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Summary

Climate is one of the main factors that determie@ssystem composition and
distribution of species. Under climate change, it 8hspecies distribution has been
observed, which may lead to shifts in ecosystemcstire and distribution, and
economical consequences. Such shifts may be mddaltel predicted, however
detailed information, both spatial and temporalspacies response to climate and its
variability is necessary. Trees, which are dominiarig forms in forest ecosystems,
are widely used for such purposes due to their ldagpan and high bioindication
potential. During life of a tree environmental carmhs are recorded in tree-rings via
differences in growth. Highest sensitivity of trgewth can be observed on borders
of their distribution, due to strict limiting fag® Latvia is located in the boreo-
nemoral forest zone, where several broadleavedespesuch as oak, occur close to
their northern distribution limit, and shift of the species may occur under warming
climate. Use of oak in dendrochronological (climagrcal) studies is simplified due
to rather easy crossdating and a long lifespanthese reasons oak have been widely
studied in Central and Western Europe; howevertieinsufficient information in
the Baltic States.

A network of 43 sapling sites located across Latwias established; oak
dominated stands (sites) with age more than 106s\ys@ad area more than 1 ha, were
chosen. In most of these sites ~10 oak were cooed bpposite sides of stem. Tree-
ring widths (TRW) were measured. Additionally, meaross-section area of
earlywood vessel lumen (VLA) was measured, asptogy has been recently shown
to contain strong environmental (climatic) signd&sr both proxies crossdating was
applied to ensure quality of measurements. Agreentbetween time-series of
individual trees within a stand was higher for TRWhile VLA showed better
agreement between sites. There was no signifiedationship between variation of
proxies, showing different sources of variationsidaal chronologies for each proxy
for each stand were established to assess higheney variation; its similarity in
Latvia (between stands) was determined using PCésuls showed that high
frequency variation of proxies was affected by oweritality and west-east gradient
was observed. According to this gradient, two regiof Latvia: western and eastern

part, were distinguished. Effect of climatic fatasn high frequency variation of



proxies was determined by Pearson correlation asglonse function analysis. Effect
of climatic factors on TRW depended on habitat, reme of factors showed
significant effect in all sites within a region. Wever, in the western region the effect
of temperature in spring and the beginning of summas more common; while
effect of August precipitation and effect of pravsoyear July and August temperature
was more common in eastern region. VLA showed ancomsignificant effect of
temperature in the dormancy period throughout leatRRegional chronologies (based
on PCA division) of TRW showed similar climatic sgjs as observed for stands;
however, effect of temperature in previous yeay dmd August was stronger in the
western region. Regional chronologies of VLA maislyowed the same signals as
observed for stands. During the"™€entury climatic signals have changed. VLA has
been loosing sensitivity for February and March gemature, while sensitivity to
December temperature has increased. In the westigion TRW has lost sensitivity
to February and March temperature, while effedeaiperature in previous year July
has increased. In the eastern region TRW has isetdeaensitivity to August
precipitation and previous year July and August gerature (negative effect),
suggesting effect of drought; however lack of atrehship with drought indices and
increased sensitivity to July temperature (posiéffect) contradict this idea. Tree age
also affected of climatic signals of TRW. With iresing age, effect of precipitation
increased, likely due to increasing maintenancéscasd VLA. Several intermediate
strength pointer years were identified and assediatith weather extremes for each
proxy. Pointer years in VLA (mainly negative) wetaused by extreme cold in
dormancy period. Negative pointer years in TRW wassociated with extremely
cold winters, while positive pointer years occuriadyears with warm winters and
abundant precipitation in summer. During the pdsty8ars TRW has significantly
decreased while VLA in the eastern region has Bggmtly increased, while at the
same time loosing sensitivity. These changes nhiglie been an effect of a rapid and
severe weather shift in December of 1978 on insieffitly cold hardened trees.



Kopsavilkums

Matisons, R. 2013. Parasibzola koksnes pieaugums, pavasara koksnes
traheju izngrs un to saisba ar klimatiskajiem faktoriem Lat¥ij

Klimats ir viens no galvenajiem ekosistu strukfiru un izplaibu
noteicoSajiem faktoriem. Mainoties klimatam, ir amjamas izmaias ekosigimu
strukfira un izplatba, kas rada arekonomiskas sekas. Ekosrsu mainbu ir
iesejams prognozt balsoties uz mateitiskiem modéem, ta&u Sim notikam ir
nepiecieSama laikun tel@ detaliZta infornacija par sugu reakciju uz klimatu us t
mairibu. Koki, kas ir meza ekost&hu domirgjosa dzvibas forma, ir labi
moddobjekti to augst bioindikafva potencila un ilga dzives laika d]. Vides faktori
koka dives laiki ieteknt augSanu, unignformacija uzk@jas koksnes gadskas.
Visaugsiika koku jutiba uz vides faktoriem ir névojama sugu afa robezu tuvuri
kur ir izteikts limigjoSs faktors. Latvija atrodas boreo-neatormezu zoa, kur
vairakas platlapju sugas, pi@nam, ozols, atrodas tuvu ale zieméu robezai, un
klimata pasiltinSaras vagtu ietekngt So sugu izplabu. Centilaja un rietumu Eirop
ozols ir plasi izmantots dendrohrongigkos (klimatolgiskos) g tijumos relatvi
vieglas SkersdatSanas un lial dzves ilguma dl; tomér ozola augSanas gaita ir maz
pétita Baltijas valss.

Ozola koksnes veidoSasun klimatisko faktoru saigtu nowerteSanai Latvijas
teritorija izveidoja 43 parauglaukumus, kuros ozols ir vaddeigga ar vecumu >100
gadi un kuru plaba ir >1 ha. Vairum parauglaukumu izafejas ~10 ozolu, no kuriem
papeéma divus koksnes paraugus (urbumus). Paraugiengrijangadskrtu platumus
(TRW), ka ai pavasara koksnes traheju dobumu laukumu (VLA), katstoties uz
jaurakajam publikacijam, paida sgcigu vides (klimata) ietekmi. Abiem @&njumiem
veica &ersdatSanu un kvalites prbaudi. TRW patdija augsiku sinhronisiti starp
koku neErfjumu <rijam audzes ietvaros, bet VLAG@rjas pahdija augsiku
sinhroni@ti starp parauglaukumiem. TRW un VLA savs&rmeuziadija batiskas
saisibas, kas liecina par &igigu varESanas @oni. Ikgacjas koksnes veidoSas
varieSanas raksturoSanai izveidoja atlikumu hropgds, un, lai raksturotuidzibu
starp n@rijumiem no apsekot@n audzm (parauglaukumiem), veica PCA amal
Rezulti paidija, ka nerijumu ikgadja varicSana ir sasaigh ar kontinentaliti,

veidojot austrumu-rietumu gradientu. Balstoties Saz gradientu Latvijas teritoriju



iedafja rietumu un austrumu gmnos. Klimatisko faktoru ietekmi uz koksnes
veidoSanos raksturoja afirBona koreicijas un atbildes funkcijas amal Klimata
ietekmei uz TRW bija &ojamas loklas ieZmes, jo neviens no faktoriem nebija
butisks vidis audzs rezsiona. Tau rietumu rgiona pavasara un vasaragkema
temperairai bija bieZak nowrojama litiska ietekme, austrumu giena batiska
ietekme bija @rojama nokrigiem august un iepriek8ja gada iilja un augusta
temperairai. Miera perioda temperags ietekme uz VLA bija n@vota vairum
audzu vig Latvijas teritorip. Balstoties uz PCA rezatiem tika izveidotas fgonalas
hronolgsijas, kuras uzdija ietekmi no idzigiem klimatiskajiem faktoriem, &
konstagts audzu iimen. Toner TRW resionalas hronolgijas uzédija specigaku
iepriek€ja gada iilija un augusta ietekmi rietumugiena. Ozola koksnes veidoSanai
butisko klimatisko faktoru kopums 20. gs. laikr mairijies. Febréara un marta
temperairas ietekme uz VLA ir samazjusies, vienlaikus pieaugot decembra
temperairas ietekmei. 1dzgi, rietumu rgiona febrliara un marta tempef@aas
ietekme uz TRW ir samazjusies un ieprielda gada iilija temperairas ietekme ir
palielinajusies. Austrumu rgona ir palielinajusies augusta nokg8 (poziiva) un
iepriek€ja gada iilija un augusta tempefahs (negava) ietekme, liecinot par
sausumu {dens defittu). Toner austrumu rgona netika konstata saisiba ar
sausuma indeksiemakafi nowerota pozitva julija temperairas ietekme. Klimata
ietekmes izpausmi ozolos ietefa ai koku vecums: vecie koki ir jigaki pret
nokrigiem, iesgjams, pamatmaas un VLA pieaugumadil Abiem nerjjumiem
noveroti af vairaki vidgjas intensiites Zmigie gadi, kuri saigmi ar klimatiskiem
ekstemiem. VLA Zimigie gadi (vairums no tiem ne@a) ir saistmi ar sg@ciga sala
periodiem miera periad Negailvie zZimigie gadi TRW ir saisti ar sgcigu salu
ziemas period] bet poziivie Zmigie gadi nogroti gados ar siltu ziemu un nokgieém
bagitu vasaru. Bdgjo 30 gadu laik TRW ir batiski samazigjies, VLA batiski
palielingjies austrumu rgona, abiem ndrjumiem vienlaikus zaugot jutibu. Ss
izmamas, iespjams, ir izraigusi strauj laika apsiklu maha 1978. gada decenipr

kad koki \&l nebija adagjusSies salam.
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Preface

Climate is one of the main factors limiting ecosyss and distribution of
species. During the past 10000 years, climate haaged gradually several times,
altering distribution of forests and other biotaafHson et al., 2006). During the past
100 years, climate changes have been acceleratinging biological and ecological
impact. The effect of climate change (warming) asious, depending on the region.
Increase of temperature can have devastating effemtid regions, especially when
combined with drought, while some warming effecé ©e beneficial in northern
latitudes, by extending the growing period and easing rate of growth of plants
(IPCC, 2007). Forest ecosystems are highly valubldgically due to their high
biodiversity among terrestrial ecosystems and theanomic importance as a source
of timber. As forests occupy more than half of teeritory of Latvia, growth of
forests has high economical as well as biologiogdartance. At present forests in
Latvia are dominated by boreal species: Scots poeway spruce, birch, aspen and
black alder. Stands dominated by other tree spemiespy a much smaller area.
Latvia is situated in the hemiboreal (boreo-nenmdakst zone where coniferous and
broadleaved species can grow together in one s@makidering changes in climate
(warming), changes in growth of tree species mightforecast, as warmer climate
may become more beneficial for nemoral broadleapties. In this respect, forest
management should be modified for conservation wiogical diversity and
economical sustainability in the future.

For determination of effect of climate changes @re$t ecosystems,
knowledge about tree species growth-climate intemas and their plasticity over
time is necessary (Fritts, 2001). As climate exiibeégional or even local variability,
fine geographic coverage is necessary. For theasome, research should be
concentrated on species with highest sensitivitpwgng in areas with expressed
effect of limiting factors). Species at their nath distribution are usually limited by
minimal temperatures in the dormant period andtlerd growing period, and they
are most sensitive to climate change (warming) l(Kah, 2008). Pedunculate oak
could be considered as one such species in Lasi#,is a nemoral species situated
close to its northern distribution limit. Althougtt present pedunculate oak in Latvia

IS not an important commercial species due toelatively low occurrence, it might

14



become so in the future if temperature and pretipit increase. In Latvia oak stands
are important for biodiversity as they are oftehahbited by rare species and species
richness is rather high. Thus, changes in oak ¢(dher nemoral species) occurrence
and growth may need to be considered in sustaimablgagement. Although there
have been many studies in Central and Western Eummp growth-climate
relationship of pedunculate oak, less is knownhim Baltic Countries and there is a
lack of such information in Latvia.

Tree response to variability of environmental fagtis reflected in tree-rings.

In this respect, the use of dendrochronological hoes can provide detailed
information about growth of living trees and thestationship with the environment.
Retrospective information on older periods of tioaa be obtained from dead wood
and archaeological material by applying cross-da{®peer, 2010). In such studies
tree-ring width is a widely used proxy, but it cains information about many factors
and the effect of a single factor can be difficidt distinguish. Wood anatomical
proxies that provide information about specifictéas are becoming useful with the
advance of measurement automation.

The aim of this study was to characterize effectlohatic factors on wood

formation of pedunculate oak in Latvia. The objeesi were:

1) establish a data network on wood formation of eekatvia,

2) test use of earlywood vessels lumen area in exraof climatic signals,

3) compare tree-ring proxies (width of earlywood, v&a@ed and whole ring,
earlywood vessel lumen area, density and potewrtalductivity) and
suggest the most appropriate and informative tiregegroxies for climate
analysis,

4) establish site chronologies and assess betweemham®geneity of high
frequency variation of wood formation in Latvia, melation to stand
properties and age of individual trees,

5) establish regional chronologies of oak tree-rinoxpes,

6) determine climatic factors affecting wood formatiam oak (climatic
signals) in Latvia,

7) characterize relationship between wood formationd adarge-scale
atmospheric circulation,

8) determine temporal changes in climatic sensitigftiyree-ring proxies,
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9) determine effect of climatic conditions on abrugtacges in wood
formation (pointer years),

10)characterize changes in wood formation in oak dutire past ~30 years
(most rapid climate changes) and their relatiormwiimatic factors.

Hypotheses:

A)

B)

C)

D)

E)

High frequency variation of wood formation is horeagous (common) in
Latvia due to limitation by similar factors. Woodcrement of pedunculate
oak growing close to its northern distribution lins strictly limited by low
temperatures in the dormancy period.

Change (warming) of climate has significantly ireged wood increment.

A shift in climatic factors affecting wood increntemas occurred during the
20" century due to decreasing sensitivity to tempeeaamd length of growing
season.

Climatic factors affect wood anatomical featuregpetiunculate oak and the
effect is clearer (compared to ring-widths) dueatshorter period of their
formation. In Latvia factors affect wood incremesmtd wood anatomical
properties are similar.

Climatic extremes have forced abrupt changes in dwdormation of
pedunculate oak in Latvia. The effect of these eemes on tree-rings and
wood anatomical properties extend for several ydaesto effect of previous

growth.

Theses:

High frequency variation of wood formation and tomtained climatic signals

are affected by geographical location and contedét

The main limiting climatic factor for wood formatian Latvia is temperature

in the dormant period, spring and summer; effegretipitation is increasing.

Effect of climatic factors on wood formation in oalks changed during the
20" century due to climate change (warming).

Yearly variation of earlywood vessel size (lumensstsection area) is more
strongly related with dormancy period temperatiantwidth of tree-rings in

whole Latvia.

16



1 Literaturereview

11 Dendrochronology

Changes in environmental conditions to a certaiteréxare reflected in
condition of trees, as assimilation and growth baraffected (Schweingruber, 1996;
Speer, 2010). Growth of trees is seasonal and Yrowmgs (tree-rings) form in
perennial parts: stems branches and roots (Schmaieg 2007, 1996). It was already
observed in ancient Greece by Theophrastus thedtritigs form each year. During
the Renaissance, Leonardo da Vinci noticed tha-riregs have different width,
which he supposed to be caused by environmentalitcmms (climate). During the
19" century several authors, such as Carl Linnaeuspddr Hartig, Charles Babbage,
Jacob Kuechler and Fyodor Shvedov have used tngs-iin their studies (Fritts,
2001; Schweingruber, 1996; Speer, 2010). Tree-sitignce or dendrochronology,
however, has evolved most rapidly only since thgiréng of the 28 century with
work of A.E Douglass, who is considered as thediatsf dendrochronology (Speer,
2010), as he and his students applied cross-débaogglass, 1941, 1920). A.E.
Douglass, in the study of solar activity, foundttlraes respond to processes on the
Sun via differences in tree-ring width (TRW) (Doasgs, 1927; Speer, 2010).
Dendrochronology has evolved rapidly and has becameultidisciplinary science
with several sub-disciplines dealing with tree-angccording to field of application
and proxies used, sub-disciplines, such as deradrae@ology, dendroclimatology,
dendropyrology etc, are distinguished (Schweingrub@96). Different proxies along
with width components of tree-ring such as conediuins of chemicals and stable
isotopes, density (Helle and Schleser, 2004; Mafllarand Loader, 2004;
McClenahen et al., 1989) and anatomical featurekfierent parts of tree-rings have
been used for various studies (Fonti et al., 20€inmer, 2002; Zhang, 1997).

Trees are long-lived organisms and information &leovironmental conditions
during the life of a tree is usually recorded inoao(Schweingruber, 2007, 1996).
One of the keystones in dendrochronology is setsitof growth, which reflects
changes of environmental factor in tree-rings ($p2@10). High sensitivity can be
gained by selection of study sites with expressadihg factor(s), where trees grow

in severe conditions near their distribution linhitmiting factors usually differ within
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distribution areas of species and a gradient camblerved (Drobyshev et al., 2008a,;
Garcia-Gonzalez and Eckstein, 2003; LeBlanc andelleR011; Lebourgeois et al.,
2004; Neuwirth et al., 2007; Ruseckas, 2006). Narttdistributions of temperate tree
species are usually limited by minimal temperatumethe dormant period and length
of growing season; while precipitation in the growiperiod is usually limiting at
southern distributions (Fritts, 2001). Additionaifarmation on factors affecting
growth can be obtained by analysis of wood anataimpcoxies (Campelo et al.,
2010; Fonti et al., 2010; Matisons and Dauskan@92Wimmer, 2002).

12 Dendroclimatology

Dendroclimatology is a multidisciplinary scienceincorporates climatological
studies (climate reconstructions) and ecologicpeets (relation between growth and
climate, forest dynamics) of tree growth (Fritt602). As climate is one of the main
factors determining distribution and growth of trespecies (Fritts, 2001;
Schweingruber, 1996; Speer, 2010), knowledge atheueffect of climate is crucial
for understanding of the past and predicting ther&utree distribution and growth
(Harrison et al., 2006; IPCC, 2007; Iverson ands&da 1998; Sykes et al., 1996;
Walther et al., 2002). As limiting factors (i.einshte) for tree-growth differ within
the distribution area of a species (LeBlanc andreller2011), fine geographic
resolution of data is needed for accurate estimates forecasts (Fritts, 2001;
McGregor, 1997). Reconstruction of past climatesdasn tree-ring records is one of
the aspects of dendroclimatology (Fritts, 2001prmation about past climate can be
extended for several millennia by cross-datinggdhich et al., 2004; Helama et al.,
2005; Mann et al., 2008). For such purposes knaydembout effect of climate on
tree-growth and its temporal variability is necegg&ritts, 2001; Helama et al., 2005;
Mann et al., 2008). Use of instrumental data frdra tlosest climate observation
station is required to reduce bias (Rodriguez-Ruedil al., 1998; Speer, 2010).
Knowledge about climate-growth relationships ofingy trees can help to better
understand effect of climate change on forest estesys (Harrison et al., 2006).

Climatic factors vary each year and the exact datermation for each tree-
ring is important (Fritts, 2001; Speer, 2010). Eifere, a representative sample size
(usually considered as 20 trees with at least tan@sc from tree) is necessary for
cross-dating and reliable results (Douglass, 194itts, 2001; Tjarve, 2012). In this

18



respect, ring-porous species are particularly blatalue to easy detection of tree-
rings and rather easy cross-dating (few anomaloes-rings, such as false and
missing rings) (Bailie and Pilcher, 1973; Speeld @0 Thus, even a lower number of
trees (~10) in a stand can provide a reasonabteology (Fonti et al., 2009a; Fritts,
2001; Garcia-Gonzalez and Fonti, 2008). For thaisea, ring-porous hardwood
species such as beech and oak are widely usednuratdimatological studies in
Western, Central and Southern Europe (Cedro, 200f&r, 2007 Cufar et al., 2008a,
2008b; Eckstein and Pilcher, 1992; Friedrichs gt28l08; Haneca et al., 2009; Jones,
1959; Kelly et al., 2002; Lebourgeois et al., 20B#zas, 2001; Rozas et al., 2009;
Thomas et al., 2002; Wazny and Eckstein, 1991) asd in Northern America
(Cook, 1992; Douglass, 1920; LeBlanc and Terrdl 2 Speer et al., 2009; Tardif
and Conciatori, 2006). In the Baltic States, wheek is situated close to its
distribution limit and where sensitivity to climastould be high, only a few studies
have been reported in this field (Karpavicius, 20084anelaid et al., 2008; Ruseckas,
2006).

