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Za obmocje osrednjega dela areala ¢rnega bora (Pinus nigra Arnold) na zahodnem
delu Balkanskega polotoka je bila iz sedmih medsebojno ujemajocih se lokalnih
kronologij $irin branik izracunana prva regionalna kronologija. Dodatno so bili letni
debelinski prirastki vzoreni na severovzhodnem ter severozahodnem robu
razsirjenosti bora na Balkanskem polotoku. Slednja lokacija se nahaja v
submediteranskem delu Slovenije, tu sta bili izmerjeni tudi gostoti ranega in
kasnega lesa. Izdelana regionalna kronologija Sirin branik ¢rnega bora se ujema s
predhodno objavljenimi regionalnimi kronologijami sosednjih obmocij. Na Sirino
branik dreves z obmocja submediteranskega dela Slovenije negativno vplivajo
nadpovprecne poletne temperature, na gostoto ranega lesa pa imajo pozitiven vpliv
zgodnje poletne padavine. V Bosni in Hercegovini (BiH), kjer je trajanje soncnega
obsevanja predstavljeno kot posredni kazalnik vlaznostnega stresa, je bil odkrit na
Sirino branik znacilni negativni vpliv trajanja son¢nega obsevanja obdobja junij-
julij. Medtem je bila na severovzhodni meji balkanskega dela areala, v jugozahodni
Romuniji, izraunana znacilna korelacija med Sirino branik in standardiziranim
padavinskim indeksom obdobja junij-avgust. Vpliv klime na $irino branik ¢rnega
bora z obmocja BiH je stabilen do sredine druge polovice 20. stoletja, potem je
klimatski signal oslabljen. NajverjetnejsSi vzrok za Sibkejs$i klimatski signal so
znalilne spremembe v ciklonih nad Balkanskim polotokom in s tem manjsi suSni
stres za drevesa. Trajanje soncnega obsevanja je rekonstruirano do leta 1660,
padavinski indeks pa do leta 1688. Znalilna leta, prepoznana s preseganjem
izbranih mejnih vrednosti rekonstrukcije, so bila pojasnjena z drugimi objavljenimi
in neobicajnimi dogodki, ki vplivajo na rast: suSami, poletnimi deZevji, hladnimi
poletji in vulkanskimi izbruhi.
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For the central part of the black pine (Pinus nigra Arnold) distribution area on the
Balkan Peninsula, seven site chronologies were developed, which match each other
and form the first regional tree-ring width chronology. Regional chronology
matches the published regional chronologies from the neighbouring regions.
Additionally, one site each in north-eastern and north-western margin of the black
pine distribution on the Balkan Peninsula was sampled. The north-western site is
located in sub-Mediterranean Slovenia where, additionally, the density of early- and
latewood was measured. Here has mean summer temperature negative influence on
the tree-ring widths, while early summer precipitation positively affects the
earlywood density. In Bosnia and Herzegovina (BiH), moisture stress was
associated with sunshine hours, and statistically significant influence of June-July
sunshine hours on the tree-ring widths was discovered. In the north-eastern margin
of the black pine distribution from the Balkan Peninsula, in the south-western part
of Romania, statistically significant correlation between tree-ring widths and
standardized precipitation index from the June-August period was calculated.
Climate signal in tree-ring widths from BiH area is stable till the second half of the
20" century, while later on the signal weakens. The most plausible reason is the
difference in cyclones over the Balkan Peninsula and reduced drought stress for
trees. Sunshine hours were reconstructed back to the year 1660, and precipitation
index back to 1688. The extreme years, identified with thresholds and
reconstructions, were recognized with the aid of previously published and archived
unusual events: droughts, floods, cool summers and volcanic eruptions.
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1 PREDSTAVITEV PROBLEMATIKE INHIPOTEZE
1.1 OPREDELITEV RAZISKOVALNEGA PROBLEMA

1.1.1 Dendrokronologija

V ngSirsem pomenu besede je dendrokronologija znanost datiranja branik, ki vkljucuje
preucevanje informacijskih vsebin v strukturi datiranih branik in uporabo teh informacij v
okoljskih ter zgodovinskih vpraSanjih (Kaennel in Schweingruber, 1995). Poleg starosti
drevesa, klime, motenj SirSe okolice in lokanih rastnih razmer ter nakljucénih oz.
nepojasnjenih degjavnikov (Cook, 1985) vplivajo na delovanje kambija tudi rastne razmere
tekocega in predhodnega rastnega leta, v katerem je drevo kopicilo hranilne snovi (Fritts,
1976). Debelinska rast dreves se tako odziva na variabilnost za rast ugodnih in neugodnih
dgavnikov, kar se kaze v variabilnem debelinskem prirastku. Leto, v katerem ngjmanj
80 % analiziranih dreves odreagira z manjSim ali vecjim prirastkom glede na presnjo
rastno sezono, imenujemo znacilno leto (Schweingruber, 1983; Schweingruber in sod.,
1990). V primeru, ko imamo kronologijo z neznanim letom nastanka branik, lahko na
podlagi znailnih let in variabilnosti zaporedja Sirin branik v postopku datacije in
sinhronizacije dolo¢imo leto nastanka vsake izmed branik (Fritts, 1976). Informacije o
lastnostih branik in letu njihovega nastanka uporabimo za Studije odzivnosti dreves na
klimatske spremembe in za rekonstrukcijo pretekle klime (npr. Sarris in sod., 2007
McCarroll in sod., 2012), ali pa na primer za preucevanje vpliva defoliacije, gnojenja in
gojitvenih del ter soljenja cest (npr. Bintgen in sod., 2009; Jyske, 2008; Levani¢ in Oven,
2002).

Vpliv okoljskih dgavnikov na rast dreves se ne kaze samo v Sirini branik, marvec tudi v
Sirini ranega in kasnega lesa (npr. Lebourgeois, 2000), anatomskih znagilnosti lesnih
vliaken (npr. Wimmer, 2002), znotraj letni dinamiki kambijeve cone (npr. Gri¢ar in Cufar,
2008; Mé&kinen in sod., 2008), izotopski sestavi branik (npr. Hafner in Levani¢, 2009;
McCarroll in Loader, 2005), zadrZzevanju setov iglic (Jalkanen in sod., 2000; Poljansek in
sod., 2011, priloga F) in gostotnih profilih branik (npr. Cown in Parker, 1978). Gostoto
branik merimo z uporabo rentgenskih zarkov (Schweingruber in sod., 1978), nadomestne
podatke pravih vrednosti gostote pa lahko izmerimo po metodi odboja modrega spektra
(Campbell in sod., 2007; McCarroll in sod., 2002).
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Za pridobitev vzorcev debelinske rasti se v primeru poseka dreves odvzamejo odrezki
dreves oziroma koluti. Lahko pa se uporabi prirastni sveder (Grissino-Mayer, 2003), s
katerim se iz stojecega drevesa na nedestruktiven nacin odvzame izvrtek. Ta v primeru, da
sSmo z usmeritvijo svedra zadeli sredino debla, obsega debelinske prirastke od zadnje
branike do strzena. Pri odvzemu vzorcev se izogibamo kompresijskemu lesu, zato moramo
upoStevati ekscentri¢nost debla. Sveder je zato vedno vzporeden z izohipso. Za hitrgSo in
lazjo uporabo prirastnega svedra je v uporabi pripomocek, ki je vezni ¢len med prirastnim
svedrom in baterijskim vrtalnikom (PoljanSek in Levani¢, 2012b, priloga D). Pridobljene
izvrtke posuSimo in pravilno orientirane pritrdimo na lesene nosilce. lzvrtke vzdolZno
Zbrusimo tako, da so pod povecavo celice lesa jasno vidne v vseh branikah. Povr&ino
vzorca poslikamo vzdolz njegove celotne dolzine s sistemom ATRICS (Levani¢, 2007).
Sliko vzorca uvozimo v program WinDendro™ (Regent, 2013), v katerem dolog¢imo in
izmerimo Sirine branik. Rezultate meritev, na primer zaporedja Sirin branik, izvozimo v
program PAST-4 (Sciem, 2013), v katerem preverimo skladnost zaporedij Sirin branik med
vzorcema, vzetima z nasprotnih strani drevesa, ter med drevesnimi, lokanimi in
regionalnimi  kronologijami. Skladnost preverimo na dva nafina. Pri vizualni oceni
ujemanja dveh kronologij na intervalu prekrivanja gre za (do neke mere) subjektivno
oceno. Ob tg oceni smo najbolj pozorni na ujemanje vrednosti letnih parametrov branik v
zntilnih letih in na morebitne izpadle, manjkajoce branike (glg poglavje 1.1.2). Drugi
nacin preverbe je uporaba dveh statisticnih kazalnikov, ki skladnost tudi numeri¢no
ovrednotita. To sta tgp (Baille in Pilcher, 1973) ter koeficient ¢asovne skladnosti GLK %
(Eckstein in Bauch, 1969). Vrednost tgp je koeficient korelacije med primerjanima
kronologijama, medtem ko GLK% izracuna delez skladnega gibanja obeh kronologij; npr.,
ali se prirastek v posameznem letu v obeh kronologijah hkrati poveca ali zmanjsa, ne glede
na velikost. Koncni rezultat preverbe skladnosti dveh zaporedij Sirin branik znotrgj istega
drevesa ponazarja kronologijo drevesa. Medsebojno ujemajoce drevesne kronologije z iste
lokacije zdruzimo v rasti&ne oziroma lokalhe kronologije, regionalna kronologija izbrane
drevesne vrste pa se izracuna na podlagi dendrokronoloske mreze lokalnih kronologij
SirSega obmocja. Primere takih mrez ze poznamo npr. iz obmocja Alp, Apeninskega
polotoka ter Aljaske (Buntgen in sod., 2009; Di Filippo in sod., 2007; Schweingruber in
sod., 1993).



Poljan3ek S. Dendrokronologija ¢rnegabora ... na obmocju zahodnega dela Balkanskega pol otoka
Dokt. disertacija. Ljubljana, Univerzav Ljubljani, Biotehniska fakulteta, 2013.

Na delovanje kambija in s tem na nastanek branike vpliva ve¢ dejavnikov (Cook, 1985),
zato vsaka branika vsebujejo Sirok spekter okoljskih informacij. Stalni dgjavniki so starost
drevesa, klima ter motnje ozje in SirSe okolice. Vpliv neklimatskih dejavnikov bliznje in
daljne okolice zmanjSamo z ustreznim izborom rasti&, drevesne vrste ter vzoréenih dreves,

starost drevesa oziroma starostni trend pa izni¢imo s procesom standardizacije.

Standardizacija pomeni iskanje primerne regresijske krivulje in racunanje razlik med
prilagojenimi in degjanskimi vrednostmi (Levani¢, 1996). Pri tem sta v uporabi programa
dplR (Bunn, 2010) in ARSTAN 4.1d (Krusic in Cook, 2007). Razlike med izracuni
omenjenih programov niso znatilne, zato je izbira delovnega okolja prepusena
uporabniku (Poljansek in sod., 2010, priloga E). S standardizacijo se izratunata
standardizirani (ang: standardized) kronologiji; standardna kronologija (ang: standard
chronology) in kronologija ostankov (ang: residual). Standardna kronologija ima vec¢
nizkofrekvencne variabilnosti (se pravi, da vsebuje cikle z nizko frekvenco, to so
dolgoro¢ne spremembe) kot kronologija ostankov, zato je v rekonstrukcijah klime, kjer se
pricakuje vec variabilnosti klimatskega dejavnika in spreminjanje le-tega na daljsi ¢asovni
skali, bolj uporabna (npr. Briffain sod., 2001; Esper in sod., 2002). V primeru, ko linearna
povezava med standardno kronologijo in klimatskim degjavnikom ni visoko statisti¢no
znxtilna, lahko to povezavo matemati¢no izboljSamo z uporabo standardiziranih z-
vrednosti (npr. Ljungqvist, 2010) oziroma s tehtanim izratunom regionalne kronologije iz
vec lokanih, pri ¢emer je utez za lokalno kronologijo s preucevanim klimatskim signalom
pojasnjenavarianca (McCarroll in sod., 2003). Pri tem ozna¢uje klimatski signal statisti¢no

znacilno korelacijo med preucevanim parametrom branike in klimatskim dejavnikom.

Za preucevanje klimatskega signala oziroma vpliva klime na rast dreves potrebujemo
vecletne kvalitetne in preverjene klimatske podatke. NajboljSe je, ¢e lahko pridobimo
podatke vremenskih postg, ki stojijo na priblizno enaki nadmorski visini in v neposredni
blizini oziroma ¢im bliZe lokaciji vzorcenja dreves. V primeru, da v blizini ni vremenskih
postaj, imajo manjkajoce podatke, so nezanedljive ali pa so ¢asovni nizi prekratki, potem
uporabimo meteoroloske podatkovne baze, kot je na primer Histalp (Auer in sod., 2007).
Histalp vsebuje podatke o temperaturi, padavinah, trajanju sonc¢nega obsevanjater zratnem

pritisku za izbrana mesta a pskega in SirSega obmocja, vse do Bosne in Hercegovine (BiH).
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Medtem ko baza Histalp daje izmerjene podatke posameznih vremenskih postaj, omogoca
internetna aplikacija KNMI Explorer (van Oldenborgh, 1999) na podlagi CRU sistema
(Jones in Harris, 2008) uporabo homogeniziranih izmerjenih vremenskih podatkov, iz
katerih lahko izracunamo vrednosti izbranega klimatskega dejavnika za poljubno izbrano

tocko ali obmocgje v naravi.

1.1.2 Odzivnost rasti drevesnaklimo

Razlicne drevesne vrste se razlicno odzivajo na razlicne klimatske dejavnike (Garcia-
Suérez in sod., 2009), zato je za izbiro drevesne vrste pomembna odlocitev, kateri
klimatski signal Zelimo preuciti. Kljucna je tudi izbirarastis¢a. Na ekstremnih rasti&ih sta
starost dreves in klima klju¢na dejavnika, ki vplivata na letni debelinski prirastek (Fritts,
1976). Za ekstremno Stejemo tisto rastisce, na katerem so, zaizbrano drevesno vrsto, rastne
razmere slabe. To je lahko v osrednjem delu ai pa na robu areala razSirjenosti izbrane
vrste. Zato se znxtilni klimatski signal v Sirinah branik pricakuje takrat, ko je na
ekstremnem rastiS¢u opravljen ustrezen izbor drevesne vrste, katere debelinsko priraséanje,
zaradi veckratnega ali daljSega neugodnega stanja klimatskih dejavnikov v ¢asu rastne
sezone, poteka v stresu. V praks klimatski signal pomeni, da se parameter branike dobro
odziva na variiranje klime. Pri preu¢evanju rasti dreves z ekstremnih rasti& nas lahko
ovirgo morebitne izpadle ai/in zelo ozke branike (Wilmking in sod., 2012). Do izpada
oziroma izklinjenja branik pride, ko zaradi hudega stresa kambijeva cona ne proizvede
letne prirastne plasti po celotni vidini debla, od kroSnje navzdol oziroma po celotnem
obodu debla. Izpadle branike so pogoste pri drevesih, ki rastgjo na robu areala razsirjenosti
(Wilmking in sod., 2012), zato so tovrstna obmocja najprimernejSa za preucevanje vpliva
klime na rast dreves. Medtem ko so tovrstne raziskave pogoste v borealnih gozdovih (npr.
Briffain sod., 1992; Schweingruber in sod., 1993; Lindholm in sod., 2009), zmernem pasu
Evrope (npr. Makinen in sod., 2003), obmocju Alp (npr. Rolland, 1993; Levani¢, 2005;
Bintgen in sod., 2006) ter preteznem delu mediteranskega bazena (npr. Touchan in sod.,
2005), pa je vpliv klime na rast dreves slabo raziskan na obmocju zahodnega dela
Balkanskega polotoka. Drevesna vrsta, ki je primerna za raziskave o vplivu klime na rast
drevesin katere osrednji del arealalezi na neraziskanem obmogju, je ¢rni bor (Pinus nigra
Arnold).
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1.1.3 Crni bor (Pinusnigra Arnold)

Crni bor spada med dvoiglicaste bore, je enodebelno drevo in dosega vigine od 30 pa do
40 m (Brus, 2004). Raste tudi na najbolj ekstremnih rastis¢ih z bazi¢no podlago (slika 1).
Na nekaterih rasti&ih dosega starosti do 800 let (Wimmer in Grabner, 1998). Mlgsa
drevesa imagjo stoz¢asto krosnjo, medtem ko je pri stargjSih izrazito deznikasta (Vidakovi¢,
1991). Pri vizuani oceni starosti dreves prek podobe krodnje je potrebna previdnost, kajti
deznikasta krodnja lahko obstga tudi pri relativno mladih drevesih, rastocih na slabo
rodovitnih, oziroma ekstremnih rasti&ih (Fritts, 1976). Naravni area ¢rnega bora je
izrazito nesklenjen in se razteza po zahodnem delu Sredozemlja, juzni Evropi, Mali Aziji
in nekaterih predelih severozahodne Afrike (slika 2). Zaradi velike morfoloske in genetske
variabilnosti ga stroka deli v vec podvrst (Vidakovi¢, 1991); na preteznem delu zahodnega
dela Balkanskega polotoka raste podvrsta P. nigra bosniaca, medtem ko se na obmocju
Dunaja pojavlja P. nigra austriaca, v Romuniji pa P. nigra banatica. Branika ima lepo
vidno mejo med ranim in kasnim lesom ter veliko odzivnost na klimo (Wimmer in sod.,
2000), zato je to primerna vrsta za preucevanje vpliva klime na debelinski prirastek dreves
(Strumiain sod., 1997; Martin-Benito in sod., 2011).

Odziv ¢rnega bora na klimo je Ze preucen z robnih obmocij njegovega centranega dela
areala na Balkanskem polotoku. Klimatski signal je ze bil preucen v Albaniji (Levani¢ in
Toromani, 2010), submediteranskem delu Slovenije (Ogrin, 1989) in Avstriji (Leal in sod.,
2008). Raziskav o vplivu klime na letni debelinski prirastek ¢rnega boraiz zahodnega dela
Balkanskega polotoka pa Se ni. Raziskava iz Albanije, z jugozahodnega dela razSirjenosti
¢rnega bora na Balkanskem polotoku (Levani¢ in Toromani, 2010), je pokazala, da Sirina
branik ¢rnega bora negativno korelira z nadpovpreénimi junijskimi temperaturami
tekocega leta ter z nadpovprecnimi avgustovskimi in septembrskimi temperaturami
predhodnega leta, na debelinski prirastek pa ima pozitiven vpliv nadpovprecna kolicina
padavin preteklega avgusta in septembra.
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Iz tega sledi, da je klimatski signal v Sirinah branik ¢rnega bora z jugozahodnega dela
Balkanskega polotoka bolj kompleksen, kot je klimatski signal drugih drevesnih vrst z
vecjih geografskih Sirin (npr. Briffa in sod., 1988; Lindholm in sod., 2009) ali z obmocja
Alp (npr. Trachsel in sod., 2012), kjer je rast dreves odvisna predvsem od temperatur,
oziroma z manjSih geografskih Sirin, kot na primer iz obmoc¢ja Sredozemlja, Kjer je rast
dreves odvisna predvsem od padavin (npr. Touchan in sod., 2005; Touchan in sod., 2010).
V zmernih geografskih Sirinah, kjer je tudi Balkanski polotok, variabilnost samo
temperatur ali padavin ne pojasni v zadostni meri variabilnosti rasti dreves (Fritts, 1976),
lahko pa variabilnost temperatur in padavin pojasnimo z variabilnostjo son¢nega obsevanja
(Stahle in sod., 1991). Parameter Stevilo ur son¢nega obsevanja (oziroma oblac¢nost) se
zaradi neposrednega vpliva na fotosintezo in s tem na izotope ogljika uporablja tudi v
rekonstrukcijah klime za obmocja z manjSim vlaznostnim stresom, kjer je bolj kot

temperatura za fotosintezo pomembna stopnja son¢nega obsevanja (Young in sod., 2010).

Slika 1: Crni bor (P. nigra banatica) na ekstremnem rasti$¢u na njegovem severovzhodnem robu areala na
Balkanskem polotoku v jugozahodnem delu Romunije (foto: Simon Poljansek)

Figure 1: Black pine (P. nigra banatica) on extreme site in his north-eastern margin of distribution on the
Balkan Peninsula in the south-western part of Romania (photo: Simon Poljan3ek)
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Slika 2: Karta naravne razsirjenosti ¢rnega bora (P. nigra), povzeto po: EUFORGEN (2013)

Figure 2: Map of natural distribution of black pine (P. nigra), after: EUFORGEN (2013)

1.1.4 Stabilnost klimatskega signala v ¢asu

Prvo izmed nacel dendrokronologije je, da so fizioloski in bioloski procesi, ki vplivgjo na
debelinsko rast dreves v sedanjosti, imeli enak vpliv tudi v preteklosti; »sedanjost je klju¢
do preteklosti« (Fritts, 1976). Nacelo o stabilnosti klimatskega signala v ¢asu moramo
preveriti, preden pristopimo k rekonstrukciji klimatskega dejavnika. Ce je prido v dobi
merjenin  klimatskih podatkov do sprememb v stabilnosti klimatskega signala,
rekonstrukcija ni ve¢ zanedljiva, sg je zelo teZzko zagotoviti, da se obdobja slabSe
odzivnosti v preteklosti niso dogajala. Ali je klimatski signal zntilen skozi celotno
obdobje merjenih klimatskih podatkov, se lahko preveri z metodo drsece korelacije (npr.
Dean in Anderson, 1974). Ta izracunava korelacijski koeficient v ¢asovnem oknu, ki se
pomika za eno ¢asovno enoto po celotni dolzini razpoloZljivih podatkov. V literaturi se
pojavljajo razli¢ne dolZine oken; v raziskavi na severovzhodnem robu areala ¢rnega bora
na Bakanskem polotoku (Levani¢ in sod., 2012) je bilo, podobno kot v nekaterih
predhodnih raziskavah (npr. Luterbacher in sod., 1999; Pauling in sod., 2006), uporabljeno
30-letno okno, medtem ko smo v osrednjem delu tega areala temperaturni in padavinski
signal preverili z 31-letnim oknom (PoljanSek in sod., 2012b).



Poljan3ek S. Dendrokronologija ¢rnegabora ... na obmocju zahodnega dela Balkanskega pol otoka
Dokt. disertacija. Ljubljana, Univerzav Ljubljani, Biotehniska fakulteta, 2013.

Klimatski signal v ¢asu je lahko stabilen ali pa spremenjen zaradi klimatskega ali
antropogenega vpliva. Strumiain sodelavci (1997) so opazili spremenjen odziv rasti ¢rnega
bora na koli¢ino padavin v okolici Dunagja; medtem ko se je v zadnjih 150 letih odziv na
majske padavine zmanjsal, se je na julijske znacilno povecal. Sprememba na bi bila
posledica poviSane koncentracije ogljikovega dioksida in nitratov v ozra¢ju (Leal in sod.,
2008). O moc¢nejSem odzivu dreves na padavine v sredini 20. stoletja poro¢gjo tudi iz
obmocja Pirengev (Andreu in sod., 2007), medtem ko iz Gr¢ije (Sarris in sod., 2007) in
obmogja italijanskih Alp (Coppolain sod., 2012) poro¢gjo 0 zmanjSanem odzivu oziroma
celo o spremembi vpliva nadpovprecnih temperatur iz negativnega v pozitiven (Amodei in
sod., 2012). Medtem ko za Sibke& signal v Sirinah branik munike (Pinus heldreichii
Christ.) v Albaniji domnevajo, da je posledica slabsih klimatskih podatkov oziroma ne-
ekstremnosti rastiSta in zato slabega odziva dreves (Seim in sod., 2012), so v Romuniji
spremenjeni odziv rasti dreves na klimo pripisali rudniskim aktivnostim (Kern in sod.,
2009), v juzni Nenxiji pa emisijam SO, (Wilson in Elling, 2004). Na drugaten odziv
debelinske rasti na klimatske dejavnike bi lahko vplivala tudi sprememba v klimi
Sredozemlja iz obdobja od 1960 do zacetka 1990. To obdobje je opisano kot desetletje z
iziemno spremenljivim son¢nim obsevanjem (Mariotti in Dell’ Aquila, 2012) oziroma s
povecanim padavinskim trendom v 60-ih letih 20. stoletja (Xoplaki in sod., 2003), pa tudi
kot obdobje zmanjSane son¢ne aktivnosti, katere vpliv so odkrili npr. v spremembah v rasti
sibirskega brina (Juniperus Sberica Burgsd) (Shumilov in sod., 2007).

1.1.5 Rekonstrukcijaklime

Pretekle vrednosti okoljskih deavnikov izracunamo tako, da parametre linearnega
regresijskega modela med merjenimi vrednostmi klimatskega dejavnika in opazovanega
parametra branike uporabimo v linearni enacbi, kjer vrednost klimatskega dejavnika
ponazarja odvisno spremenljivko, vrednost parametra branik pa neodvisno spremenljivko.
Linearni model, razvit za obdobje, ko imamo navoljo kvalitetne klimatske podatke, se tako
uporabi za rekonstrukcijo izbranih klimatskih podatkov v obdobje pred instrumentalnim
zbiranjem podatkov, ko so parametri branik na voljo, podatki o klimi pa ne (Fritts in sod.,
1971). Pred izracunom rekonstrukcije se kakovost modela preveri s kolicnikoma RE
(Fritts, 1976) in CE (Cook in sod., 1999).
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Statisticni test RE (ang: »reduction of error«) oceni, koliko boljSa od povprecne vrednosti
klimatskega dgjavnika iz obdobja kalibracije je nasa izratunana rekonstrukcija. CE (ang:
coefficient of efficiency) je podoben kazanik, le da namesto uporabe povrecne vrednosti
klimatskega dejavnika iz obdobja kalibracije uporabimo obdobje verifikacije. Obdobyji
kalibracije in verifikacije dobimo, ko celotho obdobje merjenih klimatskih dejavnikov
delimo na dve, navadno enako dolgi obdobji. Pri rekonstrukciji je pomemben tudi
parameter EPS (ang: expressed population signal), ki zaradi odvisnosti od Stevila
vzoréenih enot in povprecne korelacije med njimi pove, ali majhen vzorec vsebuje signal
velike populacije. Za rekonstrukcijo lahko uporabimo tisti del kronologije, kjer je
parameter EPS vi§i kot 0,85 (Briffain Jones, 1990; Wigley in sod., 1984), ali vsg 0,80.

Z rekonstrukcijami lahko preucujemo variabilnost klimatskega dejavnika v preteklosti ter
odgovorimo na vprasanje, ai so se klimatske spremembe, podobne sedanjim, v preteklosti
Ze dogajale in kako so se nanje drevesa odzivala. Poleg tega nam rekonstrukcije pomagajo
pri omejevanju variabilnosti projekcij klimatskih sprememb v prihodnosti oziroma pri
izboljSanju postavljenih modelov. Za obmogja Francije, Italije ter Iberskega polotoka so iz
obdobja od 15. do 19. stoletja na voljo prve instrumentalne meritve klimatskih podatkov
(Camuffo in sod., 2010). V obmogjih, kjer dolgoletnih klimatskih podatkov ni, so
rekonstrukcije zato zelo pomembne (Luterbacher in sod.,, 2012). Z obmogja
Mediteranskega bazena so ze predstavljene daljSe rekonstrukcije temperatur oziroma
padavin Atlasa v Afriki, Pirengjev, Alp, Karpatov ter obmocja Egejskega morja, medtem
ko za obmocje Dinaridov Se ni razvita niti dendrokronolodka mreza niti Se ni izratunana
rekonstrukcija (slika 3).
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Slika 3: Lokacije in s korelacijskim koeficientom predstavljen klimatski signal 847 kronologij Sirin branik
SirSega obmocja Mediteranskega bazena. Pearsonovi koeficienti korelacije so izratunani glede na mrezo
temperaturnih (A) in padavinskih (B) koeficientov obdobja junij-avgust. Krogi in Stevilke oznatujejo
obmogja in rekonstruirani klimatski dejavnik dolZine > 600 let; 1. Atlas, rekonstrukcija suse; 2. Pirengji,
temperatura; 3. avstrijski del Alp, temperatura; 4. Alpe, temperatura; 5. Karpati, temperatura; 6. Egejsko
morje, padavine; 7. jugozahod Turcije, padavine; 8. vzhodni Mediteran, padavine (povzeto po: Luterbacher
in sod., 2012).

Figure 3: Location and correlation coefficient of climate sensitivity of 847 TRW chronologies within the
Greater Mediterranean Region. Pearson’s correlation coefficients are computed against gridded June-
August: (A) temperature and (B) precipitation indices. Black circles and numbers refer to climate
reconstructions > 600 years; 1. Atlas, reconstruction of drought; 2. Pyrenees, temperature; 3. Austrian Alps,
temperature; 4. Alps, temperature; 5. Carpathians, temperature; 6. Aegean Region, precipitation; 7.
Southwest Turkey, precipitation; 8. Eastern Mediterranean, precipitation (after: Luterbacher et al., 2012).

Na dliki 3 je razvidno, da za obmocje med Egejskim morjem in avstrijskim delom Alp Ze
obstajajo objavljene kronologije. V mednarodni podatkovni zbirki dendrokronoloskih
podatkov (ITRDB), prosto dostopni na internetu, so na voljo kronologije, organizirane po
avtorjih, regijah, drevesnih vrstah ter merjenih parametrih branik (NOAA, 2012). V zbirki
so za obmocje zahodnega dela Balkanskega polotoka kronologije Sirin branik smreke
(Picea abies L.) iz Senja na Hrvaskem ter Vlasi¢a in Jahorine v BiH, vsa vzoréenja je
opravil Schweingruber. V Crni gori je Schweingruber na prelazu Cakor vzor¢il tudi
omoriko (Picea omorika) (NOAA, 2012). Prav tako je bilo v BiH, v krgjih Ravno borje
(Kuniholm, 1981) in Duboka (Kuniholm in Striker 1983), opravljeno vzor¢enje ¢rnega
bora, katerih malostevilni vzorci so bili uporabljeni v dendrokronoloski raziskavi SirSega
obmocja Egejskega morja (Hughes in sod., 2001). Dendrokronolosko raziskavo je v BiH
opravil tudi Accetto (1979), ko je preucil pomlaevanje ¢rnega bora v okolici krgja
Bugojno ter munike na planoti Prenj (Accetto, 1980).
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Rezultati meritev debelinske rasti, ki jih je objavil Accetto (1979, 1980), so podane le kot
grafiéna slika (same meritve niso na voljo), medtem ko so druge meritve z zahodnega dela
Balkanskega polotoka objavljene v digitalni obliki (NOAA, 2012). Objavljene kronologije
so zaradi tega na voljo za Siroko uporabo, a ker obsegajo e meritve ngjvec petih dreves na
eno lokacijo, so statisticno premajhen vzorec za razvo] dendrokronoloske mreze in
reprezentativno predstavitev celotnega obmocja oziroma za uporabo teh kronologij v
dendroklimatoloski analizi vpliva klimatskih degavnikov. Za zanesljivo izdelano
dendrokronolosko mrezo debelinskih prirastkov potrebujemo sistematicen pristop k
vzoréenju na klimatske dgavnike odzivne drevesne vrste. Organiziran pristop izdelave
kronologije izbrane drevesne vrste in rekonstrukcijo klimatskega degjavnika lahko Ze
zasledimo na nekaterih sosednjih obmocjih zahodnega dela Balkanskega polotoka. V
Romuniji, na vzhodnem delu Balkanskega polotoka, so rekonstruirali 1000-letno poletno
temperaturo, temeljeco na kronologiji Sirin branik cemprina (Pinus cembra) (Popain Kern,
2009), ter dodatno preucili Se vpliv klime na prirastke treh drugih drevesnih vrst (Picea
abies L. Karst., Abies alba Mill. in Fagus sylvatica L.) (Kern in Popa, 2007). V Bolgariji,
jugovzhodnem delu Balkanskega polotoka, so izdelali 655- in 305-letno kronologijo
munike in molike (Pinus peuce Gris.) (Panayotov in sod., 2009) ter rekonstruirali poletno
temperaturo (Trouet in sod., 2012). V Albaniji so v tisocletni kronologiji munike preucili

klimatski signal, niso pa Se predstavili nobene rekonstrukcije (Seimin sod., 2012).

Z vzoréenjem prirastkov na ve¢ lokacijah in izdelavo skupne regionalne iz ve¢ lokanih
kronologij pricakujemo, da bomo zajeli klimatski signal, ki ne bo samo lokalen, temvet bo
ponazarjal odziv dreves na klimo SirSega obmocja. Prostorsko jakost klimatskega signala
ter kako veliko obmogje izdelana kronologija pokriva, preverimo prek spletnega programa
KNMI Explorer (van Oldenborgh, 1999). Ta omogoca primerjavo nase izbrane kronologije
Z raznovrstnim naborom klimatskih parametrov izbranega obmocja iz CRU-sistema (Jones
in Harris, 2008) ter slikovni prikaz izratuna korelacijskih vrednosti. Poznavanje velikosti
vplivnega obmocja klimatskega dejavnika na izbrano kronologijo pomaga pri razumevanju
in razlagi v rekonstrukciji identificiranih znacilnih oziroma ekstremnih let. V nasem
primeru so znacilna leta definirana kot leta, v katerih so rekonstruirane vrednosti presegle
mejno vrednost, postavljeno na dveh standardnih odklonih od povprecne vrednosti

(Touchan in sod., 2005) oziroma naizbranem centilu (Touchan in sod., 2008).
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1.2 RAZISKOVALNE HIPOTEZE

Nas cilj je bil izdelati dendrokronolosko mrezo érnega bora za obmocje zahodnega dela

Balkanskega polotoka, preuciti vpliv na rast ngjbolj vplivnega klimatskega dejavnika ter

rekonstruirati izbrani dejavnik v obdobje pred zbiranjem merjenih klimatskih podatkov. Z

ozirom na nase cilje smo postavili naslednje hipoteze:

1

Lokalne kronologije ¢rnega bora z razli¢nih rastis&¢, nadmorskih visin in mati¢nih
podiag se med seboj ujemgo, kar dokazuje skupen klimatski signal, ki nam
omogoca sestavo regionalne kronologije ¢rnega bora za BiH.

Regionalna kronologija ¢rnega bora zahodnega dela Balkanskega polotoka se
ujema z regionalnimi kronologijami sosednjih obmogij.

Klimatski signal v maksimalni gostoti kasnegalesaje bolj izrazit kot v Sirini branik.
Na &irino branik ¢rnega bora z ekstremnih rastis¢ vplivajo zgodnje poletne
temperature in padavine, medtem ko na maksimalno gostoto kasnega lesa v braniki
vplivajo pozno poletne temperature in padavine.

Regionalna kronologija ¢rnega bora omogoca rekonstrukcijo najbolj vplivnega
vremenskega dejavnika v obdobje pred instrumentalnimi meritvami.

Odziv ¢rnega bora na klimo se skozi ¢as ne spreminja.
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2 ZNANSTVENA DELA

21 435 LET DOLGA KRONOLOGIJA CRNEGA BORA (Pinus nigra) ZA
CENTRALNO-ZAHODNI DEL BALKANSKEGA POLOTOKA.

Poljansek S., Ballian D., Nagel T. A., Levani¢ T. 2012. A 435-Y ear-Long European Black
Pine (Pinus nigra) Chronology for the Central-Western Balkan Region. Tree-Ring
Research, 68, 1: 31-44.

Opisujemo razvoj prve regionalne kronologije ¢rnega bora (Pinus nigra Arnold) za
obmocgje centralno-zahodnega dela Balkanskega polotoka; Bosne in Hercegovine (BiH),
temeljeco na sedmih lokalnih kronologijah iz razlicnih krajev preucevanega obmogja
Analiza znacilnih let v lokalnih kronologijah je pokazala skupen signal (verjetno klimatski)
- ngimanj pet pozitivnih (1876, 1930, 1941, 1969) in devet negativnih znacilnih let (1874,
1880, 1891, 1931, 1943, 1963, 1971, 1987, 2000) je bilo skupnih za vseh sedem
preucevanih rastisc. Lokalne kronologije so bile medsebojno primerjane s statisticnimi
parametri in vizualnim ujemanjem. 1z lokalnih kronologij smo za obmocje BiH razvili 435
let dolgo kronologijo &irin branik ¢rnega bora in jo primerjali z Ze obstojecimi
kronologijami iz Crne gore, Gréije, Albanije, Avstrije (obmogje Dunaja) in Francije
(Korzika). Statisticne in vizualne podobnosti med regionalnimi kronologijami potrjujejo
mocan regionalni signal kronologije BiH, zato lahko novo razvito kronologijo z zahodnega

dela Balkanskega pol otoka vkljuc¢imo v dendrokronolosko mrezo za ¢rni bor.
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A 435-YEAR-LONG EUROPEAN BLACK PINE (PINUS NIGRA)
CHRONOLOGY FOR THE CENTRAL-WESTERN BALKAN REGION
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ABSTRACT

We describe the development of the first black pine (Pinus nigra Arnold) regional chronology
for the central-western Balkan area, Bosnia and Herzegovina (BiH), based on seven site chronologies
from different parts of the country. Pointer-year analysis identified a common signal (possibly climate)
in the site chronologies—at least five positive (1876, 1930, 1941, 1969) and nine negative pointer years
(1874, 1880, 1891, 1931, 1943, 1963, 1971, 1987, 2000) are common to all seven study sites. Site
chronologies were compared using statistical parameters and visual crossdating, from which we
constructed a 435-year-long tree-ring width chronology for P. nigra for BiH and compared it with
existing P. nigra chronologies from Montenegro, Greece, Albania, Austria (Vienna region), and France
(Corsica). The resulting statistical and visual similarity indicated that the chronology has a strong
regional signal and therefore can be included in the dendrochronological network for P. nigra for the

Western Balkans.

Keywords: Pinus nigra, climate change, Bosnia and Herzegovina, dendroclimatology, dendro-

chronology.

INTRODUCTION

Dendrochronological research has a long
tradition in the western and central part of the
Mediterranean, such as Spain, France, Italy,
Morocco, Tunisia, and Algeria (Martinelli 2004).
However, the eastern part of the Mediterranean
region had been largely overlooked until 1999
(Touchan and Hughes 1999), after which this
situation improved as dendrochronological studies
started to emerge in Jordan, Syria, Cyprus,
Lebanon, and Turkey (Touchan er al 2005b;
Sevgi and Akkemik 2007; Touchan et al 2007;
Touchan et al. 2008). Currently, long chronologies
for different tree species are available, as well as
long-term reconstructions of different climatic
parameters (see Touchan er al 2007). Other
studies have also realized the importance of the
lack of data in the eastern region of the
Mediterranean. Allen et al. (2010) clearly identify

*Corresponding author: tom.levanic@gozdis.si

Copyright © 2012 by the Tree-Ring Society

that data are needed on tree growth, climate-
growth, as well as climate-mortality relationships.

In Bulgaria and Romania dendrochronolog-
ical research is progressing. Panayotov et al
(2010) compiled a 758-year-long chronology for
Pinus  heldreichii Christ. and a 340-year-long
chronology for Pinus peuce Gris., while Popa
and Kern (2009) developed a 1,000-year-long
chronology of Pinus cembra L. for Romania and
reconstructed summer mean temperature anoma-
lies for the period AD 1163-2005. In Austria,
Strumia et al. (1997) studied the response of black
pine (Pinus nigra Arn.) to precipitation and
reported a high sensitivity to summer rainfall,
whereas Leal et al. (2008) observed a decreasing
sensitivity of the response to spring-summer
precipitation towards the end of the 20th Century.

Dendrochronological work in Greece, Cy-
prus and in countries of the Near East (Turkey,
Syria, Lebanon) is also well developed (Kuniholm
and Striker 1983; Touchan et al. 2005a). At this
stage, new chronologies have been constructed

31
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and the first regional reconstructions of climate
parameters have been published, including a long
regional oak tree-ring width chronology (Kuni-
holm and Striker (1983) as well as the reconstruc-
tion of spring-summer precipitation for the
Eastern Mediterranean (Touchan et al 2005b)
and a study of the association between signature
years and the seasonal patterns of atmospheric
circulation (Hughes et al. 2001).

Dendrochronological work in Albania, un-
like that in Greece and the Near East, is being
slowly developed by research teams from various
countries. The first chronology of P. nigra from
Albania and its response to climate was published
by Levani¢ and Toromani (2010), while Seim et al.
(2010) constructed a 1,000-year-long tree-ring
width and tree-ring density chronology for P.
heldreichiii in Albania.

In contrast to the rapid and systematic
development of dendrochronological networks
all around the Mediterranean basin, the Western
Balkan region, which includes Montenegro, Bos-
nia and Herzegovina (BiH) and Croatia, has been
less intensively investigated by dendrochronolo-
gists, and systematic dendrochronological work
focusing on chronology development and climate-
tree growth relationships, or addressing different
dendroecological questions, has been largely
absent. We are aware of two dendroecological
studies by Accetto (1979) on the growth dynamics
and natural regeneration of P. nigra and P.
heldreichii in Central BiH. That study was limited
to a relatively small area and focused more on
stand dynamics than on the development of long
chronologies. There are only a few chronologies
from this region in the International Tree-ring
Data Bank — P. nigra chronologies from Ravno
Borje (Kuniholm 1981) and Picea abies chronol-
ogies from Jahorina, Cakor and Vlasi¢ (Schwein-
gruber 1996a). Although Kuniholm and Striker
(1983) built a network of more than 50 Greek and
Turkish sites, only one chronology from Duboka,
Serbia, originates from the region we studied.

The Balkan Peninsula in Southeastern Eu-
rope is ca. 550,000 km? in size. It has a strong
north-south temperature gradient, which can be
viewed as a climatic transition from the strong
Mediterranean conditions in Greece to temperate

POLJANSEK, BALLIAN, NAGEL, and LEVANIC

conditions toward the Alps, as well as a strong
east-west precipitation gradient, resulting in a
diverse climate throughout the region. Forests in
this region are diverse, and forest communities on
southern slopes, shallow soils and limestone
bedrock in the Mediterranean climate zone of
the western part of the Peninsula are especially
susceptible to the predicted increase in tempera-
ture and decrease of precipitation (Pachauri and
Reisinger 2007). For these reasons, the Balkan
Peninsula is an important region for dendrochro-
nological and dendroclimatological work, which
has been exploited in its eastern, but not in its
western part. We therefore decided to initiate
systematic dendrochronological work on P. nigra
in the western part of the Balkan Peninsula. P.
nigra grows on extreme sites, has a wide ecological
amplitude and distribution range, and responds
well to environmental changes (see Fritts 1976). Its
natural range of distribution extends from the
vicinity of Vienna, Austria, in the north to Greece
in the south, and covers all western Balkan
countries. P. nigra can grow on different sub-
strates and bedrock, such as limestone, dolomite,
and serpentine-peridotite (Vidakovi¢ 1991; Isajev
et al. 2004). Our study had the following goals:

® construction of tree-ring width chronologies

for P. nigra on many natural sites in Bosnia
and Herzegovina,

development of a regional P. nigra chronol-
ogy for Bosnia and Herzegovina,
comparison of pointer years between sites
and between neighboring countries,
connection of the newly developed P. nigra
chronology with other P. nigra chronologies
from the Balkan Peninsula and neighboring
countries.

