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ABSTRACT
Foraging intensity of large herbivores may exert an indirect top-down ecologicabfoscs!
microbid communities via changes in plant litter inputse Wvestigatedhe responses of the
soil microbial community to elkdervus elaphus) winter range occupancy across a keegn
foraging exclusion experiment in the sagebrush steppe dfdith AmericarRocky Mountains
combiningphylogenetic analysis dfingi and bacteria with shotgun metagenomics and
extracellular.enzyme assawinter foraging intensity was associated with reduszacterial
richness andiincreasingly distinct bacterial communiAdétough fungal communities did not
respond linearly to foraging intensity greatef-diversityresponseo winterforaging exclusion
was observed~urthermorewinter-foraging exclusionncreasedoil cellulolytic and
hemicellulolyticenzyme potentiadnd higher foragingntensityreduced chitinolytic gene

abundance. Thus, future changes in winter range occupaacshapebiogeochemical
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processesia shiftsin microbial communities ansubsequent changestheir physiological
capacities to cycleoil C and N.

INTRODUCTION
Large herbivores function as ‘engineers’ in a wide variety of ecosygkgark & Groffman
1998; Tanentzap & Coomes 2012) through the removal of plant biowlaish,altersplant
physiology.and litter biochemist{Bardgettet al. 1998; Olofssomt al. 2004). Saprotrophic
microorganisms are limited by the energy they enzymatically harvest from planisie
therefore the"production of plant detritus and its biochemical composition functiselestive
forcesthatshape the composition oficrobial communities in so{e.g., Cline & Zak 2015)lt
stands to reason that foraging intensity of large herbivoegsstructuréhe composition and
function of'microbial communities in soila changes ithe abundance and biochemistry of
plant litter substratedJnderstanding this potential is of ecosysterrel significance, because
soil microorganisms regulate key ecosystem functions, including soil C stordgéaat
nutrient availability(van der Heijderet al. 2008; Cemmensest al. 2013).

Although evidence indicatebat large herbivores can modify soil C and N cycliag.(
Olofssonet'al.»2004), understanding the mechanism by which migratory ungulates structure the
compositien,and function of the soil microbial community remains largely unknown. 8electi
foragingby-arge mammalian herbivores can reduce soil microbial biomass and significantly
modify microbial community compositigfffastoret al. 1993; Peschedt al. 2015). Changes in
the size and membership of the soil community can, in teedpack to altemicrobial
metabolic potential for biogeochemical cyclif¢anget al. 2013), which hadirect implications
for the cyclingsand storage of soil C and N. For example, undialie&tgingonwinter range
decreased the abundance of microbial functional genes encoding enzymes involved in
lignocellulose metabolispas well as soil respiration dmet N mineralizatiofPescheét al.

2015). In contrast, herbivore foragiongn also increase tladundance of functional

genes encoding enzymesdiatingthe decay of plant detritus (Yaegal. 2013) These mixed
responses.by'soil microbial communittesungulate foraging may be the result of differences in
foragingintensities across regioflcSherry & Ritchie 2013), although this hypothesis remains
to be tested.

North Americarelk (Cervus elaphus) aredominantungulate herbivoiin the sagebrush
steppe and preseatunique opportunity to investigate ttmécrobialmechanism by which
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migratory ungulates induce belowground responses (Middé@n2013; Jonest al. 2014;

Coleet al. 2015). Inhabiting mountainous regions, North Ameridamegrate from high

elevation summer rangand congregate in valley bottoms during winter, avoiding deep snow and
accessing. forag@oyce 1991)In springthese large ungulatésilow the snowmelt to high
elevationgn.which young plants emerge with pgein-rich foliage(Sawyer & Kauffman 2011).
Becauseavinter.range occupancy by elk and other ungulate herbivaresltethemembership

of soil micrebial’communitiegPeschekt al. 2015), winter range occupancy may have
consequencesfor ratestmbgeochemical cyclingspecifically, net N mineralization was
significantly greater in the absence of elk winter foraging across the sagebrushsstggpsting
that soil N.eyeling ratemay be reduced by the removal of plant inputs and subsequent shange
to the soil'microbial communitiPeschett al. 2015).