Variation of climatic factors and subordinatelytofe-ring proxy records can
be divided in long-term (decadal) and short-terreafly) variation (Cook et al.,
1992a; Esper et al., 2002; Fritts, 2001). Althoegmatic factors have an important
role in determining tree growth (Fritts, 2001) eti@ge, competition within stand, pest
activity etc. can significantly affect low frequancvariation of growth
(Schweingruber, 1996; Speer, 2010). When short-{gearly) variation of tree-ring-
climate interactions is analyzed, long-term vaoiatmust be removed from record
series (Cook et al., 1992a). This is usually doypeldta standardization (detrending)
and development of a chronology: a dimensionlase-g8eries representing growth
(Speer, 2010), usually with minimized individualitf tree growth (Cook et al.,
1992b; Fritts, 2001). Tree-ring records usually vehautocorrelation (AC) due to
dependence on previous growth, which adds biakecsignal (Fritts, 2001; Speer,
2010). This is usually removed by autoregressiveletimg during standardization
(Cook and Holmes, 1986). The effect of climate aod formation (climatic signal)
classically is analyzed by correlation or respoffigection analysis between a
chronology and climatic data (i.e. monthly and seat precipitation and
temperatures) (Biondi and Waikul, 2004; Blasinglet 1984; Fritts and Wu, 1986).
Reaction of tree growth to climatic factors canrg@during a year, i.e. temperature

may have an opposite effect in the beginning amboénthe growth period (Friedrichs
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et al., 2008; Garcia-Gonzalez and Eckstein, 20@Zinkelaid et al., 2008; Ruseckas,
2006). Difficulties in such analyses may be causgdeveral factors. Microclimate

conditions of stands, which are rather hard toweatal can influence a part of trees in
a stand (Lloyd and Fastie, 2002; Pilcher and Gi&32) or hinder development of

regional chronologies (Cook et al., 1992b; Wigléwle, 1984). Climatic signals also

can be affected by coactions of several influendagjors or non-linear response of
growth (Friedrichs et al., 2008; Fritts, 2001). Fexample, effect of summer

temperature may be limiting in years when summezsiay (Drobyshev et al., 2008a;

Kelly et al., 2002), and winter temperatures mayehstronger effect in cases of a thin
snow layer (Hardy et al., 2001). Effect of enviramntal factors on growth also can

change with age of tree. For example, seedlingsafan tolerate shading, but mature
trees require well-lit conditions (Mag8d and Zvirgzds, 2006).

Rapid changes in wood formation can be caused asehort-term (up to
several days or hours) environmental (weather)eexts (Drobyshev et al., 2008a;
Neuwirth et al., 2004; Schweingruber et al., 198@®wever, the effect of the extreme
events may be underestimated if high frequencyatian is analyzed, as the
expression of extreme events may be decreasedgdstandardization. Specific data
processing i.e. pointer year analysis (Neuwirthlt2004; Schweingruber, 1992) can

be used for determination of effect of climaticrerte events.

1.3 Pedunculate oak (Quercusrobur L.)
1.3.1General description

Pedunculate oakQuercus roburl.) is a large (25-35 m in height) deciduous
tree of the Fagaceae family (Mawiand Zvirgzds, 2006). It is long-lived and can
reach age of ~700-800 years under favourable gondi{Drobyshev and Niklasson,
2010; Friedrich et al., 2004). However maximum afj@aks growing in stands is
considered to be ~200-350 years (Drobyshev e@08b; lkauniece et al., 2012).
Bud break occurs in May, later than for other decits tree species in Latvia.
Flowering occurs during bud break. Acorns riperSeptember-October. Flowering
begins at age of ~55 years in forest stands anch groduction peaks occur every 4—
7 years. During the first 10 years after establishthdevelopment of oak is rather
slow and it reaches a maximum at age of ~70 y&rghe age of 120-200 years,

height growth practically stops, but radial incremstill may be remarkable (Magy8g
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and Zvirgzds, 2006). Oak has rather high requirestar light, while oak seedlings
can sustain shading (van Hees, 1997); shadingaving of adult oaks may cause
mortality (Jones, 1959). Oak favours fertile sobsit can grow also on poor soils
together with conifers (spruce) and other broadidavees (Ikauniece et al., in press;
Latvian Forest Service). Wind damage is rarely oleb due to a strong root system
and wood properties (Maus and Zvirgzds, 2006; Menitskii et al., 2005).

Oak is a valuable commercial species due to itd Aad dense wood (Johnson
et al., 2009; Mauns and Zvirgzds, 2006; Zhang, 1995). The large dsiuars of oak
make it a good source of timber (Johnson et ab920n Central and Western Europe
oak is planted in commercial stands. However, invieaoak is not a major
commercial species, as oak stands occupy a rath@i area (according data from
Latvian Forest Service) and establishment of ptaorta can be problematic (Lieg,
2004).

1.3.2Distribution

Pedunculate oak is a nemoral tree species nati\utope. Its distribution
area (Fig. 1) spreads in the West-East directiomfthe British Isles and northern
Portugal to the Ural Mountains. The northern duttion border is southern Finland,
southern Sweden and western Norway (coastal beltoup3 N). The southern
distribution limit reaches central Italy, but it iBicertain as pedunculate oak there
hybridizes with other oak species (Ellenberg, 19R81es, 1959). Distribution of oak
is limited by mean temperatures, which range fr@a3D°C in July and -10- -18C
in January (Huntley and Prentice, 1993).

Although situated close to its northern distribationit, in Latvia oak occurs
in most of the territory (Appendix 1); however @abundance usually is low and it
occurs mostly as single individuals or small groopsrees (Gailis and Smaukstelis,
1998; LaiviaS et al., 2009). In Latvia (hemiboreal zone), o&nds are often mixed
(Hytteborn et al., 2005; Sjors, 1963), while puek gtands are quite rare (Ikauniece
et al., in press). Oak-dominated stands are sedtt@ailis and Smaukstelis, 1998)
and occupy 0.35% of the total forest area. AccgydinLatvian Forest service data in
2011, mean stand area is ~1 ha, rarely exceedusgaddrectares. Distribution of oak-

dominated stands in Latvia is uneven and decreaghe eastern direction (Fig. 2).
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Fig. 1. Distribution area of pedunculate oaRuercus roburlL.) in Europe (EUFORGEN,
2009). http://www.euforgen.org/ fileadmin/www.eufen.org/Documents/Maps/JPG/
Quercus_robur.jpg.

Fig. 2. Distribution of oak dominated stands in Latviar(@antage of total forest area) (Gailis
and Smaukstelis, 1998)).
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Since the last glaciation, forest tree speciesidigion in Europe has changed
according to changes in climate (Huntley and Pcenti993; Lindbladh and Foster,
2010). Oak has shifted its distribution severalenaduring the past 10 000 years, re-
colonizing central and Eastern Europe from Medieean regions. During most of
the Holocene, the territory of Latvia was covergdniixed forests and broadleaved
forests (including oak) were dominant during thdaAtic period around 6000 BP
(Ellenberg, 1988; Susko, 1997). Later, with cooliofigclimate, the abundance of
broadleaved trees decreased (Huntley and PreritR®3). In this regard, under
climate warming, changes in distribution of broashkes might occur (Harrison et al.,
2006; Kullman, 2008; Sykes and Prentice, 1996). éimx, growth and re-
establishment of oak have been problematic (dere@ed al., 2005; Lieps, 2004;
Palmer et al.,, 2004) and in the last 1000 yearEurope oak has been gradually
replaced by other species (Harmer et al., 200yniexe et al., 2012; Lindbladh et al.,
2007). Although climate might resist northern sgrga Southern Sweden attempts of

restoration of oak forests have been applied (L&f.e2006; Okland et al., 2008).

14 Wood formation

Wood is a product of secondary growth of treesiarfdrmed during division
of cambium cells (Pallardy, 2008; Plomion et all02). Cambium cells form mother
cells which radially enlarge and differentiate imtood elements (vessels, tracheids,
fibres and parenchyma); vessels, tracheids andsfitorm secondary walls (Fukada,
1996; Larson, 2012). Wood formation is directly eegent on assimilated nutrients
(carbohydrates) and “success of growth”; incremeftwood can be used to
characterize growth of trees during a season (CQari#89; Pallardy, 2008).
However, nutrient reserves can affect growth in theginning of the season
(particularly earlywood) (Barbaroux and Breda, 20@allardy, 2008).

In the temperate climatic zone growth is strictgasonal; growing periods
shift with dormancy periods (Fritts, 2001; Schweulger, 1996). The growing
(vegetation) period in Latvia is considered to agtdrom April to October, when
mean diurnal temperature is G (Latvian Environment, Geology and Meteorology
Centre (LEGMC); GriSule and Briede, 2007), but pleeiod of growth varies between
species (Ahas et al., 2000; GriSule and Briede,726@&lvane et al., 2009). Wood

formed during one season is not uniform and at lves parts of a tree-ring can be
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distinguished (Schweingruber, 2007; Schweingrubet.e2006). In the beginning of

the season, earlywood (wood cells and vesselslaige lumen and thin walls) with

high water conductivity is formed to ensure watansport to shoots (Schweingruber,
1996). As the growing season advances, latewoo;hwias mechanic function, is
produced (Plomion et al., 2001; Speer, 2010).

Environmental factors (i.e. light, soil charactecs, -climate and
anthropogenic influence) determine cambial actjvigyowth and wood increment
(Cannel, 1989; Schweingruber, 1996; Wilson, 19&4)ailability of nutrients and
light generally determine growth (Plomion et al002; Pallardy, 2008), but yearly
variation of wood formation is often determined kyimate (Fritts, 2001,
Schweingruber, 1996). Formation of wood in ringgae species (including oak)
begins before bud break, with initiation of fornaatiof vessels (Michelot et al., 2012;
Sass-Klaassen et al.,, 2011). Although onset of @ndztivity is controlled by
inherited mechanisms, weather conditions can infleethe onset dates (Ahas et al.,
2000; Cufar et al., 2008c; Heide, 1993; Sass-Klaassen.,eR@l1) and duration of
cambial activity (Deslauriers et al., 2008; van désrf et al., 2007).

Wood formation differs between parts of trees. ailtgh wood with different
architecture is formed in above and below groundspaf trees (Carlquist, 2001),
wood formation can vary at different heights araksiof stem (Schweingruber, 2007,
1996). These differences may be controlled by wari@actors, such as physiological
regulation, age, microclimate conditions, competitiand mechanical impact
(Fukada, 1996; Heinrich et al., 2007; Pallardy, 00yree and Ewers, 1991). For
example smaller vessels may be formed in uppers paft stem (Aloni and
Zimmermann, 1983; Pallardy, 2008). Wood incremdsu aaries at different heights
of stem due to competition within a stand and &ghyeingruber, 1996). In some
years no wood can be formed in response to unfabteirconditions (i.e. spring
frosts) in a part or in the entire stem (Lorimeraét 1999; Speer, 2010), but such
missing rings are rare for oaks (Speer, 2010). $snfor dendrochronological
studies are taken at breast height (~1.3 —1.45 ighhdepending on height of the
researcher/corer) due to lower occurrence of anmmsaftings (Parent et al., 2002;
Schweingruber, 1996) and convenience of samplifdpif€Cand Wang, 2005).

With ageing of wood, in cross-sections of a stema ofature tree, heartwood
and sapwood can be distinguished by wood anatoatgucand hardiness (Taylor et

al., 2002). Heartwood is the oldest part of woodated closer to pith. In oak
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heartwood is formed when wood fibres are filledhwtyloses (Zimmermann, 1979)
and a variety of substances, including tannins, @ums, resins, and organic salts
(Nonier et al., 2005), making heartwood more dwedblylor et al., 2002). Sapwood
is formed by outer tree-rings, which contain livipgrenchyma cells (Plomion et al.,
2001). In oak it is lighter and softer, and is ddased to participate in transport
(Gartner and Meinzer, 2005) and storage of nusiécdrbohydrates) (Barbaroux and
Breda, 2002). Wood water content in oak is highdreartwood (Pallardy, 2008). The
number of tree-rings in sapwood differs betweencigse and is affected by
environmental factors and location (Sohar et @113; unhealthy trees (oaks) can
have a lower number of tree-rings in sapwood (R&}la2008). In Latvia sapwood is

on average formed by the last 12 tree-rings (Sehalt., 2011).

15 Temporal changesin wood formation

Wood formation is not constant; it varies dependingenvironmental factors,
and genetic, physiological properties and age ek t{Plomion et al., 2001;
Schweingruber, 1996). Cyclisity of wood formatiaanoften be observed in tree-ring
width, in response to Sun, atmospheric and bioddgaycles (i.e. peaks of seed
production) (Douglass, 1927; Koenig and Knops, 19@8cias et al., 2004; Speer,
2001) and due to effect of previous growth (Barbarand Breda, 2002). Increment
of biomass of wood generally increases as a treehes maturity, after which
production of biomass (wood) gradually decreasetingon et al., 2009; Wilson,
1984). When trees occur in favourable conditiorRWI usually has an explicit age
trend. In the first years after seed germinatiee-tings are narrow, followed by rapid
growth and large TRW, which gradually decreasesmmthees have reached maturity
(due to larger diameter of stem and decrease ohdss production) (Cook et al.,
1992a; Tjarve, 2012). However, if growing condisomprove; wider tree-rings can
also be produced in old trees (LaMarche et al.,419obalte et al., 2012;
Schweingruber, 1996).

Shot-term (high-frequency) variation usually isesult of annual differences
in environmental factors such as climatic factést{s, 2001; Schweingruber, 2007,
1996). The impact of conditions in one year camw &stend for up to a few years
(Fajvan et al.,, 2008; Speer, 2010), which variepedding on species, age and
condition of tree (Helama et al., 2009; Rozas, 20@&dif et al., 2006). Oak is known
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to show rather high AC particularly in TRW (Barbaxcand Breda, 2002; Drobyshev
et al., 2008a; Rozas, 2005).

Intra-annual (within season) wood formation is alswiable between years
(Deslauriers et al., 2008; Seo et al., 2011; vanWlerf et al., 2007). Anatomical
features of different parts of a tree-ring haverbsleown to be specifically related to
short-term environmental conditions, which may betvisible in TRW (Fonti et al.,
2010; Garcia-Gonzalez and Eckstein, 2003; Wimm6022. Several studies have
demonstrated that proxies such as lumen area lyineard vessels (VLA) show low
AC (Fonti and Garcia-Gonzalez, 2008, 2004; GarasZ£alez and Eckstein, 2003;
Tardif and Conciatori, 2006), which implies cleasggnals. Understanding of intra-
annual wood formation can help to better understegidtionships between tree
growth and the environment (Fonti et al., 2010; \Wien, 2002).

1.6 Wood structure of oak

Wood of oak (Fig. 3) consists of fibres, vessatacheids, wood parenchyma
and wood rays (Carlquist, 2001; Gasson, 1987). &ls is a ring-porous species,
earlywood in oak is mainly occupied by the largesssels, which are arranged in
rows (rings) (Carlquist, 2001; Gasson, 1987). Wiltlthe earlywood in oak is rather
constant exhibiting little variation (Garcia-Gongaland Eckstein, 2003; van der Werf
et al., 2007; Zhang, 1997), compared to coniferspscies (Lebourgeois, 2000;
Tuovinen, 2005). In mature oaks growing in optirnahditions, latewood occupies
the largest proportion of tree-rings and exhibéther wide yearly variation, but in
cases of suppressed growth latewood may practidallyabsent (Zhang, 1997).
Latewood is dense as it is formed by fibres andeilgswith smaller lumen (Rao et al.,
1997). Earlywood vessels (EVs) are large (evenoup.4 mm in diameter) and are
easily recognizable; latewood vessels are condiiesmaller (Fig. 3; Gasson, 1987,
Schweingruber et al., 2006); their total lumen areg be small (in case of extremely
narrow tree-ring) (Badel et al., 2006; Rao et E97). Within earlywood, EVs differ
in size. The largest vessels are formed first andacated in the first row(s) (Garcia-
Gonzalez and Fonti, 2006; Gasson, 1987). A gradeedease of latewood vessel size
can also be observed as the season proceeds (Gamzalez and Fonti, 2006).
Under some conditions there can be a gradual dezm@favessel size from early- to

latewood (Schweingruber et al., 2006). In thesegathe border of early-latewood
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may not be clear (Garcia-Gonzalez and Fonti, 2086)vever external mechanical
influence such as stem tilting, burial and floodalters (decreases) vessel size in the
whole tree-ring; larger vessels may even be al{glent Ouden et al., 2007; George et
al., 2002; Heinrich et al., 2007; Lei et al., 1996)

Wood of oak is dense and hard with high mechamictahgth (Markwardt and
Wilson, 1935), which, however, depends on the pribgo of latewood (Badel et al.,
2006; Rao et al., 1997). Earlywood of oak is fragile to high proportion of vessels,
while latewood is harder (Carlquist, 2001; Raoletl®97). Thus, a higher proportion

of latewood results in higher mechanical durahility

Fig. 3. Cross-section of oak wood. Several tree-ringsanaod ray are shown. Latewood is
occupied by large vessels; the smallest vesseloeaited in latewood. A gradual decrease of
vessel size can be observed in the oldest tree-ring
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17 Vesselsand water transport in wood of oak

Transport of water (sap) is driven by turgour, #api, osmotic and gravity
pressure, which determine the water potential @R#, 2008; Pickard and Melcher,
2005). Water potential is influenced by water aafaility, temperature of both — soll
and air, moisture and rates of respiration andspiation (Kramer and Boyer, 1995;
Pallardy, 2008). Differences in water potential wesn parts of plant cause
movement of sap (water). The highest velocity @f #aw occurs in the stem and the
lowest in peripheral parts of a tree: leaves and fioots (Aloni and Zimmermann,
1983; Pallardy, 2008). Wood architecture determica@sductive properties of wood
and specifics of water transport (Tyree and Ew2891). In wood of ring-porous
species water transport mainly occurs in specidlizssels (Carlquist, 2001; Sperry,
2003). The largest vessels (EVs) are the main waieduits (Granier et al., 1994;
Tyree and Ewers, 1991). According to the Pouseadlgation, larger vessels result in
higher conductance but capillary forces are we@Kkgree and Zimmermann, 2002)
increasing possibility of embolism: a rupture oé tlwater column and appearance of
air bubbles that plug vessels (Cochard and Tyr680;1Tyree and Sperry, 1989;
Tyree and Zimmermann, 2002). Angiosperm woody pglahtive evolved a
mechanism to protect their tissue from embolism bg formation of tyloses
(Zimmermann, 1979), which block vessels preventurther embolization (Cochard
and Tyree, 1990; Pickard and Melcher, 2005). Algtoumechanisms of refilling
embolized vessels have been observed in severaspegm woody plants (Ameglio
et al., 2004; Borghetti et al., 1991; Clearwated &voldstein, 2005; Cochard et al.,
2001; Salleo et al., 1996; Sperry et al., 1994,719they have not been reported for
pedunculate oak. When embolism (damage) of vesselsrs locally, water transport
can be continued using “detour” paths around agfitcegions (Pallardy, 2008).

Embolism of vessels can occur in both the growing @dormant periods
(Sperry et al., 1994; Tyree and Cochard, 1996)irguhe growing period, embolism
occurs when water supply from roots is insuffici€neé. drought) (Cochard et al.,
1992, Tyree and Zimmermann, 2002). Occurrence dfodism also depends on the
transpiration rate and air vapour pressure (Jomes Sutherland, 1991; Pallardy,
2008). Embolism in ring-porous species also ocaurainter, when temperature is
below zero (Cavender-Bares and Holbrook, 2001; 8yaed Cochard, 1996). Air

appears in vessels when water freezes and suchlieatiom is facilitated by thaws,
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as air cannot be dissolved in ice in the same giemnas in liquid water (Sperry and
Sullivan, 1992). In such cases, direct damage &sels from ice crystals also can
occur (Pearce, 2001; Zhu et al., 2000).

EV of oak (ring-porous species) in the temperaienate zone function
particularly in the year of their formation (Copiat al., 2010; Umebayashi et al.,
2008), as they generally are embolized during wiiflgrree and Cochard, 1996;
Tyree and Sperry, 1989; Tyree and Zimmermann, 2082) become completely
blocked later in the season (Cochard and Tyree);1P@ee and Cochard, 1996), thus
new EVs are formed each year. To minimize effeatrabolism, smaller EV can be
produced (Campelo et al., 2010; Tyree and Zimmem&002). Thus, as similar
conductance can be gained by different combinatiminyessel size and density
(Tyree and Zimmermann, 2002), vessel size can lagacterized as the balance
between sufficient transport and risk of embolisviessels in latewood act as a
backup transport system, which can also conduanimegfore new vessels are formed
in spring (Copini et al., 2010; Leal et al., 20Qinebayashi et al., 2008). Although
EV size is determined by genetic and physiologatdes (Aloni and Zimmermann,
1983; Mather et al., 1993), environmental factstgh as availability of water, cause
yearly variation (Fonti and Garcia-Gonzalez, 2068nti et al., 2010; Wimmer,
2002).

