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Abstract

Insect herbivores have the potential to change both physical and chemical traits of their host
plant. Although the impacts of herbivores on their hosts have been widely studied, experi-
ments assessing changes in multiple leaf traits or functions simultaneously are still rare. We
experimentally tested whether herbivory by winter moth (Operophtera brumata) caterpillars
and mechanical leaf wounding changed leaf mass per area, leaf area, leaf carbon and nitro-
gen content, and the concentrations of 27 polyphenol compounds on oak (Quercus robur)
leaves. To investigate how potential changes in the studied traits affect leaf functioning, we
related the traits to the rates of leaf photosynthesis and respiration. Overall, we did not
detect any clear effects of herbivory or mechanical leaf damage on the chemical or physical
leaf traits, despite clear effect of herbivory on photosynthesis. Rather, the trait variation was
primarily driven by variation between individual trees. Only leaf nitrogen content and a sub-
set of the studied polyphenol compounds correlated with photosynthesis and leaf respira-
tion. Our results suggest that in our study system, abiotic conditions related to the growth
location, variation between tree individuals, and seasonal trends in plant physiology are
more important than herbivory in determining the distribution and composition of leaf chemi-
cal and structural traits.

Introduction

Insectherbivoresareoneof the mostabundantgroupsof organismson Earth,andfolivory is
oneof themostcommonfeedingstrategiesisedby theseinsectq1,2]. By feedingon leaf
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tissuejnsectherbivorescanchangearangeof chemicaland morphologicaleaftraits [3,4].
Thesechangesreofteninducedasdefencesagainsthe herbivoreqd3] andmayresultin fur-
ther alterationsn plantfunction, for examplen photosynthesi§s,6] or growth[7,8]. Theher-
bivory-inducedchangesn plantfunction areoftenthoughtto arisethroughtrade-offs
betweergrowthanddefencedueto limitations in resourceallocation[9,10]or restrictionsin
thehormonalsignallingnetwork[11]. By alteringleaftrait composition herbivorycanhave
large-scaleonsequencdsr ecosystem-levglrocesseby influencingratesof carbonseques-
tration [12] or litter decompositior13+15].

Plantresponseto herbivorycanvarywidelydependingon, for examplethe speciesden-
tity of the herbivoreandthe hostplant. Typically,herbivoryresultsin decreasettafnutrient
contentandincreasedoncentration®f chemicabplantdefence$16+18],and oftenaffects
severatraits concurrently.For exampleherbivorycanresultin higherconcentrationof defen-
sivecompoundsandin decreaseditrogencontent,makingthe plantlesspalatableandless
nutritious [9,19].Higherinvestmentin defencecanslowplantgrowthandresultin smaller
leafsize[8,20],increasdeafmassperareadueto increasedarbondepositioninto defensive
compoundg21] andsuppresphotosynthesifs,6]. Sincenitrogenis part of theenzymes
importantfor photosynthesideafnitrogencontentis often positivelycorrelatedwith photo-
syntheticrate[22,23].Finally,the concentrationand effectivenessf many of the defensive
compoundsoftendependsn otherleaftraits or on the concentrationof other phytochemicals
[24,25].Thus,examiningchangesn the overallcompositionof leaftraits isimportant for
understandinghe effectf herbivoryon leafstructure,chemistryandfunction.

In this study,weinvestigatechow leafdamageaffectselecteghhysicaland chemicaleaf
traits,and howthe studiedtraits correlatewith previouslydocumenteddamage-induced
changeén leafphotosyntheticate[12]. Asastudysystemweusedthe pedunculatevak
( L.) andoneof its mostcommoninsectherbivorescaterpillarsof the winter
moth ( L.). Amongthe potentialchanges$n oakfoliagetriggeredby cat-
erpillar feedingarechangesn concentrationof differentpolyphenold26+28],especially
hydrolysablg¢anninsandflavonols Hydrolysablganninsarefound in high concentrationsn
treesdefoliatedby insectd16,18]or treatedwith jasmonicacid[29], and havehigh oxidative
activityin caterpillarguts[30]. Flavonolsareofteninducedafterherbivoreattackg31,32].
Thus,both groupsof compoundscould beexpectedo respondto herbivory,andto potentially
triggerresourcee-allocationbetweereaffunction anddefenceA third groupof polyphenols,
proanthocyanidindiavealsobeenreportedto increasefterdefoliation[16,33,34]but never-
thelessseveratudiessuggesthat theymight not beimportant anti-herbivoredefences
[4,28,32,35+37].

We usedamanipulativefield experimento createwo typesof damageon oakleavesteed-
ing damagéby caterpillarsand mechanicalvounding.We measuredeafpolyphenolchemis-
try, leafnitrogenand carboncontentandleafstructure(leafareaandleafmassperarea) We
usedphotosynthesiandleafrespirationmeasurementpreviouslyreportedfrom the same
experimenf12] to assesthelink betweerthe studiedchemicalandstructuraltraits andleaf
functioning.In our previousstudy,weshowedhat photosynthetiaate (light-saturatecphoto-
synthesisindelectrontransportrate)wassignificantlylowerbothin leaveslamagedy herbi-
voresandin intactleavegrowingon the sameshootsasthesedamagedeavesgcomparedwith
intactleavesurroundedonly by otherintactleavesln this study,we usethe samesxperimen-
tal set-upto explorewhetherthe observecthangesn photosynthesisanbeexplainedoy con-
currentchangesn leaftraits hypothesisedb beinfluencedby herbivory.Becauséhe
herbivory-inducedchangeén photosynthesisvereobservedtthelevelof individual leaves,
weexpecthatanyherbivory-associatechangesn leaftraits will alsobedetectedhtthe leaf
level.
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To evaluatehe currentevidenceof therole of the studiedpolyphenoldn plantdefence
againsherbivoresweconductedaliteraturereviewon therelationshipbetweerherbivory
andtheindividual polyphenolcompoundameasuredn this study(seeFile C in S1Appendix).
Werelatedthe evidencegatheredrom theliteratureto two chemicakharacteristicsef the
compoundspresumedo describaheir anti-herbivoreactivity: oxidativeactivity and protein
precipitationactivity [38,39].

