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Synopsis

Conservation of urban, rural, and natural ecosystems, through effective monitoring of their
health state, is crucial both at a tree and at a population level. In this thesis, a
comprehensive methodological framework for estimating the health state of arboreal
vegetation was established, by considering the trees’ fundamental phenotypic, spectral,
spatial, thermal, and humidity traits. A set of 910 trees from nine different species was
evaluated, by obtaining phenotypic information from (a) 334 urban trees (Robinia
pseudoacacia, Morus alba, Melia azedarach), 80 olive trees (Olea europaea), and 496 pine
trees (Pinus brutia). The effect of different disturbances such as structural defects and
fungal presence, which can compromise the trees’ mechanical integrity, health, and
productivity, was detected, quantified, and mapped, with the use of non-destructive
phenotypic techniques. Results showed that combining the trees’ phenotypic traits and
indices, can sufficiently (a) estimate decay severity, (b) classify hazardous trees, (c) identify
fungal presence, and (e) predict the trees’ growth rate and productivity. All of these can
contribute to tree health assessment, by offering significant information in monitoring
urban, rural, and natural ecosystems’ dynamics.
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Elcaywyn

OuL paydaiec aAAayég mou mapatnpouvtal oto KAlpa tng Mg €xouv HEeTaBAMAEL SpOOTIKA TOV
TIAQVATN KOl €XOUV ETILDEPEL ONUOVTLKEG ETIMTTWOELG oTa €(6Nn Kol ota olkoouotrpata (Parmesan,
2006). O mpoPAEPelg Sev eival 1000 alolodoEeg kabBwg Bewpeital oxedov BEPalo otL Ba undpEouv
KON TILO SPAOTIKEG UETABOAEG OTNV KOTAOTOON TWV OLKOGUOTNUATWY KAaBwg, n maykoouLa pHéon
etnola Beppokpaocio poPAénetat va avéndel amd 1.1 éwc kat 6.4 °C péxpt to 2100 (IPCC, 2007b).
MoAAQ olkoAoylka cuotrpata epdavilouv 6N TIC EMUTTWOELG TWV MPOCHATWY KALLATIKWY 0AAAYWV
(Parmesan and Yohe, 2003; Parmesan, 2006), pe KOAUTEPO TEKUNPLWHUEVEG TIC HETABOAEC TIOU
napouctalovtal otn datvoloyia, TIG KATAVOUEG Kal Tn duactoloyia Twv edwy. YO To mplopa Twv
ETUKEUEVWV ETIITTWOEWY TNG KALLATIKAG oAAayng Kot Adyw tng apeBatdtntag mou Slokpivel Tig
npoPAEYelg, yivetal avtlAnme n SuokoAia Slaxelplong TWV OWKOCUCTNUATWY, N OMWALL TWV
orolwv Bewpeltal MPWTAPXLIKN olTia AmMeAAC ya TN PBLOTOWKIAGTNTA KOl TIC OLKOOUOTNULKEG
UTinpecieg mou amoppéouv amd auth. EmutAfov, n ocuvexng tpomomoinor] Toug Teplopilel tn
duvatotntd Toug va otnpifouv evénuika €i6n (Seastedt et al., 2008), evw mapdAnAa, to 60% Twv
TIAYKOOULWY OLKOCUOTNUKWY UTINPECLWY €Xouv umootel umofdabulon, kabwe n ovOpwmoysvig
nileon ektelvetal oto 83% tng emipavelag Tng yng (Sanderson et al., 2002) kat oto 100% twv
wkeavwv (Halpern et al., 2008). NA£ov eniBePfatwvetal n mapadoyr OTL TO «oVOPWITLVO ATTOTUTIWLO»
otn ¢uon £xel auénOei os Té€tolo Pabuod mou Bewpeital oxedov BERalo OtL Sev UTIAPXEL OLKOCUOTNHA
otn 'n ou va £xet Staduyel and apeon f €upeon avBpwrvn enidpaocn. Qg ek TolTOU,, N £vvola
TWV adlaTAPaKTWY olkoouathuatwy dev udiotatal kabwg and tn Sekaetia Tou 1990 oL PUGCLKEG
TIEPLOXEC LETATPETIOVTOL OE avOpwWTOYeVE(G e pubuod 11.4% (Balmford et al. 2002).

Mapd&AAnAa, onUAvVTIKOG elval Kol 0 pOAOG TwV Slatapaxwy T0oo oth Slapopdwaon Tou Tomiou 600
KoL oTnv enidpacn mou €xouv ota olwkoouothuata. [MANRBogc Slatapoxwyv, ¢GUOLKEC Kal
avOpwroyevels, OMWE PWTLEG, MANUUUPLKA davopeva, elcaywyn mapacitwy, Blodoyikol eloBoAeic,
KOTOKEPUATIOMOC €VOLALTNUATWY K.A., OLOKOUV TILECN OTOL OLKOOUOTHUOTA Ot €va eupy ddoua
XWPLKWV KOl XPOVLKWV KALUAKWV. Q¢ Slatapaxf opilletal omolodnmote oXeTIKA Stakpltd cupPBav oto
XPOVO TIOU SLATOPACOEL TO OLKOCUOTNHA, TNV KOwoTNnTa, N T dopr tou mAnBuopol Kot petaBarlet
™ Swbsowotnta twv puokwv mopwv (White and Pickett, 1985). Ou Siotapayxég KoAUMTOUV
SlopopeTikd UEYEDN KOL OUXVOTNTEG, XOPAKTNPI{OVTOL OO CUYKEKPLUEVN XWPLKH KATOVOUR,
ouxvotnta, nmpoPAsPpdtnta kat évtoon (White and Pickett, 1985) evw tautoxpova amatteitol o
codnG MPooSLOPLOUOC TOCO TWV XWPOXPOVLKWVY KALLAKWY TOU CUCTAUATOC HEAETNG OO0 Kol TNC 6Lag
¢ Slatapaxng. Ou dpol mou meplypddouv tn Slatapaxf €vog OLKOCUGTHATOC, - umoBaduion,
BAGPN, Kataotpodr - avtupoowrnevouy tov Babuod amokAlong amod tnv emBupuntr KATtdotoon Tou
(SER, 2002; Day et al., 2006), mou oUCLOCTIKA Mmopel va Teplypadel amd tov 0po «uyeia Tou
OLKOCUGOTHLLOTOCY.

H évvola tng «uyeiog tou olkoouotnuatog» (Su et al., 2010), mephapPavel OAa ekeiva Ta
XOPAKTNPLOTIKA ToU TNV KaBopilouv onwe (a) n IwTkoTnTa, N EAACTIKOTNTA KAl N avOeKTkOTNTA
(Rapport, 1989), (B) n «amoucia acBévelag» og KAAKA OLKOOUOTAUATOG, £i6oug, TANBUoUOUL Kol
atopou (Rapport, 1992) kat (y) n tkavotnTa mapoxnG oLkooUOTNULIKWY UTtnpeotwy (Su et al. 2010).
ErutAéov, n €vvola auth mepAapBAveL TOOO OLKOAOYLKI) 000 KOl KOWVWVLKOOLKOVOULKA TIPOOTITIKN
ToU MeAetdartal, €6w Kal xpovia, omo Mia mAnBwpa Slakpltwv epeuvnTikwy Tediwv. Ta
XOPAKTNPLOTIKA QUTA, 0pillouVv TNV LKAVOTNTA EVOG GUOTHLOTOC VO TIAPAUEVEL AUETABANTO amévavtl
o€ €CWTEPLKEC TILECELG, VA OVAKAUMTEL o0 SLATOPOYEG KAL VO AVIATIEEEPXETAL OE YEYOVOTA TIEDNG
(Walker et al., 2004; Cumming and Collier, 2005). AMwoTteg, Ta UYL, TANPWG AELTOUPYLKA
olkoouoTAuaTA, Eival TTeplocdTePO avOeKTIKA 0 TIEPBANNOVTIKEC TILECELG KOl CUVETIWE TIEPLOCATEPO
€UEALKTO, 00OV apOopA TNV TMPOCAPLOYH TOUG OTLG ETUMTWOELG EEWTEPLKWY TILECEWV.
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JTO OOTIKA, OYPOTIKA Kal SACLKA OWKOCUOTHUATA, Ol avBpwIoyeVElG MLECELG TTIOU TtapaTnpolvTal
QIMOTEAOUV TTAPAYOVTIEG UTIOPABWLONG TOUG, OL omoiolL Kol evioxuovialL amd Slatapaxeg Tmou
TIPOKUTITOUV TOCO amd BLOTIKOUC 000 KoL oMo aBlOTIKOUC TAPAYOVTEC, OL Omoiol Kal emidpouv
OpPVNTIKA TOCO OTO. OLKOOUOTAUATO 00O Kal ota €6n mou mepwkAeiovtal oe autd (Boa, 2003)
(Nivakag 1).

Nivakag 1. Katnyopieg BLOTIKWY Kol ofLOTIKWY SLATOPOXWY O QOTIKA, AyPOTIKA KAl SACLKA OLKOGUOTAUATO

Blotwol JUURTWHOTO ABlotikol mapdyovte JupRTWHOTO
NOPAYOVTES K H pay S K K
Kutpwviopata f/kat Enpavoet Kitpwva onpadia ota $pUAQ,
’ pwion n/ En’p GELG Dutoddppara/ pwa onuadl ¢ ’
MuUknteg duMapiwyv. Ita teAka otadia ZZovioKTva QMOXPWUATIONOG, VEKPWON PL{LKOU
TapATNPOUVTAL OXLO{LATO OTOV KOPUO CUOTNOTOG
, Anoénpavoelg KAaSwv Kat oAOKANpwv L Kol\dtnteg, amokomr KAASwv,
Baktrpla , Mnxavika peca , , , i
Sévipwy anodAoiwaon, ondn, elcodog HUKATWV
YriepBoAikn Stabeoipotnta
; MAN 1PAVON O UEPLKOUC UNVE , , OVETIAPKELQ OPEMTIKWY, KOKH
o fipng §pavan oe pepikolg prves ESadbukéc ouvBiiKe / THip PEMTIKGY, KAk
avaloya Tnv nepintwon QTIOOTPAYYLON, AVOOTOAN QVATTTUENG
pL{LKOU CUOTALOTOG
INUAVTLKA HElwOn oTnV €T oL Ol EMUMTWOELG TOU KA{HATOG 0TNV UYELa TWV
‘Evtopa npooavénaon twv dévipwv, armodAoiwon, KALpOTIKEC OUVORKEC S8évbpwv bev elval dpeoeg (e€aipeon ta
VEKPWOT KOTATIOVNLEVWY SEVTPWVY akpaia kopkd dawvopeva)

Ta &évtpa Stadépouv we mpog TNV
Akdpea Aropinon Twv GUAAWV Kol KAPTIWV AaBeouotnTa vepol LKOVOTNTA AVTOXAG 0TNV UTEPPBOALKN
SltaBsoipotnta/eNAewdn vepo.

Anoduvapwaon Tou £gVLoTH amno tov

Mapaottikd , , ,
bUTS omnolo eaodaiifovv Ta amapaitnta
uta ) .
BPEMTIKA CUOTATLKA.
7 Anobuvauwon tou §évipwv Aoyw
wa

anwAeglag dpAolol Kat GUAAWUOTOG.

ZTa OOTIKA OLKOCUOCTAMATA, N aUENON TwV EMUTESWV PUTIOVONG OTLG OOTIKEG TIEPLOXEC, N alEnaon Tou
TMANBUOoPOL Kal n oAoéva aufavopevn oSk MUKVOTNTA, EMNPEAlOUV AUECSA N EUPECA TNV EUAWSN
BAdotnon kal Slaitepa Ta AOTIKA SEVIPA, ELWVOVTOG TNV AVATTTUEN TOUG Kal dtadopomolwviag ta
dALVOTUTIKA XOPAKTNPLOTIKA TOUC (A.X. QTOKTNON PWYHWY, OXLOUWY, KOWAOTATWVY), 0dnywvtag otny
avénon tng mbavotntag anocuvOeonG TOUG. ITA AYPOTIKA OLKOCUCTAUOTA, N EVIATIKOTOINON TNG
vewpylag, n eykatdAsupn tng aypoTLkAG yNng Kot n oAoéva Kal avfavopevn xprnon dutodoapuakwyv
Kol {{OVIOKTOVWY S8pOUV CUVEPYATIKA TOCO UE afLOTIKOUC TapAyovteg, OmwG N uSpoyswAoyikn
ootdBela, n vdatikn katamdvnaon, N AMWAELD 0pyavIKAS UANG Tou edddouc kat n StaBpwon (Salvati
and Ferrara, 2015; Dunjo et al., 2003), 600 Kal pe BLotikoug (LUKNTES, Baktrpla, toi). OL mopAyoVTES
outol, aokoUv emumPOcBetTn Tiieon mou emnpedlel Apeca TN SUVAULKA QUTWY TWV OLKOCUGTNUATWY,
LELWVOVTOC TNV TOPOYWYLIKOTNTA TOUG, KAl KOT EMEKTOON TNV UYEld TOUG KOl TO TIPOCSOKLUO TWAS
TOUG. XTa SAOLKA OLKOCUCTAMATA, N ouXVOTNTA, N SLAPKELX KoL | coBapOTNTA KOTATTOVAGEWY TIOU
mpokaAolvTaL amo akpaio Kaptkd dpotvopeva, Apeca oXeTWOUEVO UE TNV KALLATIKA oAAayr, Umopel
va petafarlel tn Saaoikr ouvBeon, tn Sopn Kot tn Bloyewypadia Twv dacwv og TTOANEC TIEPLOXES
(Allen et al., 2010), evw oL avBpWITOYEVELG TILECELG TIOU TOPATNPOUVTOL OTIWG N oAAayr XPROEWV yng,
n untepPooknon, n avavopevn INtnon EuAelag KaBWG KAl N €V YEVEL GUYKOLSH SAOIKWY TTPOTOVIWY,
anoteAoUV Tapdyovteg uUnoPAaduLong mou SuvnTikd Umopel va odnyrioouv otn HeTofoAn NG
SlaBeouotnTag Twv GUCIKWV MOpwv, otn dladopomnoinon Twv SACLKWV EKTACEWY Kal oTn Helwon
NG MAPAYWYLKOTNTAG KOL TNG AVAYEVVNONG TOUG.
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Yo auto To mpioua, n mapoakoAouBbnon Kot n agloAdynon TnG UYELOC OLKOGUOTNUATWY Kal Eldwv,
KOBw¢g KoL n TOCOTIKOTOWNON Twv Slatopayxwv TIOU TOUG OoKouvtal oe eminedo tomiou,
OLKOOUOTAMOTOG Kal €idoug, amoteAel mpPOkAnon TOco ot emimedo OUANOYNG TPWTOYEVWV
bebopévwv 000 Kal og enimedo avaAuong toug, evw TapdAAnAa ot mAnpodopleg auteg eival
Kplowng onuaotiag, mpokelpévou va avamtuxbolv anotedeopatika oxéda Slaxeiplong tdéoo yla thv
TPOOoTACio 000 Kal yla T Slatrpnaor Toug.

2tn &1ebvn emotnuovikn BiBAloypadia, n kUpla tdon mapakoAouBOnong Kol ToooTIKomoinong tng
vyelag, oe eninedo tomiou Kal owkoouotnuatog, adopd pebodoloyieg mou cuvdudalouv dedopéva
nediou kaBwg kot ToAudaoHATIKOUG aoBNTNpeg SLadOPETIKAG XWPLKNG avaAuong, Onwg
60pudOpPLKES, evaEpLeG Kal eTiyeleg €lkOveg (Zhang, 2010). Ie eninmedo TOMIOU KOL OLKOCUOTHUATOC,
ol peBodoloyieg autég cuvdualouv dedopéva amd aledntipeg vPNANRg avaAuong oL omoiol HeTagy
aAwv 8idouv tn Suvatotnta taxeiag aviyveuong LETABOAWV TwWV XPACEWV yNnG Kal uTtofaduiong
TwV olkoocuotnuatwv (Hansen et al., 2008; Eva et al., 2010). Tautdxpova, £va upl ¢doua
tnAemiokomikwy Sedopévwy (umepdoopaTiKwy, TOAUDACHOTIKWY, BepUlKWY) Kol SEIKTWV ToU
TPOKUTITOUV amo autd (m.X. delkteg BPAAOTNONC) €XOUV APXLOEL va XpnaolpomolouvTal euplTaTd Yo
TNV MopakoAoUBNoN TWV OLKOCUCTNUATWY Kal TNV afloAdynaon Twv TMIECEWV TTOU TOUC aoKOUVTOL
(Nagendra et al., 2013). Ot mMOAUACUATIKEG Kal UTIEPPACUATIKEG ELKOVEC OE OUVOUOOUO ME
6edopéva aktivoBolriag, £xouv BeATLWOEL TN XapTtoypddnon, TNV EKTILNCN TNG KOTAOTAONG KAL TNV
TapakoAoUBONnoN Twv evdlattnuatwy, augdvovtag TNV akpiBela atn LETPNON UETABANTWY OXETIKWY
UE TO AELTOUPYLKA TOUC XOPOKTNPLOTIKA, TA Omoia Umopel va oxetilovtal UE ONUOVTLIKEG LOLOTNTEG
Twv evllaltnuatwy, cupmneplhapfavopuévng tng Blopalog i Kat TnG NALKIAG TwWV HEAETWHEVWVY
ouvotnuatwyv (Boyd and Danson, 2005). OL OgpulKEC EIKOVEC TNAETLOKOTIKWY OeSOUEVWV
TIPOOGHEPOUV ETONG CNUOVTLIKEG TANPOPOPLEC OXETIKEG UE TIC OEPUOKPACLOKEG KATAVOUEG KOL TLG
ETUPAVELAKEG EVEPYELAKEG POEC (EKTLUNON TN EEATULOOSLATIVONG KAl TNG uypaciag Tou edddoug), ot
omolec amoteAolV avamOoTAoTO HEPOC TWV Sladilkaolwy Katavonong tou tomiou (Quattrochi and
Luvall, 1999; Kerr and Ostrovsky, 2003).

Ye eninedo £i6oug aAAd Kal atopou, Wlaitepa o OtL adopd tnv EVAWSN BAdotnon, n aloAdynon
KoL Toootikomoinon twv Slatapaywv amowtel uPnAn okpifela Kol WG €k TOUTOU N XPrRon
SloyvwoTIkwy cuokevwv Bewpeitol erPePAnuévn. Ot pebBodoloyieg mou avixvelouv Ta enineda
vyelag twv UTMO efétoon eldwv XapakTNPIlovial WC KOTOOTPEMTIKEG KOL [N-KOTAOTPETTIKEG,
avaloya pe (Johnstone et al., 2010): (a) tn StetodutikotnTa KoL TN BAGBN TMOU TTpOoKaAsiTal OTOUG
LOTOUC TwV UTIO PeAETN bWy, (B) tnv akpifela ektipnong dlatapayxwyv os cuvOnkeg mediou kat (y)
™V eukoAia xpnong Kat epunveiag Twv mpwtoyevwy (pn-eneepyoopévwy) dedopévwy. Ta epyoleia
auta talvopouvtal avaloya HE TNV ToxUTNTO HETPNONG, TNV avdAuon kal Tnv akpiBeld toug oe
(Vidal and Pitarma, 2019) (Mivakag 2):

- gpyaleia mpoBoAng (screening tools) - ypriyopn aAAd xapnAng avaiuong afloAdynon

- gpyaleia aflohoynong (evaluation tools) - evélapeca Twv epyaleiwv mpoPoAng Kat SLayvwaong

- gpyadela Sayvwong (diagnostic tools) - apyrp aAAd uPnAng avaAuong afloAoynon yla tnv
£KTOLOTN TWV LEAETOUUEVWY SLATAPAXWV

Nivakag 2. MeBodoAoyieg Kal TEXVIKEG AVIXVELONC TNG KATAOTAONC TWV SEVTPWV

MeBodoloyia Epyaleia KUpla onpeia
, MpocauénTikn Ko Ael ) ) 5 éva &€ 6 5 Ouou
O —— p IEn N c’nvo epyaleio slﬁavwvnq nupnvwv‘omo £€va 6£vTpo yla Tov TPocSloplopd Tou pubuol
TpUTAVN avénong, Tng NAioG KaL TG EUPWOTiaG TOUG.
, Ev6ooKoTK) , , , , , , ,
Katootpemntikr Anuoupyio omrG e NAEKTPLKO TpUTtaViSLO GOV ELOAYETAL N KAUEPQ

KAuepa
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Eloaywyn UKpRg tpuntdvng/Belovag oto §évtpo kat kataypadr tng avtiotaon Siatpnong.

KataoTpemtikn Resistograph , , , , , ,
P 4 grap Agv avixveLeL TpOwPA €wg Kal evlldueoa otadla anocuvBeonc.
Anpoupyia omAc Kot ELoaywyn TOARLKOU CUVEXOUC PEUHATOC, TO OTOLO TNYalvEL oTto EUAO
KataoTtpemntikn Shigometer ’nu Py , ne , yovn Ll Xous p’ W , o nv ¢
1 oto $AoLo tou Sévipou Kkat kataypddel TNV NAEKTPLKA avtiotaon
KataoTtpemntikn Fractometer Mpoodiopilel tnv avtoxn otnv kaudn kat otnv OAIYN mupRvwv E0Aou

Métpnon tng dtadoong nXNTikol KUPAToG (stress wave) oto EUAo. H TaxuTnTa TOU KUMUATOG

Mn katootpentik  Stress wave velocity , , , , , ,
oxetileTal Qe LE TIG GUOLKEG KAL NXAVLKEG LOLOTNTEG TOU UAOU.

TEXVIKEG Evtomiopog tng 6€ong Twv avwUoALWY Kal eKTiHNCN TwV HEYEOWY, TwV OXNUATWY Kol TwV

Mn KATOOTPETTIKA
4 P " Topoypadiag XOPOKTNPLOTIKWY TOUG O OTL AdOopa TG UNXOAVIKEG TOUG LOLOTNTEG.

Alakpivel To UYLEG KOl TO UAO o€ amoouvBeon PEOw OANOYWV OTLG TITNTLKEG OPYOVLKEG

Mn KOTQOTPEMTIKA Electronic nose , , , , , , ,
EVWOELG IOV ameAeuBepwvovTal armod Toug LUKNTEG amo tn ¢Bopd tou UAou.

Ye eninedo eidoug al\d kal atopou, pla pEBodoc mou pmopel va uTooTnplEel TN PEAETN Twv
Slatapaxwv Kal TNV €V YEVeL aglohoynon tng vysiag putikwy edwv, €ival pLla Un KATtacTtpodikn
uéBodog, mou ovopaletal urtépuBpn Bepuoypadia (Ouis, 2003). H untépuBpn Bepuoypadia (infrared
thermography) gival pLa Tax€we aVamTUGOOUEVN TEXVLKN N omola avrKeL 0TOV EUPUTEPO TOUEA TNG
TNAETLOKOTNGONG KoL OPLIETAL WG N TEXVIKN OTELKOVIONG EVOC OVTLKELLEVOU XPNOLUOTIOLWVTOC Th
Bepukn akTtvoBoAia TTOU EKTIEUTEL TO AVTIKE(HEVO aUTO. Ta Beppuikd debopéva, Tou e€ayovtal amo
™ HEB0SO auTth, amoteAoUv XPAOLUOUC, MN-EMEUBOTIKOUC SIKTEC Yo TNV amMOKTNON alomioTwy
SeSopévwy YwpPIig va emnpedlovtal AUECA TA OLKOCUCTHUATA KAl Ta £(6n mou meplkAgiouv, KaBwg
omtikomoloUV tn dladoponoinon tng smipavelakng Bepuokpaciag evog QVIIKEIMEVOU HECW TNG
avixveuong tng umépuBpng aktvoPoliog ou ekméumetal anod auto (Dragavtsev and Nartov, 2015).
H umépuBpn Bepuoypadia, £xel xpnowlomonBel yia T HETPNON TNG BLWOLUOTNTOC OMOPWV KOl
S6evbpuAiwy, TNV avayvwplon Slatapaxwy, TNV eKTiHnon TS avantuéng putikwy 8wy (Dragavtsev
and Nartov, 2015) kat Tnv tapakoAouBnaon tng pualoloyikng kataotaong Twv putwy (Chaerle et al.,
1999; Chaerle et al., 2001; Lenthe et al., 2007). EmutA£ov, n mapokohoUBnon tng Bepuokpaciag pe
UTIEPUOPEG TEXVIKEG CUVELODEPEL OTNV AVaYyVWPLON ABLOTIKWY Kal BLOTIKWY KOTATIOVACEWVY (stress)
TwvV e6wv mou oxetilovtal e tn Beputki pucotoroyia toug (McCafferty, 2013; Briscoe et al., 2014),
pe tnv anwlela vepou (Jones et al., 2009; Eitel et al., 2010; Garcia-Tejero et al., 2012; Ballester et al.,
2013), pe TNV avixveuon acBevelwv os aypoTIKEG KaAALEpyeLeg (Oerke et al., 2006; Stoll et al., 2008)
KoL daolka cvotruata (Eitel et al., 2010; Garcia-Tejero et al., 2012), pe tnVv ektipnon TS AAATOTNTAS
tou edadouc (Dragavtsev and Nartov, 2015) Kal pe TV a€LOAOYNGCN TNG UYELAG CUYKEKPLUEVWVY ELOWV
BAdotnong (Zevgolis et al., 2022; Catena and Catena, 2008).

Fevikd og otL adopd tnv EUAWSEN BAGOTNON, N KATAVOUH TNG eMLbaveLaKnG Beppokpaaciag Seixvel To
anotéAeopa Twv ouvlnkwv uyelag Tou eldoug kat Tnv mapoucia f anouvcia anocuvbsong péoa oe
auto (Burcham et al., 2012). Ita wotdueva S&vipa, ol EUAoonMTIKOL HUKNTEG, KATAOTPEDOUV TO
gykapdlo EUAO, SLAKOTITOUV TNV AYWYLLOTNTA O £VA UYLEG KOUUATL TOU KOPHOU, LE QTTOTEAECHA TNG
Slakomn TG pong tng Bepudtntag. Oco peyaAltepn eival n €ktaocn tng Slatapaxng, TOoo
peyaAUtepn elval n enidpaocn otnv enudavelakn Beppokpacia (Catena and Catena, 2008). Av dev
UTIAPYOUV QCUVEXELEG 1] E0WTEPLKN amooUVBean, n Katavoun tng Beppokpaciog otnv entdavela Tou
e€etalopevou elboug eival eviaia. Mia petaBalAopevn katavopr thg Beppokpaciog tng empavelag
TOU OWHOTOG UTO MEALTN emonuoivel éva eAdttwpa péoa oto owpa. Authy n Stadopd
Bepuokpaciag tng emidpdvelag Petafld UYLWV Kol KOTECTPOUMEVWY TIEPLOXWY e€opTdtal amd tnv
Sladopetikn Bepulkny aywylpotnTa toug. Xta Sévipa, n emidaveloky toug Bspuokpacia eival
oamotéAeopa TN Kivnong tng BepULKNG eVEPYELOC OTNV EMLGAVELA TOUC, WG ATMOTEAECHA TOU TTPWTOU
KoL SgUtepou vopou tng Bepuoduvopkng (n Bepuotnta teivel va kwvnBel amd meploxeg uPnAng
EVEPYELOG OE TIEPLOXEC XaUNANC evépyelag) (Atkins and de Paula, 2006). H Bgppdtnta Kiveital péoa
amo 1o «oloTnUa» 6€vtpo amod Bepudtepeg MepLloxeg og Puxpotepeg mepLoxeC (Hunt et al., 2008). H
aywyLluoTnTa Tou EUAOUL E€lval cuvaptnon TOoo GUVOECNC Tou 000 Kal tng Hopdoloyiag twv
KUTtapwv tou (Potter and Andresen, 2002). Otav umapyet pkpn dtatapaxn otn Soun Twv KUTTApWV
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TOTE N aywylhotnta eival BEATotn, evw oe meplimtwon HETOPOAAG TNG OOMNG TWV KUTTAPWV
(blaitepa v eloayetal aépacg HESA 0TO CUOTNUA) TOTE N AYWYLLOTNTO LELWVETAL ONUOVTLKA.

