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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 themostabundantgroupsof organismson Earth,andfolivory is
oneof themostcommonfeedingstrategiesusedby theseinsects[1,2].Byfeedingon leaf
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tissue,insectherbivorescanchangearangeof chemicalandmorphologicalleaftraits [3,4].
Thesechangesareofteninducedasdefencesagainsttheherbivores[3] andmayresultin fur-
theralterationsin plant function, for examplein photosynthesis[5,6] or growth[7,8].Theher-
bivory-inducedchangesin plant function areoftenthoughtto arisethroughtrade-offs
betweengrowthanddefence,dueto limitations in resourceallocation[9,10]or restrictionsin
thehormonalsignallingnetwork[11]. Byalteringleaftrait composition,herbivorycanhave
large-scaleconsequencesfor ecosystem-levelprocessesby influencingratesof carbonseques-
tration [12] or litter decomposition[13±15].

Plantresponsesto herbivorycanvarywidelydependingon, for example,thespeciesiden-
tity of theherbivoreandthehostplant.Typically,herbivoryresultsin decreasedleafnutrient
contentandincreasedconcentrationsof chemicalplantdefences[16±18],andoftenaffects
severaltraitsconcurrently.Forexample,herbivorycanresultin higherconcentrationof defen-
sivecompoundsandin decreasednitrogencontent,makingtheplant lesspalatableandless
nutritious [9,19].Higher investmentin defencecanslowplantgrowthandresultin smaller
leafsize[8,20],increaseleafmassperareadueto increasedcarbondepositioninto defensive
compounds[21] andsuppressphotosynthesis[5,6].Sincenitrogenispartof theenzymes
important for photosynthesis,leafnitrogencontentisoftenpositivelycorrelatedwith photo-
syntheticrate[22,23].Finally,theconcentrationandeffectivenessof manyof thedefensive
compoundsoftendependson otherleaftraitsor on theconcentrationof otherphytochemicals
[24,25].Thus,examiningchangesin theoverallcompositionof leaftraits is important for
understandingtheeffectsof herbivoryon leafstructure,chemistryandfunction.

In thisstudy,weinvestigatedhowleafdamageaffectselectedphysicalandchemicalleaf
traits,andhowthestudiedtraitscorrelatewith previouslydocumenteddamage-induced
changesin leafphotosyntheticrate[12]. Asastudysystem,weusedthepedunculateoak
(������� ����� L.) andoneof its mostcommoninsectherbivores,caterpillarsof thewinter
moth (	
���
���� ����� L.).Amongthepotentialchangesin oakfoliagetriggeredbycat-
erpillar feedingarechangesin concentrationof differentpolyphenols[26±28],especially
hydrolysabletanninsandflavonols.Hydrolysabletanninsarefound in highconcentrationsin
treesdefoliatedby insects[16,18]or treatedwith jasmonicacid[29], andhavehighoxidative
activityin caterpillarguts[30]. Flavonolsareofteninducedafterherbivoreattacks[31,32].
Thus,bothgroupsof compoundscouldbeexpectedto respondto herbivory,andto potentially
triggerresourcere-allocationbetweenleaffunction anddefence.A third groupof polyphenols,
proanthocyanidinshavealsobeenreportedto increaseafterdefoliation[16,33,34],but never-
theless,severalstudiessuggestthat theymight not beimportant anti-herbivoredefences
[4,28,32,35±37].

Weusedamanipulativefield experimentto createtwo typesof damageon oakleaves:feed-
ing damagebycaterpillarsandmechanicalwounding.Wemeasuredleafpolyphenolchemis-
try, leafnitrogenandcarboncontentandleafstructure(leafareaandleafmassperarea).We
usedphotosynthesisandleafrespirationmeasurementspreviouslyreportedfrom thesame
experiment[12] to assessthelink betweenthestudiedchemicalandstructuraltraitsandleaf
functioning.In our previousstudy,weshowedthatphotosyntheticrate(light-saturatedphoto-
synthesisandelectrontransportrate)wassignificantlylowerboth in leavesdamagedbyherbi-
voresandin intact leavesgrowingon thesameshootsasthesedamagedleaves,comparedwith
intact leavessurroundedonly byotherintact leaves.In thisstudy,weusethesameexperimen-
tal set-upto explorewhethertheobservedchangesin photosynthesiscanbeexplainedbycon-
currentchangesin leaftraitshypothesisedto beinfluencedbyherbivory.Becausethe
herbivory-inducedchangesin photosynthesiswereobservedat thelevelof individual leaves,
weexpectthatanyherbivory-associatedchangesin leaftraitswill alsobedetectedat theleaf
level.

The effects of caterpillar herbivory on oak leaf traits
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To evaluatethecurrentevidenceof theroleof thestudiedpolyphenolsin plantdefence
againstherbivores,weconductedaliteraturereviewon therelationshipbetweenherbivory
andtheindividual polyphenolcompoundsmeasuredin thisstudy(seeFileC in S1Appendix).
Werelatedtheevidencegatheredfrom theliteratureto two chemicalcharacteristicsof the
compoundspresumedto describetheir anti-herbivoreactivity:oxidativeactivityandprotein
precipitationactivity[38,39].

Specifically,weask:

1. Doesexperimentallyappliedherbivoryand/ormechanicalleafdamagechangechemical
andstructuralleaftraits?If so,arethesechangesdependenton thetypeof damage(insect
herbivoryor mechanicaldamage)andcantheyalsobeseenin intact leaveson thesame
shoots?

2. Are previouslyobserveddamage-inducedchangesin photosynthesislinked to parallel
changesin structuralandchemicalleaftraits?

3. Doesthepublishedliteratureprovideevidencefor individual compoundsfunctioningas
anti-herbivoredefences?If so,arecompoundswith higheroxidativeor proteinprecipita-
tion capacitymorelikely to showevidencefor anti-herbivoreactivity?