Specificallyyeask:

1. Doesexperimentallyappliedherbivoryand/or mechanicaleafdamagechangechemical
andstructuralleaftraits?If so,arethesechangesiependenbn thetypeof damagedinsect
herbivoryor mechanicalamagepnd cantheyalsobeseernin intactleave®n the same
shoots?

2. Are previouslyobservedlamage-inducedhangesn photosynthesitinked to parallel
changesn structuralandchemicaleaftraits?

3. Doesthe publishediteratureprovideevidencdor individual compoundsfunctioningas
anti-herbivoredefences® so,arecompoundswith higheroxidativeor protein precipita-
tion capacitymorelikely to showevidencdor anti-herbivoreactivity?

Basedn the currentliteratureon polyphenolsinduceddefencesandtrade-offsbetween
plantgrowthanddefencewe predictedthat 1) herbivoryand/or mechanicaleafdamagewill
resultin increasednvestmentin polyphenolqreflectedaseitherincreasedoncentration,
diversity,or alteredcompositionof polyphenols]16,18]and 2) photosynthetiaatewill corre-
latenegativelywith investmentin polyphenold5,6]. Basedn literatureon leafnutrientsand
physicatraits,we predictedthat 3) leafmassperareawill increasefterherbivory[21], 4)
leavesubjecto herbivorywill growsmaller{8,20],andthat5) leafnitrogencontentwill corre-
latepositivelywith photosynthetiaate[23].

Materials and methods
Study systemand experimentaldesign

Fieldwork permissionwasgrantedby the University of Oxford. Thefield experimentwascar-
ried out on ten oaktreesin Oxfordshire, UK. Fiveof the studiedoakswerematuretrees(mean
diameterat breastheight,2dbh? 67.2cm) locatedin WythamWoods(51.7743E1.3379E),
wheretheir foliagecouldbeaccesseftom anelevatedanopywalkway.Theotherfive trees
wereyoung(meandbh 13.6cm) plantedoaksby the JohnKrebsfield stationin Wytham
(51.7837E1.3170E )t both sites paksarenaturallyinfestedoy caterpillarsof the winter
moth, whichis acommongeneralisearly-springherbivore.The caterpillarsemergdn syn-
chronywith budburstandfeedon the newlyflushedleavesuntil earlyJune[40]. Relativelyfew
free-feedindherbivorespeciegeedon the matureoakleavedaterin the seasor26].

The experimentwasconductedduring the springand summerof 2015and 2016 Between
11" and 15" May 2015and 9" and 11" May 2016 whenleavesverestill young,weidentified
15shootswith only intactleavedrom eachof the studytreesandenclosedachshootin a
smallmeshfabric (meshsize< 1mm)bag.We randomlyassigneeachbaginto oneof three
treatmentsl) , 2 , or3) , sothateachtreehad
five bagsof eachtreatment.For eachof the bagswveaddedonelocallycol-
lectedwinter moth caterpillar,andletit feedon theleavedor 3+5days sothatthe amountof
feedingdamageon thesdeavesvassimilar to naturallevelsof herbivoryin thearea12]. To
ensurethattheartificially appliedmechanicalamagevould mimic the herbivorytreatment,
eachshootassignedo the treatmentwaspairedwith anherbivore
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addition shoot.Thetypeandamountof damageon the herbivoryaddition shootswasthen
replicatedon the mechanicalamageshootshy tearingleafedger by punchingholes.

shootswereleft intact. To preventadditionalherbivory,weleft the meshbagsaroundthe
shootsuntil 25" June20150r 28" June2016 whenthe amountof insectherbivoryhadlevelled
off. Altogether,in eachstudyyeartherewerel5experimentakhootsn eachof thetentrees
(total n = 300shoots) For further detailson the experimentaket-up se€12].

On shootsn the and treatmentsyemeasuredeaf
traits for both damagedndintactleavesSinceno leavesveredamagedn shootswe
only measuredntactleave$rom theseshoots This setupallowedusto measurdive leaf-level
treatments: , ,
and

Collecting leaftraits

Dueto time constraintsandthe limited numberof experimentakhootspertree,the datacol-
lectionof leaftraits spannedwo growingseasonsyith thetiming andnumberof replicates
varyingdependingon thetrait. Thedatacollectionstreamis summarisedn Fig1.Fora
detaileddescriptionof the methodsseerile A in S1Appendix.

We measuredoncentrationof polyphenols|eafnitrogen(N) andleaf
carbon(C) on leave<ollectedn 2016 Polyphenokontentwasmeasurean thesamdeaves
thatwereusedfor photosynthesisneasurementg = 51leavescollectedL 1™ Julyto 11™

4

Ao k J TPU

2015 30 shoots, " Photosynthetic measurements: two (n=50) (n=25)
; 50 leaves leaves from mechanical and herbivory - L
150 shoots —> iti , ~ >
Sefaup addition shoots, one leaf from control R . 17 shoots, | Vemax
11th - 15th May . shoots N Rg 28 leaves | (n=25)
14 : " | (n=49) ~
K2 © ; /
% & ' \ |
(o) ) A p §
% oy - K (n=48) max
(n=49) (n=25)
All leaves for LMA and ' Measured ‘ ~
LA (n=748 . Measured
‘ ( ) 28th Jul - 25th Aug 26t Augre 10 Sept
Collected 30th Oct - 2nd Nov ) p
TPU Vemax
(n=41) ‘ (n=41) | Measured
2 11th Jul - 11th Aug
2016 31 shoots,  Photosynthetic measurements: two ™~ ), (n=41)
(is0ichoote 51 leaves ,  leavesfrom mechanical and herbivory o i
Set-up g addition shoots, one leaf from control A1000 (nN=51)
9th - 11th May oo.@ | shoots \S}
B ; % Collected
) %, 11th Jul - 11th Aug
> 44 shoots,
36 shoots, Leaf chemistry 68 leaves

i 53 leaves ' ' :
Other analyses [ CN 3) ) / Collected 12th Aug \ Polyphenols (n=119)
) ’ :N (n=5 L )