Mali pe tnv umépuBpn Bepuoypadia, ol Seikteg daopatikng avakAaong tou ¢alvoTtumou Twv
dutwv mou oyetilovral pe TN GWTOCUVOETIKA TOUG LKAVOTNTA KAl KATAOTACH, OTWG N CUYKEVTPWON
¥AwpodUAANG ota dpUAAa kal otnv KOun (Li et al., 2019; Obeidat et al., 2018; Guo et al., 2016; Wang
et al., 2015), Aappavopeveg oe ouvbnkeg mediovu pn emepPfartikd, umopst va avrikatomntpilouv tnv
KOTAOTAOoN TNG uyeiag twv putwv. EEAANou, N YAwpodUAAN w¢ Baotkr PWTOCUVOETIKA XPWOTIKA
amo tnv omnola e€aptwvtal N avamntuén Kat n mapaywylkotnta twv ¢utwv (Li et al., 2019), Bewpeitat
XOPAKTNPLOTIKOG SeIKTNG yla TV ekTipnon tng uyeiag touc (Almansoori et al., 2021; Pavlovic et al.,
2014; Steele et al., 2008). XaunAn meplektikOTNTO 08 XAWPOPUAAN Umopel va onpalvel €kBeon oe
Blotikég kat/ oPLOTIKEG KaTamovioelg, acBéveleg Kal ynpavon (Sanchez—Reinoso et al., 2019;
Mishra et al., 2016; Richardson et al., 2002), evw n ektiunon NG MAPAoXEL ONUAVTIKEG TTANPOdOpPILeG
ylo TN GWTOCUVOETIKA SpaoTNPLOTNTA KAL TNV TPWTOYEVH TOPAYWYLIKOTNTA.

OL mapamavw HN-eMEUPATIKEG TEXVLKEG TTapakoAouBnong, umopouv va BeATiwBoUV MEpALTEPW LIE
TNV UTOOTAPLEN TIOPASOCLOKWY HEBOSWV HETPNONG TWV SOULKWVY KoL AELTOUPYLKWV XOPOKTNPLOTIKWY
Twv UMo ef£taon dutwy, Omweg to LPOC, N SLAUETPOC, N GUAALKA eTLPAVELA KAl OL OXETIKOL SelKTEG
™¢ (m.x. deiktng empavelag GpUAWV-LAI), KABWC KaL N APXLTEKTOVIKN TNG KOUNG. ZUYKEKPLUEVO O
Seiktng puAkng emidavelag Bewpeital éva amo ta BepeAlwdn PLoduoikd XOPAKTNPLOTIKA Kol
ouvdéetal Apeoa, PETAEL GAAWY, UE TV QVATTTUEN KAl TNV TTapaywylkotnta twv dutwv (Musau et
al., 2016) kat pe TNV meplypadr tng SOUNG Tou olkoouotiuatog (Zarate-Valdez et al., 2012) kaBwg
EAEYXEL TO ULIKPOKALHQ EVTOG KOL KATW OO TNV KOUN Twv §EvTpwy pubuilovtog Tautoxpova TIg poEG
vepoU kal avBpaka (Bréda, 2003).

‘Evag ouvluaopog autwy Twv pHeBodoloylwy, UETPACEWY Kal TEXVIKWY UMOPEL va TTApAOYEL £va
olokAnpwpévo peBoboloylkd TAAiolO0 SNULOUPYWVTOC KOL XPNOLIOTOLWVTAG Hla  TOLKIA i
Sladopetikwv oclLVOETWY SelkTWV Kol €€lOWOEWV TOU TEPLYPAdOUV TN GUVOALKH KATAOTOON TNG
uyelag twv OEvipwv O QAOTIKA, OAypPOTIKA Kol Saclkd olkoocuothuata, ot eninedo eidoug,
mAnBuopoL Kat atdpou. Npog touTo, N mapoloa ddaktoptkn Statplpi dhodofwvtag va mpoodEépet
otn Slaolvéeon auTWV TwV SlaKPITWY HEBOSWY Kol TEXVIKWY, Xpnowlomoinocs pio mAnBwpa
SL0pOoPETIKWVY UN-eMepPOTIKWY HEBOSWY, epyoleiwy, TEXVIKWY Ta omolo TeplypAddovtol EKTEVWG
otn puebodoloyia tou kabe kedahaiouv, yia tn Siepelivnon tng Katdotaon Tng vyeiog 910 LoTapevwy
Sévtpwy, amo 9 SladopeTika idn, 0 ACTIKA, AYPOTIKA Kal SACLKA CUCTAUATA.

JUuYKeKpLEva, o€ OTL adopd ta aotikd dévipa (BAéme: A. Detecting, quantifying and mapping
urban trees' structural defects using non—destructive diagnostics: implications for tree hazard
assessment and management), avixveUONKAV Kal TTOGOTIKOTOLNONKOY T SOMUKA EAATTWHATA TOUG
ME TN ouvduacouEvn Xpron BepUKWY SES0UEVWY, XWPLKWY OTATIOTIKWY HEBOSWV Kal AELTOUPYLKWV
XOPAKTNPLOTIKWY TOUC. ZUVOAIKA e€etdobnkav 334 Sévipa amd 9 OSladopetikd €idn mou
TepIKAELOVTAL OTA TECOEPA AOTIKA TTAPKA TNG TIOANG TNG MUTIARVNG, AéoBog, EAAASa. AvamtuxBnkav
Bepuikol Seikteg KAl utoAoyloBnKe n xwpPLKN Toug e€aptnon and tn Beppokpacia otov Kopuo KAbe
S6évtpou. MapdAAnAa, afloAoyrnBnkav OTATIOTIKA ONUAVTIKEG XWPLKEG OUCTASEG o€ eMinedo ATOUOU,
eldoug katL MANBUCHOU XPNOLUOTIOLWVTAG OTOTLOTIKEG XWPLKNAG AUTOCUCYXETLONG. AlepeuvhBnkav ol
OXEOELG UETaly Oelktwv otabepldtnTog Twv OEVIpwy, TwV OgpUIKWV KOl XWPLKWV OEKTWY
XPNOLLOTIOLWVTAG HOVTEAQ YPOUMLKAG Kal AOYLOTIKAG TtaAlvépounong. TéNog, xpnotomnolnonke o
oTaTloTIKOG Seiktng Getis—Ord Gi* yla tnv avayvwplon Twv SuvnTika emikivbuvwyv S£vipwv ota
00TIKA TAPKA HE TNV TapdAAnAn edappoyr YewoTaToTkKWV HeBOSdwvV Tou oTOXo E€ixe N
xaptoypddnon tng XwWPLKAG Toug e€Amlwaon .
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Ye OtL adopd Ta aypotika owkocuotnuata (BAéme: B. Estimating productivity, detecting biotic
disturbances, and assessing the health state of traditional olive groves, using non—destructive
phenotypic techniques), &nuloupynbnke €va oAokAnpwuévo peBodoloylkd mAaiolo ywo tnv
€KTiUNON TNG KaTtdotaong tng vyeiag tou mapadootakol edaiwva tng AéoBou, Aappavovtag umoyn
ta Bepedwdn doavotumikd, GACHATIKA Kol BEPULKA XOAPOKTNPLOTIKA TWV gAALOSeVIpwY. Baosl
TeTpaEeTolg TtapakoAolBnong 80 eAaloSevipwy, SnUloupynBnKav YPOULLKA Kot AOYLOTLKA LOVTEAQ
mou enefnyolVv TNV TAPAYWYLKOTNTA TOUC KAl TNV TAPOUGIOt TOU TIO ONUOvTkol pUKNTA
(kukAokovelo) Tou Slotapdooel TNV Uyeld TOuC. BACEL TwV OMOTEAECUATWY TWV HOVIEAWV Ta
ehalodevrpa tafvoundnkayv os TPeLg SLopOPETIKEG KATAOTACELS TIOU TIEpLYpAdOoUV TNV UYEia TOUG.

e otL adopa Ta Saokd cuotnuata (BAéme: C. Investigating the effect of resin collection and
detecting fungal infection in resin-tapped and non-tapped pine trees, using minimally invasive and
non-invasive diagnostics), SiepsuvnOnke n vysla 496 mevkwvy, oe 20 SElyOTOANTITIKEG EMLPAVELEC
OTO Keviplko meukoddoog tng AéoPou, ta omoia pnTvelOVIAV OCUCTNUATIKA OTO HECA TOU
TIPONYOUUEVOU OlLlwVA. SUYKEKPLUEVQ, eEeTacBnke n emidpacn Tng pntiveuong otnv avénon toug
TOUTOXPOVA LE TNV AVIXVEUON TNG MOPOUCLOC EUAOCNTITIKWY HUKATWY 0TOUC KOPUOUG TOUC. € KAOe
smpavela, €nxbnoav nupnveg dévipwy amno 1o 34% tou cuvolou KABe cuotadag, evw n mopouaia
HUKATWY emBeBaiwdnke (a) amd Tov AmoXpWUATIONO KoL T HOTiBa armocUvBeong oToug TIUPHVEG
Twv 8évtpwy, (B) amo e€wtepikol¢ deikteg amoouvOeong, Omwe kapmodopa cwuata, Kot (y) amo tnv
Eadvikn aAlayn otnv avtiotaon dlatpnong Katd tnv séaywyn TwV TUPAVWY TwV OEVTpWV.
Avamtuxonkav Ypo KA Kol AOYLOTIKG LOVTEAQ Ta ool Tteplypdadouv e cadrvela TV KATAoTACh
NG UYElOG TWV HEAETWHEVWY SOCIKWV CUCTNUATWV.
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A. Detecting, quantifying and mapping urban trees' structural defects using
non—destructive diagnostics: implications for tree hazard assessment and
management

Abstract

Urban trees are a fundamental and key component of urban green areas, however, are subject to
several stresses which they can compromise their mechanical integrity through the development of
structural defects. In this study, we evaluated the state of arboreal vegetation in four urban parks in
the city of Mytilene, Greece, by taking into account structural and functional traits of the urban
trees, their temperature distribution as illustrated through infrared thermography, and spatial
statistics both in a single—tree level and in park level. We developed thermal indices by analyzing
tree trunks’ temperature data, and we estimated temperature spatial dependence across each tree’s
trunk using Moran's | index, while statistically significant spatial clusters were assessed using local
spatial autocorrelation statistics. Relationships between tree stability, thermal, and spatial indices
were established using linear and logistic regression models. Finally, we used the Getis—Ord Gi*
statistic for the recognition of hazardous tree hotspots in the urban parks, and we applied the kriging
geostatistical procedure for mapping their spatial extension. The results have shown that the
thermal and spatial indices can sufficiently explain decay severity, identify hazardous trees, and
contribute to tree health assessment for specialized park management.

Keywords

Arboreal vegetation; decayed wood; hazardous trees; infrared thermography; spatial statistics
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A.1 Introduction

Urban green areas are complex dynamic ecosystems created by the interaction between
anthropogenic and natural processes. They range from small patches of bushes, herbaceous plants,
or lawns (Morgenroth and Ostberg, 2017) to rather extensive urban forests of a primarily natural
origin (Konijnendijk, 1997). They are widely recognised as playing an important role both for their
aesthetic and amenity values (Bolund and Hunhammar, 1999) as well as for the provision of a wide
range of ecosystem services (Livesley et al., 2016; Gdmez—Baggethun and Barton, 2013). Nowadays,
urban green areas’ multifunctional value is taken into account as a factor of sustainable
development (Kabisch et al., 2015; Su et al., 2010), and their values are recognized and are part of
the United Nations Sustainable Development Goals (Turner—Skoff and Cavender, 2019) well as of the
2030 biodiversity strategy, established in the European Union, which motivates cities to develop
‘urban greening plans’ including urban forests, parks, gardens, and tree—lined streets (European
Commission, 2020).

Trees are a fundamental and key component of urban green areas, of great importance in urban
planning (Cavender and Donnelly, 2019) as, beyond their ecosystem services to a city’s inhabitants,
they provide a variety of different habitat types and sizes especially for species being threatened by
urban expansion (Russo and Ancillotto, 2015) as well as for animals and plants facilitating the
necessary ecological processes (Lutz et al., 2018; Lindenmayer and Laurance, 2017) for a sustainable
city. Compared to trees in natural settings, urban trees are subject to several additional stresses. In
particular, anthropogenic pressures such as undesirable tree site conditions (Scharenbroch et al.,
2017; Mullaney, 2015), gaseous air and particulate pollution (Rashidi et al., 2012), increased road
traffic density and intensity (Samecka—Cymerman et al., 2009), and urban pollutants as indicated by
heavy metal concentrations in urban tree rings (Chen et al., 2011), could impose additional burden
upon urban trees having already had setbacks due to the requirements for canopy and root space
(Dahlhausen et al., 2016; Mullaney, 2015), light availability limitations (LUttge and Buckeridge, 2020),
limitation of soil nutrient content (Ghosh et al., 2016), and water stress (Savi et al., 2015). At the
same time, the increasing frequency and severity of extreme weather events (Hilbert et al., 2019), as
a result of climate change, contribute to reducing tree vigour and life span (Zhang and Brack, 2021),
making tree growth and survival in urban environments more challenging, such as by increasing their
susceptibility to fungi and other plant pathogens (Boa, 2003), as well as compromising their
mechanical integrity and stability. All the above factors can increase the vulnerability of urban trees
(Escobedo et al., 2016) by creating mechanical weakness, especially through the development of
structural defects, such as decayed wood, cracks, cankers, burls, and rotten tissue (Klein et al., 2019;
Miesbauer et al., 2014). Urban trees’ structural defects have a significant effect on their mechanical
behaviour (Geitmann and Gril, 2018; Gardiner et al., 2016; Miesbauer et al., 2014), resulting in their
structural instability and reduced strength (Escobedo et al., 2016), and may lead to their failure (Kim
et al., 2020, 2021; Lonsdale, 2007; Kane and Ryan, 2004; Smiley and Fraedrich, 1992).

Unlike trees in a natural forest, trees developing structural defects in urban areas have to be
removed for reasons of human safety and risk of damage to properties and infrastructures. Since
trees take a long time to grow to mature size, deciding on the removal of urban trees cannot be
taken lightly and must be based on the best possible assessment of the risks involved. Tree stability
can be estimated via various strength loss equations (Mattheck and Breloer, 1994; Smiley and
Fraedrich, 1992; Coder, 1989; Wagener, 1963) with a given threshold value, in order for the tree risk
managers to decide in removing the potentially hazardous trees. In supporting decision—making for
developing effective management plans to protect and conserve the trees from possible failing
issues, several methodologies, characterized as either destructive or non—destructive, and a variety
of tools, classified according to their measurement speed, resolution, and accuracy, are presented in
the international scientific literature (Vidal and Pitarma, 2019; Leong et al., 2012). Destructive
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methods focus on the initial inspection of the trees visually (Mattheck and Breloer, 1994), in order to
assess the presence of external indications of structural defects, and subsequently the tree bark is
removed and holes are drilled into the trunk, using a variety of different tools (e.g., increment borer,
decay detecting drill) and techniques, such as radiographic ones to measure the attenuation of X—
rays and/or gamma rays of destructively obtained wood samples (cross—sections or cores) (Ouis,
2003), to detect and quantify the intensity of the structural defect (Goh et al., 2018). A major
drawback of these methods is that the wound caused in obtaining the samples creates conditions
that lead to the gradual colonisation of internal functional or non—functional tissues by fungal
communities (compartmentalized infection) (Boddy, 2001; Shigo and Marx, 1977). The latter
constitutes a serious threat regarding standing vigorous urban trees, being among the leading causes
of their mortality, and contributes greatly to their degradation (Deflorio et al., 2008). On the
contrary, proposed non—destructive methods, such as static bending and transverse vibration
techniques (Allison and Wang, 2015), ground penetrating radar methods (Giannakis et al., 2020;
Nicolotti et al., 2003), sonic/ultrasonic tomography (Espinosa et al., 2019; Lin et al., 2016), electrical
resistivity tomography (Soge et al., 2019), nuclear magnetic resonance (Zakaria et al., 2013),
microwave imaging (Martin et al., 1987), and remote sensing imaging (Vidal and Pitarma, 2019;
Catena and Catena, 2008), are considered more appropriate and efficient in detecting structural
defects when assessing standing trees in the urban environment. However, even these non—invasive
methods have drawbacks, when used in large scale tree inventories, in terms of sensitivity, accuracy,
cost, time required, and operation easiness (Pitarma et al., 2019).

Among these non—destructive methods, a relatively new technique, belonging to the broader field of
remote sensing methods, is infrared thermography (IRT) (Bellett—Travers and Morris, 2010; Catena
and Catena, 2008; Catena et al., 2002). IRT is a non—destructive, non—contact, and non—invasive
method for monitoring, among others, plant health state, as it can accurately estimate disturbances
that may compromise their resilience; the infrared images can be obtained in real-time and the
inspected trees can be examined as a whole, in contrast to other non—invasive methods (Pitarma et
al.,, 2019). The extracted temperature data from the trees’ surface (e.g., bark, branches), in
combination with visual examination for characteristic symptoms of fungal infections, can indicate
possible structural defects (Terho, 2009) and can identify possible hazardous trees. In particular, a
homogeneous temperature distribution on tree stems and branches is considered a health state
indicator, as deterioration, voids, decay, and structural defects in general which may occur within
their trunks, interrupt energy flow and cause temperature abnormalities on their surface (Catena
and Catena, 2008; Hunt et al., 2008). After all, structurally defected areas result from an internal
long—term interaction between fungi and tree that leads to the disruption of energy flow,
temperature abnormalities on the tree's surface, and possible tree mortality (Pokorny, 2003).

Despite the extensive use of IRT in various fields of natural sciences (Still et al., 2019; Matese et al.,
2018; Ouledali et al., 2018; Dragavtsev and Nartov, 2015; Ishimwe et al., 2014; Ribeiro da Luz, 2006),
its current use in assessing urban tree structural defects and their overall health is limited (Pitarma
et al., 2019; Bellett—Travers and Morris, 2010; Catena and Catena, 2008); it is therefore essential to
advance further research efforts on its large scale use in urban trees, highlighting, beyond its
importance as a rapid diagnostic method, its contribution when combined with data related to trees’
strength loss. Thus, the main aim of our research was to detect and quantify urban tree structural
defects with the use of IRT and to identify hazardous tree hotspots in an urban setting. For this, we
obtained thermal data from the three main species of arboreal vegetation (Robinia pseudoacacia,
Morus alba, Melia azedarach) in four urban parks of the city of Mytilene (Greece) and we combined
these data, with trees’ structural and functional traits, and spatial indices to investigate the following
objectives: (a) to examine trees’ thermal pattern differences both within tree species and among the
recorded structural defects, (b) to quantify the effect of traits and indices on tree's trunk surface
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thermal data, and (c) to explain the presence of trees’ structural defects and to identify hazardous
tree hotspots in the study area.
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A.2 Materials and methods
A2.1 Study area

The city of Mytilene is the capital of the Greek island of Lesvos, in the NE Aegean Sea. The city has an
area of 107.46 km? with 29,656 inhabitants according to the 2014 census of the Hellenic Statistical
Authority, and has four main urban parks (Figure A1), with a total area of approximately 27,000 m?,
and many small urban green spaces, scattered within its boundaries. The climate of the area is mild
Mediterranean—type with cool and moist winters, and warm and dry summers.

M Karapanagioti Park  (a)
M Agias Eirinis Park (b)
M Epano Skalas Park (c) \,\}\X )
B Agios Evdokimos Park (d) uj‘

W Main Roads ‘\S':;, !

— Secondary Roads \j‘

— Coastline

500 250 0 500m

Figure Al: Location of the studied urban parks and urban trees in the city of Mytilene, Lesvos Island, Greece:
(a) Karapanagioti Park, (b) Agias Eirinis Park, (c) Epano Skalas Park, and (d) Agios Evdokimos Park. The green
dots represent the investigated urban trees.

A2.2 Tree selection and recording of structural and functional traits

A necessary first step, before proceeding to sampling trees, was to conduct a full woody vegetation
inventory of the four urban parks (Figure Al), between September and November 2017. We
collected a comprehensive set of qualitative and quantitative information for both arboreal and
shrub vegetation regarding the species and the proportion of native and non—native species, as well
as their structural and functional traits. In cases where species identification was uncertain, we
collected leaf samples and keyed them in the laboratory using common identification keys. All data
were recorded on an inventory form, which was designed and pilot—tested before its final use.

For each tree we measured the main structural and functional traits: tree height (H—m), diameter at
breast height (DBH—cm), and height at the crown base (HC—m). Based on these metrics, we
calculated the vertical dimensions of the crown (Assmann, 1970): the crown length (CL—m), and the
crown ratio (CR). CL results from the subtraction of H from HC, while CR is the ratio of CL to H. Due
to the strict annual pruning of most of these trees at the top of the trunk (pollarding) we considered
it appropriate not to calculate the horizontal dimensions of the crown, as these measurements
would not be representative of a tree’s crown area.
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Regarding tree structural defects, we estimated the number of external indications and the type of
such defects (cavities, decayed wood, cracks, cankers, burls, rotten bark), by ground—based
observation, on each tree. We especially paid attention to decayed parts on tree trunks since the
decay of wood within a tree trunk has been widely reported as the principal cause of tree failures
(Soge et al., 2019; Johnstone et al., 2010). In addition, in cases where cavities were present, we
recorded their dimensions: the entrance vertical diameter (VCD—cm), the entrance horizontal
diameter (HCD—cm), and the internal cavity diameter (ICD—cm). From these decay parameters, we
estimated the decay proportion (DP), as a proxy of the defects’ severity, as the ratio of the decay
cross—sectional area to the total tree area at breast height (Frank et al., 2018; Terho, 2009; Terho
and Hallaksela, 2008; Kennard et al., 1996; Smiley and Fraedrich, 1992).

Finally, to evaluate the trees’ mechanical integrity, we applied a strength loss equation (SL) with a
given threshold of 33% for hazardous trees as initially established by Smiley and Fraedrich ((Smiley
and Fraedrich, 1992)), by taking into account variables related to the trees’ and their defects
diameter, and the ratio of cavity horizontal diameter to tree circumference (Eq.).

Eq.: SL = HCD 3+ ((R x (DBH 3 — HCD 3)) * (100 + DBH %))

Where: SL = Strength loss (%), HCD = cavity diameter (cm), DBH = diameter of a healthy stem (cm),
and R = ratio of the opening of the cavity to stem circumference.

A2.3 Collection and pre—processing of infrared images
We photographed the trunks of all the urban trees in the four parks restricting our attention to

unique features which had made any of them potentially hazardous (Figure A2). This process was
considerably easier in cases where we had an indication of an external defect.

Figure A2: Sample thermal images of R. pseudoacacia (a) a healthy tree, (b) a tree with rotten bark, (c) a tree
with a burl, (d) a tree with a cavity as well as their temperature histograms respectively, as extracted by the
TESTO IRSoft® (v. 4.3) software.

In order to obtain accurate infrared images of the tree trunks, we followed a standard
methodological protocol, which we designed so that the process of obtaining the images would be
efficient and practical, both in terms of avoiding any serious inconvenience to the public as well as of
taking full advantage of the camera potential. For this reason, we carried out IRT during days with
light to no wind, no rain, and in the early morning hours, at a standard distance of 3.0 m from the
trunk, and a height of 1.3 m, in order to capture the entire or as much as possible of the tree trunk.
The consistent fair—weather conditions, in combination with taking the infrared photos in the early
morning hours, help in minimising overestimation of the trees’ surface temperature distribution,
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due to the effect of atmospheric composition (Minkina and Dudzik, 2009) and the global radiation
effect (Faye et al., 2016; Minkina and Dudzik, 2009). We used a Testo 875-1i handheld infrared
camera (Testo SE & Co. KGaA, Lenzkirch, Germany), with a thermal resolution of < .08 °C, thermal
sensitivity of < 50 mK, and a resolution of 160 x 120 pixels, which we mounted on a tripod for both
stabilization and accurate positioning at the required height and distance from each tree. The
thermal camera was calibrated at the exact shooting moment in the field using ambient
temperature, relative humidity, solar irradiance, collected with a portable meteorological station.
Emissivity was set to have values (¢ = .95) proposed by Briscoe et al. (Briscoe et al., 2014), and
corrected for the tree species under investigation.

A2.4 Extraction of the trunk surface temperatures from the infrared images

We processed the collected infrared images using the TESTO IRSoft® (v. 4.3) software (Figure A2)
and afterward, we extracted, to a text file, the tree trunk temperatures, which we analysed using the
ArcGIS 10.2 software (ESRI Inc., Redlands, CA, USA). For each infrared image, we created a polygon,
in a shapefile format, which encircled each trunk, and then we extracted the trunk temperature
values and calculated a set of thermal variables based on the tree trunk histogram; the T.,n, the Trmax,
and the T..n. However, assessing the state of individual traits appearing on tree trunks, which are
directly related to their stability (e.g. signs of decomposition), requires the study of extreme
temperature values. Contrarily, extreme temperature values on the trunk surface may be due to the
presence of Bryophytes or any non—vascular plant that may settle on the trunk surface and occupy
even one pixel in the infrared image to change the thermal pattern of a trunk drastically. With this
purpose in mind, we also calculated the interquartile range (T,qg) of the temperature distribution, on
the surface of each tree.

A2.5 Spatial autocorrelation of the urban trees' trunks temperature

In order to examine the spatial clustering of the trunk temperatures we implemented several spatial
statistical tools in GIS environment. To assess temperatures’ spatial dependence, the overall degree
of spatial autocorrelation across trees’ bark texture, was estimated using Moran's | index (Moran,
1950). To identify statistically significant spatial clusters of high and low values, two local indicators
of the spatial association were used, the Anselin Local Moran's | (Anselin, 1995) and the Getis—Ord
Gi* (Getis and Ord, 1992). The procedure was as follows: first, we imported each infrared image as a
text file and we then imported the .txt file to a raster dataset. Thereafter, we (a) converted the
extracted raster dataset to point features, (b) we performed the Cluster and Outlier Analysis (Anselin
Local Moran's 1) to identify patches on the tree trunk (groups) of similar temperatures (clusters), and
(c) we visualised those clusters in four major groups of high and low values (two were for clusters
and the other two for outliers). Subsequently, we extracted a spatial autocorrelation report, for each
tree, based on feature locations and attribute values, using the Global Moran's | statistic. Lastly, to
delineate the temperatures spatial clustering, we carried out hotspot analysis, by using Getis—Ord G*
(Figure A4).

A2.6 Statistical analysis

It is well known that a homogeneous temperature distribution on tree trunks is considered a health
state indicator, thus, we considered it important to estimate this distribution by using the extracted
thermal variables. However, due to the fact that the water supply conditions and the anatomical
characteristics of each trunk (Lépez—Bernal et al., 2010) which causes the fluctuation of its surface
temperature (Burcham et al., 2012) are species and/or individual specific (Vidal and Pitarma, 2019),
we initially examined thermal pattern differences both within tree species and among the recorded
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structural defects, by using one—way analysis of variance (ANOVA), followed by Hochberg's GT2 test
for multiple comparisons.

For investigating the association of trees’ structural and functional traits, thermal variables, and
Moran's | index, we used scatterplots and correlation statistics. In order to examine the effect of
structural and functional traits, and Moran's | index, on Tiqr, we used multiple linear regression
analysis, with a backward elimination procedure, based on the dependence between the observed
correlations. The T,qz of the tree's trunk surface was chosen as the dependent variable, while
variables of the tree's traits as the independent ones. We performed this analysis on both the three
main tree species and for all the recorded trees.

