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Abstract

More diverse crop rotations have been promoted for their potémt@ediate the range of
ecosystem servicemmpromised byiologically simplified grairbasedagroecosystems,
including inereasing soil organic carbon (SOC). We hypothesizefltictonal diversityoffers

a morepredictivemeans of characterizing the impact of crop rotationS@&concentrations
thanspeciesdiversity per se. Furthermore, we hypothesizéthtfunctionaldiversity can either
increase or decreaS®©Cdepending olits associatedarbon (Clnput to soil.We compiled a
databasef 27 cropping sytem sites and 16&ropping systems, recorded the species and
functional diversity of crop rotations, SOC concentrations (g C kg)saiitrogen (N) fertilizer
applicationgkg’N ha' yr'), andestimated C inpub soil (Mg C h& yr?). We categorizedrop
rotations into threbroadcategoriesgraironly rotationsgrain rotationsvith cover cropsand
grain rotationsvith perennial cropsVe divided hegrain-only rotationsinto two sub€ategories
cerealonly.rotationsandthose that included both cerealsd alegume grainWe compared
changes in"SOC andi@put using mean effect sizes &@Po bootstrapped confidence intervals.
Cover cropped‘and perennial cregprotations, relative to gramnly rotations, increased C input
by 42 and«23%nd SOCconcentrations by 6.3 and 12.58éspectively Within graironly
rotations,cereal Hegumegrainrotationsdecreased total C inputl6%), root C input (-12%),
andSOC (5.3% relativeto cerealonly rotations. We found no effect of species diversity on
SOC within_graironly rotationsN fertilizer rates mediatéthe effect of functional diversitgn
SOCwithinsgrain-only crop rotationsat low N fertilizer rateg¢<= 75 kg N h& yr?), the

decrease in:SO®@ith cereal + legume grain rotationgs lesghan at high N fertilizer rates

Our results show thatcreasinghe functionabliversity of crop rotationss more likely to
increase SOConcentrationd it is accompanied by an increase in C input. Functionally diverse
perenmnal and.cover cropped rotatiomsreasd both C input and SOGncentrations
potentiallyby exploiting niches in timéhat would otherwise be unproductivéhat is,
increasing.the “perenniality” of crop rotations
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Biodiversity,cover crops, cropping systems, functional diversitgtaanalysisnitrogen
fertilizer, perennials, soil carbospil organic mattersustainable agriculture

I ntroduction

Biologically'simplified grainbased agroecosystems provide 50% of human calories worldwide
(FAOSTAT 2013)but createa host ofenvironmental costs (Montgomery 2007, David et al.
2010, Heathcote et al. 2013), including diminished soil organic c4810€)stocks (Guo and
Gifford 2002)#®il carbon (C) in agroecosystems thaen the focus of renewed attention lately
(Lehmann‘andKleber 2015, Paustian et al. 20tié¢ause increasirgOCcan mitigatea portion

of anthropogenic @missiongLal 2004a, 2004b) and improve both nutrient (Campbell and
Souster 1982, Booth et al. 2005) amater holding capacity of g8 (Hudson 1994).The
concurrence of low diversity and Ic8OCproposes the questiotioesincreasing the

biodiversity=of-agroecosystenmereasesOC?

Soil C steclks-are determined by both the fixed, edaphic properties of solyaagroecosystem
managementManagement practicesgulateboth C inputs to soil and IBssesvia respiration
andSOC stocks represent the balance between these.fl@srbon inputo soil, defined aghe
difference _between net primary productiityPP)and C exported inrop harvest sometimes
predicts the effects of cropping systemsSiC (Rasmussen et al. 1980, Kong et al. 2005,
Novara et al. 2016, Sandermdrak 2016) In some casebowever, lower total C input in one
cropping system correspontshigherSOC(Gregorich et al. 2001, Kallenbach et al. 2015). In
these case®thermechanismsre invoked to interpret cropping system effects on SOC, for
instance; thatroot tissues are preferentially stabilized in soil compared to shoot(Bsgsts
and Drinkwateri2001, Rasse et al. 2005, Kong and Six 201thaionigh qualityplanttissues

(as characterizely their litter C chemistry; &., low C:N, low lignin:N)are preferentially
stabilized,.in SOQCotrufo et al. 2013)As data from intrasite cropping systensomparisons
have not been aggregatéds difficult to discernthe relative prevalence of positive and negative

relationshipsetween C input and SOC.

Croprotation diversityhas been previously linked tacreasedSOC(McDaniel et al. 2014),
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howeverto our knowledgao synthesiglaboratesvhethercrop rotation diversitys also linked

to crop rotation C inputln order topredict the effect ofrop rotation diversityon both C input

and SOCit is necessary tee-evaluatehe species diversity metricsiginally employed in
biodiversity-ecosystem function resear(Harper and Hawksworth 1994, Tilman et al. 2001).
Functional diversityis increasingly recognized asorepredictiveof ecosystem function than
species diversit{Petchey and Gaston 2006, Cadotte et al. 2011, Conti and Diaz 2013, Martin
and Isaac2015; Wood et al. 2015). Althoughitiple metrics offunctional diversityexist, plant
functional'groups areftendelineatecbased omepresentative individual$unctional traits—

those featuresf@n organism’s phenotype that determisesiffect on ecosystem functien
becauset candbeimpractical to measure traits for all individu@éi®etchey and Gaston 2006)

With respeet to SOC accrualiant functionatraits of interesinclude, ata minimum,above and
belowground NPP (Virto et al. 2012, Anderson-Teixeira et al. 28d&)plantissuequality

(Wuest and Gollany 2013)/Ve argue that a framework to link agroecosystem diversity to SOC
should articulate how C input, and its above and belowground c@nggmrchangeith the

inclusion ef+erap functional groups relevant to SOC accrual.

In naturak-grasslands, ecological theelgborates thinkage betweeplant functional group
richness an@OC.This body of theory, however, denot fully captureC cycling dynamics in
agroecosystentsr at leastwo reasons. Firsi, relieson interaction®f functional groups in
space to explain increasesNPPwith biodiversity, for example, through complementary
interactions such dacilitation or niche differentiatior(Hector et al. 2001, Hooper et al. 2005,
Fornara and Tilman 2008, Steinbeiss et al. 2008mostgrain agroecosystems, however, the
potentialforinterspecific facilitatioris limited because biodiversity occurs mostly in crop
rotationsywithplantspeciessolated in timeEven facilitative effects over time, such as cereal
crops benefiting from the biologically fixed N from a previous legume (@Peperson and
Russelle 1991); can be masked by N fertilizer inputs. Seaoadroecosystemsjanagement
decisions — na&t playin natural grasslandsatsoregulateC input. Farmers intentionally
manage crogpeciedlifferently based on particulananagemengoals,which can determinthe
proportion of crogfNPPthatis returned to soilFor example, small grains such assaaiuld be
grown either as a cover crop or a harvested grain, but return approximately 50% more C input to

soil when manageds a cover crofBolinder et al. 2007).
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122 Synthetic Nfertilizer managemens alsoa prominent feature of agroecosystems thatranact
123 with crop rotation diversity taffect SOC N fertilizer inputscan decrease SOC by incsesy C
124  mineralization from sojlor can increase SOC bycreasing NPP Holding cropspecies diversity
125 constant,lte net effect of N fertilizer on SOC is stilkbatedRobertson et al. 2013), and is
126 likely context.dependent, however most studies show an increase in SOC underzdtiertili
127  (Alvarez 2005,Russell et al. 2009, Jian et al. 20B&tween crop rotations that differ in their
128  functional“diversitycrop response to N fertilizer may follow the “stress gradient hypothesis,
129  which proposes that facilitation is more important under conditions of greatepreneintal

130 stresgBrooker et al. 2005, Li et al. 2007, Tang et al. 2046¢h asow N availability.For

131 instance, facilitative interactions between legume and@gumme crops are momaportantfor
132  maintainingproductivity in zero N fertilizethan in high Nrertilizer systemgRussell et al.

133  2009).Suchinteractive effects betwee fertilizer inputsandlegumes on crop productivity
134  suggst that N fertilizer could mediate the relationship between crop rotditiensity and SOC.
135  For instanece, at high N fertilizer rates, cereal grain rotatisnally produce more residue input
136 (i.e., the nen=harvested portion aboveground NPRhan do rotations ahixed cereal grains
137 and legume grains. This could lead to higher SOC concentrations under contiensaligrains
138 compared:to rotations ofixed cereal and legume grain&t low N fertilizer rateshowever,

139 cereal grain‘rotations migbtoduce less biomagserforning more likerotations of mixed

140 cereals and legume graimsterms of residue production and SOC concentrations.

