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ABSTRACT

The accelerating climatic changes are challenging the natural adaptability of
tree populations, which inevitably leads to economic and ecological consequences,
hence proactive adaptive measures appear crucial for sustaining trees and
related organisms, as well as their systems. In the eastern Baltic regions, Scots
pine (Pinus sylvestris L.), which is abundant, stress-tolerant, and economically
important, is among the species, whose abundance is projected to decrease
due to climatic change. Considering the large-scale nature of climatic changes,
the mechanisms of adaptation ought to be robust and self-sustaining, which
are largely met by tree breeding. Still, considering the unprecedented pace
of environmental changes, comprehensive information on the responses of
trees and forests is needed for the asessment of the efficiency of the adaptive
measures. Furthermore, mitigating the unprecedented changes apparently
requires progressive means (e.g. enhanced application of assisted gene transfer),
emphasising the necessity for comprehensive knowledge-based evaluation of the
situation and potential solutions to comply with the conservative paradigm of
conventional forestry.

Analysis of wood increment is a highly powerful tool for detailed
retrospection of growth patterns and the underlying genetic, physiological, and
environmental effects. Under rapid environmental changes, information on the
environmental and particularly weather/climatic sensitivity of increment can
be highly valuable and complementary to the conventional morphometric traits
associated with the sustainability of genotypes. Morphometric traits, which are
cumulative product of the conditions in the past, might be simply outdated by
the environmental changes, which is backed up by the increasing rankings of the
north-transferred genotypes in provenance trials. Under such circumstances, the
sensitivity of increment, though should be scrutinized accounting for the shifting/
extending environmental gradients, paying attention to the ecological realism of
the estimated relationships.

In this thesis, the responsiveness of radial increment of the eastern Baltic
Scots pine to weather fluctuations across the regional climatic gradient and the
genetic controls over it were assessed by combining methods of time series
deconstruction, quantitative wood anatomy, mixed modelling and quantitative
genetics. Empirical material was collected in conventionally managed stands and
provenance trials spanning from southern Finland to northern Germany. The
thesis summarizes the findings of nine peer-reviewed thematically consistent
articles mostly published in top-ranked journals. Among the main things, complex
meteorological controls of the winter thermal regime and summer moisture
regime were estimated over the radial increment across the regional climatic
gradient. Still, most of the estimated responses were nonlinear implying their
scalability and ecological realism. Regarding the studied genotypes, the sensitivity



of increment to meteorological conditions was phenotypically plastic, while
showing signs of local genetic adaptation, thus suggesting the adaptability of
the populations. The plasticity of increment and its responsiveness, which arises
from the ability to efficiently redistribute assimilates for growth while ensuring
hydraulic efficiency of stemwood, was related to the productivity of the genotypes.
Accordingly, the more productive provenances, which originated from lowland
coastal Germany and Poland, and thus were north-transferred in Latvia, were
more sensitive to meteorological fluctuations, while showing low susceptability
to frost damage, wven compared to local genotypes. The weather sensitivity of
growth has moderate heritability suggesting potential for improvements by tree
breeding. Accordingly, the observed results encourage the application of the north-
transferred fast-growing genotypes, particularly for supplementing gene pool of
breeding populations.



ANOTACIIA

Klimata parmainu paatrinasanas ir viens no butiskakajiem koku populaciju
dabiskas adaptésanas spéju izaicinajumiem, kam neizbégami sagaidamas gan
ekonomiskas, gan ekologiskas sekas. So seku mazinasana proaktivai un adaptivai
meZza apsaimniekos$anai ir nozimiga loma koku un ar tiem saistito organismu sistému
ilgtspéjas nodrosinasanai. Baltijas jlras regiona austrumu dala parasta priede
(Pinus sylvestris L.) ir plasi izplatita, stresa toleranta un saimnieciski nozimiga suga,
kuras sastopamibai ir prognozéts samazinajums klimatisko izmainu dé]. Nemot
véra klimatisko apstaklu ietekmes plaso mérogu, ir nepiecieSamiba péc robustam
adaptacijas metodém, starp kuram ir izcelama meza selekcija. Detala informacija par
koku reakciju uz klimatiskajiem apstakliem un to paatrinatajam izmainam, savukart,
ir nozZimiga adaptivas apsaimniekosSanas efektivitates nodrosinasanai. Progresivam
adaptacijas metodém (pieméram, genotipu geografiskai parnesei) ir ipasa loma
genotipu un vides salagotibas nodrosinasanai, tadejadi uzsverot detalu ekologisko
saistibu izpétes nozimi meZsaimniecibas konservativas paradigmas pielagosanai
pieaugosajai apstaklu mainibai.