Fig 1. The allocation of experimental leavego different leaftrait measurenentsin 2015and 2016.For abbreviation®f leaftraits, see*Collectingleaftraits® above
andTablel. Thephotosynthéic parameers(A10o00 Asas Ki Ra, Vemax Jdnax TPU) werederivedfrom photosynthsis-lightandphotosythesis-CQ (i.e.A/C;) response
curvesandsubsequeninodelfitting (sed12]). Notethat modelfitting to calculatesomeof thesgparametergailed,hencethefinal samplesizeis lessghanthe numberof
leavesllocaedfor thattrait (41leavesnsteadof 51leaveR016for Vmax Jnax TPU). Oneoutlier of K wasremovedfrom further analyses.

https://doiorg/10.1371§urnal.pon®228157.g0D
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August2016)andfrom anadditionalsetof leave®btainedfrom the experiment(n = 68leaves,
collectedlZ" August2016) A subsebf the remainingleavesvereusedto analysearbonand
nitrogencontent(n = 53leavescollected. 2" August2016) Giventhe currentevidenceon
therole of hydrolysableéanninsandflavonolsasanti-herbivoredefencesn oak(seelntroduc-
tion), wefocusedbur polyphenolanalysesn individual compoundswithin thesewo groups.
Analyse®f polyphenolconcentrationaverecarriedout in the laboratoryof the Natural
ChemistryResearclGroup atthe Universityof Turku, Finland,usingultra-performancdiq-
uid chromatographyhigh-resolutionmassspectrometr(UPLC-HR-MS).For eachsample,
weobtainedestimate®f the concentrationgmg/g) of 27 polyphenolcompoundqTableA in
S1Appendix).Analyse®f the leafcarbonandnitrogencontentwerecarriedout in the Pontifi-
ciaUniversidadCatdicadel PefiwhereC andN content(%)wasdeterminedby combustion
analysis.

PTo calculatdeafmassperarea(LMA, g/m?) andleafarea(LA, cm?), we
usedleafmaterialcollectedat the endof the 2015field seasorf103shoots 616leavescollected
30" October+2" November2015) Leavesverescannedoven-driedandweighted The
remainingandoriginal leafareawereestimatedusinglmage koftware(NIH, MD, USA).

+To asseskeaffunctioningin termsof leafgasexchangeweusedseven
photosynthetigpparameter®btainedfrom the sameexperimentduring 2015and 2016[12]:
light-saturatecphotosyntheticateat 2000 mol m? s* of photosyntheticallyactiveradiation
(Asap, light intensitywherephotosynthetiqateis half of its maximum (K), dark respiration
rate(Ry), maximumecarboxylatiorrate (V ¢may, Maximumelectrontransportrate (J,ay), maxi-
mum triosephosphateiseefficiency(TPU), and photosynthetiaatein 1000 mol m?s™ of
photosyntheticallyactiveradiation (A;qo9, representingastandardphotosynthetiaatein full
daylight(Tablel). For summaryof all traits measuredncluding samplesizesseelablel.

Statisticalanalyses

To testif anyof the leaftraits differedbetweerthe experimentatreatmentsweusedinear
mixed effectmodelsandlinear multivariatemodels.To testfor relationshipsetweerindivid-
ualchemicalor physicaleaftraits and photosynthetior respirationrate,weusedmixed effect
modelsJinearmodelsand correlationanalysesTo investigatevhetherthe compositionof leaf
traits wasaffectedby thetreatmentsweperformedPrincipal ComponentAnalysegPCA),
andRedundancyAnalysegRDA). Whencombiningtrait datameasuredrom differentleaves
andin differentyearg(see~ig 1), weusedtree treatment-specificaveragesf the measured
traits (n = 10pertreatment).Whenthetraits weremeasurean the samdeaf(photosynthesis
andpolyphenolcontent),weusedeaf-specifizaluesTo accountfor differencedetweerthe
two collectionsites @site®wasa covariatdn all linear,linear multivariateand mixed effects
modelsIn all mixedeffectmodels shootnestedwithin treewassetasarandomeffectto
accountfor non-independencefleave®n the sameshoot.

To selecthe bestmixedeffectmodelperresponseywefirst chosehe optimal variance
structure.We built modelswhichincludedall the explanatoryariablesut differedin terms
of their variancedependingon adifferentexplanatoryariable Themodelwith the lowest
AIC wasthencomparedagainsthe modelwith constantvarianceusinglikelihoodratio tests.
Thevariancestructurethat significantlyimprovedmodelfit waschosenNext, weassessettie
significanceof fixed effectsThefull modelfor eachresponseariablewassimplified by drop-
ping oneexplanatoryariableor interactionatatime. Thechangan the modelfit wasassessed
usinglikelihoodratio tests Fixedfactorsthat did not improvemodelfit weredroppedfrom
thefinal model[41]. Significanceof the fixed termsin linear modelswasassesseay comput-
ing analysesf variancefor the modelfit. Modelassumption®f all linearandlinear mixed
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Tablel. Summaryof the investigaedleaftraits, their meanvaluesacrossall samplesand treatments(3Grand mean®) and for eachleaf-leveltreatment separately,
andthe total number of samplesusedto obtain valuesfor eachtrait. ThephotosyrheticparametergA;qqoto TPU) wereobtainedfrom anearlierstudybasecn the
sameexperimat [12], the othertraitswerecollectedor this study.Se€lableA in S1Appendixfor concentratims of individual polyphenol compounds. Theerrorsare 1

SEM.

Leaftrait

AlOOO
Asat

K

Rq
chax

Jnax
TPU

LMA
LA

N

C

Total
phenols

Phenol
diversity

TotalHT

HT diversity

Total FL
FL diversity

Description

Photosyntheticatein 1000PAR, mol CO, m?
-1
s

Light-satuatedphotosynheticrate, mol CO,
m?s?t
Lightintensitywherephotosyrheticrateis half
of its maximum, mol m2s?

Dark respirationrate, mol CO, m?2st
Carboxylatiorefficiency mol CO, m?s?
Electrontransportefficiency, mol CO, m2s?

