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Aims Understanding the functional response of ecosystems to past global changelisocrucia
predicting performance in future environments. One sensitive and functionallycsghifi
attribute of grasslanelcosystems is the percentage of species that use tleests G
photosynthetic pathway. Grasses usin@d G, pathways are expected to have different
responses te.many aspects of anthropogenic environmental change that have fodowed t
industrial revolution, including increases in temperature and atmosphesjc&hges to land
managéementand fire-regimes, precipitation seasonality, and nitrogen idepasispite of
dramatic environmental chargyever the past 300 years, it is unknown if thg@ss percentage
in grasslands has shifted.

L ocation CentiguoudJnited States of America

M ethods Here, we used stable carbon isotope data (i.e., §°C) from 30 years of soil samples, as
well as herbivore tissues that date to 1739 CE, to reconstruct coams&gand G, grass
composition iNNorth Americangrassland sites to compare with modern vegetaiitmspatially
resampled.these three datasets to a sharekmi@pid, allowing comparison 06'C values at a
resolutionandwexterommonfor climate model outputs and biogeograpttiedies

Results At thissspatial grain, the bison tissue proxy was superior to the soil proxy because the
soils reflect.integration of local carbon inputs, whereas bison sample vegetation across
landscapesBison isotope values indicate thastoricalgrassland photosynthetic-type

composition was similar to modern vegetation.

Main conclusions Despite major environmental change, comparing modern plot vegetation data

to three centufies of bison 5'°C data revealethat the biogeographic distribution of @d G
grasses has:not changed significantly since the 1700s. This is partisufariging given the
expected CQrertilization of G; grassesOur findings highlight the critical importance of
capturing the full range of physiological, ecological and demographic processesghdre

models predicting future climates and ecosystems.

Keywords..bison, G photosynthesigenvironmental change, grass, grassland biogeography,

North Ameticaspatial scaleyegetatiorstasis §:°C

INTRODUCTION
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Industrialization in the 18century intensified human mditiation of ecosystemsind
understandinghe resulting impaston ecosystem functioning and vegetati@tributions has
becomea principal goabf ecologists. A key functional attribute of grassland ecosystieats
should besensitive tcenvironmerdl changes the percentage of grasses thatthee,
photosynthetic pathway versus thg&@cestral pathwayor exampleC, grasses, which are
adapted to,warm and opéabitats should be favored by increasitegnperatures where&
grasses'should 'bavored under elevated GQEhleringer et al., 1997)a-balance witlpotential
consequencesr vegetatiorstructureand fire regimeglobally (Bond & Midgley, 2012). gand
C4 vegetation also differ fundamentally in their nitroged arater use efficiencies, with
potential censequences for their competitive dynafiidsian & Wedin, 1991; Long, 199%)nd
palatability’to herbivoreHeckathorn et al., 1999). In 201&yrface temperatures on Earth were
1 °C above preindustrial levels and the avegdgieal CQ concentration reache899.4 ppm —
roughly 120 ppm above preindustrial levels (Blunden & Arndt, 2016). Concurrently, atmospheric
nitrogen deposition has drastically increafédousek et al., 1997}rophic structurdnas shifted
(e.g., Ripplegetial., 2015), lamdanagement practices hasteangedadicallyand fire regimes

may have been’suppressed (Ramankutty & Foley, 1999; but see Power et al, 2008). Although
post-industrial changes in tipercentage of, versus G grasseshould have important
consequences for ecosystem functiorahg range of spatigrains(Still et al., 2003)there have
not been assessments of photosynthetic pathway representation over the ldstsshec

years at regional extents despite the use of vegetatoxies over deeper geologic time

Stable carbonsisétope data (i.e., 5°C [VPDB]) from soils and herbivore tissuasewidely used
asproxiesof ecological properties and processes such as the relative abund@@ndfG

plants, water use efficiendy C; plants, productivity, trophic position, aridity, and tree cover
(e.g., Dawson.et al., 2002; Still et al., 2003; Kohn, 2010; Diefendorf et al., 2010; Cerling et al.,
2011; Ladd.et.al., 2014Yet, 8*°C valuesrom such proxies have only rarely been compared
directly to_abundances ofand G source vegetatioat thespatialresolution and extent of

many biogeoegraphic processes (e.g.r&hge expansigWynn et al., 2006Jenkins & Ricklefs,
2011; Stréomberg, 2011; Powell et al., 2012; Chen et al., 28iB)arly, applications that

depend on 8"°C dataoften fail toconsider the spatial grain at which different 8'°C proxies