Vessel size can be affected by ageing, howevegmirast to TRW, size of EV
usually slightly increases as a tree ages (Fondl.e2009b; Tardif and Conciatori,
2006). This trend can be explained by changes aWTRs a tree ages, TRW and
increment of the stem surface decreases (Cook.,e1392a), and therefore larger
vessels need to be produced to maintain the negessaounts of transport in
narrower tree-ring (Ryan and Yoder, 1997; Tyree Zmimermann, 2002). In cases
of narrow tree-rings, there might be less spacerfore numerous, smaller vessels.
This is also supported by a negative correlatiamvben TRW and VLA (Tardif and
Conciatori, 2006). Older oaks are more sensitivelmught (Rozas, 2005), which

might also be related to increase of EV size.
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1.8 Effect of climate on wood for mation in oak
1.8.1Effect of climate on TRW

Climate is one of the main environmental factorgedsining establishment,
growth and mortality of trees (Sykes and Prentl®96). Variation of climatic factors
usually is the cause of high-frequency variatiod BW in the temperate climate zone
(Fritts, 2001; Schweingruber, 1996). As oak is ano’l tree species, it generally
favours a moderate and moist climate (Jones, 1B68drichs et al., 2008; Garcia-
Gonzalez and Eckstein, 2003). Oak is sensitive dtewdeficit (Epron and Dreyer,
1993; Jones, 1959) practically throughout its distion range (Bronisz et al., 2012;
Cedro, 2007;Cufar et al., 2008a; Friedrichs et al., 2008; Ga@@nzalez and
Eckstein, 2003; Helama et al., 2009; Kelly et aD02; Lebourgeois et al., 2004;
Rozas, 2005, 2001; Ruseckas, 2006; Satini et294)1 The effect of drought (water
deficit) is the most expressed in the southernspafrthe oak distribution range (i.e.
Mediterranean region), where precipitation in sumstactly limits wood increment
(Garcia-Gonzalez and Eckstein, 2003; Rozas, 200l ;2Satini et al., 1994). In these
regions precipitation in summer has a positiveafi@hile summer temperature has a
negative effect, as it intensifies evapotransmrat{Holdridge, 1959; Traykovic,
2005). High temperatures can cause heat stresghwbduces water uptake and
assimilation (Haldimann and Feller, 2004; Palla2y08). In regions where summers
are mild and water deficit occurs seldomly (patdy in northern parts of the
distribution area), spring-summer temperatures igéigecan have positive effect
(Drobyshev et al., 2008a; Fletcher, 1974; Laane#idl., 2008; Ruseckas, 2006),
through more intense assimilation (Jurik et al3&8 3allardy, 2008) and lower risk of
late frosts (Avotniece et al.,, 2010; Scheifinger abt 2003). Additionally, cool
summers in northern and Eastern and Northern Euaopeloudy (Henderson-Seller,
1986), which decreases the amount of available (\gbung et al., 2012).

In northern parts of the distribution area of otdnperature generally has
positive effect on TRW (Drobyshev et al., 2008ajar® et al., 2009; Laénelaid et
al., 2008; Repo et al., 2008; Ruseckas, 2006), xoecases when temperature is
related with drought (Drobyshev et al.,, 2008a; Helaet al.,, 2009). Low
temperatures can have effect on TRW (wood formatiorseveral ways. In spring
after the dormancy period, low temperature canriapt earlywood formation

(formation of vessels) (Pearce, 2001; Rossi e28D3; Schweingruber et al., 2006),
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potentially resulting in reduced transport abilitiywood later in the growing season
(Tyree and Zimmermann, 2002). Cold in late sprilage(frosts) (Scheifinger et al.,
2003) can damage newly formed leaves, sometimesintaulefoliation (Korstian,
1921; Thomas et al., 2002), thus reducing assimilatEffect of temperature in
summer is related with assimilation rates, which lsa lower in case of cold summers
(Fletcher, 1974; Jurik et al., 1988). Temperatarthe end and in the beginning of the
dormant period (spring and autumn) usually hastpeseffect on TRW (Cedro,
2007;Cufar et al., 2008b; Drobyshev et al., 2008a; Fletch974; Ruseckas, 2006),
which is related to length of the vegetation pergodl assimilated amount (White et
al., 1999). In autumn, cold hardening, which ieeftd by temperature (Morin et al.,
2007; Repo et al., 2008), proceeds in oak, whenatheunt of water in tissues is
decreased and concentration of soluble carbohylsiacreased to minimize risk of
forming of ice crystals (Alden and Hermann, 197%siBmah and Eschrich, 1985).
Effect of cold partially depends on success of dwddening (Alden and Hermann,
1971; Repo et al.,, 2008). A rapid drop of tempemtduring cold hardening
(especially in the beginning phase) can cause demalye to incomplete
acclimatization for low temperature and cold damégepo et al., 2008). Under a
mild climate (warm years), cold hardening may pesteinti December—January
(Morin et al., 2007), when shifts of temperatureListvia are common (LEGMC;
Lizuma et al., 2007).

Extremely low temperatures in winter can damage btam, resulting in
suppressed growth in the next growing season (Alteh Hermann, 1971; Pearce,
2001). Also, severe cold in winter can cause febstke and frost cracks (Butin and
Shigo, 1981; Cinnoti, 1989; Pearce, 2001) in steutentially reducing vigour of the
tree (Timbal and Aussenac, 1996). Freeze-thaw sypi®mote embolization of
vessels (Sperry and Sullivan, 1992; Utsumi etl&8l99), potentially decreasing water
transport in spring. Temperature shifts in wintarig strong thaws may also have a
negative effect, as the dormancy period may berumeed (Heide, 1993; Heide and
Prestrud, 2005) and partial depletion of storedaaydrates may occur (Essiamah
and Eschrich, 1985; Ogren et al., 1997; Pilcher@ray, 1982). In regions of the oak
distribution with a mild oceanic climate, Decemlagd/or January temperatures can
have negative effect, which has been explainedviey nsage of stored assimilates in
response to raised (above zero) temperatures (leddral., 2009; Laanelaid et al.,
2008; Pilcher and Gray, 1982; Rozas et al., 2009).
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Climate in Central and Northern Europe is genemdliermined by large-scale
atmospheric circulations, such as NAO (Trigo et 2002), which has a significant
relationship with TRW (Bijak, 2009; Cook et al.,98). However, different effect of
climatic factors (climatic signals) on high-freqegrnvariation of TRW can be found
even at small geographic distances (Matisons angSKame, 2009; Merian et al.,
2011; Pilcher and Gray, 1982), suggesting thatthaimay influence growth-climate
relationships (Fletcher, 1974; Merian et al., 20Ridcher and Gray, 1982). Condition
of a tree (stand) may also influence sensitivityclimatic factors (i.e. dying oaks in
Finland were sensitive to different factors tharnnky ones) (Helama et al., 2009).
Common changes in growth (TRW) of oak expressethiiger regions have been
assigned to weather extremes (Drobyshev et al§&0Celly et al., 2002; Neuwirth et
al., 2007). In Central Europe and Southern Swedegative signature years have
been associated with inflow of arctic masses duwiger and spring, and a positive
effect when warm and moist air masses approacloed fine Atlantic (Drobyshev et
al., 2008a; Kelly et al., 2002). Signature yearwvehalso been associated with
moisture condition during the growing season, dhbulgas caused negative and
abundant moisture in summer caused positive signatears in TRW (Kelly et al.,
2002; Neuwirth et al., 2007).

Effect of climatic factors on tree-rings is not stant during life of an oak. A
study conducted in Spain showed that with age nuimatic factors became
significant; TRW in young oaks was less influenbgdorecipitation and temperature,
likely due to higher capability of assimilation (B, 2005). The effect of climatic
factors also changes over time (Laanelaid et @082Merian et al., 2011; Reynolds-
Henne et al., 2007; Rozas, 2005). A loss of climatgnals can be observed in tree-
rings of trees growing in northern parts of thegtbution (Briffa et al., 1998; Jones,
1959), which is called the divergence problem (Digo et al., 2008; Lloyd and
Fastie, 2002). In cases when low temperatures baea the main limiting factor,
under climate warming they begin to lose their gigance (Briffa et al., 1998). A
shift of limiting climatic factors has been alsosebved in northern parts of the
distribution of tree species, where summer predaijoih has become more significant
or negative effect of temperature has appeared/dLémd Fastie, 2002; Wilmking et
al., 2004).
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1.8.2Effect of climate on EV

TRW is a popular and widely used proxy when clingri@wth interaction is
studied, but wood anatomical proxies, such as HSQ a&ontain climatic signals
(Garcia-Gonzalez and Eckstein, 2003; Garcia-Gomzafed Fonti, 2006; Fonti and
Garcia-Gonzalez, 2008, 2004; Tardif and Conciat@©06; Wimmer, 2002).
Previously, EV has not been widely used in dendratblogical studies due to
difficulties in measurement (Fonti et al., 2010;rdit and Conciatori, 2006).
However, with advance of image analysis this prisxgetting wider attention (Fonti
et al., 2010, 2009a). Although earlywood width mather low variation (Garcia-
Gonzalez and Eckstein, 2003; van der Werf et 8072 Zhang, 1997), range and
variation of EV size is higher (Garcia-Gonzalez dackstein, 2003; Tardif and
Conciatori, 2006), suggesting stronger effect ofimmmental factors (signals). Size
of EV has been shown to contain even stronger tikinsggnals than TRW (Campelo
et al., 2010). EV in pedunculate oak form in a sotime ~35-40 days (Sass-
Klaassen et al., 2011) compared to whole tree-mmgisthus information stored in EV
is more specific as it is affected by less envirental factors (Campelo et al., 2010;
Fonti and Garcia-Gonzalez, 2008; Garcia-Gonzalat Eckstein, 2003). Although
weather conditions during vessel formation showstinengest influence (Campelo et
al., 2010; Garcia-Gonzalez and Eckstein, 2003)selesize also contains information
about environmental conditions during the dormaetiqd (Fonti and Garcia-
Gonzalez, 2008; Fonti et al., 2007; Tardif and Gatoci, 2006).

Variation of vessel size in relation to climate Ha=en studied for several
species (Fonti et al., 2010), but these studiewigeo fragmentary geographic
information for each species. EV size of oagi€rcus rubraandQ. albg growing
on their northern limit in Canada showed positiffea of temperature in spring and
summer, positive effect of soil moisture during soen and negative effect of
summer precipitation of the previous year, anddahetationships were quite similar
as those found in TRW (Tardif and Conciatori, 200BY size in oaks@. ilex,
petraea, faginen growing close to their southern distribution linmwas strongly
influenced by climatic factors related with drougGampelo et al., 2010; Corcuera et
al., 2004; Fonti et al., 2009b). In the Swiss Alpsssel size of). petraeawas
affected by April-May precipitation and April tenma¢ure (Fonti et al., 2009b;

Garcia-Gonzalez and Fonti, 2008). In maritime are&pain, EV size in pedunculate
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oak was limited by moisture in winter—spring (po&t response to spring
precipitation and negative to temperature) (Ga@uazalez and Eckstein, 2003; Leal
et al., 2008). In Germany vessel size was cormlatigh winter and yearly
temperature (positively) and spring precipitatidecKstein and Frisse, 1982 after
Fonti et al.,, 2010), and in France additionallyoalwith spring precipitation
(positively) and yearly maximal temperatures (Huld€93). Although there can be
cases when EV and TRW both contain similar climsignals (Campelo et al., 2010;
Tardif and Conciatori, 2006), nevertheless EV ceovige additional climatological
information due to a difference in timing of thé&rmation (den Ouden et al., 2007;
Fonti and Garcia-Gonzalez, 2004; George et al.22Matisons and Dauskane, 2009;
Wimmer, 2002). Knowledge about vessels-climatetiaiahips can be useful for
development of chronologies, for accuracy of retroigtons and can help to better
understand response of trees (Fonti et al., 2010riér, 2002).

19 Oak decline and climate

Oak decline has been reported for pedunculate m&uiope during the 30
century (Brassier et al., 1993; Fuhrer, 1998; Haavial., 2011; Helama et al., 2009;
Sonesson, 1999; Sonesson and Drobyshev, 2010; Bheina., 2002; Wazny et al.,
1991), with higher intensity since around 1980 @son, 1999; Sonesson and
Drobyshev, 2010). Declining oaks show several sgmgt such as crown loss and
decrease of wood production and vitality, which oesult in tree death (Drobyshev et
al., 2007a, 2007b; Helama et al., 2009; Wargo et 1#183). Time between first
symptom of decline and tree mortality is varialilepending on location and habitat
(Drobyshev et al., 2007b; Helama et al., 2009; Taset al., 2002).

On the northern distribution limit of oak in southe~inland, a decrease in
TRW for about 20 years and lack of wood formatiorthe last 3—6 years of life of
oaks showing decline has been observed (Helam#&,e2089). The cause of this
phenomenon is not completely clear, but is conedi¢o be a result of a complex of
environmental factors (Helama et al., 2009; Thonasal., 2002), such as
unfavourable temperature and moisture regimes mbamation with pest activity
(FUhrer, 1998; Helama et al., 2009, Thomas et2802; Wargo et al., 1983). In
Europe, thePhytophthorafungus, which can invade oaks, is considered a&sajn

main causes of oak decline (Blaschke, 2007; Brassial., 1993). Change of climate
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has also been attributed to decline of oak (Brasdi@96; Siwecki and Ufnalski,
1998), as a warmer climate is more favourable tmgél activity (Coakley et al.,
1999; Robin et al., 1994; Zentmeyer et al., 1976h@ with increased frequency of
drought (climatic extremes) (IPCC, 2007), which ee@aken the trees (Epron and
Dreyer, 1993; van der Werf et al., 2007). In Fewaaslia, oak was more susceptible
to decline on thin soils (low water capacity), wéne effect of drought was observed
in the growing season (Drobyshev and Sonesson,;2B&ama et al., 2009).
Susceptibility of oaks also increases with age éSean, 1999). The proportion of
oaks showing decline in southern Sweden has inededsamatically during the last
30 years, reaching 59% of all oaks damaged in 1@9®byshev and Sonesson,
2010). This decline was related with infection hffedent fungus and pests, and
triggered by unfavourable weather conditions, sashextremely low temperatures
and water deficit (Drobyshev and Sonesson, 2010eSon, 1999). However, in
south-eastern Sweden improvement of crown condédiwh vitality of oaks has been
observed during the last 10 years (Drobyshev amg&wmn, 2010).
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2 Material and Methods

21 Study area
2.1.1Geographic characteristics

The study was carried throughout Latvia, whichitigaged in the western part
of the Eastern European Plain. The land relief feanied during the last glaciation
and is dominantly flat with small hills in uplanceas (Ramans, 1975). Latvia is a low
lying country, with maximal elevation of 312 m &.$n the Vidzeme Upland. The
land area above 200 m a.s.l. occupies 2.5 % dkthiory. Elevation increases in the
West-East direction. Territories with low elevatiGrb0 m a.s.l.) are situated along
the coast of the Baltic Sea and Riga Gulf and endéntral part of country south from
the southern coast of the Riga Gulf to the bordign withuania (Jaunputns, 1975).
Soils are dominantly clayey and sandy. The mosidesoils are found in lowlands of
the central part of the countriya, 1975). Latvia is situated in the hemiboreaésor
zone (Hytteborn et al., 2005; Sjors, 1963), wheoeedl and nemoral tree species
occur together. Approximately 50 % of the land aredatvia is covered by forests.
Pine, spruce and birch are the dominant forest speies, and the proportion of

broadleaved stands is rather low (data from LattAarest Service).

2.1.2Climate

The climate of Latvia is mild oceanic due to domihaestern winds that
bring warm and moist air masses from the Atlantid ¢he Baltic Sea (Tetkova,
1975). Variability of climate is partially detern@d by Atlantic oscillation of air
masses (AMO, NAO) (Lockwood and Pfister, 2011). NAsrticularly affects
weather conditions in Latvia during the dormantigetin November—April (Rodwell
et al., 1999). However north-south circulations énaffect on weather conditions
particularly in summer (Draveniece, 2006; Klavimsl&odinov, 2010). According to
data from the Latvian Environment, Geology and Mgeitgy Centre (LEGMC),
mean annual temperature is abolC5 The warmest month is July (166) and the
coldest is January (-&C). The vegetation period extends from mid-Apritiumid-
October. The continentality of climate increases tie eastern direction with
increasing distance from the sea (Fig. 4). Climatevestern Latvia is milder with

cooler summers (mean temperature in JuljQ)éand warmer winters (mean January
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Fig. 4. Increase of extent of continentality of climatel¢r intensity) in Latvia. Two sub-
regions with low (west of broken line) and high toentality (east of solid line) can be
distinguished. Additionally, a transition regiomdae distinguished between these.

temperature is ~ -3C) with frequent thaws. In eastern regions of Latbie climate is
harsher with higher amplitudes of temperatures: ,sare are warm (mean
temperature in July is 17°%&) and winters are cold (mean temperature in Jgrigar

7 °C), and thaws are less frequent and weaker tharegtern Latvia. Mean monthly
temperatures and precipitation sums for westemtya@eand eastern regions of Latvia
are shown in Table 1. The largest difference inperature between regions occurs in
winter, when temperature is about 2® lower in eastern than in western Latvia.
Temperature in summer is lower in western Latvig,about 0.5°C compared to
central and eastern Latvia. Mean temperature imgm@nd autumn is similar in all
regions. Absolute registered temperature extrencesirced in Daugavpils (Eastern
Latvia) in August (36.4C) of 1992 and in February (-43°2) of 1956. Years with
highest mean temperature (7%% 7.60°C and 7.54C) occurred in 1989, 2008 and
2000, respectively. The higher yearly temperatunethose years were caused by
warm winters. The coldest recorded year (yearlypenature 3.£C) occurred in 1941
(coldest recorded winter). Extreme temperature tsvare related with anticyclone
activity: low temperatures in winter are causedimjow of air masses from the
Arctic and in summer by inflow from southern regqiMediterranean).
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Tablel

Mean yearly temperature and precipitation sumsafestern, central and eastern regions of
Latvia. Data is calculated for the Li#p, Riga and Rzekne meteorological stations for the
period from 1950-2009 (LEGMC).

Region
Western  Central Eastern
Temperature’C)

Oct 6.3 6.1 5.3
Nov 2.0 11 0.0
Dec -1.3 -3.0 4.2
Jan -3.3 -5.3 -6.5
Feb -3.6 -5.4 -6.4
Mar -0.9 -1.7 -2.5
Apr 4.2 4.9 4.6
May 9.3 11.2 111
Jun 12.8 151 14.9
Jul 15.0 17.3 16.9
Aug 14.4 16.1 15.6
Sep 10.6 11.3 10.6

Precipitation sum (mm)
Oct 60.3 65.1 61.0
Nov 52.6 55.4 52.2
Dec 423 424 43.1
Jan 36.0 35.3 36.7
Feb 27.1 28.1 31.0
Mar 27.6 29.1 31.8
Apr 31.6 36.0 37.8
May 395 49.7 56.0
Jun 51.7 65.8 73.6
Jul 67.4 86.1 86.7
Aug 65.9 78.8 80.1
Sep 60.3 68.6 66.3

According to data from LEGMC, mean annual precttais about 680 mm.
Highest precipitation falls in July and most of {x@cipitation falls during summer.
Distribution of precipitation is spatially heterogmwus (annual precipitation range is
480-850 mm) and determined by dominant winds ahef rAppendix 2). Highest
amounts of precipitation fall in west-facing coastaeas and uplands that intercept air
masses. Lowest amounts of precipitation fall in ltthweland area of central Latvia.
Precipitation usually exceeds evapotranspiratiansing excess moisture that forms
river runoff and causes paludification of reliepdessions (Krams and Ziverts, 1993;
Temikova, 1975).

Global climate changes in northern Europe and itviaaare particularly
reflected by increase of autumn, winter and sptargperatures, particularly in April
(IPCC, 2007; Lizuma et al., 2007) and increaserowing period (Ahas et al., 2000;
Menzel and Fabian, 1999). Although yearly prectmta has slightly increased in
Latvia due to global change, the effect is regional decreasing tendency
(insignificant decrease) of summer precipitatios haen observed during the last 100

years, while distribution of summer precipitatienbdecoming more variable (Briede
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and Lizuma, 2007; IPCC, 2007). Along with a risdesfiperature extreme cold events
are becoming less frequent, while hot days and ddifs heavy precipitation are
getting more frequent (Avotniece et al., 2010). nBi® in winter temperature
(December — February) and summer (June — Augustiptation at meteorological
stations of western (Li@fn), central (Rya) and eastern gRekne) regions of Latvia
for period from 1900-2000 are shown in Fig. 5. Aslrand winter temperatures have
increased during the whole period and have visibbreased in variability since
1990. Mean temperatures between regions are welielated (mean Pearson
correlation coefficient between meteorologicalista is high r=0.98), which implies
similar yearly variation. Summer precipitation tsightly decreased during the whole
period. Correlation of annual variation of summegqpitation data between eastern

and western Latvia is lower (mean Pearson coroglatbefficient r=0.54) than for

temperature.
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2.2 Study material
2.2.1Sample collection

Most of the material was collected during 2008—20A0network of 43
sampling plots across the territory of Latvia wasablished (Fig. 6). Stands were
selected from the Latvian Forest Service forestmery database based on criteria of
oak dominated stands with age > 100 years and racga than 1 ha. Most of the
selected stands were located on flat relief andirgnsoils (Table 2). More detailed
description of sampling sites is given in Tabldr2each site it was planned to obtain
cores from 10-14 oaks, but the number of cored waisslower in some sites due to
lack of suitable trees. Visually healthy, domin@anopy oaks were cored with a
Suunto 5 mm Pressler increment corer (Garcia-Gemzahd Fonti, 2008) from
opposite sides of stem at breast height (~1.4 raks@rowing on slopes were cored
from stem sides that were perpendicular to theesltp avoid reaction wood (Speer,
2010). Additional increment cores were obtainednfrather studies related with oak
forest ecology (sites DOB1, MOR, RDA and BZN); lrese studies only one core per

tree was collected, but the number of sampled trasshigher.
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Fig. 6. Location of sampling plots (sampled stands) aneldusmeteorological station and
moisture regime of sampled stands.
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Table?2

Coordinates, moisture regime, relief, mean age fimage of five oldest cored oaks),
stand composition (cleared or mixed) of samplirggpand number of cored trees.

