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Summary
1. It is widely-expected that plant species will expand their ranges poleward in response to
climate change. In the process, individuals establishing beyond existing range margms w
exposed to new. biotic communities, includatifferent assemblages nétural enemies.The
resulting differences in biotic interactions could lead to scenarios of enemy release or biotic
resistancandif.the interactions are strontipeycould influence plant performance and therefore

colonizationssuccess.
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2.In order to testvhethematural enemiewill affect range expansion dynamiege transplanted
sevenspecies along 450 kmlatitudinal gradienthat spanned the range edges of five of these
species. The experiment was conducted over five years-wiB000seedlings and included
pesticidetreatments to redudavertebrate herbivoryWe measured foliar damage caused by
disease and.invertebrate herbivosesdling survival, lighavailability, soil moisture, soil
nutrient concentratiorsndseveral othevariables in ninéorestslocated in four regions along
thelatitudinal"gradient.

3. We found'that several speci€3afya glabra, Liriodendron tulipifera, Quercus velutina and

Robinia pseudoacacia) tended to have less foliar disease beyond their range but there were few

substantial.differences in herbivory across range edges (with the exceptiomadndron
tulipifera). “After accounting for other variables, including environmental conditions and
vertebrate herbivory, we found that foliar disease decreased survival feptmies Acer
rubrum, Quercus alba, Quercus rubra and Quercus velutina) and foliar herbivory reduced
survival for.three speciesger rubrum, Liriodendron tulipifera and Quercus rubra).

4. Howeverpthe effects of these biointeractions on survival were very smalH® %
reductionsin‘survival at observed levels of damage after four years), which isiMeyitiee
minor effects of the pesticide treatment on seedling survival.

5. SynthesisrOur results suggest that foliberbivores and pathogens are unlikely to playagor
role in the range expansion dynamicshefse temperate tree species.

Key words#bietic interactions, planisect interactions, plaiathogen interactions, range

expansion;ispecies distributions, survivamperate forest

Survival of tree seedlings beyond current distributions is largely unrelateddmedidés in

herbivory and. disease

INTRODUCTION

Climate change is expected to caskits in species distributions as plants and animals
trackchanging temperatures and precipitaiParmesa & Yohe 2003; Hicklinget al. 2006;

Crimminset al. 2011). RFedictions ofpoleward range expansion of plant species over the
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coming decades and centurggedrawn from correlations between current species distributions
and climatglverson & Prasad 1998; Guisan & Zimmermann 2000; Pearson & Dawson 2003),
and paleo-reconstructions of shifts in vegetation composition during previous pratidsate
changgDavis 1983; Graumlich & Davis 1993; Pedital. 2002; Wlliams et al. 2004). Some
studies have.found empirical evidence for contempdagitydinal shifts of tree species
distributions_inANorth America (Woodadt al. 2009; Murphy, Vanderwal & Lovett-Doust 2010;
BoisvertMarsh, Périé & de Blois 2014; Desprtzal. 2014) whereas others have r{dhu,

Woodall & Clark 2012) The variability in how species distributions respond to climate change
highlights'thepotential importance of nodimatic drivers, such as biotic interast®

Biotic interactions with natural enemies, competitmngmutualists have the potential to
influence range expansion dynamafderrestrial plantdy systematically affecting the
performance ofiplants establishing beyond tbeirentrange where ppulations do not yet exist
(hereafter referred to as ‘migrantJairns & Moen 2004; Moorcroft, Pacala & Lewis 2006;
Morriénetal. 2010; Wiszet al. 2013; HilleRisLamberst al. 2013). The effects of natural
enemies onplant populatioase oftersubstantia(Katz 2016)as arehear subsequergffects on
ecosystemfunctiofHicke et al. 2012). It is increasingly thought that predictions of changes in
speciedlistributionsin response to climate changfeould take herbivores and pathogens into
account (Van der Putten, Macel & Visser 2010; Zarnetske, Skelly & Urban 2012; Svetraling
2014). While several studies have investigated how soil communities differersfi@tt native
vs. migrant plantévan Grunsvemt al. 2010; Stanton-Geddes & Anderson 2011; McCarthy-
Neumann & bafiez 2012), little is known about whether existing above-ground herbivore and
pathogen cemmunitiesill affect latitudinal range expansion.

Populations on the expanding edge of a species distributiem @stape from specialist
natural enemies, as is shown by an increasing number of case studies from various organisms
(Alexanderet.al..2007; Menéndegt al. 2008; Phillipset al. 2010b; Patogt al. 2010; Tsai &
Manos 2010).._This can happen because of low host densities on range ediprnasd
migrant populations on expanding range fronts originate from repeated fo@veinig each of
which offersia,chance to leave specialists beffidllips, Brown & Shine 2010a)Moreover, in
a greenhouse experiment, successful range expanding wkxatkess affected by a naive
herbivore (Engelkeet al. 2008)showing that migrants can also be released from generalist

herbivores. Even thouginemy release tsansent because of pest and pathogen accumulation
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(Brandleet al. 2008; Mitchellet al. 2010; Diezet al. 2010),it couldstill help migrant plants
outperformnative ones, increasing colonization successoardall rates of range expansion
(Moorcroftet al. 2006).