integrateC (Auerswald et al., 2009For examplethe 5°C composition of soilsurface layers is
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90 related to soitexture and organic matter ovetatively smallareag~n?; Wynn et al., 2006Bai
91 etal., 2012; Liang et al., 2016), while herbivore tissues correspond to vegetation composition
92 overlargerspatial extent$~10s of km2; Meagher, 1989; Kohn & Fremd, 2008; Auerswald et al.,
93 2009; Widga et al., 2010As a result, the spatiatale of C integration may impact how well
94  §C proxies.represent vegetation at #patial extents and spatial grathatthey areoftenused
95 In order to.draw robust inferences about vegetati@mnge at a regional scalee compardoth
96 soil and"animalproxies to vegetation plots across the same geographic extent.
97
98 Theprimaty driverof naturally occurringerrestrialvariation in 5*°C is the difference in isotope
99 discriminationsbetween plantisat use either theg®r C, photosynthetic pathwalfFarquhar et
100 al., 1989).'Gphotosynthesisesultsin minor atmospheretant tissue fractionatiot3 to-5%o).
101 This fractionationis relatively consistent across >Rtlependent ggrasdineagesandacross G
102 subtypes (i.e., 1%difference betweeNADP-me and PCK/NADBme) (Ehleringer et al., 1997;
103 Cerling & Harris, 1999; Long, 1999; Sage et al., 2011; Grass Phylogeny Working Group I,
104 2012).Thesancestral §photosynthetic pathway has larger and more variable atmosplasite-
105 tissuefractionation especially for woody plants. Beyottte differences betweens@nd G
106 carbon isetopéiscrimination thereis considerable variation in plai’C among G plantsthat
107 relates to.environmental variatidfor example rees are almost exclusively; (Sage &
108  Sultmanis, 2016put theird**C values cawary widely with plant physiology/morphology,
109 biome, along environmental gradients (i.e., tban annual precipitatioMAP]) (Kaplan et al.,
110 2002; Kohny2010; Diefendorf et al., 2010; Ladd et al., 2014), and in lock step wittelomg-
111  changes to thes**C value of the atmospher@. general, th@resentday §'*C value for G
112 grasses centers arowd®.5 (= 1.1%owhile C; grasses have a mean-86.7 (£ 2.3%ojCerling
113 etal., 1997), althougthe data come from arid environments, which wolilals the results
114 toward more positive values (Kohn, 2010).
115
116  Pabeoecologi€al, pakeoclimatological, and modern carbon cychipglications using §'°C that
117 rely on measurements from soils andapabkolsmust account for changesisotopicratios due
118 to plantbiomassallocationpatternsatmospheric 8*°C changelitter decompositionpreservation
119 diagenesis, and numerous other processes (Ehleringer et al., 2000; Passey ef BbxZ02
120 Koch, 2003; Wynn & Bird, 2007; Bowling et al., 2008; Tipple et al., 2010; Angelo & Pau,
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2015).In addition, each of thesarious processes has inherent spatial and temaogés over
which they influence the integration of C (e.g., Bowen, 2086).example, surface sofilse., 0—

5 cm depth)might reflect10s to 100s of years ebil carbon turnover anchaybelargely

influenced by carbon assimilated at spatial extents on the ordestes (Leavitt et al., 2007;

Bai et al., 2012)Since emotely sensedegetatiordata are represented at resolutions of 100s of
metes (e.g., 250 m to 1 km grids in MODIS), grain size differences may contribute to poor
alignment'withsoil proxiesreported in the literaturd-or examplel.add et al(2014) show that
leaf area index(LAlneasuredn situ can be represented well by soil 5°C across many

ecosystems, but that remotely sehbal at 1 km is poorly correlated with soil 5'%C.

In contrastto soilsy™*C in herbivoreissues reflestdiet composition (accounting for
fractionation) over restricted life spafm developmental periodd)ut potentially represent
forage selectioacross amntire home range or migratory route ( Meagher, 1989; Widga, 2010).
Therefore, animal 5'°C values will usually integrate C from a largerrfacearea than soilsaind
the temporalrandpatial extentat which Cis integrated arkkely to be species (and tissue)
specificdepending on the ecology of the herbivore. For examyphericanbison Bison bison
[Linnaetis;4.758] ; hereafter bisoplive ~15 years antheir tissues represedit’C fromgrazing
overlargesspatial extents suchas entire ecosysteswr migration circuis. The period of time
recorded by 5'°C in animals is tissuspecific, varying from continuous for hgiyliffe et al.,
2004) to~1yearfor enamel (Gadbury et al., 2000) and multiple years for bbiesZen 1994).
Becausdherstable isotope compositionasfimaltissuegeflecs their dieary inputs, studies
often used**€.dataand other stable isotopasdetermine théeeding sites ooriginsof

migrating @animals such as bir(fdobson et al., 2012), bats (Segers & Broders, 20it85),
(MacKenzie et al., 2011), and others (Hobson, 19B9¢se location assignments depend on
“isoscapes, .0ospatially continuous representatiasfghe distributio of isotope signatures
(Bowen, 2010;Powell et al., 2012), whiate themselves producédm datasets with different
spatial grainssuch asnodeled vegetation compositiand interpolated climate datathe case
of some stable carbon isoscap@arbon isotopes from fossilized anintiabues are also used to
reconstruct past climate and vegetation conditions, for example in investitjetiNtjocene rise
to dominance of ggrasses in open habitgtSerling et al. 1997; Passey et al., 2002; Fox &
Koch, 2003; Stromberg, 2011).
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Giventhe importance of carbon isotope patterns to such a wide range of application&land fie
the goals of this studyere twofold: first to evaluate comméH°C proxies for their ability to
represent vegetation at the temporal and spatial extents relevant tedosstial revolution
environmental.change, and second, to investigate the magnitude of changath@grass
relative abundances the conterminouslSA over the last 300 yeaM/e adopted a coarggain
approactsothatthe analysiscorrespond$etterto the scaldi.e., spatial grain and extertt)