MATERIALS AND METHODS
Sampling Locations

Seven P. nigra sites were sampled in BiH.
They ranged in elevation from 500 m to 1,500 m
a.s.l.,, with a southern aspect at higher elevations
and a northern aspect at lower elevations (Table 1,
Figure 1). Apart from the other six sites, trees at
Sipovo (SIP) were sampled on the northern and
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Table 1. Basic characteristics of the P. nigra sampling locations in Bosnia and Herzegovina.

Site Code Latitude N Longitude E  Elevation [m] Slope [°] Aspect Bedrock
Blace BLA 43°31" 18°07’ 950 50 SE Dolomite
Konjuh KON 44°17' 18732’ 1,100 45 S Serpentine
Krivaja KRI 44°13’ 18729’ 500 60 NE Serpentine
Perucica PER 43°19' 18°42’ 1,450 55 S Limestone
Prusacka rijeka PRU 44°04’ 17221 1,100 65 S Limestone
Sator SAT 44°11" 16736’ 1,300 55 S Dolomite
Sipovo SIP 44°17' 17°12’ 1,100 60 S &N Limestone

southern side of the slopes above the gorge. All
study sites had a low stand density, so the sampled
trees had plenty of growing space and no between-
tree competition. Many sampled trees were
growing on a ridge (see Figure 2). All study sites
were more or less pure P. nigra stands with only a
minor occurrence of other tree species (e.g.

Fraxinus ornus L., Pinus sylvestris L., Quercus
petraea Liebl., and Quercus pubescens Wild.).
According to local foresters, some locations have
had frequent forest fires (also visible as fire scars
on the stem) caused by lightning, and some sites
have been heavily affected by intensive resin
collection (such trees were not sampled). The

Figure 1. Sampling sites (®) of P. nigra in Bosnia and Herzegovina (dark gray area); Blace (BLA), Konjuh (KON), Krivaja (KRI),
Perucica (PER), Prusacka rijeka (PRU), Sator (SAT) and Sipovo (SIP); meteorological stations (O) Mostar and Sarajevo.
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Figure 2. Typical site with P. nigra growing on a steep
limestone slope of the Prusac gorge, Bosnia and Herzegovina
(photo: Simon Poljansek).

sampling locations were evenly distributed across
BiH and covered the majority of the sites where P.
nigra is found in natural stands (Figure 1).

Main Characteristics of Black Pine (Pinus
nigra Arn.)

P. nigra is a widespread species on the Balkan
Peninsula. It can be found in a wide altitudinal
range, from 500 to 2,000 m a.s.l. and can measure
as much as 50 m in height and over 1 m in
diameter. On some extreme sites it can reach over
500 years of age (Brus 2004). It has distinct annual
rings with clearly visible earlywood and latewood.
Resin ducts are abundant and mainly in the
latewood, and missing or false rings can occur,
especially on extreme sites. P. nigra is not shade-
tolerant, but can resist low winter and high
summer temperatures. Its thick bark makes it
more fire resistant than other tree species in the
area. All P. nigra subspecies are mountain species
that occupy intermediate plains and more or less

steep slopes of the wider Mediterranean region. In
low elevations of the Mediterranean part of its
distribution, natural P. nigra stands are found on
north-facing slopes, whereas in alpine and conti-
nental areas, they are located on south-facing
slopes (Bussotti 2002). P. nigra is well adapted to
extreme sites with summer heat and a lack of
precipitation. It can grow on steep, rocky slopes
where soils are highly erodible and on dolomite,
limestone, or serpentine-peridotite bedrock where
growth conditions for other tree species are too
extreme. Sites on serpentine-peridotite are partic-
ularly interesting as this bedrock type is charac-
terized by low fertility, low soil moisture, calcium
deficiency, high concentrations of heavy metals,
and low plant nutrients. Serpentine-peridotite
substrate varies from pH 5.5-8 (Proctor and
Woodell 1975; Stevanovi¢ et al. 2003). Because
trees on these sites grow slowly, we can expect to
find very old individuals. Such trees are highly
suitable for the development of long chronologies
or investigation of climatological and ecological
questions related to tree growth (Leal et al. 2008;
Linares and Tiscar 2010).

Sampled Trees

Old, dominant or co-dominant trees with a
healthy trunk and no signs of resin exploitation
were selected for sampling. From each tree, two
cores from opposite sides were taken at breast
height (1.3 m) and perpendicular to the slope to
avoid compression wood. On extreme terrain, we
took only one core per tree, or the core was taken
at a greater height than normal (ie. 1.5-2 m).
Cores were air-dried and glued on wooden
holders, and sanded with progressively finer
sandpaper until a high-polish surface was achieved
(Stokes and Smiley 1996). Samples were scanned
using the ATRICS system (Levani¢ 2007) and
measured using WinDENDRO software (www.
regentinstruments.com). The width of each annual
ring was measured to the nearest 0.01 mm.

Climate

Geographically, the Balkan Peninsula repre-
sents an important north-south transect and a
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Figure 3. Climate diagram based on the HISTALP dataset (Auer et al. 2007) for the period 1881-2006 for (a) Sarajevo and

(b) Mostar.

climatic transition zone between the Mediterra-
nean and Central European synoptic - temperate
zone (Eastwood 2004). Although the vegetation in
BiH belongs to the Mediterranean vegetation
community (Eastwood 2004), it is enriched by
diverse geographical features. This leads to high
species diversity and makes BiH one of Europe’s
biodiversity hotspots (Gibson et al. 2003).

BiH is located in the northwestern part of the
Balkan Peninsula, between 42°26’ to 45°15'N and
15°44" to 19°41'E. Tt is bordered by Croatia to the
north, west, and south, by Serbia to the east, and
by Montenegro to the southeast. Because of its
geographical position, proximity to the Adriatic
Sea, and distinct topography, the northern part of
the country has a moderate continental climate
with July temperature around 20°C and 700-
800 mm of annual precipitation (Pintari¢ 1999). In
the central mountainous area severe winters with
abundant snowfall prevail. Warm humid air from
the Adriatic Sea often collides with cooler air
above the Dinaric Alps, and as a consequence, the
Cvrsnica (2,000 m a.s.l.), Prenj (1,900 m a.s.l.) and
Dzamija (1,800 m a.s.l.) mountain peaks receive
abundant precipitation — annual precipitation on
these peaks averages from 3,000-5,000 mm,
among the highest recorded in Europe. Bjelasnica
(2,000 m a.s.l.), located behind the first range, still
receives more than 1,800 mm of yearly precipita-
tion, although there can be large differences

between years, with a maximum of 3,157 mm in
1900 and a minimum of 627 mm in 1954 (Federal
Hydrometeorological Institute of Bosnia and
Herzegovina).

Mountain ranges in BiH have an important
impact on climate. They reduce the influence of
the Mediterranean and enhance the influence of
the continental climate over a very short distance.
Western BiH has a typical sub-Mediterranean
climate pattern with warm and wet late autumn
and winter months (6.5°C average winter temper-
ature and 650 mm precipitation) and hot and dry
summers (22°C and 250 mm precipitation). As
there are three types of climate that influence the
BiH area, a mixed climatic influence is observed in
weather station data that are provided by the
HISTALP climate database project (Auer et al.
2007). The variability of climate in BiH is well-
represented by two meteorological stations—
Mostar and Sarajevo. The Mostar meteorological
station (Figure 3b) represents a typical sub-Med-
iterranean climate—the temperature is high in
July-August (25°C average monthly temperature)
and precipitation is most abundant from October
to January (700 mm). Winter is not particularly
cold (6°C) and summer is very dry (245 mm from
May-August). The climate of the inner part of BiH
is well-represented by the meteorological station in
Sarajevo (Figure 3a); it is a moderate continental
climate—mountain ridges oriented north-south
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prevent the Mediterranean climate from reaching
deep into the country, which results in cool
summers (17°C average monthly temperature)
and equally distributed precipitation over the year
(1,000 mm of annual precipitation).

Statistical Methods

Crossdating of chronologies was done with
PAST-4™ software (www.sciem.com) using both
visual on-screen comparisons and statistical pa-
rameters, such as the t-value after Baillie and
Pilcher (tgp) (1973) and Gleichldufigkeits coeffi-
cient (GLK%) (Eckstein and Bauch 1969). False
and missing rings were counted across all tree-ring
series per site and summed. Additionally, quality
control using program COFECHA was applied to
check for measurement errors (Holmes 1983). If
necessary, measurements were repeated, re-
checked, or removed from further processing if
recognized as unusable. Reasons why certain trees
were removed from the sample pool were growth
anomalies connected with historical resin collec-
tion, overgrown wounds, or occurrence of com-
pression wood deep inside the trunk. In three cases
we were not able to measure tree-ring widths on
the entire core, just on their older sections. This
caused a small decrease in sample depth after
1900. Because the sample depth in the last
100 years is more than adequate, we are confident
that this did not influence the overall results.

Individual tree-ring width (TRW) series were
standardized to remove long-term trends (Cook
1985), and all basic statistical parameters of TRW
were calculated using ARSTAN for Windows
(Cook and Holmes 1999). Each series of tree-ring
widths was fit with a cubic smoothing spline with a
50% frequency response at 67% of the series length
to remove non-climatic trends related to age, size,
and the effects of stand dynamics (Cook and Briffa
1990). Each year’s ring width was divided by the
year’s value of the fitted curve to give a dimension-
less index with a mean of one. Index values were
then prewhitened using an autoregressive model
selected on the basis of the minimum Akaike
criterion and combined across all series using
biweight robust estimation of the mean to exclude
the influence of outliers. Two chronologies were

produced this way—a standard chronology and a
residual chronology containing only high-frequen-
cy variations with statistically removed autocorre-
lation (Cook 1985; Cook et al. 1990).

The regional chronology was calculated in
ARSTAN using the same parameters as for the
site chronologies. The main difference between the
site chronologies and the regional chronology is
that we first composed a file containing all
individual raw TRW series and then ran AR-
STAN to produce a standard and residual
regional chronology.

Signal strength in site chronologies was tested
using Expressed Population Signal - EPS (Wigley et
al. 1984; Briffa and Jones 1990). Calculation of EPS
is based on a 50-year moving window with a 25-
year overlap. For each window, ARSTAN calcu-
lates the average between-tree correlation, number
of trees included, and EPS. We also calculated the
usable portions of the chronologies to ensure the
reliability of any future climate reconstructions that
may be carried out with this dataset. The usable
portion of a chronology was defined as the part
where a minimum number of trees maintains an
EPS value above 0.85 (Briffa and Jones 1990).

Pointer years (PYs) were calculated for each
site and compared between sites to search for a
common forcing in the tree-ring widths. According
to Schweingruber et al. (1990), PYs are defined as
years when at least 80% of 13 trees respond with an
increase or decrease in tree-ring width. An exception
was made for sites KRI and PRU where, because of
the small number of accepted samples, conditions
for PYs were set at 90% of 10 trees for KRI and
83% of 12 trees for BLA. PYs were calculated with
non-standardized tree-ring series. We also identified
“Regional” PYs, defined as pointer years that were
common on at least four out of seven site
chronologies. Finally, the results of the PY analysis
were compared with PYs calculated from various
tree species in BiH, Greece, Italy, Turkey, and
Serbia in a study by Hughes et al (2001).

RESULTS
Construction of Site Chronologies

Seven P. nigra site chronologies of different
length between 198 and 430 years were built for
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Table 2. Basic data of the site chronologies.

Trees False Missing  Average  Min-Max  Average
Site Time Span  Length  Trees Cores  Excluded  Rings Rings tgp tpp GLK%
BLA 1625-2010 386 21 41 9 0 2 13.5 10.5-16.9 73.1
KON 1626-2010 385 24 45 6 0 31 17.8 13.5-23.9 74.8
KRI 1667-2010 344 18 29 8 7 7 14.6 10.8-17.1 73.1
PER 1603-2010 408 33 50 9 3 7 13.9 8.93-20.1 71.3
PRU 1694-2010 317 15 22 5 0 15 12.1 8.63-13.8 63.3
SAT 1813-2010 198 20 40 4 3 16 13.0 10.4-17.2 73.3
SIP 1576-2005 430 35 58 12 4 19 11.4 8.47-15.8 68.1

Bosnia and Herzegovina (Table 2). On each site
we found trees that could not be crossdated with
others; such trees were removed from the data
pool. The highest number of excluded trees was at
SIP (12 out of 35; 34%); however, the highest
proportion of trees excluded was at KRI (8 out of
18; 44%). Because trees at KRI were used for the
industrial exploitation of resin, only 18 trees were
found without visible damage to the trunk, and
only 10 could be crossdated. A similar problem
occurred at PRU, where, because of the extremely
steep slope, only 15 trees could be sampled and
just 10 of them crossdated (Table 2).

In some trees, false rings and missing rings
were detected. Missing rings were identified in
cases where one core had a ring in a certain year
and the core from the opposite side did not. For
example, at BLA we collected 41 cores and found
just two missing rings (Table 2). Seven missing
and false rings were identified at KRI. The largest
number of missing rings was found at KON (31

altogether). Trees within sites crossdated very well,
as values of coefficients tgp and GLK% were high
at all locations (Table 2). The highest maximum
(23.9) and average values (17.8) of tgp were found
at KON, and the lowest values were found at SIP
(15.8 and 11.4, respectively).

In general, all tree rings were narrow (mean
value below 1 mm). The widest TRW was found at
PRU (429 mm) and the narrowest at KRI
(0.11 mm) (Table 3). The lowest standard devia-
tion was found at SIP (0.25) and the highest at
SAT (0.66). The highest values of mean sensitivity
were at BLA, KRI, PER, and SAT, while KON,
PRU, and SIP had values below 0.20. Values of
the first-order autocorrelation in the raw chronol-
ogies were high, meaning that growth conditions
in the previous year influence tree-ring width in
the current year. Autocorrelation in the standard-
ized chronologies were slightly lower than in the
raw chronologies and completely negligible in the
residual chronologies.

Table 3. Tree-ring width (TRW) statistics for raw chronologies, including mean, standard deviation (st. dev.), minimum and
maximum tree-ring width, mean segment length, expressed population signal (EPS), mean sensitivity (MS), as well as first-order
autocorrelation ac(1) for the raw, standard, and residual chronologies.

Raw Chronology

ac(l)

Site Mean St. dev. Min-Max  mssl* EPS > 085 MS IpT** RAW STD RES
BLA 0.77 0.29 0.16-2.30 263 1830 0.22 0.39 0.73 0.68 0.00
KON 0.74 0.43 0.21-3.52 330 1705 0.19 0.48 0.87 0.74 0.00
KRI 0.70 0.47 0.11-3.33 280 1745 0.24 0.46 0.84 0.49 0.03
PER 0.98 0.42 0.25-2.30 291 1660 0.23 0.39 0.84 0.65 0.00
PRU 0.99 0.49 0.29-4.29 277 1825 0.17 0.37 0.85 0.57 —0.01
SAT 1.44 0.66 0.23-3.33 165 1870 0.23 0.43 0.88 0.57 —0.00
SIP 0.75 0.25 0.20-0.87 292 1730 0.15 0.29 0.81 0.67 0.01

*Mean sample segment length.

**Correlation among trees (rgt) calculated with residual tree-ring series.
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Table 4. Comparison of tgp (upper triangular of matrix) and GLK% (lower triangular of matrix) coefficients between

site chronologies.

Site BLA KON KRI PER PRU SAT SIP
BLA * 10.4 9.6 9.0 11.7 5.2 7.8
KON 66.9 * 12.7 10.6 13.4 6.4 12.1
KRI 66.9 68.0 * 4.6 6.7 1.9 7.0
PER 65.7 67.4 57.3 * 9.9 7.5 10.2
PRU 70.8 69.9 63.4 67.4 * 5.6 11.2
SAT 64.9 61.4 51.5 66.4 65.4 * 5.0
SIP 63.6 74.1 68.1 69.9 70.7 67.6 *

Similarities between site chronologies were
high. All site chronologies crossdated well, except
between SAT and KRI and PER and KRI
(Table 4). Average values of tgp and GLK%
coefficients for combinations of site pairs were
8.5 and 66.1, respectively. The highest value was
found between PRU and KON (13.4) and the

lowest between KRI and SAT (1.9). All GLK%
coefficients were high, with the exception of the
above-mentioned combinations with a low tgp
value. The KRI site did not crossdate well with
PER and SAT, but did match well with BLA (9.6)
and KON (12.7). Residual site chronologies are
presented in Figure 4.

: EPS > 0.85

Year

Figure 4. Residual chronologies for P. nigra from seven locations in BiH. The dashed line represents the point on the chronology
where the EPS value exceeds 0.85, vertical dotted lines show connections between parts of the figure.
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Figure 5. Pointer years at all 7 locations (B represents a positive pointer year and [] a negative). Scale of the x-axis is set to the
common period 1873-2009 with sufficient sample depth on all seven sites.

Pointer Years

Pointer years (PYs) were studied at all seven
locations. Altogether we found 287 positive and
308 negative PYs (Figure 5). We identified five
positive (1876, 1930, 1941, 1959, 1969) and nine
negative (1874, 1880, 1891, 1931, 1943, 1963, 1971,
1987, 2000) PYs common to at least four out of
seven sites.

Out of 14 positive PYs published in Hughes
et al. (2001), two were present in at least four of
our sites (1930, 1959), while three positive PYs
(1897, 1910, 1936) were found at three of our sites.
Negative PYs seemed to be more local and had
less similarity with those published, because only
one year (1928) in Hughes et al. (2001) was found
to be common to two of our sites.

Regional Chronology for P. nigra in Bosnia
and Herzegovina

A regional chronology for P. nigra was
compiled from all seven site chronologies. All site
chronologies crossdated well with the regional
chronology, with tgp values being equal or greater

than 7.8 and GLK % values being equal or greater
than 65.7 (Table 5). The highest tgp value was
found between the regional chronology and the
site chronology KON (17.7), and the highest
GLK% coefticient was found between the regional
chronology and the site chronology PRU (74.0).

Analyses of raw chronologies, included in the
calculation of the regional chronology, confirmed
the extreme growth conditions at all seven sites.
The average tree-ring width was 0.87 mm, but
more than half of all tree rings were narrower than
0.77 mm. Seventy-five percent of all tree rings were
less than 1.04 mm wide. The narrowest ring was
0.11 mm and the widest 4.29 mm. The widest
TRW were found in juvenile period of the trees
(above 1 mm), but with increasing age the average
TRW fell under 0.80 mm; the raw chronology is
presented in Figure 6a and the residual chronol-
ogy in Figure 6b, while sample depth is presented
in Figure 6¢. After AD 1666, the sample depth
exceeded 20 trees. Fifty trees included in the
chronology were present after 1706, and after
1833, 100 trees were included. The highest number
of trees covers the period from 1875 until the
present, with more than 110 trees.

Table 5. Comparison of BiH regional P. nigra chronology with site chronologies (the respective chronology was temporarily

removed from the regional chronology prior to comparison).

Site Chronologies Start Year End Year Overlap tgp GLK%
BLA 1624 2010 386 13.0 68.8
KON 1625 2010 385 17.7 73.6
KRI 1666 2010 344 9.4 05.7
PER 1602 2010 408 13.3 71.4
PRU 1693 2010 317 16.4 74.0
SAT 1812 2010 198 7.8 68.9
SIP 1575 2005 430 13.3 73.8

23



Poljansek S. Dendrokronologija ¢rnega bora ... na obmo¢ju zahodnega dela Balkanskega polotoka
Dokt. disertacija. Ljubljana, Univerza v Ljubljani, BiotehniSka fakulteta, 2013.

40 POLJANSEK, BALLIAN, NAGEL, and LEVANIC

-
o
1

a)

- -
) ~
1 1

-
o
1

o
o
1

Tree-ring width [mm]
o
>

N
~
1

Indices

0.8 -

0.6

120 -

c) EPS > 0.85

100 -
80 -
60 -

I
I
I
I
:
0.2 |
I
I
I
I
I
I

40

Number of trees

20 4

0 T T I T T
1600 1650 1700 1750

T T T T T
1800 1850 1900 1950 2000
Year

Figure 6. P. nigra regional raw (a) and residual chronology (b) with sample depth (c) for Bosnia and Herzegovina. The dashed line
represents the point on the chronology where the EPS value exceeds 0.85.

Comparisons with Other P. nigra Chronologies
from the Broader Region

The BiH regional P. nigra chronology was
compared with other regional P. nigra chronol-
ogies for Southern Europe (Mediterranean area),
Austria, and Switzerland, available in the Tree-
Ring Data Bank or acquired through exchange
with other laboratories. The highest tgp and
GLK% coefficients were found between the BiH

and Montenegro chronologies (13.5 and 71.1,
respectively) — Table 6. Both parameters were
also high when comparing the BiH chronology
with chronologies from Albania, Austria, France,
and Greece, ranging between 6.0 and 7.8 for tgp
and 52.0 and 69.1 for GLK%. We found a
minor connection or no connection at all
between the BiH chronology and chronologies
from Slovenia, Switzerland, Turkey, Cyprus, and
Spain.
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Table 6. Comparison of BiH regional P. nigra chronology to other regional chronologies.

Overlap with BiH

Chronologies Start Year End Year Chronology tgp GLK%

Albania (Levani¢ and Toromani 2010) 1769 2007 238 7.8 69.1
Austria, regional chronology (Grabner, personal

communication) 1318 1996 430 7.5 64.4
Cyprus (Touchan and Hughes 2007) 1553 2002 427 14 52.0
France, Corsica (Schweingruber 1996b) 1517 1980 405 6.0 58.8
Greece, Langada (Schweingruber 1996c¢) 1825 1981 156 2.4 60.8
Greece, Zagradeniye (Huges et al. 2001) 1706 1979 274 7.2 63.7
Greece, Scotida (Kuniholm and Riches 2004) 1751 2003 253 6.8 65.0
Greece, Taygetos (Kuniholm and Groneman 2005) 1657 1999 343 49 57.1
Italy, Sicily (Schweingruber 1996d) 1772 1980 208 42 57.2
Montenegro (Levanic, preliminary results) 1593 2006 414 13.5 71.1
Slovenia (Levanic, preliminary results) 1798 2008 210 4.1 62.1
Spain (Fuster 1996) 1686 1989 303 0.0 51.0
Switzerland (Hobi 2008) 1892 2007 115 23 59.6
Turkey (Touchan et al. 2005) 1770 2002 232 23 55.8

DISCUSSION

We present the first 435-year-long regional
chronology for P. nigra for Bosnia and Herzego-
vina. [t was compiled from seven site chronologies
originating from different substrates, elevations,
and slopes, evenly dispersed across the country.
The regional chronology has a sufficient sample
depth and an EPS > 0.85 from AD 1675 until the
present. It is as long as P. nigra chronologies from
nearby regions such as Cyprus, Corsica, and
Montenegro (Schweingruber 1996b; Touchan
and Hughes 2007; Levani¢ unpublished) and in
some cases even longer than chronologies for
Slovenia (unpublished data), Switzerland, Greece,
and Albania (Schweingruber 1996¢; Hobi 2008;
Levani¢ and Toromani 2010). The length of the
BiH regional chronology is close to the maximum
age of P. nigra of ca. 500 years (Brus 2004). With
the additional coring of dead wood or the collection
of wood samples from old houses, it might be
possible to construct an even longer P. nigra
chronology, as was the case with the P. cembra
chronology by Popa and Kern (2009) or with the
oak and pine chronologies by Kuniholm and
Striker (1983). In the latter case, the length of
living tree chronologies was extended with oak and
pine samples from churches, mosques, and houses,
but the length of the P. nigra chronology from
Duboka (Serbia) is only 342 years long and has not
yet been extended (Kuniholm and Striker 1983).

The BiH regional P. nigra chronology corre-
lates well with other P. nigra regional chronologies
from the Balkan Peninsula or surrounding re-
gions. The highest value of tgp, 13.5, found
between BiH and Montenegro is not surprising
because the chronologies from Montenegro are
located ca. 50 km ESE from the PER in BiH. High
values were also observed with the Albanian (7.8)
and Austrian (7.5) P. nigra chronologies. These
results indicate the existence of a north-south
transect and will be used to develop a P. nigra
dendrochronological network for the Balkan
Peninsula.

Comparing the BiH regional P. nigra chro-
nology with those from Cyprus, Spain, Italy, and
Slovenia shows very few similarities. Although this
was expected for the chronologies from Cyprus,
Spain, and Italy because of the longer distances to
these sites and different environmental conditions,
it was surprising for the chronology from Slovenia
particularly, because sites used to build the
Slovenian P. nigra chronology are located between
sites in BiH and Austria. This calls for further
sampling on extreme sites in Slovenia, Croatia and
northern BiH to connect the BiH regional
chronology with that from Slovenia.

The small number of common PYs between
our study and the study by Hughes et al. (2001) is
not unexpected as the distance between the
majority of sites is large. Moreover, there are a
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variety of other environmental factors (e.g. eleva-
tion, topographic features, edaphic conditions)
that may account for differences among these
sites.

The potential of the BiH P. nigra chronology
for dendroclimatological studies has not yet been
tested. However, sufficient sample depth, high tgp
values between site chronologies, a large number
of common pointer years, and high EPS values
suggest that there must be a common signal in the
tree rings. Similar research in Albania on the
climate sensitivity of P. heldreichii (Seim et al
2010) and P. nigra (Levani¢ and Toromani 2010)
confirms that Pinus has a high potential for
dendroclimatology in the region. Additionally,
the newly constructed chronology for BiH could
be used to date wooden artifacts, such as houses
and religious objects or icons, from different parts
of the country.
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2.2 323 LET DOLGA REKONSTRUKCIJA SUSE ZA JZ OBMOCJE ROMUNIE,
OSNOVANA NA SIRINI BRANIK CRNEGA BORA (PINUSNIGRA ARNOLD).

Levani¢ T., Popa |., Poljansek S., Nechita C. 2012. A 323—year long reconstruction of
drought for SW Romania based on black pine (Pinus nigra Arnold) tree-ring width.
International Journal of Biometeorology : (v tisku).

Povisanje temperature in nizanje kolic¢ine padavin sta najvecji prihodnji groznji stabilnemu
gospodarjenju z ekosistemu v Romuniji. Za potrebe razumevanja odziva ekosistema in
SirSih socialnih posledic okoljskih sprememb smo izdelali 396 let (1615-2010) dolgo
kronologijo &irin branik (TRW) vrste Pinus nigra var. banatica (Georg. et lon.) s
klimatskih signalom suSe. lzratunali smo statisticno povezavo med Sirinami branik in
dvema vremenskima parametroma; mese¢no koli¢ino padavin (PP) in standardiziran
padavinski indeks (SPI). PP in SPI korelirata statisti¢no znacilno s TRW (r = 0,54 in 0,58)
in sta stabilna v ¢asu. Statisti¢ni testi, ki merijo natan¢nost in sposobnost napovedovanja
modela, so vs znilni. SPI je bil rekonstruiran nazaj do leta 1688, z identificiranimi
znacilno suhimi in mokrimi leti po metodi centilov. Z rekonstrukcijo smo odkrili dve do
seda] nepoznani znacilno susdni leti v Romuniji- 1725 in 1782. Ti dve leti sta bili skorg
tako susni kot leto 1946, znano kot leto »velike lakotex. Ker za omenjeni leti ni na voljo
nobenih lokalnih zgodovinskih zapisov, smo rezultate primerjali s sosednjimi dezelami in
odkrili, da sta bili obe leti znacilno susni v SirSi regiji (Slovaska, Madzarska, Anatolija,
Sirija in Turcija). Medtem je bilo obdobje 1800-1900 relativno zmerno, s samo dvema
zmerno znacilnima letoma, kar se tice vremena. Obdobje 1900-2009 pa je bilo opazno
zaradi visokega Stevila mokrih in susnih ekstremov- identificirali smo pet mokrih in tri
znailno suhe dogodke (eden izmed njih je bil v letu 1946).
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Abstract Increase in temperature and decrease in precipi-
tation pose a major future challenge for sustainable ecosys-
tem management in Romania. To understand ecosystem
response and the wider social consequences of environmen-
tal change, we constructed a 396-year long (1615-2010)
drought sensitive tree-ring width chronology (TRW) of
Pinus nigra var. banatica (Georg. et lon.) growing on steep
slopes and shallow organic soil. We established a statistical
relationship between TRW and two meteorological parame-
ters—monthly sum of precipitation (PP) and standardised
precipitation index (SPI). PP and SPI correlate significantly
with TRW (7=0.54 and 0.58) and are stable in time. Rigor-
ous statistical tests, which measure the accuracy and predic-
tion ability of the model, were all significant. SPI was
eventually reconstructed back to 1688, with extreme dry
and wet years identified using the percentile method. By
means of reconstruction, we identified two so far unknown
extremely dry years in Romania—1725 and 1782. Those
2 years are almost as dry as 1946, which was known as the
“year of great famine.” Since no historical documents for
these 2 years were available in local archives, we compared
the results with those from neighbouring countries and
discovered that both years were extremely dry in the wider
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region (Slovakia, Hungary, Anatolia, Syria, and Turkey).
While the 1800-1900 period was relatively mild, with only
two moderately extreme years as far as weather is
concerned, the 1900-2009 period was highly salient owing
to the very high number of wet and dry extremes—five
extremely wet and three extremely dry events (one of them
in 1946) were identified.

Keywords Dendroclimatology - Standardised precipitation
index - Summer drought reconstruction - Domogled National
Park - Climate change

Introduction

An increase in temperature and decrease in precipitation,
forecast by various climate change scenarios for the south-
ern part of Romania, constitute one of the main challenges
for sustainable forest ecosystem management in Romania
(IPCC 2007). Knowledge of past precipitation dynamics
and, more specifically, of past frequencies and intensity of
drought in southern Romania has yielded new information
on the history of the paleoclimate in the Balkans and, in
particular, of what we can expect in the future (Busuioc et al.
2007; Manea et al. 2005).

In contrast to Western and Northern Europe, where pale-
oclimatic investigations provide a good and reliable picture
of temperature and precipitation dynamics in the last two
millennia (Pauling et al. 2006; Biintgen et al. 2011), only
limited research has been carried out in relation to Eastern
Europe and the Balkan regions. Most studies have focused
on temperature reconstructions (Popa and Kern 2009;
Biintgen et al. 2007) and few on precipitation (Kern et al.
2009; Biintgen et al. 2011; Biintgen et al. 2010). Some
climate-growth studies in this region have focused on a more
complex response of trees to temperature and precipitation
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(Panayotov et al. 2010; Panayotov and Yurukov 2007) or have
explored the potential of trees to identify extreme climate
conditions (Panayotov et al. 2011). Reconstruction of drought
indices (such as the standardised precipitation index [SPI] or
Palmer drought severity index [PDSI]) is even rarer (Esper et
al. 2007; Nicault et al. 2008; Touchan et al. 2005a) than
temperature or precipitation reconstruction, although drought
indices can give a better insight into a tree’s response than
temperature or precipitation data alone. In contrast to PDSI
(Palmer 1965), which takes into account a complex pool of
different meteorological variables, such as monthly precipita-
tion, potential evapotranspiration and various soil parameters,
data which are sometimes non-existent in certain parts of the
world (at least on an extended time scale), SPI is based on
monthly precipitation data only (McKee et al. 1993).
This makes calculations easier and it can also be ap-
plied in parts of the world with limited access to, or
non-existent, meteorological data necessary to calculate
more complex drought indices.

The natural distribution area of black pine (Pinus nigra)
is SE Spain, Italy, France, Corsica, the Balkan Peninsula and
Turkey (Isajev et al. 2004). Black pine is a light demanding
species, growing on exposed locations dispersed within the
distribution area, rarely forming bigger enclosed popula-
tions. This results in huge genetic diversity and the forma-
tion of different subspecies and varieties (Isajev et al. 2004).
In Romania, the natural distribution area is in the south-
western part, in the Banat region, where Pinus nigra var.
banatica (Georg. et lon.) grows on extreme sites. The Banat
region also delineates the north-eastern boundary of natural
distribution of P. nigra and is the only region of Romania in
which Pinus nigra grows naturally. Sites on which the
studied species is at the margin of its natural distribution
are particularly important in providing information on the
plasticity of the species, which is crucial for understanding
the survival strategies of forests and forest trees with respect
to different changing environmental factors (drought, steep
slopes and shallow soils).

Black pine has been the focus of many studies dealing
with growth dynamics in relation to climate in the western
and central part of the distribution area (Strumia et al. 1997;
Leal et al. 2008; Martin-Benito et al. 2010; Linares and
Tiscar 2010; Martin-Benito et al. 2008; Lebourgeois et
al. 2011), with much less attention given to the eastern
distribution boundary of this species.

This study is the first tree-ring based precipitation and SPI
reconstruction, which also identifies dry and wet periods for
southern Romania over the past three centuries. In order to
achieve these two major goals, it was necessary to construct a
drought sensitive tree-ring width chronology, to identify the
main driving growth factors of Pinus nigra var. banatica
(Georg. et lon.) from the Banat area and to identify the impact
of extreme drought on tree growth. This study is additionally
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important because it was carried out on the only natural Pinus
nigra var. banatica (Georg. et lon.) site in Romania, which is
also the eastern boundary of this species’ natural distribution.
The knowledge gained will also be important for the sustain-
able evolution of fragile black pine ecosystems in Romania.

Materials and methods
Site description

The study area is located within the Banat region in south-
west Romania, specifically in Domogled National Park
(N44°52', E 22°24") (Fig. 1). The studied P. nigra site is
the only natural forest population of black pine in Romania,
situated on the southern slope of the Cerna Valley near Mt.
Domogled. The altitude of the sampling site varies between
800 and 1,100 ma.s.l., on a steep slope (over 30 °C). The
slope is characterized by significant vertical fragmentation,
with many limestone cliffs (Patroescu et al. 2008). The base
vegetation on the site is black pine (Pinus nigra var. bana-
tica [Georg. et lon.]), Carpinus orientalis, Corylus colurna,
various shrubs (such as Sorbus borbasi) and grasses. The
soil at the study location is shallow, organic, on limestone
and dolomite bedrock. The site is affected by frequent fires,
but the thick bark of P. nigra prevents major injury or death
being inflicted on these trees. Only if the fire is severe do the
older trees die (as was the case in 2000, when a large fire
destroyed more than 90 ha of the park).

The climate of the studied region (Fig. 2) is continental
with a sub-Mediterranean influence. In general, the winters
are cold (down to —30 °C, average —4.8 °C in January),
while summers are hot, the hottest month being July, with
26.5 °C average. The amount of precipitation is the highest
in May and June (altogether 168.6 mm), the driest months
are July, August and September, with just 162.8 mm in this
particular period. The total annual amount of precipitation is
not very high—only 629.6 mm on average.

Tree-ring chronology development

Old, dominant or co-dominant trees with healthy trunks and
no signs of resin collection were selected for sampling. Two
cores from opposite sides were taken from each tree at
breast height (1.3 m) and perpendicular to the slope to avoid
compression wood. On extreme terrain, we took only one
core per tree, or the core was taken at a greater height than
normal (i.e., 1.5-2 m). Altogether, 45 trees were sampled
and 83 cores collected. Cores were air-dried and glued onto
wooden holders, and sanded with progressively finer sand-
paper until a highly polished surface was achieved (Stokes
and Smiley 1996). The collected samples were processed in
two laboratories in Romania and Slovenia. Samples were
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Fig. 1 Location of the research plot in Romania (white dot); black star indicates Romania's capital Bucharest

measured using LINTAB with the TsapWin system
(Romania) and scanned using the ATRICS system (Levani¢
2007), as well as measured using WinDENDRO software
(Slovenia). In both cases, the width of each annual ring was
measured to the nearest 0.01 mm.

Chronologies were cross dated with PAST-4™ software
(www.sciem.com) using both visual on-screen comparisons
and statistical parameters, such as the t-value after Baillie and
Pilcher (tgp) (Baillie and Pilcher 1973) and Gleichlaufigkeit
coefficient (GLK%) (Eckstein and Bauch 1969). False and
missing rings were counted across all tree-ring series per site
and summed. Quality control was additionally applied using
the COFECHA program to check for measurement errors

(Holmes 1983). If necessary, measurements were repeated,
re-checked, or removed from further processing if recognized
as unusable. Certain trees were removed from the sample pool
because of growth anomalies connected with resin collection
in the past, a decayed inner part of the trunk, overgrown
wounds or the occurrence of compression wood deep inside
the trunk. Additionally, some trees were excluded owing to
their very slow growth (impossible to measure tree-ring
widths), or because we were unable to cross date them. After
the exclusion of such trees, 37 or 82 % of all sampled trees
were retained for analysis.

Individual tree-ring width (TRW) series were standard-
ized to remove long-term trends (Cook 1985) and all basic

Fig. 2 Climate of the studied 120
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statistical parameters of TRW were calculated using
ARSTAN for Windows (version ARS41d_xp) (Cook and
Holmes 1999). Each tree-ring width series was first power
transformed to stabilize variance and then fitted with a cubic
smoothing spline with a 50 % frequency response at
200 years to remove non-climatic trends due to age, size
and the effects of stand dynamics (Cook and Briffa 1990).
Each year’s ring width was subtracted from the year’s value
of the fitted curve to obtain variance-stabilized residuals
(Cook and Peters 1997). Index values were then prewhit-
ened using an autoregressive model selected on the basis of
the minimum Akaike criterion and combined across all
series using a biweight robust estimation of the mean to
exclude the influence of outliers.

Three chronologies were produced in this way including
a standard chronology, i.e., a biweight robust mean of all
series included, a residual chronology containing a very
strong common signal and statistically removed autocorre-
lation, and an ARS chronology with a pooled autoregression
model (persistence) reincorporated into the residual chro-
nology (Cook 1985; Cook et al. 1990). All three chronolo-
gies were tested against the climate data and that with the
highest correlation was selected for the reconstruction.

Chronology confidence for climate reconstruction was
assessed using two criteria—expressed population signal
(EPS) and subsample signal strength (SSS) (Wigley et al.
1984). EPS is an absolute measure of chronology error that
determines how well a chronology based on a limited num-
ber of trees represents the theoretical population chronology
(Cook and Kairiukstis 1990). It is calculated from the
between-tree correlation and the number of trees included
in the calculation. EPS can have a value between 0 and 1
and values greater or equal to 0.85 are considered to be
adequate to ensure that a chronology is suitable for climate
reconstruction, although chronologies (or sections of them)
with EPS just below the threshold can still be highly corre-
lated with climate parameters and can be used in climate
reconstruction, providing they are of good statistical quality
(Cook and Kairiukstis 1990). As a second criterion, we used
SSS to calculate the usable portion of the chronology for
climate reconstruction and to define the maximum length of
the potential climate reconstruction (Wigley et al. 1984;
Briffa and Jones 1990). SSS is calculated from data on
sample depth and the between-tree correlation. The
same threshold as for EPS also applies for SSS (Briffa
and Jones 1990).

Climate data
We used two sources of climate data—a local source from
Baile Herculane meteorological station and a gridded CRU

TS 3.1 temperature and precipitation dataset (Mitchell and
Jones 2005). When comparing these two datasets, it was
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found that the local climate dataset, which contains only
precipitation data, is short (from 1976 till 2008) and incom-
plete, with a lot of missing data. This makes the local dataset
useless for climate reconstruction and, in particular, for
calibration and verification of the model. Gridded data, on
the other hand, are cross-checked, better documented and
homogenised. We therefore opted for the CRU TS 3.1 data-
set (acquired via http://climexp.knmi.nl/), which spans the
1901-2009 period and has a grid resolution of 0.5°x 0.5°
(Mitchell and Jones 2005). In using gridded data, we were
aware that gridded datasets are not as precise in some
regions as in others, owing either to a relatively small
number of meteorological stations included in the calcula-
tion of the gridded data or to the relatively short period of
collecting meteorological data (New et al. 2002). The
Balkan Peninsula is one such region, with a relatively low
density of high quality meteorological data or the lengths of
the available datasets are limited to the post World War II
period. In the present case, the studied site is surrounded by
four meteorological stations (Belgrade [SRB], Cluj [RO],
Sibiu [RO] and Timisoara [RO]) with high quality, homo-
genised, long datasets (at least from 1888 to the present) that
are included in the CRU TS 3.1 database, and with several
meteorological stations with datasets from 1951 to the pres-
ent that are also included in the CRU TS 3.1 database (van
Oldenborgh 1999). In order to ensure that the CRU dataset
does indeed depict the distribution and amount of precipita-
tion of the studied region, we compared it to a short local
precipitation dataset—the correlation was 0.71, high enough
to confirm the similarity of the two datasets.

The standardized precipitation index (SPI) (McKee et al.
1993), calculated on the basis of the CRU climate dataset,
was used to detect drought periods. SPI is a drought index
that takes into account only precipitation and is less com-
plex to calculate than the other widely used drought index,
the Palmer drought severity index or PDSI (Palmer 1965).
The main difference between the two indices is that SPI
better describes drought events and shows more variability
on a shorter time scale (less than 9 months) than PDSI. This
makes SPI better for detecting short-term droughts than
PDSI (Ceglar and Kajfez-Bogataj 2008). SPI was calculated
for the 1902-2009 period; the year shorter time period
compared to the full length of the meteorological data is
because the calculation of SPI also takes into account
monthly precipitation of the previous year. SPI is a measure
of drought based on the probability of precipitation for a
given time period. Its key feature is the flexibility to mea-
sure drought on different time scales, in our case we used 1,
3, 6, 12 and 24 months. From the physiological point of
view, prolonged drought periods (months to years) can have
a major impact on tree growth, and can even cause some tree
species to die-off (for more information on tree response to
drought see McDowell et al. 2008). SPI values are derived
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by comparing the total cumulative precipitation over a spe-
cific time interval with months having the average cumula-
tive precipitation for that same time interval over the entire
length of the record. For example, 3 months SPI for August
takes into account cumulative precipitation for the last
3 months, including the analysed month—June, July and
August—and, similarly, 6 months SPI for August takes into
consideration the months from March to August. SPI values
range from 2.00 and above (extremely wet) to —2.00 and
less (extremely dry), with near normal conditions ranging
from 0.99 to —0.99.

Climate reconstruction

We applied a bootstrapped Pearson’s correlation coefficient
to identify the dependency between the residual chronology
and the monthly sum of precipitation for the 1901-2009
period; different combinations of seasonalized climate var-
iables for precipitation were also correlated with the residual
chronology. Additionally, the residual chronology was cor-
related with the SPI for 1, 3, 6, 12 and 24 months for the
1902-2009 period in order to test the influence of a pro-
longed lack of precipitation on tree-ring formation. The
spatial strength and outreach of the correlation between
residual tree-ring width chronology and monthly sum of
precipitation was tested using Climate Explorer from KNMI
(van Oldenborgh 1999).

