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ABSTRACT

Projected/changes in climate are expetdduave widespread effects on plant community
composition.and diversity in coming decades. However, raitdtj-multifactor climate
manipulation studies that haegamine whether observed responses are regionally consistent
and whether multiple climate perturbations are interdeperdemtire Using such an
experiment, weuantifed how warming and increased precipitatintensityaffects the relative
dominance of plant functional groups and diveraityoss a broad climate gradient
Mediterranean prairiesWe implemented a fully factorial climate manipulation of warming
(+2.5-3.0C) and increased wskeasormprecipitation (+20%) at three sites acros2a-km
latitudinal-gradientn the Pacific Northwest, USAAfter seeding with a nearly identical mix of
native species at all sitege measured plant community composition (i.e., cover, richness and
diversity), temperature, and soil moistime three years Warmingand the resultant drying of
soilsalteredplant community compositionlecrease native diversity, anthcreasd total cover
with warmednortherncommunities becoming more similarcommunitiedurther uth. In
particular, aftetwo full years of warmingannualcover increasednd forb cover decreasatall
sitesmirreringsthe natural biogeographic pattefiis suggests that tlextantclimate gradient of
increasing heat,and drought severity is responsible for a large part of theeddsiegeographic
pattern of increasing annual invasion in U.S. West Coast prairies as one mdwassiouth.
Additional precipitation during the rairseasordid little to relieve drought stress ahdd
minimal effects orplant community compositionOur results suggethat theprojectedncrease
in drought severity (i.e, hotter, drier summensPacific Northwesprairiesmaylead to

increasd invasion by annuals aradoss of forbs, similar to what has been observegkiral
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and southern California, resulting in novel species assemblages and shifts onalncti

composition, which in turmayalter ecosystem functions.

| NTRODWUCTION

Projected changes in climate are likely to exacerbate the already alaatesof
biodiversityloss Bellardet al., 2012), with the potential to surpdssbitat loss as the largest
threatto bioediversity in the comingentury(Pereiraet al., 2010). Moreover, climate changeill
likely act synergistically with other global threassich as biological invasions, further alter
community,compositionBradleyet al., 2010,Walthe et al., 2009). Ganges in species
composition‘and diversity may in turn have widespread effects on ecosystem fuidotbge(et
al., 2012, Hoopeet al., 2005. Numeroustudies have examined the responses of plant
communities to simulateglobal change, including various combinations of elevateg, CO
warming, altered precipitation regimes, and fertiliza{@ixy., Hoeppner & Dukes, 201\&/u et
al., 2012, Zavaletaet al., 20033, with manystudiesdemonstrating changes met primary
productivity, cemmunity composition, and diversigeé metanalysis by Wet al., 2011).
However;ithe majority of these studies examined ardingle sitgbut see notable excepti®
reviewed. by Frasest al., 2013). Gven the idiosyncratic nature of many ecological interactions,
regional extrapolation of resulfiom singlesite studieshould be done cautiously. Studilat
embed experimental manipulations within natefmhate gradients are need@ddiscriminate
local contrels#from regional climate change effé€ianneet al., 2004,Pfeife-Meisteret al.,

2013, Rustad;#2008). Moreswy consistent responses across natural climate gradients, within
climate manipulations, and over multiple yearsvide strong support for the direction and
magnitude of expected chamsgender future climatéElmendorfet al., 2015).

While climate change will impact all ecosystems, regions with Mediterranean climates
are of particular concern #diseyarediversity hotspots with high levels of endemidvyérset
al., 2000). Theseecosystemarealready significantly impacted by lanu$e change, habitat
fragmentation, and invasive spegiand as such, are expected to be particularly vulnerable to
climate changéKlausmeyer & Shaw, 200%alaet al., 2000) Prairies along the Pacific coast
of the U.S. are no exceptipwith most remaining prairiseinghighly degraded, in large part

due to ahigh abundance of invasivetroduced specieg®'Antonioet al., 2007,Sinclairet al.,
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84  2006) and as such are considereitically endangered ecosysterfNosset al., 1995).
85  Furthermore, most climate change research on grassland systems has attoer&ieat Plains
86 and Midwest regions of North America. Far fewer studies have investigatsthgdsswith a
87 Mediterraneartlimate(e.g., Zavaletat al., 2003a). Given the asynchrony in precipitation and
88 temperature.in Mediterranean C3 grasslands, the response to climate chiliigaywe very
89 different from that of the midontinental region where the rainy season coincideswatimer
90 months:
91 Despite'the historical dominanceWest Coast prairiesy perennial bunchgrasses,
92 invasion of intraduced species has followed a biogeographic pattern with annual speties
93 to invade thesetter, dry prairies found in Southern California, and perennial specieg tendin
94 dominate the moister prairies of Northern Galmia, Oregon, and Washington (Clary, 2012,
95 D'Antonioet al.,;2007,Everardet al., 2010,Sinclairet al., 2006). This patternhas been ascribed
96 toshifts in competitive hierarchies between annual and perennial speciesctiaadgong
97  moisture [Imitatioralong this gradientHverardet al., 2010, Richardsod al., 2012). In support
98  of this, Clary«(2012) found a significant negative correlation between pergnassl cover and
99 temperature and@ositive correlation with warmeasorprecipitationin central California.
100 Given thee.studiesthe projection for prairies of this region to experience more severe summer
101  drought (Mete & Salathé, 2018as pofound implications for future plant functional group
102  composition (i.e., shift to annual dominance), patterns of invasion (Richastdaslo2012),
103  diversity Harrisonet al., 2015),and ecosystem processes such as all@@potranspiration,
104 and carbopreyeling\Meir et al., 2006, Reynoldst al., 2015).
105 Thetinteractive effects of t@perature and precipitationay beparticularly important
106  because an increase in precipitation could ameliorate the in@neaster stress associateith
107  warmingor a decrease could exacerbtite effectby further drying This could beespecially
108  critical in Mediterranean systemshere water is limiting during th@arm-season.Previous
109  studies have found that tirgeractive effects of warming and precipitatiom plant functional
110  group compesitiomnddiversitywere larggHoeppner & Dukes, 20123mall (Grimeet al.,
111  2008,Yangetal., 2011,Zavaletaet al., 2003a) or nonexistent\(Vu et al., 2019. However,
112  studies that manipulate both temperature and precipitation are rare and to our gapahéyl
113  one otheexperimeniZavaletaet al., 2003a)as been conducted in a Mediterranean climate

114  (reviewed in Wuet al., 2011). Despite this, recent observational studies in Mediterranean
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115  climates have attributed the loss of species over the pdd §6ars to climate chan@darrison
116  etal., 2015,Pauliet al., 2012), highlighting the need for experimental manipulations to

117  determine the mechanism

118 In addition to the direct effects of climate on plant responses, indirectsetffiectigh

119  altered speciesteractions (e.g., congtition) can create feedbacks thangpound ooffset

120 direct effectqTylianakiset al., 2008, Walther, 2010). For example, in response to increased
121  spring precipitation in a California grassland, forbs decreased due to anernioreampetition
122 with introduced annual grasses, which in turn altered higher trophic |S8gteét al., 2007).