However, as range expanding species enter new areas, they will encounter indigenous
natural enemies; biotic resistance from the existing commuoitig @otentially prevent new
plant species from establishing there. There are many examples of native generalist herbivores
reducing the"performance of plants of exotic (i.e., intercontinental) origin (L,eMitier &

Yelenik 2004;"Parker, Burkepile & Hay 2006{owever, there are substantial differences
between intracontinental range expansion and inter-continental range expdasiogviewedn
Morrién et.al 42010, Van der Putten et al. 201Biyst,natural enemy community compaosition
may not change abruptly at the edge of a plant species range. Second, existing plant
communities maygontain species thare closely related to the migrant; in this case, specialist
natural enemies may transfer quickGonnoret al. 1980; Bertheaet al. 2010). Scenarios of
both enemy release and biotic resistance are possibngna situ experimental field studies
candeterminehow the net effects of biotic interactiomsll vary across range edg@gorrién et

al. 2010; van'der Putten 2011; Renwick & Rocca 2015).

Whether the net differences in biotic interactions are positive or negative, they are likely
to have theslargest effecn early life stagesyhich tend to be more strongly affected by density
dependent forces (Green et al. 2014, Zhu et al. BOLSeePiao et al. 2013). Many of the
strongest examples bhbitat filteringdriven by biotic interactions have been fowatdhe
seedling stag@HilleRisLambers, Clark & Beckage 2002; Figteal. 2006; Andersen, Turner &
Dalling 2024)=This may be in part becausmall individuals have low energy reserves, are
especially vulnerable to biotic and abiotic foreesl tend to haveeakerchemical defenses
(Myers & Kitajima 2007; Barton & Koricheva 2010; Boege, Barton & Dirzo 2011; Massad
2013). If biotic forces have the potential to limit range expansion, the seedling siagebe
the first plae.to’lookfor it.

Here;wetest how biotic interactions vary across range edges and assess their effects on
plant performanceWe use a seedling transplant experimesith seven temperate tree species
plants to answer the following questiof$:Are mgrant species exposedddferent amounts of
herbivory and disease than in their native range? And, 2) How impartaaty differences in
herbivory and diseagde plant survivalAnswers to these questions will help determine whether
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foliar herbivores and pathogens have the potential to substantially affect cobongatcess and

therefore range expansion dynamics.

METHODS

We initiated a seedling transplant experiment in 2@&@ over the following four years
we plantedi.seedlings in four regions across alkthQatitudinal gradient (Fig.)1 Species
origins variedTable 1) five were nativeor naturalizedselfsustaining populationsere
presentat'some regions and migtarat othergCarya glabra P. Mill., Liriodendron tulipifera
L., Q. albal., Q. velutina Lam. andRobinia pseudoacacia L.) and wo species were native
across all regien@Acer rubrum L. andQuercusrubralL.). We selected species based on their
current and‘predicted distributiofisersonet al. 2008)and on their light and soil moisture
requirements. At each region we establisbetiveen one and fositesin different forest types,
and at each sitee planted seedlings in two to 21 pl¢#able 2;Fig. 1) this design was dictated
by logistical constriats (i.e., site establishment was restricted to University of Michigan
propertiessorrareas we possessed permits to work in) and the unbalanced experimental set up
does not pesesa challenge for the analyses usadh plot was composed of between one and
three subplots, some of which were used for experimental treatments (see below). Sites and
plotswere-eStablished in a variety of different forest ty{@edle 2;Fig. 1) and in a range of
environmental conditions (Supporting Information AotEEnvironmental Garacteristics) A
total of 12,762 seedlingaere plantedetween 2010 and 201B4dble ).

Seedlings
Seed were germinatedt theUniversity of MichiganMatthaei Botanical Garder{gnn
Arbor, MI).in potting soil (MetreMix 380; SunGro Horticulture, Agawam, Massachusetts,
USA), where they were watered dailyeesls wereollected from wild sourcesithin Michigan
when available, but were otherwise obtained from outside of Michigan (Supporting Itiéarma
B: Seed Sources)To account for maternal effects (i.e., seed size), we measured the height of the
seedlings (defined as the distance from the soil to the tip of the apical meristem) one month after
emergence Bare root seedlings were then transplaméealthe study plots in May and June of
2010 — 2014with a minimun distance of 25 cm between seedlin§eedlings were watered
upon planting (125 ml/seedling) to decrease transplant shockestidge vegetation was lef
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152 intact A total of 2196seedlings were transplanted in the fall instead of in the sprid@11,

153 2012 and 2013; this was doimeorder to both increase the range of seedling sizes and to increase
154 total sample size.