To assess the accuracy of the model used for climate
reconstruction, the measured data were split into two equal-
ly long datasets: calibration and verification periods (Fritts
1976). The procedure was then repeated with reversed peri-
ods. The reliability and prediction capacity of the linear
model was tested using Pearson’s correlation coefficient
(r), mean squared error (MSE), reduction of error (RE)
(Fritts 1976) and coefficient of efficiency statistics (CE)
(Cook et al. 1994). All parameters were computed for both
calibration and verification periods (National Research
Council 2006). If RE and CE coefficients are above zero,
then the relationship has a predictive value and the
transfer function can be calculated and applied on the
regional chronology until the year in which the EPS
value decreases to below 0.85 (or for as many years
as the degree of replication of the chronology allows).

Reconstruction of the climate was based on calibration
and verification of the tree-ring width indices against known
climate parameters, in our case precipitation and SPI, the
latter introduced by McKee et al. (1993). A linear model
was used to compute the relationship between residual chro-
nology and climate data.

R statistical package (R Development Core Team 2009)
was used for all statistics in the paper, except standardisation,
for which ARSTAN was used. For specific climate-related
calculations, R library BootRes (Zang 2009) was used.
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Results
Chronology

We developed a 396-year long tree-ring width chronology for
the only P. nigra natural stand in Romania (Fig. 3). The
chronology is based on 37 trees; the time period covered by
the individual tree-ring sequences is between 1615 and 2010.
The average age of the analysed trees is 225 years, with a
minimum of 148 and a maximum of 396 years. The mean tree-
ring width in the raw chronology was 0.92+0.52 mm. The raw
chronology has a high first order auto-correlation in the raw
series (0.77+0.07), indicating that nutrient storage in the
previous year has an important influence on the following
year’s growth. The mean sensitivity, a measure of the tree’s
response to annual changes in the environmental conditions,
was 0.30 (0.24 and 0.39) for the raw chronology.

Between-tree correlation is an important measure in
chronology construction. In our case, the average
between-tree correlation was 0.45+0.20. The average
correlation between individual chronologies and the site
chronology was 0.63. The variance explained by the
first principal component is 44.96 %, showing that a
major part of the variability can be ascribed to one
single factor (presumably climate). This was also con-
firmed by a high signal to noise ratio (SNR) of 23.03.
Subsample signal strength (SSS), the value that defines
the maximum length of potential reconstruction by cal-
culating the year in which the EPS value exceeds a
certain threshold, whereby 0.85 is widely accepted
(Wigley et al. 1984), exceeded the threshold value of
0.85 in the year 1758 and 0.80 in the year 1688. This
indicates that the portion of the chronology prior to
1688 needs to be upgraded with more cores from very
old trees (or buildings).

Comparison of our chronology with other P. nigra
chronologies from neighbouring regions showed that it
compares particularly well with P. nigra chronologies
from Bosnia and Herzegovina and Montenegro (tgp>
8.0), moderately well with chronologies from Bulgaria,
Albania, N. Greece and Austria (tgp>5.0), and non-
significantly with chronologies from S. Greece, S. Tur-
key and Italy (tgp<4.0). Although we only sampled on
one site, we achieve a good regional signal and good
regional agreement with P. nigra chronologies from the
wider region, in particular from the western part of the
Balkan Peninsula.

The quality and spatial strength of the climate signal of
the chronology, tested using spatial correlation in KNMI
Climate Explorer (van Oldenborgh 1999), showed that the
residual chronology correlates best with July precipitation
(0.5>r >0.6, p<0.05) in the region covering the south-
western part of Romania, north-western part of Bulgaria
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and eastern part of Serbia, which corresponds to the vicinity
of the sampling location (Fig. 4). A slightly lower spatial
correlation (0.4>r>0.5, p<0.05) can be observed in a sig-
nificant part of the Balkan Peninsula. This makes our

Fig. 4 Spatial correlation
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Year

chronology a good proxy for large-scale climate reconstruc-
tion, especially in combination with newly developed P
nigra chronologies from the Balkan Peninsula (Poljansek
et al. 2012).

between tree-ring indices (re-
sidual chronology) and gridded
CRU TS 3.1 July precipitation
(significance level is 95 %) for
the 1901-2009 period
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Response function development and temporal stability
of the signal

Initial exploratory data analysis of the CRU TS 3.1
dataset confirmed that there was no significant temporal
autocorrelation in any of the precipitation variables.
Using bootstrapped correlation analysis, we identified
July precipitation as the most important factor influenc-
ing P nigra growth at the studied site (r=0.54, p<
0.01). Correlation analysis for the period spanning from
the previous September to the current September
showed that July is almost twice as important for tree-
ring formation as the next most significant month, June.
Since the site is very extreme in respect to the lack of
precipitation, it plays an important role in tree growth,
so above average precipitation in July promotes tree
growth and significantly affects tree-ring width (Fig. 5).
Additionally, we calculated the SPI, a measure of the
influence of drought on tree growth, and correlated it
with tree-ring indices (Fig. 5). SPI takes into account
lack of precipitation in the user-defined period; in our
case, we used a 3-month SPI, which takes into account
precipitation in the previous two and the current
months. The relationship between residual chronology
and 3-month August SPI gave a high correlation value
—r=0.58 (p<0.01), which is even higher than in the
case of precipitation. It is worth mentioning that SPI
takes into account a longer time period than the sum of
monthly precipitation (3 vs. 1 month) and as such it
better reflects the influence of the lack of summer
precipitation on tree growth, so it better depicts the
most sensitive period for the formation of tree rings.
The temporal stability of the correlation between tree-
ring indices, July precipitation and 3-month August SPI was
tested using a 30-year running correlation for the 1902—
2009 period (Fig. 6). The running correlation varies between

0.4 and 0.7 and never falls below the significance level for
the 30-year running correlation (>0.349, p<0.05). Be-
tween 1903 and 1950, there is a slight decrease in the
relationship, from 0.6 down to 0.4, and an increase after
1965 until 2009. Since these oscillations are not particularly
large, it can be concluded that the relationship between
residual chronology and precipitation is stable in time and
that it reflects a stable relationship among July precipitation,
3-month August SPI and tree growth.

Reconstruction of 3-month August SPI, and identification
of extremely dry and wet years

Response function analysis identified July precipitation and
3-month August SPI as the most important factors for cli-
mate prediction and climate reconstruction. July precipita-
tion explains 29 %, and 3-month August SPI 34 % of the
total variance. The quality of both models was tested using a
split-sample calibration and verification procedure. The
1902-2009 period was split into two equally long periods
for calibration and verification—1902-1955 and 1956—
2009. RE, CE and MSE parameters were calculated to
validate the predictive power of the model (Table 1). All
parameters were also calculated with calibration and verifi-
cation periods reversed.

Cross-validation indicated that both models performed
well in the estimated July precipitation and 3-month August
SPI. Both models also indicated a stable relationship over
the calibration and verification period of the available mea-
sured data. Based on this, we used the entire calibration
period (1902 to 2009) to develop a linear model for the
reconstruction. However, since both models take into ac-
count precipitation and the 3-month August SPI model
performs better with respect to higher explained variability
of the model and combined effect over 3 months (June-
August), we decided to do the final reconstruction only for

Fig. 5 Correlation between

tree-ring indices and precipita-
tion (black bars) and 3-month
standardised precipitation index
(SPI) (grey bars) from previous

0.6
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the 3-month August SPI. The linear model used for the
reconstruction of 3-month August SPI is shown in Eq. 1.

Aug SPI = —3.1637 + 3.1598 x RES (1)
(Paq = 0.34;p < 0.000)

Reconstructed values coincide well with the calculat-
ed values (Fig. 7). Minimum and maximum of the
reconstructed 3-month August SPI are between —1.70
and 1.63, with the average being the same as for mea-
sured data, and standard deviation being smaller than
for measured data (£0.58). In addition to good perfor-
mance of the model in average years, the reconstructed
3-month August SPI also performs well in extremely
dry and wet years. As an example, 1946 was extremely
dry, with a lengthy drought. Trees responded with very
narrow or even missing rings, and the model correctly
predicted very dry conditions in the June—August peri-
od. In extremely wet years (such as 1969), trees did not
respond so intensively to the above average amounts of
precipitation in the June—August period. It seems that
they reach their response limit to precipitation sooner
and cannot take full advantage of the above average
amount of precipitation, or there was some other envi-
ronmental factor that limited their growth.

1920 1940 1960 1980 2000
Year

The model fits well in extremely dry (such as 1946 and
2000) and wet years (such as 1970 and 1975). Since the
calculation of SPI takes into account a longer period, in our
case 3 months, this model also better reflects climatic con-
ditions in the growing season than the model for July
precipitation.

Based on the good agreement between calculated 3-
month SPI for August and tree-ring indices, the reconstruc-
tion can be expanded into the past (Fig. 8). Since the length
of the chronology with SSS>0.85 is 253 years, the 3-month
August SPI index can be reconstructed for the 1758-2010
period. If the SSS threshold is lowered to 0.80, the part of
the chronology suitable for climate reconstruction can
additionally be extended to 323 years (1688-2010 period).

An important question in climate reconstruction is how
well extreme events can be reconstructed. We used a similar
approach to that of Touchan et al. (2008), in which extreme
events were identified with percentiles. We set the threshold
values lower than Touchan because climate in the studied
region was less extreme than in Tunisia, such that, extremely
wet events were defined as those with values above (or equal
to) the 83rd percentile, while values below (or equal to) the
17th percentile were identified as extremely dry events. For
the 3-month August SPI reconstruction, the 83rd percentile
corresponds to 0.86, while the 17th percentile corresponds to

Table 1 Calibration and verifi-

cation of the linear model for the Variable July precipitation 3-months August SPI
reconstruction of July precipita-
tion and 3-month August stand- cal. 1956-2009 cal. 1902-1955 cal. 1956-2009 cal. 1902-1955
ardised precipitation index (SPI) ver. 1902-1955 ver. 1956-2009 ver. 1902-1955 ver. 1956-2009
RE 0.29 0.27 0.28 0.36
CE 0.29 0.27 0.28 0.36
MSE 690.98 646.72 0.68 0.66
feal 0.27 0.31 0.36 0.30
Lyer 0.31 0.27 0.30 0.36
Twhole 0.53 0.58
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Fig. 7 Comparison of
measured (grey) and

Reconstructed SPI
Calculated SPI

reconstructed (black) 3-month
August standardised precipita-

tion index (SPI) in the period of
available precipitation data for

the calculation of 3-month SPI
(1901-2009)

3-month August SPI
o

—0.98. With the 3-month August SPI model, we reconstructed
eight out of 19 extreme summer events in the period of the
existing meteorological data (1901-2009); three out of eight
were extremely dry and five out eight extremely wet summer
periods.

The strength of SPI is that it takes into account a longer
period for calculation of the lack of precipitation, and thus
provides a more reliable picture of water availability in the
growing period. With the 3-month August SPI model, we
reconstructed 16 extreme events in the period 1688-2010—
eight wet and eight dry. The 1900-2009 period is character-
ized by the highest number of extreme events; five wet
(1914, 1969, 1970, 1975 and 1982) and three dry (1946,

1987 and 2000) events were reconstructed. The year 1946
was the driest year in our 323-year long reconstruction;
while another 2 years were less dry but still very dry. There
were five wet periods in the 1900-2009 period, two of them
(1914 and 1975) were extremely wet and the remaining
three very wet.

The 1800-1900 period was almost without extreme
years, since we reconstructed only two of them, one wet
(1884) and one dry (1830), but even these two extreme
years were only at the limit of acceptance for being extreme.
The 1700-1800 period was comparable to 1900-2009, with
six extreme years, two wet (1729 and 1770) and four dry
years (1725, 1748, 1782 and 1784). Identified wet years

Fig. 8 Reconstructed 3-month 5
August standardised precipita-
tion index (SPI) for the 1688—
2010 period. The period before
1688 (grey line) is not reliable
due to too small subsample

S$S8S>0.85

T
SSS>0.80 |

signal strength (SSS); the peri-
od between 1688 and 1757 has
SSS>0.80, its start is marked
with a vertical dashed line. This
period can be potentially used
for reconstruction; the period

rec

after 1757, the start of which is
marked with a vertical solid
line, has SSS>0.85, and recon-

3-month Aug SPI

struction is therefore meaning-
ful. The horizontal dashed line
depicts the 15th and 85th per-
centiles, while values above/
below the dashed line corre-
spond to extremely wet/dry
years (also marked with black
circles)
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were not particularly extreme; they were merely above the
threshold value. Both two reconstructed dry years—1725
and 1782—were extremely dry, 1782 being the second and
1725 the third driest year in our reconstruction.

Discussion

The P. nigra trees used in this study were growing on an
extreme site, where drought and water availability are the
main limiting factors for their growth. This ecological limita-
tion of growth is expressed by the high positive correlation of
the index chronology with precipitation from the growth
period May to July. A similar pattern is shown by the SPI
index for the summer period. A similar response to the late
spring—summer precipitation deficit was observed in the
Mediterranean basin for P. nigra (Martin-Benito et al. 2010;
Lebourgeois et al. 2011; Touchan et al. 2010), Central Europe
(Leal et al. 2008) and the western Balkans (Panayotov et al.
2010; Panayotov et al. 2011; Kern and Popa 2007; Popa and
Kern 2009). The water stress is accentuated by the shallow
soil, with low water capacity, specific to the sampling site and
natural vegetation conditions of black pine in Romania.

Reconstruction of the 3-month August SPI three centu-
ries back in time gives an opportunity to identify potentially
dry and wet summers and compare their extremeness with
known extreme years in the meteorological dataset, as well
as with the results of other reconstructions in the wider area.
Our reconstruction of the 3-month August SPI identified
16 years with values above or below the threshold
(Fig. 8); eight of them were identified as wet and eight as
dry years. Of those 16 extreme years, two were identified as
extremely wet (1914 and 1975) and three as extremely dry
(1725, 1782 and 1946). While the extremely dry 1946 is
widely known in Romanian history as a year of greatly
reduced precipitation, as well as extreme poverty and hun-
ger all over Romania (Busuioc et al. 2007), no documentary
sources are available for the years 1725 and 1782, which
were similarly extreme. Solely on the basis of the extreme-
ness of the reconstructed values, it can be concluded that the
years 1725 and 1782 were extremely dry and that poverty
and famine probably raged in the country at that time, too.
Although Romanian sources do not provide any evidence as
far as these two extreme years are concerned, we found
reports describing 1725 as “the year with major drought in
Anatolia and Syria” (Touchan et al. 2007) and 1782 as “the
year with drought in the Western Black Sea region of
Turkey” (Akkemik et al. 2005), as well as “the year with
extremely low water in the Danube river due to lengthy
drought” (Biintgen et al. 2010).

The last three centuries have been fairly varied in terms
of the frequency of dry and wet extreme years. The highest
concentration of wet and dry years took place between 1900
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and 2000—in this period, we identified five wet and three
dry summer periods (Fig. 8). In contrast, the period between
1800 and 1900 had almost no extreme summers, since only
one wet and one dry year was reconstructed. The 1700—
1800 period was more extreme than 1800-1900 but less
than 1900-2000. For the 1700-1800 period, we identified
two wet and four dry events, with two of them belonging to
the group of most extreme dry years (1725 and 1782). They
were as dry as the extreme year of 1946.

Comparison of medium frequency variation in our recon-
struction with temperature, precipitation or drought recon-
structions from neighbouring regions shows similarities in
the parts in which dry (or wet) events seem to have affected
the wider region and to have lasted longer than a single year.
Such exceptional periods, with extended lack of precipita-
tion, were 1781-1784 reported by Biintgen et al. (2010) for
Slovakia and 1946-1949 reported for Slovakia (Biintgen et
al. 2010), Bulgaria (Panayotov et al. 2010), Hungary (Kiss
2009) and Bosnia and Herzegovina (Poljansek, submitted).
We also identified periods comparable with other recon-
structions in terms of above average amounts of precipita-
tion—1881-1885 (Akkemik et al. 2005), 1912-1914
(Biintgen et al. 2010) and 1969-1975 (Popa and Kern
2009; Panayotov et al. 2010; Touchan et al. 2005b).

In view of the prediction of a severe decrease in precip-
itation in southern and western Romania according to pres-
ent climate change scenarios (Manea et al. 2005),
knowledge of the occurrence of past droughts (intensity
and frequency) is undoubtedly greatly needed. A long-
term, precipitation sensitive chronology is one of the most
precise and reliable sources of information in a region with
relatively short instrumental climate data. The P. nigra
tree-ring index chronology from the Banat region
proved to be a good and reliable proxy for precipitation
in southwest Romania. This is also supported by the
temporal stability of the correlation between precipitation and
tree-ring width index. This precipitation reconstruction
primarily shows one- to 2-year droughts and not prolonged
periods of drought.

Our reconstruction shows that the number of extreme
events fluctuates over time. The number of extreme events
in the 18th century was similar to that in the 20th century.
However, the number of extreme events in the 20th century
has been increasing, with 1946 being the driest year in our
reconstruction. According to climate prediction models,
southern and eastern parts are the most vulnerable regions
of Romania to drought (Barbu and Popa 2004). The years
2000 and 2003 were considered to be the driest years in the
last 60 years in the southern part or Romania, with major
implication for agriculture and water management (Croitoru
etal. 2011). The year 2012 also seems to be a very dry year,
based on the precipitation data until August 2012. The
frequency of drought events has increased in recent decades
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from 33 % (1942-1953) to 80 % (1982-1990). The longest
hydrological drought for southern Romania was recorded
during 1980-1995 (Stefan et al. 2004). Two moderate—ex-
treme drought periods were distinguished recently for the
southwest region (near our study site), namely, 1992—-1995
and 2000-2003 (Ghioca 2009). If the number of ex-
treme drought events increases in the future, this will
have a significant impact on forests, biodiversity and
society in Romania. According to governmental docu-
ments, Romania is aware of the problems with water
supply and measures are being taken to mitigate the
consequences of the increasing number of drought
events (Barbu 2005). However, if the extent and severity of
drought increases in the future, this will inevitably lead
to increased plant mortality and significant changes in
ecosystems and Romanian society.
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2.3 DOLGOLETNA REKONSTRUKCIJA SONCNEGA OBSEVANJA/
VLAZNOSTNEGA STRESA 1Z SIRIN BRANIK ZA OBMOCJE BOSNE IN
HERCEGOVINE

Poljansek S., Ceglar A., Levani¢ T. 2013. Long-term summer sunshine/moisture stress
reconstruction from tree-ring widths from Bosnia and Herzegovina. Climate of the Past, 9,
27-40.

Predstavljamo prvo rekonstrukcijo sonénega obsevanja za obmocje severno-zahodnega
dela Balkanskega polotoka. Son¢no obsevanje je tesno povezano z vlaznostnim stresom v
drevesih, ker sta vlaznostni stres in zato Sirina branik pod vplivom direktnega in
posrednega vpliva trganja soncnega obsevanja (temperatura, padavine, oblacnost in
evapotranspiracija). Rekonstrukcija je osnovana na standardizirani z-vrednosti povprecne
kronologije, izratunane iz meritev Sirin branik ¢rnega bora, vzorcenih na sedmih lokacijah
v Bosni in Hercegovini. Nadli smo znacilno, negativno korelacijo (r = -0,54, p <0.0001) s
povprecnim Stevilom ur trgjanja soncnega obsevanja obdobja junij-julij z vremenske
postaje Osijek (Hrvaska). lzracunani model je bil uporabljen za rekonstrukcijo trajanja
son¢nega obsevanja obdobja 1660-2010. Identificirali smo znatilno son¢na in oblacna
poletja ter jih primerjali z dostopnimi zgodovinskimi viri suS, vulkanskih izbruhov in
drugimi rekonstrukcijami iz SirSega obmocja. Vsa znatilna poletja z majhnim trgjanjem
son¢nega obsevanja (1712, 1810, 1815, 1843, 1899 in 1966) smo povezali z vulkanskimi

izbruhi.
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Abstract. We present the first summer sunshine reconstruc-
tion from tree-ring data for the western part of the Balkan
Peninsula. Summer sunshine is tightly connected with mois-
ture stress in trees, because the moisture stress and there-
fore the width of annual tree-rings is under the influence of
the direct and interactive effects of sunshine duration (tem-
perature, precipitation, cloud cover and evapotranspiration).
The reconstruction is based on a calibrated z-scored mean
chronology, calculated from tree-ring width measurements
from 7 representative black pine (Pinus nigra Arnold) sites
in Bosnia and Herzegovina (BiH). A combined regression
and scaling approach was used for the reconstruction of the
summer sunshine. We found a significant negative correla-
tion (r = —0.54, p <0.0001) with mean June-July sunshine
hours from Osijek meteorological station (Croatia). The de-
veloped model was used for reconstruction of summer sun-
shine for the time period 1660-2010. We identified extreme
summer events and compared them to available documentary
historical sources of drought, volcanic eruptions and other re-
constructions from the broader region. All extreme summers
with low sunshine hours (1712, 1810, 1815, 1843, 1899 and
1966) are connected with volcanic eruptions.

1 Introduction

Documentary proxies of climate data from the 15th to the
19th centuries are well distributed over the Mediterranean
region and are particularly abundant in Italy, France and the
Iberian Peninsula, while they are less frequently found for
the Balkan Peninsula area, i.e., Greece, former Yugoslavian
countries, Albania, Bulgaria and Romania (Camuffo et al.,

2010). Dendrochronological studies of climate-tree growth
relationships, such as the investigation of the southern part
of Balkan Peninsula (Xoplaki et al., 2001), can help val-
idate historical explanations of climate variability and its
impact on human life. One of the first dendrochronologi-
cal investigations on the Balkan Peninsula was a study cov-
ering the area of Greece, western Turkey, Cyprus and one
location from Bosnia and Herzegovina (BiH), by which an
Aegean master tree-ring chronology was constructed (Ku-
niholm and Striker, 1983). With additional sampling of old
houses and mosques, the chronology was extended back to
7000BC and one location each from Italy and BiH were
added (Hughes et al., 2001). In the eastern part of the Balkan
Peninsula, in south-western Bulgaria, 655-yr Bosnian pine
(Pinus heldreichii Christ.) and 305-yr Macedonian pine (Pi-
nus peuce Griseb.) chronologies were developed (Panayotov
et al., 2010). Later, summer temperature was reconstructed
(1768-2008), based on maximum latewood density measure-
ments of P. heldreichii trees from a high-elevation stand in
the Pirin Mountains in Bulgaria (Trouet et al., 2012). In Ro-
mania, the first 1000-yr Carpathian tree-ring width (TRW)
stone pine (Pinus cembra L.) chronology has been estab-
lished and summer mean temperatures reconstructed for the
period 1163-2005 (Popa and Kern, 2009). In Albania, a
1391-yr TRW chronology (617-2008) was developed and
maximum density measurements were acquired on living and
dead P. heldreichii trees (Seim et al., 2010). A high positive
correlation with summer, particularly August temperatures
was found, but no significant correlation with precipitation.
A similar study was performed on black pine (Pinus nigra
Arold) in Albania, whereby Levani¢ and Toromani (2010)
developed a 238-yr TRW chronology. Tree-ring indices show
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asignificantly negative response to summer temperatures and
positive response to June precipitation. In sub-Mediterranean
Slovenia, the formation of radial increments of P. nigra
is stimulated by above-average winter and spring temper-
atures, while a negative impact of above-average temper-
atures in summer and during the entire vegetation period,
from April through September, are clear (Ogrin, 2005). How-
ever, despite the numerous dendrochronological investiga-
tions across the Balkan Peninsula, climate reconstructions in
the north-western part of Balkan Peninsula are still not avail-
able. Current dendrochronological investigations in develop-
ing TRW and maximum density chronologies from across the
Balkan Peninsula - Slovenia (Hafner et al., 2011), Croatia,
BiH (Poljan3ek et al., 2012), and Montenegro (T. Levanit,
personal communication, 2012), as well as Albania (Seim et
al., 2012; Levani€ and Toromani, 2010), Bulgaria (Trouet et
al., 2012; Panayotov et al., 2010) and Romania (Levanic et
al., 2012), should soon yield results that enhance our knowl-
edge of past variation and contribute to dendroclimatological
network of Balkan Peninsula (Luterbacher et al., 2012).

1.1 Climate of the studied area

Geographically, the Balkan Peninsula represents the border
between Mediterranean and Central European climates. The
combined impact determines the climate in the western part
of the Balkan Peninsula as a mixture of continental climatic
influence from the interior of the peninsula, mountain cli-
matic influence from the Dinaric Alps and Mediterranean
influence from the Adriatic Sea (Zupan Hajna, 2012). An-
nual precipitation and temperature regimes are characterised
by seasonally diverse circulation patterns. In spring, an At-
lantic High extending eastwards and over the Balkan Penin-
sula joins a low centre approaching from the southeast, caus-
ing a north-north-easterly flow over the eastern Mediter-
ranean area. The extension of the summer Asian thermal
low is evident throughout the eastern Mediterranean in all
summer circulation patterns; however, it controls the weather
in the region jointly with other principal pressure features
(Kostopoulou and Jones, 2007). Multiproxy reconstructions
of monthly and seasonal surface temperature fields for Eu-
rope back to 1500 show that the late 20th- and early 21st-
century European climate is very likely warmer than that of
any time during the past 500yr (Luterbacher et al., 2004).
In the light of projected climate change, heat waves in the
Mediterranean region and on the Balkan Peninsula will in-
tensify in the second half of the 21st century — they will be
more frequent and will last longer (IPCC, 2007). Accord-
ing to predictions, the minimum daily temperature during
the “worst heat” events is expected to rise by around 3°C
(Meehl and Tebaldi, 2004). In the eastern Mediterranean
and the Middle East, there will be a gradual and relatively
strong warming of about 3.5-7 °C between the 1961-1990
reference period and the period 2070-2099 (Lelieveld et al.,
2012). The observed daytime maximum temperatures appear
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to be increasing most rapidly in the northern part of the re-
gion, i.e., the Balkan Peninsula and Turkey. Hot summer
conditions that rarely occurred in the reference period may
become the norm by the middle or end of the 21st century
(Lelieveld et al., 2012). Moreover, a decrease in annual mean
precipitation from 10% to more than 20% over some re-
gions of the Mediterranean basin is expected by the end of the
21st century (IPCC, 2001). In the eastern part of the Mediter-
ranean basin, the observed strong drought period of the end
of the twentieth century seems to be the strongest of the last
500yr (Nicault et al., 2008). It is therefore important to in-
vestigate whether extreme events have already occurred in
BiH in the past and how trees responded to them. Results
from our study can support study of climate, aridification
processes (Kertész and Mika, 1999) and glaciation investi-
gations (Hughes, 2010) from surrounding regions and BiH.

1.2 Species selection

Selecting tree species growing on sites with limited between-
tree competition and climate as the prevailing growth-
limiting factor maximises the climate signal in tree-rings
(Fritts, 1976). P. nigra was chosen for this study, since it
grows on extreme sites, has a good response to climate
(Lebourgeois, 2000) and reaches ages up to 500yr (Brus,
2004). The P. nigra area distribution covers the majority of
the Mediterranean region (Vidakovic, 1991), so the results of
the climate-growth relationship from BiH can be compared
to studies from other regions. Its growth response to climate
has been studied in the western (Martin-Benito et al., 2010b,
2011) and eastern Mediterranean (Sevgi and Akkemik, 2007;
Touchan et al., 2003), in the northern limit of its natural areal
- in Austria (Leal et al., 2008) and south-eastern Romania
(LevaniC et al., 2012). Since the species is well-adapted to
the Mediterranean and southern European climate, P. nigra
tolerates summer droughts and high temperatures (Penue-
las and Pilella, 2003), but poorly tolerates drought during
early spring (Wimmer et al., 2000). Similar to trees in Spain
(Martin-Benito et al., 2012) P. nigra growth on high ele-
vated sites of Dinaric Mountains should be most strongly
influenced by soil moisture. This environmental factor is in
a tight connection with temperature, precipitation and cloud
cover (Seneviratne et al., 2010). Variability in all these fac-
tors is explained with sunshine values, which also indirectly
influences tree-growth (Fritts, 1976). Therefore, it should
be possible to recover moisture stress-linked sunshine vari-
ance from tree-ring data (Stahle et al., 1991). As the differ-
ent species respond to different climate parameters (Garcia-
Suérez et al., 2009), it is important to test the presence of
sunshine/moisture stress in TRW of P. nigra in BiH.

In this paper we present results of climate/tree-growth
analysis, based on a P. nigra TRW chronology from the
north-western part of the Balkan Peninsula. The following
aims were set:
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— Identification of the climate signal in the tree-ring
widths of P. nigra in BiH.

— Reconstruction of the most growth-limiting factor(s) for
P. nigra.

— ldentification of extreme climatic events in the past.

— Comparison of identified extreme events with published
historical sources.

2 Materials and methods
2.1 Site description and tree-ring data

BiH is located between 42°26'-45°15" north and 15°44'—
19°41' east, in the north-western part of Balkan Peninsula.
Seven sites, dispersed along the main mountain chain in BiH,
to cover the diverse climate of the studied region, were se-
lected for this study (Fig. 1). The Krivaja and Konjuh sites
are close to one another, but differ in altitude and aspect (Ta-
ble 1). All sites are under the influence of a moist meridional
maritime airflow from the Adriatic Sea, which often intrudes
into the Balkan Peninsula where it collides with cooler air
above the NW-SE oriented Dinaric mountain chain. This is
the reason why there is a relatively high amount of precip-
itation over Dinaric mountains during growth season (Zu-
pan Hajna, 2012). Average mean June-August temperature
on high mountainous sites is 8.8°C, while the amount of
precipitation varies from 100mm (BjelaSnica) to 280 mm
(Cemerno station). Although there is more than 1000 mm
(BjelaSnica) or 1600 mm (Cemerno) of annual of precipita-
tion, the studied sites are in summer time generally dry be-
cause of mostly southern exposure, steep slopes and shallow
soils.

Trees, used in this research, were sampled in the years
2005 and 2010. Individual TRW series were fitted with a
cubic smoothing spline with a 50% frequency response at
67% of the series length to remove non-climatic trends
due to the tree’s age, size, and the effects of stand dynam-
ics (Cook and Briffa, 1990). Standardisation was done us-
ing ARSTAN for Windows, version 4.1d, the program pro-
vided by Cook and Krusic, Lamonth-Doherty Earth Obser-
vatory, Columbia University (http://www.ldeo.columbia.edu/
trl). The signal strength in the standardised chronology was
tested using the Expressed Population Signal — EPS (Wigley
et al., 1984). The calculation of EPS was based on a 50-yr
running window, with a 25-yr overlap. The usable portion of
a chronology was defined as the part in which a minimum
number of trees maintained an EPS value > 0.85 (Briffa and
Jones, 1990). The data are archived at the Slovenia Forestry
Institute and the full details of the sites and sampling strate-
gies are included in Poljan3ek et al. (2012).

www.clim-past.net/9/27/2013/

Fig. 1. Sampled sites, distributed along Dinaric mountains; Sator
(SAT), Sipovo (SIP), Prusac (PRU), Blace (BLA), Perutica (PER),
Konjuh (KON) and Krivaja (KRI), with meteorological station Os-
ijek.

2.2 Climate data

Two different climate datasets, available for BiH, were used
in this research. The Histalp dataset contains temperature and
precipitation data from various locations in BiH, as well as
sunshine data (1958-2007) for town Osijek in the continental
part of Croatia (Auer et al., 2007). The second climate dataset
consists of individual weather stations, provided by the Fed-
eral Hydrometeorological Institute of BiH. These stations are
Bjelasnica (2000 mas.l.), Cemerno (1305 ma.s.1.), Sarajevo-
Bjelave (630ma.s.l.), Sipovo (460ma.s.l) and Tjentiste
(580ma.s.l.). Some datasets have gaps in the annual base
because climate data collection was disturbed twice due to
a state of war. BjelaSnica mountainous weather station con-
tains temperature data for time periods: 1895-1940, 1951-
1992 and 2000-present, while precipitation data is available
for time period 1952-2009. Sarajevo-Bjelave has a complete
dataset from 1888 until the present. Other weather stations
stopped collecting data due to disruption in 1992; Sipovo
(1965-1992), Tjentiste (1964-1992) and Cemerno (1958-
1992).

2.3 Statistical analysis

Pearson’s correlation coefficient () was used to evaluate
the relationship between annual radial growth of P. nigra
and climate factors: precipitation, temperatures and sunshine.
Simple mean of all standardised site chronologies was com-
pared to monthly mean temperatures, monthly sum of pre-
cipitation and sunshine hours, to identify the most strongly
correlated growth factor. In addition to simple monthly cli-
mate values, a number of seasonal climate data variables
were generated and correlated with the tree-ring indices
as well. After identification of the sunshine seasonal vari-
able, we normalised the individual site chronologies us-
ing z-score values (Ljungqvist, 2010) and calculated their

Clim. Past, 9, 27-40, 2013
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Table 1. General characteristics of sampled sites and number of trees sampled (r) in Bosnia and Herzegovina.

Site Latitude/Longitude ~ Elevation Slope exposure Bedrock »n  Timespan  EPS>0.85
Blace 43°31'N/18°07'E  950m 50° SE dolomite 21 1625-2010 1830
Konjuh ~ 44°17'N/18°32E  1100m  45° S serpentine 24  1626-2010 1705
Krivaja ~ 44°13'N/18°29'E 500 m 60° NE serpentine 18  1667-2010 1745
Perutica 43°19'N/18°42'E 1450 m 55° S limestone 33  1603-2010 1660
E’rusac 44°04'N/17°21E 1100 m 65° S limestone 15 1694-2010 1825
§ator 44°11'N/16°36'E 1300 m 55° S dolomite 20 1813-2010 1870
Sipovo 44°17"N/17°12’E 1100 m 60° S&N limestone 35 1576-2005 1730
correlation coefficient with the most influential sunshine 3 Results

variable. Squared correlation coefficient () shows the pro-
portion of explained variance in each chronology and this
value was used for the weighted mean regional chronology
calculation (McCarroll et al., 2003). The significance of the
summer sunshine signal strength between site chronologies
in the two different time periods; the period of sunshine data
(1958-2007) and the period pre-sunshine data (1813-1957)
were tested using a z-test for the two correlation coefficients
(Kanji, 1993). Linear model between regional chronology
and sunshine season variable was calculated using linear re-
gression. To assess the quality of the linear model for sun-
shine reconstruction, the period of the measured sunshine
hours (1958-2007) was split into two equally long periods
for calibration (1983-2007) and verification (1958-1982).
The procedure was then repeated with the periods reversed.
The reliability and prediction skill of the model was tested
using reduction of error (RE) (Fritts, 1976), coefficient of ef-
ficiency (CE) (Cook et al., 1999) and the proportion of ex-
plained variability (+2). If RE and CE coefficients are higher
than zero, the relationship has a predictive value, then a
transfer function can be calculated and applied on the re-
gional chronology. Applications of the transfer function on
the chronology over a period of time for which there is no
climate data results in reconstruction of the climate. We used
this approach on the chronologies from 2010 to the year of
1660, when value of EPS drops below 0.85 threshold (Ta-
ble 1). Finally, years of extreme summer sunshine values
were defined as years with summer sunshine values of above
or below a specified threshold. Positive and negative thresh-
olds were calculated as one and two standard deviations (SD)
from the mean value. The mean value of sunshine hours was
calculated over the entire period of reconstruction (1660-
2010). Positive values denote sunny summers, while negative
values denote less-sunny summers. We used the term “less-
sunny” to denote years with an unusually (below 1 or 2 SD)
low number of mean June-July sunshine hours. Because the
solar radiation can be reduced not only by the cloud cover
(Suehrcke, 2000; Arking et al., 1996), but also by other fac-
tors, such as volcano eruptions (Handler, 1989), forest fires
(Chubarova et al., 2008) and other aerosols (Satheesh and Kr-
ishna Moorthy, 2005; Moosmdller et al., 2009), we decided
that the term less-sunny is the most appropriate.

Clim. Past, 9, 27-40, 2013

3.1 Climate signal analysis

Climate signal in the TRW of P. nigra was analysed us-
ing Pearson’s correlation coefficient between climate data
and mean standardised chronology; an average of seven site
chronologies. The highest correlation coefficients for tem-
perature and precipitation data were found using BjelaSnica
weather station. There are positive correlations between
spring temperature and summer precipitation and negative
with summer temperature and tree growth. Above average
number of sunshine hours in June and July has a significant
negative effect on tree growth. Additionally, the correlation
improves if months are combined into spring and summer
periods (Fig. 2). According to the results of the correlation
analysis, the strongest correlation among sunshine values
was found with mean June-July sunshine hours (r = —0.44,
n =50, p<0.01). This climate proxy was tested for the
long-term reconstruction. Between TRW and temperature,
the strongest correlation was calculated with mean June—
August temperature (r = —0.45, n = 87, p < 0.001), but this
negative influence is more likely indirect, rather than direct,
because temperature on mountainous sites cannot negatively
influence tree-growth. The mean summer temperature at the
BjelaSnica weather station site of 10 °C does not exceed the
optimal temperature for tree growth, set at 20 °C for the mod-
erate climate zone (Fritts, 1976). Negative influence of above
average temperature on P. nigra growth is reasonable in area
where summer temperature exceeds 20°C, e.g. in Mediter-
ranean area (Ogrin, 2005) but not at high elevations, where
the majority of our sites are located. Precipitation signal is
also significant (r = 0.34, n =59, p <0.01), but lower than
temperature signal. Sunshine is not the growth limiting factor
on this site, but its values are closely connected to moisture
stress, which most logically drives the tree-growth (Alavi,
2002).

3.2 Transfer function development

We used z-test to test the differences in inter-correlations
of seven site chronologies between the periods with and
without sunshine data (1813-1957 and 1958-2007) - Ta-
ble 2. The period of pre-sunshine data is omitted with the
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Fig. 2. Correlation coefficients (columns) between standardised
chronology (average of seven site chronologies) and climate data
from Bjelasnica weather station; precipitation with light grey, tem-
perature with dark grey and sunshine hours with white columns
(Osijek weather station). Columns with pattern represent significant
value (95 %).

length of the shortest site chronology from Sator (1813-
2010). The z-test confirmed that the results of correlation
values among individual site chronologies in the period of
sunshine data (1958-2007) and in the period of pre-sunshine
data (1813-1957) do not differ. This confirms that the rel-
ative strength of the climate signal in the seven proxies
remains constant through time. There are several ways in
which the seven site chronologies can be combined to re-
construct the climate of the past (Trachsel et al., 2012;
Briffa et al., 1988). We used weighted averaging, where the
weight of each series is determined by the amount of vari-
ance in site chronologies, explained by sunshine. In this
case all proxies that correlate strongly with sunshine data re-
ceive a high weight, irrespective of how highly they corre-
late with each other. This approach ensures that all strong
proxies are included (McCarroll et al., 2013). The mean
chronology, constructed using weighted averaging, corre-
lates with mean June-July sunshine hours at —0.54 (n = 50,
p <0.0001), more strongly than with simple averaging the
site chronologies (r = —0.44). The equation for the linear
model between BiH regional chronology and sunshine hours
from Osijek is Y =271.424—11.592- X (n =50, F = 12.9,
p <0.001), where Y represents the mean June—July sunshine
hours and X are weighted TRW indices. Prediction skill and
the stability of developed model were verified using a split-
sample procedure (Table 3). The calibration-validation ex-
ercise indicated stability of the relationship over the two
halves of the available instrumental data period. The simi-
larity and strength of the derived calibration equations and
verification tests of the two subset periods (Fig. 4) justify
using the full period for developing the sunshine recon-
struction. Additionally, the spatial strength of the weighted
standardised chronology was tested using spatial correla-
tion calculations in the KNMI Climate Explorer (van Old-
enborgh, 1999). Our chronology correlates best with mean
June-July Palmer Drought Severity Index (PDSI) for Eu-
rope, as a measure of soil moisture. Even though that so-
lar radiation and sunshine hours vary significantly within
the Carpathian-Balkan-Dinaric region (Niedzwiedz, 2012),
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Table 2. Correlation values (Pearson’s r) between the TRW series
(individual site chronology and average, calculated as simple mean
of all sites) over the calibration (upper triangle-period of measured
sunshine data) and in the remainder of the common period (lower
triangle-period hefore the measured sunshine data). No statistically
significant differences were discovered between any of the pairs of
correlation coefficients (z-test for two correlation coefficients).

Calibration period of measured sunshine data 1958-2007

Site Blace Konjuh Krivaja Perutica Prusac Sator Sipovo average
Blace 0.33 0.30 0.42 039  0.06 0.36 0.61
Konjuh 0.45 0.39 0.62 051 034 0.55 0.78
Krivaja 0.32 0.42 0,36 039 033 0.44 0.66
Perutica 052 0.59 0.40 0.65 037 0.62 0.78
Prusac 0.40 0.61 0.38 0.57 0.42 0.70 0.79
Sator 0.08 0.30 0.22 0.25 0.33 0.43 0.55
éipovu 0.30 0.52 0.47 0.62 058 0.25 0.79

average 0.66 0.80 0.66 0.79 078 048 0.74

Period before measured sunshine data 1813-1957.

we have calculated high correlation values in the region of
Croatia (0.6 <r <0.5, p <0.05) and in the “triangle-like”
area (0.4<r<0.3, p<0.05) extending from Slovenia to
Slovakia in the north and south to Greece (Fig. 3). This
makes our regional chronology a valuable proxy for large-
scale summer sunshine hours reconstruction.

3.3 Reconstruction and identification of extreme
summers

Mean value of June-July sunshine hours in the period of
available data is 268 h, with minimum value of 220 in the
year of 1989 and maximum of 317 in 2000. The total range
of measured mean June-July sunshine values over the en-
tire instrumental period 1958-2007 is 96 h, but the recon-
structed range over the same period is only 43; a reduction
of 55%. To avoid this bias we “scaled” the proxy series so
that it has the same mean and variance as the climatic tar-
get data over the calibration period (Esper et al., 2005; Mc-
Carroll et al., 2013). After scaling, reconstruction produces
a range of 80h over the instrumental period, a loss of only
17 % comparing to the measured data. The threshold June—
July sunshine values of the period 1660-2010 were com-
puted at 247h (1SD) and 226 h (2 SD) for identification of
less-sunny summers and at 289h (1SD) and 310h (2SD)
for very sunny summers. With sunny weather thresholds we
were able to reconstruct 5 (2 SD) and 55 (1 SD) very sunny
summers, while with less-sunny thresholds we identified 6
(2SD) and 58 (1 SD) summers with less-sunny weather (Ta-
ble 4). In the period of available sunshine data (1958-2007),
we were successful at identifying the very sunny summer of
2000 and the less-sunny summers of 1966, 1974, 1975 and
1983, while we were just beneath 1SD threshold level for
extreme years (by just 4 sunshine hours per month) in years
1959, 1968, 1969, 1986 and 1988. Sampled trees failed to
respond to low June-July sunshine values in 1989 and 2004,
and high sunshine values in 2006 and 2007.
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Fig. 3. Correlation values (p < 0.05) between weighted-TRW in-
dices and mean June-July CRU Palmer Drought Severity Index
(scPDSI), calculated in KNMI explorer (van Oldenborgh, 1999).