To elucidate thenicrobialmechanism by which foraging intensity in winter ranggy
reduce rates ¢foil C and N cycling, we combined phylogenetic anaysemicrobial
communities with shotgun mefanomics and extracellular enzyme assays. We used these
approacheacrass a range @dragingintensities in a longermforagingexclusion experiment
within the sagebrush steppe of the northern Rocky Mount#irthis regionungulate foraging
on winterrangean dramatically redudde occurrence of shralge.g., Artemesia tridentata),
which emer@ above the snow, thereby increasing the abundargrasges and forbs. These
changes in plant community composition cascade tog@Hat litterproduction and
biochemistry, which in turrmayslow rates of soil nutrient cyclindgprough changes in microbial
communityseomposition. We hypothesized that the magnitude of microbial compositional and
functional responses will be governed by winter foragmensity Specifically, we expected
thata high intensity oWinter foragingwill lead to larger reductions in fungal and bacterial
richness, larger.compositional changes in lsotmmunties as well as reduced extracellular
enzyme activity,and lower abdance of genes mediating the cycling of C and N in soils.

METHODS
Sudy Stes
We investigated the effect of ungulddeagingintensityon soil microbial composition and
function by sampling four sites in northwest&yoming, USA,in whichwinter-foraging
exclosurs wereconstructeata. 60-80 years agdstudy sites are locatexh winter range in
sagebrush steppe within the Bridgexton National Forest and the National Elk Refuge (NER)
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123 in Jackson Hole (see Supplementary Figure Bi¢se ar@sconstitute winter range for large
124  ungulate herbivores, including the North American €& yus elaphus), moose Alces alces),
125 mule deer@docoileus hemionus), American bisonHison bison), pronghorn Antilocarpra

126 americana) and bighorn sheef®vis canadensis, Boyce 1991)Study sites include the Gros
127 Ventre (GV)skower Hoback (LH), Miller Butte (MB) and Upper Hoback (UHBtadled site
128 information.can be found in Pescleehl. (2015).Thesefour sites were selected from nine
129 grazing'exclosures tminimize siteto-site variation in plant community composition, soil
130 characteristics,as well as slope and asfraing winter,thesestudy sites are primarily

131 occupied by elk, although bison occasiongligze MBlocated in the NER. Plant communities
132 are dominated=by bunch grasses and several varietisenfisia tridentata. In summer 2013,
133  estimates of shrub, forb, and graminoid cover were made wéthit-n? sampling frames that

134 were randomlylocated inside and outside each exclosure (Pesah&015).

135 Soil Sampling&*DNA Extraction

136 We sampledssoils inside and outside ofwheter-foraging exclosureat each study site in May
137 2015. Inside each exclosure, a 10 xd@lot was established at the center. Similarly, we

138 established a 1th x 10-m plot with matching slope and aspectpi@way from the outside
139 fenced edge“of each exclosuf@reecompositesoil samples were collectéa each fenced and
140 unfenced plot.at each study site<4). Eachcompositesample consisted of 5 soil cores,

141 sampled to a depth of 10 cm (2.5 cm diametbBy werecollected from random locations

142  within eachifencednd uriencedplot (hereafter foraged and unforagegdpmposite soil samples
143 werestored on icén the fieldand immediately shippe@ 24 hrs) to the University of Michigan,
144  where they were kept &80 °C. Prior to extraction,a@l samples were passed through a2+

145 sieve androots weremovel by handSix replicate extraction@ g soil)were used to extract
146 genomic.DNAfrom each of the 3 composite soil samples collected infeaahed and

147  unforaged*pletiising BowerLyzeP DNA Isolation Kit (MO-BIO laboratories, Carlsbad, CA,
148 USA).

149  Microbial,Community Analysis
150 Targeted amplification of the fungal large ribosomal subunit (28S) and bacterial small ribosomal
151 subunit (16S) was performed to characterize soil microbial commemrityposition. Fungal

152 andp-diversity wereestimated using primers LRC&d LR3(Vilgalys & Hester 1990)To
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guantify bacterial community composition, the I&NA gene was targeted using primers 27f
and 519r (Lanet al. 1991). PCR protocohformationcan be found in Appendix S1 of
Supporting Information. PCR products were purified usivegQiagen MinElute PCR kit and
guantified_using a Quanii- PicoGreen dsDNA kiInvitrogen, Carlsbad, CA, USA).
Sequencing.was performed on the PacBio RS Il system utilizing circular conssetsusiogy

at the University of Michigan Sequencing Facility. Six barcoded samples, pooled in equimola
concentrations, were multiplexed on each SMRT chip for a total of eight chips.