155

156 Pesticide treatment

157 We experimentally reduced herbivory in 48 sub-plots in 2012 and 2013 using a

158 pyrethroid pesticide (Talstar P, active ingrediaifénthring Fecko 1999) This pesticide has

159 been successfully used by other researchers (e.g., Suwa and Louda 2012, Spiers et al. 2006), and
160 does not contain nitrogen. To ensure that it caused no direct effects on the itthentsreugh

161 phytotoxicity erphytostimulationye conducted a greenhouse control experiment; survival and
162 relative growthiates were not impacted, although there is mixed evidence of mild phytotoxicity
163 for Acer rubrum(Supporting Information C: Greenhouse Control Experimémg.sprayeda

164  solution ofbifenthrin (0.008% active ingredient) on the tops and bottonteefeave®f

165 seedlingintreatment suiplots three times a yeduring 2012 and 2013We sprayed the same

166 amount of.water on leaves in paired control pldis (Fig. 1, panel D).We also distributed a

167 molluscicide, metaldehydaJongone outside edgef pesticide sub-plots to reduce herbivory by
168 slugs andssnailsThe molluscicide was distributed on the side of the treatment plot furthest from
169 the pairedscontrol sub-plot; no metaldehyde was distributed within 5 m of a control sub-plot
170 seedling.Metaldehyde reduces slug abundance and herbivory at the microsite level, without
171 impactingplots as close as 5 m (Fergeson 2004). In 2010 and 2011 we built insect exclosures
172 around a subset of first year seedlings, but neither year’'s exclosure design ctnsisteoced

173 herbivory.“@nly mortality fronyears after the exclosures were removedakided in the

174 analysis.

175

176  Seedling measurements

177 Seedlings were censused three times a year, in earlygndidte summer. Seedling

178 height @efined as the distané®m the soil to the highest bud) and diameter (1 cm above the
179 soil) were measured during the first and last census of each year. Leaf damage was dguantified
180 visually surveying up t@5 leaves per seedlinging cover classes (<1%5%, 6-15%, 16-25%,

181 26-50%, 51-75%, >75%). For seedlings that had more than 25 leaves, the 25 leaves surveyed
182 were selected at randorithe same persqiD. Katz) conducted all surveyts ensure that visual
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estimates were consisteriDuring each census folidamage was cajerized aeing caused by
herbivory,diseasgphysical damage, or desiccation. Damage types counted as herbivory
included chewing (e.g., skeletonizing, window feeding, hole feeding), piercing-sucking (e.g.,
stippling; regularly shaped small round discatmns in leaves), leaf minirgnd galling.

Damage was.counted as disease if symptoms included abnormal coloration, blackening of the
leaf, dark spots with necrosipots with discolorations swmunding them anthe presence of
fungal fruiting'bodies. Both infectious and niorfectious diseasgg.g., nutrient difficiencies)
are therefore‘included ihe¢ disease categof8inclair & Lyon 2005) We also recorded whether
seedlingsiexhibited stem damage patterns typical of those caubemisying by mammalat

each censusjthis was recorded as a binary variable. The role of vertebrate herbivores was
further investigatedisingdeer exclosures and trail cameras that were deploysddt plots
during 2013 and 20140pporting Information D: Vertebrate Herbiy). Although leaf litter

was disturbed during censuses, which could have reduced potentially fatal buaslittele
(Pattersoret al. 2011) this disturbance was consistent for all seedlings at all sites.

Environmental:Data
Environmental variablesmeasuredncluded light availability, temperaturesoil nutrients
andsoil meisture.Hemispherical canopy photos were taken 1 m above seedlings, using a Sigma
SD14 camera (Sigma @moration, Japan) with a sigma 4vbn circular fisheye lens (Sigma
Corporation, Japarp measure light availabilityAt leasttwo photos were taken psub-plot
when cangpy“elosure was greafgst, in midsummer) Photos were taken under uniform sky
conditions(izes; dusk, dawn, or uniformly cloudy day8heglobal site factor (GSF}he
proportion of total possible sunlight reaching the forest floor, was calculategl ldsmiview
(DeltaT Devices, Cambridge,K). GSF was averaged across subplots and across years.
Temperature was measured hourly at each site with a HOBO Pro V2 U23 Temperature
Data Logger.(Onset Computer Corporation, Pocasset, I8Ail.water(percent moisture by
volume) was'measured hourlyestch site with a HOBO Micro Station Data Logger (Onset
Computer Caorporation, Pocasset, MA). Volumetric soil water content in the top abswIl
was measuredith a FieldScout TDR 300 Soil Moisture Meter (Spectrum Technologies,
Plainfield, IL, USA)in at leastsix points per sub-plaeveral timesluring the growing seasons
of 2011-2014. The relationship between soil moisture aubglot level and at the site level
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214 was quantified usig linear regressions (meRA = 0.67); these regressions were then used

215 predict soil moisturéetween censuses. For the first census in each spring, soil moisture was
216 estimated from the beginning of the growing season, whettefined astartingafter the last
217 day where theninimumtemperaturéell below -3° C. For other censuses, the soil moisture
218 values used.in.the analysis were the mean and standard deviation of soil moisture between that
219 and the previous census.

