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Abstract:

1. Environmental change has the potential to influence trophic interactions by altering the
defensive phenotype of prey.

2. Here we examine the effects of a pervasive environmental change driver, elevated
atmospheric concentrations of g@CQ0,), on toxin sequestration and flight morphology
of asspegialist herbivore.

3. Wefedsmonarch butterfly larvaBanaus plexippus, foliage fromfour milkweed,

Asclepias, species of varying chemical defense profiles grown under either ambient or
eCO,. We also infected a subset of these herbivores with a protozoan parasite,
Ophryocystis elektroscirrha, to understand how infection and environmeaoltelnge
combine to alter herbivore defenses. We measured changes in phytochemistny loyduce
eCOyandassessedardenolide, toxic steroid, sequestration and wing morphology of
butterflies.

4. Monarchs compensated for lower plant cardenolide concentratides @B8Q by
increasing cardenolide sequestration rate, maintaining similar carderaigesition
and concentrations in their wings under both,@®atments. We suggest that these
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increases in sequestration rate are a byproduct of compensatory fepwidgai
maintaining a nutritional target in response to declining dietary quality.

5. Monarch wings were more suitable for sustained flight (more elongated) whed ozar
plants grown under eCQr when reared oA. syriaca or A. incarnata rather than or.
curassavica or A. speciosa. Parasite infection engendered wings less suitable for
sustained flight (wings became rounder) on three of four milkweed species. Winggloa
(associated with powered flight) was higherAomsyriaca than on other milkweeds,
whereas'wing density was lower éncurassavica. Monarchs that fed on high
cardenolide milkweed developed rounder, thinner wings, which are lessréféitie
glidingsflight.

6. Ingesting foliage from milkweed high in cardenolides may provide protection from
endanies through sequestration yet come at a cost to monarchs manifested as lower
quality flight phenotypes: rounder, thinner wings with lower wing loading values.

7. Small changes in morphology may have important consequences for enemy evasion and
migration sucess in many animals. Energetic costs associated with alterations in defense
and'morphology may, therefore, have important consequences for trophic interactions in

a changing world.

Key-words: Asclepias, cardenolides, environmental change, elevateg, O@naus plexippus,
monarch butterfly, predatgorey, plant secondary metabolites.

Introduction

Environmental‘change influences trophic interactions thromglkiple mechanismg$Gilman,

Urban, Tewksbury, Gilchrist, & Holt, 2010; Tylianakis, Didham, Bascompte, & Wardle, 2008).
For example, elevated atmospheric carbon dioxide ¢68&s both direct and indirect effects on
organismal physiology, and behavior. Plants grown under, g@@aluce tissues with lower
nitrogenconcentration¢Drake, GonzaleMeler, & Long, 1997; Robinson, Ryan, & Newman,
2012), causing herbivores to increase the amount of foliage they consume (Docherty et al., 1996;
Johnson, Loepaticki, & Hartley, 2014). MoreoyefCQ also changes the composition and
concentration of plant secondary metabolites (PSKigiber, Dorn, & NajarRodriguez, 2013;
Ryan, Rasmussen, & Newman, 201B¢cause catabolizing PSMs is energetically costly,
changes in these compounds affect the ecology of herbivores (Hunter, 2016). In general,
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89 herbivore growth, fecundity, and survival decline under g(3@mieson et al., 2017; Robinson
90 etal., 2012)Higher trophic levels are also affected by Qf@duced shifts in plant quality
91 (Facey, Ellsworth, Staley, Wright, & Johnson, 2014; Ode & Crompton, 2013; Ode, Johnson, &
92 Moore, 2014), often mediated by shifts in prepritionand growth(Chen, Ge, & Parajulee,
93 2005; Klaiber;,Najar-Rodriguez, Dialer, & Dorn, 2013). For example,g€duces alfalfa
94  nutritional'guality, which increas@smywormlarval development timesesultingin asynchrony
95 between larvae and parasitoid wasps, ultimately reducing parasitoid {iyes®t al. 2013).
96 ElevatedCOz'may also benefit higher trophic levels by inhibiting herbivore defense and escape
97 (Hentley, Vanbergen, Hails, Jones, & Johnson, 2014).
98
99 Many specialist herbivores have evolved mechanisms-tpttBSMs for their own defense
100 (Dyer & Deane Bowers, 1996; Opitz & Muller, 2009; Petschenka & Agrawal, 2016).
101 Sequestration by insect herbivores involves the modification, transfer, arngestbtaxic
102 compounds at high metabolic costs, potentially reducing immune responses to othes enemie
103 (GreeneyDyer, & Smilanich, 2012; Smilanich, Dyer, Chambers, & Bowers, 2009). Monarch
104 butterflies,Danaus plexippus, store toxic steroidécardenolidesylerived from the foliage of their
105 milkweedjAsclepias, host plants (Reichstein, Euw, Parsons, & Rothschild, 1968). Cardenolides
106  disrupt thesftinction of N#&K*-channels in animal cell®grawal, Petschenka, Bingham, Weber,
107 & Rasmann, 2012) and render monarchs wefitnded prey (Malcolm & Brower, 1989). The
108 concentration and composition of cardenolides sequestered by monarchs depends onl milkwee
109 species, the"amount of tissue consumed, and sequestration effi¢ignayal, Ali, Rasmann, &
110 Fishbein, 2015; Bowers & Collinge, 1992; Camara, 1997; Malcolm, 1990, 1994). Environmental
111 factors that alter phytochemistry and consumption rates could also influencerseiquesnd
112 affect vulnerability to enemies. Despite a growing body of work illustratingffeete of
113 environmental.change on milkweed chemistry (Andrews, 2015; Tao, Berns, & Hunter, 2014;
114 Vannette & Hunter, 2011)ittle is known about how monarch sequestration will respond to
115 future envirenmental conditionbut see Tao & Hunter, 2015).
116
117 In addition to sequestration, the seasonal migration of monarchs may also reducg/mortali
118 imposed by natural enemies. In eastern North America, monarchs migrate b@0t&m, from
119 their summer breeding grounds to ovenering sites in Mexico evenall (Urquhart & Urquhart
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120 1978; Brower & Malcolm 1991; Flockhaet al. 2017). For many flying animals, foraging,