Basedon thecurrentliteratureon polyphenols,induceddefences,andtrade-offsbetween
plantgrowthanddefence,wepredictedthat1) herbivoryand/ormechanicalleafdamagewill
resultin increasedinvestmentin polyphenols(reflectedaseitherincreasedconcentration,
diversity,or alteredcompositionof polyphenols)[16,18]and2) photosyntheticratewill corre-
latenegativelywith investmentin polyphenols[5,6].Basedon literatureon leafnutrientsand
physicaltraits,wepredictedthat3) leafmassperareawill increaseafterherbivory[21], 4)
leavessubjectto herbivorywill growsmaller[8,20],andthat5) leafnitrogencontentwill corre-
latepositivelywith photosyntheticrate[23].

Materials and methods

Studysystemandexperimentaldesign
Fieldwork permissionwasgrantedby theUniversityof Oxford.Thefield experimentwascar-
ried out on tenoaktreesin Oxfordshire,UK. Fiveof thestudiedoakswerematuretrees(mean
diameteratbreastheight,ªdbhº 67.2cm) locatedin WythamWoods(51.7743Ê,-1.3379Ê),
wheretheir foliagecouldbeaccessedfrom anelevatedcanopywalkway.Theotherfivetrees
wereyoung(meandbh13.6cm) plantedoaksby theJohnKrebsfield stationin Wytham
(51.7837Ê,-1.3170Ê).At bothsites,oaksarenaturallyinfestedbycaterpillarsof thewinter
moth,which isacommongeneralistearly-springherbivore.Thecaterpillarsemergein syn-
chronywith budburstandfeedon thenewlyflushedleavesuntil earlyJune[40]. Relativelyfew
free-feedingherbivorespeciesfeedon thematureoakleaveslaterin theseason[26].

Theexperimentwasconductedduring thespringandsummerof 2015and2016.Between
11th and15th May2015and9th and11th May2016,whenleaveswerestill young,weidentified
15shootswith only intact leavesfrom eachof thestudytreesandenclosedeachshootin a
smallmeshfabric(meshsize< 1mm)bag.Werandomlyassignedeachbaginto oneof three
treatments:1) ��������� �������, 2) �������� ����, or 3) �������, sothateachtreehad
fivebagsof eachtreatment.Foreachof the��������� ������� bagsweaddedonelocallycol-
lectedwinter moth caterpillar,andlet it feedon theleavesfor 3±5days,sothat theamountof
feedingdamageon theseleaveswassimilar to naturallevelsof herbivoryin thearea[12]. To
ensurethat theartificially appliedmechanicaldamagewouldmimic theherbivorytreatment,
eachshootassignedto the�������� ���� treatmentwaspairedwith anherbivore

The effects of caterpillar herbivory on oak leaf traits
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additionshoot.Thetypeandamountof damageon theherbivoryadditionshootswasthen
replicatedon themechanicaldamageshootsby tearingleafedgesor bypunchingholes.����
���� shootswereleft intact.To preventadditionalherbivory,weleft themeshbagsaroundthe
shootsuntil 25th June2015or 28th June2016,whentheamountof insectherbivoryhadlevelled
off. Altogether,in eachstudyyeartherewere15experimentalshootsin eachof thetentrees
(total n = 300shoots).For further detailson theexperimentalset-up,see[12].

On shootsin the��������� ������� and�������� ���� treatments,wemeasuredleaf
traitsfor bothdamagedandintact leaves.Sinceno leavesweredamagedon ������� shoots,we
onlymeasuredintact leavesfrom theseshoots.Thissetupallowedusto measurefiveleaf-level
treatments:����� ��� �� ��������� ��������, ������� ��� �� ��������� ��������, �����
��� �� �������� ��������, ������� ��� �� �������� ��������, and����� ������� ���.

Collecting leaf traits
Dueto time constraintsandthelimited numberof experimentalshootspertree,thedatacol-
lectionof leaftraitsspannedtwo growingseasons,with thetiming andnumberof replicates
varyingdependingon thetrait. Thedatacollectionstreamissummarisedin Fig1.Fora
detaileddescriptionof themethods,seeFileA in S1Appendix.

������� ������We measuredconcentrationsof polyphenols,leafnitrogen(N) andleaf
carbon(C) on leavescollectedin 2016.Polyphenolcontentwasmeasuredon thesameleaves
thatwereusedfor photosynthesismeasurements(n = 51leaves,collected11th Julyto 11th

Fig 1. Theallocation of experimental leavesto different leaf trait measurementsin 2015and2016.Forabbreviationsof leaftraits,seeªCollectingleaftraitsºabove
andTable1.Thephotosynthetic parameters(A1000, Asat, K, Rd, Vcmax, Jmax, TPU) werederivedfrom photosynthesis-lightandphotosynthesis-CO2 (i.e.A/Ci) response
curvesandsubsequentmodelfitting (see[12]). Notethatmodelfitting to calculatesomeof theseparametersfailed,hencethefinal samplesizeis lessthanthenumberof
leavesallocatedfor that trait (41leavesinsteadof 51leaves2016for Vcmax, Jmax, TPU).Oneoutlier of K wasremovedfrom further analyses.

https://doi.org/10.1371/journal.pone.0228157.g001
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August2016)andfrom anadditionalsetof leavesobtainedfrom theexperiment(n = 68leaves,
collected12th August2016).A subsetof theremainingleaveswereusedto analysecarbonand
nitrogencontent(n = 53leaves,collected12th August2016).Giventhecurrentevidenceon
theroleof hydrolysabletanninsandflavonolsasanti-herbivoredefenceson oak(seeIntroduc-
tion), wefocusedour polyphenolanalyseson individual compoundswithin thesetwo groups.
Analysesof polyphenolconcentrationswerecarriedout in thelaboratoryof theNatural
ChemistryResearchGroupat theUniversityof Turku, Finland,usingultra-performanceliq-
uid chromatographyhigh-resolutionmassspectrometry(UPLC-HR-MS).Foreachsample,
weobtainedestimatesof theconcentrations(mg/g)of 27polyphenolcompounds(TableA in
S1Appendix).Analysesof theleafcarbonandnitrogencontentwerecarriedout in thePontifi-
ciaUniversidadCatoÂlicadelPeruÂwhereC andN content(%)wasdeterminedbycombustion
analysis.