Earth SystenModels, and to many paeclimatologicaland location-assignment studies (e.qg.,
100 km).We emphasizehe importance of examining the performance of our proxy data at this
coarse reselutien because scaling is often con{@ewdchild, 2011and here is an extensive
body of literature that extrapolate point measurements of isotope values to ldigjeaspa
temporal extents (reviewed in: Hobson, 1999; Dawson et al., 2002; Bowen, 2010; Beerling &
Royer, 2011; Strémberg, 201To assess the relationshigtween 5°C proxies and vegetation
composition, we combined three mudtiurce datasets from North America: (1) herbac€aus
and G grassrelative abundances from vegetation plotss(#jacesoil **C measurements, and
(3) herbivore tissué"*C measurement§inally, we examined differences between '°C proxies

and modern, vegetation through time in order to detect vegetation change occurring over last 300

years

MATERIALSAND METHODS

Bison 8"°Cys0ils*C, and plotevel estimates of grass relative abundance are each multisource
datasets assembléom the literaturd Supplemental MethodsY.egetation coveabundance

data comé from plots (<1000?that sampled grastominated herbaceous strata to the species
level, regardless of the presence of other strata such agGr#éth et al., 2015). The plot data
were not originally restricted to grasslands; however, in this stedysed only grassland plots
asthe soils.come from grassland sit€se dataset inades roughly 40,000 plotollected in the

last 40 yearsi"We chose to represent the relativer abundance of grasses using different
photosynthetic_pathways (i.e.g @rsus G) using a single metric based on the percent of grasses
that use the gpathway. Gass species were classified aso€ C, according to Osborne et al.
(2014)and a metric of relative percenj @undance called “SCover (%)"was calculatetyy
dividing the G absoluteabundance by the sum of @nd G grass absolute abundancgsme of
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the dominant ¢ species includedndropogon gerardii, Bouteloua gracilis andSchizachyrium
scoparium, whereas gdominants includedor examplePoa pratensis and species from

Festuca andAgropyron. We used the £grasspercentage, rather than the entire herbaceous
fraction because the plots are grass dwted, G/Cz assignments are readily available for
grassesgrass.areatoverrepresentstanding biomassell, andto maintain consistency with
previous studies that focus on grasses (e.g., Hoppe et al. 2806w bison 5'°C data include
281separate'samples of collagen, hair, enaardiprn sheaths from modern and historical bison
(<300 yr; 48"unique sitdsnd are adjusted represent the 3*°C of the animal’s diely

correcting for tissuelependent fractionation arer industrial modificéion to atmospheric 8*°C
(preindustrial §*°C =-6.3 %o; Friedli et al., 198F As such, our modern andstiricalbison °C
datawere corrected teeflect preindustrial valueinstead of moderatmospheric 5°C whichis
continually changingBison samples come from unplowed, ragricultural landsSoil §*°C data
come from 26zew and literature derived measurementsunfaceorganic Csamplesgingle

cores tdb cm depth)collected within the last 30 years and therefore representing C integration
over the lasti<100 years dependingesidence time@_eavitt et al., 2007). The soils have not
been tilledrecentlyor had fertilizers addedNew surface soil samples were anagidollowing

the metheds of (Cotto& Sheldon, 2012and details are reported in Supporting Information.

To facilitate the comparison of these independent datasetiatdgere resamplednto

common raster grids of varying grain sizes, evaluating grid dimensions of 5, 10, 50, 100, and 200
km. We adoeptech grain size of 100 km because this resolutibered the maximum number of

grid cells containingsotope data (i.eeithersoil or bisonsample¥while preventing large grid

cells with very distant isotope and corresponding plot data (i.e., within grid celéshea

neighbou distances between isotope and plot data wepe below around0 kny Fig. S1in

Appendix S).. This process resulted in 38 grid cells with both soil and plot data, and 18 grid
cells that contain both bison and plot data (E)}gWhen aggregating raw data to the grid, each

cell was assigned the mean of all overlaying point data as its (vadan mmber ofsamples per

grid cell £ SE.was 138.9 + 21.0, 3.1 £ 0.5, and 7.6 + 3.5 for plots, soils, and bison, respectively).
We considered weighting teeanvalues by distan¢dut we proceeded with the simple mean
because inversdistance weighting for the bison grid cell with the largest range of sample-
centroid distancesnly changed the value by 0.1 %vhile this approach allows for the
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214 comparison of theedatasets, it must rely on the assumption that grassland composition is

215 uniform within grid cellsand that the values apply only to grassland portions of cells. Gridding
216 the data therefore produces another source of error that can contribute to misdlgfrpnexies

217 and vegetation because point measurements now represent larger areas.