220 Soil'nutriens were measurenh 2013using resin packs (Unibest International

221 Corporation;"WallaValla, WA, USA). Resin packs in the southernmost regiegidn A; see
222  Fig. 1) were deployed between 42813 — 10/30/2013 and resin packs were deployed from
223  4/23/2013-10/23/2013 in the other regions (regions B, C@ndee Fig. L Between two and
224  four resin packs were deployed per plot, depending on the number of subjolotsesin packs
225 could not be retrievedecause they weraoved by burrowing animals arere otherwise

226 damaged, and no nutrient data are available for the twotphitsere nd yet established ahe
227 time ofresinpack deployment. Resin packs were retrieved and refrigerated until they were
228 shipped tosdnibest for analysis. Analysis was conducted by Unibest; ions weresekiisioty
229 2mHCL and the ion exchange resin analysis was conducted using inductively coupled

230 plasmaspectroscopy analysis (Perkin Elmer 3300 DV; Ca, Mg, Mn, P) and FIA Lab Flow
231 Injection(FIA 2500; N@, NH;").

232

233 Satistical Analysis

234 Differencesinfoliar herbivory and disease.— To compare foliadisease anHerbivoryacross

235 species andssitegie usedANOVA and conducted pogtec pairwise comparisonsingmaxt

236 teststhrough the multcomp package in R (Hothorn, Bretz & Westfall 2008)xt tests are

237 robust for comparisons of non-normal distributions, unbalanced sample sizes and heiigroge
238 of variancegHerberich, Sikorski & Hothorn 2010)To compare whether herbivory varied

239 Dbetween seedlings in control and pesticide treatments, we used Wilcoxan Rank Sum Tests.
240

241 Seedling survival— To analyze how herbivoryoliar disease@ndregion affected seedling

242 survival,weused a counting process in a Cox survival model (Andersen & Gill 1982) in which
243 wetook into account both abiotic and biotic variableght, soil moisture, soil nutrients,

244  seedling maternal effects, mammabwseandtreatnent effects (cotrol and pesticide
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applicatior). This type of model has been used for seedling survival because it allows for the
inclusions of both fixed and random effects and for time dependent cov@Maitearthy
Neumann & Ibafiez 2012)We only included seedlings that had survived to their secondiyea
this analysis, to_minimize any d#cts from transplanting the seedlings and to reduce the effects
of seed resaurces on survivdlhe likelihood for the model is:
N;; ~ Poisson(A;;)
where N iS'whether seedlingvas found dead at timtiend/ is estimated as a function of the
intrinsic rate"of'mortality, or hazatg and the extrinsic risk of mortality, or rigk
Air = hpetit

Parametepestimation was conducted using a Bayesian approach, which adeéacorporate
different sources of uncertainty and missing d&elman & Hill 2007) The hazard was
estimated at each time stéyp, from a gamma distributiot; ~ Gamma (1, 0.05). The hazard
reflects diferences in mortality rates through the course of the experiment that areawttad
for by the risk (e.g., survival rates that are age dependent).

Therriskiu;,, was estimated as a function of the covariates included in the analysis,
ui: = X;:B, Where X; is the matrix of covariates associated with each seeidéinimet. f is the
vector of fixed effect coefficients associated with each covariéeexplored several different
models,.including different covariates and random effects (e.gampdbyeay and selected the
model with the lowest DIC (Deviance Information Criteri@piegelhalter et al. 200#)at
allowed ugo answenour questions. Inhte final modelplot effects were drawn from a normal
distributiop"with,a mean of jdiive OF Hmigrant depending on whethéne focal species was native in
that plot ploteffects ~ Normaj(, ¢®), wheres ~ Uniform (0, 10). Thus, differences between
Mnative 2Nd ' Hhigrant represent a difference in survival within a species range compared to beyond a
species rangeRandom effects were included for siledthe following covariates/ere also
included(dataranges are described in parenthesas3erved proportion of leaf area affected by
herbivory everthe previous ye@ontinuous: G- 1), observed proportion of leafea affected by
disease over the previous yéaontinuous: 0 1), whether or not the seedling was browsed by a
mammal since,the previous census (binary: 0, 1), seedling height at planting (continuous, 3 — 390
mm), the number of leaves in the previous census (continuous, 0 — 60 leaves), the proportion of
available light that reached the seedling (continuous: Ovellmetric soil moistursince the