4 Discussion
4.1 Climate signal and reconstruction

Investigation of the climate signal in the P. nigra TRW
chronologies is based on previously developed site chronolo-
gies for the north-western part of the Balkan Peninsula (Pol-
jandek et al., 2012). Each site chronology was compared to
BjelaSnica climate data and sunshine data for Osijek area.
Studies from the Alps report positive correlations with sum-
mer mean temperature (Rossi et al., 2007; Frank and Es-
per, 2005; Carrer et al., 2007), while sites from the Mediter-
ranean area are more precipitation sensitive (Touchan et al.,
2005). Variability of the radial growth of P. nigra from the
mountainous western part of the Balkan Peninsula can be ex-
plained with the amount of summer sunshine hours, because
June-July sunshine can be indirectly connected to moisture
stress. So far, there are no results on cambium activity of P.
nigra from BiH, but we can assume that the June-July period
is the most important part of the growing season for tree ring
formation (Gricar and Cufar, 2008).

Although significantly positive, the precipitation signal in
the TRW is not as strong as the sunshine signal. Natural P.
nigra stands on mountainous sites are found on south facing
slopes (Bussotti, 2002), where the trees with maximised cli-
mate signal can be expected. Soils on these sites have quite
high infiltration rates in summer and much lower rates dur-
ing the wet seasons (Cerda, 1997). During spring trees ac-
cess water, available in the shallow soil layers, while dur-
ing summer drought, when the highest response to moisture
stress would be expected, P. nigra trees conduct hydraulic lift
and access deep water source (Penuelas and Pilella, 2003).
They also have efficient drought-response of needle tracheids
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Fig. 4. Time series plots of measured (solid grey line) and recon-
structed mean June—July sunshine hours for the calibration and ver-
ification periods of the split sample procedure (solid and dashed
black line).

Table 3. Statistics of calibration/verification procedure between the
P. nigra weighted mean chronology and mean June-July sunshine
hours; RE - reduction of error; CE - coefficient of efficiency; r2 -
squared regression coefficient or explained variance.

Calibration Verification
Period r? r2 RE CE
1983-2007  0.25° 026 038 0.5
1958-1982  0.26° 0258 034 017

1958-2007  0.29°

Stars denote significance (3= p <0.05, b= p <0.01, ¢ = p < 0.001).

(Cochard et al., 2004) and possibly similar to P. sylvestris,
water storage in the stem and branches (Waring et al., 1979).
Furthermore, precipitation is locally distributed and therefore
weather station data does not show the actual amount of pre-
cipitation at the sites. Annual precipitation along western part
of Dinaric mountain chain reaches amounts of 2000 mm or
more, for example, in year 1900, BjelaSnica station recorded
3157 mm of precipitation. One of the reasons for the high
amount of precipitation is the Dinaric Mountains, which acts
as a climatic barrier between Mediterranean and continen-
tal climate, similar to the Pirin Mountains in southwest Bul-
garia which spatially mark a transition between the Mediter-
ranean and temperate climate zones (Grunewald et al., 2009).
All these factors contribute to relatively low correlation be-
tween mean monthly precipitation and tree-ring indices in
BiH, whereas an increasing influence of precipitation on tree-
growth is observed towards the interior of the Balkan Penin-
sula in Romania (Levani€ et al., 2012) and in the Central Eu-
rope in the Vienna basin region (Strumia et al., 1997), where
P. nigra reacts more strongly to July rainfall. Similar re-
sults have also been reported from Turkey, where P. nigra re-
sponds positively to summer precipitation and not to temper-
ature (Sevgi and Akkemik, 2007). In contrast to the relatively
uniform response to a single climatic factor, a combined re-
sponse of P. nigra to precipitation and temperature has been
reported from Albania and Spain. In Albania, a significant
negative response to June, July and August temperatures
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Table 4. List of years with extreme summers, aligned from the years
with the highest standard deviation (SD) from the mean to years,
closer to mean value. Event years in bold are common to results
from other studies, see Table 5.

Sunny summers
2SD  1742,1908, 1945, 1695, 1931

1SD 1725, 1696, 1929, 1950, 1697, 1947, 1865, 2000,
1802, 1944, 1806, 1782, 1808, 1694, 1830, 1958,
1854, 1948, 1909, 1891, 1803, 1773, 1788, 1932,
1707, 1825, 1933, 1893, 1779, 1869, 1702, 1957,
1698, 1875, 1840, 1807, 1907, 1703, 1952, 1741,
1763, 1666, 1784, 1755, 1726, 1789, 1785, 1863,
1922, 1868, 1769, 1874, 1946, 1665, 1720

Less-sunny summers
2SD 1899, 1843, 1810, 1815, 1712, 1966

1SD 1818, 1816, 1814, 1799, 1736, 1772, 1985, 1838,
1984, 1885, 1926, 1845, 1871, 1821, 1914, 1681,
1682, 1683, 1692, 1819, 1714, 1833, 1879, 1975,
1691, 1680, 1913, 1876, 1837, 1693, 1897, 1915,
1900, 1713, 1832, 1846, 1844, 1898, 1820, 1886,
1974, 1978, 1684, 1722, 1783, 1902, 1679, 1813,
1826, 1738, 1970, 1983, 2009, 1729, 1912, 1927,
1780, 1936

and positive response to June precipitation on the tree radial
growth has been observed (Levani¢ and Toromani, 2010). In
Spain, the standardised precipitation-evapotranspiration in-
dex is recognised as the main climatic driver of P. nigra ra-
dial growth (Martin-Benito et al., 2012), although the trees
are still sensitive to July and August temperature and precip-
itation (Martin-Benito et al., 2010a). Beside significant cor-
relations between summer climate factors and TRW indices
in BiH, we also discovered a positive correlation (r = 0.35,
p <0.01) with spring temperatures as well (Fig. 2). Spring
(January to March) temperatures have no direct influence
on cambium activity, but their positive influence on radial
growth can be explained through early start of cambium ac-
tivity in warm March and with water availability at the be-
ginning of the growing period. Mild and wet winters over
the western part of the Balkan Peninsula are connected to
negative North Atlantic Oscillation (NAQ) phases (Lopez-
Moreno et al., 2011; Vicente-Serrano and Lopez-Moreno,
2005). In negative NAO winters, the western Balkans expe-
rience anomalously cyclonic circulation and enhanced pre-
cipitation and therefore sufficient soil recharge which has a
positive influence on a wider radial increment of P. nigra.
When testing the ability of the linear model to reconstruct
June-July sunshine hours, decreased sensitivity of radial
growth to summer sunshine between 1977 and 1985 was no-
ticed (Fig. 4). In this period trees have complacent rings, giv-
ing an impression of very little climatic influence on annual
tree growth. According to Mariotti and Dell’Aquila (2012),
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this period from the end of the 1960s to the beginning of the
1990s was characterised by outstanding decadal variations of
summer sunshine values and therefore temperatures over the
entire Mediterranean region, with maximum of the precipi-
tation trends in the 1960s (Xoplaki et al., 2006). The sum-
mer of 1976 was the coolest summer of the second half of
the twentieth century over the northeastern Mediterranean,
while this same summer was one of the hottest and driest in
the United Kingdom (Xoplaki et al., 2003a). Mediterranean
summer temperature anomalies were also very well reflected
in BiH, where the coolest summer was recorded in 1974 and
the warmest summers in 1994, 1998 and 2000. The trend for
the period 1950 to 1960 is —1.15°C per decade, whereas a
trend of 0.5°C per decade was recorded for the period be-
tween 1980 and 1999 (Xoplaki et al., 2003b). There is also
a clear tendency for wetter summers between 1967 and 1985
over the Balkan region, when compared to previous decades
(Blade et al., 2011). In our research we identified summer
2000 as sunny and 1974 as less-sunny (Table 4). Also, from
the period of wetter summers 1967-1985, we identified 7
out of 19 summers as less-sunny (1970, 1974, 1975, 1978
and 1983-1985). Regional processes and feedbacks modu-
late the influence of large scale anomalies during summer
over the Mediterranean. Mariotti and Dell’Aquilla (2012)
have shown that these processes may involve cloud cover,
land surface modifications and include positive soil moisture-
precipitation and soil moisture-temperature feedback. Many
regional processes that were modified due to increased sum-
mer NAO could mask the significant relationships among
precipitation, temperature and tree growth. These processes
can have a profound impact on tree growth, since incoming
solar radiation and moderate heat flux are supporting factors
for growth (Weitzenkamp et al., 2007). Changes in incoming
solar radiation due to increased cloud cover could weaken
the temperature and precipitation growth relationships of P.
nigra by having a direct effect on gross primary production.
Identification of significant processes is beyond the scope of
this article but should be addressed in future studies.

4.2 ldentification of extreme summer events

In our reconstruction there is a noticeable period from the
beginning of the reconstruction in 1660 until 1695 (Fig. 5).
This period is part of the Late Maunder Minimum (Luter-
bacher et al., 2001) and it signifies the climax of the so-called
“Little Ice Age” in which Europe experienced predominant
cooling (Xoplaki et al., 2001) and marked climate variabil-
ity (Luterbacher et al., 2000). Summers in western and cen-
tral Europe were wetter and slightly cooler than they are to-
day due to a weaker Azores high (Luterbacher et al., 2001).
During “Little Ice Age”, the period 1725-1775 was warm
and sunny in northern Norway (Young et al., 2010), while in
BiH we noticed sunny period from 1695-1790 (Fig. 5). The
coldest decade of the millennium over the Northern Hemi-
sphere was in 1691-1700 (Jones et al., 1998). This partly
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Table 5. Records of reconstructed sunny/less-sunny summers based on TRW from BiH, with standard deviations (SD) and their comparison

with other related available documentary sources.

S. Poljan3ek et al.: Sunshine reconstruction for the western part of the Balkan Peninsula

Sunny Less-sunny  SD  Historical event Reference
1975 1 Slovakia: wet in June-August Biintgen et al. (2010b)
1970 1 Slovakia: wet in June-August Biintgen et al. (2010b)
1950 1 Italy, south area: one of the hottest summers Camuffo et al. (2010)
1948 1 Slovakia: dry spell from March-August Biintgen et al. (2010b)
1946 1 SW Romania: year of great famine Levani€ et al. (2012)
1945 2 Driest years in Bulgaria during the 20th Koleva and Alexandrov (2008)
century (1945 and 2000)
1931 2 Warm period in Bulgaria Trouet et al. (2012)
1927 1 Slovakia: wet from March-August Biintgen et al. (2010b)
1912-1915 1 Taal eruption, Indonesia in 1911 Mastin and Witter (2000)
1908 2 Anatolia: major drought and famine event Akkemik et al. (2005)
1899 2 Etna eruption: central explosion in July Bonaccorso et al. (2004)
1876 1 Czech Lands: downpours in summer with local floods Biintgen et al. (2010b)
1874 1 Province of Ankara, Turkey: a devastating drought Touchan et al. (2007)
1871 1 Czech Lands: 3 weeks of rain in July-August Biintgen et al. (2010b)
1844-1846 1 Etna eruption in 1842 and 1843, clouds in 1844-1846 Bonaccorso et al. (2004)
1843 2 Etna eruption in 1842 and 1843, clouds in 1844-1846 Bonaccorso et al. (2004)
1832-1833 1 Etna eruptions in 1831 caused clouds in 1832-1833 Bonaccorso et al. (2004)
1830 1 Slovenia: great heat and drought in July and August Ogrin (2002)
1825 1 Slovakia: dry and warm April; long-lasting drought before Biintgen et al. (2010b)
late July; Czech Lands: very dry in July
1815 2 Volcano Tambora explosion, Indonesia in April Xoplaki et al. (2001), Boers (1995)
1810 2 Large stratospheric eruption in 1809 of a volcano in the tropics Cole-Dai et al. (2009)
1806-1808 1 Slovakia: dry and warm in May-August Biintgen et al. (2010b)
1802-1803 1 Serbia: the lack of rain from May until October Xoplaki et al. (2001)
1789 1 Slovakia: great drought in May-June Biintgen et al. (2010b)
1782, 1784 1 Romania: extremely dry years Levani€ et al. (2012)
1783 1 Eruption of Laki in southern Iceland Grattan and Pyatt (1999)
1782 1 Slovakia: hot two weeks in June, warmth continuing in July-August  Biintgen et al. (2010b)
1772 1 Czech Lands: rainy June Biintgen et al. (2010b)
1742 2 Anatolia: extremely dry year Akkemik et al. (2005)
1729 1 SE Romania: extremely wet year Levanic et al. (2012)
1725, 1726 1 SE Romania: drought in 1725 Levani€ et al. (2012)
Anatolia: 2-yr long major drought Touchan et al. (2007)
1720 1 Mediterranean: one of the hottest summers Camuffo et al. (2010)
1712 2 Greece: drought, bad harvest, high prices, famine Xoplaki et al. (2001)
1712-1714 2 Awu eruption on December, 1711 in Indonesia Clor et al. (2005)
1707 1 Anatolia: dry year Akkemik et al. (2005)
1696, 1697 1 Anatolia: dry years Akkemik et al. (2005)
1695 2 Cold summer, famine in England, Ireland Lindgrén and Neumann (1981)
1691-1694 1 Crete: bad harvest, famine, high prices olive-oil Xoplaki et al. (2001)
1691-1693 1 Northern Hemisphere: Jones et al. (1998)

The coldest decade 1691-1700 of the millennium

fits to our results, as the years of 1679-1684 and 1691-1693
were recognised as years with less-sunny summers. But af-
terwards, our reconstruction shows the period of 1694-1698
as years with sunny summers and even more; the summer of
1695 was recognised as the fourth sunniest summer in our
reconstruction (Table 4). In the northern and continental part
of Europe, this year was extremely cold and wet (Lindgrén
and Neumann, 1981), while in Aegean sea area drought in
the autumn destroyed harvest (Xoplaki et al., 2001). This
long dry period from the late autumn of November 1695
to January—February of 1696 resulted from anticyclone con-
ditions prevailing over central, eastern and south-eastern
Europe, which prevented crossing of low-pressure systems
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towards the Balkans (Xoplaki et al., 2001). This, dominant
atmospheric circulation pattern between the British Isles and
Balkan Peninsula, has been also recorded by a summer re-
construction from north-eastern Mediterranean (Trouet et al.,
2012). On a smaller scale, our results support this strong and
consistent anti-phase relationship, which suggests that the
summer NAO pattern is the main driving force of the tele-
connection between summer temperatures in south-eastern
versus north-western Europe (Trouet et al., 2012). We sup-
port this idea with identification of extremes (Table 4). In
general, summers with low values of sunshine hours are re-
lated to oscillation patterns from continental Europe and re-
gions north of BiH; e.g. 1975, 1970, 1927, 1876, 1871 and
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Fig. 5. Reconstructed (black line) and measured (shorter red line) mean June-July sunshine hours. Solid grey lines delineate two, while
dashed grey lines represent one standard deviation from the mean, calculated over the reconstructed period 1660-2010. Black dots mark
identified extreme summers and arrows indicate larger volcano eruptions; Awu (Clor et al., 2005), Veesuvius (Scandone et al., 2008), unknown
and Tambora (Cole-Dai et al., 2009), Etna (Bonaccorso et al., 2004) and Taal (Mastin and Witter, 2000).

1772. On the other hand, sunny summers are more related
to oscillations from the south-eastern and continental part of
Balkan Peninsula; e.g. 1945, 1931, 1802, 1784 and 1729, or
south-eastern/eastern Mediterranean; e.g. 1950, 1908, 1874,
1742, 1725, 1726, 1720, 1707 etc. (Table 5). The BiH area
proved to be a good area for further extreme climatic events
investigations, as it is located in the transition zone between
Mediterranean and continental influence, therefore the trees
react to climatic extremes from both zones. This could be the
reason why we have many common summer climatic events
with Slovakia, and on the other hand years when growth sea-
sons were different between these two regions. For example,
cold and wet conditions in the spring of 1725 prevailed over
Slovakia and later during the summer, extensive anomalous
low-pressure conditions, extending from northern to central
Europe, have been connected with disastrous floods in Slo-
vakia (Brazdil et al., 2008), while BiH and Romania (Lev-
anic et al., 2012) were influenced by the hot, sunny summer
weather from the eastern Mediterranean, similar to Anato-
lia and Syria (Touchan et al., 2007). After severe and snowy
winter 1725/1726 in Slovakia (Brazdil et al., 2008), summer
drought extended from Turkey (Touchan et al., 2007) and in-
fluenced both; BiH and Slovakia area (Brazdil et al., 2008).
Special awareness must be made when identifying extreme
years and their possible causes. With mean June-July sun-
shine hours, we explain 21 % of the variability of the TRW
indices. Aside to negative summer sunshine correlation val-
ues, there is also a positive correlation between TRW indices
and spring temperatures (Fig. 2). This means that extremely
cold winters could affect the cambium and limit its activ-
ity (Jyske et al., 2012). In such years TRW could be nar-
rower, despite the possible good growth conditions later in
the summer. Therefore, it is important to verify newly iden-
tified extreme climatic events (Table 5). One such case is the
winter 1782. This winter is reported to be harsh and cold
in Greece, with Lake Karla freezing and the destruction of
olive and fruit trees, death of animals; for BiH plague and
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the deaths of people are mentioned (Xoplaki et al., 2001).
Later in that year, drought events during the summer sea-
son extended north to Slovakia (Biintgen et al., 2010a), east
to Romania (Levani€ et al., 2012) and to the western Black
Sea region of Turkey (Akkemik et al., 2005). The summer of
1782 was also recognised in our reconstruction as a year with
high moisture stress during the growing season. The next ex-
ample happened in the period of existing instrumental data
in BiH. Winter of 1928/1929 was characterised as extremely
cold in Slovakia (Biintgen et al., 2011) and as the winter
when sea froze in the Venice lagoon (Winchester, 1930).
The measured mean January—March temperature in 1929 for
Sarajevo-Bjelave was, according to Federal Hydrometeoro-
logical Institute of BiH, —20°C, while the long-term aver-
age (1889-2009) is —11°C. In the following summer season
mean temperature did not differ from long-term mean, but
our reconstruction showed summer with above average sun-
shine hours (Table 4).

In search for explanations for less-sunny summer events,
we also reviewed the influence of natural forcing on climate
of the western part of Balkan Peninsula. The years with sur-
prisingly low summer sunshine values matched well with
years of major volcanic eruption, similar to strong volcanic
forcing system in the North (McCarroll et al., 2013). This im-
pact can be seen in abrupt change in the same growth year,
lagged by one year, or as a prolonged effect, due to the in-
fluence of volcanic eruptions and sulphate loadings and con-
sequently on tree-growth (Breitenmoser et al., 2012). We no-
ticed the importance of strength, location and the length of
volcano eruption, as well as the season of activity (Mastin
and Witter, 2000). In the years of 1666, 1695 and 1698
Kuwae volcano erupted in the southwest Pacific (Briffa et
al., 1998). While years 1666 and 1695 are both the dates
of the eruption, our study identifies them as sunny. This in-
dicates that western part of Balkan Peninsula was not in-
fluenced by volcanic eruptions from south-western Pacific.
On the other hand, Tambora explosion in Indonesia (1815),

Clim. Past, 9, 27-40, 2013

53



Poljansek S. Dendrokronologija ¢rnega bora ... na obmo¢ju zahodnega dela Balkanskega polotoka
Dokt. disertacija. Ljubljana, Univerza v Ljubljani, BiotehniSka fakulteta, 2013.

36 S. Poljan3ek et al.: Sunshine reconstruction for the western part of the Balkan Peninsula

whose eruption is counted as the largest historically docu-
mented eruption of the modern (instrumental) era (Briffa et
al., 1998), is recorded in our tree ring series as the fourth
summer with the lowest sunshine values in the reconstruc-
tion period. After Tambora, eruptions of Raung and ljen, also
from Indonesia, took place in the year 1817 (Mastin and Wit-
ter, 2000). Our reconstruction describes the period of 1813
1821, with exception of 1817, as summers with a low num-
ber of sunshine hours. This decade is also counted as prob-
ably the coolest in the last 500yr (Cole-Dai et al., 2009).
We can consider that one massive eruption has influence on
more growth periods, like Taal volcanic eruption from Philip-
pines in the 1911 (Mastin and Witter, 2000), which seems to
have affected tree growth in BiH in the following 4 yr (1912-
1915). We observed the same results in the years after Kraka-
toa eruption in 1883 (Rampino and Self, 1982). Closer to BiH
an eruption of volcano Vesuvius (lItaly) happened in May,
1771 and lasted for a whole month (Scandone et al., 2008).
Its influence is not recorded in the same year, but the follow-
ing summer had low value of sunshine hours (Table 4). Influ-
ence of longer volcanic eruptions on tree-growth is seen in
the long Vesuvius eruption, starting in July, 1895 and lasting
till September, 1899, being active for more than 1500 days
(Scandone et al., 2008). Vesuvius is located southwest from
BiH, but as there is in the beginning of the growing season
a north-northeasterly flow over the eastern Mediterranean
area (Kostopoulou and Jones, 2007), volcanic dust was trans-
ported towards the Dinaric mountains. This explains why we
identified following years 1897-1900 and 1902 as less-sunny
(1SD) and 1899 as year with extremely low amount of sun-
shine (Table 4). With volcanic eruptions, we connected all
summers with sunshine values below 2 SD; Vesuvius in 1899
(Scandone et al., 2008), Etna (ltaly) in 1843 (Bonaccorso et
al., 2004), unknown in 1810 and Tambora in 1815 (Cole-Dai
etal., 2009), Awu (Indonesia) in 1712 (Clor et al., 2005) and
Taal in 1966 (Mastin and Witter, 2000). The results of this
research open many new fields of potential future investiga-
tions. But for a more detailed examination of the discovered
BiH extreme summer sunshine events and their connection
to volcanic eruptions, further inquiries with applications of
data on sulphur loadings, power of eruption and its length
should be addressed. Further, special investigation on avail-
able documentary archives with an emphasis on the whole
region of the western Balkans is needed. Especially for those
events which may be limited to the BiH area only and are not
confirmed by documentary sources from outside the BiH.

5 Conclusions

We conclude that summer mean June=July sunshine hours
from Osijek station (Croatia) are the most appropriate proxy
for the moisture stress, which influences the radial growth
of P. nigra in mountainous sites in the Bosnia and Herze-
govina area. With application of the z-score method and
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weighted mean calculation, one reliable regional chronol-
0gy, as a representative for the whole western part of Balkan
Peninsula, was calculated. With values of 2SD for identi-
fying extreme climatic events, we discovered 5 extremely
sunny (1742, 1908, 1945, 1695, 1931) and 6 summers with
extremely low values of sunshine hours (1899, 1843, 1810,
1815, 1712, 1966). All identified 6 summers with the low-
est number of sunshine hours from BiH area are connected
to volcanic eruptions in the past. Major part of other less-
sunny summer events overlap with reported events from re-
gions north of the Balkan Peninsula, while sunny summer
events are more related to events from inner, continental part
of Balkan Peninsula or Mediterranean area. Besides climate
forcing of moisture stress, impact of volcanic eruptions have
been connected and their influence discussed, but for detailed
explanation of the relation between moisture stress and sun-
shine values, more thorough identification of these relation-
ships, including multispecies tree ring network and/or iso-
tope analysis, should be addressed in the future.
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2.4 PARAMETRI BRANIK DREVES Pinus nigra (Arnold) IN NJHOV KLIMATSKI
SIGNAL

Poljansek S., Levani¢ T. 2012. Parametri branik dreves Pinus nigra (Arnold) in njihov
klimatski signal. Zbornik gozdarstvain lesarstva, 98: 15-25

Predstavljamo prvo analizo klimatskega signalav branikah ¢rnega bora (P. nigra Arnold) s
pomocjo metode odboja modrega spektra. Izbrana drevesa so rastla na Kojniku. Z
ekstrakcijo smole in skeniranjem so bili 5 mm debeli vzorci pripravljeni za analizo.
Izmerili smo Sirino celotne branike ter Sirino in gostoto ranega ter kasnega lesa. Za
odstranitev starostnega trenda in drugih ne-klimatskih faktorjev smo merjene ¢asovne
serije standardizirali s kubi¢nim zlepkom. Pri meritvah gostot smo znacilne korelacije
izracunali med padavinami obdobja maj-junij ter gostoto ranega lesa (r = 0,64, p<0,001),
medtem ko gostota kasnega lesa korelira najbolje s povprecno temperaturo obdobja junij-
avgust (r = 0,42, p<0,01). Pri merjenju Sirin je bila ngjvi§a korelacija izratunana med

Sirino celotne branike in povprecno temperaturo obdobja junij-avgust (r = -0,62, p<0,001).
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MULTIPLE TREE-RING PARAMETERS FROM Pinus nigra (ARNOLD) AND THEIR
CLIMATE SIGNAL

Simon POLJANSEK', Tom LEVANIC?

Abstract

The first exploration of climate signal in tree-rings of Black pine (P. nigra Arnold), using minimum blue intensity method, is presented. Sampled trees were
growing on site Kojnik (Slovenia). For resin extraction and scanning, 5 mm thick cores were prepared. Whole tree-ring widths were measured, as well as
the width and density of early- and latewood. To remove age trend and influence of non-climatic factors, raw measurements were standardized using spline
function. In density measurements, highly significant correlation values were calculated between May-June summed precipitation and earlywood density (r =
0.64, p<0.001), while maximum latewood density correlates the best with mean June-August temperature (r = 0.42, p<0.01). In width measurements, the highest
correlation was calculated between tree-ring width and mean June-August temperature (r = -0.62, p<0.001).

Key words: minimum blue intensity, Black pine, Kojnik, sub-Mediterranean, drought, response, density

PARAMETRI BRANIK DREVES Pinus nigra (Armold) IN NJIHOV KLIMATSKI SIGNAL

Izvlecek

Predstavljamo prvo analizo klimatskega signala v branikah crnega bora (P. nigra Arnold) s pomocjo metode odboja modrega spektra. Izbrana drevesa so
rastla na Kojniku. Iz vzorcev debeline 5 mm smo ekstrahirali smolo in jih opticno skenirali. Izmerili smo Sirino celotne branike ter Sirino in gostoto ranega ter
kasnega lesa. Za odstranitev starostnega trenda in drugih ne-klimatskih faktorjev smo merjene casovne serije standardizirali s kubicnim zlepkom. Pri meritvah
gostot smo znacilne korelacije izracunali med padavinami obdobja maj-junij ter gostoto ranega lesa (r = 0.64, p<0.001), medtem ko je gostota kasnega lesa v
najboljsi korelaciji s povprecno temperaturo obdobja junij-avgust (r = 0.42, p<0.01). Pri merjenju Sirin je bila najvisja korelacija med sirino celotne branike

in povprecno temperaturo obdobja junij-avgust (r = -0.62, p<0.001).

Kljucne besede: metoda odboja modrega spektra, crni bor, Kojnik, sub-mediteran, susa, odziv, gostota

INTRODUCTION
uvoD

Morphological properties of newly developed xylem
cells, which define tree-ring characteristics, are influenced
by the length of growing season, the growth and speed-rate
of cell division and environmental factors (Gri¢ar and Cufar,
2008; Levani¢, 1993). The influence of climate on tree growth
can be studied using measurements of various tree-ring cha-
racteristics; whole tree-ring width (TRW), early / latewood
width (EWW / LWW), and tree-ring density. Densitometry
is a process in which we obtain measurements of wood den-
sity within the tree-ring (Fritts, 1976). Density characteristi-
cs of conifer tree-rings were originally studied using X-rays
(Parker et al., 1980; Parker et al., 1976; Polge, 1963; Schwe-
ingruber et al., 1978), although X-rays had been used even
earlier in various qualitative wood evaluation examinations

(Tomazello et al., 2008). X-ray densitometry is expensive

and it requests under the right angle oriented fibres (Schwe-
ingruber et al., 1978), so efforts have been made to develop
alternative paleoclimate proxies, which are as reliable as the
X-ray densitometry, but can be applied more readily and effi-
ciently. Method of minimum blue intensity, also named mini-
mum blue reflection (MBR), requires no specific equipment
other than a Soxhlet extractor, high-quality colour scanner, a
personal computer and an appropriate software (McCarroll et
al., 2002). Developers assessed the suitability of multiband
digital images (RGB) of Scots pine (Pinus sylvestris L.) laths
as a surrogate for X-ray densitometry. The blue channel pro-
ved to correlate most strongly (r =-0.96) with maximum late-
wood density (MXD), measured using optical Walesch 2002
microdensitometer (McCarrol et al., 2002). Intensity of this
channel is sensitive to the amount of lignin present; when il-
luminated by short-wavelength light, the lignin absorbs most
of the energy and the light energy absorbed by lignin declines

as wavelength increases (McCarroll et al., 2002). However,
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the measured tree-ring density represents only the proxy for
wood density; these values have not been calibrated.

With densitometry, scientists discovered, at some sites,
even stronger relationship between climate and tree-ring
density than between climate and tree-ring widths (Cown
and Parker, 1978; Levanic et al., 2008; Schweingruber et al.,
1978). This is the case of researching on more moist, compla-
cent sites, where the rings may be wide and the widths may
exhibit much less variability than wood density characteristi-
cs, or in the high latitudes, where MXD is a better indicator
of summer temperature than tree-ring width (Kirdyanov et al.,
2007). In areas of little width variation, dendroecology may
be possible only because of the greater variability in density
measurements (Fritts and Swetnam, 1998). In reconstructing
climate, some report that it is the MXD that has proved to be
the best surrogate for climate (Campbell et al., 2007; McCa-
rroll et al., 2002), while other claim that tree-ring parameters
beside TRW reveal little additional potential (Esper et al.,
2006). Blue intensity was introduced and tested on P. sylve-
stris, but for a general usage it needs to be tested on other
paleoclimatologically important conifers. One of them is P,
nigra (Arnold) (Levani¢ et al., 2012; Nicault et al., 2008).
X-ray densitometry on P. nigra in Spain revealed small MXD
inter-series correlations and thus a lower common variance;
furthermore, MXD on P, nigra does not correlate significantly
with climate from previous or current year of growth (Dora-
do Lifian et al., 2012). Testing MBR on Atlas cedar (Cedrus
atlantica) showed that MXD contains low common variance
and weak climatic signal, comparing to TRW, but it was the
minimum density (earlywood density), which seems to provi-
de additional information on past precipitation (Esper et al.,

2006). For this reason, climate signal in density of P. nigra

tree-ring parameters was tested and results compared to width
measurements of earlywood, latewood and total tree-rings.
The aims of this study are to:
+ Explore potential of minimum blue reflectance (MBR)
on P, nigra in Slovenian sub-Mediterranean region,
+ identify climate signal in tree-ring parameters, and to

+ compare climate signal in multiple tree-ring parameters

MATERIALS AND METHODS
MATERIALI' IN METODE

SPECIES SELECTION, SITE DESCRIPTION AND
CLIMATE DATA

IZBIRA DREVESNE VRSTE, OPIS RASTISCA IN
KLIMATSKI PODATKI

P nigra is a widespread species in the Mediterranean area
and it grows on a wide altitudinal range from 500 to 2,000 m
a.s.l. (Vidakovi¢, 1991). In Slovenia, P. nigra is widely dis-
persed and can be found on southern slopes of the Kolpa Ri-
ver valley, in the Iska gorge, above the Gorenja Trebusa val-
ley, on the slopes of Jerebica and Mangart, above the Tolmin-
ka and in some parts of the Karavanke Mts (Brus, 2004), as
well as in the Kras region, where the barren karst areas were
afforested with P. nigra in the late 18" century (Kranjc, 2009).
It can grow on extreme sites, where missing rings (Wilmking
et al., 2012) can occur (Figure 2). Trees, growing on extreme
sites, are suitable for investigation of climatological questi-
ons related to tree growth (Fritts, 1976). Trees were sampled
in a stand on Kojnik hill (780 m a.s.l.) in sub-Mediterrane-
an Slovenia. The term ‘sub-Mediterranean Slovenia’ denotes

the south-west region of Slovenia, which lies under the Alpi-
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Fig. 1:

Long-term average of temperatures and precipitation on monthly basis at Kubed weather station

Slika 1: Dolgoletno merjeno povprecje mesecnih vrednosti temperature in padavin postaje Kubed
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ne-Dinaric barrier and opens towards the Adriatic Sea, from
which the forests grow under the influence of Mediterranean
climate (Ogrin, 2005), although there is no strong seasonali-
ty in rainfall distribution (Sraj et al., 2008). The area is cha-
racterized by its deficit in humidity, owing to the prevailing
karst features of the surface, high temperatures and frequent
droughts in the summer months of July and August, causing
higher potential evapotranspiration than precipitation in July
and August (Ogrin, 2005). Climate influence on P, nigra from
the sub-Mediterranean region has already been investigated
(Ogrin, 1989; 1992; 2005; Srebotnjak, 1997), using different
climate stations. In our case, the Kubed weather station (avai-
lable data range from 1950 to 1990), supplied by the Sloveni-
an Environment Agency, was used (Figure 1).

SAMPLE PREPARATION AND MEASUREMENTS
PRIPRAVA VZORCEV IN MERITVE

This investigation was aimed at testing blue reflectance
on P, nigra, and for this purpose only ten trees were sampled,
using 5 mm increment borer. From 1.3 m height, two cores
from the opposite sites of the stem were taken perpendicular
to the slope, to avoid compression wood, which would influ-
ence density measurements. Fresh cores were marked on a
side with wood burning pen (pyrography) and put into Sox-
hlet apparatus to extract resin. Resin extraction was done at

the Biotechnical Faculty, Department of Wood Science and

Dersity (& f
profile '* 7 I
{Gostatni | = X !
profil E MIN

Technology. Cores in Soxhlet were treated with 3 liquids in
three cycles, each time for 24 hours: first with mixture of n-
hexane / ethanol 100 % (2:1 ratio), second 100 % ethanol and
third with 100 % distilled water. Our method was modified
from originally suggested 30-40 hours of refluxing in etha-
nol (Campbell et al., 2011). After the laboratory procedure,
cores were relocated to the dendrochronological laboratory
of the Department of Yield and Silviculture at the Slovenian
Forestry Institute. Samples were air dried, fixed on holders
and sanded with progressively smoother sanding paper, un-
til high polish surface was achieved. Sample scanning was
carried out at the University of Swansea, Geography Depart-
ment Laboratory, on Epson Expression 1680 flatbed Pro Se-
ries scanner. For the blue reflectance measurement, a colour
card with steps of known blue intensity is used to remove
age and power intensity effect of scanner bulbs and to ensure
comparability of blue intensity values measured at different
times or with different equipment (Campbell et al., 2011).
We used Monaco EZ-colour card (monr2004:08-01 version
2) for light calibration. Originally, 1000 dpi scanning was su-
ggested (Campbell et al., 2011), although even at the modest
scanning resolution used, the technique yielded reliable re-
sults (McCarroll et al., 2002). But results on P. abies showed
more pronounced latewood peaks at 1200 dpi (Babst et al.,
2009), and as there were some thoughts on using 1200 dpi on
very narrow rings of climatically sensitive trees (Babst et al.,

2009), we decided to use 1600 dpi. Scanning resolution affec-

J' ; EWW
[ === mr =
| 1 ] LW i f

Width
measurements |
IMeritve Sirin

Fig.2:  Density profile and width measurements in WinDENDRO™; MIN marks the minimum blue reflectance and the maxi-
mum latewood density, MAX the maximum reflectance from earlywood and the minimum earlywood density, while
LWW, EWW denote latewood, earlywood width, respectively. Solid arrow, marked with R, points at the “missing ring”

Slika 2: Gostotni profil in meritve Sirin branik v programu WinDENDRO™; MIN oznacuje minimalni odboj modrega spektra
svetlobe in hkrati tocko maksimalne gostote kasnega lesa, MAX oznacuje maksimalni odboj modre svetlobe od ranega
lesa oziroma minimalno gostoto ranega lesa, medtem ko LWW in EWW oznacujeta Sirino kasnega in ranega lesa, v tem
zaporedju. Polna puscica, oznacena s crko R, oznacuje mesto izklinjene branike
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ts the density results. This is noticeable if the scanning reso-
lution is increased to 2600 dpi, which is above the hardware
resolution of the device, then there is a strong shift towards
less intensity and the peaks of the latewood even reached a
BR of zero (Babst et al., 2009). Samples were saved as 24-
bit colour images in TIFF (Tagged Information File Format).
Produced images were analysed using commercially availa-
ble software WinDENDRO™ for Densities software (www.
regentinstruments.com). Brighter part of the image is found
in the earlywood, where less dense wood is placed and the li-
ght reflectance is higher, while the darker part is in latewood,
where MXD is (Figure 2). Values of MBR actually represent
amount of light reflected from the sample. From this point
on, MAX / MIN will denote the intensity of the light, reflec-
ted from the sample; MAX represents maximum amount of
reflected light (regularly in earlywood) and MIN minimum
amount of reflected light (regularly in latewood). MIN values
are, therefore, a proxy record for MXD. The WinDENDRO™
for Densities software enables measuring widths and densiti-
es of earlywood, latewood and whole tree-ring. The width of
each annual ring was measured to the nearest 0.01 mm and
the border between early and latewood was set at 50 % of the
density profile.

STATISTICAL ANALYSIS
STATISTICNA ANALIZA

Crossdating and synchronization of tree-ring time-seri-
es was done in PAST-4™ software (www.sciem.com), using
visual comparison and statistical coefficients t,, (Baillie
and Pilcher, 1973) and GLK% (Eckstein and Bauch, 1969).
GLK% measures the year-to-year agreement between the in-
terval trends of two time series, based upon the sign of agree-
ment and expressed as percentage. Coefficient t,, determines
the correlation between two time series. To remove long-
term trends (Cook, 1985), all individual proxy series were
standardized using 67 % cubic smoothing spline (Cedilnik,
1991) with a 50 % frequency cut-off and all basic statistical
parameters of proxies were calculated in ARSTAN for Win-
dows, version 4.1d, program provided by Cook and Krusic,
Lamonth-Doherty Earth Observatory, Columbia University
(http://www.ldeo.columbia.edu/trl). Each year’s proxy value
was divided by the year’s value of the fitted curve to give a di-
mensionless index with a mean of 1. This was done to remove
non-climatic trends due to the tree age, size and the effects of
stand dynamics (Cook and Kairiukstis, 1990). MIN has low

values of autocorrelation and, for this reason, some authors
do not apply standardization to raw chronologies (Kirdyanov
et al., 2007), while others use negative exponential or line-
ar equation (Campbell et al., 2007). Index values were then
prewhitened using an autoregressive model selected on the
basis of the minimum Akaike criterion and combined across
all series using biweight robust estimation of the mean to
exclude the influence of the outliers. This way standardized
chronology was produced (Cook, 1985; Cook and Kairiuks-
tis, 1990). Expressed population signal (EPS) and sensitivity
analysis were also calculated; A series with EPS threshold of
at least 0.85 (Briffa and Jones, 1990) and 0.2 of mean sensi-
tivity (Speer, 2010) is normally regarded as a series that is
sensitive enough for climate reconstruction. Sensitivity is a
measure of a relative difference in proxy value between two
adjacent tree-rings; the values of mean sensitivity range from
0, where there is no difference to 2, where a zero value occurs
next to a nonzero one in the time sequence (Fritts, 1976). Fi-
nally, the Pearson correlation coefficient (r value) was calcu-

lated between climate data and proxy data.

RESULTS
REZULTATI

STANDARDIZED CHRONOLOGIES
STANDARDNE KRONOLOGIJE

Selected trees were from 51 to 95 years old, with an avera-
ge of 86 years (Table 1). The terminal-ring was formed in the
year 2011, while the oldest tree-ring was dated in the year 1917.
Variability of tree-ring parameters, measured in standard devi-
ation (SD), was the highest in LWW (0.57). Very similar SD
values were in TRW, EWW and MIN (from 0.34 to 0.35). Ave-
rage sensitivity reached threshold values in all series, except
MAX; the highest was calculated in latewood widths (average
0.45) and the lowest in MAX reflectance (average 0.06).

In the standardization process, the abnormal standardized
values at the end of TRW, LWW and EWW chronology were
observed in trees 2, 3, 4, 7, 8 and 10. Unusually high values
of the years 2010 and 2011 are the mathematical fault; In the
process of dividing measured values with expected values of
below 0.5 mm, the function of dividing transforms into multi-
plying, causing higher than measured values. Other problems
of the so-called end-effect in standardization and how to avo-
id them are beyond the scope of this paper and are described
elsewhere (Esper et al., 2006; Melvin and Briffa, 2008). As
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Table 1: General statistics of whole tree-ring width (TRW), earlywood width (EWW), latewood width (EWW), maxi-
mum reflectance (MAX) and minimum reflectance (MIN) standardized (STD) chronologies, with data on stan-
dard deviation (SD), mean sensitivity (MS) and autocorrelation coefficient (AC) for each of the individual

standardized tree-ring indices and the mean

Preglednica 1: Statisticni kazalci standardnih (STD) kronologij celotne Sirine branik (TRW), Sirine ranega lesa (EWW), kasne-
ga lesa (LWW), maksimalnega odboja (MAX) in minimalnega odboja (MIN), s podatki o standardnem odklonu
(SD), srednji stopnji obcutljivosti (MS) in avtokorelacijskem kolicniku (AC) za vsako od individualnih oziroma

za povprecno standardno kronologijo (mean)

STD chronology of: TRW EWW LWW MAX MIN
n Period/Obdobje Years / Leta SD/MS/AC SD/MS/AC SD/MS/AC SD/MS/AC SD/MS/AC

1 1961-2011 51 0.25/0.27/0.22 0.26/0.28/0.16 0.39/0.47/0.08 0.08/0.08/0.09 0.27/0.23/0.18
2 1925-2011 87 0.35/0.29/0.49 0.35/0.28/0.52 0.45/0.43/0.32 0.06/0.05/0.17 0.36/0.26/0.44
3 1925-2011 87 0.33/0.25/0.45 0.33/0.25/0.37 1.33/0.45/0.51 0.09/0.08/0.28 0.24/0.24/0.15
4 1919-2011 93 0.36/0.31/0.45 0.32/0.29/0.35 0.53/0.44/0.43 0.06/0.05/0.22 0.31/0.24/0.39
5 1917-2011 95 0.39/0.33/0.60 0.38/0.35/0.53 0.51/0.47/0.48 0.08/0.06/0.43 0.39/0.27/0.41
6 1922-2011 90 0.37/0.32/0.46 0.36/0.34/0.32 0.48/0.41/0.47 0.09/0.08/0.19 0.29/0.23/0.40
7 1921-2011 91 0.37/0.31/0.40 0.35/0.31/0.34 0.49/0.45/0.30 0.07/0.07/0.32 0.45/0.31/0.49
8 1920-2011 92 0.40/0.31/0.53 0.39/0.30/0.51 0.50/0.45/0.40 0.06/0.05/0.13 0.51/0.31/0.62
9 1924-2011 88 0.33/0.28/0.41 0.34/0.29/0.41 0.49/0.48/0.25 0.06/0.05/0.26 0.28/0.25/0.20
10 1925-2011 87 0.39/0.29/0.50 0.38/0.29/0.50 0.51/0.43/0.39 0.08/0.06/0.40 0.27/0.22/0.39
Mean/Povprecje 0.35/0.29/0.45 0.35/0.30/0.40 0.57/0.45/0.36 0.07/0.06/0.25 0.34/0.26/0.37

EPS >0.85 1937 1937 1940 1967 1951

inter-series correlation / inter-korelacija 0.477 0.458 0.357 0.309 0.275

there are no climate data from the Kubed weather station after
1990, we simply removed the years 2010 and 2011. For cli-
mate influence analysis, only the part of chronologies, where
EPS is higher or equal to 0.85, and without the years after

1990, was used. Observing the plotted raw chronologies of

TRW, EWW and LWW (Figure 3), the highest variability
among width parameters is noticed in LWW, and in density
in MIN. The lowest variability in standardized chronologies
is noticed in MAX, this is confirmed by the mean value of SD
(Table 1).