Sequences were processed in Mothur using established pipeline procedures ¢Sahloss
2011). Briefly, sequences were sorted by barcode and trimmed to remove primers and,barcodes
followed by: alignment t&ILVA 16S andRDP 28S reference alignments (Queisél. 2013;

Coleet al. 2014). DNA contaminants and chimeras, identified using uchime (Etlga2011),
were removed prior to downstream analysis. Operational taxonomic units (OTUs) were clustered
at 97% sequence similarifgr both fungal and bacterial sequendesor to the calculation of

OTU richness, fungal and bacterial libraries wetgsampled according to thierary with the
lowest sequence coverage (586 fungal and 1240 bacterial sequences). To calcuigenetiy!
B-diversity,fungal and bacterial phylogenetic trees were constructed usingeea2{fPriceet

al. 2010),fellowed bythe calculatiorof weighted UniFrac distance between foraged and
unforaged-plots (Lozuporet al. 2006) Because subsampling can increase uncertainty in data
(McMurdie & Holmes 2014), UniFrac distances were calculftad unrarefied sequence
librarieswith Hellinger transformation§&equences were uploaded to the NCBI Sequence Read
Archive underaccessiolsRP079358.

Shotgun Metagenomics

Eight libraries-reépresentirfigraged ( = 4) and unforaged(= 4) plots were multiplexed and
sequenced ontwo lanes of the HiSeq 2500 lllumina instrument, with 150 bpesnoigéads.

All metagenome sequence data have been deposited and are publically availablBABSWG
(Meyeretal. 2008) under accession numbers 4670116.3 - 4670128 .anvbtated functional
genes froneachmetagenomehich mediate soitarbon (C) and nitrogen (N) cyclimgocesses
using DIAMOND (Buchfink et al. 2014)queries against curated databg$eshet al. 2013;

Table ). The complete functional gene repository (FunGene) database for each gene was

filtered, requiring sequences to have more than 50% coverage to the FunGene HMM and a score
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greater than 100-he abundance of genes was calculated following the assignment of
metagenome sequences to functional gene databases using the “BLASTX” function and default
parameters in DIAMONDv 0.7.9.58) Gene assignments were standardized to the number of

sequences with predicted functions for each metagenome.

Extracellular Enzyme Assays

To estimatdignocellulolytic activity of soil communities, extracellular enzyme assays were
conducted in 94vell plates. To measure activity pfl,4-glucosidase, cellobiohydrolase, gid
1,4-xylosidasewe used 20@M methylumbellyferyllinked substates(SaiyaCorket al. 2002).

A 25-mM L=dihydroxy-phenylalanine substrate was used to assay phenol oxidase. To obtain a
soil slurry; one gram of soil was homogenized in 125 mL of 50 mM sodium acetate pHiffer (
5.0) for 1 minute. Enzyme activity was measured in Synergy HT Nldte Microplate Reader
(Bio-Tek, Winooski, VT, USA) set at 360 nm excitation wavelength and 460 nm emission
wavelength. Phenol oxidase assays were incubated for 24 h and rates were estimated
spectrophotometrically (Saiy@ork et al. 2002) Enzyme activities were expressedia®ol g h

! To quantify overall variation in enzyme potential across sites and formgaments, a
Euclidean,distance matrix was calculated following square root transformation of enzyme
activities.

Satistical"Analysis

Univariate and multivariate statistics wergedto test whether wintdoragingintensity
significantly impacted microbialoomnmunity composition and functional potentiahelaverage
differencein shrub cove(%) betweenthe foraged and unforagé@atmers at each sitéHerrick

et al. 2009)was.calculated as a direct response to foraging intenssesentinghe relative
amount.of plant material consumed by herbivoresmaicdobial substrate availabilityTo
guantifytheveffects olvinter-foragingexclusion on soil water and microbial relative abundance,
we performed nested analysis of variance (ANOVA) wiit, foragingtreatmentand their
interaction as factor§ubplotswere considered nested replicates within each treatment plot
(Pescheét al. 2015).Using this nested statistical design, we investigated the effesistef-
foraging exclusionsite and their interaction on OTU richness and extracellular enzyme activity
We includedsoil water content as a covariate in both anal{aeslysis of covariance;