121 escape, and migration are strongly influenced by wing size, shape, and wing loadingy the rat
122 between body mass and wing area (Berwaerts, Van Dyck, & Aert®, Robert Dudley, 2002).
123 Subtle changes.in wing size and shape can affect drag, lift, and flight behaviorySrygle

124 Thomas, 2002)To maximize energyse efficiency, flying animals both glide and actively

125 propel (Kovac,/Vogt, Ithier, Smith, & Wood, 2012; Park, Bae, Lee, Jeon, & Choi, 2010). Larger,
126 more elongated wing shapes, with high wing length to wiatil (aspect ratio), allowfor

127 optimal glidingflight(Kerlinger, 1989). Ngratory eastern N. American monarchs have larger
128 and morelelongated wings (higher aspect ratios) thammgwmatory conspecificfAltizer &

129 Dauvis, 2010; Ay, Pierce, & de Roode, 2016). Migratory monarchs also have higher wing loading
130 values, correlated with larger energy reserves for stronger poweredilighiey & Srygley,

131 2008). However, despite an extendbaly of literature detailing the importance of dietary

132 chemistry for insect fithneq®&A\wmack & Leather, 2002¥ew studies have explored the effects of
133 diet on wing morphology and flight ability (Boggs & Freeman, 2005; Johnson, Solensky,

134 Satterfieldp&Davis, 2014; Pellegroms, Van Dongen, Van Dyck, & Lens, 2009). Food i@strict
135 reduces moenarch wing sizJohnson et al., 2014)utno study to date has examined the effects
136 of changing.phytochemistry on monarch wing morphology.

137

138 Natural enemies may also influence toxin sequestration and morphology of herbivioites. W
139 sequestration can reduce insect immunity to parasgegfed in Greeneyet al. 2012) it is

140 unclear how'parasite infection alters sequestration. Throughout their rangecimsofer

141 infection bysa-debilitating, protozoan paite,Ophryocystis elektroscirrha, thatreduces monarch
142 lifespan, fecundity, and flight abilitfBradley & Altizer, 2005; de Roode, Chi, Rarick, & Altizer,
143 2009) Heavily infected butterflies araore likely to dieduring mgration, termed “migratory

144  culling” (Altizer,,Hobson, Davis, De Roode, & Wassenaar, 2015). Thus, monarchs thavdo arri
145 at overwintering grounds support lower pathogen loads (Altizer, Bartel, & Han, 2011). For
146 moderatelysinfected monarchs, there is no clear effanofection on wing morphology{Bradley
147 & Altizer, 2005). Ophryocystis elektroscirrha likely depletes the energy reserves necessary for
148 flight (Altizer et al., 2015). However, additional stressors, such as reductions in diet quality
149 induced by eCg may influence the impact of infection fight ability.

150
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Here, we investigate the effects of eCan the defensive phenotype of monarch butterflies. We
fed larvae foliage from four milkweed species with varying phytochemistry grown uititer e
ambient CQ (aCQ,) or eCQ. We also infected a subsetrmbnarchswith O. elektroscirrha, to
understand how infection and environmental change combine to alter monarch defense,
including wing.traits associated with migratidle measured changes in phytochemistry
induced by eC®andassessed sequestration and morphology of butterflies. We expected
sequestration profiles to mirror changeplant chemistry induced by eG®ecause factors that
alter phytochemistry and consumption rates should also influence the types and afounts
PSMs monarchs sequestére alsopredicted that changes in cardenolides and reductions in the
nutritional gquality of larval host-plants grown under e@Decker, de Roode, & Hunter, 2018;
Robinson et alt; 2012) would cause declines in the quality of the insect flight phenotgjper,sm
thinner and rounder wings with lower wing loading values. Feeding on lower quality food with
different types and amounts of cardenolides may engender a metabolic costgndlictss upon
the insect and inducing morphological changes. Finally, we hypothesized that the metagisli

of infectionwould exacerbate any deleterious effects of .e@Crardenolide sequestration or
wing morpholegy.

