based on our knowledge of the biology ofséhepecies we
subsequentlglassifiedeach OTU agither awhite-rot and Ignolytic litter decay fungus, soft-
rot & cellulolytic/nemcelluloytic litter decay fungus, a brm-rot fungus, a weakly lignolytic
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fungus, or a mycorrhizal/biotrophic funguss summarized iAppendixS1 Table S1Although
some ectomycorrhizal (ECM) fungi may be lignolytghah et al. 20)5a paucity of data on the
extent and distribution of this abilty among ECM fungi led us to classify them as
mycorrhizal/biotrophic fungi rather than include them in either the whitand lignolytic litter
decay fungi.or,weakly lignolytic fungi categoriés.order to determine whether fungi from each
of these physiologies were responding positively or negatively to elevated rates of Niatepos
we calculated'the mean abundance of each of these physiologies under ami@&peentental

N deposition;“the 95% confidence intervals around those means, and the change in relative
abundance for these physiologies under experimental N deposition.

Relative abundance of Agaricomycetes and highly lignolytic taxa. We hypothesized that
experimental N'deposition would reduce the relative abundance of lignolytic fungi, dgpmetia
high-lignin and wood substrate$herefore, weexaminedhe relative abundansef two groups

of fungi colonizing our substradeas well as residing Boil and foresfloor: (1) the class
Agaricomyetesa classvhich contains many lignin-decomposing species, and §2Jected
subset of Agaricomycete taxdnich had beeidentified as havingighly lignolytic physiologies
We identified-this suite of hidy lignolytic Agaricomycete funga priori (Table2 & Appendix

S2 Table*S] based on theriteria that theyonsistently demonstrated high lignin loss and/or
selectivity-for lignin in published studies and were represented by > 20 segaerasssthe data
set,i.e.,, > 0.006898% of all sequences in our data sdistAf taxawhich weexcludedrom
consideratiorand our justifications fodoing soarealsoprovided in AppendixS3 Table S1
Thesehighly*lignolytic taxa were treated as @gp, rather than as individual taxay the

purposes ofirelative abundance compariséits.each sample, we calculated the relative
abundance of Agaricomycetes as a proportion of total fungal sequandebg relative
abundance of highly lignolytic taxa as a proportion of Agaricomycete sequences. Cogsideri
Agaricomycetes as a class and “highly lignolytic taxa” as a group allowed us to make
comparisons.across substratssl, and forest floor, which may have different fungal
communities from each other (Lindahl et al. 2007, Edwards and Zak 2010); for example, wood
and forest floer may harbor different liggtit taxafrom each other, as some species are
specialists for either leditter or wood(Floudas et al. 2015, Nagy et al. 2015).

Fungal ITS1gPCR. To test the hypothesis thidie overall size of the fungal community would
be smalleon substrates with intact lignocellulose( the wood and highgnin substrate) as
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well as in in soil and forest floamder experimental N deposition, we conducteantitative
PCR(gPCR)of the fungal ITS1 region to measure fungal abundawe calculated ITS1 copy
number for each sample aslbatimber of copies per pg of extracted DNA and number of

copies per g of soil, which enabled us to assess both the abundance of fungi as a proportion of
the total micrebial community DNA and total fungal abundance in soil, forest fladr, an
decomposing sudbrate biomass, respectively.

Quantification of fungi with gPCR can be influenced by other variables besides the
amount offungi present includingterspecific variation iritherthe genomic copy number or
lengthof the selected marker, as well as amplification bifses the selected primers. To
minimize thes@otentialproblems, we selected the fungal ITS1 region for fungal gPCR because
it is both shert (=300 bp) and does not vary significantly in length among fungal phyla
(Bellemain et ak 2010, Toju et al. 201Burthermore, waelectedungal primers ITS1f (5'
CTTGGTCATITAGAGGAAGTAA 3) and 5.8s (5' CGCTGCGTTCTTCATCG 3§ amplify
thisregion(Gardes and Bruns 1993, Vilgalys undated); prior to empldyisgrimer sein
gPCR, wesverifiedhat it was both specific for fungi and had broaslerageacross fungal taxa
(data not shown). Although the number of ITS copies within fungal genomes varies both within
and between speci€gilgalys and Gonzalez 1990phterspecificvariation in genomid¢TS copy
number did"not prevent accurate assessment of fungal ITS copy nurgpP&Rnofmixed
template samles in a previous study (Manter and Vivanco 2007); hence, we do not have any
reason tdhink variation in copy number between species in our template DNA is likely 1o be a

impedimenttorguantifying fungal ITS1 copy number in the solil, forest floor, and substrates here

