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Abstract: The juxtaposition of plangpecies invasions with latitudinal gradients in herbivore
pressure is an important yet mostly unexplored issue in invasion biology. Latitudiealiol
defense and palatability to herbivores are expected to exist in native plaasdpgdhe

ewlution of these clines may lag behind for invasive plant species resulting paraifel

latitudinal clines that may impact invasion succ€gs. study focused oa native and European
invasive lineageof the common reeBhragmites australisin North AmericaUsing native and
invasive'genotypes &¢f. australis collected across a 17° latitudinal range, we performed
experiments‘in‘replicate northern and southern common gardens to investigate thiestheo
lineagesexhibited different genetaly based latitudinal clines in defenses, nutritional condition
and palatability,to their herbivorethe aphidHyal opterus pruni and the fall armyworm
Soodopterafrugiperda. We also tested whether invasive genotypes are more phenotypically
plastic thamative genotypg and whether plasticity varies with latitude. Although invasive
genotypes did not exhibit higher defense levels (leaf toughness, phenolics, %,dadyowere
considerably less palatabletteeir herbivores than native genotypesnéticbased latitudinal
clines were=evident fdsoth native and invasive. australis and forall defenses, nutrients and at
least one palatability trait for each herbivdre36% of the cases where clines were evident, they
were nonpatrallel between thevo lineages. These data suggest that clines in the invasive
genotypes-oP. australis evolved within the past ~100 years. Moreover, our study showed that
the occurrence and direction of latitudinal clines in plant traits were ooigrdependent on
wherethe study was conducted (north or south), indicating strong phenotypic plasticity in these
genetic-based«clines. Finally, traits for invasive genotyp&s aistralis were 2.5 times more
plastic thanstraits for native genotypes. Interestingly, plasticity for nativedbumvasive

genotypes was strongly dependent on latitude of origin. Such spatial heterogenaitymdthi
betweerthenative and invasiveneages oP. australis with respect to their interactions with
herbivoregangenerate substantial spatial variability in biotic resistance that can have important

implications for the establishment and spread of invasive genotypes and species.
Keywords:biatic resistance, enemy-release hypothesis, Hyalopterus pruniinvasive species,

latitudinal gradients, phenotypic plasticity, Phragmites australiplant-insect interactions, plant

defense, Spodoptera frugiperda.
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INTRODUCTION

One of the moswvell-supportediogeographical patterns in ecology is the increase in
primary productivity and species richness as latitude decréRssenzweig 1995, Hillebrand
2004) Over thepast several decadanuch interest also has focused on latitudinal gradients in
consumerresoeurce interaction®.g., Coley and Aide 1991, Pennings et al. 2001, 2009,
Schemske.et al. 2009, Kim 2014, Cronin et al. 2015). For plant-herbivore interactions, herbivore
damageé'is'expected to increase toward lower latitheesuse of a longer growing season and
more benign'winter conditions (e.g., Dobzhansky 1950, Coley and Aide 1991, Bolser and Hay
1996, Pennings et al. 2001, 208®zlov et al. 2015but see Andrew and Hughes 208%les et
al. 2011). In response, natural selection should femveased defenses or reduced palatability in
plant species at lower than higher latitu@i@sley and Aide 1991, Schemske et al. 2009).
Althoughthis ecological paradigm is deemed too simplistic because it igiea@isacks
betweerplant defenses and herbivore abundance, and indirect andnmypittie interactions
(Kim 2014), latitudinal gradients in herbivory and defense are commonly reported. meta-
analysis by*Males et al. (2011), 37% of the studies showed the expected negative mgdations
between latitude and herbivory. An additional 21% of the studies exhibited a positive
relationship, Fiftyone percenof the studies exhibited latitudinal gradient (positive and
negative)dmdefense level€Even thoughpport for thiparadigm is mixed, latitudinal gradients
in herbivory, defense and other traits related to gi@nbivore interactionare a common
occurrence.

Thesinvasion and subsequent spread of anative specieacross a broad geographic
range isexpectedo be followed by evolutionary changes in response to novel environmental and
biotic gradients A number of studies have documented that invasive species have rapidly
evolved (< 100 years) in response to an emrnental gradient in their introduced range. For
example, Invasive species have evolved distinct climgsowth and fithesselated traits with
latitude(Maron.et al. 2004, Novy et al. 2013, Li et al. 20ttt parallel the clines for the same
speciesn their native range. Although the evolution of latitudinal clines in plant defenses or
palatability'to;herbivores is expected to occur with invasive species, no study hasauered
whether or how quickly latitudinal clines have formed in traits related to plabivbes

interactions.
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The evolution of latitudinatlinesin defenses and/or palatability traits in an invasive
species may have important implications for invasion su¢@ssemer et al. 2014, Cronin et al.
2015). For example, the biogeographic paradigm described prevpesdigts thahative plants
shouldexhibit latitudinalclinesin defense and palatability traitsee e.g., Pennings et al. 2001).
However,an.invasive species may rftvehad sufficient time to evolve a gradig¢hat parallels
the gradients for coccurring native species. These nmarallel gradientsh defense or
palatabilitybetween native and invasive species, particularly early in the invasion pnoegss
create largescale heterogeneity the relative irpact of herbivores on co-occurring native and
invasive plant taxa. As such, in some regions, herbivory may be greateasive than native
plants (supporting the biotic resistance hypothéssgine et al. 2004, Chun et al. 2010) and in
other regionsthe reverse may occur (i.e., biotic susceptibilitg)the only example on this
subject, Cronin‘et al. (2015) found latitudinal gradients in herbivore pressure f@ nati
genotypes oPhragmites australis (Poaceaein the field in North Americalnvasive genotypes
that are sympatric withative genotypes exhibited no latitudinal gradients in herbivore pressure.
These on-parallel gradients in herbivolyetweemative and invasive. australis resulted in
greater herbivere pressure on native than invaswetypes in the south (supporting the local
enemyrelease hypothesigheng et al. 2012) but no difference in herbivore pressure in the
north.Impertantly, the field study by Cronin et al. (2015) did not allow us to assksther the
geographiwariationin P. australis-herbivore traitsvas genetically basethe result of plastic
responses.by the plants to an environmental gradient (e.g., climate), or sonneatiom of the
two.

Phenetypic plasticityvariability in the expression of traits in differerivironmentsis
another possible mechanisghat cangenerate spatial heterogeneity in naiveasive plant
responses to herbivores. Phenotypic plasticity is thought to be beneficial to inveckuse
plastic “generalpurpose genotypes” could have a fithess advantage in founder populations (e.g.,
Richards eal..2006, Chun 2011, Davidson et al. 20 l)ernatively, plasticity may also evolve
in an invasive species in response to the novel environment after coloniratibar(s eal.

2006, Lavergne and Molofsky 200Ti their metaanalysis, Davidson et al. (2011) found strong
support for the prediction that invasive species are more phenotypically plastitatihee
speciesMoreover theoretical models suggest that trait plasticity many alonga climatic
gradient, being greater at range margir@ range interior@Chevin and Lande 2011). A number
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of studies have demonstrated latitudinal gradients in trait plas&cgy,¥aron et al. 2004, De
Frenne et al. 2011, Woods et al. 2012). Consequently, we may egpmturringnative and
invasive species to differ in trait plasticity along a latitudinal gradient wdaalcontribute to
spatial heterogeneity in invasion succdssdate, no study has addressed this possibility.
Although the common ree@hragmites australis, is native and widespread in North
America, aontinent wide invasion by introduced European genotgpBsaustralisin North
America has'been underway for at least 150 y&akonstall 2002)We conducte@xperiments
in replicate’éemmon gardens, one in the north (41.49°, University of Rhode Island) and one in
the south(30.35°, Louisiana State University), to assess whether geasstiatitudinal
gradients existifor different traits associated with the interactions behaéiga andnvasiveP.
australis and its herbivores. Because the study was conducted in a cogarten environment
and maternal effects were minimized, any latitudinal patterns found would be genetically based.
Using multiplenative and invasivgenotype®f P. australis collected across a 17° latitudinal
range in North America (Fig. 1yve quantified plant defense levels (leaf toughness, total
phenolics)sandnutritional condition (percent carbon, percent nitrogen, CN ratio coatent),
and condueted‘experiments to assess palatability to two common and widgspreradist
herbivores;,the mealy-plum aphidyal opterus pruni (Homoptera: Aphididag)nd the fall
armywormySpodoptera frugiperda (Lepidoptera: NoctuidaeyVe tested the following six
hypotheses. (1peneticbased latitudinal clines for plant defenses and palatability to herbivores
are evident for native. australis genotypes. (2) 8causdcuropean invasive genotypes may not
have had sufficient time to evolue response ttheir novel environment, latitudinal clines in
defense and.palatability traits will be abseniveak, and thus noparallel to the gradients for
thenative (genotypes. Based on differences between reptioatmongardens, we also tested
the hypotheses, that (3) invasive genotypes are more phenotypically plastic than nati
genotypes,. (Bplasticity varies with latitude, an8)(latitudinal clinedor each lineage differ
between gardens)dicating that these clinese phenotypically plasti¢inally, in light of our
findings withiregard to the previous hypotheses, welesthypothesis th6) acrossa broad
latitudinal range in North Americ&uropean genotypes Bf australis are successful invaders
because thegre better defended and less palatable to herbivores than native genotypes. Support
for this latter hypothesis would suggest that native communities have low biotic resistance to
invasion by EuropeaR. australis.