141 Weconducted a metanalysis otcrop rotation experiments testthe hypothesis #t increasing
142  diversity in graiRbasedcropping systesiis more likely to increase SOC if it includes crop
143  functional greups thahcrease C inputVe usecrop rotation to refer specifically to the sequence
144  of crop speeies:grown in a field over time, resendrapping systemto describe an entire set of
145 farm management practices (e.g., crop rotation, tillage regime, nutrignesén each crop

146  rotation, ve classifieccrops into functional groups according to both physiologictahits of crops
147  and managemeifctorsthat are linked taotal, root and shoot C inpyirablel). To identify

148  functional groups, wdelineated twa@ommon crop functional types independent of

149 management) grassor legume, andii) annual or perennial. These functional types align with
150 plant traits relevant for SOC accrugtassesbecause they do not need to invest energy in
151 biological N fixation, generally have highgelds (Bolinder et al. 2007, Monfreda et al. 2008,
152  lizumi et al. 2014), but lower quality residues (NRCS 2011), than do legumes. Persypsal ¢
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153  produce moreeadily-stabilizedroot tissughan do annual crops (Bolinder et al. 2007, Anderson-
154  Teixeira et al. 2013)5incecrop harvests an importantpathway of C export from

155 agroecosystemsve included a third function&pe controlled bymanagementii) harvested or

156  non-harvested crops. The resulting functional groups of crops representestpossible

157  combinationf thesesix functional typesand with them weonstructed cropotation

158 typologies(Table 2) and estimated both change in SOC and change in C input between crop
159 rotationtypologies. Specifically, we addreskthe following questions: Does increasing the

160 species orfunctional diversity of crop rotatidr)sncrease SOC concentratioasd 3 increag C

161 input? And, 3) Does the effect of crop rotation diversitySOCdepend o fertilizer

162  applicationsrate®

163  Methods

164

165  Literature search and screening criteria

166  We performed a search of Web of Science [v.5.16] on October 28, 2014 using thetsgach
167  (crop* rotation OR crop* system OR agroecosystem) AND (soil carbon OR soil organic matter)
168  AND (long-term:OR field) NOT (greenhouse OR pot), which returned 563 hits. Criteria for
169 inclusion were at least two levels of crop species diversity, (L and 2 species, or 2 and 4
170  specie} or at'least two levels of functional group diversity (ecgreas and cereals perennial
171  crop). All crop rotations included at least ogeincrop; agroforestry and pasture st were
172  beyond the scope of this study.

173

174  Data collection-and compilation

175  Forty-nine-publications, representing 27 cropping system sites, met critenehagion in the
176  study (Appendix S1TableS1).Foreachexperimendl site we recorded elevation, latitude,
177  percent clay, depth of soil sampling, and time between site establishment aatgting. For

178  sites that did not report elevation, we used the Geoptltabasehttp://www.geoplaner.con)/

179 to find elevations. For sitesh&re thesoil texture class was reportdalit not percent clay, we
180 used the average clay concentration in the texture class.

181

182  For eaclcropping systenspecies diversityas recordeds the total number afop species
183  presenin the rotationWe recorded crop rotation length years (the number of years before
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return to an arbitrg entry point in the rotation), and N application rate (kg N)Har each crop

in the rotationWe calculated\ fertilizer rate averaged over the crapation(kg N ha® yr?) as

the sum of N fertilizer applied to each crop divided by length of the rotation in Yearszere
unable to estimate N input from biologicalfidation because legume biomass was rarely
reported We.excluded cropping systems with external C additions from the database to avoid
confoundinghe effect ofmanure or compostith crop rotation diversity Tillage regimes were

inadequatelyreported in the studiede used aan independent variable in the analysis.

To createcrop rotation typologies based on functional diversity of crepdjrstassigned each
crop to a funetional type: 1) grass or legume, 2) annual or perennial, and 3) harvested or non-
harvested (hereafter, “cover crop”), (Table Cover cropsvere classified aagny crop not
burned, grazed; or harvested for grain, hay, or stoweallAarvested, annual crops were either
legumes or grasses, \mggregatetheminto a broader functional group “grain&r some
analysesAt one site, oat was harvested for both grain and gfPawter et al. 2003we
categorizedithe oat as an annual grain crop and did not count residue Ofifgpaizliuded
rotations withshorticultural crops (potatoes, tomatoes) and oilseeds (flaxacheohuse their
low frequency in the database precludedstructing viable typologies with thetdsingthe

above groups for individual cropsewereatedeverakypologiesof crop rotationdetweenwhich

to construct paiwise comparisongithin sites(Table2). For a giverpair-wise comparisonthe

controlrotationhad lower functional group richnes&an thereatment rotatio.

As responsesvariablese recordedsOCon a concentratiofg Ckg™ soil) andan areal (Mg C
ha') basisWhile we planned to repo8OCon bothan areaknd concentration basis, only 44%
of sitesreported.C on an areal basis or provided bulk density estimates for conversi®noA
of sites reporig SOC on a concentration basig wsedSOC on a concentration basis in our
analysesWhere possiblésOCreported on areal basisagconvertedo concentration by
estimatingoulk densityfrom tillage regime and soil textu(€hen et al. 1998). Values reported
assoil organic,matte(SOM) were converted to SOC by dividing by 1.72 (Soil Survey Division
Staff 1993) We took values reported as to@to be organic @s soil pH was less than 6 in
almost all casefizaurralde et al. 2001WWe used SOC valuesoin 30 cm depth and shallower.
Where SOC waeeported for multiple depth increments above 308@®Cconcentrations were
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215 calculatedas depth-weighted averages (Johnson and Curtis 200l soils sampled at least
216  three years after site establishment were incluttedome cases, we used Data Thifftware

217  to extract data from figures.

218 Of the27sitesthat met owelection criteria, six also replicated @bpping systems at different

219 N fertilizerapplication rateand 13 replicated all cropping systems under different tillage

220 regimesln order to construgtair-wise comparisons for bootstrapped confidence intervals, for

221 each site wih an N fertilizer gradint, we selected a moderatdertilizer level. For experiments

222 with two rates"of N fertilizer application (where zero N rate is not considered a level),dve use
223 the higher level; with three levels of N fertilizer application, weddke middle leveland with

224  four levels, we used the third highest level. For sites testing tillage reginog rotationsvere

225 pairedonly-ifithey sharethe samdillage regime. For sites without consistent tillage regimes,

226 tillage regimesicould diffdnetween treatment amantrol in pairwise comparisonsrThis

227  approach/allowed us to avoid an ovepresentation gair-wise comparisorfsom sites that

228 tested crop rotation diversity replicated across multiple N fertilizer levels or tillage regimes.

229  When exploring whether Rertilizer could mediate the effect of crop rotation on S@@wyever,

230 we included-all-possible paivise comparisons at N gradient sites.

231

232

233 Carbon input

234

235  Only 22% of cropping system sites reported C input parsed by root and shoot, or crop yields, so
236  to estimatgGsinput (Mg C h& yr'), we usectrop yield data from FA@oupled with C

237  allocatien-coefficientgAppendix S1TableS2).We used crop yields specific to each site’s

238 country,"averaged over 1994-2014, unless crop yields were not reported, in which case we used
239 an average of crop yields from all other countri@sconvertyield to dry mattewe multiplied

240  crop yield by 0.830r cerealqEllis and Roberts 1980), forageSARD, 2016) and legume

241  grains other than soybean (Roberts and Abdalla 19681)ya0@7 for soybeaflowa State

242 University Extension 2008). Crop biomass (Mhy matterha’) was assumed to be 45% C

243  Carbon input of shoots, roots, and root exudat®@stimatedising allocation coefficients

244  (Voisin et al. 2002, Ozpinar and Baytekin 2006, Bolinder et al. 2007, Munoz-Romero et al. 2011,
245  Ju etal. 2015) seeAppendix S1TableS2. C input from grain crops was estimated as the sum of
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246  C from shoot residues (total aboveground liarvestedC), roos, and root exudates; C inpaft
247  hays andorages was estimated as gwm of root and root exudate C; and C input from cover
248  crops was estimated as whole plant C input (abovegroientass roots, and root exudate C).
249  For crops that were harvested for both grain and residue (e.g., corn harvested for bathdyrai
250 stover), we.estimated C input as root and exudatedtheBerennial crops in the database were
251 present for.more than one year, however we counted standing root biomass as C input only once.
252  To include‘root'exudates over multiple growing seaseesestimated thaoot exudates in years
253  after the firstwere equal to those in the first year (65% of standing root bifBwdissler et al.,
254  2007)).Tol calculate average C input overation cycle (Mg C Hayr?), we summed C input
255  for each crepsand divided by the number of years in the rotation cycle.