Standard DNA foigPCRwas prepared by cloning the ITS1 regionAgaricus bisporus
with a TOPO® TA pCR 2.1Cloning Kit (Life Technologies) The insert was subsequently
amplified.with.M13 primer to create a linear target appropriate for gfMoR et al. 2010 The
DNA concentrationof the gPCRstandardwas quantified fluorometrically in the manner
previously“describedor 28S rDNA PCR productsand its copy number was calculated
according”to manufacturer instructiofdppliedBiosystems 2003 Quantitative PCR was
calibrated with"a standard curve ranging from 1.2D%o0 1.03 x 18 copies/uL. Prior to qPCR,
sample DNA was also quantified fluorometrically and diluted as needed in toradtain an

appropriate target concentration.
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Each 25 puL qPCR consisted of 0.625 uL of each primer (20 uM), 0.375 uL. ROX
referencedye (500x dilution), 0.5 uL bovine serum albumin (20 mg mL™), 9.375 uL molecular
biology-grade water, 12.5 pL Brilliant III Ultra-Fast SYBR® Green gPCR master mix (Agilent
Technologies,Santa Clara, CA, USAgat. #600882), and fiL target DNA. Reactiongor
samples contained.8 - 11 ng DNA. QuantitativePCR assays were performenh a Stratagene
Mx3000P ‘gPCR_Syster(Agilent Technologiesusing the following thermocycling program:
initial denaturationg min, 95°C), followed by 40 cycles of denaturation (45s, 95C), annealing
(30s, 53C), and'extension (30s, 72 °C), anda final dissociation curve set at manufacturer default
settings. We ran all standards and no template controls in triplicate and all unlaroplassin
duplicate, allowing us to run to muall samples from the same see.( same sample type &
collection date) in a single 98ell run. Each run was performed three times for quality control.
Efficiencies of allgPCRruns were> 80 % TheR? valuesfor each run ranged from of 0.991
0.999. More detailed quality control information and all gPCR data is available in the Dryad

data archive associated with this paper.

Statistical/analyses. We performed statistical analyses for substrate mass loss, the relative
abundances of Agaricomycetes and highly lignolytic taxa, and qPCR data with IBE SPP
Statistics v.*23, softward-ungal OTU richness analyses were performed in the R statistical
environment(R.Core Team 2017yith the R commander interfa¢eox 2005). Prior to analysis,
values for substrates, soil, and forest floavere averaged across each plot. No data
transformations: we applied to mass los&ingal richnesyr relative abundance data, but gPCR
data were log transformedso that the data would meet the assumption of homoscedasticity
required for ANOVA. We conducted independent samyésstis for comparisons with ongne
factor (.e.,'N deposition treatment) and twaay ANOVA for comparisons with two factors«,

N deposition.treatment and either collection date or sample type). For compamisenish

there was"a'significant interaction between N deposition alection date, we also considered

collection'dates separately with independsarnple ttests.

RESULTS
Field collection and massloss. High mass loss and evidence of faunal grazay, (distinct
holes in substrateyere visually apparent on lelignin substrates after 7 months of decBy
contrastthe highlignin substratevas entirely intact after 7 months of decay, with visible
evidence of fungal colonization, but no apparent damage by soil fauna. Wood saerples

This article is protected by copyright. All rights reserved



398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

14

intactat 7 monthswith only someshowing visible evidence of fungal colonizatidde were
able to collect high-lignin and wood substrates after 18 months of decay, beiathely rapid
decay of the lowignin substrate prevented collection at this second-poiet. At 18 months,
the high-lignin substrate was still intact, but visible evidence of fungal calimizwas more
extensive. _After 18 months of decay, many wood samples were structurally uggésting
more extensive decay had occurred.

When'mass loss was examined actmgh of theN deposition treatments, the percentage
of mass lostafter 7 months of decay fromltve-lignin (-61%), high-lignin (-26%), and wood
substrates{10%)varied significantly among substratefdifferenttypes(two-way ANOVA; F
=218.947P <0.001). This result confirmedhat our selection of substratedjich varied in
their initiallignocellulose contentepresented range of decomposability under field conditions
After 18 months of decay, the high-lignin substrate had lost 30% of its amaadditional loss
of only 4% compared to that at 7 months, demonstrating that the high-lignin substratghias
resistant to.decay.

After7=months, substrates decomposed under experimental N deposition exhibited no
significant differences in the amauwf mass lost compared to those decomposed under ambient
N depositien (Figure 1)Similarly, mass loss of the higlignin substrate after 18 months of
decayunderexperimental N deposition (28%@s still not significantly different from the
amount of mass lost under ambient N deposition (32%) over that same time Marinere
unable to accurately assess mass loss of wood after 18 months gfdeeage severalood
substrate samples were fragmerpedr to or during collection of samplasthis timepoint.