This article is protected by copyright. All rights reserved



131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

METHODS

Study system

Phragmites australis is considerech modelorganism for the study of plant invasiofar(
a detailed discussion, shkeyerson et al. 2016Phragmites australisis a tall and robust
perennial grass of coastal and freshwater mamstiesanearly worldwide distributiofMarks et
al. 1994, Lambertini et al. 2008) wasan uncommon species of wetland communities in North
America formillennigbut exhibited dramatic and rapid spread over the past ~150 years,
particularly in the midAtlantic region of North AmericéChambers et al. 1999). The rapid
spreads atiributed to the introduction of an invasive Eurasian genotype in mid (@b8mbers
et al. 1999,Saltonstall 2002). Additional introduced genotypes have been discoverdwefrom t
Atlantic and Gulf Coast regions of North America (Lambertinile2@12, Meyerson and Cronin
2013). At least 14 genotypes of natReaustralis lineage aralistributed throughout North
America(Saltonstall 2002, Meadows and Saltonstall 2@G0W)have been reported to be
threatenedrhy-the spread of invadivaustralis genotypes (Meyerson et al. 2010). Phylogenetic
analysis revealed that native and introduced genotypes belong to two differen{lotadaier,
lineagespften regarded as separate subspé&8abkonstall002). Hybridization is shown to
occur betweemative and invasivgenotypes in nature (Saltonstall 2003, Paul et al. 2010,
Saltonstall et al. 2014).

Amang the most common and important herbivoreB. alustralisin North Americaare
several introduced specjescluding the mealy plum aphhd. pruni andseverakpecies ogall
flies in thegenusLipara (Diptera:Chloropidae) (Tewksbury et al. 2002, Lambert et al. 2007,
Allen et al. 2015Cronin et al. 2015). Native. australis genotypesuffersubstantially greater
herbivore damage than the invasive genotypes (Lambert and Casagrande 2007, Allen et al. 2015,
Cronin et al..2015). Moreover, native genotypes but not invasive genetyipied latitudinal
gradients in_herbivore damaffem the threamajor feeding guilds (sucking, stem-feeding
[galling], and*€chewing) along the Atlantic and Gulf coasts of North America (Cedr@ih 2015).
Leaf tissue'lass from chewing herbivores and incidence of stem gallers (pribnpaiig spp.)
decreased with increasing latitude whereas densitids@iuni increased withncreasing
latitude. These results suggest that nadBvaustralis genotypesre more likely tdhave evolved

latitudinal clines in response to herbivore pressure.
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163 Plant defense, nutritional and palatability traitsin common gardens

164 We established replicate common gardens at Louisiana State University, FBaige,

165 LA (LSU: 30.35° -91.14°) and the University of Rhode Island, Kingston, RI (URI: 41.49°, -

166  71.54°, Fig.d). A small clump of rhizome was collected from 12 native and 16 invasive patches
167  from the Gulf and Atlantic Coasts of North Ameri¢ag. 1, Appendix S1). The rhizome

168  material'was'split between the two gardens and propagated. Henceforth, we refer to each

169  rhizome source assource genotype. Owing to sprouting failures, mortality during propagation,
170  and slow growth of some genotypes, the number of genotypes and their identity did not perfectly
171 match between gardeasthe timeof our experimental studieSeven native and 13uvasive

172  genotypes'survived #teLSU garderwhereas 10 nativend 15 invasive genotypes survied

173 URI. Fournative anceightinvasive genotypes were common in both gardens in 2012 when the
174  majority of the traits (defense, nutritional traits and palatabilityt.tpruni; see below) were

175  quantified (Appendix S1 The URI garden represents a moderate tempecate climate, is

176  roughly atthe=midpoint of the distribution of naetgenotypes used in our gardens, and is not far
177  from where invasiv®. australis first became established in North America (Saltonstall 2002). In
178  contrast,the LSU garden is subtropical, close to the southern range limit oféngesbtypes,

179  and is ~7Z00°km south of our southernmost native population.

180 We used identical methods for the propagation of plants in each garden, including soll
181  type and watering, fertilization and insecticidal treatment regiRieigomes were planted in

182 Metromix®seikin 19 liter nursery pots and maintained in outdoor plastic pools filled with fres
183  water. Pants.were propagated vegetatively to get at least 32 pots per genotype. Thetefore, al
184  plants in hoth gardens that belong to a source genotype were clones. Source gemogy/pes

185  randomly distributed within each garden. By growing the plants in the gdateatdeast one

186  year prior to.the start of our study, maternal effects that mmffounddifferences in plant traits

187  were minimizedPlants were fertilized with Mega Green organic fertilizer upon detection of leaf
188  yellowing and"Sprayed regulanith Safef’ insecticidal soap (Woodstream Corp., Lititz, PA) to
189  protect them from unwanted herbivores. Safer soap was used because it has a very short (< 2
190  week) residual time on the plank$yalopterus pruni was the most common pest in the garden

191  and the insdcidal treatment was effective in keeping them at low abundances leading up to the
192  start of the experimentall palatability experiments described below were conducted with stems
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193 that had no visible herbivore damage or traces. We therefore expected little to no effects of
194  background herbivores on plant growth and fitness traits.

195 Because we prevented seed production by clipping and removing panicles before seeds
196  were produced and only rhizomatous growth occurred in our gardens, it was not possible for the
197  clonal populationso evolve in response to the local clima&@ensequently, differences in mean
198 trait values,between planfslones)from the same souraggenotype, but from gardens separated
199 by 11° latitude;should be the result of phenotypic plasticity in tha{iaiton et al. 2004,

200 Colautti et'al"2009, Woods et al. 2012).

201 Caging experiments were performed to assess the palatabMtyadtralis genotypes to
202  herbivoressfram two feeding guilds: the mealy-plum aphigruni and the fall armyworns.

203  frugiperda."Hyalopterus pruni is an invasive pest of dried plufr(nus domestica) that was

204 introduced from Europe and udesaustralis as a secondary host plghbzier et al. 2009)It is

205  one of the most widespread herbivore® odustralis throughout North America and Europe and
206 can produce massive outbreakith severe damage t australis stands (Cronin et al. 2015).

207  First recordedsin California in 18§$5mith 1936)t was probably introduced to North America
208 after the introduction of invasivie. australis (Lozier et al. 2009)Consequently, the native and
209 invasive lineagesf P. australis in North America most likely had an equivalent amount of time
210 to adapt.teraphid herbivory and evoblaes. Therefore, we may expect parallel latitudinal

211 gradients for traits associated wihpruni herbivory between native and invasReaustralis.

212 Spodoptera frugiperda is native to North America and is a serious pest of cereal crops
213 (Sparks 139)t.is known to feed on many grass species incluBirapstralis (Sparks 1979,

214  Bhattarai2015):1t overwintersonly in the mild climates adouthern US and reinvades most of
215 the US and southern Canada every year (S@&%8). The annual northward invasion by this
216  species Is likely.to result into a latitudirgrbdient induration and intensity of herbivory on the
217  host plants. Native genotypesRfaustralis, which have had gotentially long history of

218 interaction withthese herbivores, are expected to exidbitudinal gradientdor traits associated
219  with theP. australis - S frugiperda interaction In contrastsuch gradients may not exist for the
220 invasive genotypes due to their relatively short history of interaction.

221 Because the phenological statéPobustralis is likely to affect plant physiology,

222 nutritionalcondition, defense levels, and herbivory (e.g., Liu et al. 2011, Lehndal and Agren
223  2015), our palatability experiments were designed to minimize differences irppEamilogy
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between gardens and among source genotypes within gardens. However, phenology is a difficult
concept to apply to grasses in the middle of their growing season becauseetbegstantly
producing new shoots. For example, within a pd®.adustralis during late spring or summer,
there is cansiderable variability in plant phenological s@tasequentlymetrics such as
growing degree days (GDD; McMaster and Wilhelm 198)e limited valuén these cases
Therefore, .to_ minimize variation among experimental plants, we did the follokinst. the
experiments'were timed to coincide with when the aphid colonies were wbliststd ands.
frugiperda'caterpillars were presein the region. Second, we chose mize (growing) stems
that were lbetween 0.75 and 1.25 m in height. Finally, within a stem, we chose the uppermost,
fully open leaf-forH. pruni or the upper 3-0 leaves fof. frugiperda cages.