218

219 We assembled'sevemdditional environmental and ecological datasets representing factors that
220 might influencethe isotopic compositionsfrfacesoil and herbivoréissue Mean annual

221 temperature(MAT) and mean annual precipitation (MAP) were extracted from th#¥1PRIS

222  Climate Group 380@rear climate normal dataset for 192000

223  (http://www.prism.oregonstate.ed&00 m resolution)Summer precipitation (SP) was

224  calculatedfronPRISM monthlydata For each bison sample, data on atmospherig CO

225 concentratioawereobtained based on sample dataiKeeling et al(2005) and fronfriedli
226 et al.(1986) whereas paleatmospheri€CO, datacome from Lithi et al. (2008Additional soll
227 data including organic carbon (OC %) amalyq %) were obtainedrom the Harmonized World
228 Soil Database«(Nachtergaele & Batjes, 20T2¢e cover and other ndrerbaceous strata were
229 not sampled in‘a consistent manner in vegetation plots se&dthe percentree cover dataset
230 from (Sexton et al., 2013)(30 m resolutiomhe percentagef grasses that weres@iwvaders in
231 the vegetation plot dataset was also calcultxted the vegetation plot inventof¢riffith et al.,
232 2015). Ladd et al. (2014) suggéisatleaf area index (LAlcorrelates well with soil 5'C across
233 ecosystems because it reflects water use, bushéwed very little variation amongll grid

234  cells and wastherefore not included. All additional environmental/vegetation data were

235 resamplediento the same grid as the isotopeagagiasimple mean

236

237 Data analysis began by fitting sepanatighted least squaresgression models relating source
238  vegetation (i.e.,.&Cover %) to the resulting soil §*°C and bison 8*°C values from the 100 km
239 grid (Fig. 2)..Jhe isotope data were weighted inversely proportional to their ersorg the Im()
240 function in.the statistical computing environment R (R Development Core Team, 2012). To
241 assess whether additional vawatin 5'°C values could be explained by factors other than C
242  Cover %,we developed structural equation models (SEMs) that allowed us to disentangle the
243 direct effects of variablasn *°C from indirecteffectson §'*C that were mediated by their

244  effects m vegetation composition gCover).In essence, SEM can be conceptualized as a
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245 network of interconneetlinear regressions (i.e., some response variables are themselves
246 predictor variables) that are §imultaneously, often with the goal distinguishing direct and
247 indirect causal relationship$he individual paths, or causal linkgve standardized effect sizes
248 that can be interpreted similato correlation coefficientéGrace et al., 2010)We constructed
249 separate priori. models for soil (Fig. 3a) and bison (Fig. 34)C valueshatspecifiedall causal
250 relationshipsgatls.in Fig 3)among variableClimate variables are expected to have indirect
251 effects 8n"B6tH Soiind bison 5'°C, mediated through their influence opant distributions.

252 However, climate might also have direct influences on isotopic values due to effects on
253 microbes, metabolisnplant biomass allocatigor other processes influencing C integration
254  (e.g., Angelo@&Pau, 2015).

255

256 Many studies have demonstrated that the seasonal distribution of rainfall and temperature are
257 important drivers of ¢and G vegetation (Teeri & Stowe, 1976; Winslow et al., 2003; Griffith et
258 al., 2015), V¢ usedMAT and SPas potential climatic predictors of,@bundance. Owprimary
259 goalwastordescribe any variatian §'°C that was not driven directly by,@bundance (e.g.,

260 variablefractionation related to MAFDiefendorf et al., 2010; Kohn 2010 the case of the

261 bison datapwe also account femporalvariationin CO,, but did so by relating C{directly to
262 §'°C because there is limitadmporal variation in the vegetation pl¢@ollatz et al., 1998;

263 Kohn & McKay 2012) Patts from tee cover and soits *°C were not included in the bison
264 SEM as they are not expected to have any direct links to grazer tissue comgosititrey

265 should beabsent from their diets). We includginh€asives as a predictor of,@bundance

266 because thpresence of ginvasive grasses reducegdbundance below climate expectations
267 (Griffith et al., 2015)and some invasives have been preseribfay enough to be reflected in
268 bison dietgdGrace et al., 2000yhese modelwere fitto data using the sem() function in the R
269 package ‘lavaan(Rosseel, 2012andmodel fit was assessed followjisrace et al(2010)see
270 Supplemental.Methods)(Fig. 4).

271

272  We applied équation 1 from Kohn (2010) to predict theoretical 8*°C Cs-endmember values for
273 modern and historical bison samples tpl&itly account for 5*°C variability in the G

274 endmember (Diefendorf et al. 2010; Kohn 2010). The predicted end members had a mean of -
275 26.7 £0.14 SE and a range of -25.4 to -27.9. Variation in these theorgtieati@embers/as
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not associated with bison di#fC (or with residualsfter accounting for actual.@rass
abundance) (Pearson’s correlation, p > 0.08).inspected ththreemost negative bisod*C
values, which had measurements2§.85, -26.44, and -26.23 %o after converting the data from
preindustrial to modern to valuésig. S2). For these three samplékepredicted G endmember
values using-equation 1 from Kohn (2048re0.38, 0.17, and 0.32 %, more negative than our

measurementsespectively.