256

257  Satidtical analyses

258 Threebroad (“pooled”)crop rotation typologies (Table B)presentinglifferent combinations of
259  crop functional groups emerged during data analysis: 1) “grain-only” rotations that giad onl
260 harvestedgannugrairs, 2) “cover cropped” rotatisthatincludeda covercropin rotation with
261 harvested,"annual grains, and 3) “perennial cropped” rotations that included a dgreestaial
262  cropin rotation withharvested, annugkairs. Within the “graironly” typology, we identified

263  narrowerrotatiortypologiesthat were composed only of cereal grains (“cereatsfhose that
264 included both legume grains acéreals (“cereals + legume graindRotations of only legume
265 grains were not adequately reported to be included as an independent category. The “cover
266  crop” and “perennial crop” functional groups were not sufficiently represented database to
267 compae levels‘of species diversity within them for their effects on SOC or C input.

268

269 Wetestedthree sets of contrdteatment comparisonk all instances, the control rotation was
270 the less diverse rotatiomo test the effect of crop rotation functional diversitySOC

271  concentrations@and C inpute usedi) “cereal — “cereal Hegumegrair?, ii) “grainonly” —

272  *“cover cropped”, andi) “grain-only” — “perennialcropped”. A relatively low proportion of

273  cropping system experiments in our dataset included rotations with cover cropsrovigder

274  crops.We thereforeeompared'cover crop” and perennial cropto amore inclusive control

275  typology of “grain-only’rotations(Table2), which included both “cereal” and “cereal + legume
276  grain” typologiesTo test for the effects of species diversity SOC concentrations and C input,
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277  wesplit the “grainonly” group into constituat levels of species diversiand used i) “one

278  species™ “two species” and ii) “two species’“three species'There was insufficient data to
279  test one versus three speci@® test whether N fertilizer inputs mediated the effect of functional
280 diversity on SOC, we used two main contir@atmengroups: i) “cereal™ “cereal Hegume
281  grair’, and.ii)-“grain-only” — “cover cropped or perennial rotations”. Cover cropped and
282  perennial cropped rotations exercised a similar effect on SOC concentrationsyéma rap
283  these categories, both with small sample sizes, allowed a more robust assessment of the
284  mediating“effects of N fertilizer. Within each of these two broad groups, wedpalsservations
285 into low N rates(both treatment and control groups received lessahaqual to75 kg N hd yr
286 %) and high:Nrates(both treatment and control groups received more than 75 kg Mrfip We
287 included allfpossible paivise comparisons at N gradient sites.

288

289 We explored the response of SOGsfzecies and functional group diverdity calculating an
290 effect sizeusing the response ratio of treatment to contrel OC; / SOC.). We log

291 transformedgresponse ratid® £ In(r) = In(SOC;) — In(SOC,)) in order to perform the meta
292 analysis on nermally distributed data. Although weightetaranalysis provides a more

293  rigorousassessment of treatment differences by assigning greater weigletrtatdoss with
294  larger sample sizes ardrrespondinglyower variancegGurevitch and Hedges 1999ry few
295  studiesreportedany measuref variance for SOC. We therefgoerformedan unweighted

296 metaanalysis in whichthe varianceassigned tall response ratios was Around the mean
297  effect sizedforeach contrtleatmentomparisonwe created biasorrected bootstrapped 95%
298 confidencevintervals with 5,00terationsusing MetaWin softwar®ersion 2.0 (Rosenburg at
299 1997). We recognize noindependence ajbservations from the same sit®wever beyond
300 selecting a subset of N rates and tillage practices for some sites, we did not exclude observations
301 from the databaselnsteadwhenstes werewell-representedor a given paiwise comparison
302 wecomparedhe withingroup effect size for that site the cumulative effect size for that
303 comparisonsyecluding observations froitne well-represented siteSince no differenceis

304 effect siza'were found, we proceeded with inclusion of all observations to construct

305 bootstrapped confidence intervalge considered a treatment effézte sigriicantif its 95%
306 CIdid not overlap zero, and treatments to be significantly different fromagherif their 95%
307  Cls did not overlap (Gurevitch and Hedges 1999).
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We used multipléinear regressioto explore whether the effect of crop rotataiversity on

SOC was mediated by sigpecific environmental factors. &\used forward satéon of
independent variablektitude (absolute values, used as a proxy for clinfedlenbach and
Grandy 2011), percent clay content, elevation, mean SOC concentration at the site, pH, years
elapsed between sampling and the beginning of the triagraatestepth sarpled above

30cm and'we"used site as a random effect. We ran the mixed effeded using thémer

function in‘the'R package Ime4 (Bates et al. 200).usedheresponse ratiogf SOC aghe
independentariable and we used two categorigiscontroltreatmenpairs: i)“cereat” —

“cereal +legumegrain”, and i) “grain-only” — “cover cropped orgrennial rotations Models

were compared usingkaike Information CriterionAIC) values, with lower AIC values

indicating the preferred model.
Results

Our search returnes3 hits, and of these, 49 publications reporting on 27 cropping system
studies met the criteria for inclusion in our analysis. Most cropping systemragpésivere

located iIn"Nerth America (63%yith others spread across South America, Europe, Australia,
and Asia(Tabl). Forty-one percentf cropping system experiments omdstedrotationsof

annual harvested grains, while a sulesetxperiments tested the inclusion of cover crops {§37%
or perennials30%). Theexperimentakites focusdheavily on thee major grain species: corn,
soybean (agrain legumegnd wheat. Of the 167 crop rotations in the database, only 13 did not
include one"of these specidfhie median time from site establishment to soil sampling for the

databasevasl4years

The most effective crop rotations for increasing Sfo@centrations were those that included the
functional:groupperennial crop or cover crop: relative to crop rotations of only grains,
perennialeropped and cover croppethtionsincreased SOConcentrations by 6.2 and 12.5%
respectively(Figurel). Within grainonly rotations, however, includirglegume graim

rotation with cereal graindecreased SOC concentratidnys5.3% compared to rotations of only
cereal graingFigure 1. Increasing the species diversitygrainonly rotationswithout adding

perennial crops or cover cropad no detectable effech SOC concentrations (Figure 2).
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Thenegative effecof legume grainen SOC concentrations waset strongly mediated by the
species otereal grain in theontrol rotationCereal + legumgrainrotations, when compared to
eitheracorn monoculturer to a wheat monoculture, did not differ significantly in their SOC
concentrations (Figure 3). Comparedytain-only rotations that included multipkgpecies of
cereal graig (“miscellaneous’)incorporating legume graimsto rotationsdecreased SOC

concentrations'by 7.5% (Figure“8jisc grain” versus cereal + leguine

Crop rotationswith functional groups of crofghat increased tot& input (cover cropped and
perennial eropped rotatishincreased SOC concentrations relative to a cofftrglre 1)

Similarly, croprrotations that decreas€dnput relative to control corresponded to a decrease in
SOC concentratius (Figure 1) Changes in shoot C input between contredtment

comparisons did not correspond to changes in SOC (Figure 1), but changes in root C input
between pairwiseomparisons didorrespond teahanges in SOC. Increasing the species
diversity of'grainronly rotations had no effect on total or shoot C input, and was associated with
a only a smalkincreasa root C input compared to the increase observed under cover cropped

and perennial croppedtations (Figure 2).

Cover cropped and perennial cropped rotations increased SOC relative to fyraotadions
regardless.of their N fertilizer rates, however tihegan effect waslightly greatewhenN
fertilizer rates'werdéow (<= 75 kg N h& yr?, Figure 4). Cereal + legume graimtations

decreased'SOC moumder high N fertilizer rates comparedda N fertilizer rates (Figure)4

For the pair-wise comparison oérealversuscereal + legume grain rotations, afivironmental
moderators. were retained during model selection, howeveregtagtion latitude, and site-
level SOC coneentrations significanthyoderatedthe negative effeaif legume grains on SOC
(Appendix.S¥iTableS3 marginal B = 0.16).At higher elevationsfurther from he equator, and
at higher sitdevel SOC concentrationgicorporating legume grainsto a cereal grain rotation
had less of a negative effect on SOC concentrafdpgendix S1TableS3). In contrast, no
environmental variables were found to moderate the positive effect of perenpgbcrcover
crops on SOC (Appendix STableS4, marginal R= 0.06)

This article is protected by copyright. All rights reserved



369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

Discussion

Prescriptions.for multifunctional agriculture trend toward an overarching principle: increase
biodiversity. While compellingin its simplicity, this prescription will be mostfectively
operationalized ibiodiversityis categorizednto functional groupsr traitsrelevant to the
ecosystem functia) or servics, of interest (Petchey and Gaston 2006, Jackson et al. 2007,
Finney and Kaye 2016). In our analysis of agroecosysteasxteneédtwo commonplant
functionaltypesy(legume ograss and annual goerennial)to include a functional type

controlled bymanagement, designatiegch croms either a harvestetdop or as acover crop.
Although plant functioal traits are considerduktterpredictors of ecosystem functitiman are
groups (Martin and Isaac 2015, Wood et al. 2015), most studies in our database did not report
individual plant traits Neverthelessthefunctional groups defined here captiuey plant traits

of interest4aS@C accruali.e., total and root C input to soil. Designating crop functional groups
allowed us'todelineate typologiekgrainbasedcrop rotationsccording taheir functional
diversity.“We found that increasing the richness of functional groups in crop rotations was only
sufficient.forincreasing SO(@vels when certain functional groups were includextepnial

crops and cover crops. Compared to grain-only rotations, cover cropped rotationgdcreas
SOC by 6:8%, corresponding to approximately 2.9 Mg € tile perennial cropped rotations
increased SOEC. by 12.5%, corresponding to approximately 5.7 Mg i@ ttee top 20 cm of soil.
Within grairenly rotations, diversifying rotation ofcereal graindy adding legume grains
decreased SOC lewel The functional groups of crops effective for increasing SOC, cover crops

and perennial cropsyere associated with increases in total and root C input to soil.