Palatability to H. pruni. To assess the palatability®faustralis genotypes to aphids, we
caged aphids on plants and measured colony grdWibt.bioassayand othepalatability
metrics described belowhtegrates the effects of multiple plant defensive and nutritional traits
on the herbivore’s survival and reproduction (i.e., fitness) and is theeefooge holistic
measure ofplant resistance (Kim 2014). The source of aphids was a naturally octamdngf s
P. australiswithin 80 km of each common garden. For ethical reasons and to minimize the
genetic variation among aphids within each garden, we used a single source population of aphids
for each garden. Cages for the aphid experiment were condtusitgy five cm lengths of clear
acrylic tubing (2.8 cm in diameter, 0.1 cm in thickness) that were inserted oVeratlstralis
leaves. The ends of the tubes were sealed with closetbam plugs that had a small fine
screen window,cut into their cems for air circulation (se&ppendix S2 Fig. SJ. Aphid
colonies weresinitiated with two adult aphids caged on the youngest fully open leaf on a
randomly selected stem from each pot. Aphids reproduce parthenogenetically and produce a
colony within a few days. After 10 d, leaves with aphid colonies were collectesptraed on
ice to the laboratory, and stored in a freezeR@t C. With a suitable host, aphid colonies can
increase in.size by 100-fold in 10 d without any evidence of leaf deteriorattesaurce
depletion due“to intraspecific competition (G.P. Bhattarai personal observation). Aphids per
colony wererenumerated and then dried at 40°C for two days. Dry mass of each colony was
determined using a Mettler microbalance (0.1 mg precision).uBecagphid mass was strongly
correlated with aphid colony sizR € 0.878,P < 0.0001) we used only colony size in

subsequent analyses. Aphid colony survival was determined as the proportion of céges per
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255  australis sourcegenotype that had a viable aphid colony after 10 d. Survivorship and colony size
256  were used as indicators of plant palatability to the aphids. The aphid experimennaasted

257 at LSU from April 1323, 2012 with nine introduced and five native genotypes (20 cages per

258 genotypg, and repe&d at URI from June 17-27, 2012 with 12 introduced and six native

259  genotypeg8-12 cages pegenotype). The experiments were performed two months later in the
260 URI than LSU garden so that plants were in comparable developmental(stagesvo

261  months'old)in“each garden.

262 Palatability to S. frugiperdaFor S. frugiperda, we also performed a caging experiment

263 and measured the performance of individual larvae feeding on plants from each snotggege

264  For both gardenss frugiperda were obtained as egg®i the same source (Benzon Research

265 Inc., Carlisle, PA) and larvae were reared in the laboratory on artifieigbibvided by

266  Southland Products (Lake Village, AR). At the fourth instar stage, the mass of each larva was
267 determined, and those larvae witld0-50 mg were selected for the experiment. Sleeve cages

268 (45x60 cmi.or 60x75cmin size) were built using fine insect netting. The cage was inserted over
269  the upper portion of a stem (containing 5-10 leaves) and enclosed around the stem tirthe bot
270 usinga cabletie (seAppendix S2: Fig. SR A single caterpillar was released into each cage

271 through a*hole cut open in the top of the cage. The hole was subsequently stapled closed. Within
272  each potga'Single stem was selected at random for a cage. The experiment was terminated after 8
273  d, beforeany caged plants had all available leaf material consumed 3/ fifugiperda and

274  before thelarva could mature to the pupal stage. Each larva was collecisgbii@d on ice to

275  the laboratorysand its fresh mass was determined using a Mettler microbalancegtawtital

276  was calculated as proportional change in fresh biomass during the expehnfieal (nass [mg]

277 - Ininitial mass [mg])Survivorship of larvae on each source genowfge. australis was

278 determined as the proportion of cages with a live larva at the end of the expehilindiet cases

279  in which the larva died before the termination of the trial were excluded fromnahesas for

280 palatability traits related t8. frugiperda (see below).

281 We.took photographs of all the remaining leaves inside the cage to quantify leaf area
282  consumedby,each larva. Using Imaffedsband 2014)we quantified the remaining leaf area

283 (cnm) for each plant and estimated wensumption leaf area by extrapolatibeaf area

284 consumed by each larva was estimated as theqmeumption leaf arealeaf area remaining

285 after 8 d. We used leaf area consumed and not proportion leaf area consumed because the total
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leaf area within a cage was variable and abundant (nevey templetely consumed), and
therefore, the former measure is more informative. The amount of leaf area consumed by larvae
could be an indicator of plant defense levels (e.g., Coley 1986). However, herbivores may also
consume more to compensate for the lower quality of leaf tissues (Mattson 1880y, e
determined.biomass conversion efficiency of larva (larval growth perlgh@rga of leaf
consumed). Leaf area measurements for plants with dead or missing larvae were excluded from
the analyses."These four variablasyal survivorship andjrowth leaf area consumed, and
biomass conversion efficiency, were used as the measurements of plant palatability to chewing
herbivores. The experiment was performed on May 23-31, 2013 including nine native and 13
invasivegenotype420 plants pegenotype) at LSU garden, and on Augudi5/-2013 including
six native andeight invasive genotygéslO plants per genotypaj URI.

Plant defense and nutritional traits. Plant characteristics related to defense and nutritional
quality were measured concurrently with thepruni experiment and from the same pots as
those with.cages. Water content of leaves has been shown to have a positive relatitnship w
populationsgrewth rate of aphids (e.g., Johnson 2008, but see Woods et al. 2012) and
lepidopteran larvaéScriber and Feeny 1979)ater content of leaves was estimated as the
proportion-ef water per unit fresh biomass of three newly opened leaves colteatesbich pot
(n = 10 pergenotype). For nutrient analysis (percent carbon, percent nitrogen anib)Chheat
top three leaves were collected from a single plant per pot (n = 5 pgfsrzeypé. Leaves
were lyophilized and ground to a fine powder in the laboratagf nutritional levels were
assayed usingsan elemental analyzer at Brown University Environmental Chemistry Facilities

(http://wwwebrown.edu/Research/Evchem/facilitjeslerbivores often prefer and perform better

on plants with higher % nitrogen (Mattson 1980, Agrawal 2004). Also, carbon content of leaves
has been shown to influence herbivore performance (Agrawal 2004, Cronin et al. 2015).

Leaf toughness (force [kg] reged to push a blunt steel rod [4.8 mm in diameter]
through the leaf) and total phenolics concentration were our measures of plant cejeirsss
herbivores-As a member of the Poac&aaustralis defenses are likely limited to structural
defenses anghenolics (McNaughton 1979, Tscharntke and Greiler 1995, Strauss and Agrawal
1999). In our field surveys (Cronin et al. 2015), leaf toughness and phenolics were negatively
related to leafirea consumed by chewing herbivores and aphid density, respediisely a
penetrometer (Itin Scale Co., Inc., Brooklyn, NY), toughness was measured for the fally ope
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317 uppermost leaf from a randomly selected stem per pot. Leaf toughness was also measured for the
318 top-most leaf inside each cage of ®drugiperda experiment in 2013. Total phenolics (nM/g of

319 dried leaf tissue) were estimated using a modified version of the Emloalteu method

320 (Waterman and Mole 1994, Cronin et al. 2015).

321
322 Statistical methods
323 Ourprimary objective with this study was to determin. ifustralis trait variation

324  within a common garden is genetically based, and particularly whether this genatiowvavas

325 attributedto differencdsetweerlineageqnative, invasivejpnd/orwasrelatedto latitudeof

326  origin of the genotype (i.e., a geneliased cline)A secondary objective involved usisgurce

327 genotypeshat were shared between common garderssess/hethertraits associated witR.

328 audtralis— herbivore interactions are more phenotypically plastimfasve than native

329 lineagesFor the primary objective,awused mixegffects or general linear models to test

330 whether each plant defense, nutritional, and palatabilityvasied between gardens, lineages

331 andalong arlatitudinal gradienGarden (LSU, URI)lineage(native, invasive), and latitudef

332  origin (hereafter, latitudeffec) were treated as fixed effects, and sourerotype w@sa random

333 effect Withuuniquely coded source genotygsseAppendix S1), that belong to either native or
334 invasive lineage, included in the modelbasandom effeabur model structure was equivalent to
335 a nesteegmodel(i.e., genotypes within a lineage)

336 Several traits required a slightly different analytical approach. Aphid colony size (number
337 per cage) waswPoisson distributed. Therefore, for this trait, we used a generalized mixed effect
338  model withekaplace estimation method and Poisson distributiomrafséBolker et al. 2009). To

339 account far overdispersion of the count data, an observatehrandom effect was also added

340 to the model (Bolker et al. 2009). Because we had a single estiméteraihi andS. frugiperda

341 larval survivorship per sour@enotypewe could not assess a sougemotypeeffect for these

342  two traits. Therefore, survivorship of aphids and larvae were analyzed using geearal |

343  models. Finally, because we measured leaf toughness in 2012 and 2013, we included year as a
344  random \ariable in the linear mixedffects model for this defense trait.

345 To help normalize data distributions and homogenize variances among categories (i.
346  gardens, lineages), % carbon, % nitrogen, CN ratio, total phenolics and leaf ar&a wer

347  transformedQuantilequantile plots were also used to identify potential outliers in the
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348  distribution of trait estimates. However, in no case did the removal of thegeodatsa

349  qualitatively change the conclusions of the model.