Triosephosphateuiseefficiency,
mol CO,m?s*

Leafmassgperareagm?
Estimatecbriginal leafareacm?
Nitrogencontent,%
Carboncontent,%

Total concentrationof all phenolc compounds
mg/g

Shannon'diversityindexfor all phenolic
compounds

Total concentrationof hydrolysabléannins,
mg/g

Shannon'gliversityindexfor hydrolysable
tannins

Total concentrationof flavonolsmg/g
Shannon'diversityindexfor flavonolstannins

https://da.org/10.1371durnal.pon®228157.t001

Grand Control Herbivore Herbivore Mechanical Mechanical n
mean damage intact damage intact
116 05 | 108 1.4 8.34 1.2 7.10 0.9 116 1.2 922 1.1 100
153 0.9 | 19.8 2.2 108 1.6 125 1.9 176 1.7 16.0 1.5 49
168 12 197 29 131 25 130 24 189 21 191 28 48
-0.46 0.1 |-0.41 0.1/ -0.45 0.1 -0.54 0.1 -0.46 0.1 -0.45 0.1 49
70.1 43 | 80 9.3 65.4 9.6 56.9 6.4 84.1 10 67.3 12 65
158.1 11 | 197 22 147 22 122 16 188 27 146 32 65
9.76 0.6 | 11.7 1.2 8.93 1.1 8.23 0.9 114 15 8.89 1.7 65
63.2 0.6 | 60.4 1.2 64.4 1.2 66.4 15 623 1.4 625 1.6 616
181 0.5 | 179 1.0 17.7 1.0 18.0 1.3 18.0 1.1 19.3 1.6 616
2.24 0.04|2.34 0.07 2.19 0.08 2.09 0.08 2.30 0.09 2.26 0.10 | 53
47.1 0.4 | 46.7 0.9 46.8 0.9 48,5 1.6 46.8 0.63 47.0 1.0 53
34.0 1.1 | 341 23 35.4 23 329 24 326 2.3 349 2.8 119
2.14 0.02| 2.14 0.1 2.12 0.04 2.16 0.1 2.16 0.04 2.11 0.04 | 119
244 12 | 242 2.7 26.1 25 22.4 3.0 23.8 2.41 25.1 3.07 |119
156 0.01|1.58 0.04/ 1.55 0.03 1.59 0.04 1.56 0.03 1.54 0.03 |119
5.16 0.2 | 5.08 0.4 5.26 0.6 5.85 0.5 4.46 0.3 5.32 0.7 119
1.43 0.01|1.44 0.03] 1.45 0.02 1.44 0.03 1.44 0.03 1.40 0.03 |119

effectmodelswereassessduly visuallyexaminingplotsof residualsagainsfitted valuesor the
homoscedasticitgf residualsand a Quantile-Quantileplot for the normal distribution of the
residualsGiventhe limited samplesizeqwhich couldincreaseherisk of Typell errors),we
conductedbootstrapsimulationsfor asubsebf responseariablego evaluatéhowincreasing
the samplesizemight haveaffectedheresults Thesesimulationswerecarriedout for response
variableghat showedmarginallynon-significant(p < 0.2)differencedbetweertreatmentsAll
analysesvereconductedusingR version3.5.0[42] andthe packagesegan43], Ime4[44],
nime [45], missMDA[46] andmvabund[47]. Detailedmodeldescriptionsareprovidedin File
A in S1Appendix.Belowwebriefly describahe differentanalyses.

Effectsof experimentaltreatmentson individual leaftraits. To assesksowthe experi-
mentaltreatmentsaffectedspecifideaftraits, we built mixed effectmodelsfor the following
responseariablesl) summedconcentrationof all polyphenoliccompoundsetectedn a
leaf,2) Shannon'dliversityindexbasedn all polyphenoliccompounds3) concentrationof
hydrolysablg¢annins,4) diversityof hydrolysablg¢annins,5) concentrationof flavonols 6)
diversityof flavonols,7) leafnitrogen content,8) leafcarboncontent,9) carbonto nitrogen
ratio (C:N, log-transformed),10) LMA and11)LA (leafarea)Sincealmostall polyphenol
compoundswverefoundin all leavesthe diversityindexreflectswhetherthe plantisinvesting
evenlyin all of the compoundsFixedeffectsn all modelsweretreatment(the five studied
leaftypes)and collectionsite (JohnKrebsfield stationor WythamWoods).Additionally, the
modelson polyphenoldncludedcollectiondate(asJuliandate),andall possibléwo-way
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interactionsasfixed effectsModelson leafC andN includedleafmassasanadditionalfixed
effectModelson LMA andLA includedpercentagef leafdamageandall possibleéwo-way
interactionsasadditionalfixed effects.

To investigatahe effectof the experimentatreatmentson the 27individual polyphenol
compoundswebuilt alinearmultivariatemodel[48+£50],in which the matrix of the concen-
trationsof all compoundsvasmodelledasafunction of the site,tree,collectiondateandthe
treatment.

Relationshipsbetweeneaftraits andleaf gasexchange. To assestherelationship
betweempolyphenolchemistryand photosynthetiaate,we built amixed effectmodelwith
Aioooastheresponsevariableand concentrationof hydrolysablgannins,diversityof hydroly-
sabletannins,concentrationof flavonols diversityof flavonolsand collectionsiteasexplana-
tory variablesWe choseo relatethe leaftraits with the photosynthetigparameterA 1900
becaus# wasestimatedor the greateshumberof leavegFig 1). For eachindividual polyphe-
nol compound weinvestigatedhe correlationbetweerits concentrationand photosynthetic
rate(A1009, anddaytimedark respirationrate (R4 [12]) by calculatingPearson'sorrelation
coefficientsTo visualizesignificantcorrelationswebuilt linearmodelsof photosyntheticor
respirationrateasafunction of the concentrationof the specificcompound(Fig B and Fig C
in S1Appendix).

To estimatetherelationshipbetweerphotosynthesisand LMA and photosynthesiand LA
webuilt alinearmodelwith A;ggoasresponsevariableandLMA, LA andsiteasexplanatory
variablesTo investigatehow N and C contentwasrelatedto photosynthesisyebuilt alinear
modelwith A;ggoasresponseariableand nitrogencontent,carboncontentandthe collection
siteasexplanatoryariables.

