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Abstract
Extended ConsequencefPlantHerbivore Phenological Mismatch

Dana Martin

Phenological mismatches between plants and ing&ctsr in response to climate charayeing

to differences irenvironmentalkensitivity. Herbivory negatively affectplant development by
alteringthe allocation of resources from growth defense Changes in the timing of herbivory
canexacerbatéheseeffectsas young plantdavelimited resources to allocate towards regrowth
Early-onset andhigh-intensity herbivoy can affect plant traits; however, the extended
consequences on pollinatactivity are largely unknownHere | conducted a experiment to
investigate the effects of plaherbivore phenological mismatches on swamp milkwésdlepias
incarnata)and pollinatoractivity. | manipulated the onset date and percentage of herbivory on
milkweed and measured the responseartfloral traits, floral traits and pollinatoractivity. |
found that theeffect of onsebf herbivory on noffloral and floral traitswas dependerdn the
intensity. Specifically, earlyonset highintensity herbivory, or latenset lowintensity herbiory,
resuledin more leaves and open flowerdthough theonset and intensitgf herbivory did not
affect pollinator activity, therevasa positive relationship betwedme frequency and diversity of
visiting pollinators with the number of opefiowers Taken togetherhese results suggest that
milkweed may exhibit enhanced growtlwhen subjected taarying intensities ofherbivory
depending on thensetof damageChanges in the phenology of insect herbivores may benefit
plant and pollinatorfitnessby increasing the growth of floral traits and pollinator activity.
Understandingherbivoreplantpollinator interactions in the face of climate chargevides

insight into how ecosystedynamics such as pollination, may shift in the future.
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INTRODUCTION

Ongoing climaticchangesare transforning interactions among organisms in complex ways,
including interactions between plants and their insect associates (DelLucia et alnd0y2 et
al. 2023. Changes inemperature and precipitation can affect plants and insects differently owing
to differences in physiology, such as thermal tolerance or drought resistance (Jamie20d.2}.al.
Specifically, the phenology of herbivorssadvancing much faster than ttwdtplants due to the
greater sensitivity of insects to abiotic factors (VisseiBoth 2005; Menéndez 2007; Korreard
Basler 2010). These differential responses could lead to asynchronous shifts in phenology,
resulting in mismatches between the timinfylife history events, which are increasingly
documented as a major consequence of climate change (Paamdd@he 2003; Thackeray et
al. 2016).Phenological mismatches between plants and insect herbivores alter the timing of
herbivory, which could haviirther consequences on growth and fithess (DewelVatt 1992;
DelLucia et al2012).Plants respond to herbivory by investing in defensive traits and removing
energy from plant growth (Zust et 2015).Although the effects of herbivory on floral traits and
pollinator visitation have been explored, the extended consequences of phenological mismatches
on floral traits and plant mutualists, such as insect pollinators, remain largely unexplored (Jacobsen
andRaguso 2018).

Herbivory caninduce higher investments in plant chemical defenses that can alter floral
traits via various physiological pathways (Pané Tumlinson 1999)First, herbivory can directly
affect plant growth by decreasing available photdsstit area, carbohydrate reserves, and stored
nutrients(Bi and Felton 1995; Mutikainen and Delph 1998¢rbivory can also indirectly affect
plant growth when plants invest limited resources in defensive strategies, for example, by

increasing secondary tadolite production instead of investing in growBi and Felton 1995;



Mutikainen and Delph 1996%econdary metabolites are organic compounds created by plants that
are used as a defense against herbivory; they can have toxic, repellentnatréiinal effects

on herbivores (Usha RaandJyothsna 2010; War et al. 2011a; War et al. 2010H®.production

of secondary metabolitegquiresenergy and resources to be taken from primary metabolites,
which are organic compounds used for plant growth, reproduction, and storagen@Erb
Kliebenstein 2020)Second, energy and resources that are reallocated away from plant growth
may reduce nofloral and floral plant traits (ZUst et al. 2015; Struckman et al. 2019; Brys et al.
2011). Others have suggested that reductions in floral display size and nectar reward are due to
increasing investments in chemical defenses (Mothershealflarquis 2000) These trad®ffs

between growth and defense explain why plants that invest more in defensive traits in response to
herbivory can become less attractive to pollinators (Whitney and Glover 2007 -Radassa

2016; Burkle and Runyon 2016; Lehtila and Strei8&7; Poveda et a&2003).

The indirect effects of insect herbivory on floral traits could have consequences for
pollinator activity, but tany knowledge, no study has linked changes in the onset and intensity of
herbivory to changes in neftoral traits floral traits, and pollinator activityJnderstanding these
relationships will provide a novel and more mechanistic perspective than previous studies (Brys
et al.2011; LucasBarbosa 2016). Variation in floral traits can altiee visitation frequency by
pollinators and the diversity of pollinators visiting the plant (MotherstasatMarquis 2000;
Gustafson et al. 202Fornoff et al. 2017; de Brito et al. 2017; Johnson et al. 1995; Strauss et al.
1996; GalerandPlowright 1985; Kessler et al. 2011).dtwelldocumented that flowering plants
use several strategies to attract pollinators, but they can generally be broken down into three
categories: 1) visual cues, 2) rewards, and 3) odour (Kumar et al. 2020). A bigger floral display

size, which includesdih flower size and number of flowers, acts as a visual cue by increasing



visibility, offers greater reward by holding more nectar, and increases floral odour by omitting
more volatile organic compounds (VOCs) (MakarudSakai 2007FarréArmengol et al2013.
Flowers containing larger volumes of nectard higher concentrations of sugar or other rewards
are more attractive due to their ability to provide nutrients (Cnhaani 20@6,;, Watt et al. 1974,
Finkelstein et al. 2022 onversely, nectawith a high concentration of amino acids can lead to a
lower visitation frequency and richness (Fornoff eR@ll7). This may be caused by amino acids
altering the taste profile of nectar to be less appealing (Gardedé&ilman 2002).However,
butterflies may prefer nectar withragh concentration ofmino acid, whichhas been shown to
increase their fecundity Me v i &nd Brigatdiz 203 ; Me v i andSErhlardtt2@0%h If
herbivory negatively affects floral traits, there may be simultaneous neg#teés on pollinator
activity (Fornoff et al. 2017; La RosandConner 2017; Raffertgndlves 2011).