350 For each dependent variable, we usé&dike’s Information Criteria corrected for finite
351  sample size (AlICc) to select the most informative model (Burnham and amd2010). The

352 full model ineluded all random and fixed effects plus all two- and thuageinteractions. In

353  addition, we included quadratic term (latitudgto evaluate whether the relationship between
354 the traitandlatitude was nonlinear. Candidate models were constructedlusossiale

355 combinationsof the variables including one with no fixed effect, but with two restsdEirst,

356 interaction terms could only be present in the model if their main effects were also present in the
357 model. Seeond; the random effects (sogeeotype and the repeated measure of toughness)
358  were retainedin every model combination. Without this underlying structure to the, thedel
359 design would be pseudoreplicated.

360 Candidate models were ranked by AICc from lowest to highest value and AICs with a A;

361 value (= AICG - AICcCnjin) Of <2 were deemed to have substantial support (Burnham and

362  Anderson202Q)We also report the AlCc weightwi( which indicate the weight of evidence (as
363  a proportion)iin‘favor of modelbeing the best model given the set of candidate models.

364 Goodness.of fit of each mixed effects model was repagedarginal R, variance explained
365 by fixed effe€ts) and condition& (R?;, variance explained by the entire model) that are

366 comparable in interpretation to the coefficient of determinaBrfor linear model§Nakagawa
367 and Schielzeth 2013). All analyses were run in R 3.2.0 (R Development Core Team 2015) using
368 Ime4 (Bates'etal. 2014) and AlCcmodavg (Mazerolle 2015) packages.

369 TheAl€cbest models foeach traitvere used tevaluatehe hypotheses outlined in the
370 Introduction.The pesence of &atitude effecin the model would suggetitat there is a genetic
371  based latitudinal cline iR. australis (Hypothesis 1). The addition of iméage x latitude

372 interactionin.the best model would further indicate the existence ofpawalel latitudinal

373  gradients betweethe native and invasive lineadelypothesis 2). Otherwiséhe absence dhis

374 interactiontermwould suggest parallel latitudinal gradiefas, more appropriately, no evidence
375 that gradients,differ between lineayyes garden effect inhe best model would suggest

376  phenotypic plasticity in the trait (Hypothesis 3) and a garden x latitudadtitar would support
377  Hypothesis 4 thathe degree of plasticity for a trait (i.e., the difference between gardens) varies
378  with latitude of origin ofthe plants. Ahreeway interactiorbetween fixed effects (Garden x
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Lineage x Latitudeyvould support our Hypothesis 5 that the slopes ofdtieidinal clinesor

each lineagéiffers between gardens.e., the latitudinal gradient for each lineage is
phenotypically plastic Finally, if a lineage effect is present in the best model and plant defense
trait values are higher or palatability is lower for the native than invasive lineage, it would
support the biotiresistance hypothesis ybothesis 6).

In cases where the Al@mest model included a garden interaction term (Garden x
Lineage, Garden katitudeand/or Garden kineagex Latitudeinteractions), we repeated the
modelselection'procedure for each garden to better elucidate the liaeddgtitude effects on
each trait. In this case, candidate models included all combinatitineagde, latitude and the
lineagex latitudeinteraction, as well as a model with no fixed effects. If latitude (or latitude and
lineagex latitudeinteraction)was in the AlCebest model for a particular garden, we performed
mixed effect analysas determine the relationship between latitude and the trait for each
lineage

We performeda separateorrelation analysifor each gardeto examine whether plant
palatabilitytraitswere linearly related talefense and nutritional traitBlantlevel measures of
putative defense (leaf toughness, total phenolics), nutritional (water contenitogemj %
carbon, C:N, ratio) and palatability (aphid colony slaevd growth, leaf area chewed and
biomass.conversion efficiency) were used in the pairwise correlation ar@gaison’s product
moment correlatiorR)). Nutrient concentrations and leaf area chewed WwetransformedP-
values were adjustddr multiple canparisons using a Bonferroni correction.

Forthessecond objective, we quantified phenotypic plasticity in defense, nutrithmhal a
palatability‘traits foP. australis genotypes that were present in both common gardens (4 native,
8 invasive;Appendix S). We could not assess plasticity in palatability to aphids because the
aphids were obtained from different source populations located nearby each gardeh, As suc
differences.in palatability to aphids between gardens could also be due to geregn@if
between aphid/source populations (e.g., local co-adaptation between southern aphids and
southern pepulations &. australis). Plasticity for each trait antheagewas measured as the
proportionakdifference in mean trait expression between gardens; e.g., effect size = [mean leaf
toughness for native genotypatsL SU— mean leaf toughness for native genotygtddRI1]/mean
leaf toughness for native genoty@d.SU.Lineage means per garden for each trait were
obtained from the leasiguares means from the linear mbeftects model outlined above (or
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the alternative models fdarval survivorship, and leaf toughness) that contained garden and
latitude as fixed effects argenotypeas a random effect. For all traits, the effect size for native
lineage(x-axis) was plotted against the effect size for invakngage y-axis). If the data point

for a trait falls above the 1:1 line, it would indicate that plasticity for that trait is greater for the
invasive than.native lineage. Data points below the line would indicate the oppos#tewise

t-test was performed to assess whether plasticity for the native and invasive laifagss for

all traits‘combinedHypothesis 3). Finally, we also computed plasticity for each source genotype
of P. australisand used ANCOVA toxamine the effects of lineaged latitude on plasticity for

each defense and nutritional trait (Hypothesis 4).

RESULTS
Defense and nutritional traits

The phenotypic expression Bf australis defense and nutritional traits was strongly
influenced by plant lineage and latitude of origin, and also was strongly modulated bytlvehere
study wasseonducted (LSU or URI). The best model, based on AICc weights, included latitude
for all six traits{(lehtoughness, total phenolics, water content, % nitrogen, % carbon, and CN
ratio) andhineagefor four traits (total phenolics, water content, % nitrogen, and CN (atible
1, Appendix’SR Interestingly, in all cases whdieeagewas present in the basibdel, so was a
lineage Xatitudeinteraction; an indication that native and invadimeagesexhibit nonparallel
genetically.based gradients in these tr&itsally, not only was the garden where the study was
conducteddmpertant in all casé&saple 1 seeAppendix S3 Table Sifor detailed informatiojy
there were'many interactiomms/olving gardenlineageand latitude of origin.

The defensive traielaf toughneswas negatively related tatitude, decreasing by 51%
between our southernmost and northernmost genotifaps2A, Table ). Plants from th&SU
garden exhibited steeper declines in toughness with increasing latitude thtarfrpla theURI
garden (garden hatitude interaction)Because of thgarden x latitudénteraction in the best
model, we.eonducted separate moskdection procedures for each garden to explore the effects
of lineage, latitude and their interactions on leaf toughrésthe LSU gardemative and
invasive lineagebad parallel latitudinal clines in leaf toughnessl{neage x latitude
interaction in the AlCéest model; Appendix SJable S2. There was a significant negative
relationship between toughness and latitude for the invasive genotypes taldtibeshipyvas
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not significant for the native genotypes (Fié, 2Appendix S3 Tables S2 and $3n contrast,
total phenolics were 34% higher for native than invasive genotypes and 96% higher for plants
grown in the LSU vs. URI garden (FigB2Appendix S3 TablesS1, S4 and S5). At tHeSU
garden, tatal phenolics for invasive and natimeageddid not vary with latitude of origin
(Appendix S3.Table S2. However, at URItotal phenolics increased with latitude for native
genotypes butdid not vary with latitude for invasive genotyjiesage x latitudend non-
parallelclinesAppendix S3: Tables S2 and)S3

Similarto total phenolics, the AICc best models to explain water content, % nitrogen and
the CN ratio were the same and included all main factors and tfeid2Bway interactions
(Table 1, Appendix S3). AlICc weights for these models (the likelihood of the modelthee
candidate models considered) were > 0.93. Water content was 8% higher for native tham invas
genotypes and' 4% higher for plants grown at URI vs. LSU (Fig. 2C, Appendix S3: Tables S4 and
SH). At LSU, water content decreased with insiag latitude for bottineagesutthe
latitudinal elines were neparallel (ineage x latitudénteraction in the AlCdest model;
Appendix S8TFables S2 and $3At URI, the invasive genotypes exhibited a significant negative
latitudinal ¢line‘in watecontent but no cline was evident for the native genotyples absence
of alineage.x latitudénteraction in the AlCédest models suggest that these two clines are not
different (Appendix S3 Table S2. Lineage, latitude and their interaction wargortant factors
contributing to variation in % nitrogeat URI but were unimportant to % nitrogen at L3b(
2D, Appendix S3 Table S2. At the URI garden%o nitrogen increasesignificantlywith latitude
for the native'genotypes but declined (non-gigant) with latitude for the invasive genotype
(nonparallekeline;Appendix S3 Table S3. Overall, % nitrogen was similar between the native
and invasive genotypes (3.13 + 1.04% &rfD + 1.02% respectively; mean s£). For CN ratio,
the slopes ofhe latitudinal clines at URI were in the opposite direction as for % nitrogen and
was only significant for the native genotyp&gy( 2F, Appendix S3: Tables S2 and SBhe
difference.in.CN ratio between lineagdsnged between gardens (garddimeageinteraction;
Fig. 2F): thetCN ratio for invasive genotypes was 4@2dteater at LSU anti3.3% less at URI
than for native,genotypes. Finally, the AlCc best model for % carbon included only garden,
latitude and their interactioméble 1 Appendix S3)Mean % carbon was similar between native
and invasivdineageq45.46+ 1.01% and 45.2% 1.0Q%, respectively)On average, the %

carbon declined by 1.7% from the south to the north and the relationship was only evident for the
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plants at the LSU garden (e thegardenx latitudeinteraction;Fig. 2E, Appendix S3 Table
S2. Only for the invasive lineagat LSU was there a significant latitudinal clidgppendix S3
Table S3.