Habitat Mixed Number of

Code Coordinates moisture Relief Mean age stands cored trees
Western Latvia
ANC 21956'5E, 57°34'23N Dry Flat 215 Yes 10
CCE 22°34'18E, 56°39'1N Dry Flat 176 Yes 10
DOB 23°17'24E, 56°36'9N Dry Slight slope 184 Yes 10
DOB1 23°13'10E, 56°35'34N Dry Slight slope 192 Yes 18
DRB 21°17'42E, 56°35'0N Dry Flat 212 Yes 10
DUN 22°20'52E, 57°29'47N Dry Flat 157 No 10
DzC 23°2'17E, 57°7'5N Dry Flat 227 Yes 10
Gvz 21°19'5E, 56°31'26N Moist Flat 230 Yes 10
ICV 24°8'56E, 56°34'9N Dry Flat 148 No 10
JBRsa 23°23'57E, 56°43'0N Dry Flat 237 No 8
JBRslI 23°25'22E, 56°44'51N Moist Flat 176 Yes 7
JEL 23°45'0E, 56°37'4N Dry Flat 225 Yes 18
KAN 22°47'27E, 57°3'0N Dry Flat 201 Yes 22
KEMsI 23°30'52E, 56°57'9N Moist Flat 285 Yes 15
KUL 22°2'6E, 56°55'26N Dry Flat 118 Yes 11
MOR 22°9'16E, 57°11'46N Dry Flat 219 Yes 37
MZN 24°1'58E, 56°26'47N Dry Flat 223 Yes 10
PIL 21°41'53E, 57°12'5N Dry Flat 197 Yes 12
SKR 21°59'7E, 56°34'58N Dry Slight slope 173 Yes 10
TBR 21°34'23E, 56°45'32N Dry Flat 167 Yes 12
UGL 21°58'31E, 57°14'35N Dry Flat 223 Yes 14
Eastern Latvia

AGL 26°54'5E, 56°12'41N Dry Flat 206 No 10
ALK 26°57'37E, 57°22'64N Dry Slight slope 115 Yes 01
BAR 26°38'59E, 56°42'30N Moist Flat 165 Yes 12
BIK 26°17'51E, 56°55'19N Dry Flat 160 Yes 10
BZN 26°3'41E, 56°50'11N Dry Flat 118 Yes 23
CES 25°13'24E, 57°17'30N Dry Slight slope 252 Yes 01
DKL 25°4'35E, 57°37'28N Dry Flat 186 Yes 10
ELK 25°36'45E, 56°13'19N Dry Flat 118 Yes 11
EZR 27°36'28E, 56°11'15N Dry Flat 202 No 10
JEK 25°57'16E, 56°28'17N Dry Slope 180 Yes 10
LMBsa 24°55'26E, 57°30'52N Dry Flat 184 Yes 10
LMBslI 25°2'11E, 57°30'33N Moist Flat 220 Yes 10
LOB 25°12'42E, 56°44'12N Dry Flat 193 Yes 16
LZA 27°57'22E, 56°30'23N Dry Flat 167 Yes 5
RDA 26°10'57E, 55°53'11N Dry Slight slope 180 Yes 4 1
RUJ 25°23'40E, 57°52'26N Moist Flat 114 No 10
SIG 24°48'2E, 57°9'5N Dry Slope 219 Yes 12
SKV 25°2'33E, 56°39'38N Dry Flat 117 No 10
STP 24°56'45E, 57°22'21N Dry Slight slope 180 No 10
STR 25°43'19E, 57°37'44N Dry Slight slope 176 Yes 01
VDL 25°46'31E, 56°16'21N Dry Flat 173 Yes 10
VLK 26°4'18E, 57°42'21N Dry Slight slope 149 Yes 7

2.2.2Sample preparation and measurements

In the laboratory, as soon as possible after didlecincrement cores were
glued into fixation planks with water solvent wogthe (PVA) and placed under
pressure to dry for at least a week. When dry, $ssnpere sanded with a vibration
sanding machine Makita BO 3700 until the widestsfsection (diametric plane) of
core was uncovered. To gain a smooth surface @scaandpaper of four different
roughness grits (120, 240, 320 and 500) was grbdapplied. It was ensured that
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cores were prepared properly and that no scratbhdsremained on the sanded
surface. After sanding, dust was removed by comspresir (~ 4 bars) ensuring
removal from vessel lumens. Cores were gently rdbkigh white chalk to enhance
contrast between earlywood and latewood and toligighvessels, visually ensuring
that chalk remained only in vessels and that tinfiase of cores was not smeared.
Core images were made with an EPSON GT15000 scamitierresolution

1200 dpi using 24-bit colour depth (Fonti et aD09a). Images of each core were
kept as separate files. For measurement of VLA toeges were cut into earlywood
images containing the large vessels in earlywootheffirst 2—-3 rows of each tree-
ring (Fig. 7), which contain the strongest sign@sircia-Gonzalez and Fonti, 2006).
In each core earlywood images were cut from earing from the year 1899 or up
to the oldest ring with five consequent tree-ritiggt were very narrow and skewed

(earlywood image contained less than 10 EV).

Fig. 7. Samples of prepared (manually cut) earlywood irsaige measurement of VLA.
Samples (cores) rubbed with white chalk.

Tree-ring, earlywood and latewood widths were messwsing the program
LignoVision v.1.36 (RinnTECH). Tree-ring borders neeset manually. Earlywood
and latewood borders were detected automaticalbedan greyscale level with
threshold value 50. VLA, area of earlywood imaged aumber of vessels per image
were measured with the program WIinCELL2007a (Rediesttuments). Gray level
pixel classification with threshold values from 185235 was used. A data filter
(VLA 6500—120000 prf) was applied to exclude any remaining chalk dedmis the

smallest (in some cases latewood) vessels fromntlhge analysis. Batch function
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was used for automation of measurements for each Quality of material (images)
was checked before measuring material from eaehGirrect recognition of EV was
ensured by visual inspection of measurements leaat 30—40 earlywood images and

adjustments in measurement parameters were madedgsary.

2.2.3Climate data

Climate data was obtained from LEGMC. Data from Riga meteorological
station was used for analysis of growth of oaks elndate as it had the longest
record series (continuous records for the perio8018000, fragmented records of
temperature up to 1795 and precipitation from 18B@Ya from Liepja and Rzekne
were used for description of climatic conditiongveen western and eastern Latvia.
These stations, however, had too short data stnietendroclimatological analysis.
Effect of climatic factors on the proxies was cdesed for climatic data (mean
temperature and precipitation sum) from Octoberthed year prior to tree-ring
formation (p.t.f.) to September of the current y&dmatic data was also divided into
seasons: winter (December—February), spring (Maviely}, summer (June—August)
and autumn (September—November). Data for wholeiggseason was also used. A
list of climate extremes for the ®@entury was used for analysis of extreme changes
in wood formation. Monthly extremes were charaetstias the difference from past
110-year mean values. Data for the monthly selbcating Palmer Drought Severity
Index (scPDSI) (van der Schrier et al., 2006) armdtiNAtlantic Oscillation (NAO)
index (Trigo et al., 2002) were obtained from tHem@tic Research Unit for a point

closest to the Riga meteorological station for 2Z0D2.

2.3 Data Analysis
2.3.1Cross-dating, quality check and statistics of tsedes

Cross-dating of time-series of tree-ring proxy (TRWH VLA) measurements
at stand and regional levels was done by graphispkction and statistical evaluation
using the program COFECHA (Grissino-Mayer, 2001hsMinput parameters in the
program COFECHA were set as the program defautt,sbgment length and lags
were changed for TRW and VLA to gain maximal priecis For TRW, 40 year
periods with lag 10 years and for VLA 55 year pdsiavith lag 5 years were used.

Characteristics of time series were described kst firder AC coefficients (AC),
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interseries correlations (IC), mean sensitivity & (Speer, 2010), calculated in
COFECHA (Grissino-Mayer, 2001) and expressed pdjouaignal (EPS) (Wigley et
al.,, 1984), calculated based on standardized (ud#d measurement series in
program R v .2.10.1 using library dpIR (Bunn, 2008)

2.3.2Comparison of tree-ring proxies

For three sites (KUL, SIG and AGL), which were ltathin western, central
and eastern Latvia, respectively (Fig. 6), sevae®-ring proxies (TRW, latewood,
earlywood width, VLA, vessel density and potentainductivity) were compared
using Pearson correlation analysis (Sokal and Rd®B5). Vessel density was
calculated for each earlywood image by dividingrienber of measured vessels with
the area of the earlywood image and expressed mberwf EV per mr Potential
conductivity was calculated according to the Pollleelequation (Tyree and

2

< where r — vessel

Zimmermann, 2002) for each earlywood image Rs

radius, S — area of earlywood image. Proxy data feach site were cross-dated and
their quality was checked using COFECFA (Grissinaygl, 2001).

2.3.3Detrending and standardization of time-series

For the analysis of yearly variation of wood forraatand climate, residual
chronologies of TRW and VLA were established falesiand regions with the
program ARSTAN (Cook and Holmes, 1986). Double efeding using a negative
exponential curve method with wavelength 128 yearsl 50% cut-off and
autoregressive modelling was used (ARSTAN defaults)

Pointer year indices were calculated according eéaviNrth et al. (2004) for
TRW and VLA time-series for sampling sites and rfegions. The calculation was
based on a modified skeleton plot method. Relativdifferences

Ai=(%—-X o, )% o, ,in TRW or VLA (x) were calculated for each year, {iith

respect to the mean of the previous 5-year peridek relative differences were
expressed as scores, ranging from -5 to 5 (except @0% steps. A score of -5
corresponded to a relative difference of <-80%, arstore of 5 to a value of > 80%.

Kk
A pointer year index for a group of trees was dalad asl :%)Zhj S; ,» Where k
n <=

= 10 (number of possible score values, n— numbé&ees included in the calculation,
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h— number of trees with each score, s— frequencgcofe). Pointer years with an
absolute index value exceeding 0.25 were considesearesult of extremes affecting

a large number of tress.

2.3.4Effect of site characteristics on wood formation

Principal component analysis (PCA) was used tosassamilarity of wood
formation between sites (stands) and to test wkitd characteristics (geographic
location, moisture, fertility, tree species comgiosi, stand (mean) age and steepness
of slope) had effect on wood formation. The PCAdusdes as samples and the
variables were years. Standardized time-series@{igs (residual chronologies and
pointer year index values) for sites served astigpta. The analysis was conducted
using PC-ORD v.5.0 (McCune and Mefford, 1999). Adamization (Monte-Carlo)
test (999 iterations) was used to assess signdecaof principal components.
Correlation (Pearson) of PCA components with sktaracteristics was determined.
Grouping of sites by region for development of oegil chronologies was based on
the PCA results.

2.3.5Effect of climatic factors on wood formation

Data from 40 sites (Appendix 3) were used to deteneffect of climatic
factors (mean monthly temperatures and precipitatioms) on yearly variation of
TRW and VLA represented in residual chronologiessiés. Pearson correlation
coefficients were calculated for climatic factorsttwTRW and VLA using the
program DendroClim2002 (Biondi and Waikul, 2004) &ach site. Data for period
1899-2010 was used. Significance of correlations t@sted with a bootstrap method.
For each group of sites distinguished by PCA, tlop@rtion of sites (stands) showing

significant correlations to each climatic factorsaalculated.

2.3.6Regional chronologies and analysis of temporal gesnin
climatic signals

Data from 40 sites (Appendix 4) showed good agreémieetween
measurement time-series and were used for constmuzt regional chronologies and
assessment of temporal changes in climatic sigpRlSRW and VLA. Relations
between wood formation and site characteristicevassessed by PCA using residual

chronologies of sites. Two groups (regions) of damplots were established based
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on the PCA division. For each group (region) adeai chronology was established
based on time-series of all cross-dated treesmitig region. Correlations of regional
chronologies with climatic factors (mean monthlynperatures and precipitation
sums for April p.t.f. to September of year of tréggg formation) for the whole period

and by mowing intervals of 50 years were determirgsb, the effect of scPDSI was
tested. Significance of Pearson correlation angamse function coefficients was
assessed by bootstrap method using DendroClimZI02di and Waikul, 2004).

2.3.7Influence of NAO on wood formation

The effect of NAO on wood formation was assessedPégrson correlation
analysis (Sokal and Rohlf, 1995). Regional residciatonologies (produced by
pooling time series of trees within regions acaogdio results of PCA) of TRW for
periods of 1806—1900 and 1901-2000 and of VLA fer period of 1900-2000 were
tested for significant correlation with NAO indics months (October of year p.t.f—
September of current year) and seasons (winteingspsummer, autumn and entire
growing season). Significance of correlation cagiits was determined by Student
criteria (Sokal and Rohlf, 1995).

2.3.8Relationship of pointer years and climate and weatxtremes

Data from 40 sites (Appendix 4) was used to deteenmiointer years and to
assess their relation with climatic factors. As #&malysis focuses on abrupt changes
in wood formation, after cross-dating it was aduditlly ensured (graphical
inspection) that signature years matched. Alsessithere chosen to contain a similar
sampling depth during the period 1908-2088 {rees). For each site pointer year
index series were calculated for TRW and VLA. PCAswperformed based on site
index series to assess differences among sitesoatest if site characteristics had
effect. For each group of sites (distinguished IGARP regional pointer years were
calculated based on all cross-dated trees withén gtoup. Influence of climatic
factors (mean temperatures and precipitation swmmbnths, seasons and years) on
extreme changes in wood formation (pointer years)s vevaluated by Pearson
correlation analysis using DendroClim2002 (Biondda~Naikul, 2004). To test for
significant differences in correlation coefficienbetween groups of plots for a
climatic factor, a randomization test was conduaisithg the program R v.2.13.1 (R

Development Core Team, 2009). Pointer year indexestheir correlation with each
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climatic factor were calculated for groups contagnirandomly selected plots,
repeated 999 times. Group sizes were maintaineih dlse original classification
(division). Differences in correlation coefficientbtained between groups identified
by the PCA analysis were considered to be sigmfich larger differences in
correlations between groups containing randomlgctet! plots were obtained #%%

of randomized iterations. Relation of climate (Wea) extremes to the expressed

pointer years (absolute index vakf@ 25) was assessed.

2.3.9Age dependent climatic signals in TRW

The analysis was performed using material colleatedite MOR (western
Latvia), for which data from oaks with differenteagonly TRW) was available.
Cross-dated data were divided into two groups a@icgrto age of oaks; one group
represented oaks with age from 90-130 (data froroak®) and 180-210 years (data
from 13 oaks). For each group residual chronologiese produced. Climatic signals
were assessed by Pearson correlation and respansigoh analysis for the period
from 1900-2007. Significance of relationships wasetmined by bootstrap method
using DendroClim2002 (Biondi and Waikul, 2004). d&ff of mean monthly
temperature and precipitation sums from April oé tyear p.t.f. to September of

current year was tested.

2.3.10 Changes in wood formation during the past 30 years

To test for differences in wood formation in recelgcades, mean regional
time-series of TRW and VLA were calculated from méiane-series of sites within
western and eastern regions of Latvia, distinguishecording to results of PCA.
Mean TRW and VLA was compared between periods 6012980 and 1981-2009
using a t-test in program R v.2.13.1 (R Developn@mte Team, 2009). Trends were
compared using ANCOVA (Sokal and Rohlf, 1995). Slenty of regional time
series for these periods was also calculated igram R v.2.13.1 using the package
“dplR” and function “sens2”, which calculates séndly in time series with a trend
(Bunn, 2008).
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3 Reaults

31 M easurements and cross-dating

In total data from 43 sites (stands) were used.uAd80000 tree-rings from
490 trees were measured. For ~95000 tree-rings fA&® trees, core images
representing earlywood were prepared, measuredchedked. Cross-dating was
successful, as only ~10% of measured series for T&M/ ~15% for VLA were
excluded during quality checking. Statistics oéditme-series are shown in Table 3,
Appendix 5. Both TRW and VLA showed rather high me&ensitivity.
Autocorrelation was lower for VLA. EPS values cd#tad for trees in sites were
above 0.85 (mean between all sites 0.88) in mtet for TRW, but for VLA in about
half of the sites EPS was below 0.85. Interser@sgetation (IC) calculated between
trees in a site was also lower for VLA than for TRt interseries correlation (ICs)
between mean site time-series was higher for Viodjcating that high frequency
variation of VLA is similar in the studied sitesggpite lover agreement (EPS and IC)
between trees in a site. VLA time series also sladbhigher GLK (Gleichlaufigkeit,
synchrony) compared to TRW, indicating that VLA ¢érseries of sites are more
synchronous between sites. Mean site time-serig®u and VLA are shown in Fig.
8. TRW records extend from 1697-2010. However cagibn for the 130 years up to
1827 was rather low. Vessel measurements are timsuening, and considering the
time limits imposed, VLA was measured for the perfoom 1899-2010. As VLA
was measured for the last 110 years, replicatiohnigh in whole analyzed period.
However, it is lower than for TRW, as more measweinseries were excluded
during quality checking. Amplitude of TRW among did sites increased during
most of the analyzed period, but a decrease in TRWits range is visible since the
late 1980s. VLA showed a slight increase during Wiele period. However the
spread between sites in VLA occurred at approxilpdtee same time when TRW
showed decrease of amplitude. Common signaturegigibde in time-series of both
TRW and VLA, but they are only partly synchronoustviieen proxies. Common
signatures (strong decreases or increases) abdevisiseveral years (i.e. 1827, 1881,
1940 and 1977) for TRW and VLA time-series (i.e2891940, 1956 and 1979).
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Table3

Mean statistics for all measurement time seriasgeaof measurements (3@nm for TRW
and 100 prhfor VLA), mean autocorrelation (AC) calculated foees in a site, mean
sensitivity (SENS), mean EPS (calculated for tiaes site), mean interseries correlation (IC,
calculated between trees in site; ICs calculatédidrEn mean time-series of sites) and mean
GLK indices.

Min Max Mean AC SENS EPS IC ICs GLK
TRW whole period 58 472 254 0.77 0.22 0.87 0.6 0.49 0.61
TRW 1899-2010 65 404 220 0.72 0.21 0.88 0.62 054 620
VLA whole period 132 512 323 0.49 0.2 0.78 0.35 50.6 0.63
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Fig. 8. Mean site time-series of TRW (A) and VLA (B) measuents and their sample depth
(replication, number of trees, TRW — solid line, Ak broken line) (C).
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3.2 Comparison of wood proxies

Significant Pearson correlation coefficients weoarfd between three TRW
proxies (trees-ring, earlywood and latewood widihil between EV proxies (VLA,
potential conductivity and vessel density) in threiges (Table 4). Correlation
coefficients (r) ranged from 0.11 to 0.96. TRW wsgnificantly correlated with
earlywood and latewood width in all tested sitd®W and latewood width correlated
tightly (r= 0.94-0.96), thus showing similar vaitat. Earlywood and latewood width
showed the weakest correlation (r=0.24-0.36). Catioms between vessel proxies
generally differed between the tested sites. VLAs w&nificantly correlated with
potential conductivity in all tested sites and toerelation was stronger in the site in
the eastern region of Latvia (AGL) than in westeite (KUL). There was a
significant correlation between vessel density potential conductivity only in the
site in the western region of Latvia (KUL), whileessel density and VLA were
significantly correlated in sites from central asalstern regions of Latvia (SIG and
AGL). There was no significant correlation betweesrlywood width and vessel
parameters (correlation coefficients were low,(.05).

Table4

Comparison of tree-ring proxies. Correlations bemv@&RW, early- and latewood widths and
VLA, potential conductivity and EV density.

AGL SIG KUL
Early Late Early Late Early Late
wood wood wood wood wood wood
width width width width width width
TRW 0.64* 0.95* TRW 0.60* 0.96* TRW 0.58* 0.94*
Earlywood " Earlywood . Earlywood "
width 0.36 width 0.35 width 0.26
Vessel Vessel Vessel
density VLA density VLA density VLA
Potentla_l ) 011 0.79* Potentla_l ) 017 0.75* Potentla_l ) 0.35+ 0.45*
conductivity conductivity conductivity
Vessel . "
density -0.54 Vessel density -045 Vessel density -0.10

3.3 Effect of site characteristics on oak wood formation in Latvia

A PCA was performed to identify common trends ob@dormation between
the studied sites using site residual chronologrespointer year indices of TRW and
VLA. The PCA was conducted using data from 40 sg#leewing good agreement
between trees. Residual chronologies and pointar yelices of TRW and VLA

showed similar patterns (Fig. 9). A continuous gratiwith no obvious grouping was
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evident, with some outlier plots, mainly from thastern region of Latvia (i.e. BAR,

AGL and ALK). In all cases PCA component | (ordinat axis 1) was significant
(Table 5), but the explained variation was ratloey [8.7-13.8 %) (dkland, 1999).
Among the site properties, longitude coordinate sampling plot (representing

distance from the Baltic Sea) was significantlyretated with PCA axis 1, indicating
that high frequency variation of wood formation ifibofTRW and VLA) in oak
differed along a West-East gradient. High frequeneyiation of TRW showed

stronger correlation with longitude coordinate thArA. The amount of variation in

pointer year indices explained by PCA componentas wlightly higher than for

residual chronologies. PCA scores overlain on theagraphic locations (Appendix
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6) showed that sampling plot scores had a rathereeged gradient in the West-East
direction, confirmed by significant correlation titlongitude (Table 5). The
geographic gradient of PCA scores was clearer RWT which showed positive
scores in the western region of Latvia and negatoeges in the eastern region (when
residual chronologies were used). Although VLA abowed a geographic gradient,
it was slightly less expressed. Nevertheless, tegions of Latvia (western and
eastern) based on PCA scores for pointer yearsdceasily be arbitrarily
distinguished (Appendix 6, solid line). Based oa BCA of residual chronologies, an
additional central region of Latvia with intermeiaPCA scores (Appendix 6,
between solid and broken lines), could be distisiged.