The ways in whictiming and intensity of herbivory affect plants and pollinators have been
studied independently; however, how these factors might interact to affect plants and pollinators
remains unexplored (Mercadand Isaacs 2003; Garciand Ehrlén 2002; Knight 2007Botto-
Mahan et al. 2011; Mothersheadd Marquis 2000; Fabina et al. 2010; but see Whigzeth
Chapa. 1999)The timing of herbivory, whether eaflymid- or lateseason, can influence the
magnitude of physiological responses in plants (Marshall 20éh; RasmusseandYang 2023;
Mercaderndlsaacs 2003, GarcéndEhrlén 2002; Knight 2007WJnder climate warming, insects
generally emerge earlier, indicating that herbivores are active earlier in plant development
(Diamond et al2011; Bell et al. 201F;orrest et al. 2016; VissandHolleman2001). Therefore,
the onset and peak intensity of herbivory are expected to occur earlier (B@ivafatt 1992;
DelLucia et al. 2012; AbarandLill 2015; Ren et al. 2020)he effects of earbpnset herbivory

on owrall plant fitness might be limited there isenough time to recover before reproduction



however,consequences could be ragronounced later in the season when the allocation of
resources shifts from growth to reproduct{@uarciaandEhrlén 2002. If herbivory takes place

right before the flowering period, herbivores may deplete the plant's resources or damage the
structures necessary for reproduction, leaving insufficient time for the plant to recover before the
optimal reproductiveperiod has passe{fzarciaand Ehrlén 2002 Early-onset herbivorycan

reduce floral display size, nectar reward, and delay flowering, as young plants have limited energy
reserves; depleting these reserves further reduces the resources plants cancatluesdetriaits

during developmen{Knight et al. 2007; Marshall et al. 2005; Rasmussen 2023; Baauk
Marquis 2005).

Induced defense mechanisms in milkweed exemplify the chemistry and physiology
employed by many species to ward off herbivoigkweed is known to invest in induced
defensive traits such as cardenolides (cardiac glycosides), latex production, and carbon to nitrogen
(C/N) ratio (Rasmian et al. 2009Malcolm and Zalucki 1996; Konno et al. 2004; Behmer 2009
These induced defenskave also been shown to reduce photosynthesis in milkweed which may
further reduce growth potenti@Delaney et al. 2008 Cardenolides are present in all species of
milkweed but vary in concentration depending on species and plant tAgval & Konno
2009; Rasmann & Agrawal 2@). Cardenolides impede the activity of sodipotassium pumps,
crucial for upholding the membrane potential in the majority of animal cells (Rashal. 2009).

The highest concentrations have been found in latex, which senegh a physical barrier and a

toxin against herbivored. ¢pezGoldar et al. 2021Agrawal and Konno 2009). After herbivory,
plants can allocate resources, consisting of mainly carbon and nitrogen, away from sites of attack
(Orians et al. 2011; Tao amtunter 201). Milkweed has been shown to allocate more nitrogen to

stems after the damage of other tissues such as leaves and aooas@d Hunter 2033The C/N



ratio in plant tissues is a significant regulator of susceptibility to herbivores, maiimgdditional
type of defense again herbivores (Rasmet al. 2009; Behmer 2009).

In this experimental studyjnvestigate how the onset and intensity of herbivory influence
floral traits andpollinator activity Specifically,| asked a series @iter-related questiong) Will
plants with earlyonset and higintensity herbivory be shortdrave fewer leaves, smaller flowers,
fewer flowers, delayed onset @iowering, less nectaand lower nectar sugar concentration
(Mothersheacand Marquis 2000;Strauss 1997; Theis et al. 2009; Poveda et al. 2B08uss et
al. 1996; Krupnick et al. 1999; Blue et al. 2015; NarbandDirzo 2010; Marshall et al. 2005;
RasmusseandYang 2023Poveda et al. 2008 2) Will plantswith early-onset andhigh-intensity
herbivoryexperience decreased pollinator visitation frequency and ricliRessoff et al. 2017;

La RosaandConner 2017; Raffertandlves 2011; Cnaani et al. 2006; Williams et al. 2015; de
Brito et al. 2017; Petanidou et al. 2014)? 3) IWilants with delayed onset flowering also
experience decreased pollinator visitation frequency, but increased richness (Petanidou et al.

2014)?



METHODS
Study site
The experiment was conducted the University of Michigan Biological StatioqfyMBS) in
Pellston, Michigan (45.556l, -84.679W) from May 9" to August 1, 2022 UMBS is located
in the transitional zone between mixed hardwood and boreal forests in the northern lower peninsula
of Michigan (Karl et al.2004. The forests neaU MBS representi diversearray of ages and
disturbance histories, and consist mainhbigjftooth aspenRopulus grandidentatdichx.) and
trembling aspenRopulus tremuloideMichx.), but also containorthern red oakQuercus rubra
L.), paper birch Betub papyriferaMarsh.), American beechHagus grandifoliaEhrh.), sugar
maple Acer saccharunMarsh.), red mapleAcer rubrumL.), and white pineRinus strobes..)
(Gough et al. 2008C.ommon flowering plants in the field include common milkwekdyriacg),
purple crownvetch Securigera varig staghorn suma®hus typhing and the common St.o hn 6 s
wort (Hypericum perforatum The area is also dominated by the common brackenPéendium
aquilinum). The soils of UMBS are acidic, sandy, excessively drained, mixed frigid Entic
Haplorthods with little relief (Hardiman et &011) The areaeceives an average of 81 mof
precipitationper year and hasan average annual temperature of 5,330t the climate vaes

greatly from year to yedfGough et al. 200850ugh et al. 2013)