Finally, to'explorepotentialdifferences betweethe spatial variability ofoil 5**C and bison

83C datawe fit Sphericalsemivariograra toeach dataset, including the pletel C4 cover %

for refereneeArsemivariograms ageostatisticafunctionthatdescrilesvariability of a given
parametepverdifferentspatial ranges (lag distancethe parameters from fitted theoretical
semivariograms describe important spatial features of a dataset, suchsdk,thvehich

describes the total variatiari the variable, and the “nugget,” which describes unexpldined
scale variation (see Supplemental Methods)(Tabl&/&)focus on the nuggét-sill ratio, which

is a measurerof the spatial variation that exdstew our 100 km grid cellss well as ne-spatial
measurement-error his metric is important because it is a quantitative estimate of variation at
local scalegi.e., < grid resolution) and provides a tekthe hypothesithat there are scale
differences-atmong 5'°C proxies thatould influene how well they perform at coarse grain sizes.
Semivariogramsvere fit with the fit.variogram() function in the R package ‘gstat’ (Table 1)
using theehtiregrid-aggregated 5°C proxy and vegetation plot daft@m across the

contermin@usS"ySA.

Following'the assessment of soil and bison isotopic proxies, vegetation change tasir3ne
years was, investigated by compartigon '°C datafrom three time sliceto modern G
distributions..To do so, bison data were organized into three tengategbries: “modern”

samples (last.50 years), “historical” samples300 years ago), and a third, “fossil’ dataset
was obtainedfrom Cotton et al. (2016) dating to the last glacial maximum wkrdeid@as a
reference for the magnitude of geologic vegetation change. The modern (n = 17) andlhistorica
= 16)datasulsets were a representative sample of the full bison dataset, both spatially and in
terms of diet §*°C (Fig. S5). We fia weighted least squares regressitth the modern bison

8°C as thedependent and b from plots as the independent variable, tet used this
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307 calibration model to predict the expected 8*°C of the historical and fossil dafBhe residuals (the
308 observed — predicted) from this model were calculated for the modern, historccébdsail

309 datasets. This was used to represent differences from modern vegetagtaiiby the residuals
310 from this relationshipgo the number of years before present withead?alized Additive Model
311 (GAM) (Fig«5;.using the R package ‘mgcv’; Wood & Wood, 2016).

312

313 RESULTS

314 Thelinear modelrelating bison 5°C to source vegetation performed very well (Rig88%

315 variance éxplanatigmegardless of regression weightinghereas soil 8*°C was only weakly
316 related toseureevegetation at a resolution of 100 Kmg. 2; 42%, and only 21% a simple
317 linear model). We considered the possibility that a source of error in thelstdnship could
318 be due to the presence offagrass herbaceous vegetation; however;aabysis of soil §°C
319 with the G _percentagef the entire herbaceolesyer (assuming all forbs to besresulted in a
320 slightly reduced variance explanation (18%). Both the bison and soil datasets hadaig#éa
321 of 5*°C valuesrépresering expected sourceegetatiorrangingfrom completely G- to

322 completely*G=dominatedsites(Fig. S2in Appendix S1). Mriation in bison 8'*C wasassociated
323 with variatien in modern vegetation abundance, even for samples up to 300 years old (Fig. 5
324  Cotton et.al’; 2016and the cabration regression model fit only to modern bison samples was
325 strong (f = 0.89).

326

327 Structural equation models were fit in order to assess the direct effecigimnmental and
328 biogeographiewvariation osoil and bisonsotope values beyond théndirect @ntrols on G

329 versus Gvegetation(see Methods)Previous independent analy$esthe raw bisorfCotton et
330 al., 2016)andvegetation plot (Griffith et al., 201%8)atasetsuggest that €and G vegetation
331 abundancesan.be predictelly thecrossover temperatu(€OT) model COTis a compound
332 variable thatonsists of a count of months per year thatatically favor G vegetation (e.g.,
333 monthly mean>22 °C and2® mm rainfalland assuming modern G@oncentrationsCollatz et
334 al., 1998; Still.et al., 2003). HowevergpwsedVAT, SP, and CQ instead of COT so th#twas
335 possible tarse outinydirect and indirect influences of each climate variable on '°C values
336 independentlyfseemethods; Fig. S3 and S4 in Appendix SAdditional explanatory variables
337 increase thexplainedvariance(values from simple lineage models usedd@mparison to
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SEM) for both soil (from 21 to 28%) and bison (from 88 t&93"°C (Fig. 4).For soils, this
increase is due mostly to the incorporation of tree cover because of ardivertce(as a
carbon sourcejn 5'°C of soil organic matteandthe reduction in ¢abundance due to tree
cover(which indirectly modifies §**C). For both soil and bisoprecipitation had a direct,
positive effect.on 6*°C. The environmental controls on, €lative abundance were consistent
between the two models asohilar to the analysis of the ravegetatiorplot data (Griffith et al.,
2015).