Koksnes pieauguma analize ir nozimigs augs$anas un ar to saistito geneétisko,
fiziologisko un vides ietekmju retrospektivas izzinas avots. Strauju vides izmainu
apstaklos pieauguma jutiba pret klimatiskajiem un meteorologiskajiem apstakliem
var nozimigi papildinat morfometrisko pazimju kopu precizakam genotipu ilgtspéjas
novértéjumam. Dala morfometrisko pazimju, kas ir kumulativs pagatnes augsSanas
apstaklu rezultats, savukart, klimata parmainu paatrinasanas ietekmé var zaudét
aktualitati. To apstiprina uz ziemeliem parvietoto proveniencu atraudzibas rangu
kapums, nereti parspéjot lokalos genotipus. Tade| visparinamu un/vai uz nakotnes
klimatu attiecinamu sakaribu konstatéSanai ir nepiecieSama pieauguma jutibas
izzinasana plasaka klimatiskaja gradienta.

Promocijas darba, izmantojot laika rindu dekonstrukcijas, kvantitativas
koksnes anatomijas, jaukta tipa modeléSanas un kvantitativas genétikas metodes,
analizéta Baltijas jlras regiona austrumu dalas parastas priedes populaciju
pieauguma reakcija uz meteorologiskajiem apstakliem, ka arT pieauguma jutibas
genétiska kontrole. Empiriskais materials ievakts saimnieciskajos meZos un
proveniencu stadijumos no Somijas dienvidiem lidz Vacijas ziemeliem. Promocijas
darbs ir devinu augstas kvalitates Zurnalos publicétu rakstu apkopojums.
Konstatéts, ka meteorologiskajiem apstakliem (ziemas temperatiirai un vasaras
sausumam) vértétaja regionalaja klimatiskaja gradienta raksturiga kompleksa
ietekme uz priedes pieaugumu. Vairumam no pieaugumu ietekméjosajiem
meteorologiskajiem apstakliem raksturiga nelineara ietekme, kas norada uz to
atbilstibu ekologiskajai teorijai. Analizétajiem genotipiem pieauguma reakcijas
bija fenotipiski plastiskas, vienlaikus novérotas lokalas genétiskas adaptacijas
iezimes, raksturojot populaciju spéjas adaptéties vides izmainam. Pieauguma un
ta reakciju uz vides apstakliem plastiskums, kas ir asimilatu pardales un koksnes



hidrauliskas efektivitates rezultats, bija saistits ar genotipu raZibu. Atraudzigakas
proveniences, kuru izcelsme ir piejiras zemienu apgabali Vacijas un Polijas
ziemelos (dienvidu izcelsmes no Latvijas perspektivas), paradija augstaku
pieauguma jutibu pret meteorologiskajiem apstakliem un vienlaikus zemu (pat
salidzinoSi ar vietéjam proveniencém) salnu bojajumu Tpatsvaru. Pieauguma
meteorologiskajai jutibai novérotas meérenas iedzimstamibas koeficientu vértibas
norada uz selekcijas potencialu uzlabot nakotnes mezaudzu piemérotibu klimatam.
Konstatétas saistibas liecina par labu uz ziemeliem parvietotu produktivako
priedes genotipu plasakai mezsaimnieciskajai izmantosanai, galvenokart, selekcijas
populaciju papildinasanai.
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G x E — genotype by trial interaction / genotipa-vides mijiedarbiba