For examining the probability of structural and functional traits, thermal variables, and the spatial
index to explain individually or in combination with the presence or absence of structural defects, as
well as hazardous trees (trees were designated as hazardous if their estimated strength loss was
more than 33%), we developed binary logistic regression models. We computed a classification table
of observed and predicted values for each model which we evaluated with the receiver operating
characteristic (ROC) curve analysis. The predictor variables were evaluated through a backward
stepwise procedure in order to maintain the optimal model; we used the Hosmer & Lemeshow
goodness of fit test for assessing the overall significance of the models, and Nagelkerke’s R* as an
explanatory index of the models’ variation.

Finally, we used the Getis—Ord Gi* spatial autocorrelation method to recognize hazardous tree
hotspots in each urban park and we applied the kriging geostatistical procedure, as an interpolation
technique, for mapping the hotspots’ spatial extension.

All statistical analysis was carried out using SPSS software (v. 25.0. Armonk, NY: IBM Corp.). Data are

expressed as means * standard deviation (SD) and statistical significance was assumed at the 5%
level.
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A.3 Results

A3.1 Descriptive statistics of the urban tree survey

We recorded a total of 334 trees from 9 different species (Table Al) and 1107 shrubs from 31
species, of which 63.63% concerned non—native species, in the four urban parks of the city of
Mytilene. The predominant tree species was the black locust (Robinia pseudoacacia, 52.1%),
followed by the white mulberry (Morus alba, 19.5%) and the chinaberry tree (Melia azedarach,
14.4%). Regarding shrubs, the majority belonged to species commonly used for hedging (e.g. Laurus
nobilis, Ligustrum japonicum, Nerium oleander, Pittosporum tobira) and used in almost all the urban
parks across Europe (Blanusa et al., 2019; Gratani and Varone, 2013). Most of the studied trees were
located in the Agias Eirinis Park (45.8%), followed by Karapanagioti Park (29.3%), Epano Skalas Park
(17.7 %), and Agios Evdokimos Park (7.2%).

Table Al. Descriptive statistics of the recorded urban trees (N = 334).

Tree species Individuals (n) Percentage (%) Classification Functional form

Robinia pseudoacacia 174 52.1 Non — Native Broad—leaved deciduous
Morus alba 65 19.5 Non — Native Broad—-leaved deciduous
Melia azedarach 48 14.4 Non — Native Broad—leaved deciduous

Casuarina equisetifolia 16 4.8 Non — Native Conifer evergreen
Cercis siliquastrum 16 4.8 Native Broad—leaved deciduous

Cupressus sempervirens 8 24 Native Conifer evergreen

Pinus brutia 3 .9 Native Conifer evergreen
Koelreuteria paniculata 2 .6 Non — Native Broad—-leaved deciduous
Olea europaea 2 .6 Native Broad—leaved evergreen

The sampled urban trees had a mean height of 7.94 £ 5.00 m, mean diameter of 39.41 + 12.16 cm,
and mean crown length of 5.80 + 4.42 m. The recorded types of structural defects were cavities,
burls, rotten bark, and a combination of two or more different structural defects. Of the 334
surveyed trees, 129 did not show any kind of structural defect, while from the remaining 205 trees
the 44.6% presented cavities, 11.7% burls, 13.2% rotten bark, and 3.9% had both cavities and burls.
The trees with structural defects had a mean number of 1.6 + 3.23, while those with cavities had a
VCD of 28.59 + 37.92 cm, an HCD of 12.16 + 12.39 cm, an ICD of 11.37 + 13.26 cm. These trees also
showed a mean DP of .14 + .25 and an SL of 19.47 + 33.71%. Among all woody plant species, we
focused on the three commonest tree species (R. pseudoacacia, M. alba, M. azedarach). Their
recorded traits are presented in Table A2.

Table A2. Structural and functional traits of the commonest urban tree species (N = 287).

Robinia pseudoacacia Morus alba Melia azedarach
Traits (N =174) (N =65) (N =48)
Mean SD Mean SD Mean SD
H(m) 6.15 1.65 7.57 3.06 8.22 3.12
DBH (cm) 41.01 9.70 40.23 11.33 28.68 10.67
HC (m) 1.90 .34 1.84 .36 2.01 44
CL (m) 4.25 1.66 5.73 2.54 6.20 3.02
CR .66 12 74 .08 71 12
Structural Defects (n) 2.02 3.50 1.26 2.00 41 .61
VCD (cm) 37.91 44.56 21.84 22.59 21.12 30.48
HCD (cm) 15.14 13.38 13.41 11.16 6.82 8.50
ICD (cm) 14.25 13.89 13.00 13.82 6.87 9.77
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SL (%) 18.99 27.65 29.83 42.95 24.48 47.10
DP .15 .23 21 .33 .16 .27

A3.2 Thermal patterns of trees’ structural defects

We first calibrated the thermal images, required for a reliable examination of thermal patterns..
Thus, by taking into account the temperature, humidity, and solar radiation conditions measured
under the crown of each examined tree, we found that the microclimate of the urban parks, during
the field study, displayed an average temperature of 16.72 £ 1.76 °C, relative humidity 65.2 + 4.04%,
and solar intensity of 325.35 + 105.66 W/m?. The exported thermal statistical variables resulting
from the trees’ surface temperature presented a T, ean Of 16.48 £ 2.37 °C, a T, of 15.75 £ 2.37 °C, a
Tmax0f 17.23 £2.41 °C, and a Tqrof .43 £ .24.

Regarding the recorded structural defects, one—way ANOVA gave statistically significant differences
when comparing them with the trunk temperature distribution as described by the Tiqr [F (4, 329) =
39.276, p = .001]. In particular, using Hochberg's GT2 test for multiple comparisons we found that
the mean value of T,z Was significantly different between trees with cavities (T\qz = .58 + .25) and (a)
trees with burls (Tiqr = .33 £.12) (p =.001, 95% C.I. = .15, .35), (b) trees with rotten bark (Tiqz = .31 £
.11) (p=.001, 95% C.I. = .17, .36), and (c) trees with no sigh of defects (T\qr =.29 £ .13) (p =.001, 95%
C.l. = .22, .36). We also found significant differences between trees with a combination of structural
defects (T\qr = .46 £ .22) with trees considered healthy (p =.036, 95% C.I. = .01, .33). We did not find
any differences regarding the comparison of trees with burls and trees with rotten bark nor with
trees with a combination of structural defects, or with healthy trees. In correspondence to the above
we did not found any differences regarding trees with rotten bark and trees with a combination of
structural defects, nor between trees absent of defects.

Cavities
1.20
Combination
1.00 of defects
0.80
Burls
Rotten bark No signs of defects
g A

= 0.60
0.40
0.20
0.00

R. pseu_do- M. alba M. aze- R pseu_do- M. alba R. pseuldo- M. alba M. aze- R. pseu_do- M. alba R. psettdo- M. alba M. aze-

acacia darach acacia acacia darach acacia acacia darach

Figure A3: Box plot showing the T g values regarding the three tree species structural defects as well as cases
of trees with no signs of defects. Horizontal lines: medians; boxes: interquartile ranges (25-75%); whiskers:
data ranges.

The thermal pattern showed uniformity among species for different structural defects (Figure A3). In
particular, differences were not statistically significant comparing T, of trees of Robinia
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pseudoacacia, Morus alba, and Melia azedarachwith (a) cavities (p = .252), (b) burls (p = .784), (c)
rotten bark (p = .664), (d) combination of defects (p =.768), and (e) no signs of defects (p = .155).

A3.3 Detection of structural defects using spatial statistics

Based on the infrared images, we used the Getis—Ord Gi* statistic to detect spots of structural
defects on the trees’ trunk surface, while the Anselin Local Moran’s | was used to verify and
complement the hot spot analysis. We also determined whether the trunk temperature values are
spatially dispersed, random, or clustered (ESRI, 2021) using the Global Moran’s | and its
corresponding z—score, an index which varies from —1 (highly dispersed) to +1 (highly correlated). In
particular, we found significant spatial autocorrelation (p < .05) for trees with defects but low or no
autocorrelation in trees with the absence of defects. Among the total of 334 trees examined this
spatial index presented a significantly clustered pattern in trees with cavities (x =.76 £ .12; p < .001;
z—score > 2.58), followed by trees that combine cavities and burls (X = .71 + .10; p < .001; z—score >
2.58), and lastly by trees with burls (X = .62 + .07; p < .05; z — score 2 1.96). In contrast, trees
exhibiting rotten bark (x = .59 £ .05; p # .05; — 1.65 < z—score < 1.65) and with no signs of defects (x =
.59 + .07; p # .05; -1.65 < z—score < 1.65), presented almost similar values. Moreover, we observed
significant clusters with high (hot spots) and low (cold spots) temperatures, as calculated by the
Getis—Ord Gi* tool. The cluster and outlier analysis confirmed, for each tree, the areas where the
temperature anomalies occurred (Figure A4).

4

Figure A4: Step by step analysis, using ArcToolbox, of a sample of two individuals of the species Robinia
pseudoacacia without a decay (a—e) and with a wood decay (f—j) analysis: (a, f) the initial thermal image as a
file with .txt extension (feature class was created based on coordinates given in a text file); (b, g) conversion of
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the txt. file to a raster dataset; (c, h) conversion of a raster dataset to point features; (d, i) Cluster and Outlier
Analysis (Anselin Local Moran's I); (e, j) Hot Spot Analysis (Getis—Ord Gi*).

A3.4 Relationships among trees’ traits, thermal variables, and spatial index

The correlation analysis of the three species under study revealed significant associations, either
direct or inverse, among their structural and functional traits, the thermal variables, and the Moran’s
| index (Figure A5). Regarding the correlation between trees’ physical characteristics (H, DBH, HC)
and their canopy variables (CL, CR) statistically significant positive relations were observed except for
DBH, an expected result since these variables are interdependent. Examining the relationships of
these variables to the structural defects, the cavities dimensions, the stability index, the thermal
variables, and the spatial index, did not exhibit any significant correlations. In contrast to these
results, relationships between the number of structural defects, the dimensions of the cavities,
trees’ strength loss, and decay proportion were moderately to strongly positive statistically
significant. In particular, (a) the structural defects exhibited positive significant relations with the
VCD (r = .32; p =.001), HCD (r = .46; p = .001), ICD (r = .60; p = .001), SL (r = .80; p = .001), DP (r = .74;
p = .001), (b) the cavities dimensions showed significant positive relations between them (.75 <r <
.48; p =.001), (c) the SL displayed significant positive relations both with the cavities dimensions (.74
<r<.29; p =.001) and the decay proportion (r = .90; p = .001), and (d) the DP demonstrated
significant positive relations with the cavities dimension, respectively. Focusing on the thermal
variables, it was observed that the central tendency measures of the tree trunks, as described by the
Tmin, the Tmaw and the Tean, did not show any statistically significant correlation with the other
variables. However, examination of the trunks’ temperature variability measures (T\qr), showed
significant positive relations which ranged between .35 to .67 regarding the number of defects and
the cavities dimensions, while for the SL, DP, and the spatial index, these relations heightened to a
range between .72 to .74. Finally, the Moran’s index followed the same pattern with T,qz showing
positive correlation with the structural defects (r = .58; p = .001), the cavities’ dimensions (.44 <r <
.74; p=.001), the SL (r =.70; p =.001), and the DP (r =.72; p =.001).
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Figure A5: Correlation matrix showing the relationships between urban trees’ structural and functional traits,
thermal variables, and the spatial index. Red and blue colours indicate positive and negative correlations
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respectively, while intensity of colour indicates the strength of the relationship. All correlation coefficients
above .29 or below —.29 are statistically significant (p < .05).

A3.5 Effect of trees’ traits and Moran’s index on T\gg

To test dependence of tree trunk surface temperature from the recorded traits, as well as the spatial
index of the examined trees, we used multiple regression analysis with backward elimination. We
carried out the analysis both for the three species of interest combined as well as for each species
separately, bearing in mind the differentiation of their structural and functional traits (Table A2) and
of their bark texture (R. pseudoacacia has a fibrous, heavily ridged and furrowed bark, M. alba has a
coarse bark with curving deep furrows, and M. azedarach has a narrowly furrowed bark). We did not
use the DBH and the HCD as independent variables because these traits are the main components
for the SL estimation.

The models for predicting the T\ were statistically significant in all four cases, i.e., for the three
species combined: F (3, 282) = 165.43, p < .001, Rzadj = .634, for R. pseudoacacia: F (2, 171) = 142.82,
p <.001, Rzadj =.621, for M. alba: F (2, 62) = 55.34, p < .001, Rzadj =.629, and for M. azedarach: F (2,
45) = 56.050, p < .001, Rzadj =.701 (Table A3). In all models the predictor variables had quite similar
explanatory power, explaining an important proportion of the total variance.

Table A3. Final models obtained from multiple linear regression analyses for estimating Tqr. All multiple regression
models were statistically significant (p < .05).

Tree species szsr?:;;e 5;?;:;:2: B SEB B t p R? adi. F
(constant) -.165 .063 -2.604  .010
3 species SL .002 .001 .238 2.872 .004
(h12287) Tian DP 198 079 211 2507 o013 o34 16543
Moran’s index 799 .099 422 8.059 .001
R. pseudoacacia (constant) -157 .077 -2.046  .042
(N = 174) Tiar SL. .004 .001 .427 6.613 .000 .621 142.85
Moran’s index .798 119 434 6.736  .000
M. alba (constant) -.034 .143 -.241 810
(N = 65) Tiar ICD. .011 .002 .572 4537 .000 .629 55.34
Moran’s index 498  .236 .266 2.110 .039
(constant) -361 .176 -2.051  .046
M. (‘,’\lzidg)“h Tia Szr:f;:tla' 075 .026 384 2872 .006 .702  56.050

Moran’s index 1.10 .292 .506 3.786 .000

The Moran’s index was found to be the most important predictor of T,qz in three out of the four
models, while its individual importance, controlling for the effect of the other predictors, expressed:
(a) 8.35% of the 3 species model’s total variance, (b) 9.92% in the R. pseudoacacia model, (c) 2.59%
in the M. alba model, and (d) 9.12% in the M. azedarach model. The combined prediction of the SL,
DP, and Moran’s index, for the three species model, corresponds to 53.17% of variance with respect
to Tiqr- The SL and the Moran’s index in combination, predicted 42.62% in the R. pseudoacacia
model, the ICD and the Moran’s index predicted 40.05% of the M. alba model, and the Structural
defects and the Moran’s index had a combined effect accounting for 55.73% of the M. azedarach
model.
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A3.6 Logistic regression models for the classification of structural defects and hazardous trees

We conducted a series of logistic regression analyses to test not only for the effect of the presence
of structural defects but also for the effect of every subclass of this variable. Thus, we tested if the
tree traits, thermal variables, and the spatial index can explain the presence probability of cavities,
burls, rotten bark, and the combined defects. We ran this analysis for the three species combined
and for each one separately while we also tested the presence probability of hazardous trees,
keeping in mind that, trees were designated as hazardous if their strength loss was more than 33%
(Smiley and Fraedrich, 1992). We evaluated the discrimination ability of each model by ROC curve
analysis.

In all cases, the logistic regression models identified the T,qz and the Moran’s index, either separately
or together, as the most important factors which best distinguish the presence or absence of the
examined defects. In particular, regarding the presence of structural defects, the model correctly
classified trees with and without defects in 72.1% of cases. The accuracy of the model was moderate
for trees with defects (69.9%) but quite better (80.3%) for those without defects. The Nagelkerke R?
value indicated that the model explained 27.6% of the total variance of the structural defects, and
the Hosmer—Lemeshow test had a chi—square value of 7.567 (p > .05) which estimates that the
model fits the data at an acceptable level (Table A4a).

Regarding the occurrence of cavities, the model had a much better fit [x* (2, N = 287) = 113.21; p <
.0001; Table A4db) with an overall classification accuracy of 87.3% (Nagelkerke R* = .625, Hosmer —
Lemeshow = 14.054; p > .05), 85.7% for trees with cavities and 91.2% for those without, as
estimated by the area under the ROC curve (AUC = .922; S.E. =.020; 95% Cl .883 — .961; p = .0001).
The models obtained for burls and rotten bark did not sufficiently explain their presence probability.
The classification accuracy for these models was particularly low (burls = 64.6%; rotten bark =
58.7%). In contrast, the classification accuracy of the model for the combination of different
structural defects was much higher (83.3% for presence, 89.5% for absence, 88.4% in total). In this
case, the AUC was .928 (S.E. =.034, 95% Cl .861 — .995; p < .0001), the Nagelkerke R? was .477, and
the Hosmer — Lemeshow test was 4.461 (p > .05) (Table A4c).

Table A4. Logistic regression models for the prediction of the presence of structural defects in the total trees
of the three species under study (N = 287). B = logistic coefficient; S.E. = standard error of estimate; Wald =
Wald chi-square; df = degree of freedom; p — value = significance.

Structural defects

Predictor B S.E. Wald’s }* df p — value
Tior -2.642 1.218 4.707 1 .030
Moran’s index -8.569 2.366 13.119 1 .001
Constant 5.178 1.331 15.124 1 .001

Cavities
Tiar 4.896 1.638 8.936 1 .003
Moran’s index 16.394 3.481 22.178 1 .0001
Constant -11.658 2.124 30.129 1 .0001
Combination of defects

Moran’s index -18.182 4.780 14.467 1 .0001
Constant 13.083 3.092 17.903 1 .0001

The results for each tree species were similar to those obtained for the three species combined. Due
to smaller sample sizes and the consequent lower explanatory capacity of the individual species
models, we restricted the analysis to predicting presence of cavities (Table A5). For R. pseudoacacia,
the model identified Tiqr and the Moran’s index as the factors which can discriminates trees with or
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without cavities [x* (2, N = 108) = 60.63; p < .0001], with a predicted classification accuracy of 81.4%
for presence and 93.3% for absence. The AUC was .923 + .20 (95% Cl .885 — .961; p = .0001), the
Nagelkerke R? was .636, and the Hosmer — Lemeshow test was 21.873 (p > .05). For M. alba, the
model identified only the Moran’s index as the only predictor to effectively separate trees with
(89.9%) and without (91.3%) cavities [x* (1, N = 52) = 18.57; p < .0001; Nagelkerke R = .467; Hosmer
— Lemeshow = 7.496, p > .05; AUC = .897, S.E. =.024, 95% CI .850 —.944, p = .0001; Table A5]. Lastly,
for M. azedarach, the model also identifies the Moran’s index as the most significant factor to
separate the presence (85.2%) and the absence (92.1%) of cavities [x* (1, N = 37) = 27.84; p < .0001;
Nagelkerke R? = .705; Hosmer — Lemeshow = 7.849, p > .05; AUC = .897, S.E. =.023, 95% CI .850 —
.942, p =.0001; Table A5].

Table A5. Logistic regression models for the prediction of the presence of cavities in the three species under
study. B = logistic coefficient; S.E. = standard error of estimate; Wald = Wald chi—square; df = degree of
freedom; p — value = significance.

R. pseudoacacia

Predictor B S.E. Wald’s x° df p — value
Tiar 5.682 2.443 5.412 1 .020
Moran’s index 15.023 4.451 11.391 1 .001
Constant -11.324 2.736 17.132 1 .000

M. alba
Moran’s index 19.473 8.043 5.862 1 .015
Constant -10.947 4.724 5.370 1 .020
M. azedarach

Moran’s index 24.019 7.781 9.529 1 .002
Constant -15.557 4.854 10.273 1 .001

Lastly, we examined all the trees for which the SL index was obtained, as it is this set that will
produce the maps of the hazardous trees hotspots. The binary logistic model examining the
presence probability of hazardous trees, classified correctly 89.9% of cases; 91% for hazardous and
89.3% for non—hazardous trees [x* (2, N = 237) = 174.71; p < .0001; Nagelkerke R = .726; Hosmer —
Lemeshow = 13.040, p >.05; AUC =.953, S.E. =.012, 95% CI .930 — .977, p = .0001; Table A6].

Table A6. Logistic regression models for hazardous trees classification. B = logistic coefficient; S.E. = standard
error of estimate; Wald = Wald chi—square; df = degree of freedom; p — value = significance.

Predictor B S.E. Wald’s ¥ df p — value
Tiar -6.501 1.311 24.584 1 .0001
Moran’s index -10.699 2.187 23.931 1 .0001
Constant 11.992 1.661 52.135 1 .0001

A3.7 Hazardous tree hotspots

The output of Getis—Ord Gi* tool provides a GIZScore map that indicates the hot and cold spots in
the urban parks. The GiZScore tool generates a z-score value for each tree and helps in indicating the
statistical significance of feature clusters and eventually the hot and cold spots. In our case, hotspot
analysis revealed significant clusters of hazardous and non—hazardous urban trees, presented for
each of the four parks examined in Figure A6 (a—d). The Gi* statistic, z-score represented by the red
dot (hotspots) and blue (coldspots) indicates the statistical significance of clusters. Z—scores of > 1.96
indicates statistically significant hotspot clusters (p < .05), while z-scores lower than -1.96 indicates
significant coldspot clusters (p < .05). In correspondence to the hotspots, the coldspots, in each
urban park, represent healthy urban trees. We also applied the Kriging geostatistical procedure to
the resulting hotspot map, for each urban park (Figure A6 e—h), which was generated based on the
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Getis—Ord Gi* analysis for the visualization of hotspots. The resulting smooth continuous surface is
classified into nine different classes of hotspots, which clearly illustrated priority locations for
mitigation activities regarding hazardous urban trees.

Mazardous trees hotspots.

Figure A6: Locations of urban trees’ hotspots and coldspots in the four urban parks: (a) Karapanagioti Park, (b)
Agias Eirinis Park, (c) Epano Skalas Park, and (d) Agios Evdokimos Park, Mytilene, Greece. Values represent z—
scores from the Getis Ord Gi* analysis; 1.65 corresponds to p < .10, 1.96 corresponds to p < .05, 2.58
corresponds to p < .01. Negative z—scores indicate cold spots, while positive z—scores indicate hot spots. Maps
(e—h) effectively visualize the results of a hot spot analysis, by creating an interpolated surface, using kriging
geostatistical procedure, for mapping the hotspots’ spatial extension.
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A.4 Discussion

Our study represents an attempt to explore an important concept regarding tree health assessment
in urban environments; the detection and quantification of trees’ structural defects as well as the
identification of hazardous tree hotspots is important in order to obtain effective and precise
management strategies concerning the protection of the environmental and social benefits of urban
green areas. In this context, we chose to focus on the four urban parks of the city of Mytilene
because they are not only areas of interest for the city’s inhabitants but also areas including a variety
of different species of arboreal vegetation. The full woody vegetation inventory and especially the
arboreal vegetation inventory, which we initially conducted, is a valuable data source for studying
the environmental, social, and economic services provided by the urban trees (Nielsen et al., 2014),
in our study area. At the same time, the diversity of vegetation species, their different structural and
functional traits, and their spatial distribution in the urban parks, enabled us to examine holistically,
to some extent, their state, by combining We attempted to combine different methodological
approaches, based on (a) the typical information about the main structural and functional traits of
the urban trees, (b) the IRT and the thermal variables derived from it, describing tree thermal
patterns, and (c) the spatial statistics both at tree trunk and at park level. All this information can
promote urban tree management and planning, responding to different goals of the administration
such as species planting, arboricultural management, hazard control, and people and traffic safety
(Ostberg et al., 2018). After all, the arboreal vegetation which is present in the studied urban parks,
consists of the typical very fast—growing species usually used in European cities (Bayer et al., 2018;
Pauleit et al., 2002) and, thus, we believe that our study has a wider applicability without the need
for major re-adjustments..

The examination of urban trees through IRT showed that this non—destructive method can be used
as a rapid diagnostic tool to illustrate their thermal patterns and to explain the presence of defects.
Among various alternative thermal variables, we selected the T,z which has been found to be one of
the most important indicators when examining a tree as a whole and for estimating its thermal
profile (Zevgolis et al., 2022). The observed differences of this index regarding the different types of
structural defects, both in absolute numbers and in statistical significance, confirms the healthy tree
concept, originally presented by Catena and Catena (Catena and Catena, 2008); a healthy tree is
considered the one whose trunk temperature is homogeneously distributed, while an unhealthy tree
is the one which presents temperature abnormalities. Based on the results obtained from the
thermal profile of the examined trees (Figure A3), it is understood that trees with cavities exhibited
the highest deviation from the value which describes a healthy tree (.29 + .13), followed by trees
with a combination of structural defects, burls, and rotten bark. Based on the available data we
could not determine the types of the trees’ structural damages (Wong et al., 2020), but we noticed
that, in our case, this particular thermal index can, to some degree, be used to classify them. It is
worth mentioning that while IRT can distinguish the basic types of structural defects with high
sensitivity, it is nevertheless difficult to distinguish trees with rotten bark (.31 + .11) from healthy
trees (.29 + .13). This is likely due to the trees’ outer bark being highly influenced by external
weathering conditions (Whitmore, 1962) and tangential strain to produce the fissures and ridges of
the surface, and/or by there being a small gap between the phloem and the sapwood where the air
enters and cools or heats homogeneously the trunk surface. Moreover, trees of similar or different
species, with the same type of structural defects, displayed slightly different thermal patterns as
already discussed by Vidal and Pitarna (Vidal and Pitarma, 2019), and consequently, must be
examined on an individual species basis (Catena and Catena, 2008). However, the absence of
significant differences in the thermal patterns of different tree species, measured by T,q, with the
same type of defects, indicates that IRT can be used in a wide context, for estimating trees’ health
state regardless of the species, the trunk texture, or other structural and functional species—specific
traits.
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Further analysis of trees’ structural defects using spatial statistical methods gave us the opportunity
to test the precision and applicability of spatial indices in the context of tree health assessment. To
the extent of our knowledge, there is no other relevant study to use indicators of spatial association
in gaining more detailed information about detecting structural defects on trees’ trunk surface.
Furthermore, in order to differentiate our analysis from the thermal index that we used to
investigate trees’ thermal patterns (T\qr), when we imported the infrared images to ArcGIS, we chose
to run the analysis by using the actual temperature value of every pixel of the infrared image. The
Getis—Ord Gix statistic and the Anselin Local Moran’s | despite being widely applied in hot spot
identification in different research areas (Li et al., 2017), have nevertheless not been used to detect
structural defects on trees’ trunk surface. We did not use this statistic to find the exact area of the
structural defects, as we had already measured it in the field, but only to visualize them, providing a
better understanding of their spatial distribution along the surface of the tree trunk (Figure A4). We
focused on the Global Moran’s | statistic as it is a normalized index, analogous to the conventional
correlation coefficient (Sokal and Oden, 1978). In theory, we would expect a tree with a large cavity
to show a well-defined non—uniform distribution of the surface temperature of the trunk and
consequently to provide a significant clustered pattern of its temperature distribution. The Global
Moran’s | index on which we focused provided precise information describing the tree trunk’s
surface temperature patterns, amplifying the existing information resulting from the thermal index.
In fact, the observed spatial clustering follows the same pattern as the thermal index, for the whole
arboreal vegetation inventory; the highest clustering is illustrated in trees with cavities, while the
lowest in trees with rotten bark and with no signs of defects. To enhance the importance of the
Global Moran’s | index, in correspondence to the differences that appeared between the trees’
structural defects described by the T\qr, we examined possible differences of the structural defect
types when comparing them with the trees’ clustered pattern. An analysis of variance showed that
the effect of structural defects types on Global Moran’s | index was significant [F (4, 282) = 55.099, p
= .0001]. Hochberg's GT2 test for multiple comparisons found that the mean value of the spatial
index was differentiated between trees with cavities and (a) trees with burls (p = .0001, 95% C.I. =
.09, .19), (b) trees with rotten bark (p = .0001, 95% C.I. = .12, .22), and (c) trees with no signs of
defects (p =.0001, 95% C.I. = .14, .23). Moreover, Global Moran’s | index was significantly different
between trees having a combination of structural defects with (a) trees with burls (p = .046, 95% C.1.
=.00, .18), (b) trees with rotten bark (p = .001, 95% C.I. = .03, .21), and (c) healthy trees (p = .0001,
95% C.l. = .05, .23). In accordance to differences, which were absent, regarding T\qz between tree
species, we did not observe any significant differences when examining the spatial index [F (2, 284) =
2.409, p = .092]. However, in the three species under study, the spatial index presented a significant
clustered pattern (R. pseudoacacia: .69 + .12; M. alba: .70 £ .14; M. azedarach: .65 + .12).