Tableb

Statistics of PCA analysis of residual chronologied pointer year index time-series of
TRW and VLA. X — longitude coordinate of samplintgs.

TRW VLA TRW VLA
residual residual pointer pointer
years years

Significance of axis, p-value 0.001 0.001 0.001 0.001
Explained variation (%) by axis 1 12.1 8.7 13.8 10.2
Pearson correlation coefficients X (r=0.86) X (r=0.78) X (r=0.76) X (r=0.66)
between axis 1 scores and site
properties

34 Effect of climatic factors on wood for mation
3.4.1Effect of climatic factors on wood formation aeditvel

Local chronologies from 40 sites (19 sites in thestern region, 11 in the
central and 10 in the eastern region (AppendidB)inguished by solid and dashed
lines) showed different climatic factors and prdjwors of stands with significant
correlations (Table 6) to climatic factors. The pwdions of stands showing
significant correlation with a specific climaticctar were overall lower for TRW
(only several factors showed significant correlasian more than 30% of sites) than
for VLA (up to 80% and 100% for TRW and VLA, respeely). TRW showed more
frequent correlations to climatic factors duringrsuer (except in the eastern region),
while VLA was significantly correlated with tempéuee in the dormant period and
spring in all regions. Significant correlations ispring and summer temperatures
were more frequent in the western region, whileredations with July, August and

October temperature of the year prior to tree-ringnation (p.t.f.) and August
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precipitation were more common in the eastern regRvoportions of stands showing
significant correlations between VLA and climatacfors were higher in the eastern
region. Weather conditions in the period from Maythe year p.t.f. until September
of year of tree-ring formation had the highest mpns of significant correlation
with VLA. Temperature showed more frequent coriefee among sites than
precipitation sums.

There were no single climatic factors significarttyrelated with TRW in all
sites within a region (Table 6). However, sevetahatic factors were significant in
more than 30% of sites within a region. In the westregion of Latvia, March and
June temperatures showed highest occurrence ofiveosignificant correlations,
while July temperature of year p.t.f. showed thestricequent negative correlations.
Precipitation was significant in several sites amdrall had low effect (November of
year p.t.f. precipitation was significant in 26%sdities). In the eastern region October
of year p.t.f. temperature showed positive sigaiftccorrelation in 30% of the studied
sites and July and August of year p.t.f. had nggatifect in half of the sites. August
precipitation in the eastern region showed the rfreguent significant effect (80% of
sites) among climatic factors affecting formatioh TRW. A negative effect of
February of year p.t.f. was observed in 50% ofssi#® gradual shift of climatic
factors and proportion of sites showing significantrelations was apparent in the
west to east direction. Significant climatic fastoshifted from summer month
temperatures in the western region to autumn tesyers and August precipitation
in the eastern region. In the central region ofviagtsignificant climatic factors and
proportions of sites showing significant correlasowere intermediate between
western and eastern regions. However, there wasrgsr negative effect of July of
year p.t.f. temperature in the central region.

Temperature in the dormant period (December—Magoig in April was
significantly (positively) correlated with VLA in high proportion of sites in all three
regions, increasing in proportion in the eastereation (Table 6). Of these months,
temperature in January and April temperature shatlvednost frequent correlation
(74% and 84% of sites, respectively, in the westegion and 100% of sites in the
eastern region). Also, in most sites the highesfffment values (ranging r= 0.40—
0.54, not shown) were observed for these factoemmpleratures in June and
September of year p.t.f. showed frequent signiticaorrelations (positive).

Precipitation had minimal effect on VLA compared temperature. Only several
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precipitation factors in the eastern region wepgmi§icantly correlated with VLA in
>30% of sites (precipitation in January and Jungdar of tree-ring formation and
January in year p.t.f.). Nevertheless precipitattdnJanuary of the year p.t.f. was
significantly correlated with VLA in 70% of sites.

Table6
Proportion of sites showing significant correlatioetween
residual chronologies of TRW and VLA and climatic
factors in western, central and eastern regiohsafia.

Tree-ring width residual

chronology VLA residual chronology
Region Region
Western Central Eastern Western Central Eastern
+ - + - + - + - + - + -
Current growing season

Temperature
Oct 11 45 30 21 30
Nov 5
Dec 79 64 90
Jan 74 100 100
Feb 5 9 68 91 100
Mar 37 18 10 32 18 50
Apr 10 84 100 100
May 21 16
Jun 42 27 5 27 20
Jul 16 27 10 18
Aug 21 5
Sep 11 18 5 9

Precipitation
Oct 5 11
Nov 5 26 10 5 9
Dec 11 5
Jan 11 9 10 26 9 70
Feb 10
Mar 5 9
Apr 16 9
May
Jun 5 18 20 16 9 30
Jul 11 10 5
Aug 5 36 80 11 10
Sep 27 9

Previous growing season

Temperature
Oct 9 10 5
Nov
Dec 5 10
Jan 5 27 20 11 18 20
Feb 36 50
Mar 11 10 5 9
Apr 11 9
May 42 9 60
Jun 26 64 30
Jul 37 73 50 5 18
Aug 26 36 50 16
Sep 63 82 90

Precipitation
Oct 11 9 10 11
Nov
Dec 9
Jan 5 27 30
Feb 9
Mar 5 5
Apr 11 20 11 10
May
Jun
Jul 16 27 20
Aug 5 21 9 10
Sep 11 20 9
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3.4.2Regional chronologies and their relation with cliieefactors

The PCA analysis indicated that sites could alsgroeped into two regions:
western (18 sampling plots) and eastern (22 sagpliots) Appendix 6, solid line).
Regional chronologies of TRW and VLA were built layoling of time-series of trees
within each region (Fig. 10). Interseries correlasi of site time series of TRW within
regions were similar, but they were significantlgher (p-value < 0.05) within each
region than between regions, indicating differencesvood formation between the
regions. TRW showed higher amplitude and variabbrindex values compared to
VLA. Both TRW and VLA proxies also showed higher @itude and variability
(Table 7) and also higher index values (Fig. 10jhi@ eastern region of Latvia. A
decrease in amplitude after about 1980 is visibtdobth proxies, which is clearer for
the VLA chronologies. Common signatures occurretivben regional chronologies
of TRW (extreme values in 1940, 1957, 1980 and 2@d8 between chronologies of
VLA (extreme values in 1940, 1956, 1979 and 198ng a few common extreme
values were visible for the proxies (e.g. in 194(RW had both expressed common
negative and positive extreme index values in bretfions, while VLA had only
expressed common negative extreme index valuestiis for the chronologies are
shown in Table 7. EPS and GLK were high (>0.96 ad&3, respectively) for all of
the chronologies (for both TRW and VLA), indicatitigat the datasets contained
expressed common signals and that the chronologige reasonable, despite low
agreement between time-series of trees in sevéed §Appendix 5). However,
agreement of time-series was slightly higher in ¢lastern region. Autocorrelation
and mean sensitivity of the chronologies were hidobe TRW compared with VLA,
and there were only slight differences between evastnd eastern regions of Latvia
for these estimates.

Generally, high-frequency variation in regional mmwlogies of TRW was
more influenced by climatic factors during sumnvehjle the effect of temperature in
the dormant period had stronger effect on VLA. i@ tested 19 monthly temperature
and 19 monthly precipitation parameters, 13 ande$pectively, were significantly
correlated with TRW and/or VLA (Fig. 11) and eigieimperature factors and two
precipitation factors showed significant responsections (Fig. 12) with these
proxies in one or both regions. Regarding TRW, &ulg August temperature of the

year p.t.f. had significant negative effect (botinrelation and response) in eastern
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Fig. 10. Regional residual chronologies of TRW (A and By afLA (C and D) for western
and eastern regions of Latvia. Time-series of t@gkin region were pooled. Grey line
indicates sample depth (replication).

Table7

Statistics of data (time-series) pooled within oegil chronologies
of TRW and VLA for eastern and western regions afivia.

TRW VLA

West East West East
Number of trees 192 224 167 214
Interseries correlation 0.443 0.481 0.34 0.468
Mean sensitivity 0.218 0.233 0.207 0.192
Autocorrelation (first 0.761 0.761 0.373 0.546
order)
EPS 0.975 0.987 0.968 0.992
GLK 0.577 0.59 0.536 0.563
Min 155 167 272 309
Max 912 982 849 891
sD 69 78 64 83
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and western regions. Current year March and Jungpdmtures had positive
correlation only in the western region and July gemature showed significant
correlation only in the eastern region, but thepoese function values for these
factors were insignificant. In the eastern regimcipitation in July of the year p.t.f.
and August of the current year showed positiveetation, and the latter also showed
significant response in TRW. In contrast, in thestgen region, November of year
p.t.f. precipitation had a negative correlation aping (April) precipitation had
positive correlation with TRW, but neither of thoshowed significant response
function values. October temperature showed swpmfi correlation only in the
eastern region, but response to this factor wasfsignt in both regions. There was
no significant effect of drought (scPDSI) obsermeither for TRW nor VLA.
Compared to TRW, VLA had a greater number of sigaift correlations with
monthly temperature, and the correlation coeffitsamere higher (Fig. 11), indicating
stronger relationship. The climatic factors coretiawith regional chronologies were
rather similar to those identified at site levehljle 6). Winter and spring temperature
(December—April) in the current year, as well asyMhne and September
temperature in year p.t.f., were significantly etated with VLA in both regions.
Precipitation had weaker effect than temperatusgificant effect was evident only
for January of the year of tree-ring formation iothb regions, and also for June of
current year in the eastern region. VLA showed tpasiresponse to December and
April temperatures in both regions, and in the eastregion additionally to
September of year p.t.f, January and June temperéfig. 12). In the eastern region
also a significant negative response to Decembsrigatation was observed, which

was not evident in the correlation analysis.
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Fig. 11. Pearson correlation coefficients between residhedbrmlogies of TRW (A and B)
and VLA (C and D) and mean monthly temperaturegppand monthly precipitation sums
(lines) for western and eastern regions of Latwegpectively. Significant correlations are
shown by black bars and * (precipitation). Monthsuppercase refer to the previous calendar
year.
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VLA (C and D) and mean monthly temperature (bang) monthly precipitation sums (lines)
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3.4.3Effect of NAO on yearly variation of wood formation

The effect of NAO (monthly and seasonal) was marpressed (showed
higher correlation coefficients) on VLA than on TRWable 8). For the period from
1900-2002, VLA showed highest correlation with NA@lices in January, which
was similar between regions. Correlation betwee\\dnd seasonal NAO indices
was also significant, but correlation was stronigethe western region. Weaker but

significant correlations were found between VLA afdril NAO indices in both
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regions, but June NAO had significant effect onty the western region. TRW
showed weaker effect (lower correlation coefficggndf NAO and only three of the
tested NAO factors showed significant correlationthhe analyzed periods (1806—
1900 and 1901-2002) (Table 8). In the period fr@@02002 only the NAO index
in April showed similar significant negative coa#bn in both regions of Latvia,

which was opposite of that found for VLA (a positieffect). In the 19 century

(period from 1806—-1900), the seasonal NAO indexoath regions and February
NAO in western region had a significant effectitie period from 1900-2002, effect
of seasonal NAO on TRW was not apparent, but acetif the seasonal NAO index

was observed for VLA.

Table8

Significant Pearson correlation coefficients betwessidual chronologies of TRW and VLA
for western and eastern regions of Latvia, respelgti TRW analyzed for periods 1806 —
1900 and 1901 —2002. October —December corresgornu®vious calendar year. p-values:
*<0.05, **<0.01, ***<0.001.

1806-1900 1901-2002 1901-2002
NAQO index TRW west TRW east TRW west TRW east VLAsiv VLA east
October
November

December

January 0.36%** 0.39%**
February 0.25*

March

April -0.22* -0.22* 0.23* 0.21*
May

June 0.29**

July

August

September

Autumn

Winter 0.39%** 0.37***
Spring

Sumer

Season 0.21* 0.21* 0.33*** 0.23*

3.4.4Changes in effect of climatic factors on wood faioraof oak

During the period 1900-2009 changes occurred inr¢hationship between
high frequency variation of wood formation (TRW axtA) and climatic factors,
shown by both Pearson correlation analysis (Fig.at®l response function analysis

(Fig. 14) of 50-year moving intervals. The temperatVLA relationship for January
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and February clearly appears to have weakened thitefate 1960-1970s, as the
correlation and response coefficients in movingnvels after about 1927-1977 were
lower than in previous intervals or they disappdafiée correlations between March
temperature of the current year, and in partic@letober of year p.t.f., and VLA in
moving intervals after 1927-1977 mostly disappeatddwever there were only
several short intervals with significant response Qctober of the year p.tf.
temperature in the first half of the analyzed peridhe correlation with December
temperature increased after intervals of 1928-1i@&7Both regions. In the eastern
region response values become significant onlyénlast few intervals, while in the
western region response was not significant infitisé intervals of analyzed period.
Although correlations with April temperatures westeong and present in all intervals
within the analyzed period, response analysis sdhat this effect weakened during
the last 10 intervals, particularly in the westeegion. However, response to April
temperature was also non-significant in the fiestiqgeds and showed highest values in
mid-intervals. Although May temperature of yearfpwas positively correlated with
VLA in the first half of the analyzed period, ondgveral intervals with significant
response occurred in the eastern region. In théewesegion, a significant positive
correlation between June precipitation of the aurrgear and VLA appeared in
moving intervals after 1924-1974, which extendeth®interval 1955-2005. In the
eastern region, this effect was evident only in -intérvals of the study period.
Significant response to June precipitation wasavidnly in a few mid intervals of
the analyzed period in both regions. In the latet pf the investigated period, in the
western region, the effect of June temperature haf year p.t.f. strengthened
(correlation coefficients and response increased laecame significant). In the
eastern region this effect was apparent earlietha® were two periods of intervals
with significant correlation coefficients, but rer extending to the start or end of the
study period. However, significant response wadei only for about 1910-1967. A
significant negative effect (both correlation aedponse) of August precipitation of
the year p.t.f. occurred in a few moving 50-yedeivals after 1938-1988. Drought
(scPDSI) did not show periods of significant effeetther on TRW, nor VLA.
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Fig. 13. Significant Pearson correlation coefficients betwanean monthly temperature and
monthly precipitation sums from April of the yeaepious to tree-ring formation to October of

year of growth and residual chronologies of TRWW@éstern region and B eastern region) and
VLA (C western region and D eastern region) fory®@+ moving intervals in the period 1900—

2009. Dots represent negative correlation. In uggses —climatic factors in the year prior to

tree-ring formation.
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Fig. 14. Significant response function coefficients betweesan monthly temperature (T) and

monthly precipitation sums (P) from April of theayeprevious to tree-ring formation to October

of year of growth and residual chronologies of TRAMvestern region and B eastern region) and
VLA (C western region and D eastern region) fory&8+ moving intervals in the period 1900—-

2009. Dots represent negative correlation. In upgs® —climatic factors in the year prior to tree-
ring formation.

TRW showed less stable correlation with climatictéas, as there were no
single climatic factors showing significant effetiring the whole study period, in
contrast to VLA (Fig. 13), and periods of signiitaesponse were even shorter (Fig.
14). There were 17 climatic factors that showeahifigant effect with TRW in less
than five 50-year moving intervals of the studyiper Nevertheless, significant
correlations with October of year p.t.f. temperatanly occurred in moving intervals

before 1963 and 1971 in the western and easteionegespectively, and significant

63



response also occurred around that time in theewesegion. The correlation with
current year February and March temperature wasifisignt in intervals before
1980s in the western region. In the eastern retlianeffect was significant only in
mid intervals of the analyzed interval. July andgAst temperature of year p.t.f.
showed significant correlation with TRW during mastthe analyzed period, but
response function analysis suggested that the imegeftect of July of year p.t.f was
more expressed and become significant only in latervals of the analyzed period.
Significant response of TRW to August temperaturgear p.t.f occurred, but this
was apparent in only a few intervals in the eapian of the analyzed period. Positive
significant correlation and response to current yiedy was evident in the later part
of the analyzed interval. This effect was contirsiand more expressed in the eastern
region. In the eastern region, effect of currengést precipitation was significant for
both correlation and response function analysismaving intervals after 1929-1979.
Precipitation in September of the current year Blodember and December of the
year p.t.f. had significant effect on TRW in onlyfew moving intervals, but the
former was evident only at the start and at theddritle study period.

3.4.5Relationship of TRW and VLA pointer years with atim
factors

Pointer year indices, calculated for western arsdega regions for the period
1908-2008, generally were low and did not exceed@(Fig. 15). Although the
temporal fluctuation of pointer year indices wathea similar between regions for
each proxy, major differences occurred betweenptioxies. Pointer years with an
absolute index value0.25 were more frequent for TRW than VLA and mosgtient
in the eastern compared to the western region. ¢edse of pointer year indices
during the last 20 years was visible for VLA. Iretlwvestern region, there were 20
years with pointer year index absolute vale@5 for TRW time series. Of these, 11
were positive and 9 were negative. In contrasty dhlyears were identified as
significant pointer years (negative) for VLA timers. In the eastern part of Latvia
pointer years with absolute index valugs25 were more frequent: 31 pointer years
(17 positive and 14 negative) for TRW and 6 (2 fpesiand 4 negative) for VLA

were identified.
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Fig. 15. Pointer year indices and sampling depths (numbé&ees) for A- tree-ring width in
western Latvia, B- tree-ring width in eastern LatvC- VLA in western Latvia, D- VLA in
eastern Latvia.

Years with high pointer year values could be asdgediwith climate extremes
(Table 9). The strongest pointer year8.25) for TRW mostly were common for both
regions, except 1985, when a negative pointer geaurred in the eastern region and
positive pointer year (with value 0.23) in the veestregion. VLA also showed
common pointer years associated with climate exeemor both regions. Positive
pointer years appeared for VLA during the last 2@rg. A strong negative pointer
year for TRW and VLA occurred in 1940, which was@asated with an extremely
cold winter when the minimum winter temperaturd falow -40°C and winter

temperatures were about°’8 below 100-year mean. Warm winters associated with
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positive pointer years for TRW time series occurired 944, 1945 and 1983, when
January temperatures were more than’@.above the 100-year mean value. Positive
pointer years of VLA were associated with raisedgeratures in winter and spring
and increased precipitation in May. Raised preafh in summer (July and August)
and warm winters might be associated with posipigeter years of TRW (in 1919,
1945, 1957 and 1980).

Table9

Extreme pointer years (absolute index vatu®25) of TRW and related climatic (weather)
extremes. Numbers in brackets indicate differeficen 100-year mean values.

Year TRW VLA Weather anomalies (differences fron Y@ar mean)

1919 P Cold end of March (-5°&), high precipitation in August (+58 mm)

1928 N Cold second decade of April (-83, end of July (-4.6C) and
beginning of August (-4.2C), high precipitation in June (+84 mm)

1932 N Cold March (-5.%)

1940 N N Extremely cold January (-8@) and February (-9.X)

1944 P Warm January (+4@), high precipitation in May (+61 mm) and low
in July (-46 mm)

1945 P Warm beginning of January (+Z%, warm July (+2.8C), high
precipitation in July (+168 mm)

1956 N Extremely cold end of January (-&3, February (-7.8C), August (-
2.9°C)

1957 P Warm January (+3@) and February (+43€), high precipitation in
August (+75 mm) and September (+76 mm)

1979 N Extremely cold December of 1978 (€3

1980 P Cold May (-2.8C), warm June (+2.3) and moist August (+81 mm)

1983 P(east) Warm January (+8J and May (+2.9C); high precipitation in May
(+75 mm) and the end of November (+35 mm)

1984 P(east) Low precipitation in April (-33 mm)

1985 N(east) Cold January (-6@) and February (-8°C), especially in eastern
region

1987 N(east) Extremely cold January (-1f€€Pand beginning of March (-9%€),
cold August (-1.8C), high precipitation in May (+50 mm)

2004 N Warm beginning (+6°C) and cold end (-3.°C) of May and cold June
(-1.4°C)

Pointer year indices of TRW and VLA were signifidgncorrelated with 19
climatic factors (Table 10). The sets of significaorrelations between climatic
factors and pointer year indices for TRW time serwempletely differed between
eastern and western parts of Latvia. In the westegion, spring, summer, and
seasonal temperatures were significantly correlaiéd pointer year index values and
a negative correlation with November precipitatimas observed. In the eastern

region significant correlation coefficients betweaninter year indices and climatic
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variables were found for current year February terafure (positive), previous-year
December temperature (negative) and current ygate®der precipitation (negative).
In all cases of significant correlations for onkyeoof the two regions, randomization
tests showed that these significant correlationsndit occur by chance (Table 10),

confirming division of sites into regional subsets.