Leaftrait composition. To studyhowthe overalltrait compositionis influencedby the
experimentatreatmentsyve carriedout two PCAs.Thefirst PCAincludedthe concentration
anddiversityof the polyphenolgroups(all compoundshydrolysabldgannins,flavonols)and
the photosynthetiqdA 1006 Asas Vemax dnax TPU, K, Ry), chemicalC, N, C:N) andphysical
(LMA, LA) traits. ThesecondPCAincludedthe concentration®f all individual polyphenols
but no othertraits.

To examinethe statisticakignificanceof experimentatreatmenton leaftrait composition
we carriedout RDAswith treatmentor thetreeidentity asconstraintg51]. To examinethe
statisticakignificanceof the treatmentswhile accountingfor variationbetweerthe treeswe
carriedout apartial RDA wherethe experimentatreatmentwassetasa constraint,andthe
treeidentity asacondition. We carriedout two typesof RDAsanalogougo thetwo PCAs.
Thevariationexplainedoy the full modelwaspartitionedto investigatecachleaftrait
separately.

Literature survey

To asseswhetherthe polyphenoliccompoundsdetectedn our sample$avepreviouslybeen
shownto covarywith herbivoryand/or herbivoreperformancewesearcheih GoogleScholar
andWebof Sciencen 25" and 26" June2018usingthe searchterms? 0

AND herbivor . We consideredstudieshat hadinvestigatedhe concentrationof the specific
compoundl) in responseao experimentallyinflicted herbivory,mechanicalvoundingor
applicationof plant-signallingcompoundsknown to activateanti-herbivoredefences?) in
relationto naturalherbivorypatternsor 3) in relationto herbivoreperformanceOnly studies
thatreportedresultson individual compoundsandtestedhe statisticakignificanceof the
studiedrelationship(s)vereincluded.We estimatedhe oxidativeand protein precipitation
activitiesof the compoundsusingexistingliterature[38,39].
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Results
Doesexperimentallyapplied herbivory and mechanicalleaf damagechange
chemicaland physicalleaftraits?

Effectsof the experimentaltreatmentsand leafarealoss. For coefficientestimategor
modelsseeTableBin S1Appendix.Therewereno cleardifferencedetweerthe experimental
treatmentsn leafnitrogen( 1?=7.83,p = 0.10,df = 4,11,Fig 2A) or carboncontent( !* = 0.98,

Fig 2. Distributio n of leaftraits acrossexperimentl treatments.Panela) showsnitrogen(N) concentrdion, b) carbon(C) content,c) C:Nratio, d) leafmasgerarea
(LMA), e)leafarea(LA), ) total concentratim of polyphenos,g) Shannon'dliversityfor all polyphenas, h) total concentratims of flavonolsj) Shannon'gliversityfor
flavonolsj) total concentraionsof hydrolys#letanninsandk) Shannon'dliversityof hydrolysabétannins.Notethatfor h) andj) theinteractonsbetweertreatment
andcollectiondate,andtreatmentandsitearesignificart, andfor f) andk) the interactionbetweertreatmentandcollecton dayis significart. For responssthatshowed
significant differencebetweerthe sitesthe datais shownfor the two sitesseparatelyTheline atthe middle of the boxshowshe median the lowerandupperhingesof

theboxshowthe 25" to 75" percentile Datapointsoutsidethewhiskersareoutliers.

https://da.org/10.1371durnal.pon®228157.g0D
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p=0.91df=4,9,Fig2B),C:Nratio (1*=5.73p = 0.22df = 4,10,Fig 2C),leafmasserarea
(1?=7.93p=0.09df = 4,10,Fig 2D), leafarea( 1* = 6.03,p = 0.20,df = 4,8, Fig 2E),Shan-
non'sindexfor polyphenoldiversity( 1= 1.10,p = 0.89,df = 4,18,Fig 2G) or Shannon's
indexfor flavonoldiversity( 1?=7.21p = 0.13df = 4,17,Fig 21). Therewerealsono differ-
encesn concentration®of individual polyphenolcompoundshetweerthe experimentatreat-
ments,althoughfor mostcompoundsthe differencesvereonly marginallynon-significant
(TableC in S1Appendix).Simulationgto asseswhethertreatmenteffectasveremaskediy a
smallsamplesize(n = 10trees)indicatedthatlargersamplesizegup to 100trees)would have
beenunlikelyto resultin significantdifferencedetweerthetreatmentgor LM, flavonoldiver-
sity andthreeof the mostcommonpolyphenolcompoundsFor leafnitrogen,samplesizeof
20treesor moremight haverevealedlifferencedetweerthetreatmentyFigFin S1
Appendix).

Experimentatreatmenthadan effecton the total concentrationof polyphenolsandon the
concentration®f hydrolysablganninsandflavonols but this differedbetweercollection
datesand betweerthe two sites(total concentrationireatment date, 1?=11.4p = 0.02,
df = 4,14;hydrolysabld¢annins:treatment date, 1*=39.9p < 0.001df = 4,27;
treatment site, 12=32.6p< 0.001df = 4,27;flavonolstreatment date, 1°=19.0,
p< 0.001df=4,27;:treatment site, 1?=21.5p = 0.006df = 27,8). Thediversityof hydroly-
sablganninswasaffectedoy treatment,andthis effectdependedn the collectiondate
(treatment date, 1°=12.4p=0.01df=22,4).

Theproportion of leafarealossshoweda positiverelationshipwith LMA (12 = 5.06,

p = 0.02df = 1,6) but no clearrelationshipwith the estimatedull leafarea( 1° = 2.32,
p=0.13df = 1,5). Theleafarealosswas14.13+ 1.9%yperleafin the herbivorytreatmentand
10.88+ 1.84%in the mechanicatreatment,closeto naturallevelsof herbivoryin the area(8.45
+0.39;sed12)).