Investigating the relationship among thermal variables, Moran’s | index, and the structural and
functional traits of the examined trees (Figure A5), revealed significant findings in linking these
variables to urban trees’ health state. The absence of any correlation between trees’ structural and
canopy traits with the variables concerning their structural defects, as these may be described by
their dimensions, stability index, thermal variables, and spatial index, justifies the omission of these
measurements from such an analysis, allowing one to focus on other the important parameters.
These parameters (Structural Defects, VCD, HCD, ICD, SL, DP, Tqr, Moran’s index), especially the
ones with strong correlations between them (e.g., SL, DP, Tiqz, Moran’s index), can be considered as
ideal indices in describing and quantifying hazardous trees. After all, we consider that the connection
between an index that describes tree strength loss, a thermal index and a spatial index, which is not
established elsewhere, will be exceptionally helpful in cases where administration authorities do not
have the available resources for a full tree health assessment. Tree structural and canopy traits
would matter if we measured the stability of larger and taller tree species with larger and/or
asymmetric canopies, as the taller the tree, the greater the chance of failure (Kontogianni et al.,
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2011). Moreover, if tree canopies grow unevenly, their loading patterns would not be enough to
respond to strong winds (Kontogianni et al., 2011; James et al., 2006). Besides, it is well known that
tree stability decreases with the increase of height, slenderness index, crown area, crown roundness,
and crown asymmetry (Stancioiu et al., 2021; Cullen, 2002).

Although it is well known that IRT is considered an important method providing precise information
about the types of trees’ structural defects and tree health in general (Zevgolis et al., 2022; Vidal and
Pitarma, 2019; Catena and Catena, 2008), its application in examining tree health state has some
limitations as it is affected by a variety of different factors such as (a) the environmental conditions
of the study area (Faye et al., 2016; Nunak et al., 2015; Minkina and Dudzik, 2009), (b) the contrast
between tree trunk and the environment (Catena, 1990), (c) the possible tree trunk cover of
epiphytic vegetation (Catena and Catena, 2008), and (d) the tree bark texture (Pitarma et al., 2019).
However, the dependence of IRT traits from particular tree traits has not yet been recognized.
Therefore, this relationship required further analysis, based on tree structural and functional traits
and their stability and spatial indices. In this context, we have illustrated a set of variables (Table A3)
which can explain this dependence. The high explanatory nature of the linear regression models,
consistently with the same predictor variables for the three examined species, either combined or
separately, indicated a strong dependence of Tiqz on strength loss index, cavity dimensions, defect
severity, and Global Moran’s | index. The explanatory power of these models, varying from .621 to
.702, showed that with the use of T,z as a product extracted from an infrared image describing the
surface temperature of the tree trunk it is possible to make a relatively secure prediction of the state
of a tree. Moreover, the similar explanatory power observed for the three tree species suggests that
this thermal index can be of universal applicability. This finding reinforces not only the use of IRT as
an essential diagnostic tool for assessing the state of urban trees, but also the variables that explain
it, especially those that can be easily measured in field conditions using just a measuring tape (e.g.,
SL, DP). On the other hand, the existence of a spatial statistical index which was the most important
predictor of the variation of T\qz, enhances the already quite high (owing to the infrared camera)
accuracy, both in terms of the extent of structural defects and in terms of the intensity of those
defects.

Regardless of the fact that the tree species under study (R. pseudoacacia, M. alba, M. azedarach) are
considered useful in urban green areas due to their low sensitivity to most abiotic stressors (Liu et
al., 2019; Dias et al., 2014; Borowski and Latocha, 2006), and, as non—native species, to low
susceptibility to diseases and pests (Cierjacks et al., 2013), 61.37% presented structural defects. Even
though the logistic regression models had a low discriminatory performance regarding the total of
defected trees both in terms of the classification accuracy (72.1%) and the degree of the explanatory
power of the model (27.6%) when focusing on trees with cavities or in trees with a combination of
different structural defects, the classification accuracy increased significantly to 87.3% and 88.4%,
respectively. Although the discrimination ability of the models for trees with burls and rotten bark
was much lower, it might still be considered sufficient enough in cases of a rapid urban tree health
assessment.

We investigated the presence of tree cavities and not on any other defect as cavities in tree stems,
forming via the decay of wood by natural age, rot, and fungi (Gibbons and Lindenmayer, 2002) are
considered a primary cause of tree failure (Soge et al., 2019; Johnstone et al., 2010). At the same
time, cavity formation is a substantial factor for cavity—nesting and/or roosting animal communities
(Cockle et al., 2011), and, thus, the ability for rapid detection of tree cavities is of high importance.
We estimated tree cavities by ground—based observation, even though we are aware that this
method can lead to misleading results for complete cavity inventories (Cockle et al., 2010; Blakely
and Didham, 2008) but we deemed this was sufficient for our purpose. The logistic regression
models had a high classification accuracy for the three examined tree species and were quite
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informative regarding the predictors (T,qr, Moran’s index) which explain cavity presence probability
(Table A5). Moreover, focusing on the presence or the absence probability of hazardous trees, based
on the strength loss criterion of Smiley and Fraedrich (Smiley and Fraedrich, 1992), it is noted that
the model had exceptionally high classification accuracy (89.9% in all cases) with the highest degree
of explanatory power (72.6%) of all models (Table A6). Keeping in mind the importance of T,gz and
Moran’s index, described previously, it is apparent that they can also provide an accurate prediction
of cavities' presence and can be considered as reliable indicators of urban trees’ health state.

The use of the SL index in combination with IRT and spatial indices led to the extraction of the
hazardous trees hotspots in the studied urban parks. A reliable map image of the exact locations of
hazardous trees is obviously extremely useful offering valuable data for specialized park
management and allowing the prioritization of those locations for mitigation activities aimed to
reduce accidents. The interpolation of these hotspots by using the kriging geostatistical procedure
(Figure A6) showed that urban parks could be organized in different ‘thermal’ zones, based on the
proposed analysis, implying variance in their structural quality and health.

In conclusion, the main contribution of this research work is the promotion of the use of thermal and
spatial indices for tree hazard assessment in urban areas. This can be accomplished by creating a
combinatory methodology and by taking into account the structural and functional traits of trees,
their trunk temperature distribution obtained using the relatively new non—destructive method of
IRT, and with the introduction of spatial statistics both at the single tree level and the park level. We
showed that it is possible to detect, quantify, and map urban trees' structural defects and to
distinguish them into different categories, bearing in mind their individuality according to the type of
their defects. We also demonstrated the importance of Tiqr and Moran’s index; they can be used in
estimating the health state of different tree species especially when examining the presence of
cavities. Finally, these indices along with the long established methods for tree hazard assessment,
describing tree strength loss, can contribute to a rapid but reliable assessment of tree health state
and may be used to map hazardous trees in an urban setting.
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B. Estimating productivity, detecting biotic disturbances, and assessing the
health state of traditional olive groves, using non—destructive phenotypic
techniques

Zevgolis Y.G., Kamatsos E., Akriotis T., Dimitrakopoulos P.G., Troumbis A.Y. (2022),
Sustainability, 14(1), 391, https://doi.org/10.3390/su14010391

Abstract

Conservation of traditional olive groves through effective monitoring of their health state is crucial
both at a tree and at a population level. In this study, we introduce a comprehensive methodological
framework for estimating the traditional olive grove health state, by considering the fundamental
phenotypic, spectral, and thermal traits of the olive trees. We obtained phenotypic information from
olive trees on the Greek island of Lesvos by combining this with in situ measurement of spectral
reflectance and thermal indices to investigate the effect of the olive tree traits on productivity, the
presence of the olive leaf spot disease (OLS), and olive tree classification based on their health state.
In this context, we identified a suite of important features, derived from linear and logistic
regression models, which can explain productivity and accurately evaluate infected and non-
infected trees. The results indicated that either specific traits or combinations of them are
statistically significant predictors of productivity, while the occurrence of OLS symptoms can be
identified by both the olives’ vitality traits and by the thermal variables. Finally, the classification of
olive trees into different health states possibly offers significant information to explain traditional
olive grove dynamics for their sustainable management.

Keywords

Traditional agroecosystems; phenotypic traits; infrared thermography; Lesvos; Olea europaea var.
pyriformis
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B.1 Introduction

In agricultural landscapes, the continuous and complex co—evolutionary process among natural and
agricultural production systems has led to the formation of traditional agroecosystems (Altieri,
2004). These are considered essential sanctuaries of agrobiodiversity (Achtak et al., 2010; Jarvis et
al., 2008) of a high conservation value (Fischer et al., 2012). The values of traditional
agroecosystems, along with the great variety of traditional practices implemented in these areas, are
gradually recognized in the context of the European agro—environmental policies; they are referred
to as “High Nature Value farmland areas” (hereafter HNVf) (Plieninger and Bieling, 2013; Beaufoy
and Jones, 2012), and have contributed to enhancing the implementation and effectiveness of
conservation actions (Lomba et al., 2014).

In the Mediterranean basin, a variety of traditional agroecosystems can be found, including
traditional olive groves (Price, 2013; Solomou and Sfougaris, 2011; Loumou and Giourga, 2003),
which are considered a type of HNVf in Europe (Pointereau et al., 2007). Traditional olive groves are
characterized by the presence of old trees growing at low densities, absence of irrigation, non—
regular pruning, grazing of semi—natural vegetation under and between the olive trees, low or no
input of fertilizers and biocides (Keenleyside et al., 2014; Polakova et al., 2011), and infrastructures
such as terraces and dry stone walls (Duarte et al., 2008) that contribute to preserving natural
habitats and viable animal diversity populations of the highest conservation value (Plieninger and
Bieling, 2013; Henle et al., 2008), supporting conservation and/or creating a stable and high—value
agricultural ecosystem. In parallel, the ineffective European Union regulations and policies towards
the intensification of olive and olive oil production of the past (Lefebvre et al., 2012; De Graaff et al.,
2011; de Graaff et al., 2010) have changed and shifted towards sustainable practices, supporting
traditional olive grove conservation and acknowledging the importance of traditional practices for
alleviating biodiversity loss, soil erosion, and land degradation (Brunori et al., 2018; Brandolini, 2017;
Modica et al., 2017).

Despite these positive steps, traditional olive groves of the Mediterranean basin, especially terraced
ones, are progressively deteriorating due to the continuous intensification of agriculture (Fleskens,
2007; Hole et al., 2005; Benton et al., 2003), as well as land depopulation and abandonment (Modica
et al., 2017; Kizos et al., 2010; Caraveli, 2000). Land abandonment, in particular, exerts additional
indirect abiotic (e.g., hydrogeological instability, water stress, loss of soil organic matter, soil erosion)
(Salvati and Ferrara, 2015; Dunjo et al., 2003) and pathogenic (fungi, bacteria, viruses) pressures on
terraced olive trees. At the same time, gradual re—naturalization processes are an added factor
directly influencing the dynamics of these ecosystems and can lead to terrace collapse (Stanchi et al.,
2012) and microclimate alterations (e.g., humidity), resulting in increased incidence of airborne
fungi, such as the olive leaf spot (International Olive Council., 2007), and a combined further
degradation of these HNVf areas.

In order to sustain the conservation of terraced olive groves, European countries should (a) identify,
characterize, and map the HNVf olive groves in their territory, (b) support their maintenance and
their socioecological values, and (c) monitor the pressures and their overall state (Tartaglini and
Calabrese, 2012; Beaufoy, 2009). In this regard, despite the effort that has been made both through
legal instruments and through targeted research, monitoring the state and pressures exerted on
traditional olive groves is still a challenge.

Recent advances in monitoring methodologies combine field data and multispectral sensors of
various spatial resolutions (Zhang, 2010), enabling the rapid detection of land—use changes and
ecosystem degradation (Eva et al., 2010; Hansen et al., 2008). This set of rapid and noninvasive plant
phenotypic techniques (Huang et al., 2020) is mainly used towards agricultural productivity increase
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and disease detection (Blekos et al., 2021; Castrignano et al., 2021; Nisio et al., 2020), while it can
also adequately support effective conservation strategies (Delgado and Berry, 2008; Berry et al.,
2003, 2005). At individual tree level, a relevant nondestructive technique is infrared thermography
(IRT) (Ouis, 2003), a fast—growing type of aerial and/or ground optical remote sensing technique
(Still et al., 2019; Dragavtsev and Nartov, 2015; Ishimwe et al., 2014). To date, IRT is widely used in
various agroecological systems (Ishimwe et al., 2014; Vadivambal and Jayas, 2011), in monitoring
crop vegetation (Lenthe et al., 2007; Chaerle et al., 1999, 2001), in detecting water stress (Egea et
al., 2017; Struthers et al., 2015; Agam et al., 2013) and fungal infestation (Ouledali et al., 2018;
Oerke et al., 2011), and in assessing the health state of various woody vegetation species (Catena
and Catena, 2008).

Along with IRT, plant phenotyping spectral reflectance indices related to plant photosynthetic status
such as leaf and crown chlorophyll concentration (Li et al., 2019; Obeidat et al., 2018; Guo et al.,
2016; Wang et al., 2015), obtained in situ and non—invasively, can reflect the health state of plants.
After all, chlorophyll as a pivotal photosynthetic pigment on which plant growth and productivity
depend (Li et al., 2019; Ali et al., 2017), is considered a hallmark index to plant health estimation
(Almansoori et al., 2021; Pavlovic et al., 2014; Steele et al., 2008). Low chlorophyll content may
mean exposure to biotic and/or abiotic stresses, diseases, and senescence (Sdnchez—Reinoso et al.,
2019; Mishra et al., 2016; Richardson et al., 2002), and provides significant information about plant
photosynthetic potential and primary production.

The above non—invasive monitoring techniques can be further enhanced with the support of
traditional methods of measuring plant structural and functional traits, such as height, diameter, leaf
area and its related indices (e.g., leaf area index—LAl), and canopy architecture. Specifically, in
terraced olive groves, as in any other agroecosystem, LAl is considered one of the fundamental
biophysical traits and is directly associated, among others, with olive growth and productivity (Pelil,
P., Biradar, P., Bhagawathi, A.U., Hejjigar, 2018; Villalobos et al., 2006). A combination of these traits
can provide a variety of different composite indices and equations that describe the overall
condition of trees in traditional olive groves.

Thus, the main aim of our research was to assess traditional olive grove health state, with the
emphasis on estimating productivity, using nondestructive phenotypic techniques, in a typical
Mediterranean environment. We obtained phenotypic information from olive trees on the Greek
island of Lesvos by combining this with in situ measurement of spectral reflectance indices and
collection of IRT images to investigate the following objectives: (a) to quantify the effect of the olive
tree phenotypic traits and indices on productivity, (b) to examine if olive tree phenotypic parameters
can explain the presence of one of the most common biotic stressors, the olive leaf spot disease
(OLS), and (c) to examine whether olive trees can be classified into groups of different health state,
based on the above information.
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B.2 Materials and Methods

B2.1 Study Area and Sites Selection

Lesvos, the third largest island of Greece in the NE Aegean Sea, with an area of 1632.8 km?,
encompasses geographical, biogeographical, and ecological features that promote the existence of
traditional olive groves (Loumou and Giourga, 2003). The climate of the island is typical
Mediterranean with a mean monthly temperature of 10.4 °C in January and 26.1 °C in July at Mytilini
Airport (Kosmas et al., 1998). Lesvos is one of the main olive—growing parts of Greece. Its olive
groves cover approximately a quarter of its total area, 415.7 km? and 87.4% of its agricultural area,
according to the 2019 report of the Hellenic Statistical Authority, while the number of olive trees is
estimated at between eight and eleven million (Kizos et al., 2010), with most of them located on hilly
or mountainous and lowland areas (Marathianou et al., 2000).

Study site selection was founded on two main criteria: (a) location within the officially delineated
island’s HNVf area, and (b) the existence of terraces and dry stone walls, essential elements
associated with this particular type of HNVf. To meet the first criterion, we combined spatial data
derived from the following sources: (a) the 2008 European HNVf dataset for Greece (Paracchini et
al., 2008), (b) the CORINE Land Cover (CLC) dataset (European Environment Agency (EEA), 2012), and
(c) the tree type and density data available in the Tree Cover Density (TCD) subset of the
COPERNICUS high-resolution layers (European Environment Agency (EEA), 2015b, 2015a). To
identify areas of HNVf olive groves, the olive groves cover was extracted, by intersecting the
Broadleaves data of COPERNICUS with the agricultural areas layer of CLC, and then retaining the
olive grove cells contained in the Lesvos HNVf dataset (Figure B1). Based on the above, we
estimated that the total area of HNVf olive groves of the island is 130.06 km?. The entire process was
performed with ESRI ArcGIS software (v. 10.2). In order to meet the second criterion, we carried out
an in situ inspection of HNVf sites extracted with the first criterion, focusing on the absence of
cultivation practices such as severe pruning, irrigation, fertilization, ploughing of understory,
chemical disease protection, and harvesting of understory grasses for at least five years.

Figure B1. Map of the island of Lesvos showing the two study sites and the distribution of olive groves within
and outside the island’s HNVA.
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Thus, we selected two terraced olive grove sites, one in the Pyrgi region (39°05’51.1”N
26°30'48.2"’E, 10 m a.s.l.), with an area of 1.84 ha and an average slope of 18.6%, and one in the
Agiasos region (39°06'28.9"’N 26°21'48.5"’E, 230 m a.s.l.), having an area of 1.41 ha and a slope of
31.7% (Figure 1). At these sites, the two main varieties of the island’s olive trees can be found, the
variety “Kolovi” (Olea europaea var. pyriformis), which covers 85% of the two sites, while the
remaining 15% is of the variety named “Adramytini” (Olea europaea var med. subrotunda). Tree
density was 102 trees per ha at Pyrgi and 107 trees per ha at Agiasos.

B2.2 Metrics of Olive Trees’ Architecture and Vitality Traits

The two study sites were monitored from 2017 to 2020 during four olive harvest seasons. At each
site, we randomly selected 40 olive trees (80 in total); for uniformity, all were the commoner
“Kolovi” variety, and we measured a set of typical phenotypic traits related to their architecture and
vitality. In order to estimate annual crop productivity (Pr—kg), the most essential metric for our
study, we collected the olives from each tree during the harvest period (November—-December) of
each year. We weighed the olives in situ, using a field precision scale. We calculated the mean
productivity of each tree (Prmean) as the mean of productivity values for all four years.

During the first harvest season, we recorded traits directly related to the trees’ architecture: (a)
height (H—m), (b) diameter at breast height (DBH—cm), and (c) crown area (CA—m?), using a
clinometer, measuring tapes, and the vertical sighting method, respectively (Pretzsch et al., 2015).
Regarding tree vitality, we recorded, by visual examination and an olive tree expert’s judgement,
three additional phenotypic traits for each olive tree: (a) the number of productive shoots (medium—
sized current year shoots, with high flowering and fruit set, about 25 cm long—PS), (b) the number
of unproductive shoots (strong vertical branches in the inner part of the crown—US), and (c) the
number of structural defects (external indications of rotten wood, missing bark, cavities, and
hollows). We used the ratio of this number to the tree’s estimated age (SDV) instead of the absolute
number to avoid any bias, given that structural defects accumulate with age. SDV is a critical
parameter for olive trees as they develop deep grooves and cavities; this affects their health state
and their productivity as they age. From the first two vitality traits, we extracted the tree shoots
ratio (SR) variable (SR = PS/(PS + US)) as another proxy of tree productivity, while we measured PS,
US, and SR at each harvest season.

Another factor of great significance, directly related both to tree health and productivity, is ageing
(Ryan et al., 1997). Olive tree senescence is associated with processes typical of tree ageing, such as
a decrease in vegetative activity and the expansion of the root system, with a concomitant increase
in susceptibility to diseases (Fabbri et al., 2004). As olive tree age estimation by annual growth ring
measurement is problematic, due to the inner part of the tree trunk having cavities and rotten
tissues (Arnan et al., 2012; Cherubini et al., 2003), we resorted to an allometric equation described
by Arnan et al. (Arnan et al., 2012) (Age = 2.11 x Diameter (cm) + 88.93; R* = .80), for its estimation.

Thereafter, we estimated the mean LAl (LAl,ean) Of each olive tree using the SunScan plant canopy
analyzer (Delta—T Devices, Cambridge, UK), by averaging five measurements taken from a height of
1.3 m from the ground, at equal distances below the crown of each tree. We also calculated the
range of LAI values for each tree (LAl.ne) from the same LAl measurements, as another indirect
metric of tree health state; greater LAl shows greater non-uniformity of the tree crown
indicative of lower productivity. LAl measurements were taken at the end of November when all
shoot growth had stopped. Since our approach was to rely on fast and accurate field measurements,
we did not include other ecophysiological parameters, such as stomatal conductance, that would
require repeated measurements over a long time period.
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B2.3 Estimation of Olives’ Chlorophyll Concentration

As a further metric of tree vitality, we estimated chlorophyll concentration in olive tree leaves as an
index of photosynthetic capacity, using a handheld chlorophyll meter (CCM—200 plus, OPTI-
Sciences, Inc., Hudson, NH, USA). This optical device estimates chlorophyll concentration by
extracting a spectral index, termed the chlorophyll content index (CCl), of leaf light absorbance
and/or reflectance in the visible and near—infrared regions, as a ratio of transmittance percentages
at 931 nm to 653 nm (Richardson et al., 2002). This index is strongly related to the actual amount of
chlorophyll (Parry et al., 2014).

To measure CCl, we randomly selected fifty mature leaves from the parts of the crown used for the
LAl measurements (10 leaves at each LAl measurement point). We calculated the CCl value for each
leaf as the mean of three measurements of this leaf. We took all measurements in early hours so as
to avoid metric fluctuations resulting from the movement of the chloroplasts (Naus et al., 2010). In
order to have an estimate of the mean chlorophyll content for each tree (MCL,), we transformed
CCl, which is a relative value, to chlorophyll concentration (umol/m?), using the universal equation
described by Parry et al. (Parry et al., 2014) (umol m™ = -84.3 + 98.6 x (CCI) >>*); we then converted
this value to mg/m? of leaf surface by multiplying with the weighted average mass of both types of
chlorophyll (0.9 mg/umol). Finally, we estimated the total chlorophyll of each tree (TCLy), in g, using
the formula TCLT = MCLL x CA x LAlmean x 107°. We used LAl ., in the previous equation because
when multiplied by CA, it gives the best possible estimation, in m?, of the total foliage area of each
tree. As adult olive trees have very slow growth rates (Masmoudi—Charfi and Ben Mechlia, 2007), we
measured the other phenotypic traits (H, DBH, CA, SDV, LAI, CCl) only in the first year.

B2.4 Olive Leaf Spot Disease Detection

Among many different diseases affecting olive trees, one of the most widespread, both worldwide
and in Lesvos, is the olive leaf spot (OLS) or Cycloconium leaf spot, a foliar disease caused by the
fungus Spilocaea oleagina (Castagne) Hughes. The main symptoms of OLS can be detected visually
and include dark green to black round spots surrounded by a yellow halo on leaves (Salman, 2017).
OLS causes defoliation and progressive death of shoots and branches, leading to de—growth and
productivity reduction of up to 20% (Obanor et al., 2008). In trees, such as those found in traditional
olive groves, the lack of management practices, and competition for resources, leads to the
formation of a tall and dense crown, which, in combination with the re—naturalization processes, in—
creases humidity within the groves and raises the infection likelihood (Sanei and Razavi, 2011). At
the same time, chemical fungicides are avoided for obvious reasons, and thus, the infection remains
in the trees.

To investigate the presence of the disease, we visually examined the leaves in which we measured
CClI (50 leaves per tree) at the end of November. This is within the peak growth period of the fungus,
when cool, humid conditions prevail (Obanor et al., 2008). We evaluated OLS severity by recording
the percentage of infected leaves per tree (PIL), then estimating the total infected leaf area of each
tree (TIA) by multiplying PIL with CA and LAl ean (TIA = PIL x CA x LAl ean). We further calculated OLS
to show the presence or absence of the disease for each tree.

B2.5 Collection and Processing of Olive Trees’ Infrared Images
We photographed the trunks of the 80 sampled olive trees using a handheld thermal camera (Testo
875-1i, Testo SE & Co. KGaA, Lenzkirch, Germany), with a thermal resolution of < .08 °C and thermal

sensitivity of <50 mK, which extracts infrared images with a spatial resolution of 160 x 120 pixels. To
avoid errors resulting from (a) the effect of atmospheric composition (e.g., floating particles, soil
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dust) (Minkina, W., & Dudzik, 2009) and (b) temperature inaccuracies due to the entrance of solar
radiation through the tree canopy, we set the orientation of the camera for each olive tree
individually to avoid patches of direct solar radiation or shading, and we carried out IRT only on
rainless and windless days and in the early morning hours, at a standard distance of 5.0 m from the
trunk and at a height of 1.3 m, ensuring that the entire tree trunk was captured. We kept the
emissivity value at the constant level of .95 suitable for tree trunks (Briscoe et al., 2014), and we
calibrated the collected infrared images using meteorological data: ambient temperature (Tamp),
relative humidity (RH), and solar irradiance (SI), which we obtained, under each olive tree canopy,
with a portable weather station and a solar radiation meter (Amprobe SOLAR-100).

We initially processed the collected infrared images using the TESTO IRSoft® (v. 4.3) software
package and, afterward, we distinguished the areas of interest (tree trunks and lower part of main
branches) from other objects in the background by using the ArcGIS Analysis toolbox (v. 10.2) (ESRI
Inc., Redlands, CA, USA). Specifically, we exported the calibrated infrared images from the TESTO
software, and then imported them into the ArcGIS software in a text file format (Figure B2).
Thereafter, we converted each text file to a raster layer, and we selected the tree trunk and
branches area and manually bounded them by a unique polygon in shapefile format. In this process
and in order to avoid errors caused by leaf surfaces, we selected branches that had the least possible
leaf cover. Finally, we extracted the temperature values within the tree trunk areas (Figure B3a, b)
and organized them into a database for statistical analysis.
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Figure B2. Main methodological procedure of an individual olive tree sample for extracting the trunk
temperature data: upper left is the RGB (visible) image (a); upper right is the infrared image after calibration
using the TESTO software (b); lower left is the calibrated image after imported in ArcGIS, as a raster layer (c);
lower right is the final infrared image (d), as a raster layer, after converting each pixel to correspond to the
temperature difference of the tree trunk from the environment (ATiei).
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Figure B3. Trunk of an individual olive tree sample which was exported with the use of ArcGIS Analysis toolbox,
as well as the histogram of its pixel values; (a, c) refers to the actual trunk temperature along with its
histogram, while (b, d) refers to the trunk AT along with its histogram distribution. The blue line in the two

histograms corresponds to the mean trunk (c) and AT (d) temperature values. The green line corresponds to
Tamb in both histograms.