Materialstand Methods

Milkweed.and Monarch Source Materials

We analyzed the wings of monarchs reared on milkweeds grown under ambient (400 ppm) or
elevated (760 ppm) C{at the University of Michigan Biological Station (UMBS). We provide
details of the"UMBS Co@array in Deckeet al. (2018). In 2015, we grew four milkweed species
in a 40 chamber arrajp(akeet al. 1989), with 20 chambers maintained at a@@d 20 at eC@
Within those chambers, we grew milkweed that varied in cardenolide conimeTsyaanging

from high to low:A. curassavica, A. syriaca, A. speciosa, andA. incarnata. Seeds were planted

in the UMBS greenhouse and, d8ys later, seedlings were transferred outside into the chamber
array for the remainder of the experiment. Each chamber contained 24 mgK#wspdcies x 6

plants per.species).
The monarchs used in this study were theffspring of seven fulkib crosses between monarch

lineages from eastern.lmerica (St Marks, FL)Monarch larvae were assigned to one of 16
treatments (2 parasite treatmex host plant species x 2 levels of £020 replicate
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182 chambers) making for 320 monarchs reared in total. Not all monarchs survived to adutithood a
183 some inoculated monarchs resisted infection, inflating the sample size of wdnfemarchs.

184 Final sample sizes varied for each species by {@&atment between®19-27 for uninfected

185 and N=5-11 for infected monarchs (Tablei®the Supporting Information). Each individual

186 monarch larva was assigned three plants of the same treatment grown in the saree @mamb
187 which to complete development.

188

189 Monarch larvae were inoculated with elektroscirrha on cuttings from one of their three

190 assigned plants. After 42 days of growth in the array, we placed plant cuttings in individua
191 containers;kept,under aGQA darkened monarch egg (darkening indicates egpydyto hatch)

192 was attached to a leaf on each cutting to ensure that neonates consumed their aasigned pl
193 beforeparasitanoculation. Three days after hatching, larvae were inoculateddwith

194 elektroscirrha following the methods of de Roodeal. (2008).Parasitesriginated from one

195 lineage collected from an easternMmnerican, wildcaught litterfly. Control larvae were fed

196 leaf disks ofithe same size with no spores. Foliar chemistry samples were taken from each plant
197 at the same time as inoculatiossébelow) and assumed to adequateljectthe chemistryof

198 the otheftwe.assigned planthelarvae consumed in later instars.

199

200 Larvae were fed cuttings from their assigned Ipdestrtsad libitum until pupation. Adult

201 butterflies were sexedaveighed, and kept in 5.75 x 9.5 cm glassine envelopes@tfabthe

202 remaindersoftheir adult livesle Roode, Gold, & Altizer, 200.7Three weeks after death, we

203 removed andsstored the monarch wings atC2@nd estimated parasite spore load from bodies
204 using established methods following de Roode et al. (2008). We scanned the left forewing of
205 each monarch en an HP scanJet 6300C (Hewkatkard, Palo Alto, USA), weighed the wing,
206 and storedsitsin=1mL centrifuge tubes for cardenolide analyses.

207

208 Cardenalide'Chemical Analysis

209 We quantifiedufoliar cardenolide concentrations (Vannette & Hunter, 2011; Zefiridienter,

210 2009) from the first milkweed that monarchs consumed, and in left forewings, because wing

211 cardenolidscorrelate tightly with bodgardenolide concentrations and wirgge typically the
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first tissues tasted by bird predators upon at{&aokk & Brower 1981)We detail our chemical
analysis in Appendix S1 in tifgupporting Information.

Wing Morphometrics

We measured.forewing morphometrics because monarchs position forewings thewver t
hindwings during soaring flighAltizer & Davis, 2010) allowing forewing size and shape to
have the largest influence on flight ability. Additionally, preliminary work estiadt that

milkweed chemistry only affects forewing morphology (Berns, Zelditch, & Hunter, 2014).

We scanned the left forewing of each specimnvéh a ruler forscaleandcalibrated Adobe
Photoshop*(Adobe, San Jose, USA) to caleulitdtance measures based on a goxehillimeter

ratio. We took four basic measures of forewing morphology: first, length of the butterfly w

from wing apex to thorax insertion (mm); second, width of the forewing at the longest axis
perpendicular to #length measurement (mm); third, total forewing area3jmamd fourth,

wing perimeter/(mm, FigS1 in theSupporting Informatiohn For slightly damagewings, we

estimated wing'edges to create a complete outline. Butterflies with substantial wing damage were

discarded-from all analyses.