Study system

Asclepiasncarnatg commonly known as swamp milkweed, is an herbaceous perennial plant that
occurs in wetlands and uplands acrdssth America YWoodson 1954 This speciess primarily

found inwet habitats, such as swamps and marshes, but can also gitoer ioonditiongKirk

and Belt 201} Individuals can grow 90 to 180 centimeters tall pratuce clusters of small, pink



flowers fromlate springo early fall(Kirk and Belt 2011; Borders dn_eeMader 2014). | chose
this study system as it iBighly attractive to a wide variety of pollinators, including bees,
butterflies, and hummingbirdsandis an important host plant for the larvae of the monarch
butterfly (Danaus plexippyd(Borders and_.ee-Mader 2014; Kirk and Belt 20)1In addition to

its ecological importancey. incarnatahas medicinal properties and has been usdddigenous
peopledo treat a variety of ailmen{&irk and Belt 2011)Despite that nly specialized herbivores
with adaptationso sequestesecondary metabolitebke cardenolidescantoleratemilkweed it

can still receive large amounts of herbivgBorders and Ledader 2014).

Experimental design
To examine how the onset and intensity of herbivory affect the quality and quantity of floral traits,
and whether this cascades to affect pollinator activaytificially manipulated the onset date and
percentage of foliar herbivory ok incarnata | obtained overwintered, second year plants from
East Michigan Nativ@lants, LLC(Durand, MI, USA as they are more likely to flower than plants
in their first year of growthl. grew the plantin the UMBS greenhouse starting on May 2022,
where theygrew for about a month. Thentransportedhemto the study site on Juné®22022,
after the risk of froshad passed! placed themin large 26.5L potsfilled with potting soil to
prevent the roots from being overly confingad to avoid inting growth(A. Nelson, personal
communication, April 9, 20292

The experimental site was fenced and measured approximately 33@.8nm. It was
exposed to full sun from morning to late afternodhe pots were arranged in a randomized
completeblock design (RCBD) with 15 blocks from Juriéd @ July 2% (Figure S1)This design

was chosen as it liminy confounding variables such asposure to sun and windplaced the



blocks five meters apart, and the treatments one meter apart withinbleméhto ensure
independence and avoid perturbations of pollinators during surBegwif et al. 2002; Pfunder

and Roy 2000. Each block contained six plants, and each plant was exposed to one of the
following six treatments: 1) early and low herbivoryl&e and low herbivory, 3) early and high
herbivory, 4) late and high herbivory, 5) no herbivory (control), and 6) natural herlicormered
treatments 1 to 5 with mosquito netting until the plants were flowering to exclude natural
herbivoresOn July22', before herbivory treatments were applied, plants were rearranged in a
new block design such that plants at similar stages of development were placed in the same block.
This was done so thalhe netting could be removed from all treatmeattthe same time and
pollinator surveys coultegin.Hereafter, block one refers to the first design, and block two refers

to the second design.

Onset of herbivory

To test how the onset of herbivory affects +ilmmal traits, floral traits, and pollinatorctvity, |
artificially damage thenilkweedby removing leaf tissue at two different times during the study
period.| damagedll leaves by hole punching and ripping roidrib leaf tissue] used both
methods to simulate the various patterns of natunddiveery | observed in the fieldBaldwin

1990. | chose leaves at random to decide which method of tissue removal they would receive.
Main leafchewing herbivores in this system include weevils, monarch caterpillars, milkweed
beetlesmilkweed bugs, manyfavhich emerge and peak at different times from early spring to
late summer (Van Zandind Agrawal 2004; Betz et al. 2000). In the region, weeaiks active
beginning in May, monarchs, common milkweed beetles, and leaf beetles beginning in June, and

milkweed bugs beginning in July (Van ZarattdAgrawal 2004; Betz et al. 2000)damaged the



early-onset treatments once on Jun&Zafter block reerangementjo reflect damage from early
active herbivoresTwo weeks laterpn July &', | damaged the latenset treatments to reflect
damage from later occurring herbivoréseatments were two weeks apart as phenological shifts
between insects and plamre expected to shift anywhere from a few days to a few wEeke6t

et al. 2016Kharouba et al. 201Rafferty and Ives 20)1The plants received either eadpset

or lateonset herbivory, not botifhe new leaves that emerged after tteatments were not
damagedhs | wa only interested in onset, not continuous herbivoopnducted visual surveys

of the surrounding populations Af syriacabefore applying each treatment to estimate the level

of herbivory at that point in the season.