B2.6 Estimation of Olive Trees’ Thermal Profile

In order to define the trees’ thermal profile, we derived a set of thermal variables describing the
response of the tree trunk and branches to ambient temperature by analysis of the trunk
temperature histograms. In correspondence with the canopy temperature depression index (ldso et
al., 1981), we subtracted the trunk temperature value of each pixel (Tixer) from Tamb (ATpixel = Tpixel =

T.mb) tO Obtain a unique pixel value in response to Tamb, thus creating a new histogram for each tree
based on AT (Figure B3).

In order to assess the state of each olive tree as a whole, the effect of outliers and skewed data had
to be avoided, hence, from each histogram, we calculated the inter—quartile range (IQR) instead of
the range. However, assessing the state of individual characteristics that appear on the tree trunk
and which are directly associated with the tree’s health, such as wounds or other external abnormal
indications, requires the study of the extreme AT, values. In any case, the trunk’s structural defect
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patches are expected to exhibit high dissimilarity of their AT distribution compared to the healthy
part of the trunk, and therefore we used the interpercentile ranges of each trunk histogram (ATys -
ATy (IPR;) and AT;5 - ATos (IPR,)) separately as the most appropriate statistical metric to assess
trunks’ individuality. Furthermore, when these values are added together, they define the outer
percentile range (OPR), which represents the required information regarding all the external or/and
internal abnormalities of the trunk. Lastly, we calculated the extent of AT defect patches (EAT) using
the ratio of the actual number of pixels contained between the limits u—30<np<pu-2candu+ 20
< np £ 4+ 30 to the total pixels of each tree trunk surface.

B2.7 Statistical Analysis

We used SPSS software (v. 25.0. Armonk, NY: IBM Corp.) for all statistical analyses. All the
assumptions required were met and statistical significance was assumed at the 5% level. Summary
statistics are expressed as means + standard deviation (SD).

Prior to further analysis, we tested for possible differences in microclimate between the two sites
due to the existing small differences in topography and altitude. Using in—dependent sample t—tests
to compare microclimate variables recorded during infrared image collection, we did not find any
statistically significant differences between the two sites (T, (t (40) = -.169, p = .866); Sl (t (40) =
.730, p = .468)), with the exception of relative humidity (RH (t (40) = 8.252, p = .001)). Therefore, we
decided that treating the two sites separately was not justified and, thus, we pooled the data for the
two sites.

For modeling the relationship of tree productivity with tree architectural and vitality metrics,
chlorophyll concentration, and OLS infected area, as well as tree thermal variables, we visually
examined their associations in scatterplots and assessed their relation—ship using Pearson’s
correlation coefficient (r). Next, we used multiple linear regression, with a backward elimination
procedure for significant variable selection. To check for linear dependence, all independent
variables were correlated to each other and we used the variance inflation factor (VIF), with a
threshold value of < 3 (Zuur et al., 2010) as an indicator of multicollinearity. Variables with the
highest VIF were sequentially dropped from the model. We implemented this analysis both
separately for each set of variables (architectural and vitality set, OLS set, thermal variables set) and
by combining them all together for (a) each year’s productivity and (b) for the mean productivity of
all harvest years.

For examining the potential effect of OLS on tree vitality, we chose a generalized linear model. In
correspondence with the previous procedure, we used architectural, vitality, and thermal metrics as
predictor variables, both separately and in combination; final models were reached with backward
stepwise elimination, while Nagelkerke’s R* was used as an indication of the amount of variation
explained by the model, while the overall significance of the model was tested with the Hosmer and
Lemeshow goodness of fit test. To assess the discrimination ability of the model, a classification
table of observed and predicted values regarding the OLS was computed and evaluated by receiver
operating characteristic (ROC) curve analysis.

Finally, we used hierarchical clustering to identify any homogeneous tree groups with an analysis of
variance approach to assess intercluster distances (Ward’s method). To avoid problems caused by
different measuring scales, we standardized the variables using Z—scores and we conducted one—
way ANOVA, as well as Tukey’s post hoc, tests to determine which phenotypic traits and thermal
variables of olive trees are significantly differentiated between cluster groups.
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B.3 Results

B3.1 Descriptive Statistics of Sample Olive Trees and Leaves

As recorded during data collection, mean T,,,, was 13.63 % 2.16 °C, mean RH was 67.72 + 18.75%,
and mean S| was 390.45 + 136.77 W/m>. The sampled olive trees had a mean height of 7.25 + 2.74
m, mean DBH of 74.41 + 35.45 cm, and mean CA of 51.78 + 24.69 m”. Descriptive statistics of olive
tree architecture, vitality, and thermal profile traits are presented in Table Al.

Table B1. Descriptive statistics for olive tree traits (N = 80).

Variables Mean SD S.E. Min Max cv
Olive Tree Architecture

H (m) 7.25 2.74 .30 2.60 17.20 37.79

DBH (cm) 74.41 35.45 3.96 21.66 192.99 47.64

CA (mz) 51.78 24.69 2.76 14.19 125.88 47.68

Olive Tree Vitality

Pr (kg) (4 years mean) 39.60 16.49 1.84 5.00 77.50 41.64
PS (4 years mean) 5.91 2.14 .24 1.00 12.00 36.20
US (4 years mean) 3.50 1.87 .20 .00 9.00 53.42
SR (4 years mean) .60 .15 .01 .29 1.00 25.00
SDV .014 .011 .001 .00 .07 78.57

Age 245.94 74.80 8.36 134.62 496.15 30.41

LAl ean 2.11 .75 17 .10 6.80 35.54

LAl ange 2.53 1.16 13 .90 5.50 45.84

Chlorophyll Concentration
CCl (n =400) 105.37 34.67 3.87 39.29 159.45 32.90
MCL, (g/m?) .84 .16 .02 .49 1.07 19.04
TCL: (g) 98.58 72.20 11.78 3.01 598.42 73.24
OLS Parameters
PIL .24 .28 .03 .00 .80 116.66
TIA (m?) 20.36 32.36 3.61 .00 190.00 158.93
Thermal Variables

AT -1.72 1.32 14 -4.77 1.98 -76.74

IQR 72 .33 .03 21 2.46 45.83

IPR; .51 21 .02 .15 1.14 41.17

IPR, 46 21 .02 .14 1.33 45.65

OPR .98 .38 .04 .29 2.33 38.77

ETD 31 .03 .004 .23 42 9.67

In terms of the total annual productivity, the sampled olive trees produced a total of 4335 kg, 3035
kg, 3050 kg, and 2259 kg in the 2017, 2018, 2019, and 2020 harvest years. The variation of
productivity for each site is presented in Figure B4, while a detailed description of the productivity of
both sites, as well as PS, US, and SR per harvest season, is presented in Table BS1 in the Appendix.
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Figure B4. Box plot showing the mean annual productivity for the four harvest seasons. Horizontal lines:
medians; boxes: interquartile ranges (25-75%); whiskers: data ranges.

B3.2 Relationships among the Olive Tree Traits

The analysis of tree trait variables revealed significant associations between them, both positive and
negative (Figure B5). Productivity exhibited (a) significant positive cor—relations with SR (r = .34; p =
.002), LAl ean (r = .56; p <.001), MCL, (r = .63; p <.001), and TCL; (r = .36; p < .001), and (b) significant
negative correlations with SDV (r = -=.51; p <.001), LAl;ng (r = -.58; p <.001), and PIL (r = -.58; p <
.001). Concerning the relationship between productivity and tree thermal profile variables, there
were significant negative correlations with almost all of the thermal variables (IQR: r = -.69, p < .001;
IPRy: r=-.47, p<.001; IPR,: r =-.55, p <.001; OPR: r = -.59, p <.001; ETD: r = -.35, p = .002), except
for AT.
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Figure B5. Pearson’s r correlation matrix showing the relationships between olive tree architectural, vitality,
OLS, and thermal variables. For clarity, CCl, which refers to leaves, is omitted. Red and blue colors indicate
positive and negative correlations, respectively, while intensity of color indicates the strength of the
relationship. All correlation coefficients above .3 or below -.3 are statistically significant (p < .05).

The analyzed architecture and vitality traits showed different relationships among them, which are
presented in detail in Figure B5. Focusing on individual relationships of thermal variables with
architecture and vitality traits of the olive trees, the thermal variability measures (IQR, IPR;, IPR,,
OPR) were positively correlated with SDV, LAlrange, and PIL, and negatively correlated with LAl ean,
MCL,, and TCLT (Figure B5). With regard to OLS variables, the percentage of infected leaves per tree
(PIL) and the total infected area of each tree (TIA) followed the same pattern, showing positive
correlation with DBH, age, and LAl,,, and negative correlations with MCLL (Figure B5).

B3.3 Effect of Tree Traits on Productivity

The above examination of traits is a generalized depiction of existing associations. However, to
explain and predict the annual productivity of traditionally cultivated olive trees, it is necessary to
form a network of variables that can provide the basis for sustainable agricultural practices, which
may provide essential information on the resilience and health state of the traditional olive groves.
To obtain prediction models for productivity based on tree traits, we performed multiple linear
regression analysis with backward elimination. We tested each set of variables separately, as well as
all variables together. We also calculated the squared semi—partial coefficient as a measure of the
proportion of total variance uniquely explained by each trait. The analyses for productivity for each
harvest season resulted in a total of 20 statistically significant models; four for each season (Tables
BS2-BS5 in the Appendix), and another four concerning the average tree productivity of those
harvest seasons (Table B2).

The results indicate that either specific traits or combinations of them, depending on each variable
set, are statistically significant predictors of productivity. Specifically, for the mean annual olive tree
productivity, the model for architecture and vitality traits was significant (F (4, 75) = 31.85, p < .001),
with an adjusted R? of 61%.The final models for the OLS and thermal variables were also significant
(F(2,77) = 23.98, p < .001, R* = .368; F (1, 78) = 69.122, p < .001, R> = .463), as was the final model
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with all variables (F (6, 73) = 31.98, p < .001). This last model had the greatest explanatory power (R?
= .702) of all final models. The predictors’ individual importance, evaluated by sr?, showed that: (a)
for the “architecture and vitality traits” model, LAl,..n—controlling for the effects of the other
predictors—expressed 8.23% of the model’s total variance, (b) for the “OLS” model, PIL had a unique
contribution of 37.6%, (c) for the “thermal” model, IQR contributed by 46.9%, and (d) for the

“combination” model, MCL, uniquely contributed by 13.7%.

Table B2. Final models obtained from multiple linear regression analyses for estimating Prmean. All multiple regression models
were statistically significant (p < .05). The slope of the predictor variable for the response variable (B), the standard error for the
slope (SE B), the standardized beta (B), the t—test statistic (t), the probability value (p), the squared semi—partial coefficient (sr?),
the regression—adjusted coefficient for the multiple regression model (RZ), and the predictive capability of the models (F). The
regression equations for each model are presented in italics.

Variables Set I?:S:;Ze \F;::?a:;tlzz B SEB B t p sr? Adj. R F
(constant) 21.50 8.84 243 .01
) SDV -282.49 11439 -20 -2.47 .01 .030
Ar\‘;zgﬁfﬁiligd PFmean LAl ean 3.42 83 32 408 .00 .082 .610 3185
LAl ange -4.04 1.23 -28 -327 .00 .053
MCL, 28.36 8.72 .28 325 .00 .052
Regression equation Prmean = 21.50 — 282.49 x SDV + 3.42 x LAlpegn — 4.04 x LAl 4pge + 28.36 x MCL,
(constant) 46.99 1.97 23.77 .00
oLS Prmean PIL -39.57 576 -69 -6.86 .00 .376 .368 23.98
TIA A2 .05 24 237 .02 .044
Regression equation Prean =46.99 —39.57 x PIL + .12 x TIA
(constant) 63.65 3.19 19.95 .00
Thermal Prmean 463 69.12
IQR -33.33 400 -68 -831 .00 .469
Regression equation Pryean = 63.65 - 33.33 x IQR
(constant) 5.55 10.86 .51 .61
CA -.16 .04 -25 -3.75 .00 .052
SR 16.26 6.78 15 239 .02 .021
Combination Prmean LAl ange -2.31 1.10 -16 -2.10 .04 .016 .702 31.98
MCL, 54.23 9.16 .55 591 .00 .137
TIA .18 .04 36 458 .00 .072
IQR -14.81 3.91 30 -3.78 .00 .054

Regression equation 14.81 x IQR

Prmean=5.55-.16 x CA+16.26 x SR — 2.31 x LAl;gpge + 54.23 x MICL, + .18 x TIA -

B3.4 Modeling the Incidence of OLS

To examine if olive tree phenotypic traits can explain the incidence of OLS disease, we used binary
logistic regression models (BLR); we tested three distinct models to explain the presence of the
disease, based on (a) architectural and vitality variables, (b) thermal variables, and (c) the
combination of the significant traits and thermal variables, which had emerged from the first two
models.

Regarding the olive tree architectural and vitality traits, a preliminary analysis suggested that the
assumption of multicollinearity was met (tolerance = .741), while the inspection of standardized
residuals values showed that there were no outliers. To correctly discriminate between trees with
and without OLS symptoms, we selected the area under the ROC curve (AUC) as a measure of the
average value of sensitivity for all possible values of specificity, with a threshold (.513) resulting from
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Youden’s index (Youden, 1950). The area under the ROC curve (AUC = .988; S.E. =.001; 95% ClI .967—
1.000; p = .0001; Figure BS1 in the Appendix) correctly classified trees with and without symptoms in
97.5% of cases. The BLR model identified MCL, as the one important factor which best separates
trees with OLS disease symptoms from those without symptoms (x* (1, N = 80) = 89.04; p < .0001;
Table B3), with a predicted classification accuracy of 95.7% for infected and 100% for non—infected
olive trees. The Nagelkerke R’ value indicated that the model could explain 90.5% of the total
variance of MCL,, while the Hosmer—Lemeshow test gave a chi—square value of 1.926 (p > .05),
meaning that the model fits the data at an acceptable level.

Focusing on detecting the occurrence of OLS symptoms using the thermal variables, the BLR model
identified IQR as the most significant among the six variables entered in classifying olive trees with
or without symptoms (x> (1, N = 80) = 27.37; p = .0001; Table B3). The model’s classification accuracy
was 80%; 72.7% for non—infected and 85.1% for infected trees, as estimated by the area under the
ROC curve (AUC = .833; S.E. =.046; 95% Cl .743-.923; p = .0001; Youden's index = .506; Figure BS1 in
the Appendix). The Nagelkerke R’ showed that IQR can explain 39% of the total variance of the data,
while the Hosmer—Lemeshow test showed that the model’s goodness—offit can be accepted (x° =
16.685; p > .05).

Finally, considering the possibility of combining the variables from previous models, the BLR model
identified only MCLL as the factor which best classifies infected and non—infected trees, giving the
same results as the first model.

Table B3. Logistic regression models for the prediction of infected and non—infected olive trees. B = logistic coefficient; S.E. =
standard error of estimate; Wald = Wald chi—square; df = degree of freedom; p—value = significance.
Architecture and Vitality Traits

Predictor B S.E. Wald’s x° df p—-Value
MCL, -112.33 39.62 8.03 1 .005
Constant 105.37 37.43 7.92 1 .005
Thermal Variables
Predictor B S.E. Wald’s x° df p-Value
IQR 6.94 1.82 14.40 1 .0001
Constant -4.18 1.17 12.75 1 .0001

B3.5 Cluster Analysis of Olive Trees

With the aim of identifying homogeneous tree groups with similar phenotypic traits, we carried out
hierarchical classification, using Ward’s hierarchical clustering method. In order to display the
number of potential clusters, we initially chose variables that had the greatest impact both in
estimating olive tree productivity and explaining the incidence of OLS disease. Thereafter, we
separated each case (case = olive tree) into its own individual cluster (agglomerative approach), and
we used a dendrogram plot based on the squared Euclidean distance for cluster visualization. The
resulting dendrogram showed that the olive trees examined could be classified into three general
groups with similar characteristics (Figure 6); Group 1 (G1) included 39 trees, Group 2 (G2), 21, and
Group 3 (G3), 20.
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Figure B6. Dendrogram of the 80 olive trees that illustrates the dissimilarity as evaluated between Pyrgi and
Agiasos sites. Numbers along branches indicated different groups.

=

The trees of G1 group exhibited greater height, crown area, LAlmean, productivity, and chlorophyll
concentration and low OLS parameters. On the contrary, trees in the G3 group displayed
characteristics that describe a poor condition; high OLS parameters, greater age, and higher SDV, as
well as low vitality metrics (LAlmean, MCL, TCL;) and lower productivity. The G2 group were
intermediate between the other groups (Table B4). One—way ANOVA gave statistically significant
differences among groups, concerning almost all the olives’ phenotypic traits (DBH, Pryea., PS, US,
SDV, age, LAlmean, LAIFange, CCl, MCL,, TCLy, PIL, TIA) (p < .05).

Furthermore, examining the effect of cluster groups on thermal variables, one—way analysis of
variance showed significant relationships with AT (F (2, 77) = 6.18, p =.03), IQR (F (2, 77) = 13.82,p =
.001), IPR2 (F (2, 77) = 16.54, p = .001), and OPR (F (2, 77) = 8.30, p = .001). Tukey’s HSD test for
multiple comparisons found that the mean value of (a) AT was significantly different between G2
and G3 (p =.002, 95% C.I. = -2.29, -.43), (b) IQR differentiated between G1 and G3 (p = .001, 95%
C.l.=-.60, -.22), as well as between G2 and G3 (p =.001, 95% C.l. = -.56, -.12), (c) IPR, was different
among G1 and G3 (p =.001, 95% C.l. = -.37, -.13) and G2 and G3 (p = .001, 95% C.I. = -.43, -.15),
and (d) OPR was also significant different between G1 and G3 (p =.001, 95% C.I. = -.59, -.14) and G2
and G3 (p = .006, 95% C.I. = —.60, —.08).

Table B4. Descriptive statistics for olive trees’ traits according to the three clustering groups.

L'.lb'.l-.lJ]|5zlJal:,l::'!.\'-'

G1(n=39) G2 (n=20) G3(n=21)
Variables Mean SD Mean SD Mean SD
Tree Architecture

H (m) 8.01 3.06 6.50 2.52 6.54 1.93
DBH (cm) 72.21 30.64 51.49 18.68 100.31 40.10
CA (m?) 54.52 24.63 48.99 30.87 49.36 17.91

Tree Vitality

Pr (kg) 45.01 12.52 44.85 15.17 24.63 15.44
PS 6.55 2.00 5.71 2.29 492 1.93

us 3.79 1.80 2.50 1.00 4.04 2.29

SR .60 .15 .65 .16 .55 14
SDV .012 .009 .012 .010 .019 .015
Age 241.31 64.66 197.58 39.43 300.60 84.62
LAl mean 3.61 1.11 1.82 1.10 1.23 1.19
LAl ange 2.29 1.09 2.11 .79 3.39 1.19
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Tree and Leaf Chlorophyll Concentration

CCl (n = 400) 125.10 20.74 117.77 18.98 56.93 14.57
MCLL (g/m?) .93 .088 .90 .08 .60 .08

TCLT (g) 190.76 103.11 51.04 19.77 37.90 42.73

OLS Parameters

PIL .06 .09 .16 .16 .67 13

TIA (m?) 15.28 25.76 8.69 9.48 40.89 46.48

Thermal Variables

AT -1.77 1.15 -2.36 1.38 -1.00 1.28
IQR .59 .18 .66 .20 1.00 A7
IPR, A7 .18 .53 .19 .58 .26
IPR, 40 13 37 .08 .66 .29
OPR .88 .26 .90 .23 1.25 .53
ETD .30 .03 31 .03 .32 .05
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B.4 Discussion

Our study represents the first attempt to monitor the pressures and the overall state of trees in
traditional olive groves which are located on the island of Lesvos, within a part of the recognized
European HNVf. For this, a crucial step was to separate the island’s extensive olive groves into
traditional and nontraditional. However, their identification was challenging, as their exact
boundaries were not mapped, and there was no accompanying information on the individual
cultivation methods used at the grove level nor any information on criteria used to define each olive
grove as a traditional one. Having determined the boundaries of the traditional olive groves, our
analysis focused on areas with a clear long—term absence of cultivation practices so that we have the
unequivocal image of the island’s traditionally grown olive tree state. After all, the agricultural land-
scape of the island of Lesvos has changed since the 1990s due to land abandonment (Kizos et al.,
2010) and, with it, cultivation practices have differentiated; nowadays, “cultivation” is often
restricted to the mere harvest of olives. In some cases, pruning is also carried out, which abruptly
modifies the vegetative—productive balance of the tree (pers. obs.). Therefore, an attempt was made
to find traditional olive groves with clear features of cultivation practices of the past, obtaining a
glimpse into the state of olive groves in the Mediterranean basin, as well as of Lesvos terraced
groves, of previous decades (Lo Bianco et al., 2021). These practices involved forming the trees’
shape to a great height and crown area, in order to overcome environmental stress and to produce
larger biennial crops, by being able to accumulate water and nutrients in their large trunk and
branches, and their extensive canopy and root system. Modern cultivation practices are substantially
differentiated in terms of techniques (irrigation, fertilization, mechanical harvesting, pruning) (Lo
Bianco et al., 2021) and shape of trees, aiming at low—growing irrigated trees, with a specific leaf
area that produces a constant crop annually (International Olive Council., 2007).

Having identified and located traditional olive groves, we introduced a comprehensive
methodological framework for traditional olive grove productivity prediction, including both easily
obtainable tree trait information, which can be recorded with simple tools even with the knowledge
and experience of an average olive grower, and additional information obtained with more
specialized, but noninvasive, tools and techniques. Contrary to intensive agricultural systems,
assessing productivity in traditional olive groves is acceptable without continual monitoring of a
large set of physiological and environmental variables because immediate interventions are not
possible and, occasionally, even not desirable. It should be noted that traditional olive groves tend to
be less easily accessible than more intensively grown olive groves, thus, minimizing the number of
necessary field visits is important. We selected techniques that can be used to collect field data in
one or a few sessions, at the correct time of year, to increase the applicability of our results by both
growers and cooperatives as well as by land management and nature conservation authorities.

As the main concern of all those involved in olive growing is tree productivity, we placed particular
emphasis on this parameter, bearing in mind that a typical olive tree in favorable environmental
conditions and with the proper management practices (regular pruning, fertilization, soil
management, pest and disease control) can be productively efficient for more than 100 years
(Ozturk et al., 2021). However, in traditional olive groves, in which the trees are much older, the
absence of effective cultivation practices, in conjunction with biotic and abiotic pressures (e.g.,
phloem shoot—to—root flow depression due to wood decay), leads to inner crown leaf drop and
retention of foliage on the outer part of the crown. Simultaneously, the inner branches start to be
replaced by others on the outside and, thus, the available resources are invested in nonproductive
structures (Paoletti et al., 2021; Fernandez—Escobar et al., 2013), resulting in decreased productivity
as trees trade reproductive for vegetative activity (Paoletti et al., 2021; International Olive Council.,
2007). Thus, in contrast with other studies (Stateras and Kalivas, 2020; Sola—Guirado et al., 2017), we
took into account four consecutive years for estimating average annual productivity as well as the
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average renewal of productive shoots. Theoretically, we should be able to consider only two
productivity years, due to biennial fruiting, but we noticed that, in our case, the alternate bearing
was not very clear (Figure B4), so we chose to include all four years. Moreover, the activation of
metabolic pathways related to the expression of alternate bearing is affected by a wide range of
climatic events which influence the vegetative and reproductive development of olives (Lavee,
2007), especially traditional ones, which we could not control.

The investigation of the relationship between productivity and the architecture and vitality traits of
the olive trees revealed significant evidence in linking these traits with traditional olive grove
functioning as a productive system. Of the twelve distinct traits that were either measured or
calculated (e.g., MCL,, TCLy), five were found to be positively related (PS, SR, LAlean, MCL, TCL;) and
two negatively related (SDV, LAl.nge) to productivity (Figure B5). Resistance mechanisms against
biotic and abiotic stressors are reduced in aged olive trees (Sofo et al., 2008), such as ours, and
physiological adaptation mechanisms (e.g., high photosynthetic rate with low stomatal conductance)
are affected by reduced vegetative activity (Gargouri et al., 2012; Chartzoulakis et al., 1999); these
effects are compatible with the negative productivity relationships with OLS variables.

On the one hand, the highest positive correlations which were observed between productivity and
MCL, and LAlnean confirmed the already established view that these traits are considered ideal
biophysical indices for the description of these relationships (Liu et al., 2019). Regarding MCL,, it is
well known that, despite being the essential driver of photosynthesis, and consequently olive
productivity, it should be used in combination with LAl (Heege, 2013), which is an important
criterion in evaluating olive trees’ state, as it shows the degree to which a tree can photosynthesize.
In our case, the LAImean for the 80 olive trees was particularly low (2.11 * .75), compared with the
optimal value of 6 for achieving high olive yields (International Olive Council., 2007). Apart from this,
we consider that the LAl values that we found are more representative of old, rather than young,
olive groves, as similar studies for measuring LAl in an old olive grove in Italy found a value of 3.5
(Cermak et al., 2007) and, in an intensive mature grove in Tunisia, a value of 2.8 (Aiachi et al., 2016).

On the other hand, the negative correlations between productivity and SDV and LAlrange, and both
the relationship between them (r = .427; p < .0001) and their relationship with other significant traits
(e.g., MCL,, PIL), identify two very important parameters for estimating olive tree health. To the best
of our knowledge, there is no other relevant study to use both of these traits as estimators of olive
tree health. Nevertheless, we consider that it is of great importance, as LAl highlighted the
deviation of olive trees from a healthy state, with extreme differences in LAl values taken into
account, while SDV estimated the possible extent of the trees’ phloem shoot—to—root flow
depression, by quantifying its structural abnormalities. In parallel, SDV is a crucial connecting link
between olive tree vitality metrics and infrared thermography; it describes trunk growth patterns,
which may exhibit cracks, wounds, detached bark, and cankers, and it shows a positive correlation
with almost all the thermal statistical variables which describe the thermal profile of olive trees
(Figure B5).

These relationships result from olive tree hydraulic physiology, as olive trees have developed
different strategies to sustain a balance between water supply and water loss (Johnson et al., 2016),
by either adapting their leaf and root distribution (Van Hees, 1997) or by entire branch failure (Rood
et al., 2000). Regarding their trunks, the alteration of their hydraulic properties due to less plasticity
leads to interrupting the water supply to all trunks’ neighboring segments (Domec et al., 2012).
Thus, possible hydraulic failure in conductive tissues, related to both water supply conditions and
xylem anatomical characteristics (LOpez—Bernal et al., 2010), causes the surface temperature of the
tree trunk to fluctuate (Burcham et al., 2012) and reflects tree health. IRT can detect these
fluctuations, indicating potential disturbances, when temperature distribution is uneven, or a
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healthy state when surface temperature is homogenous (Omran, 2017; Catena and Catena, 2008). In
our case, the exported thermal variables allowed the reliable detection of SDV, while their
association with other significant phenotypic traits provided critical insights into the conservation
state of traditional olive groves.

Given the prominence of traditional olive groves both on the island of Lesvos and in other parts of
Greece (Giourga et al., 2008), a detailed analysis regarding their productivity estimation based on
both trees’ phenotypic traits and their thermal properties is required. However, for productivity
assessment, it is important to take into account the possible susceptibility of traditionally grown
olive trees to disease infestations. In this context, we have created a suite of important features,
derived from the linear and the logistic models, which can satisfactorily explain traditional olive
grove dynamics.

The high explanatory nature of the four linear models, using different predictor groups, showed that
the four—year average productivity of the traditional olive trees can be explained to a very high
degree. This high explanatory power, as indicated by the coefficient of determination values,
especially in the “architecture and vitality traits” model (R* = .610) and in the “combination” model
(R®> = .702), showed that there are specific features of olive trees that can disclose the variation
levels of their productivity (Table B2). We consider this to be extremely important if one considers
that parameters that would potentially enhance our models, such as slope and aspect at individual
tree level, slope and aspect of terraced sites, soil nutrient content, and trees’ competition levels,
which were essential in other predictive models for olive tree productivity (Stateras and Kalivas,
2020), were not taken into account. The separate examination of each harvest season, although with
a lower explanatory power in three out of four years, followed a similar pattern: the “architecture
and vitality traits” and the “combination” models showed an explanatory power ranging from 41.5%
to 60.2% (Tables BS2—-BS5).