123 The synergistic effects afivasivespeciesandclimate changean have a particularly powerful
124  negative impact onative biodiversity Thuiller et al., 2007), which has been attributed to

125 invasives'wider environmental tolerancgeshorter generation timeand high dispersal abilities
126  (Bradleyet al., 2010, Dukes & Mooney, 1999).

127 We investigated thextentto whichprojected changes in climateayalter prairie plant
128  diversity and community composition across a regichiadate gradienby embedding a large
129  manipulativerwarming and precipitation study within a 520\editerraneartlimategradient
130  of increasingdrought severity from north to scathossNVashington and Oregpl/SA.

131  Specifically,we hypothesizatiat(1) plant diversity and richness would decreagt® warmer

132  anddriercoenditions(i.e., increased Mediterranean severi{f) warming would favor

133 introduced species; and (3) plant functional group composition of warmed plots would become
134  more similar tahatof communities further south, but added precipitation would reduce such
135 trends by alleviating drought stress.

136

137 MATERIALSAND METHODS

138  Study sites

139 We selectedhree upland prairie study sites across a 52@lkmategradient located in
140 the interiorvalleys of the western Pacific NorthwéBtg. S1). Our northern site, Tenalquot
141  Prairie is aNature Conservancy (TNC) preserve managed b émeer for Natural Lands

142  Managemenlocated near Rainier, WA (46°53'47",22°44’06” W). Our central siteWillow
143 Creek(TNC preserve)is located near Eugene, ORAC01’'34”N; 123°10'56” W). Our southern
144  site,the Deer Creekenter is located in Selma, ORZ°16'41"N; 123°38’34” W) and is run by
145  the Siskiyou Field Institet
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The climate of all sites is Medit@nean with increasirgummerdrought severity from
north to south.The mear(12.3°C) and maximum (20.2Y@onthly temperatures (1981-2010)
of the southern site are 1.8°C and 4.6°C warmer than the northern site (mean 7mh@%=C
15.6°C),respectively, with the central site intermediateean = 11.4°C, max = 17.3°ERISM

Climate Group, Oregon State Universitytp://prism.oregonstate.eduLong{erm mearannual

precipitation is1434, 1134, and 1196 cm in the southern, central, and northern sites, respectively,
but the 'southern site receives the greatest propatig precipitatiorfrom November through

March andgenerallyhas less precipitatiotihan the other sites in other months (Reynelds.,

2015). The 2010-1and 201112 growing seasor(s-mid-Septembermid-June) both

experienced ka Nifia conditionsausing lesser differences in temperature and somewhat

different precipitation patterns among the s{tita shown in Reynolds al., 2015). However,

the overallgradient ofincreasing Mediterranean drought seveftiogm north to south held

despite these conditioiiBig. S2).

Soilsdiffer substantially among the sitesith the southern sité.oamy-skeletal, mixed,
superactivepmesieéntic Ultic Haploxeroll) having the highest pH (~6.5) and nutrient availability
(PfeiferMeisteret al., 2013, Reynoldst al., 2015). The ®il of the central site\(ery-fine,
smectitic;*mesic Vertic Haploxeroljasanintermediate pH (~5.8) and nutrient availability, but
is more similarto the northern siteMedialskeletal over sandy or sandigeletal, amorphic over
isotic, mesiclypic Melanoxerand), which has the lowest nutrient availability and pH (~5.6).

Based on maps from General Ladffice surveys, l sites wergorairie or oak savanna
around thestime dEuro-American settlement circa 18%0entral: Christyet al., 2011, Southern:
Hickman &wChristy, 2012, Northern: http://www.blm.gov/or/landrecords/). Howevier, {o
treatment/implementation, all sitesmalominated by introduced perennial grag3eble S1)
which is commarior prairies of théPacific Nathwest As one of the main goals of the study
was to examineg, the effects of climate change on the range distributions of naitiegbant
speciegPfeiferMeisteret al., 2013)andgiven therarity of highquality prairiesn the regionit
was necessary fost restore thesites. We useda common seed mix and standard protocols that
are typical fordegraded prairies of tHacific Northwestgiving all sitesa common point of
departure under the climate treatments. Moreoverradiscedhe influence of locasite
conditions and historye(g, seed bankpriority effects dispersaldisturbanceetc.)in