We calculated two metrics of forewing shape: wing aspect ratio (length divided Iy, vaicidl
roundnesS.(area to peritar ratio: 4 area/perimeter?) (Altizer & Davis 2010) We also
calculated.wing, loading (body mass/wing area), a common aeronautical medstatvie of
maneuverability anflight performance. Finally, we examined butterfly wing density which we
termed specific wing areavi{ng areajving mass.

Analyses

We used linear:mixed models (LMMs; R version 3.3.2.; package: Imegsaseffects of our
treatments.en phytochemistry, toxin sequestrationyang morphology. Chamber identityas
includedas*a random effect in all modélsttell, Stroup, & Freund, 2002; Vannette & Hunter,
2011) For models with monarch traits, we also included monarch lineage as a random effect
because it was ngpecifically manipulated and had uninformative factor levels. We transformed
all (dependent and independent) variables when necessary to achieve homogeneétyas, va
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simplified models when possible, and visually inspected model residuals tarcoefirfit
(Crawley, 2012)We present model structures, results, and random effects in Taibl¢h®3

Supporting Information.

To determine.the effects of G@nd milkweed species on foliar cardenolide concentration, we

ran LMMs with/foliar cardenolide concentration (square root transformed) as a response variable
and CQttreatment and milkweed species as fixed effects. Because there was a significant
interaction"between milkweed species and, Gk analyzed each plant species separately to
determine which speciesove theinteraction. We used similar LMMs to test for effects of CO
host-plant.speecies and infection on monarch wing cardenolides (square-root-nad3for
Additionally; we tested wheth&O, treatment or infection altered the relationship between

foliar and wing cardenolides by including these factorsj €&atment and infection) as fixed

effects in an LMM with foliar cardenolide concentration (square root transforaseat)

independent variable and wing cardenolide concentration (square root trathfasithe
dependentwariable. A significant interaction between foliar cardenolide concentration and either
of the factors (C@treatment or infection) indicates a change in the slope of the relationship

betweenplant and butterfly cardenolides dependent on that factor.

Some monarchs exposed@o elektroscirrha resist infection and are spdiree as adultsie
comparedthe wing cardenolides of control monarchs (never exposed to the pardstte)ssi

of monarchs'that were exposed to the parasite but had no spores. We ran an LMM witih monar
cardenolideseoncentration (square root transformed) as the dependent variable and parasite
exposure ((control and exposed but uninfectexda fixed effect. There were no significant
differences between resistant monarchs and control monarchs in the sequestration of total
cardenolides (k.a190= 0.90, p = 0.345). Therefore, in all analyses of sequestration, we grouped
these two monarch treatments (control and exposed but uninfected) into one “uninfiattesd” s
We followedsa similar procedure to determine whether or not monarch sex influence
sequestration,chemistry and found no effect of monarch sex on sequestered cardenolide
concentrations (I 2s0= 0.24, p = 0.624). Therefore, monarch sex was not included in models

that explored treatment effects on toxin sequestration.
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We used permutational multivariate analysis ofarace (PerMANOVAANnderson, 2001) to

compare the effects of G@reatment, milkweed species and, for butterfly cardenolides,

infection status on the assemblage of carlié@@ompounds produced in milkweed and
sequestered by_monarchs. For plant cardenolide composition, we performed a RarNAN

with CO, treatment, milkweed species and their interaction as independent variatl|Bsag-

Curtis distance 'of percentage weight of each foliar cardenolide peak as dependent variables. We
chose BrayCurtis as our ordination because it includes relative abundance information and
accouns forpeak identity. To determine which factors altered wing cardenolide composiéon, w
performeda PerMANOVA with CQ treatment, milkweed species, infection status and their
interactiorssagrindependent variables, and the BZaytis distance of percentage weight of each

sequestered wing cardenolide peak as dependent variables.

We followedAltizer & Davis (2010)and used Principal Compent Analysis (PCA) to reduce
butterfly morphology measures into one PCA axis explaining forewing size §Z@fand

another PCAvaxis explaining forewing shape (PCA-shape). Forewing length, width, area and
perimeter were'used to create the P&iZe axishat explained 99.6% of the total variance, while
forewingarea and roundness were used to create thesRgpke axis that explained 95.2% of the
total variance. Higér values of PCAsize represent larger wingsnd higler values of PCA

shape represent more elongated wings. We first ran LMMs similar to those used above for
sequestration results, to test whether there was a difference between control monarchs and those
thatdid notbeeome infected in the size and shapeedf tings. We ran two LMMs with either
PCA-shapewrPChAsize as the dependent variables and parasite exposure (control or cleared) as
a fixed effect teexaminethe possibility that resistingifection could result in morphological
differences. There werersignificant differences between resistant monarchs and control
monarchs.in.the size (FRes= 0.35, p = 0.552) and shape of wings (kb= 1.90, p = 0.170). We

then ran models with theSCA axes as response variables, @ad treatment, milkweed

spedes, infection and monarch sagfixed effects. Due to sample size limitations (see Table