last census (continuous=01), whether the seedling was planted in the spring or fall (binary: 0,
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1) and a fixed effect was included for the indirect effects of the invertebrate herbivory pesticide
treatment (binary: 0,1)To impiove comparisons between variables,standardized seedling
height at time of transplant, the number of leaves, lightsaiidnoisture. Light and soil

moisture were modeled as latent variables characterized by their measured mean and standard
deviation for.each intecensus time period. Fixed effect coefficiewere drawn from non-
informative prier distributions® ~ Normal Q, 1000). The random effects for site wdsawn

from a Aofmal distributiorrandom effect ~ Normal (06?), wheres ~ Uniform (0, 10). We
predicted Survivalvhere seedlings were native or migrasiS,;ye orﬁmigmnt at average

herbivory ‘and disease levdts native and migrant seedlings. Survival of seedlings in the
pesticide tfeatment were estimated separat€he proportion of seedlings survivirfjwas
predictedover time (up to five years), undiwe following conditionsaverage lightaveragesoil
moisture average transplant height, sage number of leaves, no browsing apdng planting.

~

Smigratory status, treatment ~ P Ower(e_zgime he,e xﬁ)
We then simulatedurvival for control seedlings throughout all regions across the range of
possible herbivory values but with no disease and then vice versa.

Survival.of each species was modeled separately. Posterior densities of the parameters
were obtained'by Gibbs sampling (Geman & Geman 1984) 38i6& 3.4 (Plummer 2003) via
the rjags'package in R (Plummer 2014). Convergence occurred after 1,000 tat&fa0i08s
and chains were inspected visuallgach species was run for 40,000 iterations and posterior
parametervalues were based on postconvergence r&talistical nodel code is provided in
Supporting Information E: Model Cod&/isualization wa conducted using the ggplot2 package
in R (Wickham.2009). All analyses were conducted using R (R Core Team 2013).

RESULTS
Differencesin herbivory.— We found extensive variation in herbivory across species and sites,
butthere were few systematitifferences in herbivory across range edges; four out of five
migrantspecies encountersgme site®eyond their rangeshere herbivory was higher and
others where herbivory was lowtan in sites located within their rand€sg. 2). An exception
wasLiriodendron tulipifera; the three sites within its range were thesiwith the highest
herbivory levelsalthough herbivory was only consistently significantly higher at one site within
its range than at sites beyond itaga(p < 0.05). In general, species showed wide amounts of
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variation between sites, regardless afnaory status; this is especially apparent forspecies
that were native at all regionQercus rubra andAcer rubrum). Likewise, migrant species did
not tend to have different amounts of herbivory than native species siitsn The pesticide
treatment successfully reduced observed herbivory at all sites fospeeies $upporting
Information.k: Efficacy of Pesticidefiarya glabra, Q. velutina and Q. alba, and significantly
reduced herbivory in some regions for ttker speciesq. rubra, A. rubrum, L. tulipifera and
Robinia‘pseudoacacia; p < 0.05); in 22 out of 23 comparisons, herbivory was lower in the

pesticide plots:

Differencesinfoliar disease.—oliar disease varied according to species and regiofuiut
speciesC. glabra, L. tulipifera, Q. velutina andQ. alba, tended to haviewer disease rates at
sites beyond their ranges, although these results were not always statistically sigfifica)t
This resulted in migrant plants\nag somewhalower foliar disease rates than native platts
many sites._However, it should be noted Qatubra, which was native at all siteslso had
higher diseaserlevels at two of the southern sites (p <. OF@BA. rubrum, the other species that

was nativelin-all areas, there were no consiséittidlinal patterns.

Seedling survival.— Herbivory tended to reduce survival for most species, but parameter
estimates for the effects of herbiy on survival were only statistically significant for three
speciesA. rubrum (mean and 95% CI: 1.56, 0.53 — 2.599)rubra (0.78, 0.23 — 1.31and Q.
velutina (1.03;70.10 — 1.92; Fig. 3).okar diseaséad a significantly negative effect on survival
for A. rubrumy(2.27, 1.22 — 3.25)Q. alba (1.59, 0.62- 2.47),Q. rubra (1.10, 0.59 — 1.60) an@.
velutina (1.73, 0.70 — 2.70; Fig. 3)A full list of parameter estimates for the survival model are
given in Table 3. #en for species for which leaf damage had significant negative effects on
survival, survival simulations showed it caused only small reductions in survivadrage
amounts of herbivoryHig. 4 and diseasd~(g. 5. Seedling survival in pesticide treatments was
neversignifieantly higher than in control treatmeni&g. 6), and overall differences were minor.
The modeled.proportion of seedlings alafeer five yearsvassignificantly higher beyond range
edgedor L. tulipifera (meant SDfor native: 0.003 + 0.010 compared to migrant: 0.871
0.055) and although not significant, some species had similar trends, includsggtina

This article is protected by copyright. All rights reserved



334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

(native: 0.177 £ 0.126ompared to migran@.389 + 0.13@&ndC. glabra (native: 0.163 £ 0.162
compared to migrant: 0.366 + 0.146).