determining the initial plant communityFinally, given the extensive prairie restorations along
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the West Coast (using many of the same species we $eedeprotocol made our results
directly relevant to groups involved in the conservation of these imperiled ecosystems.
Extant vegetation was remov&om each siteén the spring of 2009 using a combination
of hand raking andhultiple herbicide application (glyphosate), followed by seedinghva
nearly identical mix of 32ative species in December 200%ble S2. Thirteen (starred species
of Table S2)f the 32 species were rangestricted in the Pacific Northwest and the remaining
19 were'common natives throughout the reg&eeds werwiild collected or from first
generation growoutom the closest available sour@er full details see PfeifeMeisteret al.,
2013). During the establishment phé&semmer 201Q)the most aggressive introduced species
were weede(@see starredpecies of Table S1), after which natural succession was allowed to
occur.
Experimental design
At each of the three sites, we increased plant canopy temperat®@Z5and
precipitation by 20% above ambient year round in a fully factorial desigre€3>sit treatments
x 5 replicates=='60 7.1mircular plots Fig. SJ. We increased plant canopy temperainreach
heated plot:bys=modulating infrared radiation from six overhead Kalglo 200heatt#rs gngled
at 45° to the surfacehat were controlled by the averaggnopytemperature in the control plots.
The heating'technology is described in detail by Kim{&D5, 2008). A increasef 3°C was
achieved for the 2010-11 growing seaabeach sit¢Oct 2010-August 2011), but due to budget
constraintghe heating treatmemtas reducedo 2.5°C for the 2011-12 growingason
(Septenber20L1-August 201Eig. S2). This increase is similar to both the average predicted
warming ofiasmultimodel ensemble of 3.0°C by the 2080s (Mote & Salathé, 201Qyi#mnd
the range/and differences among sites in annual mean and maximum monthlpatiereper
“Dummy” heaters were erected in the ambient warming treatments to contsbbfding effects.
Rainfallwas collected on site using large polycarbonate sheets that drained into a 1900
liter cistern..Prior to the onset of the experiment (2009), 19.frenches were dug around each
plot and lined*with aluminum metal flashing to minimiageral flow of water andutrients
among plots. ,Using a gauged hose, weeddae additional 20% precipitation within 2 weeks of
when it fell, resulting in an increase in intense precipitation events during tiseason
(~October through mid-May, Fig. S@jth little to no chage during the summer drought season
(~mid-May through September; sBey. S2for variability among sitds Though little change in
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208 annual rainfall is predicted for thiacific Northwestmost models predict an enhanced seasonal
209  cycle with wetterautumns and winters, and drier conditions during the summer séastn&

210 Salathé, 2010) The precipitation treatment was initiated in $ipeing of 2010 at all sites.

211 Canopy temperature (Apogee-81 infrared thermmeer), soil temperature 40 cm

212 depth (107kthermistor, Campbell Scientific Inc., Logan, Utaand volumetrisoil moisture

213 content (0-3@&m depth, CS61&- Water Content Reflectometer, Campbell Scientifiere

214  logged continuously (via AM16/32B Multiplexors connected to CR1000 datalogger, €hmpb
215 Scientific) in“each plot for the duration of the experiment.

216  Plant community composition

217 At peakgrowing season (May-Jungetermined individually by site and treatmentg

218 measured plant cover by species using the point-intercept method (Elizahgd 998, Pfeifer

219 Meisteret al., 2012). In each plot, we established two?quadrats that we sampled in 2010
220 (pretreatment)2011(year 1) and 201Z3year 2) In each quadrat, we dropped 25 equally

221  spaced pins vertically from the plant canopy to the soil surface. Every plantwwasaecorded
222 by speciesythus greater than 100% cover was possible when the canopy wds Rygre

223 species present in the quadrat, but not hit by a pin, was given a cover dtrag@gor diversity
224  calculations,_In addition to sampling each of the experimental plots, we sampledbity

225 located pletsin the adjacent, unrestored prairies at each site in 2011 and 2012 to serve as
226  baseline datéTable Q). In 2011, covewsas likely underestimated in the southern heated plots
227 due to a sudden onset of drougtdtcausedlants in these plots to begin senescing prior to
228 sampling. s/Species nomenclature follows the Oregon Flora Pdgjtatiase

229  (http://wwweeregonflora.ory

230 Statistical/analyses

231 We, used. a-3vay repeated measures ANOVA with site, heat, and precipitation as fixed
232 betweersubject effects and year asvdhin-subjects effect to examinmant cover (both

233  absolute and.relative to plot total) of functional groups, species richness, and Simpexnsfi

234 diversity (=D =1 — (priz), wherep; is the proportion of cover belonging to speciaad

235  sis the total number of speciedecause treatments were not initiated in 2010, only data from
236 2011 and 2012 were included in the repeated measures ANOVA. We averaged data from the

237 two quadras for all analyses and uselbipas our replicate uningb). Diversity metricswere
238 calculated prior tquadratveraging so that numbers refléchness and diversityer nf.
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Becauseg/earalways significantly interacted with one or more of the main effects, soerah
individual ANOVAs within each year (where we also included the 2010 data). Finatlyses
where thesites interacted with climate treatmewishin a yeay we further broke down
ANOVASs by site. Tukey’s pairwise comparisons were used to examineetiffes among sites.
To correct forviolations of normality, @itcover was log transformgahetrics of relative cover
(e.g., % annuals, % forbs, etagre arcsine squareot transformegdand diversitymetricswere
squared' ANOVAs were run using SPSS v. 21ttp://www-
01.ibm.com/software/analytics/spssMeans £1 standard error aggresented in the results.

We perfarmednon-metricmultidimensional scaling (NMDS), an ordination method
which does neassune linear relationships among variables (McCune & Grace, 2002), using the
absolutespecies cover dataquare-rootransformed}o visualizedifferences in plant
community composition amonges, years, and treatmenté/e also used the ngrarametric
analysis, ADONIS, on non-transformed datdest for significantifferences amongears, sites,
and treatmentsFor the NMDS (functiometaMDS)and ADONIS(functions vegdist and
adonis)analy®s, we usethe BrayCurtisdistance matrix using the packagegan(Oksaneret
al., 2012) in Rw. 2.15.2 (R Development Core Team, 2012).

RESULTS
Plant diversity

Species richness responded to interactions among year, site, warminga@pidgion
(Table S3)andySimpson’s index of diversity (1-D) responded to an interaction among year and
site (p = 0.010) as well as site and warming (p < 0.08pgcies richness decreased over time at
all sites but he most dramatic affects were observed irsthehern si, where species richness
declinedfrom an, averagef 32species per i+ 0.5 in 2010 to 1$pecies per it 0.5 by 2012
across all treatmen(sig. 1a) This decrease in richneatthe southern sit@as exacerbatealy
the heating.treatmenmthich decreasedchnesselative to ambient plotsy ~11 species pernn
both 2011 .and 2012 (p < 0.001, meantbient vs. warmed iR011: 27 vs. 152012: 17 vs. 6).
Diversity at'thesouthern siteesponded similarly with an initi@impson’s index of 0.83 £ 0.01
in 2010 decreasing to 0.63 + 0.02 in ambient temperature plots and 0.24 + 0.02 in heabsd plots
2012(Fig. 1d). Unlike the southern site, Simpson’s index of diversity in the central and northern

sites ncreasedlightly from 2010 to 2012increase 00.06-0.1). No differencesn Simpson’s
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270 index of diversitywere observed at thesgo sitesamong the climate treatmentsit species

271  richness decreased in response to warming at the central site in 2011.