Palatability.te-herbivores

Traits associated witR. australis palatability toH. pruni andS. frugiperda were strongly
influenced by the garden in which the study was conducted and plant lineage, and to a lesser
extent latitudeFor aphid colony size, the best model inclutiedage latitude, garden and a
garden Aineageinteracton (AICc weight = 1.0, Appendix S3ableS1). Aphid colony size
was strongly affected by lineaged latitude at both gardens (btitteages parallelnegative
latitudinal gradients) [Fig. 3A, Appendix S3: Tables S2 and)SZhegarden x lineage
interactionwaspresent in the model because theesa 26-old difference in colony size
between native and invasive genotypes at LSU but onljoldSlifference at URIKig. 3A).
After accounting for the garden effect, aphid colony size averaggohd4 larger for native than
invasive genotypes (Appendix SBable S4. Based on pairesheasurements obtained frdtn
australis stensyaphid colony size was positively correlated with water content in both gardens
(LSU: R=0.39,P < 0.01; URI:R=0.23,P = 0.04; Appendix S4) and total phenolics in the LSU
garden R="0.53,P < 0.0%2 Appendix S4)No other nutritional or defense trait was correlated
with this palatability measure.

Similar fixedeffects were included in the best model for aphid survivpréhiCc
weight = Q/51R = 0.628; Table 1, Appendix S3). Aphid survivorship was 32% higher on native
than invasivgplants and declined with increasing latituéfeg( 38, Appendix S3Table S3.
Mean survivorship was estimated to3% in the southernmost genotypes and 70% in the
northernmost genotypé€a 24% change). As with colony size, the difference in aphid
survivorship.between native and invasive genotygiesSU @6%) is much greater than the
difference.at. URI 18%). At URI, thenative and invasiveneagesexhibited parallel negative
latitudinal.elines for aphid survivorship but at LSU, the negative latitudinalscliree not
significant(Appendix S3 Tables S2 and $3Because we haohly a single estimate of aphid
survivorship peP. australis sourcegenotypewe could not assess correlations between this trait

and nutritional and defense lesa@n a peplantbasis.
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502 Forthe four traits associated wikh australis palatability toS. frugiperda, the main

503  sources of variation in the AlGmest models were garden dmeeage(Appendix S3. For all

504 traits, native genotypes were more palatable than invasive genoty®dsutpperda larvae.

505 Larval growth rate, survivorship, leafea consumed and biomass conversion efficiency were
506 61%, 11%,.14% and 33% higher on native than invasive genotypes, respectively (Fig. 3C-F,
507 Appendix S3Table S4. Interestingly, LSU plants were more palatable than URI plants. After
508 accountingforthe effects bheage larvae grewl42% larger, had 17% higher survivorship,
509 consumed5% more leaf tissue, and wes8% more efficient at converting plant biomass to
510 larval biomass on LSU than URI plants (Fig. 3C-F, AppendixTaéBle S%. With regard to

511  biomass cenyersion efficiencye difference between lineageas only evident in the URI

512 garden garden’x lineagmteraction) and the relationship between conversion efficiency and
513 latitude was affected by bolimeageand gardenliheagex latitudeandgarden Xatitude

514 interactions). At the LSU garden, there was no latitudinal gradient in converSaenely (Fig.
515  3F, Appendix S3 Table S2. However, at the URI garden, conversion efficiency declined with
516 increasingslatitude but only for the invasive genotypesiiblineage x latitude interactiofig.
517  3F, Appendix'S3: Tables S2 and SBjnally, S. frugiperda palatabilitywas generally negatively
518  correlatedwwith leaf toughness and positively correlated with % nitr@ggeendix S4). The

519 correlations®were strongest in the LSU garden where leaf toughnesgmiéisantlynegatively
520 related tdarval growth rate R=-0.21, P < 0.01)and leafarea chewedR =-0.20,P < 0.01) and
521 nitrogen was significantly positively correlated wittomass conversion efficiencRR € 0.40,P

522  =0.04). AtURI, the direction of the relationships between leaf toughness and % nimdgen a
523  frugiperda palatability were similar to those found in the LSU garden but only one relationship
524  was significant larval growth rate and % nitrogeRE 0.8, P = 0.05) Interestingly, water

525 contentwas negatively correlated with leafea chewed in the LSU gardéh= -0.26,P = 0.04).
526

527  Plasticity intrait responses

528 We. found strong evidence that plant traits associated with herbivBryaustralis were
529  phenotypically.plastic, more so for invasive than for native genotyywesaged across all 10
530 traits(aphid traits were excluded; see Methodsg¢ant SE plasticity (proportional difference

531 between the two gardenf®r the invasive genotypes w3 + 0.11and for the native was.09
532 +0.08 a statistically significant56% difference(ts = 2.708,P = 0.024, Fig. 4)These large
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differences inrait expression betweaegyardens, for both lineagdikely underliethe ubiquitous
garden effect in the previous analyg@ppendix S3Table ).

Irrespective oP. australis lineage plants reared @he URI garden were more nutritious
and lessvell defended than thosg#LSU. Plants reared at URI hdeél greatedeaf water content
and had 24%.more nitrogen than those at LSU, whereas plants at LSU produced 131% tougher
leaves 58% more total phenolics and 23greater CN ratithanplantsat URI (Appendix S5).
Despitethe higher defenses and lower nutritairL SU, plants grown at LSU were more
palatable to"herbivores than those at URihid colony size wa$7%greater at LSU than at
URI (Appendix S5)S frugiperda larvae consumed two times more leaf areaeatibited a
24%% highergrewth rate at LSU than in URRAppendix S5)Finally, bomass conversion
efficiency of larvae was 137% greatelL&®U than URI Appendix S5).

When trait plasticity was measured for e&claustralis genotype, we found that it varied
with latitudefor 4 of 6 traits innative genotypes and only 1 ofréits ininvasive genotypes (Fig.
5, Appendix S6). For native genotypes, plasticity in leaf toughness, water content, and %
nitrogen decreasgérig. 5A,C,D) andplasticity in the CN ratio increaseBig. 5F) with
increasing latitude of origirFor the invasive genotypes, leaf toughness was the only trait in
which plasticity varied with latitude a relationship that paralleled the one for native genotypes
(Fig. 5A)..Fhe difference between lineagaghe relationship between plasticity and latitude for
total phenolics, water content, % nitrogen and CN ratio are indicated by a sigrifieage x
latitude interaction in the model ANCOVAAgpendix S6)We also examined whether these
latitudinal trendsvere driven by invasive genotypes collected from southern latitudes beyond the
distributionalrange of native genotypes. &®lyses of these dagacluding those genotypes
(collected from the sitesouth of 36° latitudedlid not qualitatively alter the results.

DISCUSSION
The juxtaposition of plantpecies invasions with largeeale gradients in herbivore
pressure andnative planerbivore interactions is an important yet mostly unexplored issue in
the field of invasion biology (Bezemer et al. 2014, Cronin et al. 2015). Our study is the first to
demonstrate genetlzased latitudinatlinesfor traits related to plarterbivore interactions
involving sympatricinvasive and nativepeciegor lineages of theame speci@sThese data
suggest that clines in the invasive genotypd?. atistralis evolved within the past ~ 100 years.
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564 In 36% of the cases where clines were evident, the clines for native and invasive lineages were
565 not parallel. Moreover, our study showed that the occurrence and direction ofriatittiches in

566  plant traits was commonly dependent on where the study was conducted (LSU orrdRi)y st

567  suggesting that environmental context is an important driver of the expressiontdfgitaand

568 clines in those.traitdJntil now, this phenotypic plasticity in latitudinal clines faaits related to

569  species interactiontsas never been reportdenally, we found that invasive genotypes were 2.5
570 times more"plastic than native genotypesthe nave genotypes were much more likely to

571  exhibit significant latitudinal variability in phenotypic plasticity than tiveaisive genotypes.