Table 10

Pearson correlation coefficients between pointar yedex (TRW and VLA) and climatic
factors in western and eastern regions of Latugnificant correlations are shown in bold,
p-values for correlation coefficients are shown *as: 0.05, ** < 0.01, ** < 0.001. In
addition, randomization test p-values estimate pghgportion of iterations in which a
greater difference in pairs of correlation coeffittis was obtained. A p-valge0.05 was
considered as a significant difference betweeretation coefficients of regions.

TRW VLA

Western Eastern p-values Western Eastern p-values

Current growing season

Temperature
October 0.22* 0.22* 0.208
December 0.34*** 0.35%** 0.160
January 0.40*** 0.55%** 0.001
February 0.12 0.26* <0.001 0.40*** 0.42x** 0.224
March 0.24* 0.13 <0.001 0.29** 0.31** 0.202
April 0.41*** 0.43*** 0.228
June 0.24* 0.11 <0.001
August 0.22* 0.06 <0.001
WINTER 0.51*** 0.60*** 0.050
SPRING 0.25* 0.03 <0.001 0.36*** 0.39*** 0.230
SUMMER 0.31** 0.18 0.002
SEASON 0.24* 0.15 <0.001 0.46*** 0.51*** 0.175
Precipitation
November -0.25* -0.02 0.004
January 0.22* 0.24* 0.199
June 0.18 0.22* 0.047
September -0.09 -0.35%** <0.001
SUMMER 0.21* 0.18 0.037
Previous growing season
Temperature
December -0.04 -0.21* 0.001
September 0.21* 0.31** 0.113

In contrast to TRW, the sets of significant cortielas between pointer year
index values calculated for VLA and climatic factdiable 10) were quite similar in
both regions of Latvia. Temperature factors shohigtier correlation with VLA than

with TRW, and precipitation showed lower coeffidi@alues. In both parts of Latvia,
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winter and spring temperatures for months and ssass well as mean temperature
of entire season (growth year), were significactlyrelated with VLA pointer years.
January, winter and growth year mean temperatirewed the highest correlations,
of which January and winter temperature were sSicgnitly higher in the eastern
region. Precipitation showed weaker effect, asdatation coefficients were lower
compared to temperature factors. January predipitavas significantly correlated
with VLA pointer year value and had similar eff@ctoth regions. June precipitation
showed a significant correlation only in the eastexgion and summer precipitation
only in the western region. Randomization testsvatbthat both of these correlations

significantly differed between regions (Table 10).

3.4.6Age-climate-growth relationship

TRW chronologies built for oaks with age 90-130 a@0-210 (Fig. 16)
showed rather similar patterns of variation (r=0.6€d.K=0.74), but the range of
TRW indices was higher in younger trees. EPS oh ltatasets exceeded 0.85, but
sensitivity and EPS were higher for younger oak$ A€ and interseries correlation
was higher in older oaks (Table 11). Factors shgwsignificant correlation and
response with TRW differed between oaks of differage (Fig. 17); coefficient
values were higher for older oaks, suggesting georeffect of climatic factors.
Younger oaks showed significant (positive) cortielatonly to temperature of
September of the current and p.t.f. year and ofeodiryear June, and TRW
significantly responded to September temperatudderOoaks showed significant
correlation and response to both temperature aedigitation factors. Although
positive correlations with October, March and Apemperatures were observed,
TRW of older oaks significantly responded to Mamperature of the year p.t.f. TRW
of older oaks also showed significant negativealation with November temperature
of the year p.t.f. and May precipitation and pesiticorrelation with August

precipitation. Significant response was found fa latter two precipitation factors.
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Table1l

Statistics of measurement series of oaks of difter@ge: mean sensitivity
(SENS), autocorrelation (AC), interseries correlat{(IC) and EPS for period

1900-2007.
age 80-130 age 180-210

mean 162 100

max 495 440

SD 77 48
SENS 0.272 0.227

AC 0.713 0.771

IC 0.532 0.569
EPS 0.906 0.880
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Fig. 16. Residual chronologies (solid line) and sample li€ptoken line) of TRW for oak
with age 90-130 (black line) and 180 —210 yearay(tines) for site MOR.
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Fig. 17. Significant Pearson correlation and response fomatoefficients between climatic
factors and residual chronologies of TRW of oakthwige 80-130 (A and B) and 180-210
years (C and D) from site MOR. Months in upperaaseespond to previous calendar year.

35 Changesin wood formation during recent decades

Regarding age trends and low frequency variatiamindg the period from
1800 to 1980s, both TRW and VLA (since 1899) shoveter similar variation and
spread between time-series of sites (Fig. 8). Altfromean TRW and VLA differed
between sites, yearly range of TRW and VLA betwsies was rather similar, and
time-series showed yearly variation around meamuesglof sites even after the
strongest pointer years (Fig. 15). During the B&tyears, the changes in TRW and
VLA occurred synchronously. TRW showed reducedatann and spread of series
between sites, while VLA series showed increasipgead between series with a
tendency to increase. Changes in wood formatiomguhe last 30 years compared to
the previous 30 years are obvious in mean regiimalseries of both TRW and VLA
(Fig. 18, Table 12). A significant decrease of TRMturred in both western and
eastern regions of Latvia. The decrease of TRWhéndastern region was clearer.
Along with decrease of TRW, year-to-year variatialso decreased (lower SD),
resulting in lower (slightly) sensitivity of measment series in the last 30 years

(Table 12), compared to the previous 30 years.
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Fig. 18. Mean TRW (A) and VLA (B) in western and eastergioes of Latvia during 1950 —
2010 and their linear trend lines.

Table 12

Statistics and comparison of TRW and VLA in westarml eastern regions of
Latvia for 1950-1979 and 1980-2010 (SD-standardiatdex, AC-—
autocorrelation, IC interseries correlation).

TRW TRW VLA VLA
western eastern western eastern
region region region region
1950-1979
Mean 148.75 169.95 281.61 307.86
sSD 16.44 21.92 19.84 28.42
AC 0.49 0.46 0.13 0.10
IC 0.59 0.59 0.72 0.85
Sensitivity 0.11 0.12 0.06 0.10
1980-2009
Mean 134.02 147.42 288.19 364.21
sSD 16.43 31.53 11.43 39.56
AC 0.54 0.70 0.36 0.59
IC 0.51 0.60 0.36 0.66
Sensitivity 0.08 0.08 0.04 0.05
Etigstrence between means for periods, p-value of 0.012 0.001 0.140 0.001
Differences of regression line slopes between 0.501 0.050 0.767 <0.001

periods, p-value
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Before 1980, VLA was higher in the eastern regiompared to the western
region, and in the last 30 years a significantease of VLA occurred in the eastern
region. VLA in sites in the western region showex significant change. Regional
differences in EV formation resulted in a spreadité time-series of VLA (Fig. 8).
The increase of VLA in the eastern region seemsaie occurred after 1979, when
negative pointer years for VLA occurred in bothioeg and VLA reached minimal
values of the past 60 years, immediately afterxdremely cold December in 1978
(Table 9). Although VLA increased or remained a firevious level (in eastern and
western regions, respectively), nevertheless, sehgiof VLA time-series decreased

in both regions of Latvia, similarly as observed TRW (Table 12).
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4 Discussion

4.1 Quality control of measurement time-series

Time-series of measured TRW in Latvia showed rathigh agreement
between trees in a site (Appendix 5), and only s@\vane-series from each site were
excluded during quality checking and cross-datingthis study only some missing
rings were found (not shown). Tree-rings in ringeaes species are easy to identify,
as earlywood with large vessels is formed each, yaat the occurrence of missing
and false rings is low (Bailie and Pilcher, 197Bg&, 2010). However, anomalies in
wood formation have been related with dying oaksnduthe last years of their life
(Drobyshev et al., 2007b; Helama et al., 2009),cwhhowever, were not studied.
Relatively easy cross-dating and good agreemeriiRMW series of oak is one of
reasons for wide use of oak in dendrochronologinaéstigations (Speer, 2010).
Agreement between time-series is crucial for dgwalent of chronologies and
extraction of environmental signals (informatiorlVigley et al., 1984). Lower
agreement (EPS below 0.85 suggests a weak commoal)sof time-series within a
few sites (Appendix 5) most likely was caused bywdo numbers of sampled trees
(Wigley et al.,, 1984), as EPS was high for regiosabsets of data (Table 7).
However, variation of TRW in oak is known to exhidifferent patterns of high and
low frequency variation between sites even at rasineall distances (Matisons and
Dauskane, 2009; Merian et al., 2011; Pilcher andy(GA4982), explaining lower
agreement between mean TRW time-series of sitebldTd). TRW showed a
decreasing trend (Fig. 8), which can be explaineddeing of trees (Speer, 2010) and
a gradual decrease of the proportion of latewoodir@e-rings (Zhang, 1997).
However, the decrease of TRW during recent decsel@®s to stand out on top of the
ageing trend, suggesting a recent change in theoanvent.

Cross-dating of VLA time-series of trees within iée swas more difficult
compared to TRW. The cross-dating of VLA time-seneas conducted using both
statistical and visual (graphical) techniques, pgyhigh attention to years with
common decreases (signatures). Although the quetiécking was rather sufficient,
agreement of VLA time-series at site (stand) levas lower compared to TRW. Low

values of EPS (<0.85) in half of the sites (Appe&nd) can be explained by a low
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number of sampled trees (cross-dated time-seiégl€y et al., 1984). This was also
confirmed when regional chronologies were builtregional data subsets had high
EPS values (> 0.85, Table 7). EV size is more thtrabetermined than TRW (Aloni
and Zimmermann, 1983; Mather et al., 1993; Zakrkews983; Savidge, 1996)
resulting in lower range and variation of VLA (Fi§0), which also might have
caused lower values of EPS and IC (Wigley et &@84). Although EV size is
determined by inherited and environmental factbmn(i et al., 2010; Wimmer, 2002)
before and during their formation (Fonti et al.0Z2p Garcia-Gonzalez and Eckstein,
2003), there is certain variability of EV size witha tree-ring (Garcia-Gonzalez and
Fonti, 2008, 2006). Sampling technique thus carehafluence on measurements of
VLA. Although a 5-mm increment borer width has be#scribed as a minimum
sufficient width (Garcia-Gonzalez and Fonti, 2008), might not be truly
representative of the variability of EV size inrag-ring. Additionally, skewed and
narrow tree-rings caused difficulty in preparatajrearlywood images, but these were
quite rare. Although agreement of VLA series betwaees in site was rather low,
the good agreement between sites was observed THée 3). The agreement of
VLA mean time-series of sites was higher than fees$ within a site and higher
compared with TRW, suggesting that similar factofBienced variation of VLA in
Latvia. An increasing trend was visible in timeissrof VLA with age and a spread
of site time-series occurred during recent decadesontrast to TRW (Fig. 8).
Although differences in trends (low frequency vaoma) of TRW and VLA rather
synchronously occurred after 1980, differencesigh frequency variation patterns of
TRW and VLA suggest that different informative sag could be extracted from
each proxy.

4.2 Comparison of tree-ring proxies

Due to differences in timing of earlywood and lat®d formation (Sass-
Klaassen et al., 2011; van der Werf et al., 2008 effects of different factors can be
distinguished for each part of the tree-ring, whigight not be visible in TRW (Fonti
et al., 2010; Wimmer, 2002). Analysis of early- aladewood widths is usually
conducted for coniferous trees, due to rather lwagthation of both earlywood and
latewood width (Lebourgeois, 2000; Tuovinen, 200Hpwever, in ring-porous

species such as pedunculate oak, separate meastreirearlywood and latewood
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may not be informative due to lower yearly variatio earlywood similar variation of
latewood and ring widths (Zhang, 1997). This wasficmed by a tight correlation
between latewood width and TRW-Q.94, Table 4), which suggested that additional
information would not be obtained. The lower catien coefficients (r= 0.58-0.64,
p- value <0.05)) between earlywood and TRW (TaBlenght be related to different
sources of variation or measurement errors. In renmages, the early- and
latewood border, in cases when vessels graduatisedse in size in successive rows
in a tree-ring, can be indistinct (Schweingrub&Q2). This might also explain the
lack of significant correlation with VLA. Earlywoodidth has also been shown to
contain weaker climatic signals than latewood amMT (Eckstein and Schmidt,
1974; Garcia-Gonzalez and Eckstein, 2003; Rozasl.et2009). Due to lower
variation, difficulties in measuring earlywood whdand high correlation between
latewood width and TRW, further analysis of woodrement were based on TRW.

Wood architecture has a major role in water floarirroots to leaves and
shoots (Tyree and Ewers, 1991; Tyree and Zimmerm200R), and thus analysis of
various vessel characteristics can be useful fatetgtanding of ecophysiological
responses of trees (Fonti et al., 2010; Wimmer2208long with measurement of
VLA, vessel density and potential conductivity haseen used in ecophysiological
studies (Fonti et al., 2010; Leal et al., 2008, 200 he use of potential conductivity
and vessel density was tested, but VLA was usddrther analysis since it was the
simplest proxy to estimate. Although VLA was sigrahtly correlated with potential
conductivity in all three tested sites (Table #g fairly high correlation coefficients
suggested that little additional information midig gained. This was expected, as
potential conductivity was expressed as the suthefourth power of EV radii. As
earlywood width is rather constant (Garcia-Gonzaerl Eckstein, 2003; Zhang,
1997) it can contain a lower number of larger vissgg vice versa, explaining
negative correlation between VLA and vessel den§ligble 4). Use of manual
cutting of EV images for estimation of vessel dgné@nd also potential conductivity)
was associated with rather large errors due tacdlffto-cut images that contained
exclusively EV of a tree-ring, especially in casd®en tree-rings were skewed. Most
likely these errors caused low correlation betwpetential conductivity and vessel
density.

75



4.3 Patter ns of high frequency variation of TRW and VLA

High frequency variation of TRW is known to be gfiedor regions, due to
influence of local factors (Cook et al., 1992b;tt5ri 2001). Lloyd and Fastie (2002)
and Merian et al. (2011) showed that climatic signean differ even at small
distances. According to Lloyd and Fastie (2002xhwvarming of climate inverse
reaction to climate can occur. Although residuabadblogies of sites showed rather
high agreement (Table 3) in Latvia, high frequenayiation of wood formation
(TRW, VLA) of oak differed regionally along a contious gradient from west to east
along a maximum distance of ~410 km (Fig. 9, Apmert). PCA axis 1 exhibited
significant relation with distance from Baltic Séarojected longitude coordinate)
(Table 5), indicating an effect of continentalitifig. 4) as observed in Finland
(Linderholm et al., 2003). Thus the effect of limg factors can be expected to be
strongest in a continental climate, where wintemditions are colder and summers
are hotter. As wood formation in oak is affected hgny environmental factors
(Friedrichs et al., 2008), which may co-act andfbange over time (Merian et al.,
2011), the amount of variation explained by PCA ponent 1 (8.7-13.8%) was low
(Table 5) (@kland, 1999), indicating also other rees of variation, i.e. stand
microclimate.

Continentality, which represents yearly thermalafaitity and to some degree
moisture availability in summer (Brubaker et aB93; Temikova, 1975), is known
to limit tree species distribution (Giesecke et 2008; Lindner et al., 1996). Under a
continental climate, higher amplitude of temperasurand higher possibility of
drought (weather extremes) (Brubaker et al., 1988y result in physiological stress
(Pallardy, 2008) that limits establishment and tgwment of trees (Giesecke et al.,
2008; Lindner et al., 1996). The occurrence of d$awith different PCA scores at
small distances (Appendix 6) might also imply tleial (micro)climatic differences,
due to perhaps topography, can affect wood formatiospecies near their northern
distribution range (Lloyd and Fastie, 2002; Wilndiet al., 2004). Coverage of
instrumental climatological data for Latvia, howgve too coarse (New et al., 2000;
van der Schrier et al., 2006) to directly investgaffect of local climate.

The relationship with W-E location was slightly degxpressed in VLA,
suggesting weaker effect of continentality and maienilar climatic signals

(Appendix 6). A slight north-south gradient of P€amponent 1 scores for VLA data
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can be observed, presumably suggesting highertisgigsof VLA to temperature,
which also exhibited a north-south gradient (LEGM®@mikova, 1975). However,
the West-East gradient, which was the most expdesesas further used for
discussing differences in climate-growth relatiapsh

4.4 Climatic factor s and wood formation in oak

4 .4.1Effect of climatic factors on oak wood formatiorstands in
Latvia

One of the assumptions in dendroclimatology is tineé growth on the
northern distribution limit of the species is lieut by low temperature (Fritts, 2001,
Speer, 2010). However, studies near the treelinAlaska showed that an inverse
reaction of warming can occur, as competition arallability of water can be altered
resulting in heterogeneity of tree response (Llapd Fastie, 2002; Wilmking et al.,
2004). Variable climate-TRW relationships were fdun Latvia, particularly in the
western region, where single climatic factors wa&gnificant in only up to 42% of
stands (i.e. June temperature) (Table 6). Howelso, in central regions of the oak
distribution area, where climatic conditions can dmnsidered to be optimal for
growth (Fritts, 2001; Speer, 2010), climate-TRWati@nships vary locally and other
environmental factors affect variation of TRW (Eletr, 1974; Merian et al., 2011,
Pilcher and Gray, 1982). Effect of climatic factaan also be modified by stand
properties, such as moisture regime, exposure aimdoctimate (Fletcher, 1974;
Karpavicius, 2001; Merian et al., 2011; Rozas, 201; Ruseckas, 2006). In the
continental eastern region of Latvia, significafieet of a single climatic factor was
more expressed, i.e., August precipitation wasifsogmt in 80 % of investigated
stands (Table 6) suggesting effect of water definithe central region of Latvia, the
proportion of stands showing significant correlaovas intermediate between the
western and eastern region, but July temperatuyearf p.t.f. was significant in 73%
of stands, probably due to stands located in mongireental upland areas (Fig. 4). In
several stands oaks even showed no significanéletion with climatic factors (not
shown), suggesting effect of other factors on TR/ pbserved close to the northern
distribution limit (Tardif and Conciatori, 2006).08sidering the proportions of stands

showing significant relationships with climatic fars, it can be suggested that the
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maritime western region might be more favourable dak growth, due to less
expressed limitation by climate, than more contiakcentral and eastern regions.

In contrast to TRW, VLA was more clearly relatedsfmecific climatic factors
that were significant in a higher proportion oesithroughout Latvia (Table 6). Even
in the maritime western region of Latvia, 84% ofrgts showed significant
correlations with April temperature. Although VLAaw limited by specific climatic
factors (temperature in winter and spring), theereaclimatic factors significant for
VLA in relatively low proportions (<30%) (e.g., Qdier temperature of year p.t.f.
and April precipitation). This implies that effeat these climatic factors is weaker;
probably determined by stand properties (i.e. nolomate). While the expected
limitation of low temperature on TRW (Fritts, 2008ykes and Prentice, 1996) was
not clearly evident, winter-spring temperaturesadie showed a limiting effect on
VLA (Table 6), suggesting that the northern disitibn of oak might be determined
by water conducting capacity of wood. Proportiorissands showing significant
correlation between VLA and climatic factors gratuancreased from west to east,
suggesting that the limiting effect of temperatare VLA increases with increasing
continentality and yearly amplitude of temperatuies. the eastern border of the
European oak population (according to data from BREGEN, Fig. 1) lies near the
eastern border of Latvia, it also might be deteadiby water transport capability of
wood. Regarding similar climatic signals and agreetrbetween site time-series,
VLA has high potential for use in dendrochronol@g dendroclimatology.