ANCOVA) due to its known influence on microbial communities. To quantify phylogepetic

diversity and the collective changesoil C and N cycling potential in response to winter-
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foraging exclusionwe employed permutational multivariate analysis of variance with soil water
as a covariatéPerMANOVA). To understand whether microbrasponses wenmelated to
foragingintensity, we regressed the averagedifterencein shrub percent cover between
foragedand urfioragedtreatmentgo differencesn OTU richness, the weighteéghiFrac distance,
enzyme potential activity, as well as C and N cyclimcfional genes. By quantifying
differences.in plant and microbial characteristiesveen foraged and unforaged treatmants
each sitesiteto-site differences in microbial communities were normalizgairipoint plant and
microbial responses to wintésraging exclusionMantel correlations tested the hypothesis that
changes in fungal and bacterial phylogengttiversity across sites affioragingtreatments
resulted insconeurrent changes to enzyme potential, and C and N cycling potestiaipfisns

of linearity ' were verified prior to conducting linear regression, ANOWA ANCOVA,

followed by necessaipg transformations. Postec analyses wemonducted using Tukey’s

test. When. applicable -¥alues were corrected for multiple comparisons using the Benjamini &
Hochberg False Discovery Rate correctiBenjamini & Hochberg 1995All univariate

analyses wereperformed in the R environment (hitpW.R-project.org) using the stats
package (Version 3.01; R Code Team 20h&)Itivariate analyses were conducted using the
vegan package (Oksanetral. 2015) and PerMANOVA statistics were executed in Primer
(version.6yPrimer-E Ltd., Plymouth, UK).

RESULTS
Winter foraging effects on plant communities and soil environment
Winter foraging had direct and indirect consequences on the plasbdmdopertiesof
sagebrush steppe, includiaglecrease in shrub percenter(Figure S2, subsequent increases
in forb and graminoid cover, as wellageneral decline iearly spring soilvater content
(Figure S3):Fhe.arerage reduction in shrub cover betwéanagedand unforagetreatments
was largest.at.LH68%), followed by UH (586), MB (41%) and GV (4%; Figure 1), indicating
that our study sites spanned a range of winter foragingymeet/ngulate winteforagingalso
exerted anindirect effect on the soil environment by modulating spoihg/ater content.
Nested ANOVA revealed that sit®ragingtreatmentand their interaction all significantly
influenced soil water conterdite: F3 14= 101.5,P < 0.001; foragingF; 14= 32.7,P < 0.001;site
x foraging nteraction: 14 = 11.9,P < 0.001). Poshoc analysis revealesignificantly lower
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soil water inthe foragedreatment relative to the toragedtreatmentwith the exception MB, in
which soil water betweeforagingtreatments was not significantly different (Figure S2).
Microbial community response to ungulate foraging

In total, 14,045 unique 28RNA genesequences were obtained (51,264 total sequences), and
were assigned. tihe phyla Ascomycota (53%) Basidiomycota (20%), Blastocladiomycota
(1.3%), Chytridiomycota (1.7%), Funigicertae sedis (1.3%), Glomeromycota (0.5%) and
Unclassified(22%). A total of 4477 unique bacterial 16S sequerasswere obtained (68,286
total sequences). The most abundant (> 5% relative abundsutejial phyla included
Actinobacteria (36%), Proteobacteria (21%), Acidobacteria (12%), unclassified (7%),
Chloroflexi«(6:7%),andBacteroidetes (6.7%PDf the 26 fungal classes identified,
DothideomycetesH7.00%increase from uieragedtreatmentPagjust = 0.003), Sordariomycetes
(+3.33%; Pagjust = 0.029) and Tremellomycetes (+1.66P4gus:= 0.029) had significantly higher
relative abundances in th@ragedtreatment, relativéo the ufioragedtreatmen{(Figure ).
Converselythe fungal class Eurotiomyceted.@6%;P.qust= 0.025) was significantly less
abundant imth@ragedtreatment Winterforagingalso alteedthe abundance of bacterial
classesforexamplethe relative abundance of Thermomicrobia significantly increase in
foragedtreatmen(+1.21%;Padjust= 0.001). Negative responses to winter foragiege
observed.for theacterial classes Gemmatimonadet@s80%;Pagjus:= 0.049),
Deltaproteobacteria@.63%;Pagjust = 0.049) and Holophagae (-0.26P%gjust = 0.049).

Foraging treatment and siiere significant factors accounting for fungal OTU richness
with asignificant treatment bgiteinteraction(Two-way ANCOVA; Figure 2A; Table S2).
Given the range of grazing intensity across study sites (Figutieelsignificant interaction
between site and foraging treatment could indicate that the degree of faragsityhadsite-
specific effects orfiungal richness. Bspite these siio-site differencesnolinearrelationship
was observed between changes in fungal OTU richness and foraging intensity (Figure 2C).
Furthermare, postoc analyses indicated that gal richness was significantly lower in the MB
foraged treatment, relative to the MB unforaged treatmert@.001), although no other site
comparisons were significant.