Fungal 28Ssegquences and OTUs. Sequencing produced a total of 575,339 reads with 5x
circular coansensus coverage. Fesgven percent of sequences were removed during quality-
control stepsa percentage of sequence loss whidinslar to theethat have been previously
reported for.targeted gene sequencing of soil microbial communitiesheithacBio RS I
sequencing, platforrfFreedman and Zak 2014, Freedman and Zak 20L5@ty-five percent of

the resultingisequences were fungal, yielding a total of 289,920 high quality fungal segoences
these, 126,371 sequences were unique.

These fungal sequenceedtially clustered to 9115 operational taxonomic units (OTUSs) at
the 97% sequence similarity level; of these, 2589 OTUs remained after remeieglefons.

Most OTUs wereof low abundance with only 33% of OTUs represented in the data set by more
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than 10sequences anonly 10% of OTUs represented in the data set by more than 100
sequences. Mean Good’s coverage for 97% sequence similarity OTUs was 94% for substrates
and 88% for soil and forest floor samples.

Of the fungal OTUs occurring on each type of substrate after 7 months of decay, ~26% of
OTUs occurring on each substrate were also observed in both the mineral soil anelsthiéobr
fungal communities. Another23% of OTUs occurring on each substrate were detectdéukin
forest floor; butnoin thesoil, whereas~8% of fungal OTUs occurring on each type of substrate
were also'observed in the soil, but not in the forest floor, respectively. Thus, appebximmeat-
half of fungal OTUs colonizing substrates also colonized the forest floor, whilexapgately
one-third of QTUs occurring on each substrate vaésedetected in the mineral soil. The
remaining =40% of OTUs on each type of substrate were not obsermigeiriheforest floor
or soil fungal cammunities. Among fungi occurringsubstratesvhich haddecayed for 7
months in the field57%%6 of observedDTUs wereunique to only one type of substra26% of
OTUs occurred on two different types of substrate, afd aifungalOTUswere found orall
three substrates.

FungakOTU richness was not different among wood, high-lignin, odiggvin substrates
after 7 months of decay (twway ANOVA, F = 1.73,P = 0.21). However, whewe compared
fungal QT richness among substrates, forest floor, andatekcted during the first collection
date, dserved fungal OTU richness was significantly different between sample typesdgne
ANOVA, F.= 14.3,P < 0.0001) this response wadriven bythe significantly highefungal
OTU richnes9f.the forest flooin comparisorio eithermineral soil or substrateingal
communities«(Tukey test®, < 0.001). Furthermore, timeife., 7 or 18 months of decay) did not
alterfungal OTU richness oeitherhighdignin (two-way ANOVA, F = 0.38,P= 0.55) or wood
(two-way ANOVA, F = 0.06,P = 0.8]) substratesExperimental N depositiodid not alter
fungal OTU. richnessitheron substrates decayed for 7 months in the {igld-way ANOVA, F
=1.73,P =,0.21), in the surrounding soil or forest flamilected on the same ddtevo-way
ANOVA, E=2.58,P = 0.15), or on high-lignin substraaeross/ and 18 months of dec#tyvo-
way ANOVA,E =0.21,P = 0.66); however, experimental N deposition digantly increased
fungal OTUrichnesson wood substratgs- 40%,two-way ANOVA, F = 6.24,P = 0.04) when
we considered substrates decayed at both 7 and 18 months.
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Fungal community composition. Experimental N deposition significantly altered fungal
community composition on both wood and tigh-lignin substrate (Tabld). Whereasungal
community compositiosignificantly changed over time on the higjgnin substrate (Tabl8),
time was not a significant factor fevood fungal community compositio® € 0.055, Table 3).
There was ne.significarnihteraction of N deposition treatment and time for fungal community
composition on either wood or the higgnin substratéTable3).

When'we compared community composition across all substrates codéeted
months of‘decay, as well as in the soil and forest floaratlected on the same date,
experimental N'deposition significantly altered fungal community composition esaogde
types (Table 3). Unsurprisinglgll substrates, as well as soildgfiorest floor, harbored distinct
fungal communities which varied significantly from each o(fi@ble 3 all pairwise test$or
sample typepermutationaP < 0.0)); however, there were no significant interactions between N
deposition treatment and sample typable 3) indicating that a change in community
composition occurred in all substratas,well as in the soil and forest floor under experimental
N depositions==We anticipated that change in community composition would be greatest-on high
lignin and wood substratesnstead, it appears experimental N depos#ilberedfungal
community.composition broadly across our samples, irrespective of the degree tohwhiahet
protected.oy lignin.
Fungal community dissimilarity. We followed PERMANOVA withSIMPER analyses to
determine whether the changes in fungal community composition that occurred in egspons
experimental’N,deposition were driven by a decline in lignolytic fungi (AppeddiiXable S).
Many of thesOTUs on the high-lignin substrate, wood, and forest floor were white-rot and
lignolytic litter decay taxa (Tablé) and these fungi were less abundant underrgrpatal N
deposition, (Figure 2). This response was significant on wood after 7 months of deeagsarh
negative but.nonsignificant trend was observed for wood after 18 months ofedewalt ador
the high-lignin substrate and forest floor (Figure 2). In contrast, no watita-lignolytic litter
decay fungiswere among the top ten SIMPER regoitthe lowlignin substrate (Table 4, Figure
2). The only positive response of whita-and lignolytic litter decay taxa occurred in mineral
soil, in which a single OTU (Table 4) slightly, but significantly, increasedspamse to