������� �����ÐTo calculateleafmassperarea(LMA, g/m2) andleafarea(LA, cm2), we
usedleafmaterialcollectedat theendof the2015field season(103shoots,616leaves;collected
30th October±2nd November2015).Leaveswerescanned,oven-driedandweighted.The
remainingandoriginal leafareawereestimatedusingImageJsoftware(NIH, MD, USA).

��� �����������±To assessleaffunctioning in termsof leafgasexchange,weusedseven
photosyntheticparametersobtainedfrom thesameexperimentduring 2015and2016[12]:
light-saturatedphotosyntheticrateat2000�mol m�2 s�1 of photosyntheticallyactiveradiation
(Asat), light intensitywherephotosyntheticrateishalfof its maximum(K), darkrespiration
rate(Rd), maximumcarboxylationrate(Vcmax), maximumelectrontransportrate(Jmax), maxi-
mum triosephosphateuseefficiency(TPU),andphotosyntheticratein 1000�mol m-2 s-1 of
photosyntheticallyactiveradiation(A1000), representingastandardphotosyntheticratein full
daylight(Table1).Forsummaryof all traitsmeasuredincludingsamplesizes,seeTable1.

Statisticalanalyses
To testif anyof theleaftraitsdifferedbetweentheexperimentaltreatments,weusedlinear
mixedeffectmodelsandlinearmultivariatemodels.To testfor relationshipsbetweenindivid-
ualchemicalor physicalleaftraitsandphotosyntheticor respirationrate,weusedmixedeffect
models,linearmodelsandcorrelationanalyses.To investigatewhetherthecompositionof leaf
traitswasaffectedby thetreatments,weperformedPrincipalComponentAnalyses(PCA),
andRedundancyAnalyses(RDA).Whencombiningtrait datameasuredfrom differentleaves
andin differentyears(seeFig1),weusedtree� treatment-specificaveragesof themeasured
traits(n = 10pertreatment).Whenthetraitsweremeasuredon thesameleaf(photosynthesis
andpolyphenolcontent),weusedleaf-specificvalues.To accountfor differencesbetweenthe
two collectionsites,ªsiteºwasacovariatein all linear,linearmultivariateandmixedeffects
models.In all mixedeffectmodels,shootnestedwithin treewassetasarandomeffectto
accountfor non-independenceof leaveson thesameshoot.

To selectthebestmixedeffectmodelperresponse,wefirst chosetheoptimalvariance
structure.Webuilt modelswhichincludedall theexplanatoryvariablesbut differedin terms
of their variancedependingon adifferentexplanatoryvariable.Themodelwith thelowest
AIC wasthencomparedagainstthemodelwith constantvarianceusinglikelihoodratio tests.
Thevariancestructurethatsignificantlyimprovedmodelfit waschosen.Next,weassessedthe
significanceof fixedeffects.Thefull modelfor eachresponsevariablewassimplifiedbydrop-
pingoneexplanatoryvariableor interactionatatime.Thechangein themodelfit wasassessed
usinglikelihoodratio tests.Fixedfactorsthatdid not improvemodelfit weredroppedfrom
thefinal model[41]. Significanceof thefixedtermsin linearmodelswasassessedbycomput-
ing analysesof variancefor themodelfit. Modelassumptionsof all linearandlinearmixed

The effects of caterpillar herbivory on oak leaf traits
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effectmodelswereassessedbyvisuallyexaminingplotsof residualsagainstfitted valuesfor the
homoscedasticityof residuals,andaQuantile-Quantileplot for thenormaldistribution of the
residuals.Giventhelimited samplesizes(whichcouldincreasetherisk of TypeII errors),we
conductedbootstrapsimulationsfor asubsetof responsevariablesto evaluatehowincreasing
thesamplesizemight haveaffectedtheresults.Thesesimulationswerecarriedout for response
variablesthatshowedmarginallynon-significant(p < 0.2)differencesbetweentreatments.All
analyseswereconductedusingRversion3.5.0[42] andthepackagesvegan[43], lme4[44],
nlme[45], missMDA[46] andmvabund[47]. Detailedmodeldescriptionsareprovidedin File
A in S1Appendix.Below,webrieflydescribethedifferentanalyses.

Effectsof experimentaltreatmentson individual leaf traits. To assesshowtheexperi-
mentaltreatmentsaffectedspecificleaftraits,webuilt mixedeffectmodelsfor thefollowing
responsevariables:1) summedconcentrationof all polyphenoliccompoundsdetectedin a
leaf,2) Shannon'sdiversityindexbasedon all polyphenoliccompounds,3) concentrationof
hydrolysabletannins,4) diversityof hydrolysabletannins,5) concentrationof flavonols,6)
diversityof flavonols,7) leafnitrogencontent,8) leafcarboncontent,9) carbonto nitrogen
ratio (C:N,log-transformed),10)LMA and11)LA (leafarea).Sincealmostall polyphenol
compoundswerefound in all leaves,thediversityindexreflectswhethertheplant is investing
evenlyin all of thecompounds.Fixedeffectsin all modelsweretreatment(thefivestudied
leaftypes)andcollectionsite(JohnKrebsfield stationor WythamWoods).Additionally, the
modelson polyphenolsincludedcollectiondate(asJuliandate),andall possibletwo-way

Table1. Summaryof the investigatedleaf traits, their meanvaluesacrossall samplesandtreatments(ªGrand meanº)andfor eachleaf-leveltreatment separately,
and the total number of samplesusedto obtain valuesfor eachtrait. Thephotosyntheticparameters(A1000to TPU)wereobtainedfrom anearlierstudybasedon the
sameexperiment [12], theothertraitswerecollectedfor thisstudy.SeeTableA in S1Appendixfor concentrationsof individual polyphenol compounds.Theerrorsare� 1
SEM.