S1), we could,not include the four-way interaction in any of our full models, but vieitiadly

include all other interaction terms between Qf@atment, milkwee species, infectigrand

monarch sex.
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To examine effects dhe treatments on monarch wing loading and specific wing area, we ran
LMMs with wing loading (logtransformed) and specific wing area as response variables, with
identical fixed effects as abevWe ran two LMMs with either wing loading or specific wing
area as response variables and @€atment, milkweed species, infecti@amd monarch sex as

fixed effects:

Finally, wetestedwhether cardenolidgequestratioaffectedwing shape, loading, and density.
We ran three"ELMMs with either PGshape, wing loading or wing dens(tgg-transformedps
dependent variables, and monarch cardenolide concentration (square rootregtsfor
milkweed speecies and their interaction as fixed effects.

Results

Milkweed Host-Rlant Chemistry

Of the 252 milkweeds that supported surviving monarchs (see Table S1), 114 produced
measurable cardenolides. To address the large occurrence of zeros in our chemistry dataset, we
followed methads detailed in Appendix Shere was no effect of CQtreatment on the
proportion of plants that produceetectable foliar cardenolides (6Q°= 0.82, p = 0.366).
Asclepiasinearnata andA. syriaca were significantly more likely to express zero cardenolides
(species; %?="19.52, p = 0.0002). The interaction term between 8@l species was not
significant (CQ * species: x*= 1.49, p = 0.684). We therefore chose to exclude the plants that

did not produce cardenolides from further analyses of phytochemistry.

The 114 plants‘with detectable cardenolides included.@birassavica, 19A. syriaca, 18A.

speciosa, and12 A. incarnata. Elevated C@ changed the concentration of foliar cardenolides in

a speciespecific manner (species*GOF3 106= 3.05, p = 0.032, Fig. 1a). Unde€O; there was

a 52% decline.in the foliar cardenolide concentrations. ofirassavica (F1 3= 13.43, p =

0.0008, Fig..&); Cardenolide concentrationsAnsyriaca (F1, 13= 1.0847, p = 0.32)A. speciosa

(F1 13= 0.765p = 0.399) andl. incarnata (F; 12= 0.01, p = 0.910) remained unaffected by

eCQO,. AcrossCO; treatmentsA. curassavica produced the highest cardenolide concentrations,
while A. incarnata produced the lowest (species; fos= 71.72, p < 0.0001, Figal. Milkweed
species varied in the assemblage of cardenolides that they produced (PERMANOVA, species:
Fs 110= 24.16, = 0.39, p = 0.001). In addition, the effect of Q@atment on cardenolide
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336 composition varied among milkweed species (PERMANOVA,Bpecies:  110= 2.26, R=
337 0.037, p =0.004).

338

339 Monarch Wing Chemistry

340 Monarchs maintained constant wing cardenolide concentrations betwedre@ents

341 (COy*species: k214~1.60, p=0.191, Fig. 1b) despite the decline in foliar cardenolide

342 concentration‘irA. curassavica induced by eCQ(Fig. 1a). Critically, monarchs feeding on

343 milkweed foliage grown under eG®equestered more cardenolides per unit cardenolide

344 available in hosplants (plant cardenolides* GOF1 10=5.54, p=0.020, Fig. 1c¢). When feeding
345 onA. syriaca, menarchs infected with parasites sequestered 20% less cardenolide in their wings
346 than did uninfected monarchs (infection*speciegil=2.71, p=0.0462, Fig. S2 the

347 Supporting Information CO, treatment, milkweed species and infection did not intecact

348 influence the concentration of cardenolides sequestered by monarchsg€&es*infection: F
349  325=0.83, p=0.4803).

350

351 Despite the interactive effects 6D, treatment and milkweed species on the composition of
352 foliar cardenolides, the cardenoligefiles sequestered by monarchs were influenced only by
353 milkweed.spécies (PERMANOVA, species; &= 157.00, R= 0.65, p = 0.001). Neither

354 eCQO; alone (PERMANOVA, CQ: Fy. 25 2.37, R=0.003, p = 0.073), nor its interaction with
355 plant species (PERANOVA, CO*species: i -4~ 1.41, R=0.006, p = 0.149), influenced the
356 cardenolide"prafiles sequestered by monarchs.

357

358 Monarch Wing Morphology

359 Monarch wings were more elongated (higher values of-8G#pe) when larvae fed on

360 milkweed grown under eCGQCO;,: F1 214= 15.82, p <0.0001, Figa2 or when larvae

361 consumed.syriaca or A. incarnata (species: k 212= 3.78, p = 0.011, Fig. 2c). Additionally,
362 the wings ofifemale butterflies were more elongated than those of maleBiy(sex 15.50, p =
363 0.0001, Fig=2b).