expeimental N depsition (Figure2).
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489 Experimental N deposition appears to stimulate fungi that decompose cellulose and
490  hemicellulose, but ndignin. For example, the relative abundances of OTUs associated with
491  softrotas well ascellulolytic and hemicelluloytic litter decay fungi significantly increased on
492  wood and.in forest floor under experimental N deposition (Figur©g)ercomparisons

493  displayed apparent increases in brenet) soft rotand @llulolytic and hemicellulolyt, or

494  weakly lignolytic fungi however, these were not significant (Figure 2)

495 In soil,"most of the OTUs identified by SIMPERths greatest contributors to

496  community dissimilaritywere associated with biotrophac mycorrhizal species (Table 4, Figure
497  2); overall, their abundance in soil declingader experimental N deposition, but not

498  significantly se(Figure2).

499  Relative abundance of Agaricomycetes. Experimental N deposition reduced the relative

500 abundance of Agaricomycetes on wood across both collection e&6és, twoway ANOVA, F

501 =18.368P =0.003, Figure 3a)However,experimental N deposition had no effect on the

502 relative abundace of Agaricomycetesn the highlignin substrat€Figure 3c), a finding

503 inconsistentwith our hypothesis and our results for wood. On the low-lignin subisteate

504 relative abundance of Agaricomycetes was higher under experimeaégidsition (Figure 3c),
505 although'this increase was not statistically signifi¢amdependensamples-test,P = 0.057).

506 Because.the lovignin substrate had low amounts of intact lignocellulose, this result is more
507 likely to reflect an increase in cellulolytic Agaricomycetes than an increase in lignolytic taxa and
508 s, therefore, at necessarily inconsistent with our hypothesis. Finally, mean relative abundance
509 of Agaricomycetes was also lower under experimental N deposition in both soil) @h8%

510 forest floor¢l9%), but these differences alsere not significant (Figuréa,c).

511 We had further hypothesized that reductions in Agaricomycete abundance under

512  experimental N deposition would be enhanced with time. Instead, Agaricomyceterelati

513 abundancgwas significantly highe#3{7%)on woodat 7 months of decaglative t018 montls

514  of decay (twoway ANOVA, F = 10.757P = 0.011). Agaricomycete abundance did not change
515 over time onrthe high-lignin substrate. There also was no interaction between Kialeposl

516 time with a‘tweway ANOVA. Thus, the negative effect of experimental N deposition on

517  Agaricomycete abundance does not appear to be enhanced with time.

518 Relative abundance of highly lignolytic taxa. We hypothesized that experimental N deposition
519  would reduce the relative abundance of fungi with highly lignolytic physiologresthat this
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520 effect wouldbe most evident on substrates in which eneigfyerganic compounds are

521  protected by lignin.Accordingly, experimental N deposition significantly reduced the

522  proportion of highly lignolytic fungi present on wood acrbssh collection dates (FiguBb,

523  two-way ANOVA, F = 8.254,P = 0.021), with no significartteatmenby time interaction.

524  Experimental.N deposition did not have a significant main effect on the abundance of highly
525 lignolytic taxa on the higlignin substrate (Figure 3d), but there was a significant interaction
526 between treatment and collection date ¢mayy ANOVA, F = 8.641,P = 0.019). When we

527 analyzed collection dates separately, the relative abundance of highly ligreotgtiort the high-
528 lignin substrate/'was significantly lower@7%, independent sampletest,P = 0.015) under

529  experimentaldN,deposition at 7 months of decay, buaftet 18 maths of decomposition

530 (Figureb).“Bycontrast, highly lignolytic taxa were neither abundant (~9% of Agaricdesjce
531  nor significantly,affected by experimental N depositiortlmrlow-lignin substratéFigure 3f).

532  Consistent with ounypothesis, experimental N deposition reduced the abundance lyf high
533  lignolytic taxa on both lignimich substratesalbeit in a timedependent manneawhile having no
534  effect on theirabundance on the low-lignin substrates. Moreover, we found thaative rel
535 abundance'of-highly lignolyic taxa in the forest floeclined(—20%) under experimental N
536 depositionalthough not significantlyFigure4b). Taxa which we had identified as highly

537 lignolytic.were uncommon in mineral soil (~6% of Agaricomycget€9o of all fungi), andheir
538 relative abundance was not significantly altered by exymntal N deposition (Figuréd).