In the western region, where spring and summer ¢eatpres are lower (Table
1), significant effect of March, May and June tenaperes of the current growing
season on TRW occurred in high proportions of gaifmdwestern Latvia, snow melt
can begin in March, and years with a warm March tayassociated with a longer
growing season (DeForest et al., 2006; Kaés et al., 2009; Menzel and Fabian,
1999). A warm October also can prolong the vegatabieriod (Kaldne et al., 2009)
and increase production of wood (van der Werf et28l07, White et al., 1999). May
is the usual time of oak bud break (Ahas et alo02@:ermanis, 2005; Sass-Klaassen
et al., 2011) and the highest physiological agtig@ssimilation) of oak occurs in June
(Morecroft and Roberts, 1999; Xu and Baldocci, 2008 and Griffin, 2006).
Apparently, May and June temperatures are notihgiitRW in the eastern region,
where phenological phases are delayed (iedvet al., 2009; Tenikova, 1975) and

temperature during the beginning of the growingserea(late spring and early
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summer) is warmer (Table 1). A negative effectwdf and August temperature in the
previous year was most frequent in the centraloregivhere August is warmest
(Table 1). This might be explained by occasionatewaleficit (Rozas, 2005) and
decreased assimilation in response to higher teatyrer (Epron and Dreyer, 1993;
Haldimann and Feller, 2004; Xu and Baldocci, 200&mperature in June, July and
August has been shown to have significant effeanorement of oak also in several
studies (Cedro, 200TCufar et al., 2008a; Drobyshev et al., 2008a; Flatch974:
Laanelaid et al., 2008; Rozas, 2005; Ruseckas,; Zf¥éif and Conciatori, 2006).
The frequent significant correlation of VLA withngerature from December
to April (Table 6) suggests limiting effect of tearpture, especially in the eastern
region. Severe cold and thaws in the dormant pegadse frost damage and
embolism (Pearce, 2001; Sperry and Sullivan, 1992e and Cochard, 1996; Zhu et
al., 2000), which may decrease physiological vigouoak (Drobyshev et al., 2008a;
Helama et al., 2009; Repo et al., 2008) and bectftl in size of EV (Fonti et al.,
2010, 2009b). Chill damage apparently can causeedeed early cambial activity and
hence EV size (Deslauriers et al., 2008; Lebousyebal., 2004; Waring, 1951). Low
temperatures may also affect the concentratioruwinan spring, thus altering vessel
differentiation (Pallardy, 2008). Correlation wiflanuary precipitation (observed in
70% of stands in the eastern region) suggeststaffelemperature on root systems
Winter temperature and snow depth affect tempegaitisoil layers and depth of soil
freeze, as snow layer acts as an insulator staiglizoil temperature and decreasing
frost depth (Hardy et al., 2001). In cases of grtmaws in winter, the insulating
snow layer can melt. Low soil temperature may damage roots or increase their
mortality (Fahey and Hughes, 1994; Ponti et al.p4&20Tierney et al., 2001),
decreasing water uptake in the beginning of sp(iajlardy, 2008; Steudle, 2000).
Under such conditions, smaller EV must be formedaninimize risk of embolism
under decreased water uptake (Garcia-Gonzalez akdtdin, 2003; Tyree and
Cochard, 1996; Tyree and Zimmermann, 2002). Thisalao explain the effect of
temperature in winter on VLA. EV in oak begin torrfo before bud break (Sass-
Klaassen et al., 2011; Waring, 1951), and thus phixess is dependent on stored
assimilates (Barbaroux and Breda, 2002; Pallar@®82 Winter temperatures alter
starch dissolution and sap characteristics in gpiissiamah and Eschrich, 1985). In
cold winters more starch may be dissolved to ptoteze tissues from freezing

(Essiamah and Eschrich, 1985; Morin et al., 20p@)entially reducing the amounts
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of stored carbohydrates. Also, low temperature feefoe bud break may reduce sap
ascent (Tyree and Zimmermann, 2002; Zimmermann4)198éltering earlywood
formation. April is a crucial period, when wood rimation initiates in oak({ermanis,
2005; Kahane et al., 2009; Sass-Klaassen et al., 2011) amdatiger part of EVs
must be formed to support sap flow to shoots (@&raei al., 1994; Sass-Klaassen et
al.,, 2011, Waring, 1951). Weather conditions inviatin April may change
drastically: warm periods may change with frostsd asnowfall (LEGMC).
Temperature directly influences cambial activityl arell differentiation (Deslauriers
et al., 2008; Pallardy, 2008; Rossi et al., 20G8) der Werf et al., 2007) and rapid
shifts of weather increase risk of chill damageambium (Gu et al., 2008; Pearce,
2001). Weather in May overall is more stable amiperatures are above zero, except
for rare night frosts (LEGMC). More stable weatleenditions in May can explain
the lower effect on VLA, but an alternative explaoa may be related with formation
of subsequent rows of EV (Copini et al.,, 2010; Gafgonzalez and Fonti, 2006;
Sass-Klaassen et al.,, 2011), which were not presert| tree-rings. Significant
correlations with climatic factors after June aresinlikely coincidental, considering
the local phenology (Ahas et al., 2000; Kalg et al., 2009) and timing of vessel
formation (Sass-Klaassen et al., 2011), as oakldh@mve begun to produce latewood
(Michelot et al., 2012; van der Werf et al., 200Hpwever in the eastern region, the
negative effect of June temperature and positifecebf June precipitation suggest
that formation of EV might be delayed compared wilte western region, and that
water deficit might occur in the beginning of sunmmieositive effect of September
temperature in the previous year on VLA and eff@cOctober temperature of the
current season can be explained by a longer vegetatason (White et al., 1999)
when more assimilates are produced and stored &Bark and Breda, 2002; Xu and
Griffin, 2006). Probably, the previous year Septemghould be included as a month
of the current season of tree-ring formation, In& information on timing of wood
formation in Latvia is insufficient.

Although previous studies have shown that VLA isimya affected by
environmental factors in the current growing sea€tempelo et al., 2010; Fonti and
Garcia-Gonzalez, 2008; Fonti et al., 2009a, 200®&arcia-Gonzalez and Eckstein,
2003; Tardif and Conciatori, 2006), in the pressnty we observed a positive effect
of May and June temperature of the previous groweeson in 23—-64 % of stands in

the three regions (Table 6). This might be expldibg increased tree vigour due to
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previous favourable conditions (Pallardy, 2008)s Itlifficult to explain the negative
effect of previous-season January temperature egaipitation on VLA. This effect,
and other effects observed in small proportionstafds might also be coincidental.
For chronologies (high-frequency variation) of TRAWd VLA developed for
each stand in western and central regions, temperdtad a greater effect than
precipitation (Table 6). In Latvia, moisture usyalbes not limit tree growth (Elferts,
2007; MaurinS§ and Zvirgzds, 2006), as precipitatiemn mostly higher than
evapotranspiration (Klavins et al., 2002; Krams @nebrts, 1993; Lauva et al., 2012;
Temikova, 1975). However, in the eastern region, threetations of TRW with June
and August precipitation suggest that the contaleplimate may create drought
conditions. This is also supported by positive elation of VLA with June
precipitation and negative correlation with Jurragierature in the eastern region.

4.4.2Climatic forcing of regional chronologies

Although climatic signals, particularly in TRW, akited effect of site
properties, agreement of site time-series sugdegt common tendencies in wood
formation (Table 3) do exist. Regional chronolodgi@swestern and eastern regions
of Latvia were established (Appendix 6, solid lin&¥ previous analysis showed that
wood formation generally differed between theseomgy stands from the central
region of Latvia were included in the eastern regidue to more similar climatic
signals (Table 6) and to ensure similar sizes ofgbdata (18 and 22 sites in western
and eastern regions, respectively), thus decreasiageffect of individual stands.
Validity of dividing plots into the defined regions also supported by higher
agreement (by about 5%) of time series within tHastween regions and a
randomization test of pointer year indices (Talid¢. The EPS values (0.975-0.992)
obtained for regions (Table 7) indicated that th&dets contained a strong common
environmental signal (Wigley et al., 1984), espigcim eastern region where range
of chronology indices was higher (Fig. 10).

Climatic signals of regional chronologies of TRWg$: 11, 12) were similar
to those observed in analysis of individual sta@iable 6). Response function
analysis (Fig. 12), however, showed that high-feequy variation of TRW was
mainly related with climatic factors in year p.tActive assimilation occurs also in
July and August (Michelot et al., 2012; MorecroftdaRoberts, 1999; Xu and
Baldocci, 2003; Xu and Griffin, 2006), when availdp of water is crucial for
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photosynthesis (Pallardy, 2008). As summer advanoeger availability often
decreases (Burt et al., 2002; Lauva et al., 20ityeased temperature then may
cause (facilitate) water deficit (Holdridge, 195%raykovic, 2005) and affect
photosynthesis (Epron and Dreyer, 1993; Haldimameh Beller, 2004) and growth
(Xu and Baldocci, 2003). Significance of August gipéation of current year and
effect of drought in the eastern region (Figs. 12) was indicated by a significant
response function. However this effect appearset@drasional and presumably not
lasting, as August monthly scPDSI showed no sigaifi effect on regional
chronologies. Length of the growing period, whi¢tpeesent is 190 and 175 days in
the western and eastern regions, respectivelyahadfluence on TRW, shown by a
significant response function with October tempat(Figs. 11, 12). This confirms
the role of additional assimilates in improvemehbak growth (Epron and Dreyer,
1993; Fritts, 2001; Morin et al., 2007; White et 4B99) in Latvia.

Regional chronologies of VLA also revealed sigrfit correlations (Fig. 11)
with the factors identified during analysis of indiual sites (Table 6). Response
function analysis (Fig. 12) showed a higher numbkissignificant factors in the
eastern region in a more continental climate, betdnber and April temperatures
had significant effect in both regions. In Latvi@d@mber is the beginning of winter,
when temperature normally drops below zero (LEGM&Y cold hardening is
terminating (Alden and Hermann, 1971; Essiamah Eschrich, 1985; Morin et al.,
2007). A sudden drop of temperature during colddéming may reduce vigour of
trees (Alden and Hermann, 1971; Ogren et al., 18&00 et al., 2008). However it
may also rain in the beginning in December durirrgrwyears (LEGMC), increasing
soil water content (Lauva et al., 2012). Moist saih negatively influence growth and
survival of roots (Kramer, 1951; Larson and Whiteat970; Simard et al., 2007) by
decreasing soil air and root respiration (Kram@&511 Pallardy, 2008), resulting in
lower water uptake and smaller EV in spring. In tharitime western region, where
the possibility of rainy Decembers is higher (LEGMG@aks may have adapted to
such conditions, explaining absence of a significaffect. Although VLA was
correlated with January temperature in both regidng. 11), significant response
was observed only in the eastern region (Fig. WRAgre winters are cooler (Table 1).
Lack of a significant response function for Januamgcipitation suggests that effect
of a snow layer (Hardy et al., 2001) is occasiopesumably in years with a delayed

winter or strong thaws. Importance of April temgara on VLA was indicated by a
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significant response function. Significant respofisection with June temperature
suggests that EV can form until June in the eastegwon. Apparently length of
growing season has stronger effect in easternmaguticated by significant response
function with September temperature of the yeaf. p.t

4.4.3Effect of NAO on high frequency variation of wooudhfation

NAO determines strength of western winds in Europleich bring moisture
from the Atlantic, particularly during November—Alp{Klavins and Rodinov, 2010)
in the period of tree-dormancggrmanis, 2005; Kalane et al., 2009). The effect of
NAO on TRW and VLA differs and has apparently cheshgluring the past two
centuries, particularly for TRW (Table 8). Duriniet19" century when climate was
cooler (Lizuma et al., 2007), positive effect of 8AFebruary and seasonal) on TRW
might be explained by reduced cold damage in militexs, as observed previously
for Scots pine (Elferts, 2008). In the"™@entury, a negative effect of April NAO
appeared, likely due to climate warming, as eaieset of cambial activity might
subject oak to damage due to weather shifts (Pe2004.).

As VLA is affected by winter temperature in LatvidAO in winter months
showed significant correlation (Table 8). Air temgderes and precipitation have been
linked with NAO (Klavins and Rodinov, 2010; Rodwadt al., 1999), explaining
relationship between VLA and the winter and yedkO indices. The correlation
with winter yearly (seasonal) NAO was higher in tharitime western region, which
is more subjected to air masses from west (Draeeni2006; Temikova, 1975). A
higher NAO index indicates milder climate and atggher temperature in spring
(April) (Klavins and Rodinov, 2010), which is imgant for EV formation (Fig. 11),
explaining correlation between VLA and the April RAindex. As previous results
suggested, EV formation ends earlier in the westegion and correlation with June

NAO most likely is coincidental.

4.4.4Climate forcing of pointer years in TRW and VLA

The patterns of pointer years differed for TRW afdA (Fig. 15). TRW
showed more positive pointer years (valae6.25) than negative, as in favourable
conditions wide tree-rings can be produced, evearmtnees are old (Becker et al.,
1994; Jacoby and D’Arrigo, 1995; Robalte et al.120 VLA mainly showed

negative pointer years (values0.25), due to stricter physiological determinatain
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maximal size of EV (Aloni and Zimmermann, 1983; Kt et al., 1993; Tyree and
Zimmermann, 2002). Pointer years of VLA were diseréndex values changed
abruptly), which can be explained by greater fagciof environmental factors
(Campelo et al., 2010; Fonti and Garcia-Gonzal@82 and lower effect of previous
growth (AC) compared to TRW (Table 3; Fonti and &aGonzalez, 2008, 2004).
Also, the correlation between pointer year indit@sTRW and climatic factors was
weaker than for VLA (Table 10), suggesting lowefeef of the tested factors on
TRW.

The relationships between VLA pointer year indebuga and climatic factors
(Table 10) were similar to those observed for Higlquency variation (Fig. 11, Table
6). However, harsher conditions under a contineclialate (Giesecke et al., 2008;
Lindner et al., 1996) in the eastern region (lowenter temperatures (Table 1))
resulted in significantly stronger effect of Jaryuand winter temperature. The effect
of precipitation on VLA was weak, compared to tenapere, as previously shown for
high frequency variation (Fig. 11, Table 6). Th&eef of summer precipitation in the
western region likely was coincidental, as suggebteprevious analysis.

The climatic factors affecting pointer years of TR3Mnificantly differed
between regions (Table 10) and were generally amid those observed for high
frequency variation (Fig. 11). However, severaleothelationships were visible in
pointer year indices. Positive effect of August pemature on TRW pointer years in
western Latvia, where summers are cooler (LEGM@)) be explained by more
intense assimilation under higher temperature KJetial., 1988; Pallardy, 2008).
Apparently, in years with warm August temperatuneye latewood can be produced.
In the continental eastern region temperature enctiidest month February (Table 1)
showed an effect, likely due to cold damage (Pe@@@1) when the cold tolerance of
oak might had been exceeded (Drobyshev et al.,2088po et al., 2008). Over-
moisture of soil can negatively influence vitalby oak (Alaoui-Sosse et al., 2005;
Cinnoti, 1989; Kramer, 1951; Larson and Whitmor&7Q), explaining negative
correlation with September precipitation.

Extremely low temperatures in winter and spring lsadole in forcing of
strong negative pointer years of TRW Q.25) (Table 9), but the strongest positive
pointer years could be associated with severaltsyas many factors influence wood
increment in oak (Friedrichs et al., 2008). Somehef extreme pointer years were

associated with high or low precipitation in pantar months. Most of these years
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also had extremely high or low temperatures, suggesffect of a complex of
factors. However, most of the positive TRW poingears were associated with high
precipitation in the second part of summer, in saglken the beginning of vegetation
season was warm, as in 1919, 1945, 1957 and 19&8arAntly, drought in summer
has not caused negative TRW pointer years, in asnto central and southern Europe
(Friedrichs et al., 2008; Kelly et al., 2002; Lebgepis et al., 2004; Rozas, 2001), but
abundant precipitation has increased (late)woogkment when summers are warm.

The strongest pointer years of VLA during the"2@entury also can be
explained by occurrence of temperature (cold) exé® in the dormant period and
spring (Table 9) and this is supported by resuétported above (Table 10).
Apparently, a single extreme cold event can caudistanct negative pointer year in
VLA due to high temperature sensitivity of the pypi contrast to TRW. In 1984, a
positive pointer year occurred for VLA when pretapion in April was very low.
However, the lack of a significant correlation beém VLA pointer year indices and
April precipitation (Table 10) suggests an effecagresently undermined factor on
VLA formation in this year.

The identified pointer years for TRW (Fig. 15) cdote with some large scale
pointer years detected in Southern Sweden andatetrrope (Drobyshev et al.,
2008a; Kelly et al., 2002), which can be explaitsdthe influence of NAO and
inflow of arctic air masses (Drobyshev et al., 280Klavins and Rodinov, 2010;
Kelly et al., 2002). For example, the winter in 240 was a cold winter
throughout Northern Europe (Drobyshev et al., 2008zly et al., 2002), and has
been recognized also in other studies (Wiles ¢t18P8). The effect of a cold winter
in 1955/1956 was reported from Southern Swedencanttal Europe (Drobyshev et
al., 2008a; Kelly et al., 2002; Neuwirth et al. 02), which was evident as a pointer
year for VLA (not for TRW) in Latvia (Fig. 15), pbably due to lower effect of

previous growth.

4.4.5Changes of climatic signals during 1900-2010

During the 28 century, a change in climatic signals (climate vgio
relationships) was observed for TRW and VLA of aakatvia, as observed for other
tree species near borders of their distributioragréCarrer and Urbinati, 2006;
D’Arrigo et al., 2008; Jacoby and D’Arrigo, 1999pkd and Fastie, 2002; Oberhuber
et al., 2008; Wilmking et al., 2004; Zhang et aDP8). The loss of effect of October
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temperature of the year p.t.f. after the 1960-ied Bss of correlation with March
temperature (Figs. 13, 14) can be associated withnhger growing season due to
climate warming (Menzel and Fabian, 1999). The tem@jure in these months at
present might be considered as non-limiting for vamcrement. Milder winters in
recent decades (Avotniece et al., 2010; Lizumalet2807) can explain loss of
significant correlation with February temperaturethe eastern region, where winters
are harsher, this effect, however, was observeg imlthe mid part of the 20
century, when warming was slower (Lizuma et alQ0The negative correlation of
April temperature of the year p.t.f. with TRW iretleastern region during 1934—-2000
(Fig. 13) might be explained by unstable weathemddmns which can damage
cambium and reduce growth (Gu et al., 2008). A tegaffect of current year April
temperature on TRW was also observed on Saarenaaa Id.aanelaid et al., 2008),
where the climate is oceanic.

Climatic factors that can be attributed to occureenf water deficit (drought)
have appeared to be limiting for TRW. Correlatiord aesponse function analysis
(Figs. 13, 14) suggest that a drought effect (neggp.t.f. July temperature and
positive current year August precipitation) hasréased, by increasing effect of
previous summer assimilation (Barbaroux and Br8a2; Xu and Griffin, 2006), as
previously widely observed in central and southegions of the distribution of oak
(Campelo et al., 2010; Cedro, 2007; Friedrichsl.et2808; Pilcher and Gray, 1982;
Rozas, 2005, 2001). However, a positive effectwfent year July temperature on
TRW (Figs. 13, 14) in the eastern region in theerlgpart of analyzed period,
contradicts the idea of water deficit. This migltdxplained by increased frequency
of periods with both high temperature and high ipigation (Avotniece et al., 2010).
In some years, in periods with low precipitatiore tavailable moisture can be
decreased (water deficit), while in years with abamt precipitation, temperature
promotes assimilation (Epron and Dreyer, 1993;kJatial., 1988; Pallardy, 2008;
Stokes et al., 2010). Precipitation in August aspnt appears as the main limiting
factor for TRW in the eastern region, showing hgghesponse function coefficient
values (Fig. 14). The effect of water deficit in gust might also be facilitated by
increased frequency of days with minimum tempeeatt0°C in July (Avotniece et
al., 2010; Lizuma et al.,, 2007). As shown by painyear analysis, abundant
precipitation apparently might be increasing wooaldpiction. However, the observed

possible effect of drought water deficit might ety reflect age-related increase of
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maintenance costs (Rust and Roloff, 2002; Ryan,01%hd climatic sensitivity
(Rozas, 2005).

Climatic signals of VLA have changed during thé"2@ntury (Figs. 11, 12)
and these changes are more expressed than for THR&ly due to stronger
relationship with temperature during dormancy (Figk, 14). Sensitivity of VLA to
temperature in January—March has decreased afvet 4825-1975 (Fig. 13), which
can be explained by warmer winters (Briffa et &B98; Lizuma et al., 2007) and
reduced cold damage to cambium (Pearce, 2001; Zlali,2000) and amounts of
stored assimilates used to decrease damage capsmad temperature (Essiamah and
Eschrich, 1985; Morin et al., 2007). Previous asalyias shown significance of April
temperature, which can explain both correlation @sponse function throughout the
study period (Figs. 13, 14). However the effecApfil temperature might potentially
weaken in the future due to climate warming (IPQOQ7; Lizuma et al., 2007),
suggested by loss of response function in receetvals (Fig. 14). The response was
insignificant also in the beginning of the 20th ey, particularly in the western
region, hence the effect of April temperature has always been strictly limiting.
June precipitation appeared to be significant farAVin the middle of analyzed
period (Fig. 13, 14) when the warming trend was egressed (Lizuma et al., 2007),
probably due to later springs. Increased temperatubecember might prolong cold
hardening (Morin et al., 2007, Repo et al., 20G8)bjecting oak to more rapid
temperature in later part of December, which cardamage (Gu et al., 2008), thus
explaining increasing correlation with December penature.

Positive effect of temperature in May—October o¢ tyear p.t.f. on VLA
associated with amounts of stored assimilates @atlx and Breda, 2002; White et
al., 1999; Xu and Griffin, 2006), have weakenekklly due to warmer climate (Lloyd
and Fastie, 2002; Merian et al., 2011). Positivectfof June temperatures of the year
p.t.f. has become significant particularly in theoler western region (Fig. 13),
probably assimilation is higher in years with a mvar June (Jurik et al., 1988;
Morecroft and Roberts, 1999). The positive effdcludy temperature of the year p.t.f.
on VLA observed in the later part of the analyzedqga (Fig. 13) (which contradicts
the effect of water deficit as observed for TRW) b& explained by negative relation
between TRW and VLA (Tardif and Conciatori, 200@ossibly under raised
temperatures (and water deficit), more assimilates be stored for next year, as

wood increment is decreased (Slot et al., 2012).
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4.4.6Age dependency of climate-growth (TRW) relationship

In the studied site (MOR), high-frequency variatioh TRW was similar
between younger and older trees, as expected f& ibaone stand. However, the
amplitude of index values was higher in youngeesrgFig. 16). This can be
explained by an age-related decrease of TRW (Caokl.e1992a; Speer, 2010),
resulting in a higher range of TRW in younger oéKable 11), leading to higher
sensitivity and EPS values (Wigley et al., 1984)owsdver higher interseries
correlation suggested that high-frequency variati@s more similar between older
trees, presumably due to higher sensitivity to tbiactors (Rozas, 2005). With age,
maintenance costs rise, increasing the importahseomed reserves for growth (Rust
and Roloff, 2002; Ryan, 1990) and causing higherdhORW in older oaks (Table
11).