It is noteworthy that, even though the model based on thermal variables showed moderate
interpretive power in estimating of Prmean (R® = .463) (Table B2), lower still for individual years
(24.5-35.4%) (Tables BS2-BS5), infrared thermography appears to be a valuable method for
obtaining precise data for productivity estimation. Among the extracted thermal variables, only IQR
had an important contribution to Prmean in the “thermal” model, while in the “combination” model,
IQR showed the third—largest unique contribution (5.4%) out of the six predictive factors.
Additionally, the negative coefficient of IQR demonstrates an inverse relationship of IQR with
productivity, supporting the view that a uniform tree trunk surface temperature distribution is
associated with a healthy tree state and higher productivity.

The dependence of productivity from OLS severity metrics indicated a moderate to low inverse
effect (R> = .368; Table B2), which strengthens the argument, also reported by MacDonald et al.
(MacDonald et al., 2000), that this fungal disease is probably responsible for the reported low
productivity of the infected olive trees. Indeed, by repeating the multiple linear regression with the
poor condition group of trees (G3), the explanatory power of the model rises to 46.5% (F (2, 19) =
18.41, p < .001, R* = .465), having TIA as the only statistically significant explanatory variable in the
final model. Following the same procedure for the G1 and G2 groups did not yield any significant
results. The age of the G3 olive trees (300.60 + 84.62 years) also played an important role;
controlling for the effect of age, the correlation of Prmean with PIL had a negative nonsignificant
coefficient (r = -.44; p = .053) and a positive nonsignificant coefficient with TIA (r = .26; p = .254).

Assessing the olive tree infection by OLS indicated that 58.75% of the studied trees were infected.

The presence of fungal pathogens is difficult to control as their populations show spatiotemporal
and genetic variability, depending, to a large extent, on humidity and ambient temperature, while
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climate change increases the risk of infection in trees (Garrett et al., 2016). The logistic regression
models had a high discriminatory performance and were quite informative regarding the predictors
of both architecture and vitality traits and thermal variables groups, indicating that the probability of
OLS infection could be predicted accurately by MCL, and IQR. On the extremely high predicted
classification accuracy of MCL, (95.7%), trees with no symptoms presented a mean MCL, of .98 + .03
g/mz, while those classified as infected had a much lower value of MCL, (.73 + .14 g/mz). This
differentiation occurs as the infected leaves undertake a gradual deterioration of their cytoplasmic
contents, resulting in the degradation of chloroplasts and the progressive disappearance of
chlorophyll (Lanza et al., 2017). From the standpoint of assessing OLS presence using thermal
variables, it is understood that both the classification accuracy (80%) and the degree of explanatory
power of the model (39%) are not ideal to suggest the use of IRT for detecting infection in olive
trees. However, we must keep in mind that the examined thermal variables (IQR) (a) had a
substantial difference between infected (.85 * .38) and non—infected trees (.55 + .13), and (b) were
calculated from infrared images of the tree trunk and not from the leaves, which is the main organ
that this disease affects. In addition, IRT has been proved to be a valuable method for identifying
biotic stresses by analyzing temperature alterations in plant leaves (Ishimwe et al., 2014).

The classification of the 80 trees in three classes (G1, G2, G3) enabled tree health state
categorization at a population level, as the group G1 includes olive trees that are in a good condition,
G2 includes trees in an intermediate state, and group G3 contains trees which are in poor condition.
Moreover, specific traits of the olive trees’ groups can be adequately described, to some extent, by
the extracted thermal variables, as shown by the initial examination of the relationships between
them (Figure B5). In particular, it is noted that G1 and G3 display the lowest and highest values in all
thermal variables, respectively, while G2 lies somewhere in between, except for AT (Table 4).

The high AT value of the G3 trees indicated their low temperature distance from Tamb; this means
that the tree trunk has a faster response to ambient temperature indicative of hollows within the
trunk where the air enters and heats the trunk surface faster. Paradoxically, regarding a particularly
important thermal variable describing the actual extent of defect patches (EAT), we did not find any
statistically significant differences between the examined groups (F (2, 77) = 2.97, p = .057); this
suggests that the area of any abnormalities is not as important, at least for traditional olive groves,
as their intensity, described by the IQR for the whole tree and by the OPR for individual elements of
the trunk. Hence, the three classes that describe the health state of olive trees (good, intermediate,
poor) correspond to specific value ranges of these thermal variables. Poor condition corresponds to
the highest values of the extracted thermal variables, while good condition corresponds to the
lowest values.

Thus, combining the results of productivity assessment, infected trees’ identification, and
hierarchical classification, we can conclude that mainly IQR and secondarily OPR can be considered
as indicators of olive trees’ health state. The low value of these indices confirms the homogeneous
temperature distribution on the tree trunk, as originally described by Catena and Catena (Catena
and Catena, 2008), and identifies high values of vitality traits simultaneously with the absence of the
OLS disease. Therefore, these indices are appropriate for measuring the thermal profile of each olive
tree and for assessing its health state.

In conclusion, our results provide evidence for a combinatory methodological framework for
traditional olive grove productivity prediction, taking into account typical phenotypic, spectral, and
thermal tree traits. We further demonstrate that it is possible to detect the incidence of OLS in
traditional olive groves and to classify olive trees into different health state categories using the
same variables. Although infrared images did not provide the best prediction of tree productivity,
nor the optimal classification for OLS incidence, nonetheless, they could give satisfactory
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information for a rapid first assessment of the health and productivity of a traditional olive grove
noninvasively. Combined with long—established methods and tools of assessing health and
productivity, such as LAl and chlorophyll concentration, they can further improve the predictive
power to a very high level. Overall, this study establishes a foundation for the design and application
of appropriate management measures of traditional olive groves using a relatively simple and time—
saving, but sufficiently accurate, methodology.
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Appendix BS

Table BS1. Descriptive statistics for olive tree productivity for all the examined harvest years (N = 80).
Pyrgi site Agiasos site Both sites
Pr (kg) PS us SR Pr (kg) PS us SR Pr (kg) PS us SR

Year

2017 53.50+21.72 4.92+254 3.6+214 56+.22 5488+2159 487+2.77 3.47+158 55+.19 5419+21.53 49+264 3.53+187 .55%.20

2018 37.12+18.00 6.12+2.72 3.6+2.14 .62+.19 38.75+1821 495+2.70 347+158 .56+.18 37.93+18.01 5.53+2.76 3.53+1.87 .59+.19

2019 38.87+16.23 6.72+3.29 3.6+2.14 .64*.16 373712172 7.62+436 347+158 .65+.17 38.12+19.06 7.17+3.87 3.53+1.87 .64+.17

2020 2532+23.81 56+451 36214 .61+.22 31.15+2152 652+3.74 3.47+158 .61+.17 28.23+22.74 6.06+4.14 353+1.87 .61+.20

Table BS2. Final models obtained from multiple linear regression analyses for estimating productivity of 2017 harvest season. All multiple regression models were statistically significant (p < .05). The
slope of the predictor variable for the response variable (B), the standard error for the slope (SE B), the standardized beta (B), the t—test statistic (t), the probability value (p), the squared semipartial
coefficient (srz), the regression—adjusted coefficient for the multiple regression model (RZ), and the predictive capability of the models (F).

Variables set Response Variable Predictor Variables B SEB B t p sr’ Adj. R? F
(constant) 66.19 6.03 10.97 .00
. o . SDV -490.30 182.26 -.26 -2.69 .00 .053
Architecture and Vitality Traits Pryo1y AL 491 124 31 3.40 00 085 418 19.93
LAl ange -6.11 1.75 -.33 -3.48 .00 .089
(constant) 60.56 2.81 21.50 .00
OLS Praoy PIL -43.15 8.21 -.58 -5.25 .00 .263 .246 13.921
TIA 21 .07 .32 2.92 .00 .081
(constant) 79.87 4.73 16.88 .00
Th | P .306 35.91
erma 2017 IQR -35.63 5.94 56 -5.99 00 310
(constant) 89.66 5.83 15.37 .00
Combination Pryp17 CA -.18 .08 =21 -2.39 .02 .040 447 13.76
LAl ange -4.06 1.95 -.22 -2.08 .04 .030
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.00 .055
.00 .086
.00 .059

Table BS3. Final models obtained from multiple linear regression analyses for estimating productivity of 2018 harvest season. All multiple regression models were statistically significant (p < .05). The
slope of the predictor variable for the response variable (B), the standard error for the slope (SE B), the standardized beta (B), the t—test statistic (t), the probability value (p), the squared semipartial
coefficient (sr’), the regression—adjusted coefficient for the multiple regression model (R%), and the predictive capability of the models (F).

Variables set Response Variable Predictor Variables B SEB B t p sr? Adj. R? F
(constant) 42.71 5.01 8.51 .00
Architecture and Vitality SDV -393.50 151.61 -.25 -2.59 .01 .048
P 42 20.4
Traits fa018 LAl imean 4.48 1.03 39 4.34 .00 137 > 0.46
LAl ange -4.07 1.46 -.26 -2.78 .00 .056
(constant) 43.17 2.41 17.88 .00
OoLS Pryois PIL -33.6 7.04 -.54 -4.77 .00 228 .209 11.42
TIA .15 .06 .28 2.45 .01 .060
(constant) 60.97 3.82 15.96 .00
Th [ P .354 44 31
erma o018 IaR -31.96 4.80 ~.60 -6.65 .00 362
(constant) 35.18 7.27 4.83 .00
SR 17.84 7.82 .19 2.28 .02 .035
inati P 464 23.
Combination o018 LAl ean 3.64 1.00 32 3.50 .00 083 6 3.80
IQR -23.5 4.85 -.44 -4.84 .00 .159

Table BS4. Final models obtained from multiple linear regression analyses for estimating productivity of 2019 harvest season. All multiple regression models were statistically significant (p < .05). The
slope of the predictor variable for the response variable (B), the standard error for the slope (SE B), the standardized beta (B), the t—test statistic (t), the probability value (p), the squared semipartial
coefficient (sr’), the regression—adjusted coefficient for the multiple regression model (R%), and the predictive capability of the models (F).

Variables set Response Variable Predictor Variables B SEB B t p sr? Adj. R F
Architecture and Vitality (constant) 12.26 16.413 74 .45
Traits Pryo19 DBH .18 .06 34 3.07 .00 .070 415 15.03
CA -.15 .07 -.20 -2.12 .03 .033
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LAl ange -7.03 1.68 _43 _4.16 .00 128
MCL, 45.06 14.03 39 3.21 .00 076
(constant) 43.33 2.63 16.42 .00
oLs Praoss PIL ~31.46 7.7 47 ~4.08 .00 178 157 8.34
TIA 13 07 22 1.87 .06 037
(constant) 61.12 4.17 14.66 .00
Thermal Praois IQR -31.90 5.24 57 -6.09 .00 322 313 372
(constant) 59.35 5.99 9.90 .00
o LAl ean 2.55 1.11 21 2.29 02 036
Combination Praons LAl nge -6.71 1.61 -.41 -4.17 .00 120 452 22.73
IOR -14.66 5.99 26 ~2.44 02 041

Table BS5. Final models obtained from multiple linear regression analyses for estimating productivity of 2020 harvest season. All multiple regression models were statistically significant (p < .05). The
slope of the predictor variable for the response variable (B), the standard error for the slope (SE B), the standardized beta (B), the t—test statistic (t), the probability value (p), the squared semipartial
coefficient (sr’), the regression—adjusted coefficient for the multiple regression model (R), and the predictive capability of the models (F).

Variables Set Response Variable Predictor Variables B SEB B t p sr? Adj. R F
(constant) 46.55 5.34 8.71 .00
Architecture and Vitalit DBH -.39 .04 -.61 -8.46 .00 361
Traits ¥ Prao20 SDV -428.23 148.24 =22 -2.89 .00 .042 .602 30.86
LAlean 3.75 1.51 .26 2.49 .01 .031
TCL; .06 .02 .30 3.00 .00 .045
(constant) 40.84 2.59 15.77 .00
L P .407 2
oLs 2020 PIL -50.56 6.80 -.64 -7.43 .00 414 0 >5.26
(constant) 52.62 5.21 10.09 .00
Th I P .245 26.65
erma 2020 IOR -33.83 6.55 -.50 -5.16 .00 255
(constant) 46.556 5.34 8.71 .00
DBH -.39 .046 -.61 -8.46 .00 361
Combination Pruo20 SDV -428.23 148.24 -.22 -2.89 .00 .042 .602 30.86
LAl can 3.75 1.51 26 2.49 .01 .031
TCL; .06 .02 .30 3.00 .00 .045
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Figure BS1. The ROC curves for logistic regression models using (a) the architecture and vitality traits and (b)
the thermal variables.
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C. Investigating the effect of resin collection and detecting fungal infection in
resin-tapped and non-tapped pine trees, using minimally invasive and
non-invasive diagnostics

Abstract

In pine stands systematic harvesting of forest products, such as resin extraction, are known to affect
trees’ vitality and consequently their response to fungal diseases. The latter constitutes a serious
threat for standing vigorous trees, thus early warning signals and short diagnosis time of fungal
pathogens, are crucial for designing effective forest management practices. In this study, we
explored the effects of the resin extraction process, which was one of the most prominent economic
traditional activities throughout the Mediterranean region, on the pines’ growth, and detected
fungal presence in resin-tapped and non-tapped pine trees. For this, we obtained phenotypic
information from 333 resin-tapped and 163 non-tapped Pinus brutia trees, in 20 forest stands, on
the island of Lesvos, Greece, by combining in-situ minimally invasive (tree coring) and non-invasive
diagnostics (infrared thermography), with the trees’ phenotypic traits and indices. In each stand,
tree cores were extracted from 34% of the total trees, while the fungal presence was confirmed (a)
by the discoloration and decay patterns in the tree cores, (b) by external indicators of decay, such as
fruiting bodies, and (c) by the sudden change in boring resistance during the tree cores’ extraction.
To evaluate the effect of resin tapping on pines' growth, we developed hierarchical multiple linear
regression models controlling parameters related to pines’ phenotypic traits, while for estimating
the fungal presence, we used a set of logistic regression models. The results indicated that the
number of tapping scars on the pines’ trunk surface, resulting from the resin extraction process,
explained the decrease of (a) the average annual growth of the pines by 9.2%, (b) the annual growth
after the resin extraction process by 11.7%, while the explanatory power increased to 19% in the
trees with a low ratio of their resin extraction age to their total age. The fungal presence was
successfully classified (a) in 91.5% of the resin-tapped cases we examined, and (b) in 94.9% of the
resin-tapped and non-tapped trees when combining the trees’ phenotypic traits and indices with
non-invasive diagnostics. These findings may contribute in monitoring forest stand dynamics in order
to prevent or mitigate their degradation, and also towards effective management plans concerning
the resin extraction in Greece.

Keywords

Pinus brutia, infrared thermography, hemispherical imaging, tree coring, fungal detection
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C.1 Introduction

Forest ecosystems are of major importance for humankind, due to the fact that they provide a
variety of ecosystem functions and services (Gamfeldt et al., 2013; Brockerhoff et al., 2017; Mori et
al., 2017) and also because of their regulating and supporting role towards biodiversity conservation
in general (Watson et al., 2018). However, as in any other ecosystem, they are already experiencing
the effects of several major perturbations resulting from climatic alterations (Ameztegui et al., 2018;
Li et al., 2018; Jandl et al., 2019; Morecroft et al., 2019), as their life expectancy does not allow them
to adapt quickly to changes in environmental conditions (Ogawa-Onishi et al., 2010; Gilliam, 2016;
Bisbing et al., 2021), with better-documented those in species phenology (Xie et al., 2018; Chen et
al., 2019; Piao et al., 2019), distribution (Dyderski et al., 2018; Peterson et al., 2019), and physiology
(Holopainen et al., 2018; Morin et al., 2018; Lahive et al., 2019). At the same time, forests are
particularly vulnerable to several biotic (e.g. fungi, bacteria, insects, parasitic plants) and abiotic (e.g.
pesticides/herbicides, soil conditions, water availability) stresses recurring throughout their life (Boa,
2003; Teshome et al., 2020); their interaction (Anderegg et al., 2015) along with the increasing
frequency and severity of extreme weather events (IPCC, 2018), can potentially lead to changes in
the availability of natural resources (Brown et al., 2011; Siry et al., 2018), diversification of forest
areas (Nerfa et al., 2020), and reduction of their productivity and their regeneration (Walmsley et al.,
2009; Pretzsch, Biber, Uhl, and Dauber, 2015; Gardner et al., 2019).

The combination of these disruptions can be amplified by the already existing and well-known
anthropogenic pressures, such as overgrazing (Hao et al., 2018), increasing demand for timber
(Piponiot et al., 2019; Zhang et al., 2020), and chronic harvesting of non-timber forest products
(Lopez-Toledo et al., 2018; Tieminie et al., 2021). In particular, harvesting of non-timber forest
products (e.g. bark, fruit, leaves, latex, resin) is generally considered less harmful with little or no
ecological impact to forest ecosystems, since it does not drive to instant tree mortality (Ticktin,
2004). However, excessive exploitation of these detachable products, may change the forests’
biological processes (Gaoue and Ticktin, 2008; Gaoue et al., 2013), directly affecting tree physiology
and forest structure, by mainly altering the trees’ survival, reproduction, and growth rates (Ticktin,
2004; Endress et al., 2006). In parallel, there are indirect effects with most important, the
susceptibility of trees to pathogens and pests spread (Matsuhashi et al., 2020). In any case, the
number of invasive fungal pathogens in Europe has increased exponentially (Santini and Battisti,
2019; Prospero et al., 2021), over the last four decades, with fungal infections being considered as
the leading causes of infectious diseases in forest trees. Controlling fungal pathogens is difficult due
to spatiotemporal and genetic variability of their populations, while climate change increases the
risk of infection in forest trees (Garrett et al., 2016). Altogether, these factors affect the trees by
reducing their growth (Papadopoulos, 2013) and leading to an increase in their mortality (Camarero
et al., 2018).

One of the most important, but at the same time, less studied non-timber forest products, in terms
of the impact that its harvest has on both the growth of trees and the possibility of pathogens and
pests infestation, is oleoresin. Oleoresin, or simply called resin, a complex mixture of terpenoids,
constitutes the most important and complex ecological, chemical, and physical defense mechanism
of conifers (Trapp and Croteau, 2001; Piponiot et al., 2019; Garcia-Forner et al., 2021) (Trapp and
Croteau, 2001; Rodrigues-Corréa et al., 2012; Garcia-Forner et al., 2021); its extraction was
considered a traditional forest activity with a major economic role (Palma et al., 2016) especially for
Mediterranean countries (Calama Sainz et al., 2011; Papadopoulos, 2013). As with any other
defensive trait, resin synthesis, production, transport, and maintenance has a particular metabolic
cost and probably an allocation cost for the pines; terpenoids compounds are the most energetically
expensive defensive metabolites (Gershenzon, 1994) competing especially with pines’ growth and
secondary metabolism (Zist and Agrawal, 2017). This cost has been studied in a variety of different
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conifer species by investigating resin extraction’s effect on trees’ growth rate, with somewhat
contradictory results either positive (Magnuszewski and Tomusiak, 2013; van der Maaten et al.,
2017) or negative (Papadopoulos, 2013; Génova et al., 2014; Chen et al., 2015; Rodriguez-Garcia et
al., 2016; Zeng et al., 2021), while others report that there is no significant effect either on the trees’
growth or on their ability to respond to possible environmental changes (Williams, 2017; Du et al.,
2021). These contradictory and ambiguous results may be due to the different number of the
extracted cores or cross-sections (disks) analyzed per tree, the tapping methods used from the resin
collectors, the ratio of the resin-tapped to non-tapped trees, and the different pine species which
were studied (P. pinaster, P. halepensis, P. tabuliformis, P. massoniana, P. sylvestris, P. elliottii). This,
combined with the conifers’ resin canals phenotypic and intraspecific genetic variation (Moreira et
al., 2015; Vazquez-Gonzdlez et al., 2019) as well as the small number of studies available so far, does
not allow a safe conclusion to be drawn on the question of whether and how exactly resin affects
tree growth.

At the same time, this ecological defense trait against herbivores and pathogens predation (Phillips
and Croteau, 1999; Cheng et al., 2007) sterilizes and insulates damaged tissues ((Celedon and
Bohimann, 2019), by spreading out the oleoresin to the tree trunk, where their resin acids form a
physical barrier sealing the wound and entrapping the pests (Wallin et al., 2003) and their associated
pathogenic fungi (Trapp and Croteau, 2001). However, when the resin extraction process is chronic
or takes place on many distinct fronts of the pines’ trunk, constant resin collection leaves the
wound(s) exposed, resulting in creating optimal conditions that lead to the colonization of the trees’
internal functional areas or non-functional tissues by fungal communities. The speed of wound
occlusion (new tissue which has been generated in the outer wound area) (Shigo and Marx, 1977)
depends on the size of the wound and the vitality of the particular tree. However, behind the
occluded tissues, the internal area within the wound may be decayed over time, due to well-adapted
fungal species to these conditions (Fay and de Berker, 2018). If the occlusion occurs quickly, then it is
possible to cause only a simple discoloration on the wood. However, if the wound remains open for
a longer period of time (e.g. to collect the resin) and the environmental conditions are favorable,
then the exposed wood is going to be colonized by bacteria as well as fungal pathogens. The latter
constitutes a serious threat regarding standing vigorous trees; it is among the leading causes of their
mortality and contributes greatly to forest stands degradation.

For these reasons, effective monitoring through early warning signals and short diagnosis time of
fungal pathogen presence, in resin-tapped and non-tapped trees, along with the study of the effect
of resin extraction process on their growth, are crucial elements in preventing or mitigating the
effects of the resin extraction process in coniferous forest stands.

In recent years, in order to obtain information on tree responses to past environmental stresses
(Pedersen, 1998) and biotic and/or abiotic disturbances (Cherubini et al., 2003), a variety of different
plant phenotypic methodologies (Huang et al., 2020) resulting from screening, evaluation, and
diagnostic tools (Burcham et al., 2012; Leong et al., 2012; Goh et al., 2018), invasive and non-
invasive, along with conventional and well-established forestry techniques, have been developed.
The combination of these phenotypic methods and tools, which are mainly used towards tree health
estimation, can provide precise information regarding the scale and the extent of disturbances
(Hartmann et al., 2018), caused to tree tissues from wood decomposition (Johnstone et al., 2010),
and at the same time they can be used for investigating the effects of these disturbances to tree
growth.

Minimally invasive methods such as dendrochronology (Tsen et al, 2016) have been used

extensively in tree-ring research for determining tree growth rate, age, and soundness for indirectly
quantification of tree productivity and health (Kozlowski et al., 2012), with the parallel detection of
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wood decay at the drilling point (Goh et al., 2018). In contrast, there are non-invasive phenotypic
approaches and tools for monitoring the physiological, growth, development, stress, and other
phenotypic traits of trees (e.g. leaf area, aboveground carbon/biomass, canopy structure) (Fahlgren
et al., 2015), which belong to the wider field of remote sensing (Torresan et al., 2017), such as
satellite datasets (Safari et al., 2017; Padua et al., 2018), visible, fluorescence, hyperspectral, and
infrared imaging (Humplik et al., 2015). Among these modalities, infrared thermography (IRT) has
the ability to accurately (a) estimate tree health state (Catena and Catena, 2008; Bellett-Travers and
Morris, 2010; Vidal and Pitarma, 2019), (b) detect pests and fungal infestation in forest areas (Al-
doski et al., 2016; Asner et al., 2018), and (c) estimate trees’ structural abnormalities (Zevgolis,
2022b), while it is considered one of the most promising non-invasive techniques for stress-related
responses of trees (Zevgolis et al., 2022).

A synthesis of these methods can produce a comprehensive methodological framework and provide
the necessary information for describing the effect of resin extraction on pines’ growth as well as
assessing the likelihood of fungal infestation in their trunks. In this light, the main aim of our
research was to explore the effects of the resin extraction process, which was one of the most
prominent economic traditional activities throughout the Mediterranean region, on pines’ growth,
and to detect fungal presence in resin-tapped and non-tapped pine trees. For this, we obtained
phenotypic information from Pinus brutia trees on the island of Lesvos, Greece, combining in-situ
minimal invasive (tree coring) and non-invasive (IRT) diagnostics, with the trees’ phenotypic traits
and indices derived from commonly used forestry techniques, in order to investigate the following
objectives: (a) to examine the relations between pines’ phenotypic traits with their thermal and
humidity indices, (b) to quantify the effect of the wounds, resulting from the resin-extraction
process, to the pines’ mean annual growth, (c) to estimate the effect of all traits and indices on
pines’ growth, and (d) to examine if the pines’ phenotypic parameters as well as their growth rate,
can explain the presence of fungal pathogens.
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C.2 Materials and methods
C2.1 Study area

Lesvos, the third-largest island of Greece in the north-eastern Aegean Sea, with an area of 1632.8
km?2, encompasses the largest Coniferous forests (Pinus brutia and Pinus nigra), among the islands of
the Aegean sea (342.9 km?), which are an ecologically important constituent of the Mediterranean
flora, promoting the existence of the resin tapping activity since the beginning of the previous
century (Figure C1). Located at the central part of the island is the densest and continuous, in terms
of forest structure, P. brutia forest (220 km?) (Palaiologou et al., 2020) with its largest part belonging
to the Natura 2000 Network. The island’s climate is typical Mediterranean, characterized by cool-
moist winters with a mean temperature of 9.6 °C in January, and warm-dry summers with a mean
temperature of 27.0 °Cin July (HNMS, 2021).

- Pine forest

= Coastline

Figure C1: Map of the study area on the island of Lesvos showing the distribution of pine forests.

We randomly selected and established a total of twenty (20) forest plots of 900m? each (30 m x 30
m) from April to May in 2018, in a continuous and homogeneous part of the P. brutia forest, which
was not subjected to systematic management, attempting to avoid the edge effect, grazing patches,
and areas that had been logged or thinned in the previous years. All plots had a mean slope of
approximately 15%, while the understory, in all plots, consisted of 45 plant species from 17 families
with the predominant belonging to the families Cistaceae, Fabaceae, and Poaceae (pers. obs.).

C2.2 Metrics of P. brutia phenotypic traits and indices

In each stand, during the end of autumn of 2018, we documented all the P. brutia individuals and
their phenotypic traits directly related to their architecture and vitality. All data were recorded on an
inventory form, while each tree, within the 20 plots, received a unique code label for future
monitoring. We recorded the typical phenotypic traits describing each tree’s architectural structure
and shape: (a) height (H—m), (b) diameter at breast height (DBH—cm), (c) the height at the crown
base, and (d) the major and minor axes of the crown, using common forestry tools and methods
(clinometer, measuring tapes, vertical sighting method) (Pretzsch, Biber, Uhl, Dahlhausen, et al.,
2015). Based on these traits we calculated each tree’s crown area (CA—m?) and its crown length, by
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subtracting the height at the crown base from the total tree’s height, in order to have an accurate
estimation of each tree’s crown ratio (CR). This index, resulting from the ratio of the crown length to
the tree height, in addition to providing an indication of tree stability and vitality (Kontogianni et al.,
2011) also expresses the past cumulated competition conditions in which each individual tree grew
(Soares and Tomé, 2003).