Intensity of herbivory

To test how the intensity of herbivory affects fftoral traits, floral traits, and pollinator activity,

| removed different percentages of leaf tissue. Intensity of herbivory can vary between years and
locations; thereford,chose percentages basegogvious studie€Theis et al. 200Btrauss 1997
Agrawal et al 1999, personal observations, and recorddabervations of natural levels of
herbivory oncommonmilkweed atUMBS from 2008 to 2017AFigure S2 Mark D. Hunter,
unpublished data).manually removed 5% of each leaf for plants in the low herbivory treatments,
and 50% of each leaf for plants in the high herbivory treatmlerissially estimated the percentage

of leaf removal. The plants grew at different rates; therefoegmoved a prcentage of leaf tissue
rather than a standardized amount of biomass to gat&htiallyinflicting major damage to the
smaller plants but insignificant damage to the larger plants, as several studies havedoamef

andlsaacs 2003; Strauss 1997;63ada et al. 1995



Non-floral trait response to herbivory

| measured plant height, number of leavestatal leaf aredbecause nofioral traitscan provide

a mechanistic basis to understand floral trait responge incarnata(Roachand Smith 2020;
BolmgrenandCowan 2008; Hochwender et al. 2000; Bryale2011) These measurements also

help to account for the differences caused by greaierdss removal from larger plant$e plant

height was measured from the point at which the plant emerged from the soil to the uppermost
leaf. | counted the number of leaves, including both damaged and undamagedileatiesated

the area of the largest leaf on each plant by multiplying the length and width of therlekifplied

this value by the number of leaves per plant to get a total leaf area Basle$ et al. 20161

took these measurements once per wedkezse traits did not change drasticdittyn day to day.

| recorded the percentage of damage and number of damaged leaves for plants in the natural
treatment to track the progression of herbivory throughout the sdasomnted the number of
damaged leawevery fewdaysas new signs of herbivory did not occur every day but were

noticeable on the plants for several weeks.

Floral trait response to herbivory

| measuredlower size, the number of open flowers, onset flowering date, nectar voiune,
nectar sugar concentratidmecause those traitwere expectedto respond to herbivory and
influence pollinatoactivity. The day prior to each sampling daghose five flowers per plant at
random to receive both flower size and nectar measurenmdageliurstand Karubian 2016;
Keaser et al. 2008; ManetasdPetropoulou 2000; Cavalcante et al. 201&overed the chosen
flowers with small mesh bags overnight to prevent pollinators from removing any nectar. The

following day,| removed the bags and maesdthe onset of budding arftbwering date flower

10



size, number of open flowers, nectar voluamelnectar sugar concentrati¢tnree blocks did not
flower on time anaveretherefore excluded from all analysdsjpwer size (i.e., hood length, hood
height, gynostegium width and petal length) was measured using a digital caliper (ADORIC, 0.1
mm resolution 0.2 mm accuracy). counted the number of open flowers, excluding wilted or
partially opened flowersl collected nectar by inserting glass capyllaubes (8L and 1@L
Drummond MicroCapsaccuracy 1%) into the flower hoods and measuring the length of the nectar
column (Power et al. 201 1)measured sugar concentration in degrees Brix, a measure of dissolved
solids in a liquid, as a proxy of nectar quali®ne degree Brix isqual to ongram of sucrose in
100 g of the solutiorMeasurements were taken using eithers®0or 4590° Eclipsdow-volume
refractometer (resolution 0.Zyhe nectar was expelled from the glass capillary tubes onto the
refractometer prism.

| did not measure pollen as it is inaccessible to pollinators (only pollinia is accessible),

making nectar the only availablenard (BordersandLee-Mader 2014).

Pollinator activity
To testhow the onset and intensity of herbivory affecliinatorvisitationfrequencyand richness
| performed standardizedsual surveysSurveys occurred between 09:00 and 17:00, ligtht
winds (<29 km/h), low cloud cover (< 50%), and air temperatures above 13°C, as described by
06 Co n n o(R019%.Pollinatbrs are generally more active whensitsunny, warm, and with
low wind speeds (McCalindPrimack 1992; VicenandBosch 2000).
Since thdloweringtime of all plantsverenot aligned) conductegollinator surveys when
each plant in a block had at least one inflorescence fully bloomedorBwisntedtollecting nectar

samples fronrmostopen fowers which would result in a lack of reward for pollinatbcsanducted

11



surveys prior to taking measurements or daily watetongvoid disturbingthe environmentl
observed an individualltck for ten minutes in random ordeturing which timel counted and
identifiedeach pollinator that visited eaplant(Primack and Inouye 1993)observed 5503 visits
which werecharacterized by contact between the pollinator's body and the anthers or stigma of a
flower to differentiatgpollinators from flower visitors (Primack and Inouye 1993). If a pollinator
visited multiple plants in a blockcountedhose observations as separate vistsause they could
result in unique pollination eventsundin et al. 2Q9; Krupnick et al. 1999).

| identified pollinators in the field aftem substantial trainig period fromJune 18 to July
231, First, | compiled a list of species observed in the surrounding area using multiple sources
including the Global Biodiversity Information Facility (GBIF.org; including iNaturalist
observations) and fAThe Bees oflcrddtecarefgmen 6 ( Gi
collection of morphotypes by collecting specimens in the field and identifying them using several
taxonomic keys (Brothers et d1993; Packer et al. 2007), and field guides (Nielsen &t98I9;
Williams et al. 2014; Skevington et al. 2019; Carriaket2021). Oncéhelist of morphotypesvas
complete | compiled a visual key to aid with visual identification in the field (TaBig.
Individuals that could not be identified in the field were captured with nets, placed into a killing

jar, and identifid in the lab.

Statistical analyses

Non-floral traits

The nonfloral traits were measured once per wddgking thepairs.panelgunction in thepsych
package(Revelle 2023in R (R Core Team 2023sersion 4.2.2)) assessed if there was any

multicollinearityamongtraits (Figure S3). Thetotal leaf area indewas highly correlated witkthe
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number of leavesTo avoid redundancy, the total leaf area index was excluded from further
analysesUsing the Imer function fronthe Ime4 packaggBates et al. 2015h R, | constructed
univariatelinear mixed effect modsI(LMM) to assess hothe onset andntensity of herbivory
and their interactiomaffectsplant height and the number of leavéhis usesesidual maximum
likelihood (REML) for variance parameter estimatidRandom effects includeddzk one and
block two to account for growth conditions and phenolegek to account for temporal variation
in average trait values across plamisd pant ID as plants received only one measurement per
week.To satisfy the assumptions of normality and homoscedasti@ypower transformed plant
height. All transformations were chosen via trial and errorartgig with the weakest
transformations. assessed model assumptioria the simulateResiduals function from the
DHARMapackage in RHartig 2022) | visualized relationships betweal herbivory treatments
and nonfloral traits using violin plotgFigure $-S5). Plants in the natural treatment were not
included in the main analyses; however, were visuali#edgside the other treatments (Figure
S6).