Do relative levels of C input between cropping systems préukat effecs on SOC2Although

the bootstrapped confidence intervals from our nasaysisreveal ageneral trend affirming

this relationshipthere were noteworthy exceptions1ié® of observationgjecreases C input

were accompanied by increase$SOGC as has been found previously (Gregorich et al. 2001,
Kallenbach et al. 2015)These observations were located at older sites, widlvarage site age

of 23years compared to 13 years for observations in which changes in C input corresponded to
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changes in SOC, or 11 years for the 16% of observatiomkiah SOC decreased despite
increases in C input. Indeed, it is increasingly recognized that a compkeafsaoteracting
phenomena govern the residence time of C inputs t¢Sdhimidtet al. 2011)including plant
tissue qualityCotrufo et al. 2013), microbial community grovefificiencies(Bradford et al.
2013, Kallenbach et al. 2015), oxygen availability (Keiluweit et al. 2016)tesoperaturéFrey
et al. 2013), and bulk density (Wang et al. 20Mhen diversifying crop rotations, many if not
all of these“features necessarily varyandem. mcreasinghefunctional group diversity of crop
rotatiors can‘decreaste quantity but increasthe quality ofC inputs (e.g., from avheat—

wheat toa/wheat- pea rotation)pr may entail changing the frequency or intensity of disturbance
via tillage (€rews et al. 2016, King and Hofmockel 2017). Studies includedridatabaseid
not report the necessary informationest to whaéxtent these other mechanisans
responsible for'changes in SOC betwdemerse and less diverse crop rotations. Studies only
rarely reporédyield data, so we made conservative use of codaeugl FAO data by restricting
our analysisd estimates ofelative levels of C input within sites. Therefooairanalysis
provides grounds for broad generalizations about the relationship between crop rotatio
diversity, C'input, and SOC.

Cover cppsand perennialgerebothassociated with increases in S(figure 1), concomitant

with increases itotal C input, which in many casegrefacilitated byincreased time of living

soil cover'or perenniality. Adding cover crop to arop rotdion —all other feature of the

rotation being'equal — uses a niche for primary production that would have otherwise been
fallow, increasingooth shoot and ro@ input above thgrain-only rotation.Similarly, a

perennial €rop, while sometimes replacing a grain crop, can use the beginning and end of
temperatggrowing seasons that most grain crops, excluding winter wheat, would not harness for
plant growth.Althoughthe perennial cropped rotatiomsturredlessshoot Cto soil tranthe

grainonly rotations did, they overoee thedifference with increased root C inpEgure J),

which include"both root biomass and root exudate inputs. Root C inputs were likely responsible
for theincrease in SO@eportedhere as they havelsewhere been shown to have steing

effects on SOG@ccumulatiorthan shoot C inputs (Puget and Drinkwater 2001, Rasse et al.
2005). Qur estimation oghoot C input from perennial hay crops, based on Bolinder (2897),

likely an urderestimag, asperennial crops different experimental sitasere hayed
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inconsistently during the first season of growth (e.g., Porter et al., 2006; Robinson, 1996). Both
perennial and cover cropapitaliz on windows of time that would have otherwise been
unproductive, thereby increasitjal C input to soilGlobally, there is enormous biological
potential toleveragethese windows of time for plant growth, as most of the world’s croplands
produce one.or fewer harvests per y&ebert et al. 2010Wwhich, n grain-based cropping

systems, leaves half or more of the year unused for primary productivity and potenpat @i

soil.

It is possiblehatthe increase iISOCwith perennial cropping systems could be blupartto
decreasessingdillage frequen@yest and Post 200#)atmay occur under perennial cropping.
We were neot able ttestfor this effectin our analysishowever: due to the inconsistent reporting
of tillage regimesn theliterature, werelied ontwo broadcategoriegtill and natill), which

could mask variability in tillage frequency. Thus, although studi¢ise databaseompared
annual grain and perennial cropmadtems across ostensibly similar tillage regifhgschance
rather thapsdesign; see method®ata Collection and Compilation), perennial cropped systems
were in most'easesibject to lower tillage frequendtlgan annual grain cropping systemstwo
sites, however, both perennial cropped and annual grain systems wéréBasamba et al.
2006, dossSantos et al. 201lt)s alsopossible that tillage frequency has little direct effect on
SOC Deeper sampling than used in initial tillage studies (down to 40cm) generabysrévest
reducing tillage frequency redistributes but does not significantly incB@eethroughout the
soil profile(Baker et al. 2007, Blanowanqui and Lal 2008, Luet al. 2010).

Within grainonly rotations, the transitioinom a rotation of only cereal grainsa rotation
including both cereal grains and legume grains, often, but not always, represadéot t
between quantity and quality of C input. Legume granesiuce Ies biomass than do most
cerealyMonfreda et al. 2008, lizumi et al. 2014) artlirncorrespondinglyess crop residut®
soil. Given.thatmanylegumecropsalsohave higher quality tissues than do cereals (Johnson et
al. 2007, NRCS 2011)heir tissuesould be expectei be more efficiently stabiled in soil

due to increases in microbial substrate use effici¢@ojyrufo et al. 2013, Castellano et al.
2015),potentiallycounteracting the effects of théawer residue quantity and enabling them to
maintain SOQevels similar toor greater thanerealonly cropping systems. In our meta-
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462  analysis, howevegrain-only cropping systems with legume gramaintairedmeanSOClevels
463  slightly belowthose of cereabnly cropping systemsThe gabilization efficiencie®f litter may
464  still differ in the direction predicted hiyis framework however it may not badequatéo

465  counteract the diérences in total @Gput.

466

467  The crop functional groups used in this analysis encompassed consigar&idity in average
468 crop NPPForinstance, both wheat and corn were classified as cereal granghough wheat
469  contributed'on‘average 17% less C input than did corn. When comparing cereal giiaimsrotat
470 to cereal + legume grain rotations, howevke effect of legume graims decreasing SO@as
471  comparableegardless athe cereal grain in the control rotati@figure 3). Similarly, cover

472  crops andperennials were compared to grain-only rotations that could include ezitlaés or
473  legume grains. Cover crops and perennial cropgeased SOConcentrationselative to grain
474  only control even when the contiokluded a legume grain in rotation (data not shown)

475  suggesting.that cover crops and perennial crops can counteract the neutral or niégeitoe e
476  annual legumergrairan SOClevels.

477

478  In generalpcropotationfunctional grougiversityhad a stronger effect on 8Qhandid N

479  fertilizer levels(Figure 4. At low N fertilizer rateshowever grain-only rotations that included a
480 legume grairwere more similam SOC concentrations to cereal grain rotations. This may be due
481  to poor productivity and low C input of the cereal grain rotation at low N fertilizer levels.
482  Simultaneouslyin the cereal + legume grain rotati@onsistent with the stress gradient

483  hypothesisyBrooker et al. 2005, Li et al. 200 kegume grain may increase cereal yield
484 relative to cereal only rotationsideed, tizero N fertilizer, corn yields from a cesoy rotation
485  can double those of a corn-corn rotation (Shah et al. 2003, Mallarino and Ortiz-Torres 2006,
486  Stanger and.Lauer 2008). Among the perennial and cover cropped rotaiioost all 95%)

487 included leguminouspecies exclusively or in mixturesuggesting that abw N fertilizer rates,
488 they may inereasproduction of residue from grain crops relative to thafg@e grain-only

489  control by providing a N sourc@&his facilitative interactiorcould explain thelightly greater

490 effect of(mostly leguminous) perennial crops and cover crops on &0V N fertilizer levels
491  (Figure 4.