272 Native richnesgFig. 1b) and diversityFig. 1e) consistently decreased over tiadell

273  sites and the warming treatmet@nded tdurther exacerbate this effect (native richnesgponse
274  to warming:..®uthern& Central| 2011, Southern| 2012; nativediversity response to warming
275  Southern% Central | 2011, all sites | 2012). In general, the magnitude of change was less for

276  introducedspeciegsichnesqFig. 1c) and diversityfFig. 1f), and the effects of site, time and

277  climate treatments were less consistarith warming both increasing (central site 2012) and
278  decreasing (southern site) introduced diversity.

279 Theseffect of enhanceaatecipitation on richness and diversity varied by year for total and
280 native speciesichness €0.016), but was minor overall. Enhanced precipitation resulted in
281  marginally significant decreases in overall species richness at the ceatmalZit1 (p= 0.061,
282 -3 species per fhand in overall and native species richness in the northern site in 2812 (p
283 0.084, 2 species per i

284  Plant cover

285 Enhaneed precipitation had no effect on plant coverthauéffects ofvarmingand site

286  on plant covernlmost alwaywvariedby year (Table S3. Total cover tended to increase from

287  north to_seuth and over time (2010 < 2011 & 2012, Ey. In 2011, warming increased cover
288 in the central and norgnsites, and in 2012, warming increased cover at all sites (central site
289  wasonly margnally significant, p= 0.074). In all yearsthe proportion of annua(selativeto

290 total covepwas,highest in the south, intermediatéhatcentral site, and lowest in the northern
291  site(with perennial cover decreasing respectiy€lg. 2b, Fig. S3a). By 2012, the warming

292 treatmentlamplifiedhis natural climate gradient by increasthg relative proportion of annual
293  coverby 10% across all sites (p < 0.001Although initially relative introduced cover was

294  lowest in the southern site (35 + 2%), over time introduced species became the dominant
295 component.of the southern plots (92 + 3% by 2012) despite the imézadyseeding of native

296  specieqFig«S3b). This dominance was even more pronalitcthe warming treatment (98%
297 introduced‘inwarmed plots vs. 85% in ambient ploid)e climate treatments did not affect the
298 relative proportion of introduced and native species in the central and northern sitegsand t
299  sites retained a relatively equal proportion of these groups in 2011 and 2012 (introduced cover

300 ~55%). The warming treatment increased graminoid dominantieeisouthern ancdentral site
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in 2011 (marginally in southern site, p = 0.088y across all sites in 2012 with a mean increase
of 18 = 2% (Fig. S3c). Forb abundar=xreased accordingly. Initially, forbs were the
dominant component of both the southern (88%) and northern (50%) sites, but only the northern
site maintaiedforb dominance by the end of 2012 (68%), with the southerr(Z3%)
becoming similar to the central s{{&0%)
Plant community composition

TheNMDS ordinatiorrevealed clear differentiation of the warming treatments, sites, and
years (ellipses of Fig.)&and explained 97.4% of the variation in our plant communities with two
axes (final stress =16). The xaxis primarily representearegionalgradient of space with
plots in thessauthern site grouped onlgfeandplots of the northern site grouped on tinght,
with the central site plots intermediaf€he y-axis primarily represented a gradient of succession
from 2010 [owest valuekto 2012 fighest valugs Warming tended to shift plots further to the
left (i.e., soutlvard) and up (i.e.acceleragd succession). Though significant at all sites, this
effect was:most pronounced in the souttst®. Plots further to the leféegpeciallythe southern
site) werestrongly associated with introduced species, particultndgluced annualsyhile
plotsto therightwereassociated with ferns, small woody seedlings, and native perennials
(vectors ofiElg. 3 and Table S4). Native annuals loaded negativéhe graxis, suggesting that
over time.they quickly were lost. Increases in introduced annuaegragere primarily
responsible for the general shift upwards and tdeti@ver time, while increases in native
perennial grasses shatt plotsupward but to the rightThe ADONIS analysis revealed a
significantyear,by site by warming interactiomtbe community matrix (P =001, 999
permutationsFable S%. When this interaction was deconvolved, community composition of the
warmed plots was always significantly different from the ambient temperdtaseap all sites in
both treatment years (P < 0.054, 999 permutations), though differences were strongest in the
south (P <0.001Table S%. Precipitation had no effect (P > 0.212).
DISCUSSION

Predictinghow communities will respond to climate change érasrged a one of the
critical questiens irecology particularly given thatlimate changenay becoméhe largest
driver ofspecies losby the end of the centurf?éreiraet al., 2010). To make robust predictions
aboutclimate impactst regional scalest is necessary to deconvolve regional teefram

idiosyncratic siteand speciespecificresponsesWe found consistent decreases in native plant
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diversity, increases itotal cover,and shifts in functional composition in response to warming
across theegional climate gradiemtespite large differencesiiimitial site conditions (e.g.,
current climateseed banks, soil nutrients, etc.). Most pronounezsh consistenshift to
greater dominance by annual plaatsl bss of forls as the severity of Mediterranean climate
was accentuataghder our experimental manipulations, suggesting the potéoticimate
changeo alter the biogeographic gradiemterebyPacific Northwest prairies maegin to
resemble thosi central and southef@alifornia withfuture climatecharge This inturn could
altermultiple“ecosysterfunctions, including resistance to invasion, diversity, canopy phenology,
forage quality, fireegimes and nutrient, carbon, and water dynamkasdley et al., 2007,
Harrisonet.al #2015 ,Koteenet al., 2011, Reynoldst al., 2015, Richardsod al., 2012,
Zavaletaet'al., 2003b). Furthermore, this effect was greatest at the southern end of the gradient
with smaller effects further norts the experimental climate treatments interacted with the
regional climate gradient, emphasizing the value of regiscale experimentsBelow, we
address our original hypotheses and conclude with implications for congeraatl
management-of thegeairie ecosystems under future climate.
H1. Plant diversity