539 We had further hypothesized that experimental N deposition vmoodd negatively

540 impacthighly“lignolytic taxalaterin decay when substrates become enriched in liga@tiveto
541 their initial'state.However,our resultdid not support this hypothesis. Insteexperimental N
542  depositionreducedhe abundance of highly lignolytic fungi colonizing the high-lignin snaibs
543  early in decayi(e., after 7 months)out notafter 18 monthgFigure 5).Additionally, the

544  negative effects of exgpimental N deposition on the highly lignolytic taxa occurring on wood
545  were notgreater aftefl8 months of decay thahey wereafter7 months of decayas neither time
546  effectsnor.time-bytreatment interactionserestatistically significant

547  Fungal abundance. We reasoned that experimental N deposition should reduce energy flow to
548 the fungal community as a consequencdiaifinishedfungal decay of lignin. Consistent with
549  this hypothesis, experimental N deposition reduced fungal ITS1 copy number per pug of extracted
550 DNA on wood (Figureésa, tweway ANOVA, F = 8.309, P = 0.020) This trend was the same
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for wood when we calculated fungBE 'S1 copy number per gf substrate, althougto longer
statistically sgnificant (Figure6b). However, experimental N deposition did not alter fungal
ITS1 copy number on the high-lignin sutagé (Figuresc,d). Onthe lowlignin substrate,
experimental N deposition significantly increased fungal ITS1 copy number per g of teubstra
(Figure6f, independent samplesest,P = 0.003), while having no significant effect on fungal
ITS1 copy number paig of extracted DNA (Figure 6€). In contrast to ouexpectations,
experimental’N"“deposition did not significantly reduce fungal ITS1 copy number infeitbstr
floor or soil (Figurer), although theraverenonsignificant trends toward lowErS1 copy
numbers under'experimental N deposition in soil (FEgue, d) and forest floofper g of
sample Figures7b).

Fungal ITS1 copy number (per ug of extracted DNA) on wood was greateat 7 months
than after 18 moenths of decomposition in the field (ima ANOVA, F = 16.263P = 0.004).
Time did not significantly affect fungal ITS1 copy number on the high-lignin subst@tevas
the interaction of N deposition treatment and time a factor significantly affecting ITS1 copy

number oneither wood or the high-lignin substrate.

DISCUSSION

Wer have found evidee that greater soil C storageder chronic N deposition arises
from a decline in the abundance of soil fungi with lignolytic physiologieshis study,
experimental N deposition, at ragg®dictedfor midcentury (Galloway et al. 2004), reduced the
relative abundance of fungi with lignolyti@pacityon both wood and a higignin substrate
Furthermore,.experimental N deposition induced overall changes in fungal community
composition,.including a shifoward cellulolytic fungion decomposing wood and in the forest
floor. Fimallyywe found that experimentaltes of N depason decreased fungal abundance on
wood, but increased fungal abundance on a low-lignin, cellulose-rich sub3thai. ar
observations are consistent with those of previous studies, wherein elevated Mtieposition
suppressed lign decay, but stimulated cellulose decay (Berg and Matzner Ca9igiro et al.
2000, Talbot and Treseder 2012). Although a decline in the relative abundance of lignolytic
fungi has long benpostulatecasa response to elevated N deposition (Fog 1B@&&orest et al.

2004b), to our knowledge, this is the first study to document shifts in fungal community
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composition which are physiologically consistent with observations of reduceddigceay
under experimental N deposition.

Previouswork in both our longeerm field studyand elsewherbas provided evidence
thatexperimental Ndepositiorincreases soil C stora@pg altering microbial decompositiaof
lignin, not by.ehanging plant litter production or biochemistry. For exampperenental N
depositiorhasreduced decay of leaf and rditer (Zak et al. 2008, Xia et al. 2017a) and
increased-retention of lignin in decayilegf and rocditter (Xia et al. 2017b)while increasing
neitherthe“productiorof plant litternorthe lignin content of plant tissu€Burton et al. 2004,
Frey et al. 2014, Xia et al. 2015Furthermore, experimental depositiorhas decreasesbil
respiration.without altering root respirati@Burton et al. 2004, Burton et al. 2012), suggesting
that reduced soil microbial respiratianderlies this response. Moreovealde isotope tracing
with **C-labelled plant littehas revealed that experimental N depositioninishesthe amount
of C transferred from plant litter into the soil microbial commu(@gn et al. 2013 Finally,
longtermexperimental N deposition has negatively affe¢tedyal lignocellulolytic potential
(Eisenlordeetral. 2013), fungbdinocellulolytic gene expressiofEdwards et al. 201 Hesse et
al. 2015), and-fungal ligmytic enzyme activityDeForest et al. 2004b, Sinsabaugh 2010
Freedman.and Zak 2014)s well agungal capacity for litter decomposition (van Diepen et al.
2017). Qurresultgshus add to a growing body of evidence that experimental N deposition
negatively affects lignolytic soflingi, organismshatmediate the ratBmiting step oforganic
matter decay.