A higher number of tested climatic factors showismnificant effect
(correlation and response function) and higherfaoeft values for older oaks (Fig.
17), confirming age-dependent increase of sensitiiRozas, 2005). Younger and
older oaks showed significant effect to temperatarautumn and hence length of
growing season, (White et al., 1999). However, ifitant response to September
temperature suggests that this effect was strof@erounger trees, presumably
furthered by competition in the stand. Older odksweed significant correlation with
spring temperatures, which might be explained lyeasing susceptibility to frost
damage under decreasing assimilation (Alden andnkien, 1971; Morin et al.,
2007). Monthly precipitation sum was significantyofor older oaks (Fig. 17) that
can be explained by age-related increase of VLAy.(B) and susceptibility to
embolism (Tyree and Zimmermann, 2002). Embolizatiars can affect formation of
latewood in July—August (Morecroft and Roberts, 9;:9%an der Werf et al., 2007)
due to physiological water stress and decreasednitgson (Pallardy, 2008).
Although such an effect was observed for TRW in ¢hstern region, apparently it
might be significant for older oaks also in the tees region. Negative correlation
with November precipitation might be explained gess soil moisture as discussed
above. Negative effect of precipitation in May (sfgcant correlation and response)
might be explained by formation of larger vesselgasponse to high precipitation
(Campelo et al., 2010; Fonti and Garcia-Gonzale2)82 Garcia-Gonzalez and

Eckstein, 2003) thus increasing susceptibility tmbelism later in the season
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(Cochard et al., 1992; Tyree and Cochard, 1996gd\yand Zimmermann, 2002).
Significant response to temperature in May of tearyp.t.f. might be related with
higher effect of previous growth in older oaks. YMRW data was obtained from
other studies, thus VLA was not measured.

4.5 Recent changesin wood formation
4.5.1TRW

TRW exhibits an age related reduction (Cook et H992a; Speer, 2010).
However, on top of this, during the recent 30 y&dRV has rapidly reduced below
the expected trend with decreasing spread betweEn(5igs. 8, 14). This reduction
of TRW and its sensitivity, likely due to growthpgression during the last 30 years
(Fig. 18, Table 12), was observed throughout Lat@a&currence of abrupt and
synchronous reduction of TRW suggests that this besen caused by large-scale
environmental factors (Drobyshev et al., 2008a;\Ket al., 2002), such as climate.
The decrease of TRW during the recent 30 yearsstvasger in the more continental
eastern region (Fig. 18, Table 12), thus confirmmetation with climatic factor.
Decrease of TRW (decline) is considered to be @hbgea complex of environmental
factors and climate (weather) can have triggeriifgce (Fuhrer, 1998; Helama et al.,
2009; Siwecki and Ufnalski, 1998; Thomas et alQ20WNargo et al., 1983). TRW
reduction in Latvia might have been triggered byeatremely cold December and
July of 1978 and 1979 (Table 9), which might haeeised cold damage (Pearce,
2001; Repo et al., 2008) and reduced assimilati@ummer (Wargo, 1996). Effect of
cold damage can be enhanced by rapid changes tihevetn 1978, November was
warm (4-5°C above average), but in the second decade of Dmsretine temperature
suddenly dropped (reaching -48 in eastern Latvia) and temperature during the
second part of December remained 16°Q&elow average (LEGMC). Considering
that cold hardening was delayed in response to amwsdovember (Alden and
Hermann, 1971; Morin et al., 2007), the cold eff@ctapid drop of temperature) was
likely strong for the insufficiently cold-hardenexdks. However tree-rings of 1979
were not extremely narrow (Fig. 18) likely due ftibeet of previous growth (AC,
Appendix 5), but the reduction of TRW might be ddesed as a subsequent effect.
As variation of TRW generally depends on latewoodithv (Zhang, 1997), the

observed decrease might be promoted by conditrossimmer (i.e. water deficit), as
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shown by effect of summer precipitation and temjpeea particularly in the eastern
region (Figs. 13, 14). Although lasting reductidnT®&W is considered as one of the
symptoms of oak decline (Drobyshev et al., 2007&6lakha et al., 2009; Wargo et al.,
1983), the decline in Latvia is disputable, as myirsampling the oaks appeared
visually healthy without obvious reduction of crosvn

It can take a up to several decades for oak tovezcafter intense stress
(Epron and Dreyer, 1993; Sonesson and Drobyshe\Q;2Wazny et al., 1991), and
the growth of oaks might have improved in recerdrgeas a slight increase of TRW
in several sites occurred in 2008-2010 (Fig. 8)Stuthern Sweden (which is near
the northern distribution limit of oak), widespreaiuction of oak increment has also
been reported during the second half of th& 26ntury, but growth improvement
(recovery) of previously suppressed oaks was obsgemuring the last decade
(Sonesson and Drobyshev, 2010). Although decreds®d/ near the treeline in
Alaska was observed during 1950-2000 in responsewa&mming (increased
competition and water deficit), a recovery was abeerved in the last decade of the
20" century (Lloyd and Fastie, 2002; Wilmking et 004). Wazny et al. (1991) also
showed gradual improvement of growth in Polandraftecrease caused by water
deficit.

4.5.2VLA

Increased spread between site time-series of VIrAbeaobserved during the
recent 30 years (Fig. 8), which stands out agahmstslight increase during 1900—
1979. However, in contrast to decreasing TRW, Vibdwed a significant increase
only in the eastern region, while VLA remained la previous level in the western
region (Fig. 18, Table 12). The onset of change sordad of VLA co-occurred with
changes in TRW, which again might be related toesmé cold in December 1978
(Table 9). As AC in VLA is lower compared with TR{Vable 3), EV in the tree-ring
of 1979 were extremely small (exhibiting a stromgative pointer year (Fig. 15).

Variation of EV size (VLA) has been related withadability of water in the
previous and current year (Table 6; Fig. 11; Campgtlal., 2010; Fonti and Garcia-
Gonzalez, 2008; Garcia-Gonzalez and Eckstein, 2088)shown above, under a
continental climate, occurrence of water deficitmere probable (Figs. 13, 14), thus,
EV would be expected to be smaller, to avoid ensibol{Cochard et al., 1992; Tyree
and Cochard, 1996; Tyree and Zimmermann, 2002).edew VLA in the eastern
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region was larger than in western region in theopked950-1980 and increased
during the last three decades, increasing susdéptiio embolism. Larger VLA in
the eastern region during 1950-1980 might be exgthiby higher amplitude of
diurnal temperature in the second part of April GMC), where the moderating
effect of Baltic Sea is weaker (Tarkova, 1975), resulting in larger vessels due to
slower differentiation (Aloni and Zimmermann, 1983allardy, 2008; Zakrzewski,
1983). As VLA showed a significant relationship lwwinter and spring temperatures
(Figs. 13, 14), increase of VLA during the pasethdecades also might be facilitated
by warming (Lizuma et al., 2007). An increase ofA/bccurred only in the eastern
region. In the western region, under milder climateA might be less subjected to
warming. Under a maritime climate, where springtstaarlier and temperatures are
more stable (LEGMC), differentiation of cambial Isetan be faster, resulting in
smaller EV (Aloni and Zimmermann, 1983; Pallardy08; Zakrzewski, 1983).
Another explanation for increase of VLA in the eastregion (Fig. 18) might be
attributed to inverse relationship between VLA ardW (Tardif and Conciatori,
2006). In the western region, the necessary trategpp@mount of water is lower in
the milder climate (Friedrichs et al., 2008; Paligr2008), and thus larger EVs may
not be formed.

VLA also decreased in sensitivity (Table 12), whican be explained by
greater physiological regulation of EV under desegATRW. In narrower rings there
is less space for different combinations of EV iffedent size, and thus EV with size
close to the “forced” optimum are formed, decregsiariation. Although Fonti et al.
(2009b) related (positively) long-term variation ¥LA with vigour of the tree,
apparently, under suppressed growth, the oppofiéetemight be observed. The
increase of VLA during the past 30 years seemsetstbeper than the tree-vigour
related increase described by Fonti et al. (200Bkekreased sensitivity can also be
explained by increase of winter temperature (FjgApparently winter temperatures
are becoming less significant for wood formatiomg$-13, 14), and thus the variation
of VLA related with these factors is smaller. Foeater understanding of the VLA

increase, precise estimates of vessel density (lnoge diameter cores) are needed.
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5 Conclusions

VLA, as a proxy for climatological studies of pedufate oak in Latvia (close
to oaks northern distribution limit), showed strengand spatially and
temporally more stable climatic signals in Latviean did TRW. A 5-mm
increment core can be used to obtain representsdéingles, but wider cores
would ease measurement and quality control andedserbias at the stand
level. From the tested tree-ring proxies, TRW andAVwere the most

sufficient.

TRW and VLA showed weak relationship, suggestinfjetent sources of
variation, and thus can be used to obtain additioi@mation from the same

material.

A continuous gradient of high-frequency variatidnamod formation, related
with continentality of climate (distance from thea3 is evident in Latvia. Two
regions (western and eastern part of Latvia) dedifig wood formation and
climatic signals can be distinguished. Significatifferences in climatic
signals can be observed over a distance of ~ 150Atthough effect of
climatic factors is stronger in more continentadtean Latvia, climatic signals

in TRW also largely depends on habitat, presumatityoclimatic conditions.

TRW in the western region is affected mainly by penature in early spring
and early summer, while August precipitation anchgerature in previous
season’s summer (July and August) limits TRW in #sestern region of
Latvia. VLA is controlled by temperature during tldermant period and

spring (April) and precipitation has minimal effect

Regional chronologies for western and eastern pafrtkatvia have been
established. Temperature of previous year July Aodust, and August
precipitation (eastern region of Latvia) showed tteongest signals in
regional chronologies. December and April tempeeatshowed strongest
effect on VLA regional chronologies. Winter andisgr NAO has stronger
effect on VLA than TRW.
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Climatic signals significant for wood formation kaehanged during the 20

century. TRW has lost sensitivity to winter (FebgudMarch) temperature and
has increased in sensitivity to previous year Jelyperature. Increasing
sensitivity of TRW to August precipitation in thestern region suggests
increasing effect of water deficit (drought). VLA®ved common changes in
both regions: loss of sensitivity to February—Mar@mperature and an

increase of sensitivity to December temperature.

Occurrence of pointer years in TRW is related wsghring and summer
temperatures in the western region and Februarpdeature in the eastern
region of Latvia. The strongest negative pointeargan TRW are caused by
extremely low temperatures in the dormant periode Btrongest positive
pointer years are associated with warm and moisinsers. Pointer years in
VLA are caused by extreme cold events during themdat period. The

strongest pointer years in VLA are more discresstim TRW.

Climate-growth (TRW) relationships are affected dge of oaks. With age,
the effect of precipitation intensifies, presumadlye to increase of VLA or

increasing maintenance coasts.

Although wood increment (TRW) is not directly angtoagly linked with
temperature in the dormant period, VLA high-frequievariation indicates
limitation of growth and northern distribution ofegunculate oak by

temperature in the dormant period via conductiwperties of wood.

TRW and VLA have synchronously changed during tlestp30 years,
particularly in eastern region of Latvia. TRW shawsignificant decreasing
trend and VLA an increasing trend while loosingsstwity. Increasing VLA
suggests increasing susceptibility for water defithese changes seem to

have been triggered by a drastic weather shiftimer of 1978/1979.

Considering high dependence of VLA on climatic éastand low dependence
on previous growth (AC), this proxy is appropriaied valuable for further
climatological studies (reconstruction), despitagiconsuming measurement

process.
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Appendix



Appendix 1
Distribution of pedunculate oak in Latvia (grid 5k®) (LaivinS et al., 2009).
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Appendix 2

Distribution of precipitation in Latvia (colour esity). Lines represent sub-regions of
continentality.
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Appendix 3
Location of sampling spots (stands) used for deteation of regional differences in high
frequency variation of wood formation (TRW and VLA)
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Appendix 4
Location of sampling plots (stands) used for camcsion of regional chronologies of TRW
and VLA. Regional chronologies were built from d&tam 22 and 18 stands respectively.
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Appendix 5

Statistics of measurement time-series for TRW ahd Y6r whole and common periods. Range of measungsn@ 0’ mm for TRW and 100 pfrfor VLA),
mean autocorrelation (AC) calculated for trees Bite, mean sensitivity (SENS), mean EPS (calcutatérees in a site), mean interseries correlafln
calculated between trees in site; ICs calculatéddrn mean time-series of sites).

Site

AGL
ALK
ANC
BAR
BIK
BZN
CCE
CES
DKL
DOB
DOB1
DRB
DUN
DzC
ELK
EZR
GVz
ICV
JBRsa
JBRsl|
JEK
JEL
KAN
KEMsI
KUL
LMBsa
LMBsl
LOB
MOR
LzA
MZN
PIL
RDA
RUJ
SIG
SKR
SKV
STP
STR
TBR
UGL
VDL
VLK

TRW VLA
Whole period 1899-2010

Period Min Max  Mean AC SENS EPS IC ICs Min  Max Mean AC SENS EPS IC ICs Period Min  Max Mean AC SENS EPS IC ICs
1805-2010 28 436 163 0.76 025 094 067 043 69 385 141 0.60 021 091 071 047 1899-2010 217 646 414  0.55 0.15 091 0.60 0.60
1896-2010 104 590 294  0.77 0.19 0.88 057 048 104 590 269  0.77 0.19 0.88 058 041 1899-2010 123 605 319 0.73 0.18 0.96 058 0.58
1697-2009 46 405 145 0.80 022 079 045 0.30 52 318 130 0.75 0.19 0.84 046 051 1899-2009 101 411 241 031 0.24 055 034 0.34
1845-2009 50 465 154 0.73 026 093 069 031 51 399 128 0.73 0.24 094 071 0.29 1899-2009 89 419 241 047 0.22 090 056 0.56
1851-2010 70 526 149 0.76 020 092 074 064 69 422 126  0.63 0.18 0.92 075 0.71 1899-2010 223 737 452  0.32 0.17 0.81 058 0.58
1892-2009 38 546 192 0.77 030 094 0.69 0.60 39 546 189 0.77 030 0.95 0.69 0.65 1899-2009 76 544 270 0.61 0.24 096 038 0.38
1834-2009 48 418 112 0.85 0.19 079 061 057 54 237 94 0.75 0.17 0.86 0.66 0.55 1899-2009 111 422 230 0.32 024 071 031 031
1759-2010 38 435 152 0.80 020 0.87 056 0.58 61 322 142 0.69 0.18 0.88 0.60 0.68 1899-2010 230 643 402 0.52 0.16 0.88 042 042
1825-2010 50 480 144  0.75 026 093 066 044 59 334 123 0.60 0.26 0.93 0.68 0.51 1899-2010 143 612 305 0.53 0.21 0.87 047 047
1826-2009 53 510 120 0.84 0.19 085 049 056 35 240 111 0.84 0.18 0.88 0.61 0.56 1899-2009 114 439 244 0.47 020 0.76 033 0.33
1818-2009 44 416 131  0.78 023 0.85 0.60 0.68 53 268 125  0.60 0.22 0.88 058 0.73 1899-2009 178 581 363 0.31 0.20 0.67 030 0.30
1798-2009 37 331 152 0.73 024 089 062 041 57 319 143 0.68 0.22 0.89 062 050 1899-2010 115 439 244  0.44 021 070 027 0.27
1852-2008 60 491 143  0.82 0.18 0.78 054 059 67 398 125  0.79 0.18 0.81 055 0.60 1899-2008 154 561 284 041 0.21 0.65 0.09 0.09
1782-2008 38 364 113  0.71 023 087 059 052 46 217 113  0.63 0.19 0.86 056 0.57 1900-2008 198 514 327 031 0.16 0.70 032 0.32
1894-2010 82 563 217 0.81 0.19 090 070 0.61 82 486 178 0.82 0.19 0.90 0.70 0.60 1899-2010 142 626 325 0.68 0.18 0.94 045 045
1809-2010 42 374 109 0.72 024 089 069 043 49 228 88 0.55 0.22 0.86 071 0.53 1899-2010 167 582 324 0.53 0.18 0.90 056 0.56
1780-2009 37 421 148 0.79 023 081 062 043 49 321 140 0.72 0.22 0.86 0.67 0.39 1899-2009 146 454 275 0.28 0.19 0.60 0.36 0.36
1862-2009 59 466 208 0.79 022 093 064 052 59 458 193  0.80 0.22 093 070 0.60 1899-2009 119 552 277  0.46 0.23 081 032 0.32
1773-2009 56 454 126  0.75 020 090 054 049 60 293 102  0.73 0.18 0.92 052 044 1899-2009 128 384 226 0.38 0.22 050 029 0.29
1834-2009 30 388 187 0.74 025 089 073 046 64 381 153  0.70 0.22 090 0.74 0.42 1899-2009 124 408 251 0.37 020 0.72 035 0.35
1831-2010 86 469 234 0.74 0.19 083 0.63 056 86 465 212 0.77 0.19 0.83 064 0.69 1899-2010 127 606 293 074 0.18 094 036 0.36
1785-2009 46 392 170 0.75 023 093 056 0.53 52 372 138 0.73 0.22 093 0.60 0.66 1899-2009 123 479 246  0.45 0.19 0.88 036 0.36
1809-2008 50 376 135 0.78 020 0.83 048 0.56 59 249 108 0.63 0.18 0.87 052 0.65 1906-2008 179 530 297 0.31 0.18 045 0.13 0.13
1754-2007 61 427 200 0.76 025 097 056 043 78 404 170  0.66 0.22 091 0.67 0.58 1906-2007 146 390 255  0.28 0.18 0.06 022 0.22
1892-2009 43 465 184 0.80 024 093 075 057 43 411 160 0.78 0.24 093 0.77 0.58 1899-2009 84 324 194  0.40 023 075 031 031
1826-2009 50 435 176 0.73 022 092 066 0.39 74 358 161 0.64 021 091 068 0.68 1899-2009 150 505 292 043 0.20 0.81 048 048
1710-2009 40 404 160 0.75 027 089 065 061 53 356 138 0.66 0.26 091 069 0.63 1899-2009 135 480 303 0.29 0.24 070 039 0.39
1816-2008 45 358 125 0.70 024 095 061 049 46 281 101  0.63 0.24 093 063 057 1900-2008 142 676 310 0.1 0.19 087 034 034
1789-2009 37 370 161 0.76 0.26 090 056 0.50 34 326 145  0.77 0.25 0.90 055 0.53 - - - - - - - -
1844-2010 79 655 122 0.76 0.19 054 035 034 79 625 102 0.85 0.19 051 035 0.34 1899-2010 143 569 361 0.64 0.18 0.69 0.18 0.18
1777-2009 39 499 130 0.69 0.27 0.88 064 051 46 261 118  0.47 0.25 0.86 0.63 0.60 1899-2009 159 620 378 0.39 0.22 054 026 0.26
1813-2009 43 350 121 0.74 021 092 063 045 58 241 108 0.68 0.18 0.90 0.65 0.53 1899-2009 77 331 204  0.39 021 0.67 026 0.26
1830-2009 23 438 126  0.77 029 094 056 037 25 309 123 071 0.27 0.90 062 051 1899-2009 150 547 335 0.27 023 072 035 0.35
1897-2010 41 483 172 0.83 022 094 070 048 41 483 143 0.84 021 094 070 0.46 1903-2010 93 540 249  0.73 0.19 095 044 044
1792-2010 30 358 117 0.73 025 091 068 0.58 42 270 98 0.66 0.24 090 069 0.69 1899-2010 176 563 324  0.60 0.16 091 057 057
1837-2009 55 440 127  0.76 0.19 0.78 059 052 63 262 110 0.68 0.17 0.83 0.62 0.55 1899-2009 144 500 288 0.42 0.19 0.79 040 0.40
1894-2010 68 619 253 0.84 021 093 074 0.64 71 619 226  0.84 0.21 093 0.74 0.67 1903-2010 94 650 309 0.75 0.20 0.97 049 049
1831-2010 53 447 159 0.81 021 093 066 0.64 61 321 138 0.71 0.20 0.93 0.68 0.66 1899-2010 112 453 247  0.56 0.19 0.88 035 0.35
1835-2010 41 354 126  0.73 0.22 084 061 053 46 294 106  0.67 021 0.85 059 0.53 1899-2010 138 494 282 0.55 0.17 0.86 039 0.39
1843-2009 52 332 164 0.67 0.20 0.88 060 0.56 75 292 133  0.65 0.18 0.87 057 055 1899-2009 141 580 315 0.33 024 073 022 0.22
1787-2009 40 399 122 0.79 021 090 062 049 54 255 121 0.73 0.18 091 064 0.52 1899-2009 139 493 293 0.31 0.22 073 027 0.27
1838-2010 44 424 195 0.82 021 094 064 057 59 424 177 0.79 0.20 0.93 0.68 0.66 1899-2010 109 476 261 0.64 0.18 0.93 050 0.50
1862-2010 60 485 193  0.71 0.24 072 056 0.50 65 456 162  0.68 0.23 0.76 0.60 0.55 1899-2010 66 393 235 0.66 020 091 054 0.54
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Appendix 6

PCA scores of sampling plots overlain on their gapgic locations. Two or three regions of Latvia be arbitrarily distinguished based on PCA scores.

TRW residual VLA residual
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