Ourdirst hypothesighat a warmeand drierclimate would decrease plant diversity and
richness,.and that this effect wouldibtensifiedwith a greater severity of Mediterranean
climatewasgenerallysupported.Heating dramatically decreasdi/ersityand species richness
in our southernmost site, and richndsslinedat all sitesn at least one treatment yeaith the
strength and“eansistency of these effects diminishing further north (TakfegS1). Trends in
native richness and diversityere more consistent among sjtegth all sites having reduced
native diversity in response to warming by 20The precipitation treatment did little to e
the severity osummer droughbecausgconsistent with regional climate projectidiviote &
Salathé, 2010)ainfall wasprimarily increased during the alreadset season (Figs2). As a
result and.contrary to our hypothesis, added precipitatenreased diversityhensignificant,
althoughthiseffectwasrare(Table S3) This indicates that the timing of precipitation may be
more criticalfor theserairie systems than the total annual amount and that shifts toward less
warmseason precipitation may exacerbate the effect of warn@ognparableecreases in
diversity inresponse to warming have been obsemeimilar climatesn both experimental
(Lloret et al., 2004,Prietoet al., 2009) and observational studiéta(risonet al., 2015).
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However, in studies witevenmore severe summer drought, warming resulted iormoinimal
changs in diversity while added precipitation drove divirgiains(Yanget al., 2011,Zavaleta
et al., 2003a).In particular, the fact that Zavaleta et(@003a) observed no diversity response
to warming ina California grassland further south than those in our climate grasligest
that there Is,a,thresholherdoy moisture stress becomes so sevieatadditional warming does
little to further alter diversity Their finding, in conjunction with ourdjighlights the importance
of soil moisture’in mediating diversity responses to warnmngediterranean and arid climates

In a'similar experimertb ours along a north-south gradient in Eurogiuelas et al.
(2007) observed minimal impacts of drought or warming on gla@ties richnessvith the only
significant.deerease detected in their southernmost site. Howerenjnvglevels were much
lower (ca. 2°C)'than in our experiment and all but the southern commuer@establishecénd
not undergoingrapid successionhellatteralsomay have contributed to the lack of response at
the Jasper Ridge Biological Preserve near San FranciscZavAletaet al., 2003a). In our
experiment, communities were undergoing rapid succession (see y-aigs ). FDespite using
typical restorationpractices we found that current techniques were unsuccesstablishing
diverse, species rich native communitiesler the warming treatmentsour southerncentra)
and to a'lesser extent, northern (only 2012) sites. Our findings stiggiesbmmunities at early
successional stages coupled with rapid changes in climate may be more \eiltoespbcies
lossthan mature communiti€e.g.,Pefiuelagt al., 2007,Zavaletaet al., 2003a). However,
establishegblantcommunitieamayeventuallyexperience similar losses of species richness
following periodic disturbances (e.qg., fire, grazing) that are charaaterighese ecosystems.
H2. Invasibility

Our second hypothesis, that warming would favor introduced speciespmasvhat
supported. We_only observed an increagbamelative cover of introduced species with
warming in.our.southersite, which wasconsistent for the two treatment ye@fg). S3h Table
S3). In 2011, we also observed an increase in response to additional wet-seasortiprecipita
but this effeet'was not consistent over time. We attribute the warming ieffaat southern site
primarily to'the earlier emergence of introducathual speciem heatedolots (personal
observation, L. PfeifeMeister) eventhough the identity of the dominant annual changed each
year (he forbTrifolium subterraneum L. in 2011 andhe gras®8romus hordeaceus L. in 2012).

These species formed a dense c@aely in the growing season that excluded other species from
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the plots particularly native perennial species (< 2% relative cover in the warmedplots
2012). We hypothesize that ¢rearlieremergence of introducethnualspeciesnayhave led to
a priority effect that altered the successional trajectories of thexseesd communitiean effect
thathas remainetlisible even three years after the warming was terminated (personal
observationgLPfeife-rMeister) The rative species may be more tightly coupled with other
environmental cues(g, photoperiodl (Kérner & Basler, 20109r have lower phenotypic
plasticity (Davidsonet al., 2011). Thus, the native species maydssable to exploit the
increase itemperature with earlier germinatidhough this remain® be tested

Interestingly, a recent metmalysissuggests thahvasion risk may be highéor sites
beconing moreclimatically favorabléSorteet al., 2013). Converselgites becoming ‘harsher’
climaticallymay bemore resistant to invasion. Our data do not support this hypotsyess
would have expected the highest levels of invasion in our northemnigitthe effect
diminishing further soutls drought severity became greatelowever, as the authors
recognizé,.only 5 of the 26 terrestrial studies included in the raatdysis were sites that are
relatively dryrduring the growing seas@ofteet al., 2013). Consistent withour findings and
the observed biogeographic pattern, a modeling studgvbyardet al. (2010) suggesteithat
reducedsoilmoisturecanallow invasive annual grassto competitively exclude native
perennialbunchgrassesa California grasslanidy more effectively competing for nitrogen
with co-existence occurring iwetterenvironments.
H3. Shiftsin functional composition

Ourfimal, hypothesis wagsartially supported. Community composition of warmed plots
consistently=becanmoresimilar tocommunities further souttelative to the ambient
temperature ploté-igs. 3 S3 & Table S5)lespite the large differences intial site conditions
However, added precipitation during the rainy season dicedote such trends by alleviating
drought stresas, we initially hypothesizedhecause wvas insufficient taounteract the effects of
warming onthe dengthand intensityof summer droughtFig. S2). Moreover, the magnitude of
these shiftsni€ommunitycomposition appeared to be constrainethieyegional climate
gradient, withthe greatest changes in theush (Figs. 2, 3, S3 &Tables S4,S5. The most
notable changes icommunity composition were a loss of forb species and increases in
introduced annual grasses in response to warmittig these effects dampening@se moved

north. We suspect this reflect®th the shorter periods of soil water deficit (F3g) andslower
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plant establishment and growftirther north(absolute cover was lowest in the north and became
progressively larger as ongoved south and with warming, Fig. 2a), allowing perennial species
sufficient time to establistine extensive root systems needed to survive the summer dvatight

less competitiofirom introducedannuals Previous research has shown that moisture

availability mediates competitive hierarchies between annual and perennial gtiagses
influencing.he success of native perennial species in these syddgmis& Rice, 1999Pfeifer
Meisteret al.;"2008). Moreover, Harrison and colleagues documented a loss of forb species (and
diversity) overthe past 15 years in non-restored Northern California grdssiahich they
attributedto climatic dryin¢2015).