However, lignindecay is not strictly limited to fundbecausesome bacterial
decomposers-also possess lignolytic actiftgCarthy et al. 1986, Bugg et al. 2011a, Bugg et
al. 2011b) In our study system, experimental N deposition has had an overall positivereffect
the abundance difacterial genesediating plant celtwall decay(Freedman et al. 2016).
Furthermore, experimental N deposition has increééise abundance of bacterial lacclike
multicopper.oxidase (LMCO) genes (Freedman and Zak 2014), which may play simildoroles
fungal laccases in lignin decéigidge et al. 200Reiss et al. 2013 u et al. 2014). However,
this expanded.bacterial role in lignilecay has apparently not offset reductions in fungal lignin
decay, given the reductions in lignin decay occurring under experimental N depwsiar
field experiment. This may be because, while baittdria and fungi share laccase or laccase
like enzymes that act upon polyphenolics (Baldrian 28@68¢gc et al. 2011Lu et al. 2014),
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fungi additionally possess other, more powerful lignolytic enzymgs fungal class Il
peroxidases) which bacteria do not, giving fungi an overall greater oxidative capatstaio
lignin than that of bacteriéKirk and Farrell 1987Floudas et al. 2012).

Our working model for conceptualiziigeseresponsepredicts thahigherN
availability,resulting from increased rates of inorganic N deposition, leads to lower rates of
fungal lignin_ decay (DeForest et al. 2004bhisidea originates from the observatitratthe
suppression‘oflignolytiactivity appears to be a physiological response to high inorganic N
concentration$or some species of lignolytic fungi (Leatham and Kirk 1983, Commanday and
Macy 1985) with the highly lignolytic wood decay fungihaner ochaete chrysosoporium being
the most extensively studied species in this regkat examplelignolytic activity in P.
chrysosoporium'cultures issuppessed byhe additions of high amounts of inorganicJéffries
et al. 1981) and stimulated by conditions of N starvati®yg§er et al. 1978 Interestingly we
observedhe strongestrad most consistent negative effects of experimental N deposition on
lignolytic fungi on the wood substratét is plausible that high N availabilitpay havesimilar
negativeeffeetsion the activity of thiggnolytic wood-decomposing species colonizing our wood
substratesas it‘does oR. chrysosporium.

Altheugh it is not clear why saprotrophic lignolytic fungi would reduce lignin decay in
response.the pesence of higinorganicN, several physiological explanations for this
phenomenon have been proposed. For example, low N conditions in culture may stimulate
lignin and'polyphenaflecay because those conditions are similar to those of its natural
environmentje,wood Keyser et al. 1978 making it possible that inorganic N conaatibn
serve as aignalfor environmental conditions appropriate for lignin and polyphéeohy. In
culture, lignin decay occurs as part of fungal secondary metab#lesyser and colleagues
(1978) suggest that the sensitivity of fungal lignolytic actitatyN availabilitymay be related
more broadly.to the role of N secondary metabolism, as N limitatibas been observed to
induce expression of some other fungal secondary metali@iés et al. 1973, Bu'Lock et al.
1974). Additionally, Fog (1988) suggested that nitrogenous compoundeaayviththe
intermediate products of lignin decay, thereby preventing effective fungal dedgsiofunder
high N conditions and making low N conditions ideal for this activity. While N suppreskion
fungal lignolytic activity is consistent with our results and those of previodses in our long-
term field experiment, natll fungal species appetr reduce lignin decay in response to
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increased N availabilit{Boyle et al. 1992, Kaal et al. 1995) and many of the lignolytic taxa
(Tables 2, S2, and S4) in our study system have not yet been studied in this rexgntd. D
observation of the taxa in question under laboratory culture could provide further insght as t
whether this mechanism underlies the responses of lignolytic fungi to exptimNedeposition
that we have.ebserved in the field.