492
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Within grainronly rotations, we found neffect ofincreasingspeciediversityon SOC(Figure

2), consistent with McDaniel atl. (2014) All other features of a rotation being equal,
exchanging one species of annual grain for anothdirhiésd potential to increase SQ€vels
despite differenceamong species in total NPPrevious studies have explomgbether, within
grainonly rotations, increasing the frequency of cropping (eegycing fallow time) can
increaseSOC levels At some sites, decreasing fallow increaS€C(Gan et al. 2012, Yang et
al. 2012, Shrestha et al. 2013), however a synthesis by West and Post (2002) of 11 paired
comparisonsfound no effect of decreasing fallow time on SQE€r&3ults were not likely
confounded by grain cropping frequency since the grain-only cropping systems in our database
were relativelynomogeneous: more than 8@¥wgrairnonly rotations had only one crop grown
per year. Although our database dot allow us to compare the effect of increasing cropping
frequency in annual grain systems relative to other practices, we speculate thaingcrea
cropping frequency of annual grain crops likely has less potential to remediate®%BGhan
do cover crops and perennials, due to grain clopgr total C returrtompared to cover crops

and lowerdnyestment in root tissue compared to perennial crops.

Agricultural.solls, by virtue of the quantity of C thegntain, represent a potential leverage point
by which.temanage th€ cycle and mitigate global climate char@austian et al. 2016).
Neverthelesgpredictingthe potentialof different cropping systems ioitigate climate change

will require.an integratd approachl' heimpact of cropping systems &OC needs to be
integratedwiththe greenhouse gdeotprint of theirassociated agricultural practices, including
those useduitpower tillage operations and manufacture agrochemical inputs. A cropping system
with a slidht negative effect on SOC, such@seal + legum grain compared to cereal only,
mayyetbe associated with greater climate change mitigation potérttial inclusion of a

legume grairsufficiently reduces the use ehergy-intensive synthetic fértilizer. Converselya
cover crop,.if itdncreases emissiond\fO, a powerful greenhouse gas, from $Bésche et al.
2014), may-offset some of the climate change mitigation potential it achiegagltispil C

storage. A'ehange in existing cropping systems may also lead to indirect effects@®stscéige
via land use change. For instanaghstituting perennial crops for annual gratesild causen
increase in market prisdor grain crops and subsequent expansion of annual grain cropping
systems into previously uncultivated lasdnsu Lark et al., (2015); Plevin et al., (20)0yhile
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any cropping system can give rise to traffs-vis-a-vis its climate changmitigation potential,
leguminous perennial crops and cover crops are particularly promising becausavinéye

potential to both increase SOC levels and to reduce the need for synthetic N fertilizer.

Functionally.diverserop rotationsneedto also be considered for the broad suite okliesthey

offer comparedo grain-only crop rotationsFunctionally diverse crop rotations create

variability in“planting and harvesting times)d therefore ithe availability of resourcetor

weeds and pestwhich cannterferewith weed and pest cycles and reduce the need for herbicide
and pesticide applicatiorf®nstad et al. 2003, Davis et al. 2012). Crop rotatiatisfunctional
groupsthat.extendhe time of living soil cover caalso enhance agroecosystBmetentionand
reduce nitrate losségom soilvia leaching/Randall et al. 1997, Tonitto et al. 2006, Syswerda et
al. 2012, Bleshiand Drinkwater 2013} a resultcrop rotations with high phenolimgl

diversity and perenniality that is,rotationsthatbettermimic the natural grasslantsatgrain
agriculture.usually supplantsare likelybest equipped to supply a broad suite of ecosystem

services.

Our synthesis revealexpportunities to advance both testing and reporting of crop rotations for
SOC accrual. First, we found relatively few cropping system sites testitygptilegies of crop
rotations— cover cropped and perennial cropped — able to provide some of the greatest
environmental begfits in terms of SOC storagBue to this low testing frequency, we
aggregated-crap functional typgegume, grassyithin perennial and cover cropped rotations,
however, ittmay be that plant functiomibersity in mixed speciesover crops and perennial
crops can influence their pnsioning of ecosystem servicé€Smith et al. 2014, Storkey et al.
2015, White et al. 2017 over crops and perennial crops bettersuited to growing in species
mixtures than.are grain crops, leaving open the possibility for leveraging functionaitgliirer
mixed-species.cover crops or perennial foraipegrovide SOC storage and other environmental
servicey Wartman et al. 2012, Finney and Kaye 2016, Blesh 2@etond, we were able to
estimate Ninputs from synthetic N fertilizer, but not N inputs from biologicaaion, leaving
unexplored the role th&#gume N fixation may play in mediating the effect of crop functional
diversity on SOCSucheffects may be difficult to isolatehoweverasN input from leguminous
fixation would be confounded with plant tissue quantity and quality. Finally, we relied on crop
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functional groups that only roughly captured plant traits of interest for&O@al. In the
future, speciespecific reporting of plant traitencluding tissue biochemistry, could alldar
more specific prescriptions about the features of crop rotatiationaldiversity most effective

for increasing SOC.

Conclusions

More diverse crop rotations have the potential to provide a broad seitesyfstem services
compared.tdielogically simplified grairbased agroecosystems, including increasing SI(C.
results indicatéhat a framework to linkrop rotation diversityo SOC should articulate how C
input changesvith changes irthefunctional diversity otroprotations In addition to commonly
used functional types for crops (annual or perennial, grass or legume), we included a
management component to functional diversity: harvested ohaestedcover crops), to
capture theweffect of harvest practices on crop C input. The most effective cragmsdiat
increasing ' SOC concentrations relative to grain-only rotations were thogectbhded a
perennialerop or a cover crop. Perennial cropped and cover cropped rotations performed
similarly_instheir ability to hcrease SOC, and their efte were more pronounced in low N input
systemsPerennial crops, by increasing root C input over the rotation cycle, provide C input in a
form known to be mst readily stabilized in soiCover crops, by definition, return all of their
biomass tesseil, increasing both shoot and root C input compared to rotations with ondyduharve
annualgrains«dn most systems, cover crops and perennial crops can also haiohessof time

at the beginning and end of the growing season, increasing the aviahebfer primary
productivity.For_crop rotations to increase sGilmultiple complementary heuristican guide
discussion..increasing functional diversity with cover crops and perennials sing€anput,

especially root.C input, and increasing perenniality, the time of living soil cover.
Acknowledgments

The authors would like to tharwo anonymous reviewsrfor feedback that improved the
manuscript. This research was supported by the School for Environment and Sustainéhdity at

University of Michigan.

This article is protected by copyright. All rights reserved



585

586

587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614

Literature Cited

AARD (Alberta Agriaulture and Rural Development). 2016. Bale Moisture - Frequently Asked
Questions; http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/faq9757.

Alvarez, Ra2005:A review of nitrogen fertilizer and conservation tillagetsfian soil organic
carban storage. Soil Use and Management 21:38-52.

AndersonTeixeira, K. J., M. D. Masters, C. K. Black, M. Zeri, M. Z. Hussain, C. J. Bernacchi,
and E. H. DelLucia. 2013. Altered Belowground Carbon Cycling Following Lisel-

Change toPerennial Bioenergy Crops. Ecosystems 16:508-520.

Baker, J. M., T. E. Ochsner, R. T. Venterea, and T. J. Griffis. 2007. Tillage and soil carbon
sequestratior-What do we really know? “Agriculture, Ecosystems and Environment”
118:1-5.

Basamba; TAs E. Barrios, E. Amézquita, I. M. Rao, and B. R. Singh. 2006. Tillage effects on
maize yield in a Colombian savanna oxisol: Soil organic matter and P fraGmih&

Tillage Research 91:13142.

Basche, A¥D., F. E. Miguez, T. C. Kaspar, and M. J. Castellano. 2014. Do cover crops increase
or decrease nitrous oxide emissions? A matalysis. Journal of Soil and Water
Conservation 69:471-482.

Bates, D.,.M«Machler, B. Bolker, and S. Walker. 2014. Fitting Linear Mi#elets Models
usingdme4. eprint arXiv:1406.5823 67:51.

Blancocanqui; H., and R. Lal. 2008. NiHage and So#Profile Carbon Sequestration On-

Farm Assessment. Soil Science Society of America Journal 727693

Blesh, J. 2017. Functional traits in cover crop mixtures: biological nitrogen fixatn a
multifunetionality. Journal of Applied Ecology.

Blesh, J., andsL. E. Drinkwater. 2013. The impact of nitrogen source and crop rotation on
nitrogen mass balances in the Mississippi River Basin. Ecological Apphea2B3:1017—

1035.

Bolinder, M. A., H. H. Janzen, E. G. Gregorich, D. A. Angers, and A. J. VandenBygaart. 2007.

An approach for estimating net primary productivity and annual carbon inputs to soil for

common agricultural crops in Canada. Agriculture, Ecosystems and Environment 118:29—

This article is protected by copyright. All rights reserved



615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645

42.