Leaftrait Description Grand
mean

Control Herbivore
damage

Herbivore
intact

Mechanical
damage

Mechanical
intact

n

A1000 Photosyntheticratein 1000PAR,�mol CO2 m-2

s-1
11.6� 0.5 10.8� 1.4 8.34� 1.2 7.10� 0.9 11.6� 1.2 9.22� 1.1 100

Asat Light-saturatedphotosyntheticrate,�mol CO2

m-2 s-1
15.3� 0.9 19.8� 2.2 10.8� 1.6 12.5� 1.9 17.6� 1.7 16.0� 1.5 49

K Light intensitywherephotosyntheticrateis half
of its maximum,�mol m-2 s-1

168� 12 197� 29 131� 25 130� 24 189� 21 191� 28 48

Rd Dark respirationrate,�mol CO2 m-2 s-1 -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

Vcmax Carboxylationefficiency, �mol CO2 m-2 s-1 70.1� 4.3 80� 9.3 65.4� 9.6 56.9� 6.4 84.1� 10 67.3� 12 65

Jmax Electrontransportefficiency,�mol CO2 m-2 s-1 158.1� 11 197� 22 147� 22 122� 16 188� 27 146� 32 65

TPU Triosephosphateuseefficiency,
�mol CO2 m-2 s-1

9.76� 0.6 11.7� 1.2 8.93� 1.1 8.23� 0.9 11.4� 1.5 8.89� 1.7 65

LMA Leafmassperarea,gm-2 63.2� 0.6 60.4� 1.2 64.4� 1.2 66.4� 1.5 62.3� 1.4 62.5� 1.6 616

LA Estimatedoriginal leafarea,cm2 18.1� 0.5 17.9� 1.0 17.7� 1.0 18.0� 1.3 18.0� 1.1 19.3� 1.6 616

N Nitrogencontent,% 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

C Carboncontent,% 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

Total
phenols

Totalconcentrationof all phenolic compounds,
mg/g

34.0� 1.1 34.1� 2.3 35.4� 2.3 32.9� 2.4 32.6� 2.3 34.9� 2.8 119

Phenol
diversity

Shannon'sdiversityindexfor all phenolic
compounds

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

TotalHT Totalconcentrationof hydrolysabletannins,
mg/g

24.4� 1.2 24.2� 2.7 26.1� 2.5 22.4� 3.0 23.8� 2.41 25.1� 3.07 119

HT diversity Shannon'sdiversityindexfor hydrolysable
tannins

1.56� 0.01 1.58� 0.04 1.55� 0.03 1.59� 0.04 1.56� 0.03 1.54� 0.03 119

TotalFL Totalconcentrationof flavonols,mg/g 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

FLdiversity Shannon'sdiversityindexfor flavonolstannins 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

https://doi.org/10.1371/journal.pone.0228157.t001
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interactionsasfixedeffects.Modelson leafC andN includedleafmassasanadditionalfixed
effect.Modelson LMA andLA includedpercentageof leafdamageandall possibletwo-way
interactionsasadditionalfixedeffects.

To investigatetheeffectof theexperimentaltreatmentson the27individual polyphenol
compounds,webuilt alinearmultivariatemodel[48±50],in whichthematrix of theconcen-
trationsof all compoundswasmodelledasafunction of thesite,tree,collectiondateandthe
treatment.

Relationshipsbetweenleaf traits and leafgasexchange. To assesstherelationship
betweenpolyphenolchemistryandphotosyntheticrate,webuilt amixedeffectmodelwith
A1000astheresponsevariableandconcentrationof hydrolysabletannins,diversityof hydroly-
sabletannins,concentrationof flavonols,diversityof flavonolsandcollectionsiteasexplana-
tory variables.Wechoseto relatetheleaftraitswith thephotosyntheticparameterA1000

becauseit wasestimatedfor thegreatestnumberof leaves(Fig1).Foreachindividual polyphe-
nol compound,weinvestigatedthecorrelationbetweenits concentrationandphotosynthetic
rate(A1000), anddaytimedarkrespirationrate(Rd [12]) bycalculatingPearson'scorrelation
coefficients.To visualizesignificantcorrelations,webuilt linearmodelsof photosyntheticor
respirationrateasafunction of theconcentrationof thespecificcompound(FigBandFigC
in S1Appendix).

To estimatetherelationshipbetweenphotosynthesisandLMA andphotosynthesisandLA
webuilt a linearmodelwith A1000asresponsevariableandLMA, LA andsiteasexplanatory
variables.To investigatehowN andC contentwasrelatedto photosynthesis,webuilt alinear
modelwith A1000asresponsevariableandnitrogencontent,carboncontentandthecollection
siteasexplanatoryvariables.

Leaftrait composition. To studyhowtheoveralltrait compositionis influencedby the
experimentaltreatments,wecarriedout two PCAs.Thefirst PCAincludedtheconcentration
anddiversityof thepolyphenolgroups(all compounds,hydrolysabletannins,flavonols)and
thephotosynthetic(A1000, Asat, Vcmax, Jmax, TPU,K, Rd), chemical(C,N, C:N) andphysical
(LMA, LA) traits.ThesecondPCAincludedtheconcentrationsof all individual polyphenols
but no othertraits.

To examinethestatisticalsignificanceof experimentaltreatmenton leaftrait composition
wecarriedout RDAswith treatmentor thetreeidentity asconstraints[51]. To examinethe
statisticalsignificanceof thetreatmentswhileaccountingfor variationbetweenthetrees,we
carriedout apartialRDA wheretheexperimentaltreatmentwassetasaconstraint,andthe
treeidentity asacondition.Wecarriedout two typesof RDAsanalogousto thetwo PCAs.
Thevariationexplainedby thefull modelwaspartitionedto investigateeachleaftrait
separately.