| conductedytpelll ANOVAs with Satterthwaite's methdd test the main and interactive
effects of herbivory treatments on all rftoral traits. If a relationship was significahgonducted
post hocT u k e y 6testsidsthh@the emmeans and contrast functions froentheeanpackage
(Lenth2023)in R to compare specific treatment combinatiohs.allow for easier interpretation,
model estimates were backtransformied original unitsusing the regrid function from the

emmeangpackagebeforepost hoaests.
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Floral traits
Floral traitsthat were measured dailyere averaged per weét match the noffloral data |
assessed if there was anylticollineaity amongtraits (Figure S3). The number oinflorescences
was highlycorrelatedvith thenumber oflowers, andtheonsetbuddingdate was highly correlated
with the onsetflowering date. To avoid redundancy, the number of inflorescences and onset
budding date were excluded frofarther analyses Next, using thePCA function in the
FactoMineRpackaggLe et al. 2008)n R, I ran a Principal Component Analysis (PCA) for the
four metrics of flower size: hood height, hood length, petal length, and gynostegidth. |
extracted thescores from théirst axisto represent flower sizé constructedinivariateLMM s to
assess hotheonset and intensity of herbivqrgnd their interactioraffectsonset flowering dat
flower size the number of open flowemectar volume, and nectar sugar concentraBtotk one
andblock two were included as random effectsalhmodels week was included as a random
effect for all models, excefor onset flowering dateand ime of day wasncluded in thenectar
volume and sugar concentratiomodelsas a fixed effecto account for evaporation as the
temperature increased déat in the day To satisfy the assumptions of normality and
homoscedasticityl, square root transformed the number of open flowas nectar volumegnd
3 power transformed nectar sugar concentratioisualized relationships between ladirbivory
treatments and floral traits using violin plots (Figu#eSs).

| conductedytpelll ANOVAs with Satterthwaite's methdd testthemain and interactive
effects of herbivory treatments all floral traits If a relationship was significant,conducted
post hocT u k e y 6 wststd Sompare specifitreatment combinationdlodel estimates were

backtransformetb original unitsbeforepost hodests.
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Pollinatoractivity

The number of visits and the richnessmdrphotypeger observation period were averaged per
plant per weekl. constructedinivariateLMM sto assess hotheonset and intensity of herbivqry
and their interaction, affects pollinator visitatimeequency and richness per we&ock one,
block two,andweek were included as random effedisne of day was includeds a fixed effect
to account for differences in pollinator activity due to tempergfrenackandinouye 1993)I
conducted typéll ANOVAs with Satterthwaite's method to test the main and interactive effects
of herbivory treatmern pollinator activity.

| constructed univariateMMs to assess how flower sizaset flowering date, the number
of open flowersnectar volume, nectaugar concentration and pldrgight and number of leaves
affects pollinator visitation frequency and richneBkck one, block two, weekand plant ID
(specified for planteight and number of leayewere included as random effectsd time of
time was included as a fixed effantboth modelsTo satisfy the assumptions of normality and
homoscedasticityl square root transformed visitation frequency and richnaesany model,
random effects that resulted in zero variance were removeslidized relationships between all
plant traitswith pollinator visitation frequency and richnggsgure §-S8) andhow standardized
values formplant traits pollinator visitation frequency and richness changeertime (Figure 9).

| calculated BrayCurtis dissimilarity among all samplesd conduced permutational
multivariate analysis of varianse(PerMANOVA) to test for differences in community
compositionramongtreatment®f onset and intensity of herbivgrgndnonfloral and floral traits.
Looking intocommunity composition will provide more information about the relative abundances
of different pollinator morphotypes.| tallied the observations per morgiype for each block,

treatment, and week, then calculated their relative abundances (#able S
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RESULTS
Effects ofearly-onsetherbivory on nonfloral traits
The number of leavebut not plant height, was significantly affected by the herbivory treatments.
The effect ofonsetof herbivory on the number of leavegas dependenbn the intensity of
herbivory (Table 1)Early-onset herbivory ahigh-intensity resulted b3 and 704 more leaves
compared to latenset herbivory at highntensity and the control group, respectivéfiglre 1A
Table S2. Similarly, late-onset herbivory at lovintensity resulted in 54.and 748 more leaves
compared tdate-onset herbivory atigh-intensity and the control group, respectivétigre 1A,

Table S2.

Effects ofearly-onsetherbivory on floral traits

Onset floweringflower size, the number of open flowers, and nectar volume, but not nectar sugar
concentration, wersignificantly affected by the herbivory treatmenidensity of herbivory was
a significant predictor for onset flowering and flower s{@able 1).The effect ofonset of
herbivory on the number of flowers and nectar volwasdependenon the intensityf herbivory
(Table 1) Plants with lowintensity herbivory bloomed 1.7 and 2lays later than those with high
intensity herbivory when onset was early and late, respectiviglyre€ 1B, Table S? Plants with
early-onset herbivory at lovintensity blooned 2.5 days later than those with lateset herbivory
at highintensity fFigure1B, Table S Plants exposed to lewmtensityherbivory had significantly
smaller flowers than those exposed to higtlensity herbivory and to the control gro{ipgure 1C
and 30, Table S2 Plants with arly-onsetherbivory athigh-intensityresulted in 60.7, 78.4 and
65.7 more open flowers compareahose withearly-onsetherbivory alow-intensity, lateonset

herbivory athigh-intensity, and the control groupespectively (Figre 1D, Table S Plants with
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lateonsetherbivoryat low-intensityresulted in 65 more open flowers thahose withlate-onset
herbivoryat highintensity(Figure 1D, Table S2. Early-onsetherbivoryat highintensityresulted
in 1.4 and 11 more microliters of nectar compared to eashsetherbivoryat low-intensityand

late-onsetherbivoryat highintensity, respectively(Figure 1E, Table S2.