Booth, M. S., J. M. Stark, and E. Rastetter. 2005. Controls on nitrogen cycling in terrestrial
ecosystems: a synthetic analysis of literature data. Ecological MonographBS-7557.

Bradford, M. A., A. D. Keiser, C. A. Davies, C. A. Mersmann, and M. S. Strickland. 2013.
Empirical,evidege that soil carbon formation from plant inputs is positively related to
microbial growth. Biogeochemistry 113:271-281.

Brooker, R:;"Z7Kikvidze, F. I. Pugnaire, R. M. Callaway, P. Choler, C. J. Lortie, and R.
Michalet."2005. The importance of importance. Oikos 109:63-70.

Cadotte, M. W.; K. Carscadden, and N. Mirotchnick. 2011. Beyond species: Functional diversity
and the maintenance of ecological processes and services. Journal of Applied Ecology
48:1079-1087.

Campbell, C. Ay, and W. Souster. 1982. Loserganic matter and potentially mineralizable
nitrogen from Saskatchewan soils dur to cropping. Canadian Journal of Soil Science
656:651-656.

Castellanoyiivd., K. E. Mueller, D. C. OIk, J. E. Sawyer, and J. Six. 2015. Integrating plant litte
quality; seil organic matter stabilization, and the carbon saturation concept. Glabaie
Biology,21:3200-3209.

Chen, Y.S"Tessier, and J. Rouffignat. 1998. Soil bulk density estimation for tillagesysid
soil textures. Transactions of the ASABE 41:1601-1610.

Conti, G.,'and S. Diaz. 2013. Plant functional diversity and carbon staaagempirical test in
semtarid*forest ecosystems. Journal of Ecology 101:18-28.

Cotrufo, MakE#"M. D. Wallenstein, C. M. Boot, K. Denef, and E. Paul. 2013. The Microbial
EfficiencyMatrix Stabilization (MEMS) framework integrates plant litter decomposition
with soll organic matter stabilization: do labile plant inputs form stable soil organic matter?
Global.Change Biology 19:988-995.

Crews, T. E., Ji¢Blesh, S. W. Culman, R. C. Hayes, E. S. Jensen, M. C. Mack, M. B. Peoples, and
M. E. Sehipanski. 2016. Going where no grains have gone before: From early to mid-
succession. “Agriculture, Ecosystems and Environment” 223:223—-238.

David, M. B., L. E. Drinkwater, and G. F. Mclsaac. 20%0urces of Nitrate Yields in the
Mississippi River Basin. Journal of Environment Quality 39:1657.

Davis, A. S., J. D. Hill, C. A. Chase, A. M. Johanns, and M. Liebman. 2012. Increasing

This article is protected by copyright. All rights reserved



646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676

Cropping System Diversity Balances Productivity, Profitability and Environrhigetth.
PLoS ONE 7:e47149.

Ellis, R., and E. Roberts. 1980. The influence of temperature and moisture on seed viability
period in Barley (Hordeum distichum L.). Annals of Botany 45:31-37.

FAOSTAT..2013. Food and Agriculture Organization of the United Nations.

Finney, D, \M.,.and J. P. Kaye. 2016. Functional diversity in cover crop polycultures increases
multifunctionality of an agricultural system. Journal of Applied Ecology.

Fornara, D."A%"and D. Tilman. 2008. Plant Functional Compositiondnéies Rates of Soll
Carbon and Nitrogen Accumulation. Journal of Ecology 96:314-322.

Frey, S. Dg Jekee, J. M. Melillo, and J. Six. 2013. The temperature response of subiahicr
efficiencyqand its feedback to climate. Nature Publishing Group 3:1-4.

Gan Y., C. Liang, C. A. Campbell, R. P. Zentner, R. L. Lemke, H. Wang, and C. Yang. 2012.
Carbon footprint of spring wheat in response to fallow frequency and soil carbon changes
over 25 years on the semiarid Canadian prairie. European Journal of Agronomy 43:175—
184.

Gregorich,"E*G., C. F. Drury, and J. A. Baldock. 2001. Changes in soil carbon undtriang-
maize«in_ monoculture and legume-based rotation. Canadian Journal of Soil S&i@ice 8
31,

Guo, L. B., and R. M. Gifford. 2002. Soil carbon stocks land use change: a meta analysis .
Global Change Biology 8:345-360.

Gurevitch, % "and L. Hedges. 1999. Statistical Issues in Ecological Meta-An&gekxyy
80:1142-1149.

Harper, J/ L., and D. L. Hawksworth. 1994. Biodiversity: measurement and estifAe¢iace.
Philosophical Transactions: Biological Sciences Biodiversity: Measuneanel Estimation
345:5=-12.

Heathcote, A. J., C. T. Filstrup, and J. A. Downing. 2013. Watershed Sediment Lossesto Lake
Accelerating Despite Agricultural Soil Conservatiéffiorts. PLoS ONE 8:e53554.

Hector, A.;'B.,Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. Dimp@kos, J.

A. Finn, H. Freitas, P. S. Giller, J. Good, R. Harris, P. Hogberg, K. Huss-Danell, J. Joshi, A.
Jumpponen, C. Korner, P. W. Leadley, M. Loreau, A. Minns, C. P. H. Mulder, G.
O’Donovan, S. J. Otway, J. S. Pereira, A. Prinz, D. J. Read, M. Scherer-Lornzen, E. D.

This article is protected by copyright. All rights reserved



677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

Schulze, A. S. D. Siamantziouras, E. M. Spehn, A. C. Terry, and A. Y. Troumbis. 2001.
Plant diversity and productivity experimenh European Grasslands. Scieneé:1

Hooper, D. U., F. S. I. I. I. Chapin, J. J. Ewel, A. Hector, P. Inchausti, S. Lavorel, J. H. Lawton,
D. M. Lodge, M. Loreau, S. Naeem, B. Schmid, J. Setala, A. J. Symstad, J. Vandermeer,
and D..A, Wardle. 2005. Effects of biodiversity on ecosystem functioning: a consensus of
current knowledge: 35.

Hudson; B:"D:"1994. Soil organic matter and available water capacity. Journal of Soil &d Wat
Conservation 49:189-194.

lizumi, T., M. Yokozawa, G. Sakurai, M. |. Travasso, V. Romanernkov, P. Oettli, T. Newby, Y.
Ishigoekapand J. Furuya. 2014. Historical changes in global yields: Major cereal and
legume’crops from 1982 to 2006. Global Ecology and Biogeography 23:346-357.

lowa State University Extension. 2008. Soybean Drging Storage.

lzaurralde, R. C., W. B. McGill, J. A. Robertson, N. G. Juma, and J. J. Thurston. 2001. Carbon
balance of the Breton Classical plots over a half a century. Soil Sci. Soc. Am. J.:431-441.

Jackson, l=EwU. Pascual, and T. Hodgkin. 2007. Utilizing and conserving agrobiodiversity in
agricultural landscapes. “Agriculture, Ecosystems and Environment” 121:196-210.

Jian, S., Jull, J. Chen, G. Wang, M. A. Mayes, K. E. Dzantor, D. Hui, and Y. Luo. 2016. Soil
extraeellular enzyme activities, soil carband nitrogen storage under nitrogen fertilization:
A metaanalysis. Soil Biology and Biochemistry 101:32-43.

Johnson, D. W., and P. S. Curtis. 2001. Effects of forest management on soil C and N storage
meta analysis 140.

Johnson, JaM«F., N. W. Barbour, and S. L. Weyers. 2007. Chemical Composition of Crop
Biomass Impacts Its Decomposition. Soil Science Society of America Journal 71:155.

Ju, C., R. J. Buresh, Z. Wang, H. Zhang, L. Liu, J. Yang, and J. Zhang. 2015. Root and shoot
traits for.rice variegs with higher grain yield and higher nitrogen use efficiency at lower
nitrogen rates application. Field Crops Research 175:47-55.

KallenbachgC., and A. S. Grandy. 2011. Controls over soil microbial biomass responses to
carbonramendments in agriculturgsems: A metanalysis. Agriculture, Ecosystems and
Environment 144:241-252.

Kallenbach, C. M., A. S. Grandy, S. D. Frey, and A. F. Diefendorf. 2015. Microbial physiology
and necromass regulate agricultural soil carbon accumulation. Soil Biology and

This article is protected by copyright. All rights reserved



708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

Biochemistry 91:279-290.

Keiluweit, M., P. S. Nico, M. Kleber, and S. Fendorf. 2016. Are oxygen limitations under
recognized regulators of organic carbon turnover in upland?Bilsgeochemistry
127:157-171.

King, A. E.,.and K. S. Hofmockel. 2017. Diversified cropping systems support greater microbial
cycling. and retention of carbon and nitrogen. Agriculture, Ecosystems & Environment
240:66-76.