Literature survey
To assesswhetherthepolyphenoliccompoundsdetectedin our sampleshavepreviouslybeen
shownto covarywith herbivoryand/orherbivoreperformance,wesearchedin GoogleScholar
andWebof Scienceon 25th and26th June2018usingthesearchtermsª���
���� ���º
AND herbivor� . Weconsideredstudiesthathadinvestigatedtheconcentrationof thespecific
compound1) in responseto experimentallyinflicted herbivory,mechanicalwoundingor
applicationof plant-signallingcompoundsknownto activateanti-herbivoredefences,2) in
relationto naturalherbivorypatternsor 3) in relationto herbivoreperformance.Only studies
that reportedresultson individual compoundsandtestedthestatisticalsignificanceof the
studiedrelationship(s)wereincluded.Weestimatedtheoxidativeandproteinprecipitation
activitiesof thecompoundsusingexistingliterature[38,39].
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Results

Doesexperimentallyappliedherbivory andmechanicalleafdamagechange
chemicalandphysicalleaf traits?

Effectsof the experimentaltreatmentsand leafarealoss. Forcoefficientestimatesfor
models,seeTableB in S1Appendix.Therewereno cleardifferencesbetweentheexperimental
treatmentsin leafnitrogen(�!2 = 7.83,p = 0.10,df = 4,11,Fig2A) or carboncontent(�!2 = 0.98,

Fig 2. Distributio n of leaf traits acrossexperimental treatments.Panela)showsnitrogen(N) concentration, b) carbon(C) content,c) C:Nratio,d) leafmassperarea
(LMA), e) leafarea(LA), f) totalconcentration of polyphenols,g)Shannon'sdiversityfor all polyphenols,h) totalconcentrationsof flavonols,i) Shannon'sdiversityfor
flavonols,j) totalconcentrationsof hydrolysabletanninsandk) Shannon'sdiversityof hydrolysabletannins.Notethat for h) andj) theinteractionsbetweentreatment
andcollectiondate,andtreatmentandsitearesignificant, andfor f) andk) theinteractionbetweentreatmentandcollection dayissignificant. For responsesthatshowed
significant differencebetweenthesites,thedataisshownfor thetwo sitesseparately.Theline at themiddleof theboxshowsthemedian,thelowerandupperhingesof
theboxshowthe25th to 75th percentile.Datapointsoutsidethewhiskersareoutliers.

https://doi.org/10.1371/journal.pone.0228157.g002

The effects of caterpillar herbivory on oak leaf traits

PLOS ONE | https://doi.org/10.1371/journal.pone.0228157 January 24, 2020 8 / 20



p = 0.91,df = 4,9,Fig2B),C:Nratio (�!2 = 5.73,p = 0.22,df = 4,10,Fig2C),leafmassperarea
(�!2 = 7.93,p = 0.09,df = 4,10,Fig2D), leafarea(�!2 = 6.03,p = 0.20,df = 4,8,Fig2E),Shan-
non'sindexfor polyphenoldiversity(�!2 = 1.10,p = 0.89,df = 4,18,Fig2G)or Shannon's
indexfor flavonoldiversity(�!2 = 7.21,p = 0.13,df = 4,17,Fig2I). Therewerealsono differ-
encesin concentrationsof individual polyphenolcompoundsbetweentheexperimentaltreat-
ments,althoughfor mostcompounds,thedifferenceswereonly marginallynon-significant
(TableC in S1Appendix).Simulationsto assesswhethertreatmenteffectsweremaskedbya
smallsamplesize(n = 10trees)indicatedthat largersamplesizes(up to 100trees)wouldhave
beenunlikely to resultin significantdifferencesbetweenthetreatmentsfor LM, flavonoldiver-
sityandthreeof themostcommonpolyphenolcompounds.For leafnitrogen,samplesizesof
20treesor moremight haverevealeddifferencesbetweenthetreatments(FigF in S1
Appendix).

Experimentaltreatmenthadaneffecton thetotal concentrationof polyphenolsandon the
concentrationsof hydrolysabletanninsandflavonols,but thisdifferedbetweencollection
datesandbetweenthetwo sites(total concentration:treatment� date,�!2 = 11.4,p = 0.02,
df = 4,14;hydrolysabletannins:treatment� date,�!2 = 39.9,p < 0.001,df = 4,27;
treatment� site,�!2 = 32.6,p < 0.001,df = 4,27;flavonols:treatment� date,�!2 = 19.0,
p < 0.001,df = 4,27;treatment� site,�!2 = 21.5,p = 0.006,df = 27,8).Thediversityof hydroly-
sabletanninswasaffectedby treatment,andthiseffectdependedon thecollectiondate
(treatment� date,�!2 = 12.4,p = 0.01,df = 22,4).

Theproportion of leafarealossshowedapositiverelationshipwith LMA (�!2 = 5.06,
p = 0.02,df = 1,6) but no clearrelationshipwith theestimatedfull leafarea(�!2 = 2.32,
p = 0.13,df = 1,5).Theleafarealosswas14.13+ 1.9%perleafin theherbivorytreatmentand
10.88+ 1.84%in themechanicaltreatment,closeto naturallevelsof herbivoryin thearea(8.45
+ 0.39;see[12]).

Differencesin leaf traits betweensitesandcollection days. Treesin WythamWoods
hadhighernitrogencontent(�!2 = 4.18,p = 0.04,df = 1,7)andhighertotalpolyphenolconcen-
tration (�!2 = 3.87,p = 0.049,df = 1,6) thantreesat theJohnKrebsfield station.Theconcentra-
tionsof manyindividual polyphenolcompoundsdifferedbetweenthetwo sites(TableC in S1
Appendix),with majority of compounds(19out of 27)havinghigherconcentrationin
WythamWoods.

Thediversityof all polyphenolsincreasedoverthemeasuringperiod(�!2 = 11.02,p < 0.001,
df = 1,14,TableB in S1Appendix).Theconcentrationsof all individual polyphenolcom-
poundswerealsoaffectedby theleafcollectiondate(TableC in S1Appendix),with mostcom-
pounds(16out of 27)decreasingin concentrationovertheseason.

Are changesin leafgasexchangelinked to parallel changesin other leaf
traits?