GDR — German Democratic Republic / Vacijas Demokratiska republika

GUS — Gustrow provenance / Gustrovas provenience

H? — Broad sense heritability / iedzimstamibas indekss sensu lato

KA — Kalsnava provenance trial / Kalsnavas provenienc¢u izméginajuma stadijums

KAL — Kalsnava provenance / Kalsnavas (Jaunkalsnavas) provenience

LA —tracheid lumen cross-section area / traheidu lumena laukums

LI — Liepaja provenance trial / Liepdjas proveniencu izmégindjuma stadijums

LW — latewood / véling koksne

NBD — Neubrandenburg provenance / Jaunbrandenburgas provenience

NL — Nedlitz provenance trial / Nedlicas provenienéu izméginajuma stadijums

PY — Pointer year / "zimigais" (izlecosais) gads gadskartu mérijumu sérija

r-bar — Mean interseries correlation / vidéja starpsériju korelacija

RST — Rostock provenance / Rostokas provenience

RYT — Rytel Provenance / Riteles provenience

SENS — Mean sensitivity / vidéja gadskartu sériju jutiba

SNR — Signal-to-noise ratio / signala-troksna attieciba

SPEI — Standardized precipitation evapotranspiration index / standartizétais
nokrisnu un evapotranspirdcijas indekss

TRW — tree-ring width / gadskartu platums

USSR — Union of Socialistic Soviet Republics / Padomju Socialistisko Republiku
Savieniba

WR — wood rays / koksnes stari

WS — Waldsieversdorf provenance trial / Valdsiversdorfas provenien¢u
izmédgindajuma stadijums

ZV — Zvirgzde provenance trial / Zvirgzdes proveniencu izmégindjuma stadijums
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1 INTRODUCTION

1.1 Background

In the eastern Baltic region, the accelerating climatic changes are forcing
shifts in the distribution of vegetation zones and tree species, hence altering
the composition of forests (Buras and Menzel, ). In combination with
the anticipated changes in climate, which can extend vegetation season while
concomitantly causing additional stresses (Allen et al., ; Reyer et al.,, ),
the projected changes in forest growth are expected to result in substantial
ecological and economic consequences (Hanewinkel et al., ). This is enhanced
by the growing demand for timber and forest-related products (Routa et al., ).
The effects of environmental changes can vary regionally and locally (Reyer et al.,

); however, the increasing variability of environmental conditions is likely to
add stresses to tree growth and subsequently challenge forestry (Allen et al., ;
Reyer et al., ), hence highlighting the necessity for adaptive climate-smart
management for sustaining productivity of forests (Lindner et al., ; Reyer et
al., ).

The warming of climate appears positive for the net productivity within the
region due to the extension of vegetation and growth periods (Lindner et al., ;
Reyer et al., ); still, it also increases diverse risks, such as damage by frost
(Gu et al., ; Augspurger, ), which can hamper the increment (Piermattei
et al., ). Furthermore, the observed and anticipated increase in variability of
the summer moisture regime (Allen et al., ), intensifies drought conditions, to
which forests are becoming increasingly vulnerable (Choat et al., ), including
at high latitudes (Isaac-Renton et al., ). The edaphic conditions modulate the
magnitude of drought, as forests on freely draining mineral soils with low water
table, which are a considerable part of the commercial forests in Northern Europe
(Lindner et al., ), can be particularly sensitive (Wang et al., ). The shift
and extension of local climatic gradients (Meier et al., ) are subjecting local
populations to the increasing frequency of weather extremes, which are testing the
adaptive capacity of the genotypes (Valladares et al., ; Schwarz et al., ;
Leites and Benito Garzon, ). Due to warming, cold hardening can be affected,
thus subjecting trees to additional stresses during the dormancy period (Ogren,

; Vuosku et al., ), though the resistance to frost and cold is a multifactorial
process (Beck et al., ; Baniulis et al., ).