Each datasets(soil, bisoand vegetatioplot) independently captures tlaitudinalgradient in
vegetation'G % 'cover acrosthe Great Plains of North Ameri¢aeeri & Stowe, 1976; Paruelo
& Lauenroth, 1996), yet theemivariogram revealed unique spatial patterns in each dataset
(Table 1) Most notablythe datasets differed in the degredetierogeneity thaxiss at a
spatial range smalleéhan our grid dimensions (i.e., <100krayrepresented by the nugget-

sill ratio. Thereswas an intermediate amount of unexplained i@r&tion (19%) in G-cover
data, consistingf measurement error and variation at distances less than 100 &amtrast,
soil 8*°C had.more (31%) and bisén°C hadless (8%)variation that was not explained by

autocorrelation.

Finally, our.exploratiorof deviations in Gand G grass relative abundances over time revealed
that for the'previous 300 years, photosynthetic representation has been simibalern

conditions (Fig. 5). This result is demonstrated by the overlap of the 95 % confidence interval
from our GAM with a residual of zerorizontal &ro line inFig. 5)for all times prior to 300

year BP

DI SCUSSION

Across the:Great Plains in the conterminous United States, agrarserariation in the
percentag@ef grasses that use theq ghotosynthetic pathway has changed little in the last 300
years (Fig. 5)Most surprising is the complete ladk a CO; fertilization for G; grasses expected
based on physiologiCollatz et al., 1998)suggesting that there arengplicatingfactors that are
buffering this responsea grassland ecosyster(fdorgan et al., 2011 his stasis in vegetation
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369 distributions is unexpected from both biogeographic and ecophysiological perspectives, given
370 the drastic changes to the environment that have occurred during this time pennuke(B8u

371 Arndt, 2016). Global atmospheric GConcentrations ansurface temperaturgiactors directly
372 influencingthe physiology of G versus G plants(Ehleringer et al., 1997), have rapidly

373 increasedver.the last 300 years to the highest levels diebare theappearancef the genus
374 Homo. Furthermore, nitrogen deposition has increased, fire regimaghave been reduced, and
375 landmanagemertias changed drasticaltyall factors expectetb havelarge, differential

376 impacts on @versusC, grassegTilman & Wedin, 1991; Long, 1999; Ramankutty & Foley,
377 1999).Despite these changes, the distributidigrass photosynthetic types appears to be broadly
378 unchanged insgrassland sites.

379

380 This result is highly relevant to both Miocengr@nge expansiores well projections for near
381 future global change. Physiologically, a 1 °C increase in temperature should havenally a s
382 impact on G versus Gphotosynthesis, but the insensitivity of @stributions to a 143 %

383 increase in*C@is particularly strikig (Ehleringer et al., 19977This result mirrors the findirgy
384 of (Cotton'et ali, 201&hatC, grasses expanded northward despite rising €i@e the Last

385 Glacial Maximum (LGM) and thahost CQ-driven(postglacial) increasén C; grasse$as

386 occurred.at’concentrations bel@80 ppm, although sonahange is still expectdollatz et al.,
387 1998; Cotton et al., 2016%imilarly, reduced fire fequencies due to human activities has not
388 favored Ggrasses broadly across thedtes.In contrast, the Miocene rise to ecological

389 dominancerofiggrasses occurred largely during times of li@®, or temperature change

390 (Beerling &Raoyer, 2011), ith changeso precipitation seasonality asdnsequences fdire

391 frequencybeing the most likely driverScheiter et al., 2012; Cotton et al., 20I8)erefore, it is
392 unclear what mechanisms have reinforced photosynthetic type composition since thiaindust
393 revolution,As.this study focuses on gramsly, it also provides a useful comparison to work
394 focusing an.CQenrichment effectsroC, grassesversus Gwoody vegetation, a ctrast that is
395 potentiallymore sensitive to G@hange and interactions with fire and precipitation regiimes
396 tropical regiongBond & Midgley, 2012).

397

398 Usingspatiallycoarsegrain datathe relative composition @3 and G-grassfrom vegetation
399 plotinventorieswasbettercorrelated witthison than soib**C. Furthermore, the relationship
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between bison and vegetation composition was surprisingly strong given that thiskises

date across the last 300 ye¢fg). 5), but plot data are froonly the las®40 years (44% of the
modern bison data are older théhyrs) Conversely, the vegetatiawil 5-°C relationship was
surprisingly weakFig. 2). Previous studies have found strpogitiverelationships betweesoil
and herbivoré*C and vegetation composition. For 8tady extent (the conterminous UBA
thesestudiesinclude Great Plainsoil 8**C with modeled G vegetation percentage (von Fischer
et al., 2008)"and bisait’C with nearby (<40 km) vegetation plots (Hoppe et al., 2006his
study,we find"a'much weaker relationship than von Fischer et al. (2008) for soil §°C when
compared to standing vegetatidim our knowledg, this is the first study thabmpares soil and
bison 8°C proxies taneasured vegetation composit@na consistent, coarspatialgrain over a
broadspatialextent. Thus, this study offers a kegsessment of the impacttbé differing