364

365 While O. elektroscirrha infection had no independent effect on forewing shape (infectiogy,F
366 =0.90, p=0.3550), infected monarchs from a@nts had rounder wings than butterflies from
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eCGQO; infection treatments (fection*CO;,: F1 212=9.46, p = 0.002, Fig. 3a). Moreover, infected
monarchs had rounder wings than uninfected monarchs when feedfaguassavica, A

syriaca, andA. incarnata, but had more elongated wings than uninfected monéedi®s

speciosa (infection*species: k212 = 4.54, p = 0.004, Fig.d}. Finally, there were minor
differences.between male and female butterflies in wing sligpesadent oplant species and
infection (sex*infection*species:sF13= 2.96, p = 0.033, Fig. 98 the Supporting
Information)."However, the three-way interaction term explained only a small portion of variance
in the model'when compared to the main effects reported above. Wing aspect ratio correlated
most strongly with PCAshape (= 0.999, N = 237, p < 0.0001), thusg summarize the model
results forwing,aspect ratios in Table 1 diadbleS2in theSupporting Information

In contrast to wing shape, none of our treatments affected the size of monarchMatgys.
wings wereonly slightly significantlylargerthan those of femaldsex: F; 231=3.47,p =
0.064). Likewise, wing sizes were unaffected by,@®atment (C@. F; 3;=0.31, p = 0.579),
milkweed hestiplant species (species;d» = 2.09, p = 0.102), infection status (infection; fe
=2.42 p =0.221) or the interaction between these treatments*&p@cies* infection: k 204=
0.98, p =0:403).

The wing loading values of male monarchs were 5% higher than those of femalens(sex:
F115 = 17.13, p = 0.0008Notably, monarchs read onA. syriaca had a 5% higher wing
loading than'did those reared on other milkweed species (spegigs: B.77, p = 0.0153, Fig.
4a). Wing leading was unaffected by gteatment (C@. F111=3.01, p = 0.112), or parasite
infection (infection: R 15 = 3.80, p = 0.07).

Female monarch wings were 6% denser than male monarch wings (sg¥: E5.74, p <
0.0001). Monarchs fed. curassavica had the thinnest wings while those #dsyriaca had the
densest wings (species; o= 2.66, p = 0.0492, Fig. 4b). Interestingly, the wings of infected
monarchs were 7% less dense than the wings of uninfected monarchs (infectigi= 20.65,

p < 0.0001, Fig. 4cSpecific wing area was unaffected by Q@atment (C@. F1 3;1=0.02, p

= 0.897.
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398 In the simplified model exploring effects of cardenolide sequestration on wing sleafmind
399 no effects of monarch cardenolide sequestration (monarch cardenoliggs: 6.05, p = 0.816),
400 plant species (species; fs= 2.19, p = 0.090) or their int&ction (monarch

401 cardenolides*speciesskz=1.62, p = 0.184, Table S4 ihe Supporting Informationon wing

402 shape. Interestingly, monarchs that sequestered higher concentrations of cardeadlidesr
403 wing loading values (monarch cardenolidésis = 8.41,p =0.011, Fig. 5). Also, those

404 monarchsfeeding on higher cardenolide milkweed had lower wing loading values (dpggies:
405 =4.11, p =0.025 but there were no specidependent effects of monarch cardenolide

406 sequestration on wing loading (monarch cardenolides*species=R2.82, p = 0.073). Finally,
407 there was.a marginally significant trend of less dense wings produced in monarchs sequestering
408 higher coneentrations of cardenolides {lo= 3.59, p = 0.059). There were no effects ofegith
409 milkweed species (species; -7=1.95, p = 0.122) or the interaction on wing density (monarch
410 cardenolides*speciesiskso = 1.15, p = 0.330).

411

412 Discussion

413 Rapid environmental change may influence trophic interactions by altering theidefen

414 phenotype.of prey. Here, we demonstrate that: 1) monarchs maintain the conceatichtion
415 compositien of cardenolides that they sequester despite changes in the phytoglod ot

416 milkweed species induced by e&Q@) Aspects of monarch morphology importantiigght

417 ability such as wing shape, loading, and density vary in response to e@kiveed host plant
418 species, infection, and sex. 3) Feeding on high cardenolide milkweed is associatad with t
419 formation ofreunder, thinner wings, which are less efficamliding flight. We suggest that
420 changes in sequestration rates under eg®a byproduct of compensatory feeding aimed at
421 maintaining a nutritional target in response to declining diet quality. Addiljpmabnarchs

422  exhibit the cost.of sequestering higher concentrations of cardenolides through dedhiging w
423 loading valuessSmall changes in wing morphology can have important consequences for
424  migration succes@Bradley & Altizer, 2005), includingnigratory esape from parasites.

425 Therefore,ehanges in sequestration and morphology may have consequences for monarch
426 defense and migration in a changing world.