The large-scale nature of the anticipated climatic risks highlights the
necessity for climate-smart management and sustainable long-term solutions
(Nabuurs et al., ; Chmura et al., ). Considering the accelerating rate of
environmental changes, the evolutionary adaptation of local populations is lagging,
hence proactive management and assisted migrations/gene flow is advantageous
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for sustainable forestry (Aitken and Bemmels, ), emphasizing the estimation
of optimal transfer distance of reproductive material (Chauvin et al., ; Chmura
et al., ). Accordingly, tree breeding particularly in a synergy with the assisted
gene flow appears as the most promising means of adaptive management to
increase the sustainability of forests (O'Neill et al., ; Maclachlan et al.,
; Breed et al., ). For this, information on genetic control over the traits
contributing to sustainability in addition to productivity is crucial for successful
long-term improvements of forest reproductive material (MaclLachlan et al., ;
Matias et al., ; Grattapaglia et al., ; Ahrens et al,, ). Considering
the intensification and emergence of environmental hazards, the agility of the
breeding programmes is crucial to minimize damage and gain advantages from
environmental changes (Jansson et al.,, ; Ansarifar et al., ). Hence,
the flow of up-to-date information on the performance of genotypes allowing
agile adjustments in selection indices is highly advantageous (Li et al., ; Breed
et al., ; Grattapaglia et al., ). As a result, tree breeding is becoming
knowledge intensive, with comprehensive information on the genetic controls of
diverse traits becoming paramount for the sustainability of the results (Li et al.,
; Housset et al., ; Burdon and Klapste, ).

Populations of widely distributed species, such as Scots pine (Pinus
sylvestris L.), adapt to local conditions, and for the traits important for survival
and reproduction, as well as competitiveness, the adaptation can be genetic
(Martin et al., ; Wojkiewicz et al., ; Yeaman et al., ; Chauvin et al.,

; Ahrens et al., ). This supports the heritability of diverse traits and the
potential for their improvements by breeding (Li et al., ;Lietal., ; Chauvin
et al,, ). As long-lived and sessile organisms, trees encounter a spectrum of
environmental conditions during their life, hence they have evolved phenotypic
plasticity to cope with the environmental fluctuations (Corcuera et al., ;
Arnold et al.,, ; Cuny et al, ). Though, to maximize survival and
competitiveness under certain conditions, phenotypic plasticity can be subjected
to local adaptation (Yeaman et al., ; Li et al, ; Alakadrppa et al., ;
Ahrens et al,, ), which persists under intensive gene flow (Moran et al.,

; Lietal, ) and restricts the ability cope with extensive/rapid changes in
environment (Valladares etal., ; Aitken and Bemmels, ). Hence phenotypic
plasticity and local genetic adaptation are the indicators of the adaptability of
populations/genotypes (Eckert et al., ;Moranetal,, ; Chauvin et al., ;
Ahrens et al., ; Ansarifar et al., ).

The phenotypic plasticity is a result of the GxE, which can be specific for
populations, thus contributing to the differences in adaptivity (Valladares et
al., ; Chmura et al., ; de la Mata et al., ). Though considering the
multifactorial regulation of free growth, the GxE are complex (Li et al.,, )
and hence burden wide-scale prediction of the results of breeding (Li et al., ;
Ansarifar et al,, ). On the other hand, the GxE can be used to predict the
local performance of genotypes and their adaptability in the medium- and long-
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term, which can serve as a powerful tool for adaptive management (Li et al., ;
Chmuraetal., ). This is particular considering the increasing local diversification
of responses to environmental changes (Lindner et al., ; Reyer et al., ),
which, if matched by compatible genotype, can add to the field performance
(Ansarifar et al., ). The information on the genetic effects (genotype and
G xE) on diverse traits can be assessed by means of quantitative genetics, which
can provide highly detailed estimates (Falconer and MacKay, ; Loha et al.,,

). Accordingly, both individual and interacted genetic effects are crucial for
breeding the forest reproductive material best suited for the increasing variability
of environmental conditions (Li et al., ; Grattapaglia et al., ; Ansarifar et
al., ).