Fig. 3:  Raw chronologies of whole tree-ring width, earlywood and latewood in the upper part of the figure, with maximum and
minimum blue reflectance in the lower part of the figure

Slika 3: Osnovne kronologije Sirin branik, Sirin ranega ter kasnega lesa v zgornjem delu slike in maksimalnega ter minimalne-

ga odboja v spodnjem delu slike
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CLIMATE-TREE GROWTH RELATIONSHIP
ODNOS MED KLIMO IN RASTJO DREVES

Widths of tree-ring parameters (TRW, EWW, LWW) are
positively correlated with March temperature and July, Au-
gust precipitation, and negatively with summer temperatures
from July, August and September (Figure 4). This relation-

ship is even stronger, if months are combined into periods.

The highest correlation between width parameters and cli-
mate is with June-August mean temperature and the highest
individually is found between LWW and August temperature
(r =-0.60, p<0.001). Precipitation has positive influence on
all width parameters in current summer period May-August,
with the highest correlations between LWW and August pre-
cipitation (r = 0.44). For the previous growth year, significant

correlations with precipitation were found in EWW; May (r =

Fig. 4:

Slika 4:

Fig. 5:

Slika 5:

Correlation coefficients between tree ring width (TRW), earlywood width (EWW), latewood width (LWW) and the
climate data; temperatures (columns) and precipitation (lines). Significance is presented with dashed line (r = 0.26,
p=0.05 %). Values are presented for previous and current years by months and periods (FM; February-March, MJJA;
May-August, JJA; June-August, and MJ; May-June)

Korelacijski koeficienti med sirino branike (TRW), sirino ranega (EWW) ter kasnega lesa (LWW) in klimo, temperaturo
(stolpci) ter padavinami (Crte). Statisticna znacilnost je predstavljena s crtkano crto (r = 0,26, p=0,05 %). Vrednosti
so predstavljene za preteklo in tekoce leto z meseci ter periodami (FM; februar-marec, MJJA; maj-avgust, JJA; junij-
avgust, in MJ; maj-junij)

Correlation coefficients between earlywood density (MAX), latewood density (MIN) and the climate data; tempera-
tures (columns) and precipitation (lines). Significance is presented with solid line (r = 0.29, p=0.05 %) for latewood
(MIN) and with dashed line (r = 0.26, p=0.05 %) for earlywood (MAX). Values are presented for previous and current
years by months and periods (FM; February-March, MJJA; May-August, JJA; June-August, and MJ; May-June)

Korelacijski koeficienti med gostoto ranega lesa (MAX) in kasnega lesa (MIN) ter klimo; temperaturo (stolpci) ter pa-
davinami (Crte). Statisticna znacilnost koeficientov korelacij za gostoto kasnega lesa (MIN) je predstavijena s crtkano
crto (r = 0.29, p=0.05 %), s polno crto (r = 0.26, p=0.05 %) pa statisticnha znacilnost ranega lesa (MAX). Vrednosti
so predstavljene za preteklo in tekoce leto z meseci ter periodami (FM; februar-marec, MJJA; maj-avgust, JJA; junij-
avgust, in MJ; maj-junij)
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0.29) and August (r = 0.33) (Figure 4). In the density measu-
rements, the strongest correlations were found between MAX
and June (r = -0.58) or May-June temperature (r = -0.62),
and precipitation from May (r = 0.60) and May-June period
(r = 0.64) (Figure 5). Also, seasonalized precipitation from
May-August period significantly correlates with MAX, but
this goes more on the account of combining significant May
and June precipitation influence with insignificant influence
of July and August precipitation. Correlation coefficients be-
tween MIN and climate are not that strong — we found the
highest correlation with mean June-August temperature, r =
0.42 (Figure 5). While TRW, EWW and LWW have uniform,
negative or positive correlation values with temperatures and
precipitation (Figure 4), the MAX and MIN have, in the ma-
jority of months or periods, opposite values (Figure 5). In
measuring the widths, high summer temperatures have a ne-
gative influence on the tree-ring, early- and latewood widths,
while spring temperatures exert a positive influence. In me-
asuring densities, summer temperatures correlate negatively
with MAX (proxy for earlywood density) and positively with
MIN (proxy for latewood density). The higher the summer
temperatures, the denser the latewood and earlywood.

DISSCUSION
RAZPRAVA

In this short investigation, MBR was used on 5 mm thick
cores. Originally, this method was applied on 10 or 12 mm
wide cores (McCarroll et al., 2002). Whether there is a dif-
ference in success of resin removal between 5 mm cores and
thin laths, cut out of 10 mm cores, (Campbell et al., 2011),
further tests should be done. In the process of sanding cores,
differences in latewood colour between roughly, medium and
smoothly sanded samples were noticed. None of the sample
surface was burned due to the heat between the sample and the
circulating sanding paper, but this influence could be avoided
using the core-microtome (Gértner and Nievergelt, 2010). We
are aware that influence of coloured heartwood on reflectance
readings is also unknown, so further investigations should be
carried out in this direction, as previously suggested by Babst
et al. (2009).

Age trend and stand influence were removed from raw
chronologies using standardization. In all chronologies,
except in MAX, an unusually great growth decline in the
1950-1954 period is observed (Figure 3). The reason could be

a forest fire, as the majority of the trees had similar response.

Forest fire already influenced forest in this area in the past
(Jurc, 2001). With the length of 95 years, we have developed
twice as long P. nigra site chronology, compared to previo-
usly published P. nigra chronology from sub-Mediterranean
Slovenia (Ogrin, 2005), but shorter than developed chronolo-
gies from the Divaca Komen area (Srebotnjak, 1997). To test
reliability of the newly developed Kojnik site chronology, we
compared it to the available chronologies, archived at the Slo-
venian Forestry Institute, Department for Yield and Silvicul-
ture. We obtained good results comparing Kojnik chronology
to P. nigra chronology from a Croatian site with 7.3 t,, / 68.9
GLK% (Poljansek and Levani¢, unpublished data), Sipovo
and Krivaja chronology from BiH with t,, >3/ GLK% > 57
(Poljansek S. etal., 2012), and P. heldreichii chronology from
BiH t,, > 4.2 / GLK% 69.7 (Poljanek and Levani¢, unpubli-
shed data). These results confirm transect from BiH over Cro-
atia towards Slovenia, but for further investigations, a denser
dendrochronological network is needed.

All tree-ring parameter chronologies have low EPS values
in the beginning of the chronologies (Table 1), which could be
the influence of a ““juvenile effect”. Juvenile wood is relative-
ly thin-walled lignified xylem tissue, which is low in density
and is formed in young trees or in tissues located near the stem
apex (Fritts, 1976). Its influence is well known for the first
50-100 years in P. nigra tree-ring width, density and stable
isotope series (Dorado Lifian et al., 2012), but if trees grow
on extreme sites, this juvenile period is shorter (Fritts, 1976).
One of the possible reasons for weak signal in MIN could be
the influence of the resin ducts, but it is difficult to address
influence of resin ducts on MIN variations, as the relatively
large intra-tree density variations have been also reported for
species, with less resin ducts as P. nigra, like balsam fir (4bi-
es balsamea) (Koga and Zhang, 2004) and Norway spruce
(Picea abies) (Jyske, 2008). In A. balsamea, they discovered
that wood density characteristics show remarkably smaller
variations, compared to ring width and its components, and
that the intra-tree variations in ring width and wood density
components are much larger than inter-tree variations (Koga
and Zhang, 2004). This is also confirmed by our measure-
ments of MIN and MAX, as their SD values are lower than in
width measurements (Table 1). Low inter-series correlation
could also be the result of various other factors, such as thin-
ning, crown position, growth rate, fertilization (Jyske, 2008),
high between-tree genetic variation (Jyske, 2008), or drought

response of individual trees (Martinez-Meier et al., 2008).
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CLIMATE AND TREE-GROWTH
KLIMA IN RAST DREVES

Climate signal in radial increments of P. nigra from sub-
Mediterranean Slovenia has been previously studied in flysch
and karst areas (Ogrin, 2005) and in the Divaca Komen karst
region (Srebotnjak, 1997). Stimulating effect of above ave-
rage temperatures at the beginning of the growth period is
reported; winter: r = 0.50; spring: r= 0.29; March: r = 0.55
(Ogrin, 2005). From Kojnik site, we also report on significant
correlations for spring (r = 0.30, p<0.05), and March tempe-
ratures (r = 0.35, p<0.05). The negative impact on P. nigra ra-
dial growth of the above-average temperatures in summer (r =
-0.39) and during the entire growth period from April through
September (r = -0.48) is clear (Ogrin, 2005). We have signifi-
cantly strong correlation with mean June-August temperature
(r =-0.62, p<0.001), while correlation with mean tempera-
ture from growth season is the same as previously published
(Ogrin, 2005); —0.49 (p<0.001). When mean monthly tem-
peratures exceed values of 20°C, negative influence of above
average temperatures is expected, as this is approximately the
temperature for the optimum growth of trees in the moderate
vegetation zone (Fritts, 1976). High temperatures are associa-
ted with moisture stress, higher evapotranspiration and, if the-
re is absence of precipitation, also with water deficit in photo-
synthesis (Fritts, 1976). Current year growth is also affected
by climate from the previous year(s) (Cook and Kairiukstis,
1990). While Ogrin (2005) reports on negative influence of
previous year autumn temperatures (September: r = -0.29;
October: r = -0.30; November: r = -0.35), we calculated si-
gnificant influence only for the August temperature (r =-0.39,
p<0.01). Higher autumn temperatures can prolong the forma-
tion of tissues, which use up the nutrition reserve prepared
for the growth in spring (Fritts, 1976). These results are also
observed in Spain, where variables based on ring width cor-
relate well with the previous summer to autumn temperatures
(Dorado Lifian et al., 2012). The density response to tempe-
ratures is seen in the early summer period for MAX (May;
r = -0.38 and June; r = -0.58, both p<0.01) and in the late
summer period for MIN (r = -0.42, p<0.01). According to the
known mechanisms of tree-ring formation and hypotheses of
environmental control of tracheid production and maturation,
latewood cells are produced, enlarged and thickened during
the second part of a growing season (Kirdyanov et al., 2007).
In correlation values of MIN, progressively higher influence

of temperatures from May till August is observed (Figure 5),

but the only significant month is August (r = -0.37, p<0.05),
or from June-August period (r = -0.42, p<0.01). This result is
not in accordance with a study from Spain, where they report
that MXD (measured with X-ray densitometry) does not cor-
relate significantly with climate neither in the previous nor
current year of growth (Dorado Lifian et al., 2012).
Precipitation influence on width parameters in our study
is less involved than temperature influence. From the Divaca
Komen Karst, response function recognized June precipita-
tion as significantly influencing TRW, EWW and LWW of
P nigra (Srebotnjak, 1997), while Ogrin (2005) reports on
correlation coefficients between TRW and precipitation- July:
r=0.30; September: r = 0.39; summer: r = 0.32; growth pe-
riod: r = 0.37; and annual amount of precipitation: r = 0.34.
Similar coefficients are calculated in our study, as TRW cor-
relates with summed summer (May-August) precipitation (r =
0.38, p<0.01), and whole growing season (April-September)
precipitation (r = 0.35, p<0.01). In previous research (Ogrin,
1989), when same locations of sampling trees were used, but
with the climate stations Kubed and Kozina, higher correla-
tions between TRW and total precipitation in growth period
were discovered (r = 0.64), and with temperatures: March (r
=0.41), May (r = -0.36) and August (r = -0.37). In our inve-
stigation, the highest correlation with precipitation was found
between MAX and May-June summed precipitation (r = 0.64,
p<0.001). This result is similar to climate signal investigation
in C. atlantica from Morocco, where the highest correlations
were found between MAX and precipitation sums October-
September (r = -0.54) and December-July (r = -0.55) (Esper
et al., 2006). In the event of reconstructing May-June pre-
cipitation using our MAX measurements, there would be a
problem; although this is the strongest correlation discovered
in our investigation, it would be in a disagreement with the
0.20 sensitivity threshold principle (Speer, 2010). Reduced
signal strength statistics of MAX was also discovered in C.
atlantica (Esper et al., 2006). Our results show some signi-
ficant correlations between MIN and climate data (Figure 5).
To statistically improve climatic signal in P. nigra MIN chro-
nologies, two approaches have been used so far: (1) where
two proxies have the same dominant climate control, their
combination enhances climatic signal and combining can be
used to increase calibration correlation coefficients (Gagen et
al., 2006, Stahle et al., 1991) and (2) climatic signal can be
maximised with removing the relationship between MXD and
TRW out of the maximum density series (Kirdyanov et al.,

2007). We have not tested these two approaches, as this topics
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goes beyond the scope of this paper. However, for the future
use of MBR method on the samples from the Balkan region,
these two methods need to be taken into account as well as
ecophysiological background of the tree-ring formation (whi-
ch is also not discussed here). In particular, lignification of
cell walls plays an important role in the climate-growth rela-
tionship as it influences the ring density (Gindl et al., 2000)
and hence MBR readings.

CONCLUSIONS
ZAKLJUCKI

With the introduction of the Minimum blue reflectance
(blue intensity) method on P. nigra, we tested the clima-
te signal embedded in tree-ring density. We discovered that
latewood density (MIN) contains less strong climate signal
than TRW, but the earlywood density (MAX) shows equal or
stronger climate signal. The strongest correlation coefficient
within density measurements was found between summed
May-June precipitation and MAX (r = 0.64, p<0.001) and in
width measurements between TRW and mean June-August
temperature (r =-0.62, p<0.001). Our results of climate signal
in P. nigra width parameters of tree-rings are similar to pre-

viously published results, with no great differences observed.

SUMMARY
POVZETEK

Na lastnosti branik, kot so $irina celotne branike (TRW),
Sirina ranega (EWW) in kasnega lesa (LWW) ter gostota ra-
nega (MAX) in kasnega lesa (MIN), deluje vec¢ dejavnikov
(Gricar in Cufar, 2008; Levanig, 1993). Z meritvami nastetih
lastnosti branik lahko preucujemo vpliv klime na rast dreves.
Raziskovalci so opazili, da ima MIN mocnejsi klimatski si-
gnal kot samo TRW (Cown in Parker, 1978; Levanic in sod.,
2008; Schweingruber in sod., 1978). Sprva so gostotne pro-
file branik merili s pomocjo rentgenskih zarkov, vendar je ta
metoda draga in zahtevna (Schweingruber in sod., 1978). Za
cenejSo pripravo vzorcev in pridobivanje rezultatov, primer-
ljivih po metodi rentgenskih zarkov, so odkrili metodo od-
boja modrega spektra (Campbell in sod., 2011; McCarroll in
sod., 2002), ki za svoje delovanje ne potrebuje ni¢ drugega
kot Soxhlet, kakovosten opti¢ni Citalec in osebni racunalnik.
Vrednost odboja svetlobe modrega spektra bo najvecja v ra-
nem lesu, ki je svetlejsi, najmanj odboja pa v kasnem lesu, ki

je temnejsi. Zaradi tega se MAX uporablja za oznako gostote

ranega in MIN kasnega lesa. Prvi rezultati uporabe te metode
opozarjajo, da vse iglaste drevesne vrste v MIN ne vsebujejo
mocnega klimatskega signala ter da je MAX tista, ki si zasluzi
pozornost (Esper in sod., 2006). Zato je pomembno, da preve-
rimo drevesne vrste, ki dokazano vsebujejo klimatski signal
v TRW, kot na primer ¢rni bor (Pinus nigra Arnold) (Levani¢
in sod., 2012; Nicault in sod., 2008). Prve raziskave MIN na
P, nigra iz Spanije so pokazale, da se gostota, merjena z rent-
genskimi zarki, ne odziva na klimatsko variabilnost (Dorado
Lifian in sod., 2012). Toda ker ¢rni bor raste na ekstremnih ra-
stiS¢ih in ima jasno izrazen rani ter kasni les in je tudi predmet
ze mnogih uspesnih raziskav (Levanic in sod., 2012; Ogrin,
2005; Poljansek in sod., 2012), smo Zeleli novo metodo mer-
jenja gostote preskusiti na tej vrsti.

Izbrana drevesa so rastla v sestoju na apnencasti podlagi
na hribu Kojnik (780 m n.m.v.). Ta lokacija je bila izbrana
na podlagi naSega predvidevanja, da imajo drevesa s takega
rasti§ca v parametrih branik klimatski signal. Obmocje je pod
vplivom submediteranske klime (slika 1), vendar brez stro-
ge periodinosti v padavinskem rezimu (Sraj in sod., 2008).
Visoke temperature in pogoste poletne suse povzrocajo visjo
potencialno transpiracijo, kot je koli¢ina padavin v juliju in
avgustu (Ogrin, 2005). Za potrebe analize vpliva klime na rast
dreves smo uporabili vremensko postajo Kubed. Izbrana dre-
vesa so bila vzor¢ena s 5 mm prirastnim svedrom, Ceprav se
po originalni metodi uporabljajo 10 ali 12 mm debeli vzorci
(McCarroll in sod., 2002). Vzorci so bili vstavljeni v Soxhlet,
kjer smo jih ocistili smole. Aparat Soxhlet predstavlja poveza-
vo bucke, iz katere s pomocjo gretja izhlapeva alkohol, ki se v
povratnem hladilniku utekocini in steka v ekstraktor. Vzorci
lezijo v ekstraktorju, kjer jih preliva alkohol, ki topi smolo.
Ob dosezenem zgornjem nivoju se alkohol prek cevke, ime-
novane natega, prelije nazaj v bucko in postopek se ponovi.
Sledilo je susenje, brusenje ter skeniranje vzorcev. Ob bruse-
nju z vedno bolj finim brusnim papirjem smo opazili posto-
pno vidno izboljSanje kakovosti povrsine vzorcev in prepo-
znali nevarnost, da se zaradi povecanega trenja med brusnim
papirjem in vzorcem povrsina lesa prekomerno segreje, pri
cemer prihaja do zaziganja povrsine lesa ter spremembe bar-
ve lesa. V prihodnje bi lahko vpliv brusenja odpravili z upo-
rabo mikrotoma za prirastne vzorce (Gértner in Nievergelt,
2010). Pred uporabo skenirne naprave smo njeno lu¢ umerili
z barvno lestvico. Zaradi boljSe vidljivosti ozkih branik smo
vzorce skenirali s 1600 dpi, Ceprav je priporocljiva natanc-
nost 1200 dpi (Babst in sod., 2009). Za merjenje parametrov
branik smo uporabili program WinDENDRO™. Merili smo
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Sirino celotne branike ter Sirino in gostoto ranega ter kasnega
lesa. [zmerjene asovne serije smo standardizirali s pomocjo
kubicnih zlepkov (Cedilnik, 1991). To je s polinomom tretje
stopnje dolocena krivulja, ki je zvezno odvedljiva in je pribli-
zek pricakovani rasti dreves, brez vplivov okolja. Od celotne
dolzine izraCunanih standardnih kronologij (slika 3) smo za
korelacijsko analizo s klimo uporabili le tisti del kronologij,
ki je dosegel mejno vrednost EPS-koli¢nika. Ta doloca del
kronologije, ki ima znacilen skupen signal, primeren za ana-
lize vplivnih dejavnikov (Briffa in Jones, 1990). Ta vrednost
je bila prva dosezena pri TRW v letu 1937, najkasneje pa pri
MAX, sele v letu 1967 (preglednica 1). Slab skupen signal
lahko pripiSemo individualni rasti dreves v njihovem juve-
nilnem obdobju (Dorado Lifian in sod., 2012) in fizioloskim
lastnostim lesa iz tega obdobja. Slabse ujemanje med drevesi
v parametrih MIN in MAX bi lahko bile tudi posledice dejav-
nikov, kot so redenja, lastnosti krosenj, genetske variabilno-
sti med drevesi (Jyske, 2008) ali individualnih odzivov dreves
na susne razmere (Martinez-Meier in sod., 2008).

Ugotovili smo pozitivno korelacijo med TRW, EWW ter
LWW in marcevskimi temperaturami ter padavinami v juliju
in avgustu, ter negativni vpliv julijskih, avgustovskih ter sep-
tembrskih temperatur (slika 4). Rezultati korelacij med pada-
vinami oziroma temperaturami ter parametri Sirin so skladni
s predhodnimi objavami raziskav rasti P. nigra z obmocja
sub-mediteranske Slovenije (Ogrin, 1989; 2005; Srebotnjak,
1997). Poleg znacilnih korelacij s klimatskimi parametri teko-
Gega leta smo, podobno kot v Spaniji (Dorado Lifian in sod.,
2012), identificirali tudi znacilne vplive klime predhodnega
leta (slika 4). Visje poznopoletne temperature lahko vplivajo
na podaljSano rast tkiv in porabo zalog hranil, prihranjenih za
zacetek prihodnje rastne sezone (Fritts, 1976). Na splosno so
poletne padavine pozitivno korelirale z vsemi parametri Sirin,
medtem ko je korelacija z gostoto slabse izrazena. Najvisja
korelacija med MIN in klimo je bila s povprecno temperaturo
obdobja junij-avgust (r = 0.42), medtem ko je imela MAX $e
visjo korelacijo s koli¢ino padavin maj-junij (r = 0.64) (slika
5). Podobno najvecjo korelacijo med padavinami in gostoto
ranega lesa so nasli na cedri (Esper in sod., 2006); najvecja
izracunana korelacija je bila med MAX in padavinami iz ob-
dobja maj-junij. Pogoste dolgotrajne suse in vrocinski valovi
so lahko vzrok, da smo kljub slabi odzivnosti gostote branik
P nigra na klimo (Dorado Liian in sod., 2012) lahko potrdili
povezavo med MIN in povprecno temperaturo v obdobju ju-

nij-avgust (slika 5).

Z uporabo metode odboja modrega spektra smo presku-
Sali vsebnost klimatskega signala v branikah dreves P ni-
gra. Odkrili smo, da gostota kasnega lesa (MIN) ne vsebuje
tako mocnega klimatskega signala kot Sirina celotne branike
(TRW), je pa bil najvecji koli¢nik izracunan med gostoto ra-
nega lesa (MAX) in padavinami obdobja maj-junij (r = 0,64,
p<0,001). Ker je gostota branik manj pod vplivom lokalnih
dejavnikov kot TRW (Levani¢ in sod., 2008), klimatski si-
gnal pa se lahko s posameznimi metodami Se izboljsa (Gagen
in sod., 2006; Stahle in sod., 1991), bi lahko ve¢ prihodnjih
raziskav namenili za preskus rekonstrukeij pretekle klime iz
MAX.
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3 RAZPRAVA IN SKLEPI
3.1 RAZPRAVA

3.1.1 LokalnekronologijeBiH

Obmocje zahodnega dela Balkanskega pol otoka med Albanijo in Slovenijo je predstavljalo
regijo brez sistemati¢no izdelane dendrokronoloSke mreze. Prevladujoci del neraziskanega
obmocja lezi na obmocju BiH, zato smo se osredotocili na vzoréenje v tg drzavi. Za
vzoréenje izbrana drevesa so rasa na sedmih razli¢nih lokacijah v obmo¢ju Dinarskega
gorstva. Z naSo prvo postavljeno hipotezo smo zeleli preveriti, ai se lokalne kronologije
¢rnega bora z razli¢nih rastise, nadmorskih visin in mati¢nih podlag med seboj ujemajo.
|zbrana stara drevesa so rasla posami¢no ali v redkih sestojih na rasti&ih s plitvimi in
odcednimi tlemi, velikim nagibom ter vec¢inoma juzno ekspozicijo. S tem izborom rasti&¢
SmMo se v ngvecji mozni meri izognili vplivu sestojnih dgjavnikov ter poskrbeli, da so
zaporedja Sirin branik vsebovala predvsem klimatski signal (Fritts, 1976). Ugotovili smo,
da se izdelane lokalne kronologije obmoc¢ja BiH medsebojno dobro ujemao. Najboljse
ujemanje je med lokacijama Prusac in Konjuh, najmanj$e pa med Krivajo in Satorjem
(Poljansek in sod., 2012a), vendar sta bili obe lokalni kronologiji zadrZani v vzorcu zaradi
dobrega ujemanja z drugimi lokalnimi kronologijami. Z izdelavo medsebojno ujemajocih
se lokalnih kronologij obmocja zahodnega dela Balkanskega polotoka je bila vzpostavljena
mreza lokalnih kronologij Sirin branik ¢rnega bora (Poljan3ek in sod., 2012a). Medsebojno
ujemajoce lokalne kronologije potrjujeo skupen klimatski signal, na podlagi katerega je
bila razvita prva regionalna kronologija ¢rnega bora za obmocje BiH. S tem je dopolnjen
manjkajoc¢i del mozaika v dendrokronoloski mrezi Balkanskega polotoka. Prva hipoteza,
da se lokalne kronologije ¢rnega bora z razli¢nih rastis¢, nadmorskih visin in mati¢nih

podlag med seboj ujemajo, je zato potrjena (Poljansek in sod., 2012a).

Poleg vzorcenja dreves ¢rnega bora iz njegovega osrednjega dela areala na zahodnem delu
Balkanskega polotoka smo dodatno vzorcili tudi na dveh robnih lokacijah njegove
razSirjenosti na Balkanskem polotoku (slika 4). Severovzhodna lokacija je od sklenjenega
areala loceno rastise ¢rnega bora v celinskem delu Balkanskega polotoka in lezi v
jugozahodnem delu Romunije (Levani¢ in sod., 2012). Druga lokacija pa lezi na
severozahodnem delu razSirjenosti na Bakanskem polotoku, to je na obmogju

submediteranske Slovenije (Poljansek in Levani¢, 2012a). Sedem lokalnih kronologij
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osrednjega obmocja razsirjenosti na Balkanskem polotoku in iz njih izpeljano regionalno
kronologijo smo zato lahko primerjali z lokalnima kronologijama dveh robnih obmocij.
Novo izdelana regionalna kronologija ¢rnega bora osrednjega obmocja areda z
Balkanskega polotoka se dobro ujema z lokalno kronologijo severovzhodnega roba
razSirjenosti (Romunija) s tgp 7,9 in GLK% 66; koeficient tgp pa je slabS ob primerjavi
regionalne kronologije s kronologijo severozahodnega roba razsirjenosti (Slovenija), tudi
zaradi krajSe dolZine lokalne kronologije (tgp 2,1 in GLK% 59). Malce bolje se lokalna
kronologija iz submediteranske Slovenije ujema z lokalnima kronologijama iz osrednjega
obmogjaareala; Krivajain Sipovo (pri obeh veljatsp > 2,7 in GLK% > 57), ter z internetno
objavljenima kronologijama iz Ravno Borja (NOAA, 2012) (tgp 3,1 in GLK % 62) ter (tgp
3,5in GLK % 66) z obmocja najbolj severnega dela areala naravne razsirjenosti ¢rnega

bora, to je okolice Dunagja (Wimmer in Grabner, 1998).

Medtem ko se kljub velikim razdaljam med lokacijami vzorcenja nastete kronologije
razmeroma dobra ujemajo, pa ujemanja med lokal nima kronol ogijama severovzhodnegain
severozahodnega robnega obmocja prakticno ni. Razlog za to so verjetno razlicne
prevladujoce klimatske razmere. Na severozahodni lokaciji prevladujejo submediteranske
razmere, medtem ko je za severovzhodno lokacijo znatilna celinska klima z le manjSim
submediteranskim vplivom (Levani¢ in sod., 2012). Razlog je lahko tudi v izjemnih
vplivih lokalnih degjavnikov na rast dreves in s tem zabrisani klimatski signal SirSega
obmogja. Eden izmed takih primerov je bil odkrit na lokaciji Sator, v osrednjem delu
areala. Z vzoréenjem debelinskega prirastka tamkasnjih dreves smo odkrili sedemletni
upad prirastka, ki jeizhajal iz dogodka leta 1929 (Poljansek in sod., 2012a). Dgjavnik, ki bi
lahko povzrocil tak odziv dreves, je gozdni pozZar oziroma z njim povezan ekstremni susni
stres. Ta bi lahko povzrocil izredno izgubo vec setov iglic ai pa celotne zelene krodnje,
zaradi ¢esar je bil proces fotosinteze skorg ustavljen. Ali je res priSlo v letu 1929 do
odpada vseh iglic, bi lahko preverili z metodo sledenja dedi iglic, ki retrospektivno
ugotavlja zivljenjsko dobo iglic terminalnega poganjka (Jalkanen in sod., 2000; Poljansek
in sod., 2011, prilogaF).
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Slika 4: Lokacije vzoreenja lokalnih kronologiji: Kojnik (KOJ) v Sloveniji za vzoréenje Sirin branik in
gostote lesa ter vzoréenje samo Sirin branik v Biile Herculane (BaH) v Romuniji in v BiH: Sator (SAT),
Sipovo (SIP), Prusac (PRU), Blace (BLA), Perucica (PER), Konjuh (KON) in Krivaja (KRI). Lokacija
vremenske postaje v Osijeku je oznacena z belim kvadratom (avtor slike: Tom Levanic).

Figure 4: Locations of sampling for local chronologies: Kojnik (KOJ) in Sovenia for sampling tree-ring
widths and density measurements, and sampling for tree-ring widths only in Baile Herculane (BaH) in
Romania and in BiH: Sator (SAT), Spovo (SIP), Prusac (PRU), Blace (BLA), Perucica (PER), Konjuh
(KON) and Krivaja (KRI). Location of the Osijek weather station is marked with white square (author: Tom
Levanic).

3.1.2 Ujemanjeregionalnih kronologij

Iz sedmih lokalnih kronologij osrednjega obmocja areala na Balkanskem polotoku je bila
izratunana regionalna kronologija BiH. Za potrditev klimatskega signala SirSega obmocja
Balkanskega polotoka je bila nova regionalna kronologija s parametroma tgp in GLK%
primerjana z objavljenimi kronologijami iz sosednjih obmocij (Poljansek in sod., 2012a).
Med sabo smo primerjali le objavljene kronologije ¢rnih borov, ker je odziv na klimo
vrstno specificen (Garcia-Suérez in sod., 2009). Kronologije, uporabljene v primerjavi, so
na voljo v mednarodni dendrokronoloski podatkovni banki ITRDB (NOAA, 2012) ter v

arhivu Gozdarskega instituta Slovenije, oddelka za prirastoslovje in gojenje gozdov.
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Ugotovili smo, da se regionalna kronologija ¢rnega bora iz njegovega osrednjega obmocja
na Balkanskem polotoku odli¢no ujema s tistimi iz juznega dela areala, t.j. Crne gore,
Albanije in Gr¢ije, s skragjno severnega robu obmocja razsirjenosti ¢rnega bora- Avstrije
(Poljansek in sod., 2012a) ter severovzhodne tocke razsirjenosti - jugozahodne Romunije
(Levani¢ in sod., 2012). Ujemanje z regionalnimi kronologijami sosednjih obmogij,
predvsem s transekta Avstrija-Gréija, potrjuje drugo hipotezo o ujemanju regionalne
kronologije ¢rnega bora zahodnega dela Balkanskega polotoka z  regionanimi
kronologijami  sosednjih  obmocij. Na tem mestu lahko opozorimo, da ima
dendrokronoloska mreza Se vedno praznine na obmocju Srbije, Hrvaske, Makedonije ter
Kosova, zato bi lahko tem obmocjem posvetili naSe nadajnje delo in tako zgostili

dendrokronolosko mrezo.

3.1.3 Klimatski signal v gostoti ranega in kasnega lesa ter Sirini branike

Meritev gostot branik je bila opravljena po metodi modrega odboja (McCarroll in sod.
2002). Analiza je prvo testiranje metode modrega odboja na ¢rnem boru, zato je bila testno
uporabljena samo na eni lokaciji (Poljansek in Levani¢, 2012a). Izbrana lokacija lezi na
severozahodnem robu razSirjenosti ¢rnega bora na Balkanskem polotoku in je dovolj
ekstremno rasti&e, kjer so zaradi vpliva submediteranske klime dobre korelacijske
povezave med Sirino branik in klimatskim dgjavnikom (Ogrin, 1989 in 2005). Postavljena
Cetrta hipoteza pravi, da na Sirino branik ¢rnega bora z ekstremnih rasti&¢ vplivajo zgodnje
poletne temperature in padavine, medtem ko na maksimalno gostoto kasnega lesa vplivao
pozno poletne temperature in padavine. Na vzorcenih borih je bil analiziran vpliv klime na
Sirino in gostoto ranega ter kasnega lesa. Moc¢ni odziv Sirin branik na koli¢ino padavin
obdobja maj-avgust je bolj posledica odziva Sirin kasnega lesa na padavine. Viden je jasen
odziv Sirin kasnega lesa na julijske in avgustovske padavine, zato je na padavine teh dveh
mesecev odzivna tudi Sirina celotne branike. Podobno je v odzivu na temperature, sg je
vedji del variabilnosti Sirin branike vezan na variabilnost Sirin kasnega lesa. Kljub temu
lahko del cetrte hipoteze o vplivu zgodnje poletnih temperatur in padavin na Sirino branik
zavrnemo. Na Sirino branik, predvsem pa na Sirino kasnega lesa, ne vplivajo temperature in
padavine zgodnjega poletja, temvec padavine in temperature mesecev julij in avgust, torej

sredina oziroma konec poletja (Poljansek in Levani¢, 2012a).
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V drugem delu cetrte hipoteze smo predpostavili, da na maksimalno gostoto kasnega lesav
braniki vplivajo pozno poletne temperature in padavine, vendar smo z rezultati odkrili, da
na maksimalno gostoto kasnega lesa najbolj vplivajo februarske padavine, medtem ko je
med poletnimi temperaturami znacilen le vpliv avgustovskih temperatur. Del cetrte
hipoteze o vplivu pozno poletnih temperatur na gostoto kasnega lesa je potrjen, o vplivu
pozno poletnih padavin pa zavrnjen, ceprav korelacijske vrednosti izkazujejo dolocen vpliv
avgustovskih padavin na gostoto kasnega lesa, vendar je ta vpliv neznatilen. Ob
preucevanju klimatskega signaa v gostoti ranega lesa sta bila odkrita znacilna
temperaturni in padavinski signal zgodnje poletnega obdobja maj-junij (Poljansek in
Levani¢, 2012a).

Poleg iskanja obdobja, v katerem imajo temperature in padavine ngjvec vpliva na izbrane
parametre branik, smo preucili tudi jakost tega vpliva. Zanimalo nas je, ali je klimatski
signal v maksimalni gostoti kasnega lesa bolj izrazit kot v Sirini branik, k primerjavi pa
smo dodali Se klimatski signal v gostoti ranega lesa. NajmocnejSa klimatska signala sta bila
odkrita v gostoti ranega lesa ter v Sirini branik. Izbrani klimatski signal v gostoti ranega
lesa je sicer mo¢ngiSi, kot je v Srini branik, vendar razlika statisticno ni znatilna.
Najmocnegjs klimatski signal v gostoti kasnega lesa izraza vpliv temperatur obdobja junij-
avgust, vendar njegova jakost ni bolj izrazita, kot je moc¢an klimatski signal v Sirini branik.
Ker smo v tretji hipotezi postavili trditev, da je klimatski signal v maksimalni gostoti
kasnega lesa bolj izrazit kot v Sirini branike, smo to hipotezo zavrnili. Razlog za SibkejSi
Klimatski signal v gostoti kasnega lesa bi lahko iskali v ne dovolj ekstremnem rastisul.
Mogoce kljub vsem okoljskim omejitvam izbrano rasti&e ne pomeni tako ekstremnih
razmer za rast ¢rnega bora. Avtorji metode modrega odboja (McCarroll in sod., 2002) so
opozorili, da mora biti metoda testirana na vec drevesnih vrstah in na vec razli¢nih
rastisCih. Rezultati doktorske disertacije so zacetek uporabe te metode na ¢rnem boru in
veljgo le za obmocje submediteranske Slovenije oziroma za severozahodni rob areala
¢rnega bora na Balkanskem polotoku (Poljansek in Levani¢, 2013). Zaradi rastisne in
vrstne pestrosti iglavcev na Balkanskem polotoku imamo namen raziskave razSiriti Se na

druga rastis¢a vzhodnega in notranjega dela Balkanskega pol otoka.
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Del cetrte hipoteze, da na Sirino branik ¢rnega bora z ekstremnih rasti& vplivajo zgodnje
poletne temperature in padavine, je bil preverjen tudi na drevesih s severovzhodnega roba
in osrednjega dela areala na Balkanskem polotoku. Izracuni korelacijskih vrednosti med
letnim debelinskim prirastkom ¢rnega bora in klimatskima dejavnikoma z zahodnega dela
Balkanskega polotoka potrjujejo, da je klimatski signal v Sirinah branik zaradi prepletanja
vplivov mediteranske, gorske in kontinentalne klime tega obmocja (Zupan Hajna, 2012)
veliko bolj kompleksen kot v Alpah, kjer je za debelinsko rast ngjbolj omejujo¢ dejavnik
temperatura (Frank in Esper, 2005; npr. Carrer in sod., 2007; Levani¢ in sod., 2008), ai na
obmocju vzhodnega in juznega mediteranskega bazena, kjer so ta dejavnik padavine (npr.
Touchan in sod., 2005; Touchan in sod., 2008). Ker se topli in vlazni veter iznad
Jadranskega morja nad Dinaridi dvigain tr¢i v hladni zrak, so orografske padavine obilne
(Zupan Hajna, 2012). Koli¢ine padavin nad najvigimi vrhovi znaSajo od 3.000 do 5.000
mm letno. Medtem ko je koli¢ina padavin na Dinarskem gorstvu ena izmed najvecjih v
Evropi, dosega kolicina padavin na letni ravni v celinskem delu polotoka, na
severovzhodnem robu areala ¢rnega bora, le 630 mm (Jones in Harris 2008; Levanic in
sod., 2012) in je podobna tisti z obmocja Dunagja (Wimmer in sod., 2000). Na obmocjih z
manjSo kolicino padavin je zato pogosteje zaslediti susni stres dreves kot na obmogjih z

vecjimi koli¢inami padavin.

Crni bor ima, podobno kot rdeti, mnogo kompenzacijskih mehanizmov za odziv na susne
razmere. Mednje lahko Stggemo npr. skladisenje vode v veah in steblu, crpanje
razpolozljive vode iz velikih globin ter preprecevanje transpiracije iz iglic (Waring in sod.,
1979; Penuelas in Pilella, 2003; Cochard in sod., 2004). Vse to pomaga boru preZiveti
mocngSe oziroma daljSe susno obdobje, hkrati pa zabriSe jasen odziv Sirin branik na
padavinski rezim. Debelinska rast dreves ¢rnega bora iz osrednjega dela areala ima
priblizno enako moc¢no korelacijo tako s poletnimi padavinami kot s temperaturo
(Poljandek in sod., 2012b). Optimalno temperaturno obmocje za fotosintezo je odvisno od
drevesne vrste, rastiS¢a, soncnega obsevanja, razpolozljive talne viage in drugih
dejavnikov, vendar pa na bi bila optimalna temperatura za drevesa zmernega pasu na
splodno okoli 20 °C (Fritts, 1976). Med povprecnimi poletnimi temperaturami zraka z
visokogorskih rastis¢ zahodnega dela Balkanskega polotoka in debelinsko rastjo ¢rnega

bora smo izra¢unali negativne korelacije (PoljanSek in sod., 2012b), ker pa so izmerjene
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povprecne poletne temperature na gorskih lokacijah Dinarskega gorstva le okoli 14 °C
(T povprezna juniijuij, Postaja Cemerno, 1300 m n.m.v.), neposredno negativnega vpliva na
Sirino branik nismo znali pojasniti. V odnosu med klimo, rastis¢em in debelinsko rastjo
dreves gre za kompleksen sistem prepletanja vplivov son¢nega obsevanja, opoldanskega
upada fotosinteze, najnizjih, povprecnih in ngvigih dnevnih temperatur, kolicin padavin
ter razpolozljive vlage v tleh, nezanemarljivi pa niso tudi odzivi dreves v ¢asu susnih
razmer. Zato smo padavinski in temperaturni signal obmocja osrednjega areala ¢rnega bora
(Poljanek in sod., 2012b) pojasnili z variabilnostjio son¢nega obsevanja, ki tudi
neposredno vpliva na fotosintezo (Stahle in sod., 1991), in potrdili Stevilo ur son¢nega
obsevanja kot nadomestni kazalnik za susni stres in s tem najvplivngls dejavnik na Sirino
branik ¢rnegaboraiz BiH (PoljanSek in sod., 2013).

Zaobmocje osrednjega dela areala je bila tako odkrita znacilna povezava med Sirino branik
in urami son¢nega obsevanja iz obdobja junij-julij z vremenske postaje Osijek (slika 4).
Bolj izrazit padavinski signal je bil odkrit v celinskem delu Balkanskega polotoka, v
severovzhodnem robu areala ¢rnega bora. Tu je bil sudni stres opredeljen s trimese¢nim
standardiziranim padavinskim indeksom obdobja junij-avgust (Levani¢ in sod., 2012). Pri
tem je bil odkrit jasen vpliv julijskih padavin, in ker je julij sredi poletja, je ¢etrta hipoteza
s trditvijo, da na Sirino branik ¢rnega bora z ekstremnih rasti& vplivgjo zgodnje poletne
temperature in padavine, zavrnjena. Ta hipoteza je zavrnjena tudi za obmocje zahodnega
dela Balkanskega polotoka, sg je za obmocje BiH preverjeni klimatski signal potrdil
negativno (pozitivno) korelacijo med Srino branik in temperaturami (padavinami)
celotnega poletja (maj-avgust) (Poljansek S. in sod., 2012b). Glede na del cetrte hipoteze
in uporabe son¢nega obsevanja kot najbolj omejujocega dejavnika pa jo lahko potrdimo,
sg je trganje soncnega obsevanja mesecev junij-julij, kot obdobja zgodnjega poletja,
najbolj vplivalo nasirino branik (Poljansek in sod., 2013).