Effects ofearly-onsetherbivory on pollinator activity

Pollinator visitation frequengyichness and community compositiasid not significantly differ
among herbivory treatmen{3able 1 and 2). However, visitation frequency and richmes®
positively correlated with plant height and the number of openefle Figure 3. A tencm
increase in plant heighind the number of open flowexss associated with an increaséd@and
3.4 square roovisits per observation period, respectiv€lable S3. A tenrcm increase irplant
height and the number open flowersvas associated with an increasedd and 09 square root

morphotypegper observation period, respectiv€Riable S3.

17



DISCUSSION
| artificially manipulated herbivory in milkweed to investigate the extended consequeptastof
herbivore phenological mismatcim oral traits and flower visits by pollinatorshighlight that
early herbivory can trigger milkweed to produce more flowers, but only when-aeét
herbivory is intense. However, pollinators were not more abuohdor diverse on plants
experiencingearly-onsethigh-intensity herbivory. Nevertheless, when examining the relationship
between pollinator visits and the number of open flowers across all experimental plants, regardless
of the treatmerstthey experienad there was a positive relationship. Taken togethegd results
suggest thaplants may respond to early herbivory by allocating more resources to flower
production Plants may perceive herbivory as a threat tcsitsvival and by producing more
flowers, the plant increases its chances of reprogustuccesgBauer et al. 2017 Moreover,
changes in herbivorous insect phenology could Hdirect andindirect benefitsfor plant and

pollinator fitnesgCuny et al. 2018)

Effects of earlyonsetherbivory on nonfloral traits

| foundno overall effect bonset or intensity of herbivory galant height othe number of leaves
however,there was an interactionfor the number of leavedhis is not consistent witimy
predictions thaplants with earlyonset and higlintensity herbivory wuld be shorter anthave
fewer leaveslue to tradeoffs between growth and defen@ist et al. 2015Brys et al. 2011)A
previous study found thatmean leaf lifespan, but ndhe number of leavesiecreasedfter
subjectingmangroves tancreasingdevels ofinsectherbivoryranging from 29 to 80% leafrea
removal(Lee 199). They suggest that thmattern is due ta costbenefitanalysis and regulation

of resource allocatioifLee 1991) | indicatethat early-onset higkintensity herbivoryand late
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onset lowintensity herbivory resudd in increased leaf production which could be explained by
overcompensatiorRart ofmy results mirror that oBoege (2005yvho foundthatCasearia nitida
compensatebest for highlevels ofdefoliation at the sapling stagley producing more leaves
Similarly, Cuny et al. (2018) found evidence of overcompensation when plants exposed to a single
bout of herbivory produced more leaves than undamaged gdlattiss case A. incarnatamay be

able to overcompensate fdifferent intensities of herbivorylepending orwhen the herbivory

event takes placé\s insects continue to emerge earlier in the year, andyfittiiéct increasing

amounts oflamage to plants, leaf production nmagreasecorrespondingly.

Effects ofearly-onsetherbivory on floral traits

Intensity of herbivorynfluencedonset flowering datand flower sizebutnot the number of open
flowers, nectar volume or nectar sugar concentratifound that plantexposed tdow-intensity
herbivoryexperiencedielayed bloomingompared to higintensityherbivory butdid not differ
from the control Plants with lowintensity herbivoryalso had smaller flowers contrary tomy
predictions Severalstudiesshow that higher levels of herbivory delaylowering (Agren and
Schemskel993; Traw 2002;Schiestl et al. 201&Kettenringet al. 2009, while some show no
relationshipat all (Erneberg 1999 To my knowledge, astudyhas reportedelayed flowering in
low-intensiy, but not highintensity, herbivorytreatmentsThese conclusions may also be made
for onset budding date, as it was positively correlated with onset floweringAdhtiionally,
many studies show théfibwer size decreases withcreasing levels of herbivorftehtila and
Strauss 1999Mothersheadand Marquis 2000; Strauss 199but none tomy knowledge have
shownplants to compensate for hightensity, but not lowntensity herbivoryLower levels of

herbivory may not exert strong selective pressure on plants to inteptaducingarge flowers
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as a reproductive strategarcia and Eubanks 201 %maller floweranay still attract enough
pollinators for successful reproduction, while thlant conserves resources for other essential
functions.A metaanalysis on overcompensatifor insect herbivory found thatlamage intensity
had no effecton plant responsedespitethe strong evidencdor plants being able to best
compensate for lovintensity herbivory GarciaandEubanks 2010 However they discussed one
study by Tito et al. (2016yho showed thaActinocephalus polyanthygoduced more seeds when
completely defoliated, compared to undamaged trees.