Because @thropogenic N deposition issa knownsource of acidleposition Liechty et
al. 1993) that,on poorlybuffered soils inherently low in base cais) reduces soil pH and
thereby increases leaching of cationic nutriébtsg et al. 1997, Bowman et al. 20Q8b et
al. 2011) the question often arisas towhether soil microbial responses to anthropogenic N
depositionsesult from the effects of increased Nlawdity or, instead, reflect the effects of
reduced soil pH or cationic nutrient availabilitifor example, reduced soil pH couédluce the
activity of lignolytic N enzymegSinsabaugh et al. 2008) or induce the loss of catmgs (

Mn?*) required by fungal lignolytic enzymead., manganese peroxidasedpfrichter 2002De,
Santo et B2009. However, our study sites are located on Wwaffered calcareous san#ak

et al. 2008)wOur lonterm experimental N deposition treatment hasaltered soil pH, base
saturation of the cation exchange complex, nor the concentrations of exchagalitesoil
(Zak et al=2008Patterson et al. 2012). By extension, it also is unlikely that our N deposition
treatmenthas differentially affected the loss ofMom soil in our experiment. Therefore,
cationlossis wnlikely to explain the declines in lignolytic fungi we have documeinrtexr

study.

While'the mechanisms we have discussed thus far focus on the physiological effects of
anthropogenie’N deposition on lignolytic fungal physiology, ecological explandtavesalso
been proposed to explain reduced fungal lignolytic activity under experimental N deposition.
For example, fungi can use the same oxidative enzymes involved in lignin déoagadb N
which is eithetbound in soil organic matt¢ 5OM-N) or protected by lignin in plant litter. It has
been thought that fungi may reduce their production of lignolytic enzymes under experimental N
deposition.because mining forilSOMbecomes less necessary when inorganic N availability
is high Craine,et al. 2007)However reduced fungakssimilationof N which is protected by
lignin is unlikely to explain the reduced abundance of lignolytic fungi on hggtin and wood
substratesbservedn our study as these substrates areergyrich, but N-poor(Table ).

Similarly, a reduction in fungahetabolismof SOM-N also seemsisufficient to explain the
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674 negative effects of experimental N depositiodignolytic saprotrophsn our study, aSOM-N
675 miningis an activitytypically attributed tassome ectomycorrhizélingi in the mineral soil

676  (Lindahl et al. 2007, Talbot et al. 2013); by contrast, we observed a dedigwoigtic

677  saprotrophic decomposer fungi in the forest floor and on decompuagimjgnin and wood

678  substratesln.adecomposition experiment conducted inaxeal forestexperimental N

679  depositionireduced lignin decay but not N loss in plant litter, suggesting that redoget! f

680 foraging forplant litterN did not underlie this observation. Our conclusions here are consistent
681  with those"of Talbot and Treseder (2012).

682 While all of these aforementionagechanisms focus on theecteffect ofhighN

683  availabilitysonslignolytic fungi, a alternative mechanism proposkeat experimental rates of N
684  depositiomegatively affectéignolytic fungi indirectly, through increased competition wkt
685 growing fungal' decomposers of energy-rich organic satesifFontaine et al. 2003, Talbot and
686  Treseder 2012). According to this mechanism, experimental N deposition rembretadbn
687  of cellulose decatherebystimulating the growth diungi thatefficiently decompose cellulose
688  but inefficiently’decompose lignin. Indeed, elevated rates of N deposition have been

689 documented to'stimulate cellulose decay, while slowing lignin decay (Berg andeMa®8Y,

690 Carreiroetal. 2000, Talbot and Treseder 2012). Furthermore, experimental N deposition i
691  boreal foresslowedlignin decomposition, while simultaneously increasing both cellulase
692  activity andfungal antagonism, leading the authors to conclude that increased competition
693  between cellulolytic and lignolytic fungi was responsible for slowed ligninydéiabot and

694  Treseder 2012).

695 In ourstudy, experimental N deposition increased fungal biomass on a cellulose-rich,
696 low-lignin/substrate (Figuréa), suggesting that a similar stimulation of cellulolytic fungi may
697 have occurred heréAt the same time, we also observed increasesllalolytic fungi in wood
698 and in forest floor under experimental N deposi(Bigure 2), aesultwhich we attributed to
699 decreased.competition from the suppressed lignolytic fungi. Neverthetesannot rule out
700 thealternagspossibilitythathigher Navailability insteaddirectly stimulated grot of

701 cellulolyticfungi thus increasingompetitionfor energy-yielding substratégtween cellulolytic
702 and lignolytic fungi, andhat increased completion from cellulolytic fungi led¢he decline in
703  lignolytic fungal relative abundance that we observed. However, if experimental Ntogposi
704  directly enhanced cellulose decay, this sh@léd increase mass lodstlee higheellulose, low
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lignin substrate, an effect which we did not obs€Rigure 1). Furthemore, a recent stud¥id

et al. 2017ajevealedhat experimental N deposition did not change the amount of plant cell-
wall carbohydrate fraction which was lost during decay (Xia et al. 20 INdyertheless uture
studies shouladditionallyassessoth fungal competition and the rate of cellulose loss in order
to bring further clarity to our understanding of the mechanism through which experimental N
deposition.alters fungal community composition &gdin decay.