Differencesin leaftraits betweensitesand collection days. Treesin WythamWoods
hadhighernitrogencontent( !> = 4.18 p = 0.04 df = 1,7)and highertotal polyphenolconcen-
tration (12 = 3.87,p = 0.049df = 1, 6) thantreesat the JohnKrebsfield station. The concentra-
tions of manyindividual polyphenolcompounddifferedbetweerthe two sites(TableC in S1
Appendix),with majority of compoundg19 out of 27) havinghigherconcentrationin
WythamWoods.

Thediversityof all polyphenolsncreasedverthe measuringperiod ( 1*=11.02p < 0.001,
df=1,14,TableBin S1Appendix).Theconcentration®f all individual polyphenolcom-
poundswerealsoaffectedy theleafcollectiondate(TableC in S1Appendix),with mostcom-
pounds(16out of 27)decreasingn concentrationoverthe season.

Are changesn leafgasexchangdinked to parallel changesn other leaf
traits?

Relationshipsbetweenthe different leaftraits. Photosyntheticatewaspositivelyrelated
to leafnitrogencontent(F = 8.16,p = 0.007df = 1,32,Fig 3A). Therewasno significantrela-
tionship betweerphotosynthesiand carboncontent(F = 0.03,p = 0.87 df = 1,31,Fig 3B),
LMA (F=3.53p=0.07df=1,42,Fig3C),leafarea(F=0.10,p=0.75,df = 1,42,Fig 3D), fla-
vonol concentration( 1* = 3.38,p = 0.07 df = 1,6, Fig 3E),flavonoldiversity( 1*= 0.13,
p=0.71df = 1,6, Fig 3F),hydrolysableannin concentration( 1>=0.06 p = 0.81df = 1,6, Fig
3G)or hydrolysablegannin diversity( !>= 0.48p = 0.49,df = 1,6, Fig 3H).

Of theindividual polyphenolsfour hydrolysabldannins(cocciferinD,, vescavaloninic
acid,tellimagrandinl, galloyl-HHDP-glucse)and oneflavonol(quercetindiglycocide)corre-
latedpositivelywith photosynthesigFig A in S1Appendix).Chlorogenicacidcorrelated
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Fig 3. Therelationship betweenphotosyrthetic rate (A 1909 andthe studiedleaftraits. Panela) showsphotosynthsisrateandnitrogen(N) concentratio b) carbon
(C) content,c) leafmassperarea(LMA) d) leafarea(LA), e)total concentation of all flavonolsf) Shannors diversityfor flavonols g) total concentraions of hydrolysalé
tanninsandh) Shannorsdiversityof hydrolysabléanninsin the differentexperimatal treatmentsNote thatfor panelsa-dtherelationsip representsalues ,
becaus@hotosynthéc rateand nutrient contentweremeasurean differentleavesOnly therelatiorshipin panela)is statisticay significant

https://doi.org/1A.371/journal pne.022815¢003

negativelyith photosynthesigFig A in S1Appendix).Threehydrolysabldgannins(monogal-
loylglucoseyescalagimncastalagintorrelatechegativelywith leafrespirationrate (measuredat
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Fig4. Resultsfrom principal component analysegPCA) on studiedleaftraits (excludng the concentraions of individual polyphend compounds;panelsa-c,see
Table 1), and on polyphenolcomposition basedon individual compounds(panelsd-f, seeTableA in S1Appendix). Resultsaregroupedeitherby experimatal
treatment(panelsaandd) or by studytree(panelsh ande). Datapointsin panelsa-brepresentiveragepertreeandtreatment.In panelsi-e eachdatapoint is oneleaf.
Panelx) andf) showtherelationdipsbetweerdifferentleaftraits.In panelc) dark greenarrowsrepresenphotosynheticparametershrown arrowsrepresentraits
reflectingpolyphenol chemistry andlight greenarrowsothertraits.In panelf) blackarrowsshowhydrolysablgannins,greyarrowsshowflavonolsandbluearrows
showotherchemicakcompounds (se€TableA in S1Appendix).Notethatrespirationratehasbeenmadepositiveto makethe graphmoreintuitive (i.e.sothatlarger
respirationvaluescorrespondo higherrespiraion rate).Seerig C in S1Appendixfor traits determiningthe PCaxes.

https://doi.0g/10.137 1Hurnal.pon®228157.g004

thetreelevel), wheregwo flavonols(quercetinglucuronide kaempferoldiglycosidexorre-
latedpositivelywith respirationrate (Fig Bin S1Appendix).

Differencesin leaftrait composition betweentreatmentsandtrees. Theresultsfrom
the PCAsshowedho differencesn the compositionof the studiedleaftraits (concentration
anddiversityof polyphenolgroups photosynthetigparametersC andN contentand physical
leaftraits;F=1.18 p = 0.26,df = 4,45,Fig4A) or in the compositionof polyphenolcom-
pounds(F=0.36,p=0.99df = 4,114 Fig4D) betweerthetreatmentsTreeidentity hadasig-
nificant effecton overallcompositionof leaftraits (F=5.01,0 = 0.001df = 9,40,Fig4B)and
on polyphenolcomposition(F = 24.62p = 0.001df = 9,109,Fig 4E).Thelargestportion of
variationin all traits wasexplainedby the variationbetweenndividual trees(Fig 5).

After accountingfor the variationbetweerthe studytreesthe partial RDA revealedliffer-
encedbetweerthetreatmentsn the compostionof leaftraits (with polyphenolchemistry
expressedssummedmetricsratherthanasconcentration®f individual compoundsfig D
in S1Appendix,F=2.28,p = 0.004df = 4,36). Theintactanddamagedeavesn the herbivory
treatmentdifferedfrom therestof the leaveslongthefirst RD axis(Fig D in S1Appendix),
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Fig5. The proportion of variancein eachleaftrait explainedby the experimertal treatment (dark colours),tree
(light colours),andthe unexplainel variation (light greybars)basedon partition edvariancefrom the partial
redundancy analyss (RDA). Panela.)showsphotosynthéic traits (dark green) physicalandnon-defensiechemical
traits (lighter green)andconcentraionsanddiversitiesof all polyphenolsandthe two largesipolypheol groups
(hydrolysabletanninsandflavonolsorange) Paneb.) showsvariationin individual polyphenos,groupedas
hydrolys#letannins(light greys)flavonols(dark greys)and othercompoundgblues) Within eachgroup,the
compoundsareshownin orderof decreasingbundance.

https://dbi.org/10.1371durnal.por.0228157.906

whichwasmainly influencedby the photosynthetiqparametergFig D in S1Appendix).The
polyphenolcomposition(assessegsthe concentrationf individual compounds)did not dif-
fer betweerthe treatmentsevenafteraccountingfor differencedbetweerthetrees(F= 0.97,

p =0.47df = 4,105).