There was no overall effect of onset of herbivonyanyfloral traits; however, there was
an interaction between onset and intensity of herbivorgfemumber of open flowers and nectar
volume Sharinga similar pattern as leaf production, show that earhonset highintensity
herbivory resulted in increased flower production, which may also be explained by
overcompensatioWhen onset of herbivonyaslate, plants withlow-intensity herbivoryesulted
in more open flowers thaiose withearly-onsetherbivory butdid not differ from the controlA
recentstudy byPeschuittaet al. (2020found similar resultsising sawfly leaf herbivory on cherry
trees;trees with more than 50% leaf damage produnece flowers than those with essential no
herbivory. Another studyfound that Ipomopsis aggregatandividualswith simulated herbivory
producedalmost twice as marfjowersthanthose with no herbivorwhich increased their fithess
(PaigeandWhitham 1987)However, both studiedo not take into accoutttetiming of herbivory
These conclusions may also be made for the number of inflorescences, as it was positively
correlated withthe number of flowersAs for nectar volumeno treatment differed from the
control; howeverwhenintensity of herbivory was high, plants in the gavhset treatment yieddl
more nectar than those in the lateset treatmenf.wo studies found thaxtreloral nectar volume

was higher irplants exposed to herbivgrglthough no reference to timing or intensity was made
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(Wackerset al. 2001 Koptur 1990. Conversely Smith et al. (1990) found melationship between
nectar volume and varyirigvels of herbivoryranging from 256 to 75% leafarearemoval These
results may provide evidence for differential overcompensation, specifically, thiky &
compensate for high, but not low levels of herbivaiith further climate warming and earlier

insect emergence, we mestness an increase in the number of open flowers and nectar volume.

Effects ofearly-onsetherbivory on pollinatoractivity

Pollinator visitation frequencgnd richness were bopositively correlated witlplant height and
the number of open flowers, but no other traiteese results confirm previous findings that
pollinator visitation frequency and richnesgreases with the number of open flowers, which
contributes to floral display size (Fornoff et al. 2017; Conner and Rush 1996; Klinkhamer et al.
1989; Cohen et al. 2021 hese results amsoconsistent witltheidea thaplants that are more
easily deectedreceive more visits from a larger diversity of pollinatfgilliams et al. 2015;
HeglandandTotland 2005Mustajarviet al. 2001) More open flowers increadleral display size
and emit more VOGsincreasing visibility scent,and visitation frequencyMakino and Sakai
2007 FarréArmengolet al. 2013. A larger floral display sizevas observed tsupport more
individuals at a given timelt is possible thaa larger diversity of pollinators can be found on a
single plant.

There was no effect of herbivory tresntson pollinator visitation frequency, richness,
and community compositionThis information is particularly interesting as the herbivory
treatments affected the number of open flowetsich increased pollinator visitation frequency
and richnessThe lack of effect of herbivory treatments on pollinator actigiiggestshat the

mediating effect olhumber of open flowers &g notvery strong.Overall, there is no strong
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evidence thamismatchegan cascade down to affect pollinators; howeresultssuggest link
exists through the number of open flowe3sveral studies have shown that herbivory indirectly
affects pollinators through reduced visitation, time spent per flowesd pollinator survival
(Jacobsen and Raguso 2D Ikhistrendlikely exists buimay not hae been pickedpin our data

due toseasonal variation @ertain aspects of the experimental desigch asample size

Implications

These results attest to the importanédhe onset and intensity dierbivoryin understanding
ecosystem dynamicsuch as community structure, species interactions and ecosystem services
(Agrawal and Maron 2022 Maguire et al. 2016 | observedchanges impollinator community
structure plantpollinatorinteractionsandpollinationaschangesn patterns of herbivorgltered
milkweed traits. Some traits were then linkdd pollinator visitation frequencyand diversity.
Studyingthesepatternscan provide insight into the mechanisms driving changesasystem
dynamics under climate change. For example, changes iimtimg of herbivory may be driven

by plant phenology, changes in herbivore behaviour, or interactions with the enviroBRieah(

et al.2019; Rasmussen et al. 2028eineke et al. 2021 These resultsnay alsobe taken into
account when considering ecosyst@anagement strategias they relate tagricultural systems.

This information could benefit these systems whichraliant on provisioning, regulating and
cultural services (Maguire et al. 2018)climate change leads to an earlier onset of herbivory, it
may be necessary to adjust planting or harvesting schedules to minimize crop deowgerve
vulnerable plant speci€slorgan 2020)The onsebf herbivory can coincide with critical stages

of plant growth and development, leading to reduced productivity and economic losses

(Tschartke et al. 2005)It is important to note that thefe€ts of herbivory can be context

22



dependent and vary across ecosystems; factors such as the onset and intensity of herbivory, and
the resilience and adaptive capacity of plant species can all indlpetential outcomes (Poelman
et al. 2008; Stam et al024). By investigating these mechanisms,gain a better understanding
of the underlying processes shaping patterns of herbivory and can make more accurate predictions

about future changes.

Conclusions

By assessing the impacts pbtential phenological mismatches between plants and ingects
contributed tdoridging the gap betweeherbivory, plantstraits, and pollinator activityl.expected
plants with earlyonset and higintensity herbivoryto have reduced neftoral and flaal traits,

and experience decreased pollinator visitation frequency and richAtesugh there was no
overall effect of onset of herbivory, there was overall effect of intensity of herbivory and a
interactive effect orsome norfloral and floral traits Additionally, | linked mllinator visitation
frequencyand diversity with the number of open flowawy work highlights thathanges in the
timing of herbivory due to phenological mismatch may ehaenefits or consequencefor
milkweed traits, depending @is onset and intensityiowever, we do not have conclusive findings
for theindirect effects of herbivory on pollinataattraction The findings of this study should be
taken into account thelp predict andmitigate ecological or agricultural losses in the face of
climate changé€Tscharntke et al. 2005The future of phenological mismatbletweemilkweed
andits herbivoress uncertain Nevertheless, given the threat of climate change disrupting the
synchronizatiorof milkweed flowering and monarch butterflies' liégcles there is a growing
concern that rising temperatures could exacerbate this mismatch, posing challenges for the alread

vulnerablepopulation(Howard 2018;Yang and Cenzer 2020Future work should explordl)
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how phenologicalmismatch affectsspecific pollinator taxa, 2)different types of herbivory
including belowgroundierbivory, and 3)helong-termconsequenceas plantherbivore mismatc