Thestiming, intensity, and duration fafture precipitatiorcoupled with increases in
evapotranspiration from warmingll likely be dominant drives of annual vs. perennial
dominancen these prairie (Clary, 2012, Cowlingt al., 2005) If currentclimatemodels are
correct(Mote & Salathé, 2010), our data suggests that the increasesnmseasorsolil
moisture deficits predicted foine Pacific Northweswill result in reductionsof the perennial
species thatieurrently dominate these systeviih forbs being particularly vulnerabl&his
reduction in forbs at all sites inggonse to warming may pose substantial challefoges
sustainingprairie diversityasthe maintenance of forlas the face of grass dominance is an
ongoing_challenge fazonservation practitioner®f{eiferMeisteret al., 2012).

Conclusions

Our.resultsdlemonstrate that future climate change could sabstantiakffects on both
nativeplant-diversity and functional group composition in Mediterrar@airies Importantly,
our results'were not idiosyncratic by site but rather followed a consistéstnpaligned with the
regional climate gradiertespitdargedifferences in site chacteristics A key trend was that
the effects were most dramatic on sites already experiencing more extreme risieekter
climate and . were ameliorated further north because of much shorter periods ofesodefiait.
With more extreme summer droughvegty, our results suggest prairies of this regiwaylose
native diversity (especially forb species) and that annual speeiggularly introduced annual
grassesyill'become increasingly importanSuchshifts in functional composition could
producefeedback thatalter carbon, nutrient, and water cycling via changéissue chemistry,

allocation of biomass, and phenolog¥/e already havebserved important effects of the switch
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to an annual plant community on the seasonal dynamics of soil respiration in the sotghern s
(Reynoldset al., 2015).

While we observed greater differences in community composition acrosgitudiral
gradient than in_response to warming within a site, the dual approaches of lasitugimal
gradient and.experimental warming generally agreed in the direction afe;haith warmed
communities becoming more ‘south-like’. Using latitudinal gradients alonedoriegponses of
communities'to'climate change may overestimate the magnitude of resfocls®ate change
on decadal'scald&Imendorfet al., 2015). On the contrary, experimental warming has been
shown to gstematically underestimatéimate impacts relative to historical observations
(Wolkovichetal., 2012). The agreement in direction of our coupled approach along with the
historical pattern of invasion along the West Coast of the U.S. offers compellingaatiolat
Pacific Northwesprairiesmayface an increase in annual invaders. These prairies may be
particularly susceptiblao invasion following intense disturbances, whethidfires, droughts,
or ecological restoration.

Thewreplacement of natiyeerennial species by introduced annuals in Califamia
purported to be one the “most dramatic ecological invasions worldwide” (Seatl@br2003),
with an average loss of 40 Mg/ha in soil carbon attributed to this invasmeenet al., 2011).
The possibilitythatsucheffects could propagate further northward under future climalte
challenge conservation and restoration practitioners to navigate betweendéecty to try and
restore historical prairie communities, th&ential for increasethvasion by introduced species,
andthe needteoeevaluateestoration target®r diversity and functional group composition in
response tosshifting plant biogeographies.

ACKNOWLEDGEMENTS

For site use, we thank the Deer Creek Ceiitee, Nature Conservan¢yNC), andthe Center

for Natural Lands Managemer@ILM). Native seed donations or collection permissi@ne
provided by TNC, CNLM, Friends of Buford Park, Joint Base LeMisshord, Bureau of Land
Management; and the City of Eugene. Bruce KimpaVided assistance with heating
technology:»Many individuals assisted with field and laboratory work, site develgpment
seed source guidandmyt we are especiallyrateful to T. Tomaszewski, E. Alversah,Blazar,

D. Borgias,L. Boyer,G. Carey, G. Diehl, P. Dunn, P. Dunwiddie, S. Erickson, C. Efzers,
FaganS. FreedR. Gilbert, S. Hamman, H. Hushbeck, T. Johnson, D. Kendig, J. Meadow, M.

This article is protected by copyright. All rights reserved



486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

Morison, J. NuckolskK. PerchemlidesT. PiazzaM. Roth, S. SmithD. Steeck,J. Sutter, R.
Vandegrift, and DWilderman This material is based upon work supported by the U.S.
Department of Energy Office of Science, Office of Biological and Enviroteh&esearch
under Award Number DEEG0209ER60471%nd the National Sciend¢eundation,
MacroSystems Biology Program under Award Number 134087. The views and opihions
authors expressed herein do not necessarily state or reflect those of thewgian@nt or any
agency'thereof.

REFERENCES

Bellard C, Bertelsmeier C, Leadley PW, Thuiller W, Courchamp F (2012) isp&climate
change=on the future of biodiversity. Ecology Lettéfs 365-377.

Bradley BAy Blumenthal DM, Wilcove DS, Ziska LH (2010) Predicting plant irorasin an era
of global.change. Trends in Ecology & Evolutj@5, 310-318.

Christy JA, Alverson ER, Dougherty M#al. (2011) Geeral Land Office historical vegetation
of the Willamette Valley, Oregon, 189B10. ArcMap shapefile, Version 2011 04,
OregonBiodiversity Information Center, Portland State University.

Clary J (2012)-Determinants of perennial and annual grass distrilufidediterraneasclimate
California. Plant Ecology213, 1203-1208.

Cowling RM; Ojeda F, Lamont BB, Rundel PW, Lechm@mertel R (2005) Rainfall reliability, a
neglected factor in explaining convergence and divergence of plant traitspnciire
mediteraneanclimate ecosystems. Global Ecology and Biogeography509519.

D'Antonio €MpMalmstrom C, Reynolds SA, Gerlach J (2007) Ecology of Invasivenidtivie
Species’in California Grassland. @alifornia Grasslands Ecology and Management.
(eds Stromberg MR, Corbin JD, D'Antonio CM) pp 67-83. Berkeley, California,
University of California Press.

Davidson AM,.Jennions M, Nicotra AB (2011) Do invasive species show higher phenotypic
plasticity than native species and, if so, is it adaptive? A-aredysis Ecology Letters
14, 419-431.

Dukes JS, Moeoney HA (1999) Does global change increase the success of biglogaais?
Trends in Ecology & Evolutiogn4, 135-139.