DiscussIoN
The potentiakimportance of biotic interactions to plant range expansion kbagtemcreased
attention in,recent years, baitack of empirical evidence of how biotic interactions vary across
range edges has precluded understanding how #ysaffect plant specigange expansion in
response to'climate chang®ur esults reveal that systematic differences in invertebrate
herbivoryacross range edges are relatively uncommon, but do occur. In contrask pbevesr
tended to have,more fali disease in regions where they are native than in regions where they
are migrant:” Within many sites, migrant species also tended to have less disease than native
species. However, our analysis found only minor effects of foliar herbivory anded@eas
seedling survival at common amounts of damage. This is supported by results from thaepestici
treatment, which was generally effective in reducing herbivory, but resulted in amdor
idiosyncratierresponses in survival. Thus, our resuiggesthatfoliar herbivores and disease
are unlikely toshave strong effects on latitudinal range expansion dynamics of these temperate

trees.

Foliar herbivory across range edges.— There were few systematic differences in foliar herbivory
across range edges, which demonstratestdmimorty occurring abundances invertebrate
herbivoressaresunlikely to play a consistent role in intra-continental rangestompaf these
species Although it is possible that enemy release will occur for particular specied.(e.qg.,
tulipifera) or in particular forest types, foliar herbivory depended more upon conditions at the
site and plot level than upon whether a species was native or migrant. The magnipadialof s
heterogeneity.in herbivory between sites is similar to that found by other dasset al.

2008; Adams. & Zhang 2009 there are regional trends in herbivory, its signal is easily lost in
thehigh inteesite variability One explanation for why there are not systematic differences is
that diet breadth is especially wide for leaf chewing invertebrates in temperate (feoeisteret

al. 2015).
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Foliar disease across range edges.— Several migrant plants tended to have lower levels of foliar
disease symptoms outside of thrainges. These findings highlight treatively higher
importance of enemy release from pathogens than from herbivores. The pattevoacharé

also conservative because our measure of foliar disease includesentious disease®.g.,
nutrient deiciencieg, which are unlikely to be systematically lower beyond a species range.
Two of the.species th&nded to have reduced foliar disease outside of their rangeQwata
andQ. velutina,“even thouglthe congenericQ. rubra was common in all regionslhis was
unexpected;"because more closely relatadtsshare more natural enemies, generally
facilitating transfer of natural enemies from indigenous relatives to newly arrived plants (Pearse
& Hipp 2009;sNess, Rollinson & Whitney 2011; Gilbert, Briggs & Magarey 2015; Patlabr
2015), andwpathogen host range is often somewhat constrained to host ph{Gitipemy &

Webb 2007). Thus, the species chosen in thidysmay lead to especially conservative
conclusions about the potential for enemy release from foliar pathogens.

The,potential for escape from foliar pathogens at range edges is corroborated by other
studies onsaboevground pathogens (e.g., Alexander et al. 2007), although substantially more
work has been‘conducted on differences in phaiitinteractions across range eddeg., van
Grunsvenwet al. 2010, Stanton-Geddes and Anderson 2011, Mchketinyann and Ibafiez
2012). Ferone dhe focal specieR. pseudoacacia, negative soil feedbacks are more common
within than beyond its rang€allawayet al. 2011). Similar patterns are also implied by studies
that have found correlations between pathogadand time since plant introductigDiez et al.
2010; Flory*&*Clay 2013) There is also evidence of reduced negative soil feedback outside of
plant ranges:from greenhouse experim@aigelkest al. 2008). These pattes may partially
result from migrant seedlings not being near adultseeifics, which reduced negative plant
soil feedbackn the same system as this stifificCarthyNeumann & Ibafez 2012)ndeed,
evenwhen.species encounter the same types of pathogens outside of their range, those strains
may be less viruler(Reinhartet al. 2010). One potential explanation for why thexesa
stronger signal of enemy release froathmgenshan invertebrate herbivores is that invertebrate
herbivores‘in this system could be more on the generalist range of the sd&cinsteret al.