Provenance trials provide opportunities for assessment of performance
and risks for diverse genotypes under future and past climates depending on the
direction of the assisted gene flow (Leites et al., ; Taegeretal,, ; Nabais et
al,, ). Considering the occurring and projected northward shift of climatic zones
in the eastern Baltic region, moderate northward transfer of genotypes has been
advised to sustain forest productivity and reduce emerging consequences of drought
(O'Neill et al., ; Berlin et al., ; Hayatgheibi et al., ). However, the
north-transferred genotypes usually have longer vegetation period, increasing the
possibility of frost/cold damage (Schreiber et al., ; Berlin et al., ; Montwe
et al., ), while southwards transfer increases susceptibility to drought (Isaac-
Renton et al., ; Chauvin et al., ), which can reduce the overall productivity
(O'Neill et al., ). Additionally, provenance trials can act as a source of tested
genotypes for the supplementation of local breeding populations according to the
semiconservative breeding strategy (O'Neill et al., ; MaclLachlan et al., ).

Under the increasing scrutiny of the ecological plasticity of trees (Corcuera
et al., ; Valladares et al., ; Arnold et al,, ), provenance trials have
regained interest as the models for the analysis of genetic controls over the
traits crucial for sustainability of genotypes (Leites et al., ; Nabais et al.,

), particularly under shifting and/or extending climatic gradients (Valladares
et al., ; Wilmking et al., ; Meier et al., ). Application of molecular
and functional ecology methods on the provenance material has enabled direct
and detailed evaluation of the genetic mechanisms determining traits affecting
sustainability (Housset et al., ; Zhang et al., ; Ahrens et al., ). Such
information has been proven to be complementary to the field performance
estimates, which has been the initial goal for the establishment of provenance trials

(Jansons and Baumanis, ; Konig, ; Leites et al., ), hence is crucial for
adaptive management (Bolte et al., ; Nabuurs et al., ; Arnold et al., ).
Still, due to the complexity of GxE (Li et al., ), which affects phenotypic and
ecological plasticity (Arnold et al., ; Ansarifar et al., ; de la Mata et al.,

), local information on the performance of diverse genotypes and populations
(provenances) is crucial (Berlin et al., ; Breed et al., ; Chmura et al,,

). Though, provenance trials provide limited information on the genetic effect,
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as the origin (parental structure) of the genotypes is unknown (Falconer and
MacKay, ; Loha et al., ; Hayatgheibi et al., ).

In the majority of breeding programmes, the selection of genotypes is based
on selection indices, which incorporate a variable set of economically important
traits, among which those indicative of productivity (dimensions and stem quality)
have a central role (Baliuckas et al., ; Jansson et al., ; Burdon and Klapste,

; Lenz et al., ). Though, tree dimensions and stem quality are cumulative
indicators of the conformity of genotypes with the growing conditions in the
past (Burdon and Klapste, ; Hayatgheibi et al., ), which, considering
the accelerating pace of environmental changes, appear outdated (Aitken and
Bemmels, ; de Villemereuil et al., ). Accordingly, shifts in the rankings of
genotypes and provenance according to the allometrics have been observed across
vast territories in the eastern Baltic region and elsewhere, as the climatic gradient
shifts (Jansons and Baumanis, ; Berlin et al., ; Hayatgheibi et al., ;
Chmura et al., ; Szeligowski et al., ).

For more accurate projections of field performance under future climates
and hence more relevant breeding indices, information on growth responses to
the extending spectrum of meteorological conditions can be highly informative
(zhang et al., ; Wilmking et al., ), substantially complementing data on
the morphological traits (Xu et al., ; Heer et al., ; Housset et al., ).
As the climate is one of the principal determinants of tree growth (Speer, ;
Hayatgheibi et al., ; Wilmking et al., ), accurate projections of growth
responses to meteorological and climatic conditions appear crucial for climate-
smart and adaptive management (Bolte et al., ; Tei et al.,, ; Zhang et
al., ). Thus, assessment of the genetic control over the sensitivity of growth/
increment, and inclusion of such information in selection indices can contribute
to the sustainability of breeding (Burdon and Klapste, ; Ahrens et al., ;
Chmura et al., ).