Relationshipsbetweenthe different leaf traits. Photosyntheticratewaspositivelyrelated
to leafnitrogencontent(F = 8.16,p = 0.007,df = 1,32,Fig3A).Therewasno significantrela-
tionshipbetweenphotosynthesisandcarboncontent(F = 0.03,p = 0.87,df = 1,31,Fig3B),
LMA (F = 3.53,p = 0.07,df = 1,42,Fig3C),leafarea(F = 0.10,p = 0.75,df = 1,42,Fig3D), fla-
vonolconcentration(�!2 = 3.38,p = 0.07,df = 1,6,Fig3E),flavonoldiversity(�!2 = 0.13,
p = 0.71,df = 1,6,Fig3F),hydrolysabletannin concentration(�!2 = 0.06,p = 0.81,df = 1,6,Fig
3G)or hydrolysabletannin diversity(�!2 = 0.48,p = 0.49,df = 1,6,Fig3H).

Of theindividual polyphenols,four hydrolysabletannins(cocciferinD2, vescavaloninic
acid,tellimagrandinI, galloyl-HHDP-glucose)andoneflavonol(quercetindiglycocide)corre-
latedpositivelywith photosynthesis(FigA in S1Appendix).Chlorogenicacidcorrelated
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negativelywith photosynthesis(FigA in S1Appendix).Threehydrolysabletannins(monogal-
loylglucose,vescalagin,castalagin)correlatednegativelywith leafrespirationrate(measuredat

Fig 3. Therelationship betweenphotosynthetic rate (A1000) and the studiedleaf traits. Panela)showsphotosynthesisrateandnitrogen(N) concentration b) carbon
(C) content,c) leafmassperarea(LMA) d) leafarea(LA), e)totalconcentration of all flavonols, f) Shannon'sdiversityfor flavonols, g) totalconcentrationsof hydrolysable
tanninsandh) Shannon'sdiversityof hydrolysabletanninsin thedifferentexperimental treatments.Notethat for panelsa-dtherelationship representsvalues
�� ����,
becausephotosynthetic rateandnutrient contentweremeasuredon differentleaves.Only therelationshipin panela) isstatistically significant.

https://doi.org/10.1371/journal.pone.0228157.g003
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thetreelevel),wherestwo flavonols(quercetinglucuronide,kaempferoldiglycoside)corre-
latedpositivelywith respirationrate(FigB in S1Appendix).

Differencesin leaf trait composition betweentreatmentsand trees. Theresultsfrom
thePCAsshowedno differencesin thecompositionof thestudiedleaftraits(concentration
anddiversityof polyphenolgroups,photosyntheticparameters,C andN contentandphysical
leaftraits;F= 1.18,p = 0.26,df = 4,45,Fig4A) or in thecompositionof polyphenolcom-
pounds(F = 0.36,p = 0.99,df = 4,114,Fig4D) betweenthetreatments.Treeidentity hadasig-
nificant effecton overallcompositionof leaftraits(F = 5.01,p = 0.001,df = 9,40,Fig4B)and
on polyphenolcomposition(F = 24.62,p = 0.001,df = 9,109,Fig4E).Thelargestportion of
variationin all traitswasexplainedby thevariationbetweenindividual trees(Fig5).

After accountingfor thevariationbetweenthestudytrees,thepartialRDA revealeddiffer-
encesbetweenthetreatmentsin thecompostionof leaftraits(with polyphenolchemistry
expressedassummedmetricsratherthanasconcentrationsof individual compounds;FigD
in S1Appendix,F= 2.28,p = 0.004,df = 4,36).Theintactanddamagedleavesin theherbivory
treatmentdifferedfrom therestof theleavesalongthefirst RDaxis(FigD in S1Appendix),

Fig 4. Resultsfrom principal component analyses(PCA) on studiedleaf traits (excluding the concentrations of individual polyphenol compounds;panelsa-c,see
Table1), andon polyphenolcompositionbasedon individual compounds(panelsd-f, seeTableA in S1Appendix).Resultsaregroupedeitherbyexperimental
treatment(panelsaandd) or bystudytree(panelsb ande).Datapointsin panelsa-brepresentaveragespertreeandtreatment.In panelsd-eeachdatapoint isoneleaf.
Panelsc) andf) showtherelationshipsbetweendifferentleaftraits.In panelc) darkgreenarrowsrepresentphotosyntheticparameters,brownarrowsrepresenttraits
reflectingpolyphenol chemistry, andlight greenarrowsothertraits.In panelf) blackarrowsshowhydrolysabletannins,greyarrowsshowflavonolsandbluearrows
showotherchemicalcompounds(seeTableA in S1Appendix).Notethat respirationratehasbeenmadepositiveto makethegraphmoreintuitive (i.e.sothat larger
respirationvaluescorrespondto higherrespiration rate).SeeFigC in S1Appendixfor traitsdeterminingthePCaxes.

https://doi.org/10.1371/journal.pone.0228157.g004
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whichwasmainly influencedby thephotosyntheticparameters(FigD in S1Appendix).The
polyphenolcomposition(assessedastheconcentrationsof individual compounds)did not dif-
fer betweenthetreatmentsevenafteraccountingfor differencesbetweenthetrees(F = 0.97,
p = 0.47df = 4,105).

Theconcentrationof polyphenolscorrelatednegativelywith thediversityof polyphenols
(Pearson'sr = �0.67, t = �9.81, df = 117,p < 0.001,Fig4C,FigE in S1Appendix),andwith
thesizeof theleaf(Pearson'sr = �0.47, t = �3.66, df = 46,p < 0.001,Fig4C,FigE in S1
Appendix).