2015) than the comparable pathog@Barrettet al. 2009).
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394  Effects of leaf damage on survival. — The modeleeffects of foliar herbivory and foliar disease
395 on seedling survival tended to be small. Although even sesgbnsesan have important

396 effects at high levels of damage, herbivory and disease each tended tleséfédran 10% of

397 leaf area gn averagd&hus, even though high levels of leaf damage were likely to kill individual
398 seedlings,hieproportion of seedlings that were killed by foliar damage was low. Moreover, the
399 species thawere most sensitive to foliar damage did not have large differences in damage across
400 range edges(e.d. velutina responded strongly to disease, but it had similar amount of disease
401 in areas where'it was native and migrant, wheketigipifera had far less disease in areas where
402 it was a migrant, but that had only small and insignificant effects on survivat)esiimates for
403 theeffects.of foliar damage on survival are somewhat smaller than other researchers have
404 reported (e1g.,"Meiners et al. 2000, Yamazaki et al. 2009, Cleavitt et al. 2011, Coyle et al. 2014)
405 but are corroborated by similar levels of survival between the control and pesticide mitsatme
406 although some cautias warranted, given that two speciés rubrum andQ. rubra)

407 experienced negative indirect effects of the pesticide treanesurvivalin the field Although

408 seedlings thatexperienced vertebrate herbivory had low survival ratesratertedrbivory was

409 rare at our'study sites. Thus, even thougiwse damage has the potential to shift competitive
410 hierarchies.for temperate and boreal tree species in the transitio(F=ideelli, Frelich &

411 Reich 2012); it seems unlikely to have much of an effect on colonization success bt migra
412 seedlings in these forests.

413

414  Implicationsforrange shiftsin response to climate change. — We found that seedlings from non-
415 native species‘can establish in areas beyond their current ranhgagessveral other studies

416 (Kellman 2004; Ibafiez, Clark & Dietze 2009; Samis & Eckert 2009; McCarthy-Neumann &
417 Ibafez 2012). Although we found cases where biotic interactions systematicalty lvayond

418 range edges,.commonly observed levels aafalamage did not translatéarsubstantial effects
419 on seedling.survivalSimilarly, even in cases where there were large differences in survival
420 across range'edges, differences imafalamage only accounted fegry small amourstof these

421 differences'Hewever, it is possible that other types of biotic interactions may be more

422 important; for example, below-ground herbivory was not explicitly measured in this study, but
423 can be an important source of damage to plada der Putten et al. 2001, 2003) and often has
424  stronger effects on mortalithan damageo leavegZvereva & Kozlov 2012; Dietze &latthes
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2014) It will also be important to test for effects on other plant performance mércs

growth and reproductive rates beyond range edgeslso play a role idetermining species
distributions (Angert & Schemske 2005). Although much remains to be explored, our findings
show that even in cases where biotic interactions vary across range edgeg| thay sot have

important effects on colonization success or range expansion dynamics.
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Table 1.

Plant species.used in transplant experiments and their residency statissatiéya region.

Species residency status (native, naturalizedhigrant) was determined using Little’s range

maps, FIA data(via the Climate Change Tree Atlas; Prasad et al. @@fi¥ng), and county

data from the USDA Plants databas®l the Michigan Flora Onlindn some cases these data

sources provide conflicting information, which is indicated with an asterisk. Theenwahb

seedlings'of‘each species planted in each regiso included

Species Species Common Region A Region B Region C Region D
code name
Acer rubrum acru Red maple Native Native Native Native
487 75 282 0
Quercus quru Red oak Native Native Native Native
rubra 1937 345 989 315
Quercus alba qual White oak Native Native Migrant/rare* Migrant
829 140 344 187
Quercus quve Black oak Native Migrant/rare* Migrant Migrant
velutina 777 417 417 230
Carya glabra cagl Pignut Native Migrant Migrant Migrant
hickory 930 344 344 110
Robinia rops Black Native/ Migrant; planted Migrant; planted Migrant
pseudoacacia locust naturalized * horticulturally horticulturally 270
806 165 476
Liriodendron litu Tulip tree Native/ Migrant Migrant Migrant
tulipifera naturalized * 255 656 255
836
Total planted 6602 1741 3508 1367
Table 2.

Descriptionof sites used in theansplant experiment. Environmental variables at thespidt

sub-plot level are given in Supporting Information 4ot EnvironmentalCharacteristics.
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Site  Longitude Latitude  Average Soil Major Average  Number of
(decimal (decimal number  texture vegetation growing plots
degrees) degrees) of frost season

free days length
(days)

Al  -83673 42.324 175 loam maple 205 9

A2 -84.023 42.457 167 sandy oakmaple 203 21

loam

A3 -84.012 42.459 169 sandy oak 199 2

loam hickory

Bl -85751 44.218 157 sand oakmaple 187

Ci1 -84.714 45.553 164 loamy aspen 205

sand maple

C2  -84.682 45.568 180 sand maple 212 7

beech

C3 -84.673 45.559 180 sand maple 212 3

C4 -84748 45.556 118 sand pineasper 146

oak

D1 -84.141 46.350 161 loamy oakmaple 179 6

sand
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Table 3.