Winterforagingalso decreased soil bacterial richness, with a significant site by treatment
interaction suggesting that differences in foraging intensigy leado sitespecific responses
soil waterwas a significant covariata this analysigFigure 2B; Table S2). Bacterial richness
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277 was lower inforagedtreatment at UHK = 0.003) ad marginallylower in LH foragedtreatment
278 (P =0.081), relative to the unforagedatment at those sites. Bacterial OTU richness between
279 foragedand urioragedtreatments at each site wenarginally correlated to shrub cover

280 differencesif = 0.89;P = 0.056; Figure 2D)indicating that sites with strong foragiptessure
281 had larger reductions in bacterial OTU richness.

282 Phylogenetic composition was significantly different between forageagments and

283 sites for'bothfungal and bacterial communitesl water also was significant covariatén this
284 analysigFigure3AB; Table S2)A significantinteraction betweesite andtreatment for the

285 bacterialp-diversity model indicated bacterial responsef®taging depended on sites, which
286 experiencedyrange oforaging intensity All site pairwise comparisons betwefnaging

287 treatments'were significantly different when considering fungal weighted UniFrac digfance (
288 0.042). Whereas, bacterial phylogenetic composition was significantly differevedret

289 foragingtreatments at UHR = 0.037),marginallydifferent at GV and LHF = 0.052 — 0.087),
290 but not significantly different at MB. Furthermore, bacterial UniFratadises betweeforaging
291 treatmentsracrass sites wenarginallycorrelated to average change in shrub percent céver (r
292 0.87,P = 0.069;Figure 3C) whereas, no linear relationship was observed for fungal UniFrac
293 distancegP=< 0.73 Figure 3D.

294  Microbialfunetional responseto winter foraging

295 To test the hypothesis that ungulatater foragingintensity alteedthe functional capacity of
296 the microbialFeommunity, we quantified the relative abundance and composition of genes
297 involved in themicrobial metabolisnof lignocelluloseas well aghe processing of organic
298 nitrogen (Table S1). The composition of genes mediating the decay of lignocellulose was not
299 alteredby winter-foraging exclusiorfPerMANOVA; P = 0.75), nor was the composition of
300 genes mediatingoil N cycling processef = 0.80). However e differencein chitobiase ¢hb)
301 abundance, a'gene encoding an enzyme mediating chitin depolymerization, was yositivel
302 correlatedtd@ifferences in shrub abundance (Figurerd= 0.99;Pagjust= 0.057. Although ro
303 other genes involved in lignocellulolytic decay or soil N cyclingcesssweresignificantly
304 related to sitefifferencein shrub coverthis response téoragingintensitywascorrelated(r? >

305 0.75)with the relative abundance of 9 of @@estigatedunctional genes (Figure S5S6).

306 Extracelular enzyme assays
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307 Two-way nested ANCOVASs revealed tHatagingtreatment, site and soil water influenced the
308 activity of soil enzyme(Table S2). Soil water was a significant covariate in models of all
309 enzyme activities-oraging treatment significantly accounted for variation in cellobiohydrolase
310 andp-1,4xylosidase activity (Figur®), indicating that the influence of foragitrgatrment on

311 these cellulelytic and hemicellulolytic enzymes was independent of corresporeditrgent

312 effects on soilwater content. Site ahd interaction of site witforagingtreatmentvere

313 significant’in‘explaining variation in phenol oxidase activig/faaging exclusion led to lower
314 enzyme activities in the MB and UH sifélsis enzymatic treatment response wiagctly

315 opposite to the response observed at sites LH and GY¥it&ldifferences in enzyme activities
316 betweerforagingtreatments were siginsantly correlated to site reduction in shrub covp(

317 0.30.

318  Links between microbial community composition and metabolic potential

319 Mantel correlations tested the hypothesis that differeincié® phylogenetic composition of the
320 microbial community imesponse to ungulate wintfaragingexclusionresulted in concurrent
321 changes to microbial genetic and enzymatic potential across sampling lacatippsrting our
322 hypothesis, fungal and bacterial weighted UniFrac distance matrices were significantly
323 correlated to"Euclidean pairwise differences in C and N cygjerge abundance, and

324  extracellular-enzymactivity (Tablel).