In addition, keeping in mind that trees growth is influenced by their competition with neighbouring
trees during their life (Radtke et al., 2003; Searle and Chen, 2020), we also calculated Hegyi’s
competition index (HCI) (Hegyi, 1974), one of the most popular and frequently used competing
indices, which is based on the focal tree size, the tree sizes, and the distance between trees in a
given stand. High values of this index equates with a high level of neighbourhood competition for
the focal tree, assuming that the competition effect among the trees had not changed during the
sampling period (Figure C2).
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Figure C2: Sample of the spatial distribution of the P. brutia trees in the third plot. The trees’ size is presented
by the size of the circle. Larger size indicates a larger diameter. The code labels are referred to resin-tapped
(with the R) and non-tapped pine trees. High values of Hegyi’s index are illustrated by the red color, indicating
the competition which is exerted on the specific trees.

Regarding P. brutia vitality, we estimated the leaf area index (LAl); LAl is an important biophysical
attribute related to a variety of different ecological processes such as photosynthesis,
evapotranspiration, and net primary productivity (Coops and Waring, 2001; Nakamura et al., 2017).
For estimating LAI, we used the hemispherical imaging method: A Canon EOS 60D camera with a
wide-angle lens (hemispherical lens) was placed vertically on the trunk of each pine tree, at a height
of 1.3 m from the ground, to photograph the crown area which was located both above the resin
scar and the non-resinous side of the trunk (Figure C3). We initially processed the collected
hemispherical images using the HemiView canopy image analysis software (Delta-T Devices,
Cambridge, UK) in order to estimate the mean value of the leaf area index (LAlyean) for the total
crown of each pine. We further proceed with calculating the leaf area index for (a) the crown above
the resin scar (LAl,.i,) and above (b) the non-resin (LAl onresin) Surface of the trunk, as well as (c) the
range of LAl values for each tree (LAl ). For the non-tapped pine trees we took the hemispherical
images from the opposite sides of the trunk.
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Figure C3: Sample of two hemispherical images of a P. brutia tree: (a) the hemispherical image from the
opposite side of the scar and (b) the hemispherical image over the resin extraction area of the trunk.

Another factor of great significance, directly related to tree vitality, is the extent of the xylem and
phloem tissue wounding. The effect of the “chipping method” in which the wound was created by an
ax (Papadopoulos, 2013), commonly used in the island of Lesvos from the resin collectors, varied
among them (Fr. E. Kakambouras, personal communication, April 12, 2018), and thus, as in any other
scar (e.g. fire) it differentiated the influence of wounds on the pines’ xylem tissue, based on their
depth and size (Arbellay et al., 2014; Rodriguez-Garcia et al., 2016). Therefore, in each tree, we
measured the number of tapping scars (TS) while at the same time we recorded their dimensions:
the vertical diameter (VD—cm), the horizontal diameter (HD—cm), and the internal diameter (ID—
cm). From these scar traits we estimated each tree’s functional perimeter (FP), as a proxy of the scar
effect on the pines phloem and xylem tissue, using the formula FP = (((rt x DBH) — VD) - (1t x DBH)) x
(m x DBH)™ x 100. Moreover, for the evaluation of the pines’ mechanical integrity, we applied a
strength loss equation (SL) (Smiley and Fraedrich, 1992) by taking into account the dimensions of
the trees’ tapping scars, and the ratio of HD to tree perimeter (SL = HD? + (HD x (1t x DBH) ™" x (DBH® -
HD?) x (100 x ((DBH?) 7).

C2.3 Collection, pre-processing, and creation of thermal and humidity indices for pine trees

We performed IRT imaging on the pines’ trunks using a handheld thermal camera (Testo 875-1i,
Testo SE & Co. KGaA, Lenzkirch, Germany), which was calibrated, at the exact shooting moment, in
the field, using ambient temperature, relative humidity, and emissivity values (e = .95) (Briscoe et al.,
2014), which we obtained individually for each tree under its crown, using a portable weather
station and a solar radiation meter (Amprobe SOLAR-100). We took the infrared images at the part
of the trunk where the oldest resin scar was located, in the early morning hours, at a standard
distance of 3.0 m, in order to avoid atmospheric composition errors (Minkina and Dudzik, 2009) and
temperature inaccuracies in the tree trunk, due to the entrance of solar radiation through the tree
canopy. In cases where there was more than one scar, we chose to photograph the one with the
largest dimensions, which was, according to resin collectors, the oldest one.

The processing of the infrared images was carried out in two stages; the first one involved an initial
analysis using the TESTO IRSoft® (v. 4.3) software package, while the second one by using the ArcGIS
Analysis toolbox (v. 10.2) (ESRI Inc., Redlands, CA, USA). Specifically, using the TESTO software, we
initially calibrated the infrared images by inserting the meteorological data obtained in the field and
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then we exported the infrared images in a text file format using two different colour palettes; the
temperature image pallete and the humidity image pallete. The temperature pallete produces a
dataset of temperature values for the whole image (160 x 120 pixels), in which each pixel has a
particular temperature value that represents the tree trunks’ adaptation to environmental
conditions. Accordingly, the humidity pallete is calculated, for each pixel, taking into account the
relative surface moisture of the trunk. In the second stage, we inserted the text file in the ArcGIS
toolbox, we converted the text file to a raster dataset and point features (each point had a particular
temperature or humidity value), and then we selected manually the pines’ trunks by creating a
unique polygon for each tree, in a shapefile format. In this way, we isolated the trunk of each
examined pine from the other trees in the background, and thereafter we extracted the
temperature and humidity values within each tree trunk’s area (Figure C4).
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Figure C4: Main methodological procedure of extracting the tree trunks’ temperature and humidity values
with the use of ArcGIS Analysis toolbox: (a) refer to the calibrated image after being imported in ArcGIS, as a
raster layer, using the temperature pallete; (c) refer to the calibrated image using the humidity pallete; (b) and
(d) refer to the pines’ trunk after the polygon creation using a shapefile format.

In order to create thermal and humidity indices for the pine trees, we extracted the trunk
temperature and humidity values, based on the tree trunk histogram, and we initially calculated the
typical central tendency and variability measures. Due to the fact that assessing the scars as
individual traits, appearing on the pines’ trunks, directly related to the pines’ health state requires
the study of extreme temperature and humidity values, we chose to use the interquartile trunk
temperature (Tiqr) and humidity (Hiqr) range, in order to assess the state of each pine tree
holistically. We avoided the use of range metrics, as the effect of outliers would significantly affect
our analysis.

C2.4 Assessment of pines’ growth and wood decay fungi presence

In each stand, during the autumn of 2019, we obtained tree cores from the 34% of the total standing
trees, by random sampling, in order to diminish the possible impact of this technique on the tree
population. Following the best-practice guidelines presented by Tsen et al. (2016), we chose to
extract tree cores, with the use of a 5 mm increment borer, from both resin-tapped and non-tapped
pine trees. In particular, we extracted two cores from each resin-tapped tree, one from the tapping
face where the oldest resin scar was located, and the other from the living part of the stem, above
the tapping face, at approximately 1.3 m above the ground. In addition, we extracted one increment
core from each non-tapped tree, at breast height. We did not obtain two cores from the non-tapped
trees, as it has been shown that decreasing the sampling effort per tree reduces the possibility of
pathogenic inoculation (Tsen et al., 2016). Thereafter, the core samples were brought back to the
Biodiversity Conservation Laboratory at the University of the Aegean, and we mounted them on
wooden holders in order to air-dry. We highlighted their annual rings, by using an electric planar and
a few finer grit sandpapers, progressively, up to 1200 grit, and we scanned each core with a
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CanoScan LiDE 400 (Canon Inc., Tokyo, Japan) at a resolution of 600 dpi. We used the software
program CooRecorder (version 9.3.1., Cybis Elektronik and Data AB, Sweden) to mark and measure
annual growth rings, while we estimated a variety of different variables related to the pines’ tree-
ring information: (a) total age, (b) age in which they were resin-tapped, (c) mean annual growth
(AG.), (d) mean annual growth before resin-tapped (AG,,), and (e) mean annual growth after the
resin tapping (AG,,). Based on these metrics, we calculated the ratio of the pines’ resin-tapped age
to their total age (RT), as we considered this an essential parameter that influences pines’ growth.

Finally, we examined the obtained cores for fungal colonization, based on descriptions of
discoloration and decay patterns (Shigo and Marx, 1977), by visual and stereoscopic observations. At
the same time, we had also inspected each tree, during the establishment of the plots, for the
occurrence of external indicators of decay, including fruiting bodies presence (Nicolotti et al., 2010).
However, due to the fact that the presence and distribution of fruiting bodies on a tree can give
misleading information (Luana et al., 2015), we also paid attention to the sudden change in boring
resistance during the tree cores’ extraction. We categorized this into normal and abnormal (the drill
entered into the pine trunk very easily), and we combined these parameters into one binary variable
(fungal presence = 1, fungal absence = 0), by combining information from cores’ discoloration,
fruiting bodies’ presence, and drilling resistance.

C2.5 Data analysis

All the statistical analyses were carried out using SPSS software (v. 25.0. Armonk, NY: IBM Corp.).
The assumptions required were all met and statistical significance was assumed at the 5% level.
Summary statistics are expressed as means * standard deviation (SD).

For examining the relationships between the pines’ phenotypic traits and the thermal and humidity
indices, we visually examined their associations in scatterplots and assessed their relationship using
Pearson’s correlation coefficient (r).

For evaluating the effect of the resin extraction process on pines’ growth, we developed hierarchical
multiple regression models, controlling parameters related to both their phenotypic traits and
indices. Thereafter, we modelled the effect of all the measured traits and indices on pines’ growth,
by performing multiple linear regression analysis with a backward elimination procedure.

We also developed binary logistic regression (BLR) models to estimate the presence of the fungal
pathogens explained by phenotypic traits, thermal and humidity indices, and growth rate, both in
resin-tapped and non-tapped pine trees. We evaluated the predictor variables through a backward
stepwise procedure, in order to maintain the optimal models, while we used Nagelkerke’s R? as an
indication of the amount of variation explained by the model, and we tested the overall significance
of the model using the Hosmer—Lemeshow goodness of fit test. Finally, we assessed the
discrimination ability of the model by creating a classification table of observed and predicted values
of fungal presence, which we evaluated by receiver operating characteristic (ROC) curve analysis.
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C.3 Results
C3.1 P. brutia phenotypic traits and indices

In our twenty study plots, we recorded a total of 496 pine trees of which 333 were resin-tapped and
163 were non-tapped. The sampled pine trees had a mean H of 14.01 + 4.07 m, mean DBH of 38.26 +
11.48 cm, and mean CA of 53.95 + 38.32 m’. During the data collection, the meteorological
conditions, measured under the crown of each examined pine tree, displayed a mean temperature
of 16.01 + 4.26 °C, relative humidity 62.86 + 10.57 %, and solar intensity of 5.03 + 4.84 W/m? These
data were taken in order to calibrate correctly the infrared images. The trees presented a mean
trunk temperature of 15.92 + 4.70 °C, a minimum temperature of 15.19 + 4.61 °C, and a maximum
temperature of 17.19 £ 4.91 °C. Corresponding to the above, the pines’ mean surface humidity was
62.52 + 10.52 %, with a minimum of 58.34 + 11.21 %, and a maximum of 65.75 + 10.58 %. Analytical
descriptive statistics regarding the pine trees' architecture, vitality, and thermal and humidity indices
are presented in Table C1.

Table C1. Descriptive statistics for pine traits (N = 496).

Phenotypic Resin-tapped (N = 333) Non-tapped (N = 163) Total (N = 496)
traits Mean SD Mean SD Mean SD
P. Brutia architectural traits
H (m) 14.77 3.98 12.45 3.79 14.01 4.06
DBH (cm) 43.69 9.47 27.17 5.84 38.26 11.48
CA (m) 69.82 36.52 21.53 13.42 53.95 38.32

CR .39 A1 .32 A1 .37 A1
HCI 1.01 91 2.15 2.21 1.39 1.57
P. Brutia vitality traits

LAl mean 1.07 44 1.26 46 1.13 45
LAl esin .87 .57 1.34 .54 1.03 .60

LAl on-resin 1.27 .51 1.18 .50 1.24 .51

LAl ange .58 45 32 .39 .50 45
TS (n) 2.62 2.11 .00 .00 1.76 2.12
VD (cm) 57.60 33.80 .00 .00 38.67 38.73
HD (cm) 14.30 5.32 .00 .00 9.60 8.01
ID (cm) 7.23 3.34 .00 .00 4.85 4.36
FP (%) -10.67 3.67 .00 .00 -7.16 5.85
SL (%) 9.96 2.76 .00 .00 6.69 5.20

P. Brutia thermal and humidity indices

Tiar 1.02 A4 .33 .19 .80 .50
Hiar 3.69 1.57 1.47 97 2.96 1.75

C3.2 Relationships between pines’ phenotypic traits and thermal and humidity indices

The correlation matrix revealed that statistically significant associations existed between the pines’
phenotypic traits, and the thermal and humidity indices, both direct and inverse (Figure C5). In
almost all cases, the architectural traits exhibited positive relations among them, with the exception
of HCI. The examination of the relationships between the architectural traits and the leaf area
indices (LAlmean, LAlresing LAlnonresiny LAlrange) did not show any significant correlations, with the
exception of the positive correlation, which was observed between DBH and LAl nge (r = .22; p =
.001), and the negative correlation between CA and LAl, (r = —.21; p = .001). Contrastingly, DBH
had significant moderate to high positive correlations with all the variables related to tapping scars
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and their dimensions, ranged between .50 to .67 (p = .001), and a significant negative correlation
with FP (r = —.47; p = .001). The CA and CR traits followed the same pattern with the coefficient
values ranging between .44 to .54 (p =.001) for CA, and between .11 (p = .18) to . 29 (p = .001) for
CR, while a negative correlation was observed with FP for both traits (CA: r = -.41, p =.001; CR: r =
-.23, p = .001). The HCI presented significant negative relationships with almost all the examined
trees’ phenotypic traits. Focusing on the leaf area indices, the investigation of their relationship with
the tapping scars’ variables (TS, VD, HD, ID, FP, SL) yielded moderate positive and negative
statistically significant relationships; the higher were observed between LAl,;, with all of the them
(TS:r=-30,p=.001;VD:r=-.37,p=.001; HD: r=-.41, p=.001; ID: r=-.41, p=.001; FP: r= .43, p
=.001; SL: r=-.42, p =.001), while LAloq-resin did not show any correlations with these variables.

Regarding the relationships of the non-invasive indices with the phenotypic traits of the pine trees,
the thermal and humidity indices followed the same pattern with the thermal index showing slightly
higher correlations from the humidity index. In particular, the T,z and the H,qz were positively
correlated (a) with the architectural traits (coefficient ranged from .21 to .56; p = .001), (b) with
almost all the vitality traits (LAlange, TS, VD, HD, ID, SL; coefficient ranged from .21 to .567; p = .001),
and negatively correlated with LAlyean (Tigr: ¥ = —.39, p = .001; Higp: 1 = .34, p =.001), LAl esin (Tiqr: T =
-.55, p =.001; Higg: r = -.50, p =.001), and FP (Tigg: r = —.60, p = .001; Hqz: r = -.55, p = .001) (Figure
C5).
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Figure C5: Correlation matrix showing the relationships between the pine trees’ phenotypic traits, and the
thermal and humidity indices. Red and blue colours indicate positive and negative correlations respectively,
while the intensity of colour indicates the strength of the relationship. All correlation coefficients above .20 or
below -.20 are statistically significant (p <.05).

C3.3 Effect of the resin extraction process on pines’ growth

From the total of the 496 P. brutia trees, we collected cores from 175 trees, 69 were extracted from
non-tapped pines, while 212 cores were from 106 resin-tapped pines. The mean age of the resin-
tapped pines was 82.65 + 19.71 years, while they were resin-tapped at the age of 33.92 + 18.07. The
resin-tapped trees had a mean AG,, of 1.94 £ .83 mm, a mean AGy, of 3.61 = 2.05 mm, and a mean
AG,, of 1.15 + .61 mm. The mean age of the non-tapped pines was 68.67 + 18.33 and their AG,, was
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1.77 £ .60 mm. Detailed information about the resin-tapped pines from which we collected sampling
material is presented in Table C2.

Table C2. Descriptive statistics for resin-tapped pine trees (N = 106).

Plot Resin-tapped TA RA AG,,(mm) AGy, (mm) AG,, (mm)
1 6 74.16 + 4.30 26.00+8.14 2.11+.65 3.99+1.28 1.16+ .31
2 6 76.33 £3.98 32.16 £ 20.66 1.56+.17 3.31+1.75 .83+.22
3 9 76.44 £ 3,57 42.00 £ 20.54 1.52+ .44 2.62+1.28 .74 £ .56
4 2 70.50+4.94 23.00+2.82 3.03+.05 6.87 £1.03 1.16+.72
5 3 84.66 £ 6.43 41.33+14.18 1.92+.23 2.76 £ .90 1.29+.18
6 5 68.60 £ 4.10 22.20+1.92 2.31+.82 499 +1.59 1.03+.51
7 4 101.00 £ 6.05 45.00 + 16.02 2.03 .67 3.16+.93 99 +.12
8 4 64.50 £ 16.66 30.50 +11.12 2.76 £1.29 3.61+1.92 2.09+.79
9 5 94.60 £ 20.63 31.00 + 21.67 1.70+ .54 3.37+.72 90+ .26
10 5 92.60 + 7.89 39.40 + 30.25 1.68 +.56 3.20+1.80 1.14 + .60
11 6 103.50 + 10.61 47.00 + 20.36 139+ .44 2.36+1.18 91+.21
12 6 51.16 £+ 5.49 22.00 £ 5.06 3.08 +.72 5.08+£2.11 1.71+ .40
13 5 58.20 £ 15.27 29.60 £17.72 3.21+1.18 5.23+2.00 1.83%x1.42
14 4 66.00+3.74 41.00 £ 12.57 1.83+.12 2.40 .62 1.24 % .23
15 7 99.42 +12.27 26.57 £17.31 1.36+.24 3.43+1.09 .82+ .22
16 6 104.66 +5.78 38.00 £ 15.25 1.25+.16 2.13+1.19 1.01+.33
17 7 102.71 +£5.22 50.00 + 11.04 1.45+ .22 2.15+ .55 .89+.30
18 6 107.00 £ 5.54 40.66 + 20.14 1.67 £ .35 3.19+1.36 97+ .23
19 5 64.40 £ 5.85 24.60 £ 20.75 1.64+.28 3.92+2.20 1.17+ .53
20 5 68.80 + 19.60 15.40+ 8.44 3.01+1.28 7.60+4.33 194+ 93

To explore the unique contribution of the effect of the wounds, resulting from the resin-extraction
process, to the AG,, AG,, and GC, we conducted a set of two hierarchical multiple regression
analyses. In every model, we controlled the effects of the architectural traits and leaf area indices,
while we excluded from the analysis the tapping scars’ dimensions, the SL, and the thermal and
humidity indices. We excluded these variables, as they are either directly related to each other or, in
the case of the thermal and humidity indices, they do not provide any theoretical and/or
physiological justification for explaining this effect. Variables that explain variance in AG,, and AG,,,
were entered in two steps. In the first step, we set as dependent variables the AG,, and AG,,
individually, for the two distinct models, while the remaining phenotypic traits were the
independent variables. These variables had a variance inflation factor of less than 3 and collinearity
tolerance greater than 0.7, suggesting that the estimated Bs are well supported. In the second step,
we added the number of tapping scars (TS) as the predictor variable.

Regarding the effects of the resin extraction process on AG,,, the results of the first step indicated a
significant model [F (2, 103) = 19.509, p < .001, Rzadj =.261] with significant predictors to be DBH (B =
.008, p<.001) and LAl (B = .075, p = .007). In step two, the inclusion of TS changed the
proportion of variance explained by the model, which was also significant [F (3, 102) = 19.729, p <
.001, Rzadj = .349], by an additional 9.2 % (Table C3a). In correspondence with the first analysis, the
one that estimated the effects of the resin extraction process on AG,, revealed also a significant
model [F (1, 104) = 19.523, p < .001, Rzadj =.150], with DBH as a significant predictor in step one, and
a significant model [F (2, 103) = 19.544, p < .001, Rzadj =.261], with two significant predictors (DBH,
TS) in step two. The change in variance, accounted by the entrance of TS, explained an additional
11.7 % of the variance in AG,, (Table C3b). The additional introduction of individual prognostic
parameters, such as FP, did not differentiate significantly the model nor did it provide additional
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explanatory power. However, the explanatory power of the model increased to a AR? of 19 %, when
we chose trees with a low ratio of rein-tapped age to total age (N = 38; RT < .3).

Table C3. Hierarchical linear regression for AG,,, and AG,,. The unstandardized regression coefficients (B), the
standard errors (S.E.), the standardized regression coefficients (B), the t-test statistic (t), the probability value
(p), the correlation coefficient (R), the adjusted R-square (Rzadj), and the additional variance explained (AR?).

Predictor B S.E. B t p-value R R . AR’
a. AG,,
Step Clonstant 12 07 -1.85 07
DBH .01 .00 43 5.06 .00 524 261 275
LAl mean 08 03 24 276 01
Step 2
-1 . -2. .02
Constant > 06 38 0
DBH .01 .00 .56 6.45 .00 .606 .349 .092
LAl nean .08 .03 .24 2.98 .00
TS -.03 .01 -.33 -3.86 .00
b. AG,,
Step 1
Constant 02 26 03 93 .398 .150 .158
DBH .03 .01 .40 4.42 .00
Step Czonstant -.09 25 -35 73
DBH .04 .01 .54 5.94 .00 225 261 17
TS -11 .03 -.37 -4.08 .00

In an attempt to test whether it is feasible to predict AG,,, and AG,, from all the measured traits and
indices, we performed multiple linear regression analysis with backward elimination. Due to the fact
that the humidity index showed slightly lower correlations with the pines’ phenotypic traits, we
excluded it from the analysis. Results indicated that the model for predicting the AG,, was significant
[F (6,99) = 11.734, p < .001], with an adjusted R? of 38 %, while the model for predicting the AG,, was
also significant [F (4, 101) = 13.050, p < .001, Rzadj, =.315] (Table C4).

Table C4. Final models obtained from multiple linear regression analyses for estimating AG,, and AG,,. All
multiple regression models were statistically significant (p <.05).

Response Predictor 2
variable variables B SEB B t p-value R, F
(constant) .40 .38 1.07 .29
DBH .04 .01 .39 3.27 .00
CA .01 .00 .20 1.79 .05
AG,, LAl esin .34 .15 21 2.25 .03 .380 11.734
LAl ange 27 14 .15 1.87 .05
TS -.08 .04 -.22 -2.37 .02
Tiar -.16 .07 -.21 -2.15 .03
(constant) -.28 .25 -1.12 27
DBH .03 .01 48 5.39 .00
AG,, LAl esin .30 .10 .25 2.96 .00 .315 13.050
LAl ange 18 11 14 1.70 .05
TS -.10 .03 -.35 -3.96 .00
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C3.4 Modelling the presence of fungal pathogens

The fungal infestation was identified in 52.5% of the examined trees (N = 92), while 46.2% (N = 81)
did not present any fungal signs. Due to the fact that in two trees the identification of the presence
or absence of fungi was not possible, we, therefore, removed them from the analysis. In order to
examine whether non-invasive diagnostics, along with the trees’ phenotypic traits, can explain the
probability of the presence or the absence of fungal infestation, we used four (4) BLR models. For
this purpose, we separated our dataset into two groups: the first one contained the 106 resin-
tapped pines, while the second one, all the trees from which we collected the sampling material (N =
175). For the first group of trees, we ran a BLR model by using variables related to their growth rate
(AG,, AG,), their architecture and vitality traits, as well as their thermal and humidity indices. For
the second group, we tested three distinct models to explain the presence of the fungal pathogens,
based on (a) their architectural and vitality traits, (b) their thermal and humidity indices, and (c) a
combination of all the tree traits and indices.

Regarding the resin-tapped trees, the BLR model identified five significant variables that contributed
the most in predicting fungal infestation (Table C5). The Nagelkerke R* showed that these variables
explained 81 % of the total variance of the data. In addition, the Hosmer—Lemeshow test showed
that the model’s goodness of fit can be accepted, due to the absence of chi-square significance
(Hosmer—Lemeshow = 2.142; p > .05). The area under the ROC curve (AUC = .976; S.E. = .001; 95% ClI
.953-.998; p = 0.0001; Figure C6a), as a metric of the sensitivity values for all possible values of
specificity, with a threshold (.676) resulting from Youden’s index (Youden, 1950), classified correctly
the pine trees with and without fungal presence in 91.5 % of all cases, with a predicted classification
accuracy of 89.3 % for those without pathogens and 92.3 % for the infected pine trees [x* (5, N =
106) = 85.83; p < .0001; Table C5)].

Table C5. Logistic regression models for the presence probability of fungal communities for the resin-tapped
pine trees (N = 106). B = logistic coefficient; S.E. = standard error of estimate; Wald = Wald chi-square; df =
degree of freedom; p - value = significance.

Predictor B S.E. Wald’s x* df p-value
AG,, 2.50 1.02 6.01 1 .01
CR -14.48 6.06 5.71 1 .02
FP .23 A1 4.82 1 .03

LAl esin -4.32 1.43 9.12 1 .00
Hiar 2.89 73 15.80 1 .00
Constant .15 2.26 .01 1 .95

Focusing on detecting the occurrence of fungal signs, using the architectural and vitality traits, in
both resin-tapped and non-tapped pines, the BLR model showed an overall classification accuracy of
91.5 % (Nagelkerke R* = .842, Hosmer—Lemeshow = 2.630; p > .05;), 91.4 % for trees with fungal
presence and 91.6% for those without [x* (4, N = 173) = 175.42; p < .0001; Table C6a)], as estimated
by the area under the ROC curve (AUC = .978; S.E. =.008; 95% Cl .962 - .994; p = .0001; Youden =
.594; Figure C6b). The model obtained using the T\qz and the H,qg, also had quite high classification
accuracy (90.3 % for presence, 90.4 % for absence, 90.3 % in total). In this model, the Hiqz was the
most significant factor [x* (1, N = 173) = 150.11; p < .0001; Table C6b)], the AUC was .954 (S.E. =.016,
95% Cl .923 - .985; p < .0001; Youden = .541; Figure Cé6c¢), the Nagelkerke R? was .766, and the
Hosmer—Lemeshow test was 12.553 (p > .05). Lastly, the model in which we combined all the tree
traits and indices, presented the higher discrimination from all the examined models; 93.5 % for
fungal presence, 96.4 % for absence, and 94.9 % in total [)(2 (5, N =173) = 195.82; p < .0001; Table
C6c)], as indicated by the AUC (AUC = .990; S.E. = .005; 95% C1.980-.999; p = .0001; Youden = .621;
Figure C6d). The Nagelkerke R? showed that the combination of the examined variables can explain
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89.6 % of the total variance of the data, while the Hosmer—Lemeshow test showed that the model’s
goodness-of-fit can be accepted (x> = 1.899; p > .05).