Survival model paramete(mearnt standard deviation) indicate effects on mortality (i.e., higher valuesatednigher probability of
death). Parameter estimates that were significantly different from zero (95% CI does not include zerbplareexcept for the fixed

effects_for. migratory statusvhich are in bold if [aive iS Significantly different fromu migrant

Acer Quercus Quercus Quercus Carya Liriodendron Robinia
Parameter rubrum rubra alba velutina glabra tulipifera pseudoacacia
browse 1.02+0.60 0.81+0.27 1.62+0.49 -1.19+1.30 2.09+0.46 0.17 £0.65 0.36 £ 0.54
disease 227+052 1.11+0.26 159+047 1.74+051 0.23+0.41 0.45%0.56 158 +2.13
herbivory 1.56+052 0.78+0.28 0.34+1.00 1.03+0.46 0.65+0.48 0.78+0.43 0.42+£0.71
light 0.95+0.88 -0.67+£0.53 -0.67 £0.91 -1.57+0.84 -0.36+0.84 0.30+0.75 0.19+0.76
M native -4.06 £0.52 -2.85+0.38 -3.18+£0.55 -291+£0.55 -2.62+0.72 -1.27+£0.44 -2.13+0.47
M migrant NA NA -3.16 £0.54 -3.57+0.49 -3.34+0.51 -227+041 -2.32+0.44
number of leaves -1.67 +0.25 -1.64 +0.14 -1.07 +£0.27 -1.62+0.22 -0.42+0.12 -0.73+0.11  -1.52+0.19
pesticide 0.44+0.16 0.21+0.09 -0.16+0.20 -0.09+£0.25 0.08+0.09 -0.06+0.11 0.09+0.16
planting height 0.03+0.16 -0.04 +0.09 -0.27 +0.19 0.00+0.17 -0.05+0.10 -0.18+0.12 0.06 £0.15
soil moisture -0.63+1.61 -3.57+0.94 -3.29+2.21 -0.15+156 -2.63+1.8 -2.85+0.98 0.98+1.47
time of planting 0.61+0.91 0.59+0.89 0.81+0.89 -048+0.90 0.57+0.83 -048+0.87 -0.99+0.93
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Fig. 1.
Regiors A—D (panel arontained one to fowgites(panel b) which werdocated in distinct
forest types€.g.,sites C1- C4). Each site had between two and 21 plots (white boxes in panel

c). Each plot had between one and three subplots (grey boxes in panel d) to which pesticide o

control treatments were applied.

treatment
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Fig. 2.

Boxplots of the proportion of leaf area affected by foliar herbiyoojumn 1) and disease
(column 2)in midsummer for each species across the latitudinal gradient, extehded from
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the southern region (A) to the northernmost region (D). The box consists of theiostgd sand
third quartiles, the whiskers extend to the 10th and 90th percentiles, the mean is shaoavn wit
circle, the sample size is shown below thegoixfor each site, and different letters above the
whiskers represent significant differences in foliar herbivory between sites. Boxplot tone
represents migratory statudafk gray = native, light gray = migrant). Data from seedlings in

experimental tr@tments are not shown.
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728 Effects of foliar herbivory and foliar disease on seedling survival (estimates from the mortality
729 model are multiplied byl). Parameter estimates below 0 indicate a negative effect on survival;

730 95% credible intervals that cross zero are not statistically significant.

[pe)
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effect of'foliar damagg on survival (mean + 95% CI)
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731 species

732
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737
738  Fig. 4.

739 Simulated seedling survival at invertebrate herbivory levels ranging from 0% {bgtd0%
740 (dark). Simulations assumed average environmental conditions, planting height, number of

741 leaves, and spring planting with no foliar disease or vertebrate herbivory. The dwttelloiws
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742 simulated survival at the average level of observed herbivory across alge@imulations
743 begin one year after planting.
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748  Fig. 5.

749  Simulated,sedohg survival at disease levels ranging from 0% (light) to 100% (dark).

750 Simulations-assumed average environmental conditions, planting height, numbeesf el
751 spring planting‘and no herbivory. The dotted line shows simulated survival at the deeehge
752 of observedfoliar damage due to disease across all regions. Simulations begin ofteryear a

753 planting.
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Fig. 6.

Modeled survival after fivgears for seedlings in ctrol and pesticide treatments (x 1 SD).

Survival estimates include the variability associated with the intercept for each treatment in each
region and-thesaverage effects of herbivory and disease in each region. Surviirabieést

the average coniibns for the following covariates: initial seedling height, light availability, and

soil moisture. Different letters above different bars denote statistically significant difference

and sample sizes are listed below bars.
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