Kong, A. Y."Y."and J. Six. 2010. Tracing Root vs. Residue Carbon into Soils from Conventional
and Alternative Cropping Systems. Soil Science Society of America JO&01-1210.
Kong, A. Yz YapJ. Six, D. C. Bryant, R. F. Denison, and C. van Kessel. 2005. The Relationship
between Carbon Input, Aggregation, and Soil Organic Carbon Stabilization in Sustainable

Cropping Systems. Soil Science Society of America Journal 69:1078-1085.

Lal, R. 2004a. Soil Carbon Sequestration Impacts on Global Climate Change and Fooy. Securit
Scienee 304:1623-1627.

Lal, R. 2004bwSoil carbon sequestration to mitigate climate change. Geoderma 123:1-22.

Lark, T. J.;"J."Meghan Salmon, and H. K. Gibbs. 2015. Cropland expansion outpaces agricultural
and biefuel policies in the United States. Environmental Research Letté49Q8:

Lehmann,3d7, and M. Kleber. 2015. The contentious nafuwseil organic matter. Nature.

Li, L., S-M. Li, J.-H. Sun, L.-L. Zhou, XG. Bao, H-G. Zhang, and F.-S. Zhang. 2007.

Diversity enhances agricultural productivity via rhizosphere phosphorusdacitiion
phospherugieficient soils. Proceedings of the National Academy of Sciences of the United
Stateswef-America 104:11192-6.

Luo, Z., E. Wang, and O. J. Sun. 2010. Cariillege stimulate carbon sequestration in
agricultural soils? A metanalysis of paired experiments. Agriculture, Ecosystems and
Environment 139:224-231.

Mallarino, A.. P4 and E. Ortiz-Torres. 2006. A long-term look at crop rotation effaatern
yield and‘response to nitrogen fertilization. Pages 1-92006 Integrated Crop Management
Conference lowa State University.

Martin, A. R., and M. E. Isaac. 2015. Plant functional traits in agroecosystems: A bldieprint
research. Journal of Applied Ecology 52:1425-1435.

McDaniel, M. D., L. K. Tiemann, and A. S. Grandy. 2014. Does agricultural crop diversity

This article is protected by copyright. All rights reserved



739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

enhance soil microbial biomass and organic matter dyanmics? Aamatigsis. Ecological
Applications 24:560-570.

Monfreda, C., N. Ramankutty, and J. A. Foley. 2008. Farming the planet: 2. Geographic
distribution_of crop areas, yields, physiological types, and net primary production in the
year D00, Global Biogeochemical Cycles 22:n/a-n/a.

Montgomery, D. R. 2007. Soil erosion and agricultural sustainability. PNAS 104:13268-13272.

Munoz-Romero, V., L. Lopez-Bellido, and R. J. Lopez-Bellido. 2011. Faba bean root growth in
a Vertisoli Tillage effe&. Field Crops Research 120:338—-344.

Novara, A., I. Poma, M. Sarno, G. Venezia, and L. Gristina. 2016. Teng-Durum Wheat
Based:Cropping Systems Result in the Rapid Saturation of Soil Carbon in the
Mediterranean Senarid Environment. Land Degradation and Development 619:612—-619.

NRCS, U. 2011 Carbon to Nitrogen Ratios in Cropping Systems:1-2.

Onstad, D. W., D. W. Crwoder, S. A. Isard, E. Levine, J. L. Spencer, M. E. O’neal, S. T.
Ratcliffe, M. E. Gray, L. W. Bledsoe, C. D. Di Fonzo, J. B. Eisley, and C. R. Edwards.
2003 sDoes Landscape Diversity Slow the Spread of Rot&#sistant Western Corn
Rootworm‘(Coleoptera: Chrysomelidae)? Environmental Entomology 32:992-1001.

Ozpinar, Sy,.and H. Baytekin. 2006. Effects of tillage on biomass, roatscinuléion of vetch
(Viciassativa L.) on a clay loam soil in sesniid conditions. Field Crops Research 96:235
242.

Paustian, K., J. Lehmann, S. Ogle, D. Reay, G. P. Robertson, and P. Smith. 2016.Sbhanate-
soils. Nature 532:49-57.

Petchey, Oulsiand K. J. Gaston. 2006. Functional diversity: Back to basics and looking forward.
Ecolagy Letters 9:741-758.

Peterson, I. A.,,.and M. P. Russelle. 1991. Alfalfa and the nitrogen cycle in the Corn Belt.
Journal.of Soil and Water Conservation 46:229-235.

Plevin, R. J.,,M. O’'Hare, A. D. Jones, M. S. Torn, and H. K. Gibbs. 2010. Greenhouse Gas
Emissions from Biofuels’ Indirect Land Use Change Are Uncertain but May Be Much
Greaterthan Previously Estimated. Environmental Science and Technology 44:8015-8021.

Porter, P., D. Allan, K. Crookston, M. Harbur, K. Olson, and D. Wyse. 2003. Organic and other
management strategies with tnand fouryear crop rotations in Minnesota. Agronomy
Journal 95:233-244.

This article is protected by copyright. All rights reserved



770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800

Porter, P., D. Allan, K. Crookston, M. Harbur, K. Olson, and D. L. Wyse. 2006. Overview of the
University of Minnesota Variable Input Crop Management Systems (VICMS) TriRB:1

Puget, P., and L. E. Drinkwater. 2001. Short-term dynamics ofaadtshootlerived carbon
from a leguminous green manure. Soil Science Society of America Journal 65:771-779.

Randall, G.,\W., D. R. Huggins, M. P. Russelle, D. J. Fuchs, W. W. Nelson, and J. L. Anderson.
1997 Nitrate L osses through Subsurface Tile Drainage in Conservation ReseraenProgr
Alfalfa;"and Row Crop Systems. J. Environ. Qual. 26:1240-1247.

Rasmussen; P E., R. R. Allmaras, C. R. Rohde, and J. Roager N C. 1980. Crop residue
influence on soil carbon and nitrogen in a wheat-fallow system. Soil Sci. Soc. Am. J.
44:596—-600.

Rasse, D."P., €. Rumpel, and M.-F. Dignac. 2005. Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant and Soil 269-334.

Roberts, E. H., and F. H. Abdalla. 1968. The Influence of Temperature, Moisture, and Oxygen
on Period of Seed Viability in Barley, Broad Beans, and Peas. Annals of Botany 32:97-117.

RobertsongGwP., T. W. Bruulsema, R. J. Gehl, D. Kanter, D. L. Mauzerall, C. A. Rotz, and C. O.
Williams:»2013. Nitrogenelimate interactions in US agriculture. Biogeochemistry 114:41
70.

Robinsony#C. A. 1996. Cropping system and nitrogen effects on Mollisol organic carbon. Soill
Sci. Soc. Am. J. 60:264—-269.

Rosenburg, M. S., D. C. Adams, and J. Gurevitch. 1997. Metawin statistical softwareafor met
analysis=“Sinauer Associate, Sunderland, MA, US.

Russell, A%EwC. A. Cambardella, D. A. Laird, D. B. Jaynes, and D. W. D. W. Meek. 2009.
Nitrogen fertilizer effects on soil carbon balances in Midwestern U.S. agriaudlystems.
Ecological Applications 19:413.

Sanderman,.J.,.C. Creamer, W. T. Baisden, M. Farrell, and S. Fallon. 2016. Greatebenil ¢
stocks.and faster turnover rates with increasing agricultural productivity. SOIL
Discussions:431.

dos SantosyN. A. colas Z., J. Dieckow, C. Bayer, R. Molin, N. Favaretto, V. Pauletti, and J. T.
Piva. 2011. Forages, cover crops and related shoot and root additiont#linotations to
C sequestration in a subtropical Ferralsol. Soil & Tillage Research 112288

Schmidt, M. W. I., M. S. Torn, S. Abiven, T. Dittmar, G. Guggenberger, I. A. Janssens, M.

This article is protected by copyright. All rights reserved



801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

Kleber, I. Kdgel-Knabner, J. Lehmann, D. A. C. Manning, P. Nannipieri, D. P. Rasse, S.
Weiner, and S. E. Trumbore. 2011. Persistence of soil organic matter as areatosyst
property. Nature 478:49-56.

Shah, Z., S. H. Shah, M. B. Peoples, G. D. Schwenke, and D. F. Herridge. 2003. Cr@p residu
and fertiliser N effects on nitrogen fixation and yields of legurereal rotations and soil
organic fertility 83:+11.

Shrestha,"B-"M;, B. G. McConkey, W. N. Smith, R. L. Desjardins, C. a Campbell, B. B. Grant,
and P.'R"Miiller. 2013. Effects of crop rotation, crop type and tillage on soil organic carbon
in a semiarid climate. Canadian Journal of Soil Science 931U®&/

Siebert, S4 FF. Portmann, and P. DOIl. 2010. Global patterns of cropland use intensity. Remote
Sensing 2:1625-1643.