Doesthe publishedliterature provide evidencefor the measured
polyphenolsfunctioning asanti-herbivore defences?
Theliteraturerevealedavaryingnatureof therelationshipbetweenherbivoryandplantpoly-
phenolconcentration:mostcompoundshavebeenobservedto function bothasdefencesand
attractantsor to haveno relationshipto herbivoryatall.Wefoundslightlylessevidencefor

Fig 5. Theproportion of variancein eachleaf trait explainedby the experimental treatment (dark colours),tree
(light colours),andthe unexplained variation (light greybars)basedon partition edvariancefrom the partial
redundancyanalysis(RDA). Panela.)showsphotosynthetic traits(darkgreen),physicalandnon-defensivechemical
traits(lightergreen)andconcentrationsanddiversitiesof all polyphenolsandthetwo largestpolyphenol groups
(hydrolysabletanninsandflavonols,orange).Panelb.) showsvariationin individual polyphenols,groupedas
hydrolysabletannins(light greys),flavonols(darkgreys)andothercompounds(blues).Within eachgroup,the
compoundsareshownin orderof decreasingabundance.

https://doi.org/10.1371/journal.pone.0228157.g005
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anti-herbivoreactivityfor compoundsthat rankedlow on oxidativeor proteinprecipitation
activity,thoughthesetrendswerenot significant.Fordetails,seeFileC in S1Appendix.

Discussion
In thisstudy,wetestedwhetherexperimentallymanipulatedherbivoryandmechanicalleaf
damageaffectanumberof chemicalandstructuralleaftraits,whetherthesetraitscorrelate
with photosynthesis,andwhetherleafchemistrycorrelateswith leafrespiration.Wemeasured
concentrationsof 27polyphenolcompounds,leafnitrogenandcarboncontent,leafmassper
areaandleafarea.Wealsosurveyedtheliteratureon previouslyrecordedrelationships
betweenherbivoryandthepolyphenolcompoundsobservedin thisstudy.Wedetectedno dif-
ferencesin theconcentrationsof individual polyphenolcompounds,nitrogenor carboncon-
tent,leafmassperareaor leafareabetweentheexperimentaltreatments.While wedetected
someeffectsof theexperimentaltreatmentson theoverallpolyphenolconcentration,thecon-
centrationanddiversityof hydrolysabletanninsandtheconcentrationof flavonols,thesevar-
iedbetweenthetwo studysitesand/ordependedon thetiming of leafcollection.Leafnitrogen
contentandfive individual polyphenolcompoundscorrelatedpositivelywith photosynthesis.
Respirationwasrelatednegativelywith threecompoundsandpositivelywith two.Therewas
largevariationamongtreeindividualsin their trait composition,especiallyin termsof their
polyphenolcomposition.Below,wediscusstheseresultsin detail.

No clearchangesin leaf traits following herbivory andmechanicalleaf
damage,but largevariation in trait composition betweentreesandsites
Wepredictedthatherbivoryand/ormechanicaldamagewouldresultin changesin thecon-
centration,diversityor compositionof polyphenols,alargerleafmassperareaand/or resultin
leavesgrowingsmaller.However,therewereno cleardifferencesin thestudiedleaftraits
betweenexperimentaltreatments.Experimentaltreatmentshadasignificanteffecton total
polyphenol,hydrolysabletannin andflavonolconcentrations,but thiseffectdependedon the
studysiteandcollectiondate(i.e.asignificantsite� treatmentanddate� treatment
interactions).

To investigatefurther howtheeffectof treatmentanddateon polyphenolconcentration
differedbetweenthetwo sites,weconducted
��� ��� analysesassessingtheeffectof treatment
on polyphenolchemistryfor thetwo sitesseparately.Site-specificlinearmixedeffectsmodels
revealedthat theeffectof treatmenton theconcentrationof flavonolsandhydrolysabletannins
differedbetweenthecollectiondaysatonly oneof thesites(WythamWoods).At theothersite
(JohnKrebsfield station),treatmentalonehadasignificanteffecton hydrolysabletannin con-
centration:theleavesdamagedbyherbivoreshadahigherhydrolysabletannin concentration
thanintact leavesgrowingon thesameshoot(on average20.4mg/g� 2.9SEMcomparedto
14.7mg/g� 3.0SEM).SeeFileB in S1Appendixfor further detailson thesite-specificmodels.

Previousstudieson oakhavefound increasedconcentrationsof hydrolysabletanninsafter
insectdefoliation[16] or experimentalinduction with jasmonicacid[29]. Thesetypesof
changesin plantchemistryareoftenthoughtto resultfrom herbivory-induceddefencereac-
tionsin thehosttree[3]. Nevertheless,severalstudiesshowno changesin plantchemistry
afterherbivory[52,53].In line with this,thepublishedliteraturerevealsfewconsistentrela-
tionshipsbetweenherbivoryandthe27polyphenolcompoundsmeasuredin thisstudy:our
literaturesurveysuggeststhatmostcompoundsseemto function bothasdefencesandattrac-
tantsor to haveno relationshipto herbivoryatall (seeFileC in S1Appendix).Theeffectsof
defensivecompoundson herbivoresoftendependon theoverallchemicalor nutritional con-
tentof theplant,sothat thepresenceof onecompoundcanenhanceor suppresstheeffectof
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theother[30,54±56].Synergicor antagonisticeffectsarethoughtto becommon[55,57],but sofar
onlyafewstudieshavetestedfor them[54±56,58].Theinconsistentpatternsdetectedin thelitera-
turesurveymight bedueto thespecificityof plant-herbivoryinteractions:theoutcomecan
dependon thespeciesor genotypeof thetwo interactingparties[28,59],on whichotherchemicals
arepresentandin whatquantities[54±56],or on thechemistryof theinsectitself[60].

Manystudieshaveshownhighvariationin plantchemistrybetweenindividualsof the
samespecies[29,36,61±64]or betweenpartsof thesameindividual [25,65].Thehigh levelof
variationin leafchemistrymight arisebecausetheconcentrationof manysecondarychemicals
dependson severalfactorsotherthanherbivorysuchastemperature[54,66],soilnutrients
[67], light [68,69],presenceof pathogens[70,71]or competitors[72,73].Thereareseveralfac-
torsthatdifferedbetweenthetwo experimentalsites,whichmight explaintheobservedvaria-
tion in polyphenolchemistry.ThestudytreesatWythamWoodswereold (150±200years)
andtheleavescollectedfrom themwereuppercanopysunleaveswith highernitrogencon-
tent.Thetreesmeasuredby theJohnKrebsfield stationwereyoung(33/34yearsat thetime of
thestudy),planted,andtheleavescollectedfrom themcamefrom thelowerbranches,though
still exposedto thesun.Within thesiteby thefield station,threeof thetrees(A-C, seeFig3B
and3E)experiencedintensesunlightfor severalhoursduring theday,whereastwo of thetrees
(D andE,seeFig3Band3E)wereshadedduring thewarmesttimesof theday.Thesediffer-
encesin growthlocationsmostlikely contributedto thedifferencesin leaftraitsandchemical
compositionbetweentreesand/orbetweenshootswithin atree.