325 DISCUSSION

326 Winter foraging'by migratory ungulates in the sagebrush steppe exerts an indirdotytop-
327 ecological force that shapes tmécrobial communities and potential rates of nutrient cycling
328 (Peschett al. 2015). Here, we provide evidence that winter foraging intensity modulates the
329 magnitude,of herbivore-driven change in microbial community composition and functional
330 potential=Foerexample, the highest level of winter foraging suppressdxhsterial richness and
331 increased bacteriphylogenetid3-diversity. Although there was nimearrelationship between
332 fungal community response and foraging intensiiyter-foragingexclusionhad a greatr

333 overall gffect on théungal phylogeneticommunitycomposition such that foraged treatments
334 contributed taneredistinctfungalcommunitiegelative to bacteriaFurthermore, foraging-

335 associated responsesnmcrobial phylogeneti composition and richness had consequefares
336 the microbialfunctional potential, includingeducedcellulolytic and hemicellulolytic enzyme

337 activity as well aslecreasedbundance of chitinolytic functional genes with increasing foraging
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338 intensity Togeher, our results demonstrate thanicrobial mechanism underlies previously

339 observed reductions in rates of soil C and N cycling in the presence of elk winggndora

340 Ungulate winteforagingis a powerful top-down force shaping microbial communities
341 across the sagebrush stepgenerally resulting in phylogenetically distinct fungal and bacterial
342 communities«(Figure 3). Limited resource availabilityhie foragedreatment likely decreased
343 microbial richness, becauseduced plant detrital inputs to soil constrained the number of

344 microbial taxaable to meet their minimum resource requirenféragiropet al. 2006).

345 Furthermore;reductions in shrub abundance resulted in phylogenetically distiratbiedi

346 communities, supporting the assertion that microorganisms have varied physiolagazties

347 to degradegheshiochemicatomponents of plant detrityscGuireet al. 2010; Martinyet al.

348 2013). Forexample, with a significantly higher proportion of ligmah-detritusfrom shrubs

349 (Thineset al. 2008; Perrymast al. 2011), theunforaged treatment had an increased proportion
350 of Agaricomycetes, the fungal class in which the ancestral lineage of whitagooriginated

351 (i.e, the capacity to completely degrade lignin toCBloudaset al. 2012) as well as the

352 filamentous"Aetinobacteria, whiaisoplay a role in lignin decomposition (Kirby 2006).

353 The'extent of community response to winter foraguag greater in soil fungi relative to
354 bacteria."Fer_ example, larger UniFrac distances were observed in fungal communities between
355 foragingtreatments relative to bacteria (Figure-BE; moreoverfungal communities were

356 phylogenetically distinct between foragitrgatments at all four sites. Given the limited resource
357 availabilityfor microbial growth in the foragddeatments, the larger response observed in soill
358 fungi is comsistent with evidence that fungi serve as predominant degraders ofrignin a

359 cellulose inwplant litte(Schneideet al. 2012) and have a relatively higher sensitivity to changes
360 in plant functional group composition via changes in plant litter biochen(Ghine & Zak

361 2015). Although few studies have compared compositional changes in soil fungi and loacteria
362 response tongulate herbivory, fungi appear to respond to changes in plant liteérelbnistry

363 associated with selectiveraging(Davinic et al. 2013) whereasbacteia appear more sensitive
364 to foraging.effects on physical soil propertielodelet al. 2014).

365 In our study, bacterial richness and composition were influenced by foraggngity

366 (Figure 2CD; Figure 3CD), indicating that the bacterial community resped to the magnitude
367 of foraging-associated changes in plant community composition and soil micro-environment

368 However, thigelationshipivasnot observed in soil fungiargest deviations in fungal richness
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369 and phylogenetic composition were observed at MB, a site located within theal&iilon

370 Refuge (NER). WhilévIB does not appear to receive high amounts of winter forggiggre 1),
371 proximity to supplemental feeding grounds in the winter mof@lade et al. 2015)likely

372 increasd the number of elk passing through the s$itdurn, elevatedungulatetraffic may

373 increaseaurine.and fecal pellet deposition, plausil#presentinginimportantN sourcefor

374 fungal communiesin foragedreatmentsand accounting for compositional differences observed
375 betweerforagingtreatmentgvan der Wakt al. 2004). Alternatively, supplemental feedimgy
376 encourage ungulate foragiajMB later in the winter season relative to other gilese<t al.

377 2014), dudo access to snodfreeforageat low elevationsThus, fungap-diversity between

378 foragingtreatmentst this sitemay be the result oétmporal variationn plant belowground C
379 allocation or the activity of particulémngal decomposel¥aiseret al. 2011) relative to other
380 sites Togetherthese observationsdicate that current reductions in winferaging as a result
381 of environmental and anthropogenic influences, may lead to a predictable response in soil
382 bacterial composition and richng&ardgettet al. 2001).Whereasgaining a firm grasp of the
383 fungal community response will require understandingritezaction betweeforagingintensity
384 andmanagement practicéSawyer & Kauffman 2011; Middletost al. 2013).