The concentrationof polyphenolscorrelatedhegativelywith the diversityof polyphenols
(Pearson's = 0.67,t= 9.81,df=117,p< 0.001Fig4C,FigEin S1Appendix),andwith
thesizeoftheleaf(Pearson's = 0.47,t= 3.66, df =46,p< 0.001Fig4C,FigEin S1
Appendix).

Doesthe publishedliterature provide evidencefor the measured
polyphenolsfunctioning asanti-herbivore defences?
Theliteraturerevealedhvaryingnatureof therelationshipbetweerherbivoryandplant poly-

phenolconcentrationmostcompoundshavebeenobservedo function both asdefencesand
attractantsor to haveno relationshipto herbivoryatall. We found slightlylessevidencdor
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anti-herbivoreactivity for compoundshat rankedlow on oxidativeor protein precipitation
activity,thoughthesdrendswerenot significant.For details seeFile C in S1Appendix.

Discussion

In this study,wetestedwhetherexperimentallymanipulatedherbivoryand mechanicaleaf
damageffectanumberof chemicalandstructuralleaftraits, whetherthesdraits correlate
with photosynthesisandwhetherleafchemistrycorrelateswith leafrespiration.We measured
concentration®f 27 polyphenolcompounds|eafnitrogenandcarboncontent,leafmassper
areaandleafareaWe alsosurveyedhe literatureon previouslyrecordedrelationships
betweerherbivoryandthe polyphenolcompoundsobservedn this study.We detectecho dif-
ferencesdn the concentrationf individual polyphenolcompoundshitrogenor carboncon-
tent,leafmassperareaor leafareabetweerthe experimentatreatmentsWhile wedetected
someeffectf the experimentatreatmentson the overallpolyphenolconcentrationthe con-
centrationanddiversityof hydrolysablganninsandthe concentrationof flavonols thesevar-
ied betweerthe two studysitesand/or dependedn thetiming of leafcollection.Leafnitrogen
contentandfiveindividual polyphenolcompoundscorrelatedoositivelywith photosynthesis.
Respirationwasrelatednegativelywith threecompoundsand positivelywith two. Therewas
largevariationamongtreeindividualsin their trait composition,especiallyn termsof their
polyphenolcomposition.Below,wediscusgheseresultsin detail.

No clearchangesn leaftraits following herbivory and mechanicalleaf
damage)ut largevariation in trait composition betweentreesand sites

We predictedthat herbivoryand/or mechanicalamagevould resultin changesn the con-
centration,diversityor compositionof polyphenolsalargerleafmassperareaand/or resultin
leavegrowingsmaller However therewereno cleardifferencesn the studiedleaftraits
betweerexperimentatreatmentsExperimentatreatmentshadasignificanteffecton total
polyphenolhydrolysablgannin andflavonolconcentrationsbut this effectdependedn the
studysiteandcollectiondate(i.e.asignificantsite treatmentanddate treatment

interactions).
To investigatdurther howthe effectof treatmentand dateon polyphenolconcentration
differedbetweerthetwo sitesweconducted analyseassessintie effectof treatment

on polyphenolchemistryfor the two sitesseparatelySite-specifitinear mixedeffectanodels
revealedhatthe effectof treatmenton the concentrationof flavonolsand hydrolysablgéannins
differedbetweerthe collectiondaysat only oneof the sites(Wytham Woods).At the other site
(JohnKrebsfield station),treatmentalonehada significanteffecton hydrolysabléannin con-
centration:theleaveslamagedy herbivoreshadahigherhydrolysablégannin concentration
thanintactleavegrowingon the sameshoot(on averag0.4mg/g 2.9SEMcomparedo
14.7mg/g 3.0SEM).Sed-ileBin S1Appendixfor further detailson the site-specifienodels.
Previousstudieson oakhavefound increaseaoncentration®f hydrolysablgéanninsafter
insectdefoliation[16] or experimentalnduction with jasmonicacid[29]. Theseypesof
changeén plantchemistryareoftenthoughtto resultfrom herbivory-induceddefenceeac-
tionsin thehosttree[3]. Neverthelesseverastudiesshowno changes$n plantchemistry
afterherbivory[52,53].In line with this, the publishediteraturereveal§ewconsistentela-
tionshipsbetweerherbivoryandthe 27 polyphenolcompoundaneasuredn this study:our
literaturesurveysuggestthat mostcompoundsseento function both asdefencesndattrac-
tantsor to haveno relationshipto herbivoryatall (seeFile Cin S1Appendix).The effectsof
defensiveeompoundson herbivoresoftendependon the overallchemicalor nutritional con-
tent of the plant, sothatthe presenc®f onecompoundcanenhanceor suppresshe effectof
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the other[30,54+56]Synergicor antagonistieffectsarethoughtto becommon[55,57],but sofar
only afewstudieshavetestedior them[54+56,58]Theinconsistenpatternsdetectedn thelitera-
ture surveymight bedueto the specificityof plant-herbivoryinteractionsthe outcomecan
dependon the specie®r genotypeof thetwo interactingparties[28,59],0n which otherchemicals
arepresen@andin whatquantities[54+56],0r on the chemistryof the insectitself[60].