427

428 Monarchsincrease sequestration rate under eCO,
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We demonstrate that monarchs can increase their rate of cardenolide sequestration ynder eCO
(Fig. 1). Specifically, monarchs sequester a constant concentration and ¢mmmdsi
cardenolides from. curassavica despite a 52% reduction in foliar cardenolides and changes in
foliar cardenolide composition induced by eC®lonarchs are known to maintain constant
concentrations of the cardenolides that they sequesterAfronnassavica in response to nutrient
deposition,.another environmental chadgeer (Tao& Hunter, 2015). Herbivores regulate
sequestration by altering both the total amount of foliage consumed and sequesfieitooye
(Camara, 1997). Notably, herbivorous arthropods maintain target ratios of carbetydrat
protein intheir diet through behavioral shifts in consumpt&mpson et al., 2015). Therefore, it
is possiblesthatithe monarchs in our study increased the amount of foliage consumed to
compensate for reductions in foliar nutrient content under,§@0nter, 2001; Johnson et al.,
2014; Lincoln, Sionit, & Strain, 1984; Zavala, Nabity, & DeLucia, 2013).

Environment influences monarch wing morphology

Our treatments altered indices of monarch wing morphology (wing shape, loadéhdensity)
that are important to both aerial maneuverability and kistance fligh{Berwaerts et al.,

2002). Netably, both Cgxreatmentand milkweed species influenced wing shape contingent
upon parasite infection statusgs2 & 3). Under £0,, infection induced rounder wings
lowering the mean aspect ratio from 1.95 + 0.002 to 1.93 * OHi®#ever, under eCEboth
infected and uninfected monarchs developed more angular wings (1.97 £ 0.005, 1.96 + 0.002,
Fig. 3a). No'studyo date has specifically tested the effects of vgingpe on the probability of
successful'migration from start to finish in monarchs. However, field sampling indicates that
earlier arriving migrants tend to have larger, more elongated wing shapes isygtesthis

flight phenotypancreass migration succestSatterfield & Davis, 2014)Therefore, future
environmental conditions may induce the formation of wing shapes that impaneech flight

efficiency despite infection.

We also report effects of milkweed species on monaroly siape, loading, and densgymilar
to findings in other flying insects (Benitez, Vargas, & Pischel, 2015; Davis & de Roode,
Revision; Soto, Carreira, Sot& Hasson, 2008). Importantly, monarch wings are rounder and

less dense when larvae are reared.aurassavica, a plant exotic to N. America and increasing
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in prevalence in the southern (Satterfield, Maerz, & Altizer, 2015Y his species of milkweed
does not senesce intamn, and contributes to a loss of monarch migratory behavior as
butterflies encounter viable foliage during their {aéason stopovers (Satterfield et al., 2018,
2015). Our data suggest that the offspring of those sedentary monaréhsueassavica will
develop lower.quality flight phenotypes, perhaps furthering the loss of migratory behavior.

Small differences in wing morphology that affect the efficiency of flight could lzage
consequencesfor monarch migration suc@@smdley & Altizer, 2005) Eastern N. American
monarchs migrate up to 4,500 km through soaring and active flight (Brower & Malcolm, 1991;
Gibo, 1986) Menarchs must take sied during adverse weather conditions, utilize wind
patterns, and eross large expanses of unsuitable hghatidand & Davis, 2002; Gb & Pallett,
1979). Therefore, any factor that causes monarchs to remain grounded during benefigial flyi
conditions or reduces the amount of time monarchs may stay aloft over unsuitalalevinfibit
significantly reduce migration succegs.ourstudy, eCQ eliminates the shape difference
between infeeted and uninfected individuals, inducing more elongated wings in both groups. If
infected individuals become more efficient gliders under environmental chargmight
decreasenigratory cullingwhich reducegpathogen prevalence seasonally in the N. American
monarch.population (Altizer et al., 2011; Bartel, Oberhauser, de Roode, & Altizer, 2011)

Although our treatmentslteredmonarch wing shape, we detected no effect of diet or infection
on wing size™"All of the butterflies us@dthis study originated from the migratory eastern N.
American pepulation. Therefore our data substantiate previous studies denmanstratig
selection for larger wings imposed by migration distance within this popu(@titizer & Davis,
2010; Li et al., 2016). drewing size is likely more important to migration success than wing
shape because.it is conserved among all our treatments and is selectéuefanigratory
populations.of monarch#ltizer & Davis, 2010; Flockhart et al., 2017; Li et al., 2016).
However, aerodynamic theory suggests that wing shape can be important for manéyverabil
and energy*censervation (Pennycuick, 20B8&cause our monarchs were constrained within
these constant wing sizes, perhaps the amount of differentiation in the angukuohating

shape was limited. Further studies exploring the plasticity of wing shape and size in response to

This article is protected by copyright. All rights reserved



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

host-plant and environmental conditions among different populations of mersamass the
globe are needed to better address this idea.
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SUPPORTINGINFORMATION

Additional supporting information may be found in the online version of this article.