385 Winter foraging elicited changes in microbial community compositi@micascaded to
386 influencesthe genetic and enzymatic potentighefsol microbial community, although this

387 effect appeared to attenuate from community to functional levels of investigR&@atra 2005).
388 Consistent.changes in microbial community composition and functional potentite (Ma

389 indicated thatrelatively large phylogenetic shifts in microbial composition led to

390 correspondinglyarge differences in enzymatic and genetic poteriale importantly,

391 microbial community response to wint@ragingmay haveimplicationsfor soil biogeochemical
392 cycling via changes ithe genetic and enzymatic capacity of fungi and bactgaaget al.

393 2013; Peschadt.al. 2015). For example, we previously documented that winter foraging

394 significantly.reduced net N mineralization (Pesaitel. 2015). However, écauseavinter-

395 foraging exelusiorid not significantly alter the composition of microbial genes mediating the
396 decay of lighogellulose or the processing of soil nitrogen, some degree of funetjanallency
397 may exist between phylogenetically distinct microbial communities atoosgingtreatments
398 (Talbotet al. 2014). The observed lack of statistical significance may also be the result of our

399 lower metagenomic sampling efforglative to microbial community characterizatvaa rDNA.
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A clear understanding of the relative innfamce of winteforagingeffects on microbial
composition and function will requigreater replication of soil metagenomisnetheless,
winter foragingappears t@xert an indirect influence on the genetic and enzymatic potential of
soil microbial communitiesevidenced by suppressed soil cellulolytic and hemicellulolytic
enzyme potentiah foraged treatments

Although functional gene assemblages were not significantly differe@amposition
betweerforaging treatments, the direction and magnitude of indivigaaétic response
depended on‘degree of winter forag{Rigure $; Yanget al. 2013) For example, microbial
potential forchitin and hemicellulose depolymerizati@re.,chb, nag3, andxylA gene
abundancgswas lower in sites in whictoraging intensity was highyhereas high celluloytic
potential (i-e.cbhl) corresponded to higloragingintensity. Reduced fungal biomass under high
intensityforaging(Bardgettet al. 2001)may explain th@bservedlecline in chitinolytic genetic
potential, as a resubf reduced substrate availabilitymoreover, it is also plausible that such a
response is implicated in differences in net N mineralization between foraging treatments
(Peschettalwr2015) Similarly, via changes in plant litter biochemistry associated with grass and
forb dominanee (Thinest al. 2008; Perrymaset al. 2011), high intensity foragingay increase
the amount,of cellulose relative to lignin available for microfmiatabolism in soilThus, the
magnitude-of microbial community response to winter foragiag haveimportant functional
implicationsfor themicrobial capacity to degrade plant detritus (Std. 2015).

Winter foraging intensitgppeas to haveadditionalconsequences for tlogcling of C
and N in seil'via an interactiomith the soil environment. For examplenter foraging
significantly-altered extracellular enzyme activity, although the overall decline in potential
activity inthe presence of wintéraging was predominantly driven by declines in soil water
content (Table S2) and ndirectly byforaging intensity. This relationship was observed in all
sites except.MB, in which enzyme activity and soil water content were elevatedonatiped
treatment (Figur®; FigureS3).This general pattern ohcreased soil water content inforaged
treatmens_may be the result of hydraulic lift by sagebrush, an adaptation for drought tolerance
by which roets. re-distribute water from deep soil horizons to the suiRyetet al. 2004).The
primary role of soil water indicates that physical factors govern extracellular enzyme activity,
independent of substrate availability and microbial genetic cag@eityset al. 2013).
Furthermore, observed declinesmicrobial respiration and nitrificatiomnder winteforaging
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(Peschett al. 2015)indicate enzyme activitgnay be tied to soil C and N cycles microbial
activity.

We fully recognizehat our study is not withouiimitations. Despite careful selection of
study sites, diffeneces in plant community composition, soil characteristics and microclimates
may influeneeelk herbivory and microbial community composition. To minimize potestiel
to-site variation,we calculatedhe differencen microbial composition anflinction between
foraging'treatments within a site. This approach normak#edlifferences$o focus analysis on
the microbial'response foragingassociated changesplant communitiesAdditionally, there
was a temporal disconnect between plant $agn2013) and soil sampling (2015). However,
due to slow plant growth in thegid climatejt is unlikely that the plant community would

change substantially, and any changes should occur concomitantly across the landscape.