Many studieshaveshownhigh variationin plantchemistrybetweerindividualsof the
samespecie$29,36,61+64¢r betweerpartsof the sameandividual [25,65]. The high levelof
variationin leafchemistrymight arisebecaus¢he concentrationof manysecondarghemicals
dependsn severafactorsotherthan herbivorysuchastemperaturg54,66],soil nutrients
[67], light [68,69],presencef pathogen$70,71]or competitory72,73].Thereareseverafac-
torsthat differedbetweerthe two experimentakites which might explainthe observedraria-
tion in polyphenolchemistry The studytreesat WythamWoodswereold (150+20G/ears)
andtheleavesollectedrom themwereuppercanopysunleavesith highernitrogencon-
tent. Thetreesmeasuredy the JohnKrebsfield stationwereyoung(33/34yearsatthetime of
the study),planted,andthe leave<ollectedrom them camefrom the lowerbranchesthough
still exposedo the sun.Within the siteby thefield station,threeof thetrees(A-C, see~ig 3B
and3E)experiencedntensesunlightfor severahoursduring the day,whereadwo of thetrees
(D andE, see~ig 3Band 3E)wereshadedluring the warmestimesof the day. Thesediffer-
encesn growthlocationsmostlikely contributedto the differencesn leaftraitsandchemical
compositionbetweertreesand/or betweershootswithin atree.

We found thatthe effectsof the treatmentson the summedpolyphenolconcentrationon
the concentrationand diversityof hydrolysabléanninsandon the concentrationof flavonols
alsodependedn thetiming of the collectionof leafsamplegseerile Bin S1Appendixfor
details).Theseasonatariationin oakleafchemistry[26,27]might havealteredhowthetreat-
mentswereaffectingthe measureadthemicatraits. If for examplethe concentrationof hydro-
lysabletanninswaschangingoverthe period of leafsamplecollection the differencesn their
concentratiorbetweerthe treatmentamight belessvisibleon leavesollectedduring certain
timesof the seasonkuturestudiesshouldaim to accountfor seasonathange$n chemistry
for exampleby restrictingleafcollectionto aspecifitime, or by collectingleavesystematically
throughoutthe season.

Sincewefound no differencesn polyphenolchemistrybetweerthetreatmentsthereduced
photosynthetiadateis unlikely to bedueto changedn resourceallocationbetweergrowth and
defencelnstead herbivorymight haveaffectedhe onsetof leafsenescend&4,75],which
couldhavedecreaseghotosynthesi?hotosynthesisould alsohavebeenreduceddueto
aauto-toxicity?,if constitutivelystoreddefencecompoundswereactivatedafterherbivory,
damaginghe photosynthetianachinery[75,76].

Correlation betweeneaf gasexchangeand leaf traits

Wefound that nitrogenwaspositivelyrelatedto photosynthesighatfive differentpolyphenols
(cocciferinD,, vescavaloniniecid,quercetindiglycosidetellimagrandinl, galloyl-HHDP-
glucosekorrelatedoositivelywith photosynthesisandthat chlorogenicacidcorrelatedhega-
tively with photosynthesisA positiverelationshipbetweemitrogenand photosynthesis
commonlyobservedecausenanyof theenzymesieededor carbon-fixingcontainalarge
portion of theleafnitrogen[4]. Two compoundgquercetinglucuronide kaempferoldiglyco-
side)correlatedpositivelywith leafrespirationrate,andthreecompoundqvescalagincastala-
gin, monogalloylglucosa)egatively.

Basedn the negativesffectadefencaeactionscanhaveon photosynthesi§s, 6], we
expectedo find anegativecorrelationbetweerphotosyntheticateand polyphenolchemistry.
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Neverthelessn our study,mostindividual compoundsandtheir summedmetricsdid not cor-
relatewith photosynthesisand of the significantcorrelationsall but onewerepositive Posi-
tive correlationsbetweerphotosynthesiandleafchemicalsnight not besurprising,if
photosynthetigroductsareneededor theformation of secondarynetabolite§77,78]andif
thesemetabolitesarenot relatedto leaf-leveinduceddefencaeactionsThe concentrationof
manysecondarynetabolitesincluding hydrolysabldannins,dependat leastpartly on the
availablecarbohydratgool [52,77].The polyphenolsstudiedheremight function asconstitu-
tive ratherthaninduceddefencesandfor examplebeseasonallproducedwhenherbivory
pressuras highesf26,27],regardlessf changesn leaf-levedamageAlternatively,the chemi-
calcompoundsnducedearlyin the seasomight not havebeenpreseniat thetime of leafcol-
lection[79]. Severastudieshavealsoshownthat the growth-defencearade-offmight not be
causedy simpleresourceallocation but arisethrough prioritization of oneprocesoverthe
other,dependingon the environment[10,80,81] Thus,the trade-offmight bedetectablenly
undercertainconditions,for exampldf thelackof certainnutrientsis limiting both processes,
or if plantsareactivelycompetingagainseachother[73,80,81]Relativeallocationgo growth
anddefencemight alsodiffer betweerperennialandannualplants,if, for exampleregrowth
or increasednvestmentin photosynthesié thefuture benefitsthe plantmorethaninducing
animmediatedefenceeaction[82,83].

Conclusions

We testedwhetherleaf-levemanipulationof herbivoryor mechanicalamagechangeshemi-
calandstructuralleaftraits,andwhetherthesetraits correlatewith photosynthesiandleafres-
piration rates.The experimentamanipulationsdid not induceanychangesn leafstructureor
nitrogenandcarboncontent.Leafpolyphenolchemistrywasaffectecby the treatmentsput
differentlydependingon the studysiteandtime of the year.Most polyphenoldid not corre-
latewith photosynthesisr correlatedpositively oppositeof whatwould beexpectedf photo-
synthesisvassuppressetly changesn defensivehemistry We suggesthat the resultsof the
field experimentaredueto small-scal@ariationin environmentalconditionsexperiencedby
the hosttree.Leafchemistryis often affectecby microclimate nutrient availabilityandinten-
sity of competitionfrom surroundingplants.All thesefactorsdifferedbetweerthe two study
sitesand might havehada strongereffecton plant chemistrythanleaf-levethangeén herbiv-
ory or mechanicalamageBasedn this study,herbivore-inducedeaf-levethangesn photo-
synthesigannotbeexplainedy concurrentchangesn polyphenolchemistryor leaftraits.
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