on plantpollinator interactionsWhile we looked at the effects of mismatch on an entire pollinator
community, speciespecific effectdikely exist and could allow for moreelevant applications
(LucasBarbosa 2016 Jacobsen and Raguso 2Pl18ooking into belowground herbivory,
especialy for perennials like milkweed whictievelopcomplex rootsystemsand can invest in
longer term defense strategiesmpared to annual€ould provide a more complete picture
(Jacobsen 2022Staley et al.2008. Finally, longterm consequences can Seidiedthrough
communitysciencevhich involvescollecing datausingbroadnetworks likeiNaturalisstNat ur e 6 s
Notebook and iSpot, or specific networks like eBirdRecently there has beediscourse
surrounding community data collection, focusing on enhancing both accuracy and precision, while
also considering the integration of best practices to mitigate potensafHel@man et al. 2018;
Primack et al. 2023; Di Cecco 202Rnderstandig how changes in herbivory affgobllination
success, reproduction and pldithess in the following years may provide more reliable

predictions
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Figure 1. Pairwise comparisons of (A) number of leaves, B) onset flowering date, (C) flower size,
(D) number of open flowers, and (E) nectar volume per combination of onset and intensity of
herbivory(n=184 for panels A, GE; n=60 for panel B)Comparisons are between onset (early or
late) and intensity (high or low) of herbivory, and no herbivory (ndé&)mated marginal means
(EMM) are shown as dots with standard error bars. Means not sharing angrietegnificantly
different from each other.
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Figure 2. Scatterplots showing the relationship between pollinator visitation frequency with (A)
plant height and (B) number of open flowers, and richness with (C) plant height and (D) number
of open flowergn=214) All plots are statistically significant wighvalues < 0.001.
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TABLES

Table 1. Type lll Analysis of Variance Table with Satterthwaite's method for the linear mixed
effectsmodel ofnonfloral, floral and pollinator traitdnteractiors between factorarerepresented
a s Bdldivalues denote statistical significanpe<(0.05).

Sum of Mean

Dependenvariable Predictor df F p
sguares square
Nonfloral traits
Plantheight Onset 2.62E+9 1.31E+9 2 0.08 0.928
Intensity 2.40E+10 2.40E+10 1 1.38 0.246
Onsetx Intensity ~ 7.29E+9 7.29E+9 1 0.42 0.521
Leaves Onset 3933.87 1966.94 2 235 0.107
Intensity 416.54 416.54 1 050 0.484
Onset x Intensity 6050.47  6050.47 1 7.24 0.010
Floral traits
Onsetflowering  Onset 10.24 5.12 2 1.44 0.249
Intensity 42.19 42.19 1 11.83 0.001
Onsetx Intensity  0.52 0.52 1 0.15 0.704
Flower Size Onset 0.64 0.32 2 051 0.602
Intensity 15.27 15.27 1 24.16 0.000
Onset x Intensity  0.58 0.58 1 092 0.340
Openflowers Onset 28.16 14.08 2 0.83 0438
Intensity 0.48 0.48 1 0.03 0.866
Onset x Intensity  170.97 170.97 1 10.08 0.002
Nectarvolume  Onset 0.39 0.19 2 0.71 0.492
Intensity 0.71 0.71 1 262 0.108
Onset x Intensity  1.08 1.08 1 3.99 0.048
Nectarsugar Onset 9.32E4 4.66E4 2 017 0848
Intensity 4.20E4 4.20E4 1 0.15 0.700
Onset x Intensity  0.01 0.01 1 3.43 0.066
Pollinator activity
Visitation Onset 11.70 5.85 2 0.63 0534
frequency Intensity 19.16 19.16 1 2.07 0.153
Onset x Intensity  9.83 9.83 1 1.06 0.305
Richness Onset 0.03 0.01 2 0.24 0.787
Intensity 0.08 0.08 1 1.25 0.265
Onset x Intensity  3.68E4 3.68E4 1 0.01 0.939
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Table 2. PetMANOVA results for the effects of herbivory treatments,-floral and floral traits
on pollinator community composition. Community composition is estimated using the relative
abundance per morphotype for each block, treatment, and week.

Predictor Sum ofsquares df R? F p
Herbivory treatment
Onset 0.29 2 9.40E3 0.84 0.549
Intensity 0.03 1 8.65E4 0.16 0.977
Onsetx Intensity  0.12 1 3.88E3 0.70 0.588
Nonfloral traits
Plantheight 0.09 1 2.99E3 0.54 0.725
Leaves 0.10 1 3.13E3 0.56 0.711
Floral traits
Flowersize 0.18 1 5.97E3 1.07 0.373
Open flowers 0.06 1 2 00E3 0.36 0.853
Nectarvolume 0.17 1 5.47E3 0.98 0.403
Nectarsugar 0.20 1 6.47E3 1.16 0.292
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SUPPLEMENTARY MATERIAL

Early-onset Late-onset No herbivory
High-intensity High-intensity (Control)

Early-onset Late-onset Natural
Low-intensity Low-intensity herbivory

Figure S1.Randomized complete block design (RCBD) showing 15 blocks (left) and 6 treatments
(right). Treatments are randomized within each block.
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Figure S2.Average monthlypercentage of defoliation avatural populations gksclepias syriaca
at the University of Michigan Biological Station from 2008 to 2@&a%¥30) Unpublished data
provided by Mark D. Hunter.
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Figure S3. Pearson correlation matrix amopéant traits (HL=hood length, HH=hood height,
PL=petal length, GW=gynostegium width, NF=number of flowers, NV=nectar volume, NS=nectar
sugar concentratio®H=plant height, NL=number of leaves)
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