Dunne JA, Saleska SR, Fischer ML, Harte J (2004) Integrating experimentabhdiehg
methods in ecological climate change research. Ecoigy904-916.

This article is protected by copyright. All rights reserved



517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

Dyer AR, Rice KJ (1999) Effects of competition on resource availability anetigraf a
California bunchgrass. Ecologg0, 2697-2710.

Elmendorf SC, Henry GHR, Hollister R&@ al. (2015) Experiment, monitoring, and gradient
methods_used to infer climate change effects on plant communities yield eonsist
patterns. Proceedings of the National Academy of Scieht2s448-452.

Elzinga CL, Salzer DW, Willoughby JW (1998) Measuring and monitoring plant pamsati
Denver, Colorado, USA, U.S. Department of the Interior, Bureau of Land Management
National'Business Center.

Everard K, Seabloom EW, Harpole WS, de Mazancourt C (2010) Plant water use affects
competition for nitrogen: why drought favors invasive species in California. The
American Naturalistl75, 85-97.

Fraser LH, Henry HAL, Carlyle Chst al. (2013) Coordinated distributed experiments: an
emerging tool for testing global hypotheses in ecology and environmeiatsci
Frontiers in Ecology and the Environmght, 147-155.

Fridley JDyStachowicz JJ, Naeengt@&l. (2007) The invasion paradox: reconciling pattern and
processiin species invasions. Ecoldgff; 3-17.

Grime JPykridley JD, Askew AP, Thompson K, Hodgson JG, Bennett CR (2008}dromg-
resistance to simulated climate change in an infertile grassland. Proceddimegs o
National Academy of Sciencel5, 10028-10032.

Harrison SP, Gornish ES, Copeland S (2015) Climate-driven diversity loss in argtassla
community. Proeedings of the National Academy of Sciences.

Hickman EpChristy JA (2012) General Land Office historical vegation of ¢é&digue, lower
Applegate, and upper lllinois Valleys, Oregon, 1854-1919. ArcMap shapefile, Version
2012 02, Oregon Biodiversity Inforation Center, Portland State University.

Hoeppner,SS, Dukes JS (2012) Interactive responses of old-field plant growth and compositi
to warming and precipitation. Global Change Biolot; 1754-1768.

Hooper DUgAdair EC, Cardinale Bfal. (2012) A global synthesis reveals biodiversity loss as
a major.driver of ecosystem change. Natdé8, 105108.

Hooper DU, Chapin FS, Ewel 8al. (2005) Effects of biodiversity on ecosystem functioning: a

consensus of current knowledge. Ecological Monografih8-35.

This article is protected by copyright. All rights reserved



547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

Kimball BA (2005) Theory and performance of an infrared heater for eepsysarming.
Global Change Biologyll, 2041-2056.

Kimball BA, Conley MM, Wang S, Lin X, Luo C, Morgan J, Smith D (2008) Infrared heater
arrays for warming ecosystem field plo&obal Change Biology4, 309-320.

Klausmeyer.KR, Shaw MR (2009) Climate change, habitat loss, protectechadeid® climate
adaptation potential of species in Mediterranean ecosystems worldwide. RIEHg,0
€6392:

Korner C,"Basler D (2010) Phenologyderglobalwarming Science327, 1461-1462.

Koteen LE, Baldocchi DD, Harte J (2011) Invasion of non-native grasses causpsrasiil
carbonrstorage in California grasslands. Environmental Research L&tted.

Lloret F, Pefiuelas J, Estiarte M (2004) Experimental evidence of reducesitgioéseedlings
due to climate modification in a Mediterraneggpe community. Global Change Biolagy
10, 248-258.

McCune B, Grace JB (2002Analysis of ecological communities, Gleneden Beach, Oregon,
USAuMIM.

Meir P, Cox PyGrace J (2006) The influence of terrestrial ecosystems oteclimends in
Ecology & Evolution 21, 254-260.

Mote P, Salathe E (2010) Future climate in the Pacific Northwest. Climatic GH#2g29-50.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Ricsity
hotspots for conservation priorities. Natu483, 853-858.

Noss RF, kaRee Ill ET, Scott JM (1995) Endangered ecosystems of the United &ta
preliminary assessment lofss and degradation. Washington D.C., U.S. National
Biological Service.

Oksanen J, Blanchet FG, KindteRal. (2012) vegan: Community Ecology Package. R. package
version 2.0-5.

Pauli H, Gottfried M, Dullinger &t al. (2012) Recent Plant Diversity Changes on Europe’s
Mountain Summits. Scienc836, 353-355.

Pefiuelas JyPrieto P, Beieetal. (2007) Response of plant species richness and primary
productivity in shrublands along a north—south gradient in Europe to gewaes of
experimental warming and drought: reductions in primary productivity in the heat and
drought year of 2003. Global Change Biolp#j§, 2563-2581.

This article is protected by copyright. All rights reserved



578 Pereira HM, Leadley PW, Proencaei/al. (2010) Scenarios for global biodiversity in the 21st

579 Centug. Science330, 1496-1501.

580 PfeiferMeister L, Bridgham SD, Little CJ, Reynolds LL, Goklany ME, Johnson BR (2013)
581 Pushing the limit: experimental evidence of climate effects on plant range distréou
582 Ecology, 94, 2131-2137.

583 PfeiferMeister.L, Cole EMRoy BA, Bridgham SD (2008) Abiotic constraints on the

584 competitive ability of exotic and native grasses in a Pacific Northwestegr@eicologia
585 155;°357-366.

586 PfeiferMeister L, Johnson BR, Roy BA, Carrefio S, Stewart JL, Bridgham SD (2012yiRgs
587 wetland-prairies: tradeoffs among native plant cover, community composition, and
588 ecosystem functioning. EcosphgeBeart121.

589  Prieto P, Pefnuelas J, Lloret F, Llorens L, Estiarte M (2009) Experimentahtiang) warming
590 decrease diversity and slow down pfise-succession in a Mediterranean shrubland.
591 Ecography32, 623-636.

592 R Development Core Team (201R)A language and environment for statistical computing,

593 ViennayAustria, R Foundation for Statistical Computing.

594 Reynolds LL, Jehnson BR, Pfeiféteister L,Bridgham SD (2015) Soil respiration response to

595 climate'echange in Pacific Northwest prairies is mediated by a regional Madé&an

596 climate gradient. Global Change Biolq@j, 487-500.