572 Overall, this study suggests that traits associatedRvistralis interactionswith its herbivores

573 are under streng genetic and environmental controls and they vary between co-occuveng nat
574 and invasiveP.australis genotypes across their latitudinal range in eastern North America. Such
575  spatial heterogeneity within and betwemeageswith respecta their interactions with

576  herbivores _has the potential to generate substantial spatial heterogehgiticin

577  resistance/susceptibility that can have important implications for the establishment and spread of
578 invasive genotypes and species.

579

580 Latitudinal clinesin plant-herbivoretraits

581  Hypothesis?: Genetic-based latitudinal clinesfor plant defenses and palatability to herbivores

582 are evident for native P. australis genotypes.

583  Hypothesis2: Because invasive genotypes may not have had sufficient timeto evolvein

584 responseto its novel environment, latitudinal clinesin defense and palatability traits
585 will"beabsent or weak, and thus non-parallel to the gradients for the native genotypes.
586

587 Genetic-based clines. In our study, support for the hypotheses tiattve genotypes

588  should be more likely to exhibit genetiased latitudinal clines than invasive genotypes

589  (Hypotheses l.and ®jasmixed.At least one cline was evident for each defense and nutritional
590 trait, and for@at least one trait associated witlgaility toH. pruni andS. frugiperda.

591  However, létween the two gardens, there were twice as many latitudinal clines in plant

592  herbivore traits for the invasive genotypes compared to the native genotypes (&es 4 cli

593  respectivelyAppendix S3 TableS3). Moreover, in only one instance was a latitudinal cline for
594  a particular trait evident for botimeageqwater content).
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Although it was strongest in the LSU garden, leaf toughness of native and invasive
genotypegenerallyincreased with decreasimafitude. As herbivore pressure in naturally
occurring patches d?. australis is higher at lower latitudes (Cronin et al. 2015), our common-
garden study supports tpeesumedole ofthistrait as adefense against herbivorgsg., Raupp
1985, Saldage.and Pennings 2005). Its role as a defense is further supported by the finding that
palatability,toS frugiperda was generally negatively correlated with leaf toughness (see below).
Our results'with' leaf toughness alsoconsistent with the prediction that longer lifespah
leaves in areas'with longer growing seassimould favor tougher leaves (Coley and Aide 1991,
Salgado and Pennings 2005). The lone positive latitudinal cline for total phenolics, emident f
native genetypes at URI, w#se opposite of what we observed in the field (Cronin et al. 2015)
and is counter+to our expectations if ttnat is related to herbivore defenstowever, total
phenolics represent a broad class of compoundsématotherpurposes for plants including
protection against photodamage (Close and McArthur 2002). Moles et al. (2pafted thata.
30% of the, published studies found a significant latitudinal gradient in plant total jgisenol
Interestinglyythe majority of thse significant gradients weretime directionobserved for the
native genetypes from the URI gardé&mally, these results are also consistent witHitidings
from themetaanalysisof commongarden studies by Colautti et al. (200®which there waso
consistent-directionality in latitudinal clines folant defense traiteand that evidence for clines
in the fielddo notalways match upith clines for the same species in the common garden

Latitudinal gradientsn foliar nutrient levels areommonly reported (e.g., Siska et al.

2002, Reichrand Oleksyn 2004, Lovelock et al. 2007, De Frenne et alHzO&Rd Silliman
2015).Between gardens, there was a trend toward decreasing % carbon with increasing latitude,
the opposite patterto thatobserved in nature (e.g., De Frenne et al. 201.B3) possible that

plants adapted tthe CO,-rich environments in the north may have evolved to bedfgsent at
uptaking or.utilizingCO, for photosynthesis or storing carbon compounttstheirtissueghan

plant from. the relatively C@poor environments in the soueee.g., Denning et al. 1995).

For example;plant stomata are known to stay open longer and wider or the density of stomata
increase when.the concentration of atmospherig @@eases in order to maintain an adequate
CO, gradient between the atmosphere and the leaf (Beerling et al. 1998). It isepibegl

australis adapted to their local C{roncentrations and consequently, southern plaats more
efficient at producing ostoringcarbon compounds. Alternatively, carbach tissues at
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southern latitudes could serve as a defense against greater herbivore pressure in the south (Orians
and Milewsky 2007).

We found evidence for latitudinal clinés % nitrogen, CN ratio, andater contenbut
they varied between gardens dimg¢ages Although nitrogen content in coastal wetland plants
tends to increase with increasing latitude (Siska et al. 2002, He anchB8i2id15), we found
both positive (URI garden) and negative (L§&rden) latitudinal clines for % nitrogen in native
P. australisgenotypesSimilar results were found for the CN ratio and water confdrdse
differences betweeimeagesand gardens clearly indicate that latitudinal clineB.iaustralis
traits are phenotypically plastic (Woods et al. 2Ge section “Phenotypic plasticity in defense
and palatability,trait9’

The'genetidased clines for palatabilitg H. pruni (aphid colony growth and
survivorshipdecreased with increasing latituddthough more strongly for the invasive lineage)
do not appear to be caused by latitudinal variation ifPtlagstralis nutritional and defensive
traits. Although aphid colony growth was positively correlated with total phenolics and water
content of Jeaves, neither of thosriableswaspositively correlated with latitudéatitudinal
gradients irpalatability to aphidsould be explained by the fact that aphid abundané® on
australisinereases with increasing latitude in North Ame(iCeonin et al. 2015). At northern
latitudes,.strong selection pressure by these herbinomgbave resulted in higher resistance or
lower palatability.

BecausedH. pruni was introduced to North America not long after the introduction of
invasive genotypes &f. australis (Lozier et al. 2009), both native and invadimeagedikely
had an equivalent amount of time to adapghtogradient iraphidabundance. The existence of
parallel clineetween native and invasive genotypaggestshat bothP. australis lineages
evolved insimilarways to the latitudinal variation in aphid abundaméew studies to date
have reported.the formation of clines along an environmental gradient (latitudinal or elevational)
by an invasive.species that parallels the clinesemttive rang@aron et al. 2004, Alexander
et al. 2009)However,most previous studies (e.gplauttietal. 2009, Maron edl. 2004)
involved cresszontinental comparisons between native and invasive spuieso,
environmental conditions, even at similar latitudes, may ntttdosameln contrast, our native
and invasive genotypes are found in the same marshes along the East and Gulf Coasts and

experience the sansmvironmental gradient.
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With only one exception (negative correlation between biomass conversion efficiency
and latitude for the invasive genotypes in the URI garden), esevery little evidence of
genetic-based clines for palatabilitySdfrugiperda. In nature, chewing damage to native
genotypes oP. australis is strongly negatively correlated with latitude (Cronin et al. 2015). In
response to.these selection pressuregxpected that the native genotypes would have evolved
a positive latitudinal cline in palatability to native gréssding generalists lik8 frugiperda.

The fact'that'a'gradient was evident for the invasive genotypes, and that it waggpdbite
direction predicted for the native gewpes issurprising. Finally, weuggest thatie negative
relationship between leaf toughness and latitude (Fig. 2) could be the mechanism lagiving t
negativeatitudinal gradient irbiomass conversion efficienay the invasive lineage.

Non-=paralld latitudinal gradients between native and invasive genotypes. One interesting
and important finding regarding native and invasive genotypBsanfstralis was that for 20%
of the cases (5 of 24; 12 traits x 2 gardens), the relationship between latitucstdedel was
different for_native and invasive genotypes from the same garden (in support of Hypdthesis
We obseryed=non-parallel clines in water content, total phenolics, % nitrogen, aadid(dll
but the firstoeeurring in the URI garden).the case of total phenolics, % nitrogen, and CN
ratio, the'slgpe of the relationship with latitude differed in sign between the native and invasive
genotypes~These results suggest that thdibhwageshave evolved in different ways to the same
environmetal gradient. Although there are many studies that have examined latitudinal clines
for species.in their native and invasive ranges (Colautti et al. 2009), envirohdifatances
make clinal"comparisons questionable. Because the native and invasive rahngestodlis
overlap on‘the’same continent, our study provides a much stronger example of clinal evolution in
invasive taxa. Although co-occurring native and invasive genotypes across a btoeuohédti
range is known only foP. australis, a numbepf other species have-@zcurring and distinct
invasive genotypes or native-invasive hybrids (Ayres et al. 2004, Lavergne and Molofsky 2007,
Ciotir et al..2013). These are potentially fertile systems for the study offatimation and
evolution, Fhese noparallel latitudinal clines between-ocacurring native and invasive
genotypes oP..australis can result in spatially varying degrees of local enemy release and biotic
resistance (see “Implications for invasion success”).