V raziskavi vpliva klime na &rino branik dreves ¢rnega bora iz osrednjega in
severovzhodnega robnega dela areala Sirine ranega in kasnega lesa niso bile izmerjene. S
tovrstno analizo bi lahko preverili, ali vsebuje Sirina kasnega lesa vec variabilnosti kot
celotna Sirina branike in mo¢ngs klimatski signal. Do seda tudi Se ni bilo raziskav

sezonske dinamike nastanka lesa pri ¢rnem boru z Balkanskega polotoka, zato ni znano,
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kateri klimatski dejavniki in na kakSen nacin vplivajo na posamezne procese nastanka lesa.
Veliko informacij bi lahko pridobili tudi s preucevanjem letnega poteka prilagoditve
fotosinteze ekoloskim razmeram. Zaradi vsega naStetega bi bilo smiselno opravljati
kombinirane raziskave znotrg letne in vec letne dinamike debelinske rasti ter meritve

temperaturne in svetlobne kompenzacijske ter saturacijske tocke fotosinteze.

3.1.4 Stabilnost klimatskega signala v ¢asu

Pred izratunom rekonstruiranih vrednosti klimatskega dejavnika je treba preuciti stabilnost
signala v ¢asu. V Sirini branik ¢rnega bora z zahodnega dela Balkanskega polotoka smo
izracunali signal trgjanja soncnega obsevanja. Vendar pa dolZina podatkovnega seta
son¢nega obsevanja za obmocje severnega dela Balkanskega polotoka (Osijek, Hrvaska),
kakor tudi prekratki seti temperaturnih ter padavinskih podatkov iz submediteranskega dela
Slovenije, ne omogocajo izracuna vecletne drsece korelacije. Za preskus Seste hipoteze o
stabilnosti klimatskega signala v ¢asu smo namesto son¢nega obsevanja zato uporabili
korelacijsko povezavo med Sirinami branik ¢rnega bora iz osrednjega dela areala in
padavinami oziroma temperaturami poletnega obdobja (Poljansek in sod., 2012b). Z drseco
korelacijo odkrita slabsa odzivnost Sirin branik na temperature in padavine se je pokazala v
obdobju okoli leta 1980 (Poljandek in sod., 2012b). Poleg drsece korelacije je slabs odziv
Sirin branik prikazala tudi graficna dika testa dveh linearnih modelov, kjer so v
posameznih obdobjih opazna neskladja med merjenimi in napovedanimi vrednostmi
son¢nega obsevanja (Poljansek in sod., 2013). Stabilnost signala je bila preverjena tudi na
severovzhodnem robu razsirjenosti ¢rnega bora. Tu uporabljena drse¢a korelacija potrjuje
v obdobju 1960-1980 niZje korelacije med padavinskim indeksom in &irino branik
(Levanic¢ in sod., 2012).

V literaturi je zadediti ve¢ moznih razlogov za dabd odziv Sirin branik na klimo.
Raziskava vpliva kislega deZja in onesnazenosti zraka z emisijami nitratov iz industrijskih
obmocij na debelinski prirastek jelke (Abies alba Mill.) in smreke v Nenciji je pokazala
jasno zmanjSan odziv debelinskega prirastka na temperaturo iz omenjenega obdobja. Kot
razlog zato je podana posledica pozitivnega vpliva nitratov na debelinski prirastek in stem

zmanjSanega vplivaklime (Wilson in Elling, 2004).
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Po drugi strani Seim s sodelavci (2012) v raziskavi za obmocje Albanije opozarja na
moznost slabSe kvalitete merjenih klimatskih podatkov oziroma na njihovo nezanesljivost.
Vendar pa je podrobnejSa analiza klimatskih podatkov z zahodnega dela Balkanskega
polotoka pokazala, da je obdobje opazenega slabSega klimatskega signala v Sirinah branik
¢rnega bora (Poljansek in sod., 2013) predvsem posledica desetletnih sprememb, tako v
vrednostih son¢nega obsevanja kot v izmerjenih temperaturah nad severovzhodnim delom
Sredozemlja (Xoplaki in sod., 2003; Mariotti in Dell’ Aquila, 2012). Crni bor je imel okoli
leta 1960 za kratek c¢as SibkejSi odziv na klimo, ki je posledica vecje oblacnosti, vecjega
Stevila ciklonov ter vecje koli¢ine padavin (Xoplaki in sod., 2006) in s tem manjSe
ekstremnosti, za rast omejujocih degjavnikov. Kot kaze, so drevesa v tem ¢asu debelinsko
priraS¢ala v skladu z rasti&nim indeksom in ne toliko z omejujocim dejavnikom klime.
Kljub temu Seste hipoteze, da se signa ne spreminja, statisticno ne moremo zavrniti, ker
stabilnost klimatskega signala v Sirinah branik dreves s severovzhodnega roba in
osrednjega dela areala nikoli ni padla pod mejo statisticne znacilnosti. Stabilnost odziva
debelinske rasti ¢rnega bora na klimatske degjavnike bi v prihodnje lahko primerjali Se z
odzivi drugih drevesnih vrst, z merjenjem odziva visinskih prirastkov ali pa z merjenjem
drugih parametrov branik, kot so gostota in Sirina ranega ter kasnega lesa ai pa izotopska
Sestava.

3.1.5 Rekonstrukcijaklimatskega dejavnika

Na obmocju osrednjega dela areala ¢rnega bora na Balkanskem polotoku smo potrdili
odziv &irin branik na Stevilo ur son¢nega obsevanja (Poljansek in sod., 2013), na
severovzhodnem robu raz&irjenosti pa na Sirino branik znacilni vpliv suSnega indeksa
(Levani¢ in sod., 2012). Kronologiji za omenjeni obmocji presegata dolzino izmerjenih
klimatskih deavnikov, kar skupa z znailnim linearnim modelom omogoca
rekonstrukcijo. Prekratka kronologija Sirin branik ¢rnega bora z njegove severozahodne
lokacije, submediteranskega dela Slovenije, rekonstrukcije ne omogoca. Sestoji ¢rnega
bora tega obmocja so nastali konec 19. stoletja s pogozditvijo, zato starejSih borov od 200
let na tg lokaciji ni. Veliko stargjSa drevesa in drevesa avtohtonega porekla so bila
vzoréena na obmocju zahodnega dela Balkanskega polotoka - na obmocju BiH (Poljansek
in sod., 2013) ter v celinskem delu polotoka - v jugozahodnem delu Romunije (Levani¢ in

sod., 2012). V BiH je bilo do leta 1660 izracunano preteklo trajanje poletnega soncnega
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obsevanja, na obmocju Romunije pa padavinski indeks do leta 1688. Z izdelanima
rekonstrukcijama Stevilom ur soncnega obsevanje zahodnega oziroma padavinskega
indeksa celinskega dela Balkanskega polotoka je potrjena peta hipoteza, da regionalna
kronologija omogoc¢a rekonstrukcijo na Sirino branik nagbolj vplivhega vremenskega
dejavnika. Izdelana 435-letna kronologija ¢rnega bora za osrednji del areala na zahodnem
delu Bakanskega polotoka ni tako dolga, kot je 677-letha izdelana kronologija za
najseverng§ del naravnega areala ¢rnega bora (Wimmer in Grabner, 1998). Razloge za to
bi lahko iskali v manjS ekstremnosti rasti& zahodnega dela Balkanskega polotoka, kjer je
¢rni bor kljub bolj susnim rastiScem zaradi orografskih padavin dobro preskrbljen z vodo.
Razvite kronologije Sirin branik ¢rnega bora se lahko z vzoréenjem starih lesenih objektov,
ob upoStevanju zadostne globine vzorcater vrednosti EPS koli¢nika, Se podaljSajo (Hughes
in sod., 2001).

Z rekonstrukcijo klimatskega dejavnika in identifikacijo preteklih znagilnih let se lahko
preveri obstoj skupnih zntilnih let med zahodnim in celinskim delom Bakanskega
polotoka. Ob upostevanju EPS koeficienta 0,80 kot mejno vrednost smo v celinskem delu
Balkanskega polotoka rekonstruirali susni indeks ter prepoznali znacilna poletja vse do leta
1688. Prepoznana najbolj susna poletja so bila 1725, 1748, 1782, 1784 in 1830, ngjmanj pa
1729, 1770 in 1884 (Levani¢ in sod., 2012). Medtem so bila, za zahodni del Balkanskega
polotoka, odkrita poletja z ngjvetjim Stevilom ur sonénega obsevanja v letu 1695, 1742,
1908, 1931 in 1945 ter z ngjmanjSim leta 1712, 1810, 1815, 1843, 1899 in 1966 (Poljandek
in sod., 2013). Nagve¢ skupnih znagilnih poletij je bilo v letih s lab&mi razmerami za
debelinsko rast, t.j. malo padavin v celinskem delu ter veliko Stevilo ur sonénega obsevanja
v zahodnem delu Balkanskega polotoka (1725, 1782, 1784 in 1830). Od zn&lilnih let,
ugodnih za rast, je skupno le leto 1729. Posebe poudarjamo dejstvo, da so vsa za rast
najbolj ugodna znacilna leta na obmocju zahodnega dela Balkanskega polotoka povezana z
vulkanskimi izbruhi (Poljansek in sod., 2013). Velika kolicina vulkanskega prahu,
izbruhanega v stratosfero, povzroc¢i moc¢an albedo oziroma odboj son¢nega sevanja, kar
pomeni za drevesa manj obsevanja in s tem manjS susni stres (Breitenmoser in sod.,
2012). Poletja z znacilno nizkim trgjanjem son¢nega obsevanja so bila tako pojasnjena z
izbruhi vulkanov iz SirSega obmocja Indonezije (vulkana Awu in Tambora), Filipinov

(Taal) in vulkanov iz Italije (Vezuv in Etna).
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Daosrednji del areala ¢rnega boralezi narobnem obmogcju vplivov klime z jugovzhodnega
dela Sredozemlja in kontinentalne iz centralnega dela Evrope, je potrjeno s skupnimi
znCilnimi leti med naSo rekonstrukcijo in drugimi objavljenimi iz obrobnih regij
(Poljansek in sod., 2013). Ugotovitve o vplivu klime iz sosednjih regij so skladne s
predhodnimi temperaturnimi rekonstrukcijami za obmocje vzhodnega dela Balkanskega
polotoka (Trouet in sod., 2012). V obeh raziskavah so bila manj son¢na oziroma hladnejSa
poletia skupna z znilnimi poletji iz regij severno-severozahodno od Balkanskega
polotoka, medtem ko so bila bolj son¢na oziroma vroca poletja skupna z znacilnimi poletji
jugovzhodnega oziroma vzhodnega Sredozemlja in celinskega dela Balkanskega polotoka
(Trouet in sod., 2012; PoljanSek in sod., 2013).
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3.2 SKLEPI

Prej dendrokronolosko neraziskano obmocje zahodnega dela Balkanskega polotoka ima
zda] sistemati¢no razvito mrezo lokalnih kronologij Sirin branik ¢rnega bora. Kronologije
so bile izdelane na podlagi merjenja vzoréenih debelinskih prirastkov dreves ¢rnega bora,
rastocih v osrednjem delu in dodatno z dveh robnih lokacij areala na Balkanskem pol otokul.
Iz medsebojno ujemajocih se lokalnih kronologij osrednjega dela areala je bila za obmocje
zahodnega dela Balkanskega polotoka izra¢unana prva regionalna kronologija Sirin branik
¢rnega bora. Ta kronologija se ujema z regionalnimi kronologijami sosednjih obmocij, kar
dokazuje obstoj skupnega klimatskega vpliva na SirSem obmocju Balkanskega pol otoka.

Na severozahodnem robu razSirjenosti ¢rnega bora na Balkanskem polotoku smo poleg
Sirin branik izmerili tudi njihovo gostoto. Na Sirino branik dreves ¢rnega bora z
ekstremnega rastis¢a submediteranskega dela Slovenije najbolj vplivgjo temperature zraka
celotnega poletja (ngjbolj pa meseca avgusta) in padavine poznega poletja, medtem ko na
maksimalno gostoto kasnega lesa v braniki vplivajo temperature meseca avgusta in
padavine meseca februarja. Februarske padavine bi lahko povezali z debelino snezne
odeje, ki v zacetku rastne sezone, v obi¢gino suSnem mesecu marcu, zagotavlja dovolj
talne vlage za zacetek rasti. Vpliv klime na gostoto ranega lesain Sirino branik je podobno
mocan, najvedji vpliv na minimalno gostoto ranega lesa pa imajo temperature in padavine
obdobja maj-junij. Nizje vrednosti korelacijskih koeficientov med &irino branik in
klimatskima dejavnikoma temperaturo in padavinami so bile izracunane v osrednjem delu
razSirjenosti ¢rnega bora na Balkanskem polotoku. Variabilnost Sirin branik dreves ¢rnega
bora z obmocja Dinarskega gorstva je bila ngjbolje pojasnjena s trgjanjem sonénega
obsevanja. Njegova variabilnost je v posredni povezavi z variabilnostjo temperature in
padavin, hkrati paimav ¢asu rastne sezone neposreden vpliv na proces fotosinteze.

Glede na nacelo, da dgjavniki, ki so na Sirino branik delovali v preteklosti, delujejo tudi v
sedanjosti, bi moral biti vpliv sonénega obsevanja na Sirino branik stalen. Vendar je
posredna preverba stabilnosti klimatskega signala v Sirinah branik dreves iz celinskega in
zahodnega dela Balkanskega polotoka pokazala rahlo oslabljen signal v krajSem obdobju
druge polovice 20. stoletja. Klimatski signal je stabilen od zacetka dostopnih vremenskih
podatkov do poznih 60 let, kasneje paje bolj Sibek.
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Kot razlog za ta pojav podajamo spremembe v vzorcih ciklonov, katerih smer poteka cez
centralni del Jadranskega morjain ki so bili po letu 1970 mo¢ngj§ in SteviléngSi. Tako so
vplivali na povecan padavinski rezim nad zahodnim delom Balkanskega polotoka in
posledi¢no zmanjSali susni stres dreves v poletnem ¢asu ter oslabeli odziv Sirin branik
¢rnega bora na klimo. Sklepamo lahko, da branike enakomernih Sirin, nastale v tem
omejenem casovnem obdobju, izkazujejo debelinsko rast, ki je skladna z lokalnim
rastisnim indeksom in starostjo dreves. Kljub vsemu je klimatski signal vedno statisti¢no

znacilen, zato se lahko uporabi v procesu rekonstrukcije.

Rekonstruirana sta bila dva klimatska dejavnika; za severovzhodni rob razsirjenosti ¢rnega
bora oziroma za celinski del Balkanskega polotoka je bil rekonstruiran padavinski indeks,
za osrednji del razSirjenosti pa so bile izraunane pretekle vrednosti sonc¢nega obsevanja.
Rekonstrukciji veljata za obmocje zahodnega in osrednjega dela Balkanskega polotoka. Z
izratunano regionalno kronologijo Sirin branik ¢rnega bora za obmocje zahodnega dela
Balkanskega polotoka je bilo rekonstruirano son¢no obsevanje vse do leta 1660. Ob tem so
bila tudi identificirana znacilna poletja tega obmo¢ja. Z njihovo primerjavo z objavljenimi
raziskavami na drugih drevesnih vrstah iz sosednjih regij smo odkrili ve¢ skupnih,
iziemnih klimatskih dogodkov. ldentificirana znacilna poletja z velikim Stevilom ur
son¢nega obsevanja centralno-zahodnega dela Balkanskega polotoka so bila povezana s
sistemom oscilacij v jugovzhodnem/vzhodnem delu Sredozemlja, poletja z znacilnim
krajSim trgjanjem son¢nega obsevanja pa s poletji iz obmocij severno od centralnega dela
Balkanskega polotoka. Poletja z izjemno nizkim trgjanjem soncénega obsevanja so bila

skladna z izbranimi vulkanskimi izbruhi iz Italije, Indonezije ter Filipinov.

Z identificiranimi skupnimi znacilnimi leti, ujemanjem regionalne kronologije Sirin branik
dreves ¢rnega bora iz osrednjega obmocja areala z lokalno kronologijo iz severovzhodnega
roba obmocja razSirjenosti na Balkanskem polotoku ter s prostorsko analizo klimatskega
signala v sistemu KNMI Explorer je potrjeno, da novo izdelana dendrokronoloska mreza
Sirin branik ¢rnega bora pokriva skupno obmoc¢je zahodnega in celinskega dela
Balkanskega polotoka.
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4 POVZETEK
41 POVZETEK

Dendrokronologija je veda, ki preucuje ¢asovna zaporedja vrednosti razli¢nih parametrov
branik in njihovo odvisnost od vec razlicnih degjavnikov okolja ter pridobljena znanja
uporablja v razli¢nih procesih. Poleg klime vplivajo na Sirino branik Se drugi, za raziskavo
moteci dgjavniki (Cook, 1985), zato se v procesu standardizacije njihov vpliv v najboljsi
mozni meri odstrani z izbiro prave regresijske krivulje (Fritts, 1976). Pri tem se izracunata
standardna kronologija in kronologija ostankov. Za nadajnje delo je bila izbrana
standardna kronologija, sa vsebuje ve¢ variabilnosti kot kronologija ostankov in se zato
bolje prilagaja variabilnosti klime. Znacilni klimatski signal lahko pri¢akujemo v Sirinah
branik dreves, rasto¢ih na ekstremnih rastisCih (Fritts, 1976). Za vsako vzoréeno lokacijo
se izdela ena lokalna kronologija, ve¢ medsebojno ujemajocih se lokalnih kronologij pa
sestavlja dendrokronolosko mrezo.

Kronologija z znaCilnim klimatskim signalom, katere dolZina sega v obdobje pred
instrumentalnimi - meritvami, omogoca rekonstrukcijo klimatskih degavnikov. Pred
rekonstrukcijo izbranega klimatskega degjavnika se preverijo Se znatilnost linearnega
modela (Fritts, 1976; Cook in sod., 1999) ter stabilnost klimatskega signala v casu.
Medtem ko so dendroklimatoloske raziskave Ze dobro razSirjene po juznem delu
Balkanskega polotoka (npr. Sarris in sod., 2007; Panayotov in sod., 2009; Levani¢ in
Toromani E., 2010), pa tovrstnih raziskav na obmocju zahodnega dela Balkanskega
polotoka Ze ni (slika 3). Crni bor (Pinus nigra Arnold) je primeren za raziskave vpliva
klime na debelinsko rast dreves z zahodnega dela Balkanskega polotoka, sgj je to obmocje
njegov osrednji del areala na Balkanskem polotoku (slika 2). Hkrati dosega 800 let starosti
(Wimmer in Grabner, 1998), raste na ekstremnih rasti&ih (slika 1) in je odziven na
variabilnost klime (npr. Leal in sod., 2008).

Odziv rasti ¢rnega bora na klimo zahodnega dela Balkanskega polotoka Se ni raziskan,
prav tako ni znana pretekla variabilnost klime tega obmocja. Zato so bili v tej doktorski
disertaciji postavljeni naslednji cilji: 1) Z izdelavo lokanih kronologij Sirin branik ¢rnega
bora z razli¢nih rasti&, nadmorskih visin in mati¢nih podlag vzpostaviti dendrokronol osko

mrezo zahodnega dela Balkanskega polotoka ter sestaviti regionalno kronologijo ¢rnega
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bora za Bosno in Hercegovino (BiH). 2) Preveriti, ai se nova regionalna kronologija
¢rnega bora zahodnega dela Balkanskega polotoka ujema z regionalnimi kronologijami
sosednjih obmogij. 3) Preveriti, ali je klimatski signal v maksimalni gostoti kasnega lesa
bolj izrazit kot v Sirini branik, ter 4) preuciti, kateri klimatski dejavnik najbolj vpliva na
Sirino in kateri na gostoto branik. 5) Z izracunano regionalno kronologijo ¢rnega bora
Zzelimo v obdobje pred instrumentalnimi meritvami rekonstruirati na Sirino branik
najvplivng s klimatski dejavnik ter 6) preveriti, ali se odziv ¢rnega bora na klimo skozi ¢as

spreminja.

Drevesa ¢rnega bora so bila vzoréena na sedmih lokacijah osrednjega dela areala na
Balkanskem polotoku ter z dveh robnih lokacij (slika 4). |zbrane lokacije osrednjega dela
areda lezijo na obmocju Dinarskega gorstva v drzavi BiH, robna lokacija s
severovzhodnega dela areala lezi v jugozahodnem delu Romunije, tocka vzorcenja s
severozahodnega roba razSirjenosti ¢rnega bora na Bakanskem polotoku pa v
submediteranskem delu Slovenije. |zbrana drevesa z lokacij osrednjega dela in
severovzhodnega roba areala na Bakanskem polotoku so rastla posamic¢no, v
severozahodni tocki roba areala pa v sestoju. Z izborom ekstremnih rasti&ih s strmim
naklonom, plitvimi tlemi in razli¢cno geolosko podiago (apnenec, dolomit in serpentinit) je
bila zgjeta raznovrstnost ekstremnih rastis&. S prirastnim svedrom so bili iz starih in
neposkodovanih dreves odvzeti izvrtki. Na podlagi merjenja branik so bile izdelane |lokalne
kronologije Sirin branik za vsako lokacijo posebe, v primeru lokacije iz submediteranske
Slovenije pa smo merili tudi gostoto ranega in kasnega lesa. Preverba medsebojnega
ujemanja lokanih kronologij &irin branik iz osrednjega dela aredla na Bakanskem
polotoku je razkrila slab%e ujemanje le med kronologijama Sator in Krivaja (Poljanek in
sod., 2012a). S preverbo skladnosti med kronologijami po statisticnih kazalnikih tgp in
GLK % (Eckstein in Bauch, 1969; Baille in Pilcher, 1973) vecjega neujemanja med
izdelanimi lokalnimi  kronologijami nismo odkrili, zato so bile vse vkljucene v
dendrokronolosko mrezo zahodnega dela Balkanskega polotoka. S preprostim izratunom
povprecja, kjer ima vsaka lokalna kronologija osrednjega obmocja enako tezo, smo iz
sedmih lokalnih kronologij izracunali eno regionalno kronologijo ¢rnega bora zahodnega
dela Balkanskega polotoka. Z medsebojnim ujemanjem lokalnih kronologij in izdelavo

regionalne je potrjena prva hipoteza.
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Razli¢ne drevesne vrste se odzivgjo na razlicne klimatske parametre (Garcia-Suarez in
sod., 2009), zato je bila za potrditev njene pravilne izdelave regionana kronologija ¢rnega
bora primerjana le z drugimi regionalnimi kronologijami ¢rnega bora. Regionalne
kronologije so bile pridobljene iz mednarodne internetne baze (NOAA, 2012). Regionalna
kronologija zahodnega dela Balkanskega polotoka se ngjbolje ujema s kronologijami iz
regij juzneje od centralnega dela areala érnega bora (obmogje drzav Crne gore, Albanije in
Gr¢ije) ter dobro s kronologijami s severnega (Avstrije) ter severovzhodnega roba areala
¢rnega bora (Romunije) (Poljansek in sod., 2012a). Ujemanje regionalne kronologije s
sosednjimi je potrdilo drugo hipotezo.

Vpliv klimatskih dejavnikov na Sirino branik je bil preverjen v osrednjem delu areala
¢rnega bora na Balkanskem polotoku in na njegovem severovzhodnem robu (Levani¢ in
sod., 2012; Poljansek in sod., 2013), vpliv klime na gostoto branik pale v severozahodnem
robu areala (PoljanSek in Levani¢, 2012a). Na Sirino branik ¢rnega bora s severovzhodnega
roba razsirjenosti najbolj vpliva padavinski indeks obdobja junij-avgust, iz osrednjega dela
areala pa susni stres, izrazen kot trgjanje sonénega obsevanja mesecev junij-julij.
Primerjava klimatskih signalov v Sirini in gostoti branik dreves s severozahodne lokacije je
pokazala, da na gostoto ranega lesa najbolj vplivajo temperature in padavine obdobja maj-
junij, na Sirino branik pa povpre¢na poletna temperatura. Pri tem je bil izraGunan mo¢nejsi
klimatski signal v gostoti ranega lesa kot v Sirini branik, vendar s statisticno neznacilno
razliko. Hkrati je bilo potrjeno, da je signal v gostoti kasnega lesa znacilno SibkegjS kot v
Sirini branik (PoljanSek in Levani¢, 2012a). Tretja hipoteza trdi, da je klimatski signal v

maksimalni gostoti kasnega lesa bolj izrazit kot v Sirini branik, zato je zavrnjena.

Na Sirino branik dreves ¢rnega bora s severozahodnega roba areala ne vplivgo le
temperature in padavine zgodnjega, temvec celotnega poletja, zato je del ¢etrte hipoteze o
vplivu zgodnje poletne klime na Sirino branik zavrnjen. Drugi del ¢etrte hipoteze pravi, da
na maksimalno gostoto kasnega lesa v braniki vplivgo pozno poletne temperature in
padavine, vendar smo z rezultati odkrili, da nanjo vplivgjo februarske padavine, medtem
ko je vpliv poletnih temperatur komaj znacilen oz. viden le v avgustovskih temperaturah
(Poljandek in Levani¢, 2012a). Del hipoteze o vplivu pozno poletnih temperatur na gostoto
kasnegalesaje potrjen, del o vplivu pozno poletnih padavin pa zavrnjen.
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Del cetrte hipoteze o vplivu klime na Sirino branik je bil preverjen tudi v osrednjem delu
areala in na njegovem severovzhodnem robu. Na slednji lokaciji je bil odkrit jasen vpliv
julijskih padavin (Levani¢ in sod., 2012), in ker je julij sredi poletja, je ¢etrta hipoteza
zavrnjena. Cetrta hipoteza je zavrnjena tudi na obmogju osrednjega dela areala, s je zato
obmocje preverjeni klimatski signal potrdil negativno (pozitivno) korelacijo med Sirino
branik in temperaturami (padavinami) celotnega poletja (maj-avgust) in ne samo zgodnjega
dela (Poljansek in sod., 2012b).

DolZina tistega dela kronologije s severozahodnega roba razSirjenosti ¢rnega bora na
Balkanskem polotoku, ki je po kriteriju kazalnika EPS primerna za rekonstrukcijo, ni
daljSa, kot je dolZina razpolozljivih klimatskih podatkov, zato s te lokacije rekonstrukcija
ni mogoca. Lokalna kronologijaiz severovzhodnegain regionanaiz osrednjega dela areala
pa omogocata rekonstrukciji, s ¢imer potrjujeta peto hipotezo. Vzporedno z izratunom
preteklih vrednosti klime se lahko preveri Se obmocje vplivnosti klimatskega dejavnika.
Prostorska korelacija med kronologijo in izbranim klimatskim dejavnikom definira
obmocje, za katero veljata izracunani rekonstrukciji. Kronologiji skupg pokrivata obmocje
zahodnega in osrednjega dela Balkanskega polotoka, kar je tudi skladno z rezultatom

preverbe ujemanja s sosednjimi regionalnimi kronologijami.

Zarekonstrukcijo preteklih vrednosti je bila uporabljena statisticno znacilna korelacija med
kronologijo in susnim indeksom celinskega dela oziroma Stevilom ur son¢nega obsevanjav
severnem delu Balkanskega polotoka. Linearni model je bil izracunan iz linearne regresije
med standardno kronologijo in merjenima klimatskima dejavnikoma. V celinskem delu
Balkanskega polotoka je linearni model z lokalno kronologijo rekonstruiral variabilnost
preteklega padavinskega indeksa do leta 1688, medtem ko so bile ure son¢nega obsevanja
v zahodnem delu Balkanskega polotoka izracunane do leta 1660. Znacilna leta, ki so se od
drugih razlikovala po izredno dobrih ali izredno slabih razmerah za debelinsko rast, so bila
identificirana z dvema razli¢cnima metodama - metodo centilov (Levani¢ in sod., 2012) in
metodo standardnega odklona od povprecne vrednosti (Poljansek in sod., 2013).
Identificirana znacilnaleta so bila primerjana z drugimi objavljenimi nenavadnimi dogodki
iz sosednjih regij; suSami, poplavami, hladnimi poletji in celo vulkanskimi izbruhi Etnein

Vezuvater vulkanov otocja Indonezije in Filipinov.
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Primerjava z objavljenimi znacilnimi leti iz drugih regionalnih kronologij je odkrila, da
osrednji del areala ¢rnega bora, ki leZzi na obmocju BiH, tvori robno obmocje dveh
Klimatskih vplivov. Prepoznana, za rast ugodna poletja se ujemajo z znailnimi leti z
obmocja severno od BiH, medtem ko se za rast neugodna poletja ujemajo s tistimi iz
juznega oziroma jugovzhodnega dela Sredozemlja (Poljansek in sod., 2013). Pri tem so
bila potrjena tudi skupna znacilna leta med obmoc¢jema osrednjega in severovzhodnega
delaareala (Levanic in sod., 2012; PoljanSek in sod., 2013).

Stabilnost klimatskega signala v ¢asu je bila preverjena z izvedbo drsece korelacije in s
pregledom skladnosti med izmerjenimi in izra¢unanimi vrednostmi. V obeh klimatskih
signalih, padavinskega indeksa in son¢nega obsevanja, je opazeno obdobje slabSega odziva
na klimo. Za obmocje severovzhodnega robu je test stabilnosti s 30-letno drsec¢o korelacijo
odkril SibkejSi padavinski signal v obdobju 1950-1970, vendar je signal kljub temu ves ¢as
znxtilen (Levani¢ in sod., 2012). V osrednjem delu areala ¢rnega bora je pri preskusu
linearnega modela za rekonstrukcijo opazen Sibkej& signal sonénega obsevanja. V letih
okoli konca 1960-ih je skladnost gibanja med Sirino branik in kolicino ur sonénega
obsevanja nekoliko zabrisana. Kot mozen razlog za obe slabs stabilnosti signala na
obmocju zahodnega in celinskega dela Balkanskega polotoka je podana razlaga o bolj
pogostih ciklonih nad obmo¢jem Jadranskega morja iz omenjene periode. Poletja so bila
zato bolj oblatna, hladnejSa in predvsem bolj dezevna kot v dolgolethem povpregju.
Zadnja, Sesta hipoteza o stalnosti odziva ¢rnega bora na klimo je tako delno potrjena;
obstaja obdobje slabSega odziva na klimo, a ker je odziv stalno statisticno znacilen,

hipoteze ne moremo zavrniti.
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42 SUMMARY

Dendrochronology investigates the time series of tree-ring proxies and the influence of
environmental factors on the radial tree-growth and uses this knowledge in different fields.
Beside climate, there are many other factors, which are influencing tree-ring widths (Cook,
1985), and as they represent disruption in our investigation they are removed from the
measured time series in the process of standardization (Fritts, 1976). As a result, standard
and residual chronologies are calculated. Standard chronology was chosen for further
calculations as it contains more low-frequency signal than residual and it better fits to the
climate variability. Significant climate signal can be expected in the tree-ring widths of the
trees, growing on extreme sites (Fritts, 1976). For each of the sampled site, one local
chronology is developed. More well-matched site chronologies form dendrochronological
network. Chronology with significant climate signal and the length, longer than measured
climate data, enables reconstruction of the climate factors into the past. Before
reconstructing climate factor, significance of the linear model (Fritts, 1976; Cook et al.,
1999) and the time stability of climate signal are investigated. While there are many
investigations available for the southern part of Balkan Peninsula (e.g. Sarris et al., 2007,
Panayotov et al., 2009; Levani¢ & Toromani E., 2010), investigations from the western
part of the Balkan Peninsula are still absent. Black pine (Pinus nigra Arnold) is suitable for
dendroclimatological investigation of the western part of the Balkan Peninsula, as this area
represents the central part of its distribution in the Balkans (Figure 2), reaches ages of 800
years (Wimmer & Grabner, 1998), grows on extreme sites (Figure 1) and is responsive to
climate variability (e.g. Leal et al., 2008).

Influence of climate on radial tree growth of black pine in the western part of Balkan
Peninsula is unknown, the same as the past variability of the climate from this area. For
this reason, goals from this doctoral dissertation were set to: 1) To develop
dendrochronological network for the western part of Balkan Peninsula with calculation of
local black pine tree-ring width chronologies from different sites, elevations, bedrocks, and
to calculate the regional black pine chronology for Bosnia and Herzegovina. 2) To
compare newly developed regional black pine chronology for the western Balkans to other
regiona black pine chronologies from the neighbouring countries. 3) To check if climate

signal embedded in the maximum latewood density is stronger than signal from tree-ring
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width. 4) To investigate, which climate factor most strongly influences tree-ring density
and widths. 5) With calculated regional black pine chronology, we would like to
reconstruct the most growth-limiting climate factor into the period of pre-instrumental

climate data. 6) To check the time-stability of black pine response to climate.

In order to develop dendrochronological tree-ring widths network, trees from seven sites
were sampled in central part of distribution on the Balkan Peninsula and on one site each in
its north-eastern and north-western edges (Figure 4). Chosen sites in the central part of
distribution are found in Bosnia and Herzegovina (BiH) and are distributed over the
Dinaric Mountains. Extreme sites had steep slopes, shallow soil and different bedrock
(limestone, dolomite, serpentine). This way, the diversity of extreme sites was captured.
With increment borer, two increments from the opposite sides of the trunk were taken from
old and healthy trees. In BiH, one local chronology was developed for each chosen site and
compared to other local chronologies. The lowest matching coefficients were discovered
between the sites Sator and Krivaja, but they were kept in investigation, since both match
significantly with other chronologies. No other problems were found with tBP and GLK%
coefficients (Eckstein and Bauch, 1969; Baille and Pilcher, 1973); for this reason, all local
chronologies were chosen for development of the dendrochronological network from the
western part of the Balkan Peninsula. In this way, the first hypothesis was confirmed. In
order to compare our new results to the regional chronologies from neighbouring regions,
BiH regiona chronology was calculated with simple mean calculation, where each local

chronology had the same weight.

Different tree species response to different climate factors (Garcia-Suarez et al., 2009), and
for this reason, BiH regional tree-ring width chronology was compared only to other black
pine regional chronologies, published in international tree-ring data bank (NOAA, 2012),
or available in the archives of the Slovenian Forestry Institute. The best match to BiH
chronology was found with regional chronologies from southern (Montenegro, Albania,
and Greece), eastern (Romania) and northern (Austria) regions (Poljan3ek et al., 2012a).
These results confirmed the second hypothesis, newly developed regional black pine
chronology for the western part of Balkan Peninsula matches to other regional black pine

chronol ogies from the neighbouring countries.
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In the central part of the black pine distribution, as well as on the north-eastern and north-
western margins, the influence of climate factors on tree-ring width was investigated
(Levani¢ et al., 2012; PoljanSek et al., 2013). On the north-western margin, tree-ring
density was also measured (PoljanSek and Levani¢, 2012). With correlation analysis and
linear model, climate signal in tree-ring widths and in early/latewood density was
confirmed. The highest influence on the tree-ring widths of black pine on its north-eastern
margin had drought stress, measured through standardized precipitation index of the June-
August period, while in central part of its distribution, in the area of BiH, the highest
correlation between climate and tree-ring width was calculated with moisture stress, as
linked to June-July sunshine hours. Precipitation index and moisture stress are both under
the direct influence of precipitation, temperatures and sunshine hours. Drought and/or
moisture stress can be used as the function of temperatures, precipitation and sunshine
hours, therefore we used precipitation index and sunshine hours as a proxy for growth
limiting factor. Comparison of the climate signal in the tree-ring widths and in the tree-ring
density from the north-western margin showed that average May-June precipitation and
temperatures have the strongest influence on the earlywood density, and average summer
temperatures on tree-ring widths. It is confirmed that climate signal in earlywood density is
stronger than in tree-ring widths, but not significantly. Also, the signal in latewood density
is significantly weaker than the signal in tree-ring widths (Poljandek & Levani¢, 2012).
This does not support the third hypothesis, which claims that climate signal, embedded in
the maximum latewood density, is stronger than the signal from tree-ring widths.

Early summer temperatures and precipitation do not have the strongest influence on the
whole tree-ring width from north-western part, but the temperatures and precipitation from
the whole June-August summer season certainly do. Part of the fourth hypothesis is thus
rejected. Second part of the fourth hypothesis asserted that late summer climate has an
impact on latewood density. We discovered that this statement was incorrect in the
relationship between latewood density and precipitation, as the greatest impact is exerted
by February precipitation. But it was confirmed in part of late summer temperatures
influencing the latewood density, as the August temperature exerts the greatest impact on
latewood density. Climate influence on tree ring widths was also investigated in the central

part and on the north-eastern margin. On this margin, clear influence of July precipitation
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is seen (Levani¢ et al., 2012) and since month July represents the middle of the summer,
the fourth hypothesis is rejected. It is also rejected for the western part of the Balkan
Peninsula, as for this particular area climate signal showed negative (positive) correlation
between tree-ring widths and temperatures (precipitation) of the whole summer period
(May-August) and not only of its early part (Poljansek et al., 2012b).

The length of chronology from the north-western margin, with EPS values appropriate for
reconstruction, is shorter than avallable climate dataset, so there is no climate
reconstruction for this area. Statistically significant correlation between local chronology
and standardized precipitation index in north-eastern margin, and between regional
chronology and sunshine hours in central part of distribution, enable reconstructions of the
past variability of the climate factors. This confirms the fifth hypothesis. Paralel to
reconstruction, spatial correlation analysis of climate signals can be tested. Together,
precipitation index and sunshine hours signal cover the area of western and continental part
of the Balkan Peninsula. This result is aso confirmed with matching neighbouring
chronologies. For the reconstruction of past climate variability, statisticaly significant
correlation between chronology and precipitation index of the continental part of the
Balkan Peninsula, and summer sunshine hours from the northern part of Balkan Peninsula,
was used. For the western part of Balkan Peninsula, z-scored values of chronology and
measured climate data were used. On the north-eastern margin we reconstructed
standardized precipitation index till 1688, while in the central area of distribution, sunshine

hours were reconstructed till 1660.

Extreme years with unusually good or bad growth conditions for radial increments were
identified using two different methods; percentiles (Levani¢ et al., 2012) and standard
deviation (Poljan3ek et al., 2013). The identified extreme years were compared to other
published extreme events; droughts, floods, cool summers, and volcanic eruptions of Etna
and Vesuvius, as well as volcanoes from Indonesia and Philippines. Central part of
distribution of the black pine, which is located in the BiH area, represents the margin of
two influences. In comparison to the extreme years from other regiona chronologies, we
discovered that identified summers with good growth conditions coincide with cool

summers from the north, while less good growth seasons were associated with dry years
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from the southern or south-eastern Mediterranean. Common years between the western and
continental parts of the Balkan Peninsula were also noted (Poljandek et al., 2013). Stability
of the climate signal was tested using running correlation and with comparison between the
measured and with linear model calculated values. In both climate signals, the period of
less strong climate influence was noticed. On the north-eastern margin, this was tested
using the 30-year running correlation (Levani¢ et al., 2012). The climate signal is stable
and significant through time, but weaker in the 1950-1970 period. In the central part of
distribution, weaker sunshine signal was discovered only in the process of testing the linear
model, as there was lower consistency between tree-ring widths and sunshine hours at the
end of the 1960s. In literature overview, many possible explanations were found, but we
connected the weaker climate signal in the western part of Balkans Peninsula to cyclone
divergence, as from this specific period summers were wetter and cloudier than usual.
Climate signal was in certain period weaker than usual, but always significant, therefore

the last, sixth hypothesis, simply cannot be rejected.
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Gozdarski inStitut Slovenije

Pripomocek pri prirastnem svedru

PredloZeni izum se nanaSa na prirastni sveder za pridobivanje vzorcev rasti dreves za
dendrokronoloske raziskave, zlasti na strojno gnani prirastni sveder, ki je prednostno gnan

s pomocjo rocnega elektricnega pogonskega stroja.

Znani roCni prirastni sveder obsega cevasto zasnovano steblo svedra, ki je na svojem
prostem koncu zasnovano s kvadratnim nastavkom za sprejem rocaja. RocCaj se na
omenjenem steblu svedra polozajno pricvrsti s pomocjo zaskocke, ki sede v ustrezen izrez
na prostem koncu stebla svedra. Sestavljeni prirastni sveder se v smeri gibanja urinega
kazalca roc¢no privije v drevo in se ga v nasprotni smeri izvije iz drevesa. Za privijanje
prirastnega svedra se pogosto uporablja tudi elektri¢ni pogonski stroj, pri ¢emer je v
takSnem primeru potrebno rocaj loc€iti od stebla svedra in ga s pomocjo vmesnika vpeti v
vpenjalno glavo elektricnega pogonskega stroja. Pri tovrstnem delu pa se pojavijo teZave,
saj elektri¢ni pogonski stroj marsikdaj ne zmore priviti prirastnega svedra dovolj globoko v
drevo. Se velja teZava pa se pojavi pri izvijanju svedra, saj je omenjeni vmesnik zgolj
nataknjen na steblo svedra, zaradi Cesar stebla svedra ni mogoce soCasno vrteti in izvleci iz

drevesa. Zato je potrebno elektricni pogonski stroj odklopiti od stebla svedra in nanj
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natakniti rocaj, nakar se steblo svedra ro¢no odvije iz drevesa. Pri tem je delo dokaj

oteZeno, pogoste pa so tudi poSkodbe zveze med rocajem in steblom svedra.

Naloga predloZenega izuma je ustvariti pripomocek pri prirastnem svedru, s katerim so

odpravljene pomanjkljivosti znanih reSitev.

Zastavljena naloga je po izumu reSena z znacilnostmi, podanimi v znacilnostnem delu 1.

patentnega zahtevka. Podrobnosti so razkrite v podzahtevkih.

Izum je v nadaljevanju podrobneje opisan na osnovi neobveznega izvedbenega primera in s

sklicevanjem na priloZeno skico, kjer kaze

sl. 1 pripomocek prirastnega svedra po izumu v tridimenzionalnem pogledu,

sl. 2 prirastni sveder za uporabo s pripomockom po izumu.