spatial resaltions of processes, such as C integration in herbivores versusosdiisr
representation in biogeographical- and pelé'’C datasetsAlthoughthe scale difference
betweerproxies from herbivore tissues and collections of goiihts isintuitive, we stress that it

is commonplace in the literature to apply local soil measurements across large spatial and
temporal extentsa6 reviewed inHobson, 1999; Dawson et al., 2002; Bowen, 2010; Beerling &
Royer, 2041, Stromberg, 2011). The superior performance of herbivore proxies compared to
soils in this*study suggests tlwher grazer and browser vegetation proxies, especially those
with longer fossil records likeamels or degmay also perform we(barring the effects of diet
preference)}-as suchgonducting similar studies in such species would represent a significant

step forward

Soil 8*3C waslinearly related to relative abundanceC, grassesbut therelationship was also
improved by the addition of tree cover and MAP as direct predicf@&'sC in our SEM (Fig. 4).
Tree cover.had.a negativelationship taoil 8*°C valueslikely reflecting trees as an
isotopically.depletedCs3) carbon sourcea finding that mirrors thevoody cover relationship
used by (Cerling et al., 2011). Our vegetation poéslocated in grassominated areas ar®8%
of thegrid cellscontainedmean LAI values <hs observed with MODIS LA(i.e., they are
grassland plots)(Asner et al., Z)0As suchcomparing localand ecosystestevel variation in
813C proxies might also be valuable &indiesthatexamines'C across broagt LAl gradients
(similar toLadd et al., 2014) or for combination with phytolith data for improvingguealal

This article is protected by copyright. All rights reserved



431 proxies (Dunn et al., 2015yhe SEMpath from MAP to soil 8*°C was positive, and harder to
432 explain than the other pathecause rainfall is expecteditereasecarbon isotope fractionation
433  in woody G vegetation(resulting in more negative §-°C), although tfs has not been investigated
434 in mixed G and_G ecosystemgDiefendorf et al., 2010; Kohn 201@ecause the effect of

435 MAP on soil.6-°C waspositive, it is also unlikely that it reflectmaccountegatterns ofDC or

436 root allocation(Angelo & Pau, 2015}t is also possible that this relationship reflects increased
437 abundance"ofeNADP-me grasses that have less negative 5°C (Cerling and Harris, 999),

438 although mostiikelyhis result is an artefact of low sample sirecontrast to soilshe strong
439 link from C, relative cover abundance abidon 8**C was only slightly improved by the addition
440 of aSEM pathsfrom MAP, indicative of the stronger connecti@iween herbaceous vegetation
441 and herbivere diet at 100- km resolution. Working with bison data is potentially chatiengi
442 because they have variable migratory routes (local to >100 km), sample vegetaissn ac

443 seasonsand they may consume herbs or shrubs (up to @ %ave dietary preferencdsut may
444  eata substantial amount of sedges (Meagher, 1986; Coppedge et al.Qi998ata suggest that
445 despite thesersources of variability, bison are strongly representative of the gpasse@tage
446 at a coarse'graiand are not systematically bias&thally, gven that thebison isotope data are
447  up to 250wears older than the vegetatlata (Fig5), the strong alignment of bison and

448 vegetationsdata suggests an impressive degree of ecosystem and community level stasis in terms
449 of relative representation of photosynthetic pathwaybkese grasslands

450

451 Onemajor difference between the bison and 8biC data is the drastically different temporal
452 and spatiakseales at which they integrat®iSon are mobile ansample grassland vegetation
453 overlarge/areas oveshort time scales (dietvhereas soilincorporates*>C variationacross a
454  |ocal spatial range and oviretime scale o6oil carbon turnoveOur semivariogram analysis
455  revealed that.around onleird of variation in soil 8*°C is contained at local scales (here, <100
456 km)(Auerswald/et al., 2009), suggesting that much of the unexplaareahce in oustatistical
457  model predietifig 3-°C is due to local variation not captured on our grid (Tabl@His contrasts
458  with bison,"'which had much less unexplained local variation than the vegetation plobiiegnt
459 indicative of the coarsgpatial grain over which these organisms integtate