Smith, R. G., LAW. Atwood, and N. D. Warren. 2014. Increased productivity of a cover crop
mixture IS not associated with enhanced agroecosystem services. PLoS ONE 9.

Soil Survey Division Staff. 1993. Soil Survey Manual. Page (United States Department of
Agriculture, Ed). Handbook n. U.S. Gov. Print. Off., Washington, DC.

Stanger, T*Fayand J. G. Lauer. 2008. Corn Grain Yield Response to Crop Rotation and Nitrogen
over3s, Years:643—-650.

Steinbeissy'S., H. Bebler, C. Engels, V. M. Temperton, N. Buchmann, C. RoscKezuiziger,

J. Baade, M. Habekost, and G. Gleixner. 2008. Plant diversity positively affectseshort-
soil carbon storage in experimental grasslands. Global Change Biology 14:2937-2949.

Storkey, J4T=D0oring, J. Baddeley, R. Collins, S. Roderick, H. Jones, and C. Watson. 2015.
Engineering a plant community to deliver multiple ecosystem services. Ecological
Applications 25:1034-1043.

Syswerda, S. P., B. Basso, S. K. Hamilton, J. B. Tausig, and G. P. Robertson. 201{2rinong-
nitrate loss,along an agtiltural intensity gradient in the Upper Midwest USA. Agriculture,
Ecosystems and Environment 149:10-19.

Tang, X., S¢#A. Placella, F. Dayd????, L. Bernard, A. Robin, E. P. Journet, E. Justes, and P.
Hinsinger. 2016. Phosphorus availability and microbiahicwnity in the rhizosphere of
intercropped cereal and legume along ferfiillizer gradient. Plant and Soil 407:141%84.

Tilman, D., P. B. Reich, J. Knops, D. Wedin, T. Mielke, and C. Lehman. 2001. Diversity and
Productivity in a LongFerm Grassland Experiment. Science:8345.

This article is protected by copyright. All rights reserved



832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

Tonitto, C., M. B. David, and L. E. Drinkwater. 2006. Replacing bare fallows with cover crops in
fertilizer-intensive cropping systems: A medaalysis of crop yield and N dynamics.
Agriculture, Ecosystems and Environment 112:58-72.

Virto, I., P, Barré, A. Burlot, and C. Chenu. 2012. Carbon input differences as the main factor
explaining.the variability in soil organic C storage intiled compared to inversion tilled
agrosystems. Biogeochemistry 108:17-26.

Voisin, A.fS7°C: Salon, N. G. Munier-Jolain, and B. Ney. 2002. Effect of mineral nitrogen on
nitrogen nutrition and biomass partitioning between the shoot and roots of pea (Pisum
sativum L.). Plant and Soil 242:251-262.

Wang, Y.,MBoelter, Q. Chang, R. Duttmann, K. Marx, J. F. Petersen, and Z. Wang. 2015.
Functional'dependencies of soil CO2 emissions on soil biological properties in morther
German agricultural soils derived from a glacial till. Acta Agriculturae Scandinavica
Section B-Soil and Plant Science 65:233-245.

West, T. O., and W. M. Post. 2002. Soil Organic Carbon Sequestration Rates by Tillage and
Crop Ratation: A Global Data Analysis. Soil Sci. Soc. Am. J. 66:1930-1946.

White, C. M.,;"S. T. DuPont, M. Mautau, D. Hartman, D. M. Finney, B. Bradley, J. C. LaChance,
and J=P. Kaye. 2017. Managing the trade off between nitrogen supply and retention with
coverserop mixtures. Agriculture, Ecosystems & Environment 237:121-133.

Wood, S., D. Karp, F. DeClerck, C. Kremen, S. Naeem, and C. Palm. 2015. Functional traits in
agricultue: Agrobiodiversity and ecosystem services. Trends in Ecology and Evolution:1—
9.

Wortman, S=E‘, C. A. Francis, and J. L. Lindquist. 2012. Cover crop mixtures for the western
Corn/Belt: Opportunities for increased productivity and stability. Agronomy dburn
104:699-705.

Wuest, S..B.,,and H. T. Gollany. 2013. Soil Organic Carbon and Nitrogen After Application of
Nine Organic Amendments. Soil Science Society of America Journal 77:237.

Yang, X., Wa'Ren, B. Sun, and S. Zhang. 2012. Effects of contrastingaodgement regimes
on totalkand labile soil organic carbon fractions in a loess soil in China. Geotlérma
178:49-56.

This article is protected by copyright. All rights reserved



863
864
865
866
867
868
869
870

Supporting Information
Additional supporting information may be found in the online version of this article at
http://onlinelibrarywiley.com/doi/10.1002/eap.xxxx/suppinfo

Data Availability
Data available from the University of Michigan Deep Blue Data repository:
https#/dx:doi.org/10.7302/Z22K072FC

This article is protected by copyright. All rights reserved


https://dx.doi.org/10.7302/Z2K072FC�

Tablel.Crop functional types (grass or legume, annual or pereramaharvested or noharveste§l The aop functional groups

usedin the metaanalysis are shown in italics.

Harvested Non-harvested
Grass Legume Grass Legume
Annual . Cereal Legume grain Cover Crop*
Perennial Perennial crop¥ €

*Coverierops includedrasses, legumes, and gréssgume mixtures. We combined thesgegorieslue to the low overall frequency
of cover-erops in the database. M@1%) crop rotations tested only legume cover crap%p tested both legumes and grasaed
9% testednly grass cover crops.

*All perennial crop included legumes, arf®% of perennial cropsere comprised of a single legume species, alfali@ remaining
perenniakerops were legume mixtures (11%) or legtmass mixtures (11%).

No sites reported non-harvested perennial crops.
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Table2. Criteria for assigning crop rotation functional typologies.

Crop rotation functional typologies

pooled narrow Crops always included Crops never included

legume grains, cover crops, perennial
o 4
cereals cereals crops
“grain-only”
“cereals + legume

grains” cereals and legume grains cover crops, perennial crops
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“cover cropped” cover crop and grain crop perennial crop

“cover
cropped or perennial crop and grain
perennial” “perennial cropped” crop cover crop

This article is protected by copyright. All rights reserved



Table 3. Summargf cropping system experiments in the database, by location and purplse)gieriment.

Percent
Data base Sites  of Total
Total sitesused 27
North America 17 63
South America 5 19
Europe 1 4
Asia 3 11
Africa 1 4
Only tested grain-only rotations 11 41
Assessed_cover cropped rotations 10 37
Assessed perennial cropped rotations 8 30

This article is protected by copyright. All rights reserved



Figure 1. Percent change in C input and SOC between pair-wise comparisons of crop rotatarafunct
groupdiversity. Gray points represent individual contteatmenttomparisons, and black points with
bars represent the mean effect size and 958#stvapped confidence intervalgthin each group of
control{reatmenpairs.Levelswereconsidered significantly differs from each other on an axis lifetir
95% Cls dd not.overlap. C inputvasestimated in Mg C hayr™; root C input includes root exudates.
SOC wasneasured in g SOC Kgsoil. In the root C input panel, two points at % cha@gaput = 933

wereremoved-forlegible representation on a non-log transformed axis.

Figure 2. Percent change in C input and SOC between pair-wise compafispesies diversitwithin
grainonly crop:retations. Gray points represent individual contedtmentomparisons, and black

points with bars represent the mean effect size and 95% bootstrapped confidence intervals within each
group of controktreatmenipairs.Levelswereconsidered significantly different from each other on an

axis if their 95% Cls diahot overlap. Cls overlapping the zero line indicate no difference in SOC or C
input between.levels of species diversilyinput was estimated in Mg Chgr; root C input included

root exudates#S@C was measured in g SOtski.

Figure 3. Percent change in SOC witbareal grain versusereal + legumgraincomparisons. Levels
differedin the speCies of cereal grain in the control rotafeg., “corn” indicates the rotation was
continuous corn‘misc grain” indicates the rotation was composed of miscellaneous cerea).grains
Levelswerecansidered significantly different from each othehdit 95% Cls dichot overlap, and

different from zere.if their 95% Cls didbt overlap zero.

Figure 4. Percent change in SOC with crop rotation functional diversity at varying ¢é\Wfertilizer
rates. Rates were divided into two categories: ghihN fertilizer > 75’ are pa#wise comparisons in
which both treatment and control received > 75 kg Nyid, and ii) ‘low: N fertilizer <=75'’ are pair
wise comparisons in which both treatment and control received <= 75 kg W h&ercent changes
wereconsidered.significantly different from each other if their 95% @isdt overlap. Cls that overlap

zero indicate"me change in SOC ajigen level offunctionaldiversity and N fertilizer rate
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