Pripomocek prirastnega svedra po izumu je zasnovan kot valjasta skodela 1, katere dnu 2 je
z njene zunanje strani soosno prigrajen prikljucni nastavek 3 za povezavo z neprikazanim
elektricnim pogonskim strojem. Dalje je omenjenemu dnu 2 skodele 1 z njene notranje
strani soosno prigrajen valjast nastavek 4 za povezavo s steblom 5 svedra (na sl. prikazan s
Crtkano ¢rto). Stena 6 omenjene skodele 1 je v smeri pro¢ od dna 2 zasnovana z
diametralno nasproti leZeC¢ima si ovalnima izrezoma 7, 8. Pri tem sta omenjena izreza 7, 8
zasnovana tako, da je njuna daljSa srediSCnica pribliZzno vzporedna dnu 2. Nadalje je
vsakokraten izrez 7, 8 na svojem prvem vzdolZznem koncu zasnovan tako, da poteka po
celotni viSini omenjene stene 6, medtem ko nasprotni konec omenjenega izreza 7, 8 tvori
neke vrste Zep 9 v omenjeni steni 6. Omenjeni vsakokratni Zep 9 je tako na strani, obrnjeni
pro¢ od omenjenega dna 2, zamejen z mosticem 9a. Po predloZenem izumu je predvideno,
da so izmere omenjenega izreza 7, 8 v celoti prirejene rocaju 5a stebla 5 svedra, tako da

lahko izrez 7, 8 brez teZav sprejme rocaj 5a.

V nadaljevanju je za boljSe razumevanje izuma opisan sicer po sebi znani prirastni sveder.
Slednji sestoji iz cevastega stebla 5, na katerega prvem koncu je zasnovan vrtalni odsek 10
in na katerega nasprotnem koncu je zasnovan Stirikotni nastavek 11 za sprejem rocaja 5a.
Omenjeno steblo 5 je na rocaju 5a polozZajno drzano s pomocjo zasukljive zaskocke 12, ki

aretirno sodeluje s kroZnim utorom 13 na Stirikotnem nastavku 11, ki Strli iz rocaja 5a.
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Pri delu s prirastnim svedrom se pripomocek po izumu s pomocjo priklju¢nega nastavka 3
poveZe z elektricnim pogonskim strojem (na sl. ni prikazan); omenjeni nastavek 3 se na
primer pritrdi v vpenjalno glavo elektricnega pogonskega stroja. Zatem se sestavljeni
prirastni sveder natakne na omenjeni valjasti nastavek 4 na nacin, da se omenjeno votlo
steblo 5 s Stirikotnim nastavkom 11 nasloni na dno 2 omenjene skodele 1. Rocaj 5a
prirastnega svedra se pri tem potisne v izrez 7, 8 na mestu, ki poteka po celotni viSini
omenjene stene 6 skodele 1. Zatem se na po sebi znan nacin zavrta v drevo, iz katerega je
potrebno vzeti prirastni vzorec. Pripomocek po izumu pri tem s steno 6 izreza 7, 8 deluje
na vsakokratni krak rocaja 5a in ga vrti, skupaj s steblom 5, s katerim sta oblikosklepno
povezana, v smeri gibanja urinega kazalca. Ce elektri¢ni pogonski stroj ne zmore ve¢ vrteti
svedra, se omenjeni elektricni pogonski stroj sname s prikljunega nastavka 3, nakar se
prirastni sveder rocno zavrti do zahtevane globine. Ko je doseZena zadostna globina
izvrtine, bodisi s pomocjo elektricnega pogonskega stroja bodisi ro¢no, se elektri¢ni
pogonski stroj, seveda Ce se s pomocjo le-tega doseZe zahtevano globino izvrtine, sname s
priklju¢nega nastavka 3. Zatem se prirastni sveder za pribliZno pol do enega obrata ro¢no
zavrti v nasprotni smeri, s ¢cimer se izvrtani prirastni vzorec loci od debla drevesa, nakar se
s pomocjo ustrezne odvzemne priprave, ki je po sebi znana in zato ni podrobneje prikazana

in opisana, odvzame iskani prirastni vzorec.

Temu sledi ponovna prikljucitev elektriCnega pogonskega stroja na omenjeni prikljucni
nastavek 3 in zasuk prirastnega svedra, tako da se vsakokratni krak rocaja 5a znajde v
omenjenem Zepu 9 vsakokratnega izreza 7, 8. Zatem se s pomocjo elektricnega pogonskega
stroja in vrtenjem v smeri, ki je nasprotna gibanju urinega kazalca, prirastni sveder izvlece
iz vrtine v drevesu. Pri tem je potrebno tako elektri¢ni pogonski stroj kot tudi prirastni
sveder s sorazmerno veliko silo vleci iz omenjene vrtine v drevesu. Kot omenjeno zgoraj se
vsakokratni krak roc¢aja 5a sedaj nahaja v omenjenem Zepu 9 vsakokratnega izreza 7, 8, pri
Cemer se ob vleCenju prirastnega svedra iz vrtine kraka rocaja 5a naslanjata na omenjeni
mosti¢ 9a. S tem se prepreci neZeleno snetje elektricnega pogonskega stroja s pripomocka

po izumu.

Gozdarski inStitut Slovenije
Za:
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Patentni zahtevki

1.  Pripomocek pri prirastnem svedru za pridobivanje vzorcev rasti dreves za
dendrokronoloske raziskave, zlasti pri strojno gnanem prirastnem svedru, ki je
prednostno gnan s pomocjo ro¢nega elektricnega pogonskega stroja, znacilen po tem,
da je zasnovan kot valjasta skodela (1) z dnom (2) in steno (6), pri Cemer je dnu (2)
na zunanji strani soosno prigrajen prikljucni nastavek (3) za povezavo z elektricnim
pogonskim strojem, na notranji strani pa valjast nastavek (4) za povezavo s steblom
(5) svedra, in pri Cemer je omenjena stena (6) v smeri pro¢ od dna (2) zasnovana z

diametralno nasproti leZec¢ima si ovalnima izrezoma (7, 8).

2. Pripomocek pri prirastnem svedru po zahtevku 1, znacilen po tem, da je daljsa

srediS¢nica omenjenih izrezov (7, 8) priblizno vzporedna dnu (2).

3. Pripomocek pri prirastnem svedru po zahtevkih 1 in 2, znacilen po tem, da
vsakokraten izrez (7, 8) na svojem prvem vzdolZnem koncu poteka po celotni viSini

omenjene stene (6).

4.  Pripomocek pri prirastnem svedru po zahtevkih 1 in 2, znacilen po tem, da omenjeni
izrez (7, 8) na svojem drugem vzdolZznem koncu tvori Zep (9) v omenjeni steni (6), ki

je tako na strani, obrnjeni pro¢ od omenjenega dna (2), zamejen z mosti¢em (9a).
5.  Pripomocek pri prirastnem svedru po kateremkoli od predhodnih zahtevkov,

znacilen po tem, da so izmere omenjenega izreza (7, 8) v celoti prirejene za sprejem

rocaja (5a) prirastnega svedra

Gozdarski institut Slovenije

Za:

P2120803.o0dt
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Povzetek

PredloZeni izum se nanaSa na pripomocek pri prirastnem svedru za pridobivanje vzorcev
rasti dreves za dendrokronoloSke raziskave, zlasti pri strojno gnanem prirastnem svedru, ki
je prednostno gnan s pomocjo roCnega elektriCnega pogonskega stroja. Po predloZenem
izumu je predvideno, da je omenjeni pripomocek zasnovan kot valjasta skodela (1) z dnom
(2) in steno (6), pri Cemer je dnu (2) na zunanji strani soosno prigrajen prikljuc¢ni nastavek
(3) za povezavo z elektri¢nim pogonskim strojem, na notranji strani pa valjast nastavek (4)
za povezavo s steblom (5) svedra, in pri Cemer je omenjena stena (6) v smeri pro¢ od dna

(2) zasnovana z diametralno nasproti leZeCima si ovalnima izrezoma (7, 8).

(Fig. 1)
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Primerjava programov za standardizacijo ¢asovnih vrst v dendrokronologiji

Simon POLJANSEK!, Spela JAGODIC2, Tom LEVANIC?

Izvlecek

Za standardizacijo zaporedij $irin branik je v uporabi ve¢ programov, mi smo primerjali dva - najbolj razsirjeni in znani program
ARSTAN in pred kratkim predstavljeno knjiznico za standardizacijo dendrokronoloskih podatkov dplR, narejeno za statisti¢ni program
R. Oba programa sta brezplatna, ARSTAN je namenski program za standardizacijo zaporedij $irin branik, medtem ko je program R, v
okviru katerega deluje knjiznica dpIR, namenjen tudi drugim analizam in prikazom podatkov. Uporabili smo razli¢ne teste in preverili,
ali so med kronologijami $irin branik, kakor jih izracunata ARSTAN in dplR, statisticno znacCilne razlike in ali so standardizirane
kronologije, narejene s knjiznico dplR, enako uporabne za preucevanje ekoloskih in klimatoloskih vprasanj, kot so kronologije,
narejene s programom ARSTAN. ARSTAN za izracun kronologije ponudi uporabniku listo ukazov, medtem ko dpIR zahteva pisne
ukaze in ne ponuja izbire. Pri primerjavi rezultatov smo ugotovili, da razlike med izra¢uni primerjanih programov niso statisti¢no
znacilne - programa pri osnovnih statistiénih parametrih ponudita enake rezultate za povpre¢ne Sirine branik in standardne odklone ter
z razliko na drugem decimalnem mestu za rezultate obcutljivosti in avtokorelacijskega koeficienta. Korelacija med standardiziranima
kronologijama znasa 0,9773, med kronologijama ostankov pa 0,9776, grafiéno so razlike prav tako malostevilne in majhne. Ker se
programa razlikujeta le po delovnem okolju, je odlocitev o izbiri programa prepuscena uporabniku.

Kljuéne besede: dendrokronologija, racunalniski program, ARSTAN, dplIR, kronologija $irin branik

Comparison of two programs for standardisation of time-series data in
dendrochronology

Abstract

Several freeware programs are available for calculation of chronologies. In this paper, we compared two of these programs, the well
known ARSTAN and the newly introduced library for standardization dendrochronological data dplR, made for statistical program
R. Both are free. ARSTAN is specific and produces chronologies from tree-ring width by standardization, while dpIR is a package
within the statistical programming environment R, which is able to analyze and present results of other analysis. For comparison
of chronologies, made in these two programs, we used different tests. ARSTAN provides many options for calculating chronologies,
whereas dpIR demands written orders and offers no choices. Differences between built chronologies from these two programs are not
statistically significant — programs produce same results comparing basic statistical analysis for average tree-ring widths and standard
deviations, but for results of sensitivity and autocorrelation coefficient, there is a difference on a second decimal place. Correlation
between standardized chronologies is 0.9773, while between residual chronologies it reaches 0.9776, graphically, the differences are
also small and low numbered. As the true difference between the programs lies merely in the working environment, it is for users to
decide, which program suit them best.

Key words: dendrochronology, computer program, ARSTAN, dplR, chronology tree-ring width

1 Uvod ne zanimajo vplivi vseh dejavnikov hkrati, zato so tisti
1 Introduction dejavniki, ki jih ne preu¢ujemo, mote€i in jih v procesu
raziskav skusamo odstraniti. To storimo s postopkom,

ki se v dendrokronologiji imenuje standardizacija (ang.

Drevesa rastejo v naravnem okolju, zato na sfandardization). Standardizacija v dendrokronologiji
njihovo rast vplivajo Stevilni dejavniki, kot so starost, temelji na zdruZenem linearnem modelu rasti, ki ga je
klima, konkurenca med drevesi, tla itd. Navadno nas  postavil Cook (COOK / KAIRIUKSTIS, 1989) in se glasi:

'S. P., Gozdarski institut Slovenije, Ve¢na pot 2, SI-1000 Ljubljana, simon.poljansek@gozdis.si
2§, 1., Gozdarski inititut Slovenije, Vetna pot 2, SI-1000 Ljubljana Slovenija, spela jagodic@gozdis.si
3 doc.dr., T. L., Gozdarski institut Slovenije, Ve¢na pot 2, SI-1000 Ljubljana, tom.levanic@gozdis.si
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R=A, +C,+38DI +3D2 +E,

pri tem je R opazovana Casovna vrsta (zaporedje) Sirin
branik, A, trend v ¢asovni vrsti, ki je odvisen od starosti
drevesa, C, so zdruZeni klimatski vplivi na $irino branike,
d binarni simbol, kjer vrednost 1 pomeni motnjo, 0 pa, da
motnje, ki jo povzrocajo lokalni okoljski dejavniki (D1,
in SirSa okolica drevesa (D2, ni, medtem ko E, ponazarja
nepojasnjeni del variabilnosti Sirine branike.

Standardizacija je racunsko zahteven postopek,
za katerega veCinoma uporabljamo program ARSTAN
(HOLMES/ADAMS/FRITTS, 1986), ki je v uporabi Se od
¢asov, ko ni bilo na voljo ustreznih programskih orodij za
delo s asovnimi vrstami. V zadnjem ¢asu pa se pojavljajo
programske knjiznice, ki tecejo v programih R (BUNN,
2008) in Matlab in opravljajo podobne funkcije kot program
ARSTAN, ledatecejovboljmodernem programskem okolju
(npr. MS Windows). Postopek standardizacije zaporedij
Sirin branik je, matemati¢no gledano, analiza ¢asovnih
vrst. V nasem primeru gre za postopek iskanja primerne
regresijske funkcije in izrauna ostankov (ang. residuals)
oziroma razmerij med prilagojenimi (pri¢akovanimi,
ang. fitted values) in dejanskimi (izmerjenimi, ang.
measured values) vrednostmi (LEVANIC, 1996). Rezultat
standardizacije so standardizirane (indeksirane) krivulje, ki
so primerljive med drevesi razli¢nih starosti in z razliénih
rastiS¢. Za standardizacijo v glavnem uporabljamo dva
tipa regresijskih funkcij — toge in gibke. Toge regresijske
funkcije (kot npr. linearna in modificirana negativna
eksponentna) se navadno dokaj slabo prilagajajo merjenim
podatkom, vendar so v primeru, ko je trend debelinske
rasti enakomerno nara$¢ajo¢ ali padajo¢, primerne za
standardizacijo $irin branik (slika 1a).

Gibke regresijske funkcije, kot npr. kubicni zlepki ali
drsece sredine (slika 1b), so bistveno bolj fleksibilne in
se dobro prilagajajo rasti dreves, tudi v zelo dinamicnih
okoljskih in sestojnih razmerah, kjer so pogosta red¢enja,
vetrolomi, rast ob vrzelih, itd.

Standardizacija dendrokronoloskih podatkov, kot jo
poznamo danes, je bila pred uvedbo racunalnikov tezko
izvedljiva, v primeru kubi¢nih zlepkov pa tudi nemogoca.
Poletu 1960 so se tudi v civilni sferi pojavili prviraunalniki
in razli¢ni programi (glej npr. BUNN, 2008), vendar smo
Sele v poznih 80-ih letih prej$njega stoletja dobili prvi zares
uporaben program za standardizacijo dendrokronoloskih
podatkov, imenovan ARSTAN. Ta $e danes velja za de-facto
standard in vsi programi ali knjiznice za standardizacijo
dendrokronoloskih podatkov se zgledujejo po njem, tudi
knjiznica dplR, ki jo v tem prispevku zelimo primerjati s
programom ARSTAN.

Cilji prispevka so naslednji:
1. Opisati potek standardizacije zaporedij Sirin branik
v ARSTANU in dplR, s poudarkom na izvedbi
standardizacije v dpIR.

2. Primerjati rezultate standardizacije zaporedij Sirin
branik v programskih okoljih ARSTAN in dplR,
tako z vizualnimi kot statisticnimi metodami, in
ovrednotiti morebitne razlike, ki so posledica razlik
v algoritmih za izraCunavanje standardiziranih
kronologij.

3. Korelacijska analiza: ugotoviti, ali prihaja do
statisticno znacilnih razlik pri izraCunu korelacije
kronologij s klimo.

4. Poudariti uporabnost
noloskih analizah.

programa R v dendrokro-

—— merjeno / measured
—— prilagojeno / fitted

— 6 .
S
é 4 4 /\ \J/_\"/\/\\/\—\J/\ A
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Slika 1: Merjene in prilagojene Sirine branik: (a) z modificirano negativno eksponentno funkcijo in (b) s kubi¢nim zlepkom

Figure I: Measured tree-ring widths, fitted (a) with modified negative exponential function and (b) cubic smoothing spline
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2 Materiali in metode
2 Materials and methods

2.1 Dendrokronoloski podatki
2.1 Dendrochronological data

Za primerjavo programov ARSTAN in dplR smo
iz dendrokronoloske zbirke Oddelka za prirastoslovje in
gojenje gozdov Gozdarskega instituta Slovenije izbrali 10
preverjenih in sinhroniziranih zaporedij Sirin branik dobov
(Quercus robur) iz Murske Sume, vzordenih v letu 2009.
Osnovni podatki o zaporedjih Sirin branik so predstavljeni
v preglednici 1. Podatkovna datoteka je bila zapisana v
obliki tekstovne datoteke tipa Tucson, ki ga bereta tako
ARSTAN kot dpIR.

podatki smo ovrednotili s parnim t-testom. Parni t-test
je preskusanje razlik med parametri dveh vzorcev, gre
torej za statistiCno testiranje razlik med dvema nizoma
podatkov ali med dvema metodama na istem nizu podatkov
(KOSMELJ, 2007).

2.4 Splosno o programu ARSTAN
2.4 General information about ARSTAN

ARSTAN je prosto dostopen racunalniski program,
razvit s strani Edwarda R. Cooka (http://www.ldeo.
columbia.edu/res/fac/trl/public/public-Software.html).
Program standardizira zaporedja S§irin branik, ki so v
principu ¢asovne vrste, izracuna kronologije, jih graficno
prikaze ter izpiSe Siroko paleto statistinih kazalnikov

Preglednica 1: Osnovni podatki zaporedij Sirin branik vzor¢énih hrastov

Table 1: Basic data of tree ring widths of sampled oaks

drevo / ime / prvo leto / zadnje leto / dolzina / povpr. 3irina branike /
series name first year last year lenght mean ring width

1 ms1-01 1945 2009 65 3,15

2 ms1-02 1938 2009 72 4,07

3 ms1-03 1936 2009 74 4,78

4 ms1-04 1935 2009 75 2,95

5 ms1-05 1943 2009 67 3,92

6 ms1-06 1941 2009 69 3,68

7 ms1-07 1935 2009 75 4,93

8 ms1-09 1937 2008 72 3,89

9 ms1-10 1937 2008 72 4,55

10 ms1-08 1933 2008 76 3,55

2.2 Meteoroloski podatki
2.2 Meteorological data

Meteoroloski podatkovni niz so sestavljali podatki o
povpre¢nih meseénih temperaturah in povpreénih meseénih
koli¢inah padavin za Mursko Soboto za obdobje od leta
1951 do 2005. Podatke smo dobili na Agenciji Republike
Slovenije za okolje (ARSO, 2009). Uporabili smo jih v
analizi, kjer smo primerjali korelacije med klimatskimi
podatki in residualnima kronologijama, narejenima v
Arstanu in dplR.

2.3 Statisticne analize
2.3 Statistical analysis

Razlike med rezultati izdelanih kronologij in
korelacije med obema kronologijama in klimatskimi

vhodnih podatkov. Program je razmeroma zastarel,
saj zelene parametre obdelave dolotamo s pomocjo
Stevilskih ukazov, npr. tip standardizacije izberemo tako,
da vtipkamo Stevilko 4, nato pa izberemo funkcijo (glej
sliko 3). Potek standardizacije spremljamo za vsako
Casovno vrsto posebej. Za izvedbo standardizacije imamo
na voljo razli¢éne matemati¢ne funkcije (toge in gibke, tudi
kubicni zlepki) ter eno ali dvostopenjsko standardizacijo.
Odlo¢itev za eno ali dvostopenjsko standardizacijo
temelji na ekspertni oceni in predhodni vizualni analizi
c¢asovnih vrst v enem od dendrokronoloskih programov
(npr. PAST-4). Po koncanem postopku standardizacije
dobimo kot rezultat datoteko, ki vsebuje 4 tipe
kronologij §irin branik (glej sliko 2) (LEVANIC, 1996):

1. Osnovna kronologija (RAW) je enostavno
povpreéje nestandardiziranih zaporedij Sirin branik in
vsebuje vse odzive rasti drevesa na okoljske dejavnike.

2. Standardizirana kronologija (STD) je aritmeti¢na
sredina  standardiziranih ~ podatkov.  Standardizirane
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vrednosti so izraCunane kot razmerje med izmerjeno $irino
branik in prilagojeno vrednostjo (regresijsko funkcijo).
Povprecje vrednosti kolicnikov za vse kronologije dreves
je izracunano kot navadna aritmeti¢na sredina ali pa kot
robustna , tehtana aritmeti¢na sredina, ki drugace uposteva
vrednosti, ki se od povprecja preve¢ razlikujejo (ang:
outliers).

3. Kronologija ostankov (RES) (ang. residual
chronology) je robustno (vsaka vrednost ima enako tezo)
standardizirano povprecje ostankov avtoregresijskega
modeliranja zaporedij $irin branik. Osnova je kronologija

STD, ki ji z metodo »¢iscenja« (ang. prewhiten) odstranimo
avtokorelacijo.

4. Cetrto kronologijo tipa ARS dobimo tako, da z
uporabo avtoregresijskega modeliranja v kronologijo RES
dodamo povpre¢no stopnjo avtokorelacije analiziranih
zaporedij $irin branik. V tej kronologiji je jakost klimatskega
signala podobno visoka kot v kronologiji RES (LEVANIC,
2006).

V ARSTAN-u se rezultati med procesom izdelave
kronologij prikazujejo graficno za vsako drevo posebe;.
Tako lahko za vsako drevo vizualno preverimo, kako se
regresijska krivulja prilagaja podatkom. Proces lahko pri
vsakem drevesu ustavimo, izberemo drugo funkcijo za
standardizacijo, shranimo grafikon in nadaljujemo zanalizo.
Na koncu nam ARSTAN poleg izracuna kronologij v mapo
shrani tudi obseZen izpis statisti¢nih kazalnikov in razli¢ne
podatke za nadaljnje analize. Vse datoteke se zapisejo v
mapo, kjer sta program ARSTAN in datoteka s podatki.
Ker je ARSTAN v svojem bistvu program, ki je bil razvit v
operacijskem sistemu MS-DOS in zato ne pozna pridobitev
okenskih operacijskih sistemov, naredi v direktoriju vecje
Stevilo datotek, v katerih so rezultati standardizacije.

Tako npr. datoteka s koncnico _tabs vsebuje vse 4 tipe
kronologije, s kon¢nico raw ponazarja merjena zaporedja
Sirin branik za izdelavo kronologij, out pa prikaze izbrane
specifikacije izdelane kronologije s statisticnimi kazalniki
za osnovne podatke ter kronologijo ostankov. Datoteka
s koncnico _indl vsebuje vrednosti standardiziranih
kronologij posameznih dreves, res vrednosti kronologije
ostankov, crvl pa postreze z izracunanimi vrednostmi
krivulje, ki smo jo izbrali za standardizacijo posameznih
zaporedij Sirin branik. Za primerjavo med programom
ARSTAN in dpIR smo uporabili kronologiji STD in RES.

2.5 Standardizacija v ARSTAN-u (razli¢ica 4.1.D za
Windows XP)

2.5 Standardization in ARSTAN (version 4.1.D for
Windows XP)

Programu najprej definiramo vir podatkov v
standardnem formatu Tucson, nato se odpre meni (slika 3),
prek katerega dolo¢amo parametre za izracun kronologije.
Pod zaporedno $t. 4 izberemo tip funkcije za prvo stopnjo
standardizacije. Pod $t. 12 izberemo nacin izracuna
povprecij standardiziranih vrednosti kronologije. Pri $t.
16 dolo¢amo izracun EPS (ang. expressed population
signal, ve¢ glej: BRIFFA et al., 1990, povzeto po COOK /
KAIRIUKSTIS 1990). V nasem primeru smo izbrali kubi¢ni
zlepek z dolzino, ki ustreza 67 % dolZzine kronologije, s 50-
odstotno ohranitvijo variabilnosti podatkov in z robustnim
izraCunavanjem aritmeti¢ne sredine izdelanih kronologij.
Za izraCun drsecega populacijskega signala (EPS) smo
izbrali §irino obdobja 30 let, s pomikom po 1 leto. Na
koncu dolo¢anja parametrov definiramo $e nacin prikaza
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Slika 2: 4 tipi kronologij, dobljenih v programu ARSTAN — »surova« kronologija, samo povprecje zaporedij $irin branik
(RAW), standardna kronologija (STD), kronologija ostankov (RES) in avtoregresivna kronologija ARS

Figure 2: 4 types of chronologies, calculated in ARSTAN program — raw chronology, just an average of all tree-ring
chronologies (RAW), standard chronology (STD), residual chronology (RES,) and autoregressive chronology ARS
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rezultatov (tocki 17 dolo¢imo vrednost 2; posebni grafi) ter
nacin shranitve rezultatov (tocki 18 dolo¢imo vrednost 6;

zapisov, ukazov, ki omogocajo opravljanje operacij. Ena
izmed knjiznic je dplR (ang: dendrochronology program

tab datoteke). library in R), namenjen standardizaciji Casovnih vrst v
& ARS41d_xp.exe - [Input/Output] CEX
EF\I& Edit Format Window -8 x

| ®EkRRAERRRERN® arstan run time nenu and current Options Setbings FEEEENEREEERRR | ~
opt plt

[1] tree-ring data type 1 ltucson ring-width format

[2] missing data in gap -9 i Imissing values estimated (no plots)

[3] data transformation 0 0 Ino data transformation (no plots)

[4] first detrending -67 1] a |lst-spline curve (pct n 50% cutoff)

[5] second detrending 0 0 0 |2nd-no detrending performed

[6] robust detrending 1 Inon-robust detrending methods used

[7] interactive detrend 0 Ino interactive detrending

[8] index calculation 1 |tree-ring indices or ratios (rt-/gt)

[9] ar modeling method 1 0 |non-robust autoregressive nodeling

[10] pooled ar order 1] 0 Iminimun aic pooled ar model order fit

[11] series ar order i} Ipooled ar order fit to all series

[12] mean chronology 2 0 i] 1} Irobust (biweight) mean chronology

[13] stabilize variance 0 Ino variance stabilization performed

[14] common period years 0 0 Ino common period analysis performed

[15] site-tree-core mask ESSTTCC |site-tree-core separation nashk

[16] running rbar 30 29 1 Irunning rbar window/overlap (w/ plots)

[17] printout option Isummary & series statistics printed

[18] core series save lseries saved in tab-delimited columns

[19] summary plots |spaghetti plots of all series

[20] stand dynamics stuff Ino stand dynamics analyses done

running mean WlHdDW
percent growth change
std error threshold

coooR O
o

enter the option to change (<ret> = go) ==
<

lrunning mean window width
| percent growth change threshold
Istandard error limit threshold

> v

Slika 3: Zapis v ARSTAN-u za izraCun standardizirane ¢asovne vrste

Figure 3: ARSTAN options for standardization measurement series

2.6 dpIR
2.6 dpIR

R (www.r-project.org) je brezplaéno programsko
okolje za statisticne analize podatkov, njihovo
graficno prikazovanje ter platforma za razvoj in
implementacijo novih matemati¢no-statisti¢nih resitev
(R DEVELOPMENT CORE TEAM, 2009). Njegova
prednost je fleksibilnost, ki se kaze v velikem Stevilu
paketov (statisticne analize, racunske operacije in grafi¢ni
prikazi), ki jih kot knjiznico (ang: /ibrary) vklju¢imo v R
in rabijo razli¢nim matemati¢no-statistinim operacijam
v R. Program je neodvisen od operacijskega sistema, zato
deluje na vseh modernih operacijskih sistemih (Microsoft
Windows, Mac OS, Linux). Prednost je tudi razvita
komunikacija med drugimi uporabniki tega programa
(spletna objava in reSevanje tezav). Slabost R je, da je
obsezen in kompleksen program ter zato tezaven za ucenje,
manjka pa mu tudi menijska struktura izbire ukazov (ni
okenskega graficnega vmesnika), zato moramo vsak ukaz
pred izvedbo vtipkati. Ta problem resimo s programskim
urejevalnikom Tinn-R. To je brezplaCen, preprost in
ucinkovit program, v katerem zapisane ukaze preprosto
shranimo, kopiramo ali posredujemo drugim uporabnikom,
kar zagotavlja ponovljivost analize. Tinn-R s posiljanjem
ukazov prek vrstic nadzoruje R. Program R in njegove
knjiznice posodabljamo prek interneta. Knjiznica je zbirka

dendrokronologiji. Knjiznico dplR uporabimo takrat,
kadar Zelimo standardizirati zaporedja Sirin branik,
a ne zelimo uporabiti ARSTAN-a. Tako kot ARSTAN
nam tudi dplR omogoca prilagoditev regresijske
krivulje posameznemu drevesu in sestavo kronologije.

2.7 Standardizacija z dpIR
2.7 Standardization with dplR

Knjiznica dplIR deluje podobno kot ARSTAN, le da je
na voljo manj ukazov za standardizacijo. Najprej pozenemo
program R, nato pa odpremo knjiznico dpIR in dolo¢imo
mesto, kjer so nasi podatki, sledi branje tekstovne datoteke
Tuscon, standardizacija ter izdelava kronologije (za
celoten zapis glej sliko 4). Postopek standardizacije smo
opravili enako kot v ARSTAN-u. Zaporedje Sirin branik
smo standardizirali s kubi¢nimi zlepki s 67 % dolzine
kronologije, s 50-odstotnim ohranjanjem variabilnosti
podatkov ter z robustnim izraCunavanjem aritmetiéne
sredine izdelanih kronologij.
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Slika 4: Delovno okolje v programu R

Figure 4: Working environment in program R

Standardizacijo v nasprotju z ARSTAN-om napravimo v
dpIR-ju v naslednjih korakih (slika 4).

1. Najprej odpremo knjiznico dplIR z ukazom:
library(dplR)

2. Nato dolo¢imo vir (ang. data frame) in znacilnosti
baze podatkov. V primeru je privzeto, da so nasi
podatki na lokalnem disku C in da se datoteka
imenuje ms1.rwl. Funkcija read.rwl (ang. rwl = ring
width lisf) omogoca branje standardne tekstovne
datoteke tipa Tuscon.
std<-read.rwl(‘c:/R/podatki/ms1.rwl’)

3. Osnovne statistiCne kazalce zaporedij Sirin branik
dobimo z ukazom rwl.stats, graf prekrivanja dolzine
kronologij dreves pa z ukazom seg.plot.
std.stat<-rwl.stats(std)
seg.plot(std)

. Funkcija detrend omogoca prikaz treh razli¢nih

prilagoditev  (negativna eksponentna, kubicni
zlepki in linearna funkcija) za vsak posamezen
primer (npr. vsako drevo), vendar v skupnem
grafitnem programskem oknu. V naSem primeru
smo kronologije dreves standardizirali s kubi¢nimi
zlepki (method="Spline”) z ukazom detrend.

std.i<-detrend(std, make.plot=T, method="Spline”)

. Z ukazom chron povpre¢imo standardizirane

kronologije dreves (std.i) v skupno kronologijo
std.c. Ukaz chron za izra¢un srednje vrednosti
kronologij uporablja Tukeyevo robustno aritmeti¢no
sredino (biweight=T), pri kateri imajo ekstremne
vrednosti (Sirine branik) druga¢no tezo (njihov vpliv
na aritmeti¢no sredino je zmanj$an). Z ukazom crn.
plot kronologijo prikazemo na zaslonu. Ker zelimo
odstraniti vpliv avtokorelacije, uporabimo ukaz
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wprewhiten=T«. Osnovne statisticne parametre
narejene kronologije nam prikaze rwi.stats.

std.c<-chron(std.i, biweight=T prewhiten=T)
crn.plot(std.c)

std.stat.i<-rwi.stats(std.c,period="max""

Za izdelano kronologijo lahko izratunamo Se naslednja
kazalca:

1. Srednja mera obcutljivosti’® se, ko je rastni trend
odstranjen, izratuna z izrazom sens! oziroma sens2,
ko Se obstaja.

sensl(std.i)
sensl(std.c)
sens2(std)
2. Za izratun avtokorelacijskih koeficientov® odpremo
novo knjiznico.
library(FinTS)

acfins<-Acf(std.c8MSstd, na.action = na.pass, lag.
max = 10)

acraw<-acf(std,na.action = na.pass)
library(stats)

pcfms<- pacf{std.c$MSstd, na.action = na.pass, lag
max = 10)

Ce zelimo shraniti kronologijo, uporabimo ukaz write.rwi,
ki kronologijo zapi$e v standardnem Tucson formatu.

write.rwl(std, "c:/R/podatki/ms 1.rwl”, header=NULL,
append=F, prec=0.01)

3 Rezultati
3 Results

3.1 Opisna statistika merjenih Sirin branik
3.1 Descriptive statistics of measured tree rings

Tu primerjamo osnovno opisno statistiko, ki jo
izraCunata programa za isti nabor podatkov in za vsako
drevo posebej. Rezultati so enaki pri zaokrozevanju
vrednosti na tri decimalna mesta pri izra¢unih povprecja
in standardnega odklona, razlike pa obstajajo na tretjem
decimalnem mestu pri izratunu obcutljivosti ter ze na
drugem decimalnem mestu avtokorelacijskega koeficienta
z zamikom 1 leta (preglednica 2).

3.2 Primerjava standardiziranih podatkov
3.2 Comparison of standardized data

Tu med sabo primerjamo kon¢ne kronologije.
Korelacija ~med standardiziranima  kronologijama
programa ARSTAN in dpIR (slika 5) po metodi robustne
ocene aritmeti¢nih sredin in o¢isCenja avtokorelacije znasa
0,9773. Aritmeti¢na sredina indeksa pri ARSTAN-u znasa
0,989, pri dpIR-ju je nekoliko visja - 0,994. Srednja mera
obcutljivosti je pri ARSTAN-u z 0,151 visja kot pri dpIR
0,144 (preglednica 3).

Preglednica 2: Primerjava osnovnih statisti¢nih parametrov zaporedij $irin branik

Table 2: Comparison of basic statistical results of tree-ring widths

Zap.st./ obdobje / Dolzina/ povprecje/ Std. odklon / Obcutljivost / ac(1)
series period length mean stdev sens arl

ARSTAN dplR ARSTAN dplR ARSTAN dplR ARSTAN dpIR
1 1945-2009 65 3,150 3,150 0,915 0,915 0,203 0,200 0,587 0,578
2 1938-2009 72 4,072 4,072 1,110 1,110 0,163 0,161 0,591 0,582
3 1936-2009 74 4,783 4,783 1,514 1,514 0,190 0,188 0,730 0,720
4 1935-2009 75 2,947 2,947 1,103 1,103 0,217 0,215 0,767 0,757
5 1943-2009 67 3,923 3,923 0,831 0,831 0,214 0,211 0,285 0,281
6 1941-2009 69 3,681 3,681 1,276 1,276 0,229 0,226 0,649 0,640
7 1935-2009 75 4,934 4,934 1,319 1,319 0,176 0,174 0,626 0,617
8 1937-2008 72 3,890 3,890 0,862 0,862 0,203 0,200 0,338 0,334
9 1937-2008 72 4,553 4,553 1,522 1,522 0,196 0,193 0,722 0,712
10 1933-2008 76 3,553 3,553 0,813 0,813 0,214 0,211 0,291 0,287
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Slika S: Povpre¢je kubi¢nih zlepkov, izdelanih v programih ARSTAN in dplIR (korelacija=0,998)
Figure 5: Average cubic spline calculated in programs ARSTAN and dplR (correlation=0.998)

Med kronologijama ostankov (RES) znasa korelacija 0,9776, aritmeti¢na sredina indeksov pa je z 0,996 visja pri dpIR
kot pri ARSTAN-u 0,992 (preglednica 3). Povprecni avtokorelacijski koeficient z zamikom 1 leta za dplR znasa 0,001,
za ARSTAN pa -0,144.

Preglednica 3: Primerjava statisticnih parametrov kronologij, izdelanih v ARSTAN-u in dpIR
Table 3: Comparison between statistical results of chronologies developed in ARSTAN and dpIR

Kronologija/ Obdobje/ | Skupno/ In'deks/ Std. odklon / Obéut{]'l:v.ost/ ac(l)
chronology period total index stdev sensitivity arl
Arstan | dpIR | Arstan | dplR | Arstan | dplR | Arstan dpIR
STD 1933-2009 77 0,989 | 0,994 | 0,147 | 0,144 | 0,151 | 0,144 | 0,177 0,169
RES 1933-2009 77 0,992 | 0,996 | 0,148 | 0,140 | 0,169 | 0,150 | -0,144 | 0,001

indeks / index

064 — Arstan kronologija / chronology
' —— dpIR kronologija / chronology

0,4 T T T T
1940 1960 1980 2000

leto / year

Slika 6: Primerjava kronologij STD, izdelanih v ARSTAN-u in dpIR
Figure 6: Comparison of chronologies STD calculated in ARSTAN and dplR

Grafi¢na primerjava standardiziranih (STD) kronologij,
izraCunanih v dplR in ARSTAN-u, je pokazala manjse
razlike le na nekaterih mestih. Omenjene razlike smo na
sliki oznacili s kroznico (slika 6). Ob primerjavi razlik
na zacetku kronologije ima ARSTAN manjSe odklone
merjenih vrednosti od regresijske funkcije, kot so odkloni
pri programu dplR. V vmesnem obdobju kronologiji
izkazujeta podobnost.

Podobne razlike so pri primerjavi kronologij ostankov
(RES). Zopet so med kronologijama opazne nekoliko vedje
vrednosti razlik na zacetku kronologije, ponovno so razlike
poudarjene s kroznico (slika 7).
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Slika 7: Primerjava kronologij RES, izra¢unanih v ARSTAN-u in dpIR
Figure 7: Comparison of chronologies RES calculated in ARSTAN and dpIR

3.3 Korelacija s klimo
3.3 Correlation with climate

V prejsnjih poglavjih smo preverjali, ali obstajajo
med izracuni kronologije v ARSTAN-u in dpIR kakr$nekoli
razlike. Tu smo Zeleli dodatno preveriti, ali kronologije,
narejene v ARSTAN-u in dplR, dajo drugacne, statisticno
znacilno razli¢ne korelacije s klimatskimi podatki (glej
izsek iz podatkovne datoteke pod tocko 1). V tem kontekstu
niti ni pomembno, kakSne so posamezne korelacije med
kronologijo in klimo, bistvene so morebitne razlike v
vi§ini in predznaku korelacij. V primerjavi smo uporabili
kronologije ostankov, narejene v ARSTAN-u ali v dplR. Za
primerjavo smo uporabili kar program R.

1. Najprej odpremo vir podatkov za klimo, naSa
datoteka je imenovana klima.txt. Podatki morajo biti
zapisani na nacin »tab delimited«.

klima<-read.table(file(‘C:/R/podatki/klima.txt’),
dec=",", sep="\t", header = TRUE)

Datoteka v stolpcih od 2 do 26 vsebuje podatke o mesecni
temperaturi in padavinah. Kronologiji, narejeni v ARSTAN-
u in dplR sta v stolpcu 29 in 30.

Leto | 3 | Feb- | Mar- Nov-P | D2 | ARSTAN | dpiR
2005 | 0,9 | 33 | 3.1 |...|..| 112 | 86 | 0,04289 | 0,04491
2004 | 1.6 | 13 | 43 |..|..| 73 | 47 | 1.04768 | 1,03373
2003 | 33 | 3,1 | 54 |...|..| 81 | 48 | 0.78155 | 0,78146
1952 | 1.8 | 24 | 21 |...|..| 38 | 67 |0,91908 | 001732
1951 | 1,0 | 40 | 49 |..|...| 114 | 66 | 0,89573 | 0.87656

2. Korelacijo med kronologijo, izracunano v ARSTAN-
u, in klimo.
cor(klimaf29], klima[2:26],use="pairwise.complete.
obs”, method="pearson’)

3. Korelacijo med kronologijo, izra¢unano v dplR, in
klimo.

cor(klima[30],klima[2:26],use="pairwise.complete.
obs”, method="pearson’)

Korelacijo smo racunali med podatki za povprecne
mesecne temperature in mesecno koli¢ino padavin s
standardiziranima kronologijama. Upostevali smo le
obdobje tistih let, za katero imamo na voljo meteoroloske
podatke. Pri primerjavi rezultatov korelacije $irin branik
glede na padavine (slika 8a) podaja ARSTAN visje pozitivne
vrednosti kot dpIR v mesecih januar, april, maj in julij,
nizje oktobra in novembra, enake pa v preostalih mesecih.
Glede na temperaturo (slika 8b) izkazuje ARSTAN-ov
izracun bolj pozitivno odvisnost (oziroma manj negativno)
kot dpIR v mesecih januar, april, maj in november.
Februarja, septembra in decembra podajata programa
enako korelacijo. V preostalih mesecih izkazuje ARSTAN
nekoliko nizje vrednosti. Vsota korelacij med ARSTAN-om
in temperaturo znasa -1,75 in padavinami 0,04. Z dpIR-jem
pa -1,73 s temperaturo in -0,01 s padavinami. Povprecje
korelacij znasa pri obeh programih med kronologijama
in temperaturo -0,14 in med padavinami 0,00. Standardni
odklon je pri vseh korelacijah enak - 0,09.