460
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In conclusionacross the North American Great Plains and in sites minimally impacted by land
use conversion, we found no systematic change gr&3s distributions over the last few
hundred yeardn particular, this result suggests that there has beesgnificant role for CQ
fertilization of G; grasses at a biogeographic ext@brgan et al., 2011; Cotton et al., 2016).
capture grass,distributions at a broad extent during recent environmental change weulted a
proxy approach that allowed usassess the quil of isotopic proxies and examinfferences

in the spatial'grains that different proxies represeme.spatial resolution of processes
generatin@**C*heterogeneity should be thoroughly considered in determining the grain at which
we analge and makaferences from datgGoodchild, 2011). fiis means that differeptoxies

will perform better than others when used to represerirthead spatial extents and coarse grain
sizesover whichecologistsand geologistsften use theme suggest that studies usBigC
proxies explicitly addredsow wellther isotopic proxiexan be scaledp (to larger grain sizes)
especiallywhen thespatial or temporal scale of C integration differs from the ecological
processef thestudy. One fruitful avenue fatudies using stablsotopeapproachewould be

to sampleacroggradientausing anested sampling scherteg., using ModifiedA/hittaker

plots; Stohlgren'et al., 1998) partition variation irsoil 3*°C at different spatial rangesd to

link that variation to processas differentspatial extentsxplicitly (e.g.,variation driven by a
rainfall gradi€nt versus local soil heterogenkifihis work shows that bisdit°C data are better
vegetation proxies than sods$ coarseesolutions While soils and palaeosols may be useful for
localscale.vegetation reconstructiotegge scale interpretations of pa&lavegetation based on
isotopic regonstructions should be made using graatsr tharsoils. Ultimately, the
reconstructionof post-industrial vegetation charggmrted hereeveals surprisingly little
variation inCz and G, grass relative abundande the face of massive global changes. This also
implies that future changes in the/C, composition of grasslands projected by biosphere

models may.be significantly overestimated.
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Appendix S1. Supplemental methods for sampling scale optimizatigfC£mixing model,
temporal analysis, and SEM in addition to raw data for soils, data access tidorraad
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TABLES

Table 1. Fittedssemivariogram resultsr North American plot, soil, and bison dakugget variance
reflects thesameunt of variation present at scales below the grain size of the data (ke dgritDcells)
and nonspatial measurement error. The sill represents the total variance of the daéoréhére
proportion ofwariation unaccounted for at fine resolutions can be assessed by dividingghe Nug

variance by the Sill

Variable Nugget variance  Sill  Range Nugget/ Sill
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737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

(km) (%) 727

C4 Cover (%)  0.02 0.09 1272 193 728
Soil 3"°C (%)  2.05 6.59 878 311 799
Bison 8°C (%0)  0.56 6.86 536 8.2 230

731

732 FIGURE LEGENDS

733 Figurel. Vegetation plot

734 grass percentagesCover

735  (A), soil 8*°C (B), and

736  bison 8°C (C) datarom
North Americaresampled onto a common 1Rt grid. Raster cellshown for isotope data only

when they overlap with plot data, and vice versa.

Figure 2. A: Surface soil 8*°C as a function of grass percentage@ver inNorth American
vegetation plotsyB: Bison 8"°C as a function of vegetation, Cover; these data have been
adjusted to account for tissue fractionation and represent the presumptive dietary 8*°C of bison
under preindustrial atmospheric conditions. Trend lines and grey-shaded 95%aredict
intervals.are fromveighted least squares regressioodels.

Figure 3. Apriori conceptual models relating environmental and biotic factors to variation in
soil 8*°C (Ayand bison §*°C (B)in North America SEM analyses were conducted using these
models as'starting points. Details about model selection procedure and the ingiatiaalan

be found in the main tex©C is soil organic carbon

Figure 4. Einal structural equation models, relating environtalezind biotic factors to variation

in North Americansoil 8*3C (A) and bison 8**C (B), showing significant paths (Supplementary
Methods). Path coefficients for direct effects are represented by arrows that are either
significantlyspesitive (solid lines) or negative (dashed). Arrow widths are proportional to the
standardized effect sizes. Response variables have small text boxes in the top right showing the

r? values for their respective linear sotmdels.

This article is protected by copyright. All rights reserved



758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782

Figure 5. Residual variation in animal diet §**C (from a linear model witB0 years ofiet §*°C

data as a function of {Zover), for moderphistorical,and fossil tissues over lggne. As such,

data points represent deviations of diet §°C from modern vegetation abundancgesitive means
higher values than current vegetation. Dleck dotted line is a residual of zero. The vertical

grey lines markthe boundaesbetween the modern animal samples used in our analysis and
historical (50 yr) or fossil datg800 yr)from Cotton et al. (2016) that are not otherwise reported

in this studyFossil samples are radiocarbon dated, but the modern samples were directly dated
based on registration as museum specimen; all dates were converted to years before 2016 CE
(Years BPR)}o fit'on the same axis. The smoothed grey line is a GAM fit with 95% confidence
intervals (grey=polygon)The GAM represents the relationship between the §'C residuals and

time. The mean residuals + Cl overlap zére., no changdpr all modernand historicatime-

points supporting the asrtion that Gabundance has not changed much over the last 300 years
in North America Fossil data are shown as a reference in order to illustrate the relative stasis in
composition of the modern and historical data, and the drivers of fossil variagidiseussed in
Cotton et als(2016). The fossil bison §°C values used have also been adjusted to account for the
pre-industrial atmospheric 8'°C. The second axis and the grey dotted line represent atmospheric

CO, change.
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