Conclusion

The obsernved-eharg in microbial community composition and functional potential with elk
winter foragingrsuggests that a microbial mechanism may untfezliafluence that herbivores
have on soil\C turnover in the Greater Rocky Mountain Ecosystem (Brahkk011).
Furthermore, the relationship between foragimgnsity and phylogenetjg-diversity, as well
richness and'genetic potential to degrade plant Igteygests that current declineghie number
and distaneesofiungulate migrations across many regions Bhttig(e.g., Middletoret al.

2013) may have important consequencesotbbiogeochemical process€xur results further
imply thatthe"extent of this response will be contingent on the degree to whidesha
migratory behavior impact foraging intetysi Evidence for this comes from the consistent
interaction between site and foraging treatment, which plausibly arose fraemtfeof foraging
intensities.across our study sitesthe future, lower winter occupancy by foraging ulages in
sagebrush.steppeayincrease microbial richnessid enzyme activity; whereas, reduction in
microbial richnessnd enzyme activity may be observed in areas frequented by gnasidgnt
populationsOur results also raise questions about the influence that sumraging may have
on soil microbial communities, given that available forage, plant activitydeweal ungulate
foraging behavior vary between seasdmgortantly, significant interactions betwetemaging
intensityand the soil microclimate indicate thglbbal changes in temperature and precipitation
are also important determinants of soil C and N cyadhnteforagingsystem we studied

Human interventions that alter the timing and duration of migration, including suppme
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feeding,will further impactsoil biogeochemical processda the indirect togdown ecological
effects we document here
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Table 1: Mantel correlation tests tested the relationship between variation in fungal and bacterial
community.composition and differences in microbial genetic potential acrosspieneent.

Fungal and"bacterial community distance matrices were calculated using theed/élgh-rac

distance matrices. Euclidean distance matrices were calculated for extracellular enzyme
potential, @s well as the composition of genes classified to C and N cyetethi functional

gene repaository.,

Distance Matrix R adjusted P

Correlation with Fungal UniFrac

Enzyme Potentia  0.32 0.0020
C Genes 0.80 0.0018
N Genes 0.40 0.0170
Correlation with Bacterial UniFrac

Enzyme Potentia  0.46 0.0005
C Genes 0.96 0.0018
N Genes 0.51 0.0034

FIGURE LEGENDS
Figure 1 Experimental sites vary in ungulate winteragingintensities, calculated as the
average difference shrub cover betweeninter-foragingexclosure andbragedplots at each
site. Sitessarexrepresented by GV (Gros Ventre), MB (Miller Butte), UH (Uppleadk) and LH
(Lower Hoback).

Figure 2 Operational taxonomic unit (OTU) richness of fungal (A) and bacterial (B)
communities, as well as the relationship betweer@itgyingintensity, calculated as the
difference in shrub percent cover betwaenter-foragingexclosures antbragedtreatments,

and site differences fungal OTU richness (C), sitéifferencedn bacterial OTU richness (D)

This article is protected by copyright. All rights reserved



across the four sites (GV = Gros Ventre, MB = Miller Butte, UH = Upper Hoback, LH = Lower
Hoback). Fungal and bactariOTUs were clustered at 97% sequence similarity. Error bars

denote standard error and an asterisk indicates significant differences between treatments within
a site ab < 0.05, Pvalues indicate the linear relationship between x and y variablesiLes

were repostedwon relationships where 0.10.

Figure 3 Principal coordinates (PCo) analysis of fungal (A) and bacterial (B) phylogeneti
composition of unforaged and foragieglatments across four sites, as well as the relationship
between sitéoragingintensity, calculated as the difference in shrub percent cover between
winter-foraging exclosures arfdragedtreatments and site fungal phylogengtidiversity (C)

as well as site bacterial phylogendgidiversity (D) between foraging treatments. Phylogenetic
distances between were calculated by the weighted UniFrac distance metric. Error bars denote
standard error=Sites are represented by GV (Gros Ventre), LH (Lower Hoback), MB (Miller
Butte), and"UH«(Upper Hoback).\Rdues indicate the linear rélanship between x and y

variables.f values were reported on relationships where0.10.

Figure 4 Sitedifferencedn chitobisse ¢hb) abundance betweevinter-foragingexclosures and
forageditreatmentsere positively correlated with increasegaragingintensity across sites,
calculated athe difference in shrub percent cover, betwsener-foraging exclosures and

foragedtreatments at each site.
Figure5 Soil microbial enzyme potential f@+glucosidase (A), Cellobiohydrolase (B},

xylosidase,(C), Phenol oxidase (D). Sites are represented by GV (Gros Vert(ehvier
Hoback)MB-«(Miller Butte) and UH (Upper Hoback).
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