4 Zakljucki
4 Conclusions

S parnim t-testom smo preverili vse razlike med
rezultati kronologij in korelacij ter potrdili, da nobena
razlika med programoma ni statisti¢no znacilna. To potrjuje
pravilnost izraunov programa dplR v primerjavi z bolj
uveljavljenim ARSTAN-om in dendrokronologom daje
moznost izbire med ARSTAN-om in dpIR.
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Slika 8: Primerjava korelacije kronologije STD, izdelane v ARSTAN-u in dplR s padavinami (a) in temperaturami (b)
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Figure 8: Comparison of correlation between STD chronologies calculated in ARSTAN and dpIR with temperature (a)

and precipitation (b)

5 Razprava
5 Discussion

V ¢lanku smo primerjali enakost izracunov dveh
programov, ARSTAN-a in dpIR, za standardizacijo
casovnih vrst v dendrokronologiji. V obeh programih smo
kronologije izracunali na podoben nacin (da bi ohranili
primerljivost), z uporabo kubiénih zlepkov s togostjo 67
% dolzine posameznega, standardiziranega zaporedja
Sirin branik. Izracunani kronologiji se med sabo zelo
malo razlikujeta, to dokazujejo visoke korelacije in dobro
vizualno ujemanje med kronologijama ter neznacilne
vrednosti t-testa. ARSTAN je za zaletnika lazji, ker Ze
vsebuje predlagane operacije in moznosti izdelave porocila,
vendar mora biti uporabnik Ze seznanjen z nac¢inom dela
in razlago dobljenih rezultatov. Pri dpIR (ki je knjiznica
programa R) pa moramo na zacCetku vse ukaze zapisati
ali jih kopirati iz drugih analiz sami. Vendar, ko imamo
spisek ukazov enkrat narejen, ga lahko na preprost nacin
v R-ju pregledujemo, sproti popravljamo, dopolnjujemo in
posredujemo. V ARSTAN-u lahko med procesom izdelave
kronologije zamenjamo tip krivulje, ne moremo pa se
vradati v pretekla dejanja, temve¢ moramo zaceti proces
izpeljati do konca ali pa ga v celoti prekiniti. Pri dpIR
ni ovire, ¢e zelimo popraviti ukaz v preteklem dejanju,
saj se prosto odlo¢amo o izvajanju operacij, hkrati pa si
ogledujemo rezultate (tabele, grafe). Izdelava enostavnih
grafov je v R-ju preprosta, z viSanjem zahtevnosti grafov

pa se veCa tudi zahtevnost izvedbe. Razlike v grafih
primerjanih kronologij STD in RES lahko pripisemo
racunanju vrednosti na zacetku in na koncu obdobij,
zaradi drugacnega upostevanja konca kronologij. Razlike
se namre¢ pojavljajo prav v okolici zacetka dolzine
kronologije ter na koncu. Rezultati t-testov so pri vseh
izracunanih kronologijah in koeficientih potrdili vizualno
podobnost grafov izdelanih kronologij v knjiznici dpIR
ter v programu ARSTAN, zato lahko trdimo, da izdela
dpIR enako kakovostne in natancne rezultate kot Ze
uveljavljeni ARSTAN. Ker se programa razlikujeta le po
nacinu opredelitve parametrov oziroma zapisu za izdelavo
kronologije in predstavitvi rezultatov, naj se o dokon¢ni
izbiri programa odloc¢i vsak uporabnik sam.

6 Summary

A tree’s response to climate and other factors at
radial growth can be studied by measuring tree-ring
widths (TRW). TRW depends on various factors and
holds information on growth for many years in the past
(COOK, 1985). Chronologies, made out of raw data, are
influenced by age trend and other disturbing factors. In
order to remove these factors, we standardize chronologies.
Process of standardization consists of finding a regression
function that best fits the measured TRW and calculating
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indices between them (LEVANIC, 1996). The commonest
functions are linear, modified negative exponential and
cubic smoothing spline (Figure 1). For this study, a cubic
smoothing spline with 50% frequency response and 67%
length of chronology was chosen. Computer programs such
as ARSTAN and dplR (dendrochronology program library
in R) allow users to read Tuscon format files and perform
a variety of functions or statistical analyses. In these two
programs, we compared numerical and graphical results of
site chronology, made for 10 pedunculate oaks (Quercus
robur). In this article we describe standardization in both
programs and compare results. One of the goals is also to
introduce the usefulness of R.

ARSTAN is a free program, developed by Cook
and Holmes (http://www.ldeo.columbia.edu/res/fac/trl/
public/public-Software.html). It produces chronologies
from tree-ring widths series by detrending and indexing
(standardizing) the series, then applying a robust estimation
of the value function to remove effects of endogenous stand
disturbance (HOLMES/ADAMS/FRITTS, 1986). The
program execution properties (settings) are chosen from a
menu before starting standardization (Figure 3). When the
process is completed, statistics of each measurement series
before and after detrending can be seen. ARSTAN produces
four chronologies: raw, STD, RES and ARSTAN (Figure
2). The basic (raw) chronology of TRW contains age trend
and standardized (STD) is the detrended tree ring index
series, combined into a mean value function of all series
(as a robust estimation of arithmetic mean). The residual
(RES) chronology is computed the same as STD, this time
using the residual series from autoregressive modelling
of the detrended measurement series. Robust estimation
of the mean value function produces a chronology with a
strong common signal and without persistence. The pooled
model of autoregression is reincorporated in to the RES
version to produce the ARSTAN chronology. ARSTAN
creates statistical results of chronologies, eigenvalues and
principal component analysis. Standardization and how
the regression line is fitted to measurement series can be
controlled for one tree at a time. We can stop calculation,
choose other method and continue. For comparison
between programs, we have chosen the STD and RES
chronologies.

R (www.r-project.org) is a statistical programming
environment for statistical analysis and graphical
presentation of results. There are four features that make
R preferred; first, R and its add-on packages (libraries) are
free. Second, R community helps with posting questions
and answers on the Internet. Third, all analyses in R
are easily reproducible, and fourth, R operates on every
modern computer platform (BUNN, 2008). Libraries are
an essential part of the program, containing orders and
enabling operations. One of them is the dendrochronology
program library in R or short dpIR, used for standardization
measurement series (Figure 4). R demands from users
written orders that can easily be re-called, but not if in
the meanwhile the program is shut down. This problem is

solved with commands, saved in Tinn-R. This is another
free, simple and efficient program, in which we process,
copy and reproduce analyses. STD and RES chronologies
are made in dplR in many ways. Like ARSTAN, it enables
the computation of regression functions for individual
trees or all together, but it also shows fitting of the function
to measurement series for one tree at a time. In our
comparison, a correlation coefficient between temperature
and precipitation with our chronology made in ARSTAN
was calculated. This process was repeated with dpIR and
results were compared.

Results for basic statistics of tree-ring widths are equal
at computing mean and standardized deviation. Differences
are shown only at third decimal place of result for sensitivity
and on second decimal place for autocorrelation coefficient
(Table 2). Correlation between standardized chronologies
is 0.9773, while between residual chronologies it reaches
0.9776. Graphical comparison shows little and small
differences between chronologies. Differences are circled
(Figures 6 and 7). When comparing the sum of correlation
values between ARSTAN and temperature, the value is -
1.75 (comparing to dpIR with value -1.73). With correlation
between STD chronology and precipitation, the sum of
correlations is valued with 0.04 for ARSTAN and 0.01 for
dpIR (Figure 8).

All results were checked for significance with t-test
and no difference was statistically significant. This result
confirms that calculations made with dpIR are equal to the
ones made with ARSTAN. As both of the programs have
their own advantages and disadvantages, user himself
should be the one to decide which program to use, when in
need to standardize dendrochronological data.
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Metoda preucevanja sledi iglic terminalnega poganjka
Simon POLJANSEK! , Primoz OVEN?, Risto JALKANEN? , Tom LEVANIC*

lzvledek

Metoda preucevanja sledi iglic terminalnega poganjka, ali krajSe metoda sledi iglic (ang.: needle trace method), retrospektivno belezi
starost iglice v trenutku, ko odpade, ter preucuje vpliv okoljskih in biotskih dejavnikov na Stevilne izpeljane podatke, ki temeljijo
na ugotovljeni zivljenjski dobi iglice. Z izvedbo metode pridobimo podatke o dolzini viSinskih prirastkov ter Stevilu sledi iglic v
posameznih branikah vseh visinskih prirastkov. Z izracunanimi kazalniki je mogoce oceniti fizi¢no stanje kronje preucevanega drevesa.
Metoda je bila razvita na Finskem na rdecem boru (Pinus sylvestris L.), kmalu pa uporabljena tudi na drugih iglavcih. Uporablja se na
podro¢ju dendrokronologije, gozdne ekologije, patologije in entomologije. V ¢lanku avtorji predstavljajo osnovno morfologijo sledi
iglic, osnovno idejo metode in njeno uporabnost v okoljskih Studijah ter izpeljane kazalnike, kot so relativno Stevilo sledi iglic ter
zadrzevanje, izguba, odmet, starost, dolgozivost, gostota, letni prirast Stevila in zaloga iglic.

Kljuéne besede: iglavec, rdeci bor, listni aparat, kazalnik, okolje, onesnazevanje, defoliacija

Needle trace method

Abstract

Needle trace method retrospectively records the needle age at the time of its fall-off and studies the influence of the environmental
and biotic factors on needle proxies. Data on height increments and number of needle traces in tree-rings of individual growth shoot
are collected. With needle proxies, the tree crown’s physical condition is evaluated. The method was developed in Finland on Scots
Pine (Pinus sylvestris L.) and soon used on many other conifers. Its application is in dendrochronology, forest ecology, pathology and
entomology. In this paper, the structure of needle trace is described, background of the method, its usage and the needle proxies: relative
number of needle traces, needle retention, needle loss, needle shed, needle age, needle longevity, needle density, needle production and
needle pool.

Key words: conifer, Scots Pine, crown, needle proxy, environment, pollution, defoliation

1 Uvod
1 Introduction

metoda preucevanja sledi iglic terminalnega poganjka
(JALKANEN / AALTO / KURKELA 1994a) (ang. needle
trace method = NTM), kar lahko poslovenimo kot metoda
slediiglic. NTM omogoca pridobitev podatkov o Zivljenjski

Vsako pomlad zraste na obstojecih poganjkih
borov (Pinus spp.), jelk (Abies spp.), smrek (Picea spp.)
in drugih vednozelenih iglavcih nov poganjek z novim
polnim setom iglic, jeseni pa povpre¢no en set najstarejSih
iglic odpade. Povpreéno Stevilo hkrati obstojecih setov
iglic na drevesu je vrstno znacilno, odklon od povpreéja
pa je posledica odziva drevesa na okoljske dejavnike.
Eden izmed kazalnikov stanja gozdov je osutost drevesnih
kroSenj. DeleZz manjkajoc¢ih asimilacijskih organov se
najpogosteje ocenjuje okularno, kar je sicer slabost izbrane
inventurne metode. Za natanénejSe merjenje osutosti je bila
na Finskem na rdecem boru (Pinus sylvestris L.) razvita

dobi iglic pod terminalnim poganjkom. DolgoZivost iglic
vzdolZ debla in vej sta znacilno povezani (JALKANEN et
al. 2000), zato dobljeni izsledki s terminalnega (vrhnjega)
poganjka veljajo za vso kro3njo. NTM je bila v Sloveniji
uporabljena Ze dvakrat; prvi¢ pri raziskavi vpliva redcenja
na rast rdecega bora (JALKANEN / LEVANIC 2001) in
drugi¢ pri primerjavi rasti navadne smreke (Picea abies
L.) z dveh rastis¢ (LEVANIC et al. 2006). Kljub temu
NTM v slovenskih prispevkih Se ni bila podrobno opisana.
Namen tega prispevka je razloZiti nastanek, morfologijo
in dimenzije sledi iglic, opisati izvedbo metode, definirati
osnovne in izpeljane kazalnike metode ter predstaviti njeno
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uporabo v raziskavah rasti in odzivnosti drevesnih vrst na
okoljske dejavnike.

1.1 Morfologija in dimenzije sledi iglic
1.1 Morphology and dimensions of needle traces

Za predstavnike Abies, Cedrus, Larix, Picea, Pinus,
Pseudotsuga in Tsuga so znacilni listi iglicaste oblike.
V nasprotju z luskastimi listi, ki so na primer znagilni
za araukarijevke (Araucariaceae), se pri iglastih listih
pojavljata samo eden ali dva nerazvejena vaskularna
pramena (MAUSETH 1988). Pramen prevodnih tkiv
mnogih iglavcev vsebuje vaskularni kambij, ki proizvaja
sekundarni floem, in le malo ali ni¢ sekundarnega ksilema
(MAUSETH 1988). Pramen prevodnih tkiv, ki poteka
skozi ksilemske branike in povezuje notranjost iglice s
prevodnim sistemom poganjka, predstavlja sled iglice
(GIBSON 2010). Podobno sled v braniki imajo kratki
poganjki borov (ang. short shoot). To so igli¢ni ovoji, v
katerih so iglice zdruzene v skupine po 2 (npr. P. sylvestris,
P. nigra), 3 (P. ponderosa, P. radiata), 4 (P. quadrifolia)
ali 5 iglic (P. cembra, P. longaeva). Ti poganjki dodatno
vkljuéujejo e strzen, ki ga obdaja ksilem. Z izrazom
sled iglic tako oznacujemo tudi sledi kratkih poganjkov,
ki so vidne v lesu borov (Slika 1). Premer sledi iglic se

Slika 1: Mikrografija tangencialnega prereza sledi iglice
pri rdecem boru (Pinus sylvestris) in makroskopska slika
sledi iglice na pre¢nem prerezu dve leti starega poganjka;
A oznacuje iglico in igli¢ni ovoj, B sled iglice od skorje do
strzena ter C strzen.

Figure 1: Micrograph of tangential section of needle trace
in Scots Pine (Pinus sylvestris) and macroscopy of needle
trace in cross-section of two years old shoot; A marks
needle with needle fascicle, B needle trace from bark to
pith, and C pith.

razlikuje med drevesnimi vrstami in med iglicami z
razli¢nih poganjkov istega osebka, ne pa med sledmi iglic
z istega poganjka. Njihov premer je v sorazmerju z dolZino
in tezo suhe iglice, povezave z drugimi morfoloskimi
znacilnostmi iglic (Sirina, debelina in morfologija) pa niso
statisti¢no znacilne, zato preucevanje morfologije iglic prek
njihovih sledi ni mozno (PENSA / AALTO / JALKANEN
2004). V povprecju znaSa premer sledi iglice pri rde¢em
boru 233+30 pum, navadni tisi (Taxus baccata) 141+19 um,
duglaziji (Pseudotsuga menziesii) 121+30 pm, navadni
smreki (Picea abies) 80+18 um ter sibirski jelki (Abies
sibirica) 85+21 pum.

Pramen prevodnih tkiv se razteza od strzena
poganjka skozi branike in skorjo poganjka do baze iglice.
Ob odmrtju iglice celice abscizijskega tkiva prekinejo
pretok snovi med iglico in deblom, zato se pecelj iglice
oziroma steblo kratkega poganjka prelomi. Na tem mestu
kambij ne proizvaja ve¢ parenhimskih celic, temve¢ zacne
proizvajati lesna vlakna poganjka. Zaradi tega sega sled
iglice od strZzena do mesta v braniki tistega leta, v katerem
je bila iglica odvrzena (Slika 2).

Slika 2: Razvoj od 1- do 5-letnega poganjka s sledmi iglic
v radialnem prerezu; povzeto po: Jalkanen et al. (2000)

Figure 2: Development over five growing seasons of short
shoots in radial vision; after: Jalkanen et al. (2000)

2 Opis metode
2 Method description

Za izvedbo metode je treba posekati drevo, zato jo
uvrS¢éamo med destruktivne raziskovalne metode. NTM
se opravlja na vzhodni strani debla oziroma terminalnega
poganjka, zato to smer na deblih posekanih dreves oznacimo
z zarezo (Slika 3A). Vzhodna stran najbolje ponazarja
variabilnost zadrZevanja iglic (JALKANEN / AALTO /
KURKELA 2000), zato Stetje opravimo le na tem delu,
Stevilo iglic celotnega oboda pa dobimo z izracunom. Po
poseku drevesa najprej izmerimo visinske letne prirastke,
sledi razrez stebla na letne visinske prirastke (Slika 3A).
1z sredine vsakega viSinskega prirastka odreZzemo kolut,
na spodnji del zapiSemo njegovo zaporedno Stevilko in
prestejemo branike. Stevilo branik na teh kolutih se mora
ujemati z zaporedno Stevilko viSinskega prirastka. Tudi
skupno Stevilo viSinskih prirastkov se mora ujemati s
Stevilom branik na kolutu s prsne viSine. DolZine kolutov
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upostevamo pri kasnejsSih izracunih. Sledi iglic pricakujemo
samo v prvih nekaj branikah od strZena navzven, zato
lahko odstranimo branike, v katerih zagotovo ni sledi iglic.
Sledi iglic so lahko s prostim o¢esom slabo vidne, zato jih
iS5¢emo s previdnim in postopnim rezanjem tangencialne
ravnine branike oziroma vzorca, v radialni smeri od skorje
proti strzenu (Slika 3B). Sledi iglic Stejemo v kasnem lesu
vsake branike na povrsini vzorca, ki jo doloc¢ata dolzina
vzorca in ostri kot (npr. 50, 60 ali 70 stopinj) trikotnika,
ki ga skiciramo na precnem prerezu vzorca (Slika 3B).

Sestevek sledi iglic za posamezen poganjek (visinski
prirastek) in posamezno braniko (leto) zapiSemo v vnaprej
pripravljeno tabelo (Slika 4), ki vsebuje tudi podatke o
kotu trikotnika, letnem viSinskem prirastku ter dolZini
vzorca. Stevilo proizvedenih iglic na vzorcu po celotnem
obsegu izraéunamo z upoStevanjem Stevila sledi iglic v
najstarejSi (prvi) braniki ter deleZzu obsega vzorca, vzetega
v analizo. Ob upoStevanju kota trikotnika, dolZin vzoreenih
poganjkov, visin letnih prirastkov ter naStetih sledi iglic
dohimo z ra¢unskimi postopki razli¢ne kazalnike sledi iglic.

Slika 3: (A) Razrez debla na letne viSinske prirastke, zareza oznacuje na vzhod obrnjeno stran debla (B) Del debla,
o0znacgen z zarezo, izzagamo in ga uporabimo za nadaljnjo analizo. Sledi iglic se Stejejo na tangencialni ravnini branike

0z. vzorca; povzeto po Aalto in Jalkanen (1998).

Figure 3: (A) Cutting a stem into annual sections (bolts), cut points east. (B) Parts of disks with marked east side are
additionally cut, inventory of needle traces using an arc surface is done on tangential side; after Aalto and Jalkanen

(1998).
Zap. &. Leto Vf§inski Dolzina Kot Stevilo sledi iglic v posamezni braniki i ?::e\;iovilc(jiu
prirastka rasti prirastek veorea 1/360° ’
[em] [mm] 11 10 9 8 7 6 5 4 3 2 1
1 2011 25 95 360 112 112
2 2010 14 74 360 85 85 85
3 2009 19 99 360 76 78 78 78
4 2008 17 83 360 62 65 68 68 68
5 2007 20 95 70 11 13 14 14 14 72
6 2006 23 95 70 8 10 12 12 12 61
7 2005 22 86 70 11 11 13 13 65
8 2004 19 92 70 3 8 8 10 10 50
9 2003 21 90 70 5 9 9 9 12 61
53 1959 32 85 70 1 6 8 12 12 12 61
54 1958 25 87 70 8 8 9 11 11 56
55 1957 26 91 70 5 9 12 12 13 66
56 1956 26 80 70 2 7 8 11 11 11 56
57 1955 31 95 70 1 5 5 9 13 14 72
58 1954 28 92 70 8 8 12 12 12 61
59 1953 23 105 70 7 9 11 11 13 66
60 1952 24 98 70 1 5 5 8 12 12 61

Slika 4: Primer preglednice s podatki o prestetih sledeh iglic v posameznih branikah in viSinskih prirastkih, upoStevanem kotu
trikotnika ter dolZini vzorca. Krepke Stevilke oznacujejo podatke, pridobljene na terenu.

Figure 4: Example of table with data of counted needle traces in tree-rings and height increments, according to angle and length of
the sample. Bold numbers characterize values, acquired in the field.
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2.1 Izpeljani kazalniki
2.1 Calculated dendrochronological proxies

Na osnovi pridobljenih podatkov izracunamo
kazalnike (JALKANEN / AALTO / KURKELA 2000;
JALKANEN / LEVANIC 2001), ki so pojasnjeni in
prikazani v nadaljevanju (Slika 6). Predstavljeni kazalniki
so:

* Relativno Stevilo sledi iglic (ang. relative number of
needle traces),

 zadrzevanje iglic (ang. annual needle retention),

* izguba iglic (ang. annual needle loss),

» odmet (ang. needle shed),

* starost iglic (ang. current age),

+ dolgozivost iglic (ang. longevity, needle age),
 gostota iglic (ang. needle density),

o letni prirast iglic (ang. annual needle production) in

» zaloga iglic (ang. needle pool, tudi total number of
needles).

Relativno Stevilo sledi iglic (p,) je osnova vseh
izratunov. Absolutno Stevilo sledi iglic v posamezni
braniki izbranega poganjka primerjamo s Stevilom iglic
v prvi braniki. Relativno Stevilo sledi (1) izracunamo:

Py =100,

X1

1

pri cemer je p, relativno Stevilo iglic (p) v izbrani
braniki (r) letnega visinskega prirastka, x_Stevilo sledi iglic
() v braniki (r) in x, Stevilo sledi iglic v braniki prvega
leta.

Zadrzevanje iglic (ANR) ponazarja seStevek
relativnih Stevil sledi iglic v izbrani braniki (2). Ta kazalnik
nam pove skupen deleZ setov iglic, hkrati obstojecih na
steblu v izbranem letu. ZadrZevanije iglic ugotovimo:

ANR = w, )
100

kjer ANR pomeni Stevilo starostnih razredov iglic
izbranega leta, p, deleZ obstojecih iglic na poganjku b v
preucevanem letu, p,,, delez obstojecih iglic v isti braniki,
vendar na leto starejSem poganjku, itd. (b) je numeri¢no
zaporedje poganjkov, za¢enSi od najmlajsega. Nasliki (Slika
5) je triletni poganjek z 2,66 razreda iglic v izbranem letu;
prva dva razreda (letosnji in lanski poganjek) sta popolna,
pri zadnjem razredu (predlanski poganjek) pa manjka 1/3
iglic, torej Stevilo starostnih razredov ni 3, temve¢ je ta
ocena zmanj$ana za 1/3 zadnjega razreda, skupaj torej 2
celoti in 2/3, oziroma 2,66 starostnega razreda v danem
letu.

Izguba (ANL,) seta iglic se izracuna kot razlika med
dvema zaporednima starostnima razredoma (3). Stevilo

starostnih razredov prihodnjega leta (ANR,,,) odStejemo od
Stevila starostnih razredov v letu, ki ga preucujemo (ANR).
Konstanta +1 pomeni povecanje Stevila obstojecih setov za
en poln set iglic.

ANL, = (ANR, — ANR,;) + 1 3

Odmet (NS) je kazalec relativne izgube iglic v letu
t, izraZen je kot razmerje med Stevilom setov iglic dveh
zaporednih let (NS, NS,)) (4). Vsako leto priraste nov
set iglic, pricakovano pa je, da en set iglic odpade zaradi
starosti. Ko je indeks 1, je zadrZevanje v ravnovesju z
odmetom, vegja vrednost pomeni vegji osip kot pridobitev
novih iglic. V primeru (Slika 5B) vidimo, da v zadnjem
setu ni odpadla ena iglica, zato odmet ni popoln, vrednost
je tako manjsa kot 1, torej 0,66 seta.

NS, = Xt 4

NSp41

Starost iglic ponazarja povprecno starost hkrati
obstojecih iglic na tistih poganjkih, ki imajo v izbranem
letu obstojece iglice. Gre za tehtano aritmeticno sredino, ki
uposteva Stevilo iglic na razli¢no starih poganjkih.

Dolgozivost (NA) je izracunana za poganjek, to je
povpreéna starost iglic na izbranem poganjku. Ob tem se
leto, ko so iglice preZivele v brstu poganjka, ne Steje. Za
izracun povprec¢ne starosti iglic je nujno oceniti dolzino
¢asovne periode med odprtjem brsta (zacetek rastne sezone)
in rumenenjem najstarejSih iglic (v jeseni). Povprecno
starost iglic izracunamo (5):

t
_ Bea@rpran[r-1t] 5
100

NA

NA ponazarja povprecno starost iglic, ki so zrasle
v izbranem letu, p, delez iglic p v braniki r in t Stevilo
mesecev od zacetka rasti brsta do rumenenja iglic (navadno
4 meseci). DolgoZivosti tistih iglic, ki so e pritrjene na
poganjek, ni mogoce izracunati, zato izracun ne poda
rezultatov za najmlajSe poganjke, torej za vrh drevesa.

Gostota iglic (ND) - ¢eprav je gostota izraz mnozine
¢esa na doloceni povrsini, se tu uporablja kot oznaka Stevila
sledi iglic (x) na dolZinski centimeter poganjka v prvem
letu starosti. Pri izracunu sta pomembna dolZina vzorca
(1,) in kot trikotnika (e), ki oznacuje povrsino, na kateri
Stejemo sledi iglic (Slika 3C). Gostoto iglic izracunamo

(6):

ND = 360°x 6

alp

Letni prirast iglic je Stevilo vseh iglic na novem
poganjku izbranega leta. Prirast dobimo z mnoZenjem
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gostote iglic in dolZine viSinskega prirastka v izbranem
letu. V primeru A (Slika 5A) znaSa letni prirast letoSnjega
in lanskega poganjka tri iglice.

Zalogaiglic (ANN) je seStevek vseh hkrati obstojecih
iglic na steblu v izbranem letu. SeStevek zapiSemo (7):

ANN = Z(NNb,NNb+1,_,,NNb+n,) 7

ANN ponazarja celotno Stevilo iglic v izbranem letu,
NN, stevilo iglic na poganjku b, NN, Stevilo iglic na
leto starejSem poganjku (b+1), itd. Oznaka b predstavlja
zaporedno Stevilko vrhnjega poganjka, zacetno Stevilko
ima najvisji poganjek. Na primeru (Slika 5C) je torej
zaloga iglic 6; 3 iglice na poganjku v prvem letu starosti,
2 iglici na dve leti starem poganjku ter 1 iglica na tri leta
starem poganjku.

3 Uporaba metode
3 Method usage

Fiziologija dreves in odziv kazalnikov na okolje

Tree’s physiology and response of needle proxies to
environment

Rast dreves je v veliki meri odvisna od listnega
aparata. Mlade iglice rdecega bora nimajo vpliva na
viSinsko rast poganjka, lahko pa pozitivno vplivajo na
radialno rast v zadnjih dveh tretjinah rastne sezone. Iglice,
starejSe od 3 let, porabijo vec energije za respiracijo, kot

letosnji poganjek
this year’s sprout

‘ /4
/| 4
( (4/;’
L 4 lanski poganjek
last year's sprout

i /
,,/1/ predianski poganjek

4/ 3years old sprout
&
>

lansko leto
fast year

jo proizvedejo s fotosintezo, zato se na poganjkih ohranijo
le v primeru ovirane asimilacije mlajsih iglic, npr. zaradi
okuzbe (DRENKHAN / KURKELA / HANSO 2006).

Podobno velja za mladike navadne smreke, ki se jim
rast, ¢e odstranimo 70 % najmlajsih iglic, zmanj3a le za
30 % (BAUER et al. 2000). Mlaj$a drevesa rdecega bora
imajo ve¢ kratkih poganjkov (iglicnih ovojev) na steblu
kot starejSa, vendar je zadrZevanje iglic, starih 3 in 4 leta,
vecje pri starejSih drevesih. Razloge za to lahko iS¢éemo
v prevajanju vode, ki je pri rdecih borih najmocnejse
pri drevesih starosti 15-20 let, pri starejSih pa vodni
potencial upade (PENSA / JALKANEN / SELLIN 2001).
Na zadrZevanje iglic vplivata poleg starosti dreves tudi
nadmorska visina rastis¢ (POUTTU / DOBBERTIN 2000)
ter zemljepisna Sirina. ZadrZevalna sposobnost rdecega
bora na severu Finske (68 °S) je 6 setov, na jugu (60
°S) pa le 3,4 seta (JALKANEN / AALTO / KURKELA
1995a), medtem ko iz Rusije (62 °S) poroc¢ajo 0 4,6 seta
in povprecni starosti iglice 3,7 leta (FEDORKOV 2002).
Razlika je tudi v dolgoZivosti iglic, ta je za dve leti daljSa
pri borih na Finskem (4 leta) kot v Estoniji (2 leti) (PENSA
/ JALKANEN 2005). Primerjava zadrZevanja setov iglic
med vrstama rdecega in rumenega bora (P. ponderosa) je
bila opravljena na susnem rastisc¢u v Nemdciji (INSINNA et
al. 2007). Vrsti sta se na okolje odzivali podobno s kazalniki
letnega prirastka iglic (206/215), izgube (202/196) ter
gostote iglic (6,8/7,8), razlike med rdec¢im in rumenim
borom (v tem zaporedju) so bile znacilne v starosti iglic
(2,1/3,5), zadrzevanju (2,6/3,7) in zalogi iglic (634/877).
Pri uporabi metode na japonskem ¢rnem (Pinus thunbergii
Parl.) in japonskem rde¢em boru (Pinus densiflora Sieb.
et Zucc.) so naSteli Stevilo obstojecih setov na vrhnjem
poganjku3,7in2,2tergostoteiglic9,4in 7,4 vtem zaporedju

/
- 7 /s
/.”.
= 1kt
P 1 year
1 N
F.f
']
2leto
2 years
| F
|
| 3 leto
i 3years

letosnje leto
this year

Slika 5: Letni prirastki poganjkov, obstojece iglice in mesta odpadlih iglic (povzeto po AALTO / JALKANEN 1998).

Za razlago kazalnikov glej besedilo.

Figure 5: Annual growth of long shoots, attached needles and empty spaces of fallen needles (after AALTO / JALKANEN

1998). For explanation of the needle proxies, see text.
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Slika 6: Kronolo3ki prikaz kazalnikov iglic izbrane smreke (P. abies)
Figure 6: Chronological introduction of needle proxies of a selected Spruce (P. abies)
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(KONOPKA / TSUKAHARA / JALKANEN 2000).

Na smreki so bile prve raziskave opravljene v Nemdiji
in zatem na Ceskem (SANDER / ECKSTEIN 2001).
Pri tem sta avtorja Sander in Eckstein odkrila, da znaSa
povpre¢na letna produkcija iglic na terminalnem poganjku
navadne smreke 355 iglic, gostota 13 iglic na dolZinski
centimeter poganjka ter da je na poganjku vedno 6,5 seta
iglic. Na vzorceni ¢eski lokaciji so spremljali tudi stanje
zracne onesnazenosti, a znacilen vpliv na listni aparat ni
bil potrjen. 1z Slovenije izhajajo rezultati prve raziskave
rasti smreke v neonesnaZenem okolju (LEVANIC et al.
2006). 1zmerjena smreka je imela zadrzevalno sposobnost
6,5 seta, povprecno starost iglic 6 let (4,3 -11), letno
produkcijo 441 iglic ter 18 iglic/cm viSinskega prirastka.
V raziskavah rdecega bora so opazili tudi povezavo med
letno produkcijo iglic in proizvodnjo peloda rdecega bora.
Kazalnik produkcije iglic pojasni do 51 % variacije letne
proizvodnje peloda. Na osnovi kalibracije med produkcijo
iglic, peloda ter julijske povprecne temperature prejSnjega
leta je omogocena rekonstrukcija preteklih letnih
proizvodenj peloda (JALKANEN et al. 2008). ZabeleZenih
in preuc¢enih je tudi ve¢ odzivov kazalnikov iglic na
razlicne stopnje osvetljenosti in razpoloZljivosti hranil
(NHINEMETS/KULL1995; SANDER/ECKSTEIN 2001).
Rodovitnost tal vpliva na dolZino iglic, kraj$e so na rdecih
borih, rastocih na nerodovitnih tleh (PENSA / SELLIN
2002). Pocasna rast dreves in majhna koncentracija hranil
v iglicah ne povzrocata nujno veéjega zadrzevanja iglic in
s tem daljSega zadrZevanja hranil (PENSA / JALKANEN
/ LIBLIK 2007b). Ena izmed prilagoditev rastlin na susne
razmere je zmanjSanje listne povrsine, tj. Stevila iglic in
s tem transpiracijske povrsine, dodatno obstaja povezava
med premerom sledi iglic rdecega bora in gostoto listnih
rez, ki vpliva na transpiracijo (PENSA / AALTO /
JALKANEN 2004). Rdeci in rumeni bor imata podoben
odziv nekaterih kazalnikov listnega aparata (izguba,
skupno Stevilo, zadrZevanje) na jesenske padavine, razlike
pa so pri odzivu na poletne padavine, ki imajo vecji vpliv na
druge kazalnike rdecega bora (INSINNA / JALKANEN /
GOTZ 2007). Na dolzino iglic in na debelinsko rast érega
bora negativno vpliva poletna susa (LEBOURGEOIS et al.
1998). V primerjavi s padavinami ima temperatura manjsi
vpliv na iglicne kazalnike raziskanih vrst. Negativen
vpliv na zadrzevanje iglic rde¢ega bora na jugu Finske
ima dolZina rastne sezone, izrazena kot termalna vsota
(mejna vrednost +5 °C), zadrZevanje iglic pa se kaZe kot
periodiéno z dolZino cikla 6-12 let (JALKANEN / AALTO
/ KURKELA 1995h). Spremenljiva dolgoZivost iglic
rdecega bora pomaga kompenzirati manjSo produkcijo
iglic. Glede na spremembo v klimi, od leta 1990 dalje,
so se povecali produkcija iglic ter viSinski in debelinski
prirastek (PENSA / SEPP / JALKANEN 2006). Kazalniki
iglic pa ne pokaZejo vedno odziva na okolje. Tako niso
pokazali razlik v vrednostih kazalnikov iglic med sestojema
rdecega bora iz onesnazenega in neonesnazenega obmogja,
se pa je s povecanim prirastkom rdeci bor odzval na zra¢no
onesnaZevanje v Estoniji (termoelektrarna in kemicne

tovarne) (PENSA/ LIBLIK / JALKANEN 2004).

Kombinacije z drugimi metodami
Combination with other methods

Povezovanje NTM in dendrokronologije lahko
pomaga pri razumevanju sprememb v priraS¢anju dreves,
ki jih lahko napacno ali celo ne zmoremo pojasniti z
uporabo samo ene metode. NTM je bila prvi¢ uspe$no
uporabljena za potrditev zabelezenih okuzb rdecega
bora s Svedskim osipom borovih iglic (Lopbodermella
sulcigena (Rostr.) v. Hohn.) (JALKANEN / AALTO /
KURKELA 1994b). Analiza rezultatov NTM je prav tako
izkljucila vpliv vremenskih dejavnikov na upad prirastka
rdecega bora v centralni Finski v letih 1960-1985 in
potrdila napad rjave borove grizlice (Neodiprion sertifer
G.) v letih 1961 in 1981-82 (FERRETTI et al. 2002).
Podobno lahko retrospektivno z NTM in s primerjavo
debelinskih prirastkov spremljamo posledice objedanja
gosenic borovega pedica (Bupalus piniaria L.). Najvegji
vpliv na rast dreves rdecega bora na Skotskem je imela
gostota pedicev v tekocem in predhodnem letu. Radialni
in volumenski prirastek sta se v obdobju 2-3 let po vrhu
Stevil¢nosti pedicev zmanjSala za najvec 50 %. V tem ¢asu
je bila rast moéno pozitivno povezana z zadrZevanjem iglic
(ARMOUR/STRAW/ DAY 2003). V primeru preucevanja
defoliacije so NTM uporabili tudi na sitki (WILLIAMS /
STRAW / DAY 2003), kjer so ugotovili, da se za 33-38
% zmanjSano zadrZevanje iglic ujema z 10-letno periodo
izbruha napadov grizlice Gilpinia hercyniae, pri ¢emer
so najhuje napadene najmlajse iglice. Defoliacija v ¢asu
prenamnoZitve je povzrogila upad v viinskem, radialnem
in volumskem prirastku za 24-49 %, 30-59 % in 32-56 %
(v tem zaporedju).

4 Zakljuéek
4 Conclusion

Metoda sledi iglic (NTM) preucuje starosti iglic,
zapisane v branikah posameznih viSinskih prirastkov
vrhnjega poganjka. Od prvih raziskav rdecega bora
(KURKELA/JALKANEN 1990) se je uspesno zastavljena
metoda hitro razvila in bila uporabljena tudi na drugih
vrstah (SANDER / ECKSTEIN 1994; KONOPKA /
TSUKAHARA/JALKANEN 2000; INSINNAetal. 2007).
NTM se praviloma opravlja na vzhodni strani drevesa, a se
navkljub temu nacelu v literaturi pojavi tudi izvedba metode
na severni strani (PENSA / AALTO / JALKANEN 2004).
Rezultate NTM so v Svici primerjali z rezultati okularnih
ocen osutosti gozdnih inventur in ugotovili, da se ocene
metod ujemajo v dveh tretjinah letnih podatkov (POUTTU
/ DOBBERTIN 2000). Uporabnost metode potrjuje tudi
analiza sestoja sitke v Walesu, kjer je metoda prepoznala
umetno povzrogeno 75-odstotno defoliacijo vrhnjega
poganjka (WILLIAMS / STRAW / DAY 2003). Ceprav so
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rezultati merjene osutosti NTM in okularnih ocen popisov
skladni, se naj NTM zaradi destruktivnega pristopa, teZav pri
iskanju letnih viSinskih prirastkov drevesa ter belezenjem
izpadlih branik ne bi uporabljala kot nadomestilo gozdnih
inventur (POUTTU / DOBBERTIN 2000). Poleg tega je
uporaba metode na drugih druzinah iglavcev (poleg borov)
omejena z vidljivostjo sledi iglic. ManjSa ko je sled iglic v
lesu, bolj je oteZeno Stetje sledi in obratno. Sled igli¢nega
ovoja pri borih je velika, pri smreki pa je iglica krajsa
in vedno sama pritrjena na poganjek. Podoben primer
so sibirska jelka, tisa in duglazija (PENSA / AALTO /
JALKANEN 2004). Kot za pomo¢ pri lazjem iskanju sledi
iglic je bil razvit nacin sledenja sledi iglic s peskanjem
(ang: sandblasting) branik v smeri od strzeni proti skorji
(SANDER / ECKSTEIN 1994). Ta sistem je bolj zahteven
in zaradi tega manj uporabljen. Pri zelo tankih branikah sta
natancno strganje branik in Stetje sledi zahtevna, teZavo pa
povzrocajo tudi nejasno vidni letni viSinski prirastki. Venci
smreke so lahko nejasno izrazeni, med dvema vencema se
lahko pojavljajo tudi posamezne, dimenzijsko mocne veje,
podobne tistim v vencih. Te motijo pri dolocevanju vejnih
vencev na odraslih drevesih in s tem pri meritvah viSinskih
prirastkov. Metoda je ¢asovno potratna, vendar preprosta
in ne zahteva specifi¢nih ter dragih orodij. Vzoré¢imo in
preucujemo lahko tudi odmrla ali subfosilna drevesa, ¢e je
le njihova sredica trdna. Tako so npr. ugotovili raznolikost
gostot iglic skozi ¢as in drugih kazalnikov za 4.000 let v
preteklost (JALKANEN 1998). Prve raziskave z NTM so
bile usmerjene k preucevanju lastnosti kro3enj in starosti
iglic, kmalu pa so pomagale pri preucevanju vpliva okuzb
gliv (JALKANEN / AALTO / KURKELA 1994a; BAUER
et al. 2000), preteklih napadov ZuZelk (ARMOUR /
STRAW / DAY 2003; WILLIAMS / STRAW / DAY
2003) in gojitvenih ukrepov (JALKANEN / LEVANIC
2001). Najnovej3e raziskave prihajajo s podrocij vplivanja
stanja okolja (PENSA / LIBLIK / JALKANEN 2004), v
prihodnosti pa lahko pricakujemo predvsem raziskave
odvisnosti listnega aparata od klime in s klimo povezanih
sprememb (PENSA/ SEPP / JALKANEN 2006).

5 Summary

Every year, evergreen conifers add one needle set
and every year on average one needle set falls down. The
number of needle sets is influenced with environmental
conditions and, to some degree, varies through years. Loss
of needles can be estimated with visual forestry inventory
methods, but such techniques are not reliable. To solve
this problem, needle trace method (NTM) was invented.
It is based on the examination of length and location of
the needle traces embedded in stem wood (Figure 1). The
age of every needle, at the time of its fall off, is discovered
through counting the tree-rings in which the individual
needle trace is seen (Figure 2). The exact age of each needle
or short shoot (in pines, two or more needles grouped in

one fascicle) can be estimated. The method enables us to
retrospectively detect influence of a factor, which had the
greatest influence on the tree foliar system. Originally,
it was introduced on Scots Pine (Pinus sylvestris L.) in
Finland in the late 1980’s (KURKELA / JALKANEN
1990) and since then it’s been applied on many other
species (KONOPKA / TSUKAHARA / JALKANEN
2000; PENSA / AALTO / JALKANEN 2004; INSINNA et
al. 2007). The method has already been used in Slovenia
in research of thinning influence on Scots Pine at Smlednik
(JALKANEN / LEVANIC 2001) and of growth parameters
in Norway Spruce (Picea abies L.) on Pokljuka (LEVANIC
et al. 2006), but has never been explained in details.

Each needle or short shoot is in the first year of long
shoot growth attached to the pith of the long shoot (stem).
With radial growth of long shoot, the needle moves away
from the pith (GIBSON 2010). In between, there is a radial
increment from current year and the bark. To keep the
connection with the vascular system of the stem, meristem
tissue has to produce cells of conductive tissue. These cells
create needle trace, which extends from needle through
the annual increment(s) to the pith. After needle loss,
radial increment eventually overgrows conductive tissue
or needle trace (Figure 2). There is a connection between
width of needle trace and needle length (PENSA /AALTO
/ JALKANEN 2004).

In order to obtain NTM data, the sampled tree has
to be felled. The method is used on eastern side, so a
longitudinal cut is made to mark the position. This side
shows the highest amount of variability of needle traces.
The stem is cut into sections equalling annual shoots, but
omitting the branch whorls (Figure 3A). The innermost
tree rings, examined ring by ring using an arc surface and
a fixed angle, reveal the location and number of the needle
traces (Figure 3B). Once the needle trace data have been
obtained (Figure 4), chronologies of needle proxies can be
produced (AALTO / JALKANEN 1998) for a single-tree
or a stand (normally 5 to 10 trees) as follows: Relative
number of needle traces compares numbers of needle
traces in the following annual rings to the needle traces
in the first ring, all from the same growth shoot. Needle
retention describes how many needle sets are present on
the main stem in a given year, needle loss how many sets
are shed per year and needle shed relative number of lost
needle sets. Needle age is able to produce chronology for
mean age of needle classes. Separately, the NTM calculates
the average age of fallen needles at any shoot; longevity.
The number of needles in different annual shoots in a given
year is called needle pool and the needle production is
normal annual needle production that reveals the number
of needles produced in the leader shoot. The number of
needles per centimetre on the long shoot gives needle
density. Additionally, data on height and radial increment
are obtained.

Results of the needle proxies can be used in order
to investigate response of trees to the climate conditions
(INSINNA / JALKANEN / GOTZ 2007; PENSA /
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JALKANEN / LIBLIK 2007a), silvicultural influence
(JALKANEN / LEVANIC 2001) or environmental
conditions, such as fungi attacks (JALKANEN / AALTO
/ KURKELA 1994a) and insects epidemics (FERRETTI
et al. 2002; WILLIAMS / STRAW / DAY 2003). NTM
has gradually extended our understanding to the whole-
tree needle history of various conifer species. Future work
may well concentrate more on using NTM in climate
change and forest health studies (JALKANEN / AALTO /
KURKELA 2000).
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