We hadadditionally hypothesized that we would observe the largest reductions in
lignolytic fungilater in decay when substrates are more enriched in lignin relative to their initial
state, a time whelignin-decomposing fungi should be more abundant. Surprisingly, w
observed thesgreatest suppression of lignolytic fungi under experimental N depaisituorfirst
time point,not later in the decay proceass we had hypothesized. Our results suggest
experimental Nideposition suppresses lignolytic fungi early inydebanthelabile C
compounds that mdyprime” lignin decayare most abundant (Fontaine et al. 2003)jjev
having a neutral or even positive effectaatiulolytic and hemicellulolytic fungi (Figure 2)
Therefore plantlittermay be entering later stages of dewdiyr higherlignin-to-cellulose ratios
under experimental N deposition than under ambient N deposienause plant litter decay
plateaus-as.the ratio of lignto-cellulose increasgMelillo et al. 1989)it is possible that
reduced.abundance of lignolytic fungi early in decomposition pragtsstely exerts a large
influence on both thiggnin content ofdecaying litterandtherate and extent gflant litter decg.

We note, however, it is also possible that we were able to most strongly detect declines in
lignolytic fungirearly in decay, because our selection of lignolytic taxa is biasedds early-
colonizing'species. Most published studies of fungal decomposition are of relatioely s

duration and involve inoculating a single species on fresh litter or wood, which may have led us
to underrepresent lattage decomposers which may grow slowly or prefer to colonize sabstrat
that are already, partially decomposed.

Interestingly,a recenexperimen{(Xia et al. 2017a, b) in our study sites found that
experimental’N deposition retarded lignin decomposition in songgale leaf litter after 3 months
of decompasition, but not at later stages of decomposition; by contrast, lignin decggane
maple root litter wasetarded after 3 years of decomposition under experimental N deposition,
but not atearliertime-points examinedXja et al. 2017a At the stage in decomposition at
which experimental N deposition increased lignin reteriicdugarmaple plant litte(i.e., 3
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months for leaf litter, 3 years for root litter), 3%9% of plantitter mass had been lps
respectively(Xia et al. 2017a), an extent of decay that exceeds those of our high-lignin and wood
substrateshere. This suggests it iglausiblethat the biological response to experimental N
deposition i.e., decline in lignolytic fungi) might pieede the chemical response.( reduced
lignin decay)s.although weresentlylack data on ligninlossin our substrates, data frdater
points in decompositioof our substrates, or microbial data from the root andliiéaf-in the
experiment'conducted by Xia and colleagues (2017 a,b) which would allow uditsmcon
whether this‘istrueMoreover, in contrast to our expectations, we did not observe significant
declines irhigh-lignin or woodsubstrate mass loss under experimental N depasitioich we
would antieipate given the reduced forest floor mass loss documented in our study Zg&tem (
et al. 2008);'we cannot rule out that this may not be strongly evident until lateomiesition,
as has been observed foptditter (Xia et al. 2017b).

In this experimentthe most consistent and significant negative responses to experimental
N deposition were observed among fungi colonizing wood. Many of the most powerful
lignolytic fungivare wooelecomposers, making wood an excellent substrate on which to observe
the effects'of N'deposition on lignin decomposers. Because experimental N deposition
simultaneously reduced the relative abundance of lignolytic fungi (Figure 3) and thetbige of
fungal community (Figure 6) on wood, elevated rates of N deposition led to a reduction in the
absolute abundance of lignolytic fungi on wood. Our results are consistent with recent
observations that experimental N deposition has slowed the decay of coarse woody debris
long-term experiment (B. Lyons, unpublished data). Althatigbominant overstory trei@ our
systemis sugarmapleAcer saccharum), theresults we obtained withirch Betula spp.) substrats are
likely broadlyreflective of responses of woatkcayfungi to experimental N deposition at our field sites
as birch'and maple are bdthrdwoods with similar lignin and cellulose contdiftettersen 1984
Furthermore, experimental N deposition has also increased woody biomass produretgdadr
et al. 2008]banez et al. 2006 If higher rates of N deposition both increase the production and
slow the decayrof wood in temperate forests, this could dramatically increase ecosystem C
storage.
Conclusions

Increased soil C storage may be a widespread respoasthtopogenic N deposition in

temperate fores{®Nave et al. 2009, Janssens et al. 2010, Frey et al..20k4ggtive effets on
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lignin-decomposing fungi, like tsedocumented here, may explain soil C accumulation under
elevated rates of N depositiort.id possible thahcreases imnthropogenic N deposition which
have occurred over the past century and a half may have already had widespread effects on
fungal biodversity, as well as elicited increasé soil C in temperate forest®ur results
indicate that.further increasesanthropogenic N deposition, which have been predicted for
some parts.of Earth, could both increas# C storagend have consequences for fungal
biodiversityin‘temperate forests.
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