Appendix S1. Details of cardenolide extraction and the generalized linear mixetiused to

determine the distribution of plants that produced undetectable cardenolides.

Figure S1..An illustration of the four basic morphometric measures taken in AdolosHipt

Figure S2. Effects of infection yphryocystis elektroscirrha on the total concentration of

cardenolides sequestered by monarchs fed four species of milkweed.

Figure S3. The interaction between milkweed hpbatit speciednfection and sexn a

composite:measure of monarch forewing shape.

Table S1. Sample sizes of surviving monarchs that were used to explore the effects of milkweed
species, elevated GQand infection, on toxin sequestration and wing morphology

Table S2. Ihe threeray interaction between treatments on mean monarch wing Aspect Ratios

Table S3. Table of all models used in this study with accompanying ANOVA tables.

Table S4. Table of model results testing #latronship between cardenolide sequestration in

wings and milkweed species on monarch wing shape, loading and density.

Captions
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Table 1.The a) main and b) interactive effects of {€@atment, butterfly sex, and host plant on
monarch wing spectratios (wing length/wing width), a component of monarch wing shape.
Data are the means 1 SE. Aspetios range between 1.6 to 2.1 but average around 1.93 in
eastern N. American monarch populations. Simplified linear mixed effectd stadsgureis as
follows: Aspect Ratio ~ CoO+ butterfly sex + infection + milkweed species + £0nfection +
milkweed species*infection + sex*infection*milkweed species + random effects = chamber,
monarch lineage. We do not present nonsignificant main effects of infetéble S2 presents

the threeway interaction.

Fig. 1. Effectsrof eCQ on (a) foliar cardenolide concentrations (mg/g dry mass), (b) monarch
wing cardenolide concentrations (mg/g dry mass), and (c) the relationshigebeoliar and

wing cardenolide @ncentrations. Bars represent mean values +1 SE. Traits were transformed
before analyses but are presented as untransformed values for ease of interpretation. Grey bars
represent plants grown under aC&nd orange bars are those from e@Dthe monarchdat

fed on thosemplants. Milkweed species codes: GUR curassavica, SYR =A. syriaca, SPE =

A. speciosa,"INC= A. incarnata.

Fig. 2. Thesmain effects of (a) CQreatment, (b) sex and (c) milkweed species on a composite
measure of monarch forewing shapeints represent mean PGAape values +1 SE. With
increasing PCAshape values wings become more elongated and angular. Milkweed species

codes are the'same as above.

Fig. 3. The interactions between (a) g@eatment anthfection byOE, and (b) milkweed
speciesand infection on a composite measure of monarch forewing shape. Points repreeent mea
PCA-shape values £1 SE. Red points indicate mean shape values of infected monarchs while

blue points represent uninfected monarchs. Milkweed species codes are the same as above.

Fig. 4. The effects of milkweed species on monarch (a) wing loagiody mass/wing area) and

(b) specific wing area (wing area/wing mass), a measure of wing density. (c) The effects of OE
infection on specific wing area. Bars represent mean values +1 SE. Higher specific wing area
values indicate wings that are less dense. Milkweed species codes are the same as above.
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Fig. 5. The relationship between the concentration of cardenolides sequestered irhmongsc
and wing loadindbody mass/wing area). Points represent individual monarchs and colors
correspond to the species of milkweed haatts fed to each monarch. Milkweed species codes

are the same,as above.
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Tables:

Two-way Interactions

Table 1.
': Main Effects

CO, treatment F1,214= 15.82 p < 0.0001
Aspect Ratio

Ambient 1.95 +0.002

Elevated 1.96 + 0.002

Butterfly Sex F1,213= 15.50 p < 0.0001
Aspect Ratio

Female 1.97 £ 0.002

Male 1.93 £ 0.002

Milkweed"Species F3212=3.78 p=0.0113
Aspect Ratio

A curassavica 1.94 + 0.003

A incarnata 1.97 £ 0.003

A speciosa 1.95 +0.004

A syriaca 1.96 £ 0.003

Infection*CO »
Infection Status
Infected
Uninfected
Infection*Species

Infection Status

Infected

Uninfected

This article is protected by copyright. All rights reserved

Fi,212=9.46
CO; treatment
Ambient
Elevated
Ambient

Elevated

F3, 212= 4.54
Milkweed

Species

A. curassavica

A incarnata
A speciosa

A. syriaca

A curassavica

A incarnata
A speciosa

A syriaca

p = 0.0024

Aspect Ratio
1.93 £ 0.004
1.97 £ 0.005
1.95 + 0.002
1.96 + 0.002

p = 0.004
Aspect Ratio

1.93 +£0.008
1.95 + 0.005
1.97 + 0.006
1.94 +0.0102
1.95 +0.003
1.97 £ 0.003
1.94+ 0.004
1.96 + 0.003
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