Origin of latitudinal clines. We contend that the clinelescribed above fdhe invasive
genotype®f P. australis must have arisede novo while in North America A pre-<existing cline,
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i.e., one that evolved in Europe and subsequently transferred virtually intact toANw@tita,is
possible but unlikely. For this to occur, there would have to have been mutipuction
events in which individuals from one latitude in Europe colonized at a similar latitude in North
America. There_is no evidence for this sort of parallel imraprocess with®. australis. Based
on an analysis.of chloroplast DNA from herbarium specimens by Saltonstall (208@)e&rP.
australis became established in the afidlantic region at least50 years ago and spread rapidly
north and'south’ (Saltonstall 2002). It is highly suggestive of one or a few major foundirgy event
followed by‘range expansion. Although other European genotypes are present in North America,
they appear restricted to vergrthern and southern latitudes (Lambertini e2@ll2 Meyerson
and Cronin:2043). Therefore, our study supports the growing body of literature that invasive
species evol relatively quickly (< 100 years) in response to an environmental gradient (e.qg.,
Maron et al. 2004, Alexander et al. 2009, Li et al. 2015). Furthertieeabsence of a humped
or ushapedelationship between latitude and each trait, centering ooritne of the invasion
(between Delaware and Connecticut; Saltonstall 2002), sughastisetime since invasion is
not an important driver dhe evolution of these gradienisthe invasive lineage

Ourfinding that invasive genotypes were twice as likely as native genotypeiibit a
latitudinaleline for plarherbivore traits is somewhat surprising. Such a result would suggest
that the invasive genotypes in their new range were more evolulyorgsponsive to the same
environmental conditions faced by the native genotypesweomainreasons, this seems
unlikely. First, local adaptation and cline formation requires limited gene fioong
populations distributed along the latitudinal gradi&iatkin 198%. Populations of ative
genotypesre-quite rare and isolated in comparison to the extremely widespread and abundant
invasivepopulations (Chambers et al. 1999, Saltonstall 200%) native genotypes would seem
much more likely to exhibit local adaptation and genetic isolatiodisignce than invasive
genotypes. This prediction is supported by Kettenring and Mock (2012) who found greater
genetic homogeneity among invasive thanvegpiopulations oP. australis. Second, the
selection pressures from North American herbivores on the invasive genstygpesiderably
weakerthanwon native genotypes. Based on our latitudinal field surveys of herbivory, invasive
genotypes suffered 70% to 650% lower levels of herbivory athimerbivore guilds (chewers,
gallers, suckers) than native genotypes and that herbivory levels for invasive gerthtl/pot
vary significantly with latitude (Cronin et al. 2018)Joreover, this study demonstrated that two
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herbivoresH. pruni andS. frugiperda, had lower growth and survivorship on the invasive
genotypes. If anything, the high levels and strong latitudjreadientsn herbivory of the native
genotypes should have favored a high frequency of gelasied latitudinal clines for this

lineage

Trait variation between replicate common gardens. One of our strongest and most
obvious'finding'washatfor all traits considered in this study, a garden effect was present in
every model;indicative of significant trait plasticity. Alsateractions involving garden (e.g.,
garden x lineagearden x latitudegarden Xineagex latitudewere quite common ég
Appendix S3)These types of garden effects are a frequent occurrence in studies involving
multiple common gardens (e.g., De Frenne et al. 2012, Woods et al. 2012, Zhou et al. 2014).
Also, in their metaanalysis, Colautti et al. (2009) found numerexyamples of a garden x
latitude interaction for studies conducted in both the native and invasive rangasuaf a
species. In.some studies, reversals of latitudinal trends were evident between gardens (Chapin
and Chapins1981, Santamaria et al. 2003, Maron et al. 2004). As the same species or genotype is
represented infeach garden, these garden x latitude interactions imply plasticity in the regulation
of latitudinal. clines (Richards et al. 2006, Woods et al. 2012, Zhou et al. 2014).

One"possible reason for the substantial differences in trait expression between gardens is
that the gardens reside in very different parts of the range of the. taustralis lineages The
URI garden is near the center of the coastal range for both native and ihiveesiges, whereas
the LSU garden is near the southern extent of the invisaageand ~700 km south of our
southernmaestsnative population. Plants in the southern garden, particularly forvhdimeage,
may be at their thermal limits (e.g., Drake et al.3)0&hich could result in altered expression of
geneticbased clines in these plant nutritional traits. Several studies have examined latitudinal
clines in plant traits in replicate commgarden experiments located within, at the boundary or
beyond the limits of the species range (e.g., De Frenne et al. 2012, Woods et al. 2012, Zhou et al.
2014). For.example, in their study of plant growth and defense traits in common milkweed
(Asclepias syriaca), Woods et al. (2012) found a cline in milkweed phenologheir garden at
the southern range limit (North Carolina) but no cline in their garden at the northern range limit
(New Brunswick, Canada). Woods et al. (2012) also evaluated whether plant defénse trai
expression was dependent on the proximity of the milkweed source populations to the center of
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the species range. According to the ‘range-center’ hypothesis (Alexander et al\V20@s, et

al. 2012), because plant abundance and herbivore pressure is expected to be higher near the
range center than range magiplant defenses are predicted to be humped shaped (peaking at
the range center) and palatability to herbivores should be u-shaped (trough ag¢heerster).
Woods et al’s (2012) study did not support this hypothesis as traits were |nedaiygl to

latitude. We also find no support for the range-center hypothesis because none of osir model
supported-a‘curvilinear relationship between plant traits and latitudeh@ ejuéadratic term for
latitude was'never retained in our model-selection procedures). One impoghcation from

our study, and those of De Frenne et al. (2012), Woods et al. (2012), Zhou et al. (2014), is that
because latitudinal clines in plant traits are phenotypically plastic anddigeon climatic
conditions,future climate change may fundamentally alter latitudinal gradieratuien
Understanding the biogeography of pléetrbivore interactions in the face of climate change is
going to be a daunting task if latitudinal clines in spemé&saction traits are universalbjastic

as these studies suggest.

Phenotypic plasticity in defense and palatability traits
Hypothesis:3:_| nvasive genotypes are more phenotypically plastic than native genotypes.
Hypothesis4: Plasticity varies with latitude.
Hypothesis 5: Latitudinal clines are phenotypically plastic.

A fundamental question in the field of invasion biology is what traits promote invasion
success. Phenotypic plasticity is thought to be beneficial to founding populations byimgcreas
niche breadth (e.gRichards et al2006, Chun 2011, Davidson et al. 2011plkasticitymay be a
trait that eyvolves in response to the novel environments (Richards et al. 2066gie and
Molofsky 2007). In agreement with the meta-analysis by Davidson et al. (2011), we found that
invasie genotypes were 2.5 times more plastic than native geso{gupporting Hypothesis 3).
Becauseavepreventedhesegenotypedrom evolving in response to the biotic and/or abiotic
environment (see Methods “Plant defense, nutritional and palatability tradgsiman
gardens”), these differences in trait expression between gardensibteeattto phenotypic
plasticity. We also found thatait plasticityvariedlinearly with latitude(supporting Hypothesis
4), although interestingly, it was primarily for the native genotyped @traits for the native
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and 1 of 6 traits for the invasive genotyp&milar linear relationships between latitude and
plasticity have been reported eldexe(e.g., Maron et al. 2004, De Frenne et al. 2011, Woods et
al. 2012) It is possible that nativgenotypesinder stress frorhigh thermal limitsor high

herbivore pressure (Cronin et al. 20h8arthe southern range limit of the lineage, had to evolve
to be more plastic, supporting Chevin and Lande’s (2011) argument that plasticity lskoul
greater at the range margihs.contrast, the southern range limit for invadivaustralisis the

Gulf of Mexicoandgeographic barriers may limit thesouthern range, not high temperature.
Coupled with'low levels of herbivory, the invasive genotypes may not be as stressegkeas nat
genotypes at lower latitudesinally, as we have discussed previously (“Trait variation between
replicate cemmon gardensiye found evidence that for a specific linegigditudinal clines

differed between gardens, supporting Hypothesis 5 that clines are phenotypicélly plas
Latitudinal cline plasticity was evident for total phenolics, water contémtitrogen and CN

ratio (seeFig. 2). Latitudinal cline plasticity appears to be a common occurrence in studies
involving multiple common gardens (see Colautti et al. 2009). However, this is tredyg to

show clinalwplasticityat the sukspecific level.

Implications for invasion success
Hypothesis6: Across a broad latitudinal range in North America, European genotypes of P.
australis are successful invaders because they are better defended and less palatable to

herbivores than native genotypes.

Enemysrelease, i.e., neced pressure by natural enemies in the introdtelatve to the
native range (Keane and Crawley 2002pne of the me prominent hypotheses invoked to
explain invasion success (e.g., Mitchell and Power 2003, Liu and Stiling 2006). Biogeographic
studies comparing enemy pressure on a plant speciesatiite and invaded range support this
hypothesis (e.g., Mitchell and Power 2003, Liu and Stiling 2086)vever, invasion success is
also likely tesbe dependent on the invasive mebeing less vulnerable to natural enemies than
sympatric native species (i.e., “local enemy release”; Zheng et al. 2012), and $supihst
outcome is mixed (Colautti et al. 2004, Chun et al. 2010). Our field work with the European
genotypes oP. australisrevealed that not only was herbivory significantly lower in their
invaded than native range, but also that they suffer 7680% less herbivory in North America
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812 as compared to North American native genotypes (Cronin et al. 2015). In additioofomon-

813 garden study demonstrates an underlgeagetic basiso lower levels of herbivorgf European

814 genotype®f P. australis —they are less palatable kb pruni andS. frugiperda. Invasive

815 genotypes had aphid colonies that were 91% smaller, anfl fradiperda that consumed 34

816 less leaf material and exhibit88% lower growth rates than native genotyf&sgpporting

817  Hypothesis.6)Contrary to hypothesis 6, we did not find evidence that leaf toughness and total
818  phenolies;"ourtwo putative measurésoaustralis resistance, were greater for invasive than
819  native genotypes. In fact, native genotypes had more total phenolics (Appen@iab&3S4.