Table C6. Logistic regression models for the presence probability of fungal communities for the resin-tapped
and non-tapped pine trees (N = 173). B = logistic coefficient; S.E. = standard error of estimate; Wald = Wald
chi-square; df = degree of freedom; p - value = significance.

a. Architectural and vitality traits

Predictor B S.E. Wald’s x* df p-value
DBH .24 .05 19.03 1 .00
CR -9.68 3.49 7.70 1 .01
LAl esin -5.20 .96 29.21 1 .00
LAl ange 5.16 1.19 18.83 1 .00
Constant -2.88 1.57 3.35 1 .05
b. Thermal and humidity indices
Hiar .81 12 47.60 1 .00
Constant -5.83 .88 43.66 1 .00
c. Combination of tree traits and indices
DBH .16 .07 5.73 1 .02
CR -10.17 4.23 5.77 1 .02
LAl esin -4.09 1.19 11.80 1 .00
LAl ange 3.77 1.38 7.40 1 .01
Hiar 1.32 .36 13.25 1 .00
Constant -4.44 2.07 4.60 1 .03
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Figure C6: The ROC curves for logistic regression models using the resin-tapped trees dataset (a) and the
dataset from all the sampling trees (b, c, d). ROC curve (b) refers to the Architectural and vitality variables, (c)
refers to the thermal and humidity indices, and (d) refers to the combination of all the phenotypic traits and

indices.
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C.4 Discussion

In this study, we investigated the effect of the tapping scars, resulting from the resin extraction
process, along with the presence of fungal pathogens, on pines’ growth in twenty P. brutia forest
stands. We provided a comprehensive methodological framework, which we tested in field
conditions, by combining different invasive and non-invasive approaches with the trees’ phenotypic
traits and indices. A first reading of the proximity of the variables, constituting this methodological
framework, is finding individual relations between them. Thus, by examining the correlations
between the pines’ phenotypic traits with their thermal and humidity indices, significant findings
were illustrated, which can satisfactorily explain the dynamics of these systems by linking those
traits with the trees’ growth and their health estimation.

In particular, we especially gave our attention to the relationships between leaf area indices with the
tapping scars’ variables as, LAl is one of the most important biophysical indexes for (a) describing
ecosystem structure (Zarate-valdez et al., 2012) and (b) understanding vegetation growth (Musau et
al., 2016), by controlling within- and below- canopy microclimate, water and carbon exchange, and
canopy water interception (Bréda, 2003). Furthermore, the wounded xylem and phloem tissues,
from the resin extraction process would affect the shape and structure of the crown, and
consequently the LAI, by interrupting or decreasing the water flow and nutrient transport, resulting
in the modulation of the tree crowns’ evaporation and transpiration (Liu et al., 2019). After all, the
trees’ possible hydraulic failure in conductive tissues related to both water supply conditions and
xylem anatomical characteristics, has led them in adapting their leaf distribution, in order to sustain
a balance between water supply and water loss (Van Hees, 1997; Lépez-Bernal et al., 2010; Johnson
et al., 2016). That was the rationale behind obtaining two different LAl metrics (LAlcsin, LAlhon-resin)
under the crown of each resin-tapped pine tree. At the same time, having in mind that the trees’
competition for resources leads them to differentiate their crown structure, in terms of symmetry,
we also chose to take two LAl metrics from the non-tapped pine trees. Averaging those metrics, gave
us the ability to have a complete image of this indicator for each tree (LAl ean), While by subtracting
them we were able to obtain the range of LAl values for each tree. The LAl.n, a representative
statistical metric describing tree vitality (Zevgolis et al., 2022), highlighted the pine trees’ fluctuation
from a healthy condition; its greater homogeneity is directly correlated with high productivity
(Leverenz and Hinckley, 1990). The positive or negative, depending on each case, statistically
significant relationships which we observed between LAl metrics (LAlnean, LAlresing LAlrange) With the
tapping scars’ variables, especially their relationship with the LAl,,, confirms the rationale of our
experimental design, to a large extent. This is further reinforced by the observed absence of any
relationship between LAl,on-resin With the tapping scars’ variables.

Regarding the relationships between HCl and CR with the tapping scars’ variables, both positive and
negative, suggests something already known from the narratives of the resin collectors, that is, they
chose to collect resin from the most vigorous trees that would give them a greater amount of resin
(Fr. E. Kakambouras, personal communication, April 12, 2018). Thus, the less competition a tree has
at a young age, the greater the chance of being a candidate tree for resin extraction when it reaches
the desired size; this is clearly expressed by the crown ratio. In supporting this finding, the
relationship of HCI with the tapping scars’ variables suggests the same thing; the more competition a
tree receives in the stand by its neighbouring trees, the lower the pressure is exerted from the resin
collectors.

The high positive correlations between the Tz and the Hz with the tapping scars’ variables,
showed that these non-invasive indices can be used as a proxy when examining trees’ structural
defects, as it has already been discussed in various studies concerning common vegetation species of
the urban environment and agricultural vegetation species (Olea europaea) (Zevgolis et al., 2022),
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including the pine trees’ wounds from the resin extraction process. Moreover, their positive
correlations with LAl,ng and their negative correlations with LAlyean and LAlgin, can integrate those
indices into a framework of commonly used indicators for assessing the forest systems’ health.
Nonetheless, Tiqr has already been considered an important and easily extracted index for estimating
trees’ structural abnormalities and tree health as a whole (Zevgolis, 2022) while the high positive
correlation between Tiqr and Higg, indicates that the humidity indicator can also be used for
estimating pine trees’ health state. However, to be perfectly precise, when discussing the health
state of the resin-tapped pine trees, as described by the LAl metrics and accordingly by their thermal
and humidity indices, we should take into account the possible differences between the resin-
tapped and the non-tapped trees. Thus, we used independent samples t-test to determine whether
the means of those variables were significantly differentiated. We found statistically significant
differences between the resin-tapped (N = 333) and the non-tapped trees (N = 163) for all the
examined variables (Figure C7) with the exception of LAl,onresin- In particular, there were statistically
significant differences in (a) LAlean [t (494) = 4.51; p = .0001] between the resin-tapped (1.07 + .44)
and the non-tapped trees (1.26 £ .46), (b) LAl [t (494) = 8.76; p = .0001; resin-tapped trees (.87
.57); non-tapped trees (1.34 + .54)], (c) LAliange [t (494) = 6.17; p = .0001; resin-tapped trees (.58 +
.45); non-tapped trees (.32 +.39)], (d) Tigr [t (494) = 18.81; p = .0001; resin-tapped trees (1.02 + .44);
non-tapped trees (.33 £.19)], and (e) Hqr [t (494) = 16.42; p = .0001; resin-tapped trees (3.69 + 1.57);
non-tapped trees (1.47 + .97)].
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Figure C7: Box-plots showing the statistically significant differences between the resin-tapped and non-tapped
pine trees: (a) the thermal index, (b) the humidity index, (c) the LAlnesn, (d) the LAliegin, and (e) the LAl ,pg.
Horizontal lines: medians; boxes: interquartile ranges (25—75%); whiskers: data ranges.
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In addition to the significant differences found between resin-tapped and non-tapped pine trees, the
mean values of the examined indices also constitute an important finding. In the case of the thermal
index, our results confirm the definition of a healthy tree; a tree is considered healthy when its
temperature is evenly distributed in the trunk (Catena and Catena, 2008). Keeping in mind the
existing relationships of the examined indices, as well as the observed differences between the
pines, we can conclude that along with the thermal index and the LAI, the humidity index, and the
LAl ange can also be considered as indicators whose low values can describe a healthy pine tree.

The growth decline of the P. brutia trees (Table C2), which was illustrated by calculating the
percentage change of the mean tree ring width, after the year they were wounded, was 62.95 +
20.47 %. Trees with a low RT, exhibited a higher reduction in their growth (Figure C8); controlling the
effect of all the architectural and vitality traits, the correlation of RT with the absolute growth
change (%) before and after the wounding, had a negative significant coefficient (r = -.542; p =
.0001).
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Figure C8: Scatterplot with regression line showing the relationship between the ratio of the pines’ resin-
tapped age to total age (RT) with the change of their mean growth rate.

When examining the effects of the tapping scars on AG,, and on AG,,, the explanatory power of the
hierarchical regression models increased significantly (AG: R* = .092, p = .0001; AG,:: R’ = .117, p =
.0001) (Table C3); these findings are consistent with similar studies which were carried out on
different coniferous species, showing a mean growth rate decrease of 14.1 % in P. halepensis
(Papadopoulos, 2013) and 21.7 % in P. massoniana (Chen et al., 2015). The extremely large growth
decline in Pinus species is obviously not only due to the effect of the resin extraction process. In the
island of Lesvos, as well as in other islands of the Aegean sea, growth reductions have been
observed, in Pinus species, after the 1970s (Sarris et al., 2007, 2011) due to the persisting drought
conditions (Quintana-Segui et al.,, 2016), resulting in the decrease of water availability
(Christopoulou et al., 2021), which is directly affecting forest stands’ productivity as well as their
carbon sequestration (Xu et al., 2017). In our case, this growth decline period is compatible with the
average value of the year in which the trees were resin-tapped (1970.27 + 22.58). Therefore, the
combination of such drought-limited conditions along with the resin extraction process, as well as
the possible colonization of the tapping scars by fungal species, burden the pines to a great extent
and possibly leads them to high mortality (Crouchet et al., 2019).

It is noteworthy that, even though the tapping scars showed low interpretive power in estimating
the resin-tapped trees’ mean annual growth and their mean annual growth after the resin tapping,
the additional input of the trees’ architectural traits (DBH, CA), vitality traits (LAliesin, LAlrange), and the
Tor, €nhanced our models by increasing their explanatory power up to 38 % for AG,, and 31.5 % for
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AG,, (Table C4), confirming the aforementioned regarding the importance of such traits in describing
forest dynamics. The explanatory power of the linear models, theoretically, may not be satisfactory,
however, we must keep in mind that we did not use a set of parameters that would potentially
enhance our models, such as climatic conditions, water availability, soil nutrient content, and slope
and aspect at a stand level, which are essential in estimating the trees’ growth pattern (Cherubini et
al., 2003; Belokopytova et al., 2021), as we considered that the connection between our metrics,
which is not established elsewhere, would be sufficient enough for the effective monitoring and
restoring of critical forest ecosystem functions and services (Grulke et al., 2020).

In this context, the short diagnosis time of fungal pathogen presence is essential for forest
management. These fungal pathogens are recognized as the main current and future threat to forest
ecosystems (Santini and Battisti, 2019), because of their aggressiveness and their ability to colonize
xylem tissues which persists for many years (Prospero et al., 2021), while, at the same time, climate
change can facilitate their expansion (Garrett et al., 2016). Regardless of the fact that Pinus species,
in general, are significantly resilient considering fungal colonization as they invest in resin; a pivotal
component of their defence system, which provides them both short-term and long-term response
in balance with other physiological functions (e.g. growth) (Kopaczyk et al., 2020). The constant resin
collection in our studied trees, increased their susceptibility, as more than half of the trees showed
fungal signs. The logistic regression model for the resin-tapped trees presented both high
discriminatory performance (91.5 %) and explanatory power (81 %) indicating that the probability in
predicting fungal presence can be accurately estimated by the use of common forestry tools and
non-invasive diagnostics, while at the same time its emphasizing the importance of the mean growth
rate after the resin extraction process (Table C5). It is noted that, when focusing on a larger sample
of trees including the resin-tapped and the non-tapped, the classification accuracy remained
extremely high, both in the case of architectural and vitality traits (91.5 %) and regarding the thermal
and humidity indices (90.3 %), as well as when we used those traits in combination (94.9 %). In all
models, their explanatory power was quite high, ranging from .766 to .896. Looking at the models
discreetly, it is understood that variables describing tree size and its canopy (DBH, CR, LAl gin, LAlrange)
are important contributors in estimating fungal presence. From the perspective of evaluating fungal
presence using the thermal and humidity indices, it is quite clear that H,qz is an ideal index for
detecting infection in pine trees, suggesting that the non-invasive method of IRT and in particular
the use of the humidity pallete, can be a valuable tool for identifying biotic stresses in pine trees.
After all, favourable microclimate conditions, such as high humidity in the tree trunks stimulate
fungal pathogen development, reproduction, and persistence (Sudakova et al., 2021).

In conclusion, our results provided evidence of the effect of resin extraction on pines’ growth as well
as detecting fungal presence in both resin-tapped and non-tapped pine trees. This was accomplished
by obtaining phenotypic information from P. brutia trees by combining minimal invasive and non-
invasive diagnostics. In particular, with the estimation of thermal and humidity indices we
demonstrated their importance in estimating pine trees’ health state. These indices, along with long-
established methodological tools and techniques, showed that the pines’ phenotypic traits and
indices, can accurately estimate both the effects of the tapping scars in the pines’ growth and the
presence of fungal pathogens. Overall, this study can contribute to forests management and
restoration initiatives by providing the means for a rapid but also precise assessment of the P. brutia
health state.
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2ulAtnon

1o mAaiolo tNG mapolong StdakTopkng SlatplPg emixepndnke n ouvdeon SLAPOPETIKWY HUNn-
enepyfatikwy peBodoloylwyv Kol HETpAoswv Tedlou TOU oToXo eixe TN Snuloupyia evog
oAokAnpwuévou peBodoAloylkol TAALGIOU TIOU va TTEPLYPAdEL T GUVOALKA KATAOTOON TNG UYELOG
TWV SEVIPWV OE OOTLKA, AYPOTIKA Kol SaOIKA olkoouothpota, o eninedo eidoug, mMAnBuopolL Kat
atopou. O cuvbuaopog TWV TPLWV SLAKPLTWY OAAA TAUTOXPOVA ALECH OXETIOUEVWV TIEPLTTWOEWV
Tou Teplypadovtal, anoteAel €va AEITOUPYIKO SLETILOTNHOVIKO TAEYUQ, MEBOSWYV, TEXVIKWV Kal
TEXVOAOYLWV OULYXHUAG TToU Looppomnpéva dlhodoel va KaAU el oALOTIKA, w¢ Eva Babuod, Tnv évvola
™G vyeiag tng Sevépwdoug BAdoTnoNG.

ITpatnylkd afova kol TG Tmapouong OSiatplpng amoteAel o ocuvluaoUOg  SLadOPETIKWY
peBoSoAOYLKWV TIPOOoEYYLOEWV: (a) ULag TaxEwG avantuoodpuevng (umépuBpn Beppoypadia), (B) Tng
METPNONG TWV TUTILKWY, KOL HN, GALVOTUTIKWY, PACUATIKWY KOL XWPLKWY  XOPOKTNPELOTIKWY TWV
Sévipwv kat (y) t™¢ Snuioupyiag SelKTWV UyelOg TOU TIPOKUTITOUV ATO T oUVEECH AUTWV TwV
ueBOSwv. EmunmpocBeta, n peAétn 910 otdpevwy Sévipwy, amo 9 Stadopetika £i6n, mpoadidel tn
Suvatotnta olYKPLoNG Toug T0oo oe SladopeTikd eninmeda opydvwaong tneg Blokowotntag (dtopo,
mANBuouog) 6o kat og dladopetika emnineda tafvounong (eidog). 2to eninedo NG epAPUOCUEVNG
£peuvac nediou, KalvoTopia amotéAece TO0O N xpnon tng umépubpn Bepuoypadiag yio Tn HEAETN
TWV SOUKWVY EAQTTWHATWY TWV LoTapevwy Sévtpwy (Fpadnua 1) 6co kat n cuvdeon Twv BepULKWV
KOLL UYPOOLAKWY SEIKTWV TIOU €€NXBnoav, He Kowva anmodektoug SelkTeg uyelag Kal mMapaywylkoOTNTOG
TWV SEVTpWV.

Region of Study

/Tree height

- — Structural
defict

Camera

Area of Interest (AOI) Field Work Surface

e Temperature
Tree Disturbance

Dissimilarities
Map

Detection of
Calculation of total temperature dissimilarities

disturbance per tree in in tree trunk surface
each AOI ¢

Statistical Analysis Thermal Image Analysis

A: Area, S: Species, T: Tree, Td: Tree surface temperature dissimilarities, H: Healthy tree surface

fpadnua 1: MeBodoloylkd mAaiclo yla TNV eKkTipnon tNg KATAOTAONG TNG UYElag LoTapevwy SEvipwy o
OlOTLKA, OYPOTIKA Kol pUOLKA CUCTHUOTO.
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O kaBoplopog tou pebodoroyilkoU mAalciou mou meplypadetal gixe nén SlepeuvnBel oe TUAOTIKO
eninedo pe tn MeAEtn 373 Sévipwv amo mevie Siadopetikd €i6n (Pinus Brutia, Cupressus
sempervirens, Olea europaea var. media oblonga, Juniperus macrocarpa, Juniperus phoenicea), wote
va SLaoPaALoTEL N EMTUXAG MEPATWAN TOU OTa Tpia cuoTAOTA LEAETNG. ZUVOALKA, EPOPUOOTNKE OF
1253 &€vtpa yEYOVOG TIOU EVIOXUEL QKOUO TIEPLOCOTEPO TOL EUPHUATA TNG TIOpouong SLatpLPAc.
ErunpdoBeta, n emhoyn kal edappoyr] eUPEWG XPNOLUOTIOLOUUEVWY TIPWTOKOAAWV SetypatoAniag
niediou Bonbnoe tdéoo otnv 0pBN AN mpwtoyevwy SeSopuévwy 600 Kal oTh SuvaTOTNTA EMLUEPOUS
oUYKpLONG LETAEL TOUC.

ITa QOTIKA olkoouothuata, n afloAdynon tng uyelag twv SEvipwv pHéow TNG aviyveuong kot
TIOOOTIKOTOLNONG TWV SOUIKWY EAATTWHATWY TOUC KOOWC KAl O EVIOTUOMOC TwV SuvNnTIKA
eTukivbuvwy Sévtpwy, Bonbael otn Sloxeiplon tOoO ot e£Minedo OXESLAOUOU AOTIKWV XWPWV
TPACLVOU, QVTATIOKPLVOUEVN Ot SladopeTkol§ oTOXoUG TNG Sloiknong, onwe n ¢dutevon 6wy, n
Sevbpokopikn dlaxeiplon, o £Aeyxog Twv KWwdUVWY Kal N achaAela Twv avBpwnwy, 660 Kol ot
eninedo afloAdynong tng uysiag twv udlotduevwy Sévipwv. H xpnon Sladopetikwv Bepuikwy
SelkTWwy, e€ayOUeVWY amod TNV avAAucoh TwV BEPULKWY ELKOVWY, OVESELEE TN onuaocia TG ulépuBpng
Oepuoypadiag yla tnv katavonon Slapopstikwy «potiBwv» vyelog twv dévipwv. ElbkdtEpQ, 0
BepuLkog Selktng Tigr, AMOSELXTNKE €lval £vag amd TOUG TILO ONUAVTIKOUG SeIKTEG KOTA TNV €€TOoN
£VOG SEVIpou TOOO OUVOALKA 000 Kol €E€ELSIKEUPEVA OTNV TEPLOXN TNG OOMIKNG atéAelog. Ot
napatnpoUueveg Sladopeg auToU Tou OeIKTN OXETIKA HUE TOUC SLadopeTikoUG TUTIOUC SOULKWY
EAATTWUATWY, TOCO OE AMOAUTOUC aplOOUC OG0 KOl OE OTOTLOTIKI) GNUOVTIKOTATA, EMBeBalwvouV
TV évvola Tou uyloU¢ SEVIPOU HEOW TNG €KTLUNONG Tou Bepuikol tou Tpodid. MapdAAnAia, n
epapuoyr XWPLKWV OTATIOTIKWY HEBOSWV, ot emimedo koppol kKoBwg Kol n €€aywyn XwPKWv
SelKTWVY, amoTUMWoe e efalpetikd VPnAn akpiBela TtV mMopoucio SOULKWY EANTTWHUATWY OTa
Sévtpa. H oUvdeon auth amoteAel Kol pia amod Tig KAWOTOUIEG TNG Tapolong dlatplpng, kabwg dev
UTTAPXEL GAAN UEAETN OXETIKA UE TN XPHON SEKTWV XWPLKAG AUTOCUGCXETLONG Kol BEpULKWY SELKTWV,
yloL TNV ammoKTNon TANPOdOPLWY YL TNV AVIXVEUON SOUKWY EAOTTWUATWY. NUAVTLIKH TPOcOAKN ot
0UTO ATAV KOl OL TapOTNPOUHEVES UPNAEC OXEDELg €apTnonG Tou Seiktn amd Ta GALVOTUTILKA KoL
XWPLKA XOPAKTNPLOTIKA Twv Sévtpwv. OAa Ta mopomdvw £dwoav tn duvatotnta eKTiUnong Tng
napouciag Twv SladopeTKWYV TUTIWV SOUIKWY OTEAELWV KOL TNC QMOTUTIWONG OUTWV XWPLKA,
npoodépovtag e€elbikeupévn mAnpodopia TOoo Yyl TN SuvNTIKA Lepapxnon Twv SEvipwv o€
ETIKIVEUVA KaL N, 600 Kal yla TV Taflvopunon tTwy meploxwy mou ¢uovtal o uPnAng, HETPLOC Kot
XOUNANG EMUKLVELUVOTNTAG.

JTa OYPOTIKA OLKOCUOTAHATA, N Slepelivnon TNG OUVOALKAG KOTACTAONG TwV TapodoCLaKwyY
ehawwvwyv tng AéoPou, péEow NG UeAETNG 80 gAaddevipwy, evtog Twv uPnAng ¢uotkng aglag
OYPOTIKWY EKTACEWY, TPAyMoTwOnke Bdaocel tng Onuloupylag cuvbuaotikol peBodoloyikou
mAalolou oto omoio ewonxbnoav dawotumikoi, Oepuikol kKal daopatikol Oeikteg. Me 1n
OUVOUOOUEVN XPrON QUTWYV, KOl HECW TWV TEPLYPAPOUEVWV UETALY TOUG OXECEWV NTAV €PLKTH h
MPOBAeYn TNG MOPAYWYIKOTNTAG, WG Evag akOun Seiktng uyelag, oe eminedo Sévrpou aAAd Kal
TANBUoPOoU. ELSIKOTEPQ, OL EEAYOUEVEG OXECELG OUYKEKPLUEVWV SELKTWV OTWE TOU €UPOUC GUAALKNG
emlpAavelag (LAl ange), TOU aplBpol Soptkwv atelelwv (SDV) kot Twv Beppikwy deiktwyv IQR kat OPR,
OUVOEOUEVEG E TNV TIOPAYWYLKOTNTA, OMOTEAOUV Hia akouo Kawotoupa Sladopomnoinon tng
napouong dSLAaTPLPAG o OXECN UE TNV UPLOTALEVN ETLOTNUOVLIKH yVWwor. OL CUYKEKPLEVOL BEIKTEC,
Tou Teplypadouv SLadpopeTKEC SOUEG TwV EAALOSEVTPWY (KON KOl KOPUO), OTav evicxlovtal amod
mAnpodopia oe eminedo ¢UMou (aAAd kot KOUNg) Tou va TEPLYPAdEL TNV CUYKEVTPWON
¥AwpodUAANG (TCLy), umopolv var aviyveloouv pe HeyAdAn akpifela piot amd TIC O  ONUAVTIKEC
0.00€veleg OV SLOTAPACCOUV TN {WTIKOTNTA TWV EAALOSEVTPWY, TO KUKAOKOVELOD. H Taflvopnon twy
Sévipwy, PBAOEL TWV APXITEKTOVIKWY, AELTOUPYIKWY, DEPUKWY Kol GOUOUATIKWY XOPAKTNPLOTIKWY
Toug, odNynoe OTNV KATnyoplomoinon Tng¢ Katdotacng tng Uyelag toug, n omola pmopsl va
TEPLYPOPEL LKAVOTIOLNTLIKA ATIO CUYKEKPLUEVO EUPN TIHWV TwV SU0 e€ayOuevwy BEpULKWY SELKTWVY,
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petaBaivovtag and eninedo 6évipou, oe eninmedo mAnBuouol. OL cuykekpLpévol Seikteg umopouv
va £xouv euplTepn edappoyn Kal o aAa £(6n devdpwdoug BAaotnong, otav cuvduaoTtolV e Eva
daocpa SOUIKWY KoL AELTOUPYLKWY XOPOKTNPLOTIKWY TWV SEVIPWY, amoteAwvtag epaAThpLlo ylo TN
ypryopn aAld tautoxpova uPnAng akpifetag afloAdynon tng uyeiog Touc.

Jta Saolkd olkoouothpota, n  Sdlepelvnon NG emidpacng TG pntiveuong, HECW TNG
TIOOOTIKOTOLNONG TWV TMANYWOEWY, 0TV avfnon Twv TeUKWV KOl N €KTUNON TNG Tmapouoiog
EUAOONTITIKWV HUKATWYV O€ aUTd, cuvelodepe oTnV avayvwplon TOoo Twv dlatapaywyv 000 Kal oThy
a€LOAOYNON TNG KOTAOTAOHG TOUG. TO YEVIKO CUUTIEPOCHA, OTL N GUYKOWULOH pnTivng Slatopdooel Ta
Sévipa kaBw¢ mpokalel dopkég BAABeC otov Kopud Ttoug emnpedloviag tn {WTIKOTNTA TOUG Kal,
KOTA OCUVETELQ, TNV OATOKPLON TOUC O HUKNTLOOLKEG 00DEVELEG, eV TAUTOXpova emnpedlel Tov
pUBUO avamtung Toug, MPoEKUPE, 08 AVTLOTOLXlA UE TA TAPATIAVW, OO TO cuVSUACUO eAdyLloTa
EMEUPATIKWY KAl HN EMEPPATIKWV TIPOOEYYIOEWY. INUAVTIKA TPooBnkn o oUTEG, ATAvV N
OVTLUETWITILON TOU UTO UEAETN SACLKOU OLKOCUOTAUATOC OALOTIKA, KOOwC He TNV Kataypadn oxt
MOVO TwV PALVOTUTILKWY XOPOKTNPLOTIKWY TOug, oAAA Kal tng B£ong kabe mevkou otn cuotada,
ntav duvatr N oMOUOVWON OUTWV TWV XOPOKTNPLOTIKWY Yo Tty €€akpifwon TG MPAyHOTLKAC
enidpaaong tng pntiveuong otnv avénon. MapdAAnia, n HETpnon tou Seiktn PUAAIKNG ETLPAVELOC
TOOO amo TNV MEPLOXN TNG TARYWONES 000 Kal ard TNV MEPLOXK TOU UYLOUG OTEAEXOUG, N EKTINGN TOU
€UPOUG TWV TLHWV AUTWV Kat N dnuoupyia Bepuikwyv aAld Kal uypaclakwyv SeKTwY, odrynoe otnv
€UPEON OXECEWV TIOU €VOUVOUWVOUV TNV EMEENYNUATIKOTNTA HOVTEAWV TIOU OXETlovTal HE TNV
av&non Kal KAt eMEKTAON UE TNV UYELX TWV TEUKWV. TOOO oL deikTeg mou oxeTilovtal Pe TO BEpUIKO
KOlL UyPACLAKO TIPODIA TwV MEVKWY, 00O KOL UTOL TTOU cUVSEoVTaL AUEDSA 1) EUUECA UE TNV UYEia
Touc, SladopomololvTal GNUOVTIKA OTAV GUYKPLVOVTAL HE UYL TIEUKO €VTOC TwV UTO HEAETNH
ouvotadwv. Autn n dadopormoinon, avriotoa Kal He ta GAAa £i6n devépwdoug BAdotnong mou
MEAETNONKAY, EVIOXVEL TO ETIXE(PNUA OTL auTol oL SEiKTEC UmopoUlV va Xpnolponolnfolv autovoua
yla T HeAETn tng avénong twv Sévipwy. EmumpooBitwe, o ouvtopog (oxeTikd) xpovog ANPng twv
BepuLkwVv elkOVWY al\a kot AAMwv Selktwv vyeiag, TpooBETeL pio akopa emAoyr OTLG UTTAPXOUOES
kKAaoolkég pebodoug, yla T ypnyopn aAAd pe uvdnAn okpifela Sidyvwon tng mopouciag
HUKNTLOKWV ToBoyovwy ota Saolkd olkoouoTApata. Baoel OAwv Twv mapandvw, sivatl avttAnmto
otL mMAnpodopia omwe n meplypadouevn, pnopeil va cupPaiel o pwtoBoulieg Slaxeiplong kot
OOKATAOTOONG SOOIKWY CUCTNUATWY, TOPEXOVTAC TA HECA ylol pa Taxela oAAG kat akplpn
afloAoynon NG KaTAoTaong the uyesiag Touc.
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