Wefound that theeffectsof thetreatmentson thesummedpolyphenolconcentration,on
theconcentrationanddiversityof hydrolysabletanninsandon theconcentrationof flavonols
alsodependedon thetiming of thecollectionof leafsamples(seeFileB in S1Appendixfor
details).Theseasonalvariationin oakleafchemistry[26,27]might havealteredhowthetreat-
mentswereaffectingthemeasuredchemicaltraits.If for exampletheconcentrationof hydro-
lysabletanninswaschangingovertheperiodof leafsamplecollection,thedifferencesin their
concentrationbetweenthetreatmentsmight belessvisibleon leavescollectedduring certain
timesof theseason.Futurestudiesshouldaim to accountfor seasonalchangesin chemistry
for examplebyrestrictingleafcollectionto aspecifictime,or bycollectingleavessystematically
throughouttheseason.

Sincewefoundno differencesin polyphenolchemistrybetweenthetreatments,thereduced
photosyntheticrateisunlikely to bedueto changesin resourceallocationbetweengrowthand
defence.Instead,herbivorymight haveaffectedtheonsetof leafsenescence[74,75],which
couldhavedecreasedphotosynthesis.Photosynthesiscouldalsohavebeenreduceddueto
ªauto-toxicityº,if constitutivelystoreddefencecompoundswereactivatedafterherbivory,
damagingthephotosyntheticmachinery[75,76].

Correlation betweenleafgasexchangeand leaf traits
Wefound thatnitrogenwaspositivelyrelatedto photosynthesis,that fivedifferentpolyphenols
(cocciferinD2, vescavaloninicacid,quercetindiglycoside,tellimagrandinI, galloyl-HHDP-
glucose)correlatedpositivelywith photosynthesis,andthatchlorogenicacidcorrelatednega-
tivelywith photosynthesis.A positiverelationshipbetweennitrogenandphotosynthesisis
commonlyobservedbecausemanyof theenzymesneededfor carbon-fixingcontainalarge
portion of theleafnitrogen[4]. Two compounds(quercetinglucuronide,kaempferoldiglyco-
side)correlatedpositivelywith leafrespirationrate,andthreecompounds(vescalagin,castala-
gin,monogalloylglucose)negatively.

Basedon thenegativeeffectsdefencereactionscanhaveon photosynthesis[5,6],we
expectedto find anegativecorrelationbetweenphotosyntheticrateandpolyphenolchemistry.
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Nevertheless,in our study,mostindividual compoundsandtheir summedmetricsdid not cor-
relatewith photosynthesis,andof thesignificantcorrelations,all but onewerepositive.Posi-
tivecorrelationsbetweenphotosynthesisandleafchemicalsmight not besurprising,if
photosyntheticproductsareneededfor theformationof secondarymetabolites[77,78]andif
thesemetabolitesarenot relatedto leaf-levelinduceddefencereactions.Theconcentrationof
manysecondarymetabolites,includinghydrolysabletannins,dependat leastpartlyon the
availablecarbohydratepool [52,77].Thepolyphenolsstudiedheremight function asconstitu-
tiveratherthaninduceddefences,andfor examplebeseasonallyproducedwhenherbivory
pressureishighest[26,27],regardlessof changesin leaf-leveldamage.Alternatively,thechemi-
calcompoundsinducedearlyin theseasonmight not havebeenpresentat thetime of leafcol-
lection[79]. Severalstudieshavealsoshownthat thegrowth-defencetrade-offmight not be
causedbysimpleresourceallocation,but arisethroughprioritization of oneprocessoverthe
other,dependingon theenvironment[10,80,81].Thus,thetrade-offmight bedetectableonly
undercertainconditions,for exampleif thelackof certainnutrientsis limiting bothprocesses,
or if plantsareactivelycompetingagainsteachother[73,80,81].Relativeallocationsto growth
anddefencemight alsodiffer betweenperennialandannualplants,if, for example,regrowth
or increasedinvestmentin photosynthesisin thefuturebenefitstheplantmorethaninducing
animmediatedefencereaction[82,83].

Conclusions
Wetestedwhetherleaf-levelmanipulationof herbivoryor mechanicaldamagechangeschemi-
calandstructuralleaftraits,andwhetherthesetraitscorrelatewith photosynthesisandleafres-
piration rates.Theexperimentalmanipulationsdid not induceanychangesin leafstructureor
nitrogenandcarboncontent.Leafpolyphenolchemistrywasaffectedby thetreatments,but
differentlydependingon thestudysiteandtime of theyear.Mostpolyphenolsdid not corre-
latewith photosynthesisor correlatedpositively,oppositeof whatwouldbeexpectedif photo-
synthesiswassuppressedbychangesin defensivechemistry.Wesuggestthat theresultsof the
field experimentaredueto small-scalevariationin environmentalconditionsexperiencedby
thehosttree.Leafchemistryisoftenaffectedbymicroclimate,nutrient availabilityandinten-
sityof competitionfrom surroundingplants.All thesefactorsdifferedbetweenthetwo study
sitesandmight havehadastrongereffecton plantchemistrythanleaf-levelchangesin herbiv-
ory or mechanicaldamage.Basedon thisstudy,herbivore-inducedleaf-levelchangesin photo-
synthesiscannotbeexplainedbyconcurrentchangesin polyphenolchemistryor leaftraits.
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