820  One possible explanatidar the lower palatability of invasive plants is that leaf water content is
821 8% lower thamsfor native plants. High water conteriiaseficial to many insect species (e.g.,

822  Huberty and Denno 2004). Finally, not only are invasive genotypesaoftralis less palatable
823  to herbivores than native genotypes, they are also more plétsticegard to the traits that likely
824 influence palatability, including tot@henolics, water conter¥ nitrogen and CN ratid-lexible

825 genotypes.may not only be an adaptation to a variable environment (e.g., Agrawal 200dy but
826  also makesitymore difficult for herbivores to adapt to its host or track host resources in space
827  (Denno 1983)=Given the levels of herbivory observedPfaustralis in North America and the
828  potentialimpact on plant fitness (Lambert and Casagrande 2007, Lambert et aCr2007 et

829 al. 2015, Bhattarai et al. 2016, Cronin et al. 2016), the invasive genotypeausfralisare at a
830 significant advantage over native genotypes. It is no surprise that wetland comsrinriceth

831  America did not resist wrasion by European genotypesRofaustralis.

832 There'is,an important biogeographic component to enetagse for invasive.

833 audtralis. A'strong negative relationship between latitude and herbivory for the native genotypes
834  but no latitudinal gradient fahe invasive genotypes results in the strength of enemy release
835 being greater at lower than higher latitudes (Cronin et al. 2015). Although insetode tested,
836  we hypothesized that the likelihood of establishment and rate of spread of irR.aaigealis

837 genotypeshould be greatest at lower latitudbst see Bhattarai and Cronin 201We also

838  suggested.thaton-parallel gradients in herbivory betwesympatricnative and invasive species
839  or genotypes.are likely to be a common occurreesgecially for recent invaders.

840 Based on our replicated common-garden study, the biogeography of thikgiaintre

841 interaction is much more complicated than previously envisioned. Latitudinal iclitregs

842  potentially important to the interactiometweenP. australis and its herbivores evolved quickly
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(= 100 years) for the invasive genotypes, there is plasticity in the regulation of those clines, and
in a number of casethe clinesun counter to those for the native genotypes. All of this adds up
to substantial heterogeneity in the interactions between native and inRaaugiralis and their
shared herbivores. For example, Bhattatal.(in review) found significant variability along the
Atlantic Coast,of the United States in the strengthpgfarent competition (mediated by their
shared herbivores) between native and invaBiaeistralis genotypes. Becaustudies with
replicate common gardeonften have found similar plasticity latitudinal clines of invasive
species (Richards et al. 2006, Woods et al. 2012, Zhou et al. 2014), we argue tismidl@rge
plant invasions are characterizeddmnsiderable spatial heterogeneity in herbivore impact on
native andsnyvasive species (or gaipes). This heterogeneity may also explain why support for
local enemy release is inconsistent among studies (se€@auiti et al. 2004, Chun et al.

2010).

Concluding remarks

Althoeugh this study was conducted at the spbeific level(i.e., lineages of the same
species)we strongly believe that our results and conclusions are applicable to any native
invasive plant system, whether tharticipantdiffer at the species, genus or higher taxonomic
level. If apything, we would hawexpectedlifferencedn plant traits, clines and plasticig the
subspecific level to be much more difficult tetectthanat higher taxonomic levelés such,
our study suggests that these biogeographic differences between native and faxasive
particularly-early on in the establishment and spread of invasive taxa, ayedikel common
and significant: Lastly, by conducting our study at the sub-specific level, phylogenetic
differences betweenative and invasiveaxathat could underlie differences in biogeographic
patternsare less likely to be an issue. This represents one of the great strength®. of the
australis study.system and is one reason why we consider this a model system for studying
species invasions (Meyerson et al. 2016).

Finally; replicate garden studiémve proven to be very informative to understanding
plant-herbivare interactions. Those positionedlimatically different environments or at
different locations withirihe species randgeave been especially fruitful (e.g., Woods et al.
2012). Continued research in this area should focus on experimental manipulations at key
locations within, at the boundary, and beyond the invasion range, particularly focusing on the
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impact of natural emaies perbivores and pathogerm) local plant fitness, the role of generalist
and specialishatural enemiesnteractions with other sympatric native and invasive plant
speciesand higher trophic level#\s our most pernicious invaders typically have broad invasion
fronts, the biogeography of their interactions with native species cannot bedigheeswish to

understand.what has led to their success.
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Table 1. Best modelgbased on AICc modedelection procedure for the effectsgafrden (G),
lineage (S), and latitude (L) and all possible-tand three-way interactions on edthaustralis

plant defense, nutrition and palatability traits. Detailed information abowd thegtels is

provided inAppendix S3Table S1

Dependentvariable Model

Plant defensedtraits
Leaf toughness G L

Phenolics G S

Plant palatabilityitraits

Water(content G S
% nitrogen G S
% carbon G L
C:N G S
Aphid colony size* G S
Aphid survivorship** G S
Larval grewth G S
Larval survivorship** G S
Leaf area chewed G S
Larval biomass conversion G S
efficiency

GxL

L GxS

L GxS

L GxS

GxL

L GxS

L GS

L GxS

L GxS

GxL

GxL

GxL

GxL

GxL

SxL

SxL

SxL

SxL

GxSxL

GxSxL

GxSxL

GxSxL

Notes: Nutrient concentrations (% carbon, % nitrogen, C:N, and phenolics) and leaf ared chewe

(cn) wereln transformed.

*Generalized linear mixed effect model (GLMM) with Poissamily was used in the analysis.
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1153  **General linear models were used in these analyses.
1154

1155 FIGURE LEGENDS

1156  Fig. 1. Map.of.the locatiorof P. australis sourcegenotypes used in this study and the location of
1157 the commeon gardens at Louisiana State University (LSU) and University of Rienuz (SRI).
1158  Fig. 2. Effects oflineage latitude and garden on defense and nutritional traits of native and
1159  invasivePgaustralis grown in common gardens at Louisiana State University and the University
1160 of Rhode Island. Symbols in tisbadedortion of the graph are the leasfuares means (x SE)
1161  for differentlineagesn different gardenslhe elationship betweeaplant trait and latitudes

1162  shown bya line fit by leastsquares regressipanly for cases in which the AlQmest model

1163  included the effect of latitude (either atitude orLineage xLatitudeor Gardernx Latitude)

1164  Thick lines denote significant trait-latitude relationshiPs<(0.05 and thin lines represent non
1165  significantirelationships > 0.05 seeAppendix S3) Slopes f.su andBur) are reported for the
1166  significant'rélationships

1167  Fig. 3. Effects oflineage latitude and garden on palatability traifsiative and invasive.

1168  australisgrown in common gardens at Louisiana State University and the University of Rhode
1169 Island. Symbels in the shaded portion of each geapplieassquaresneans (= SE) fonative

1170  and invasivdineagesn eachgardenln cases wherkatitude orLineagex Latitudeor Garderx

1171  Latitudewas a factom the AlCcbest model, theetationship betweethe plant trait and latitude
1172 is shown bya‘line fit by leassquares regressiofmhick lines denote significant trddtitude

1173 relationships® < 0.05) and thin lines represent non-significant relationships> 0.05; see

1174  AppendixS3). Slopes £ sy andfur) are reported for the significant relationships

1175  Fig. 4. Phenotypic plasticity in defense and palatability tfaitsiative and invasive genotypes
1176  of P. australis=Plasticity in plant trait¢n = 10)was estimated ake proportional difference in

1177  mean trait expression between gardgms, [mean trait value for a lineage at LSlhean trait

1178  value for that'lineage at URI]/mean trait value for LS8})jmbols above thg:1 line depict

1179  greaterplasticity in invasive genotypes than the natives. Inset bar graphlshsivesjuae

1180 mean * SE plasticitfor native (Nat) and invasive (Inv) genotyp@sstatistically ggnificant

1181  difference between means (pairwigest P = 0.024 is represented by an asterisk.

1182  Fig. 5. Therelationship between trait plasticitgroportional difference in mean trait expression

1183  between gardens) and latitude for native and invad3iaestralis genotypes. Each point
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1184
1185
1186
1187

represents a singgenotypethat was represented in each garden. Lines are fit bydgaates
regression and were provided only for those traits in which a significant latitlideage x
latitude interaction wadetecté in an ANCOVA (sed\ppendix S§. Slopes £) are reported fo

the significant relationships.
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