597 Richardson PJ,"MacDougall AS, Stanley AG, Kaye TN, Dunwiddie PW (2012) Inversion of
598 plant dominancediversity relationships along a latitudinal stress gradient. Ecp83)y
599 1431-1438.

600 Rustad L (2008) The response of terrestrial ecosystems to global climagechawards an

601 integrated approach. Science of the Total Emvirent 404, 222-235.

602 Sala OE, Chapin FS, Armestodlal. (2000) Global biodiversity scenarios for the year 2100.

603 Science?287, 1770-1774.

604 Seabloem EW, Harpole WS, Reichman OJ, Tilman D (2003) Invasion, competitive dominance,
605 and resource use by exotic and native California grassland species. Procekttiags

606 National Academy of Sciencel)0, 13384-13389.

This article is protected by copyright. All rights reserved



607  Sinclair M, Alverson E, Dunn P, Dunwiddie P, Gray E (2006) Bunchgrass Prairi&estoring

608 the Pacific Northwest: The Art and Science of Ecological Restoration in Cascadia. (eds

609 Apostol D, Sinclair M) pp 29-62. Washington D.C., Island Press.

610 Sorte CJB, Ibafiez |, Blumenthal Déflal. (2013) Poised to prosper? A cragstem comparison
611 of climate change effects on native andnative species performance. Ecology Lefters
612 16, 261-270.

613  Suttle KB,"Thomsen MA, Power ME (2007) Species interactions reverse gragsdpodges to
614 changing climate. Sciencgl5, 640-642.

615  Thuiller W, Richardson D, Midgley G (2007) Willimate changepromote &en plant

616 invasiong In:Biological Invasions. (ed Nentwig W) pp 197-211. Springer Berlin

617 Heidelberg.

618  Tylianakis JM, Didham RK, Bascompte J, Wardle DA (2008) Global change and species
619 interactions in terrestrial ecosystems. Ecology Letfidrs1351-1363.

620 Walther GR (2010) Community and ecosystem responses to recent climate change.

621 Philesophical Transactions of the Royal Society B: Biological Scie866s2019-2024.

622  Walther GR,'Roques A, Hulme P& al. (2009) Alien species in a warmer world: risks and

623 oppertunities. Trends in Ecology & Evolutio?d, 686-693.

624  Wolkovich-EM, Cook BI, Allen JMet al. (2012) Warming experiments underpredict plant

625 phenological responses to climate change. Nadéte 494-497.

626  Wu Z, Dijkstra P, Koch GW, Hungate BA (2012) Biogeochemacal ecological feedbacks in

627 grassland responses to warming. Nature Clim. Ch&hg&8-461.

628 Wu Z, Dijkstra’P, Koch GW, Pefiuelas J, Hungate BA (2011) Responses of tereestsigdtems
629 to temperature and precipitation change: a raetdysis of experimeat manipulation.

630 Global Change Biologyl7, 927-942.

631 Yang H, Wu M, Liu W, Zhang ZHE, Zhang N, Wan S (2011) Community structure and

632 composition in response to climate change in a temperate steppe. Global Chamgg Biolo
633 17, 452-465.

634 Zavaleta ES, Shaw MR, @iello NR, Thomas BD, Cleland EE, Field CB, Mooney HA (2003a)
635 Grassland responses to three years of elevated temperatyrgar€cpitation, and N

636 deposition. Ecological Monograph&3, 585-604.

This article is protected by copyright. All rights reserved



637 Zavaleta ES, Thomas BD, Chiariello NR, Asner GP, Shaw MR, Field CB (2003b) reaitse

638 warming effect on ecosystem water balance. Proceedings of the National Academy of
639 Sciences100, 9892-9893.

640

641

642 FIGURE LEGENDS

643 Figurel. Species richnegs:-c) and Simpson’s index of diversity (1) per nf (d-f; mean+ 1

644  SE) in the ambient heat and heat treatments at the soy®eentral(C), and northeriN)

645 experimental sites 2010 (pre-treatment), 2011 (year 1), and 2012 (year 2).

646

647  Figure 2. Rercent (a) absolute and (b) relative cover (mean + 1 SE) antheent andheated

648 treatmentgn the southern, central, and northern experimental sites in 2010 (pre-treatment), 2011
649 (year 1), and2012 (year 2). Bars are further partitidnyefdinctional group coveiN: native, I

650 Introduced, A: annual, P: perennial, G: graminoid, F: forb—see Figure S3 for coaups)g

651  Small letters indicate significant differences (p < 0.05) among sites withis gedrasterisks

652 indicate signifieant warming effects within years and sites (***p < 0.001, **p < 0.05, *p < 0.1).

653  Notethat in 2011 absolute heated cover is likely underestimated in the Southern site asthe

654  dominant annual plants had begun to senesce prior to sampling.

655

656  Figure 3. Nenmetric Multidimensional Scaling (NMDS) of plant cover in all climate treatments,
657  sites,and yeargstress = (.6). Warming treatmentseganin 2011. Ellipses are included for

658 visual differentiation of groups. Vectors are the average species lo&aliregeh functional

659  group (N: native, I: Introduced, A: annual, P: perennial, G: gramifoihrb; see Table S4 for

660 individual species loadingsNote that the saxis predominantlyrepresents change over space
661 and the yaxisspredominantly represents change over,timigh warminggenerallyshifting

662 communities left (further soutt@nd up (enhanced succession).

663 SUPPORTING INFORMATION
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Table S1: Relative percent cover of extant vegetation prior to restoratiari@ate
manipulations.

Table S2: Species and associated seeding densities used for restoratiemisreéthites.
Table S3P-values for repeated measures, thieg, and twonvay ANOVAS.

Table S4: Species axes loading from Noetric multidimensional scaling (NMDS) analysis.
Table S5:'F and Ralues from PERMANOVA analys€R-vegan function ADONIS) on the
communitymatrix.

Figure S1¥Map of sites and schematic of experimental design.

Figure S2: Mean soil temperature and matric potential in the climate treatments eddlstés.
Figure S3.sRelative cover of annual vs perennial, native vs introduced, and gramifoolal vs

functional groupsn the climate treatments at the three sites
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