Under temperate climate, tree growth is periodic, hence clear borders
between increments of subsequent years can be distinguished, thus enabling
retrospective analysis (Speer, ; Gartner et al,, ; Xuetal, ; Gennaretti
et al., ). Due to the convenience of sampling and high informativity regarding
the environmental effects, radial increment, TRW was been the overwhelming
proxy of free growth globally (Babst et al., ). Despite the sensitivity to local
effects, TRW is a highly relevant proxy for the productivity of tree and forest growth,
implying sufficiency for the assessment of a wide spectrum of environmental
questions (Xuetal., ;de Miccoetal,, ; Wilmking etal., ). The formation
of increment is a complex process, and hence TRW is a composite of several
environmental and intrinsic effects (Cook, ; Speer, ), which are highly
topical, particularly regarding the adaptability of trees and forests to accelerating
environmental changes (Housset et al., ; Zhang et al., ; Schwarz et al.,

). Accordingly, diverse mathematical methods have been developed for
the separation of the underlying effects, among which time series analysis and
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variance deconstruction is among the most efficient (Cook, ; Bunn, ;
Stoffel et al., ; Jetschke et al., ).

The TRW as a cumulative quantitative proxy of growth is summarizing the
conformity of genotypes with the conditions during the xylogenesis, as well as prior
to it (Hacket-Pain et al., ; Montwe et al., ; Cuny et al., ; de Micco
et al., ; Wilmking et al., ), hence the disentanglement of their individual
contributions can be challenging (Fonti et al., ; Gartner et al., ; Babst
et al,, ). To gain deeper insight into environmental forcing and regulation of
xylogenesis, analysis of wood anatomy can provide highly detailed quantifiable
data on the properties of wood (Fonti et al., ; Cuny et al., ; Gennaretti et
al., ). According to the pipe theory, wood primarily acts as the water transpose
system consisting of numerous pipes connecting roots with leaves (Tyree and
Zimmermann, ; Martinez-Vilalta et al., ). The set and properties of the
pipes largely determine the efficiency of the transport, as well as hydraulic safety,
i.e., resistance to cavitation and embolism, which causes physiological water
deficit (Sperry and Tyree, ; Anderegg et al., ; Prendin et al., ).

The lumen area of vessels/tracheids is a proxy of the efficiency of water
transport and risk of embolism, while the cell wall thickness is largely determining
the mechanical properties of wood, as well as resistance to embolism (Sperry and
Tyree, ; Tyree and Zimmermann, ; Martin et al., ). Under the globally
intensifying drought effects on forests, such information is becoming increasingly
topical (Gennaretti et al.,, ). Besides the vertical water transport, stemwood
acts as a storage silo for water, nutrients and minerals, indicating the relevance
of horizontal substance transfer between and within heartwood and sapwood
(Tyree and Zimmermann, ; Richardson et al., ). These functions are largely
maintained by WR, the quantification of which indicates the storage capacity of
wood and hence acts as an indirect proxy for assimilation (von Arx et al., ).

The extending vegetation period is increasing the risk and severity of frost
damages (Lee et al., ; Augspurger, ; Kidd et al., ), which burdens
and disrupts xylogenesis, and the imprints of such events are archived in wood
as anomalies, allowing retrospective assessment of their causality (Payette et al.,

; Gennaretti et al., ). Severe late frosts, particularly as the xylogenesis has
already been initiated, shatter unmatured wood cells resulting in the formation
of FR in EW (Lee et al., ; Payette et al., ). In contrast, early frosts disrupt

lignification, hence cell walls contain an increased amount of cellulose, which,
in the case of double staining of wood by Astra blue and safranin (Gartner and
Schweingruber, ), causes LW to appear blue or bluish, thus signifying a BR
(Piermatteietal., ). Both these anomalies are becoming increasingly promising
proxies for assessment of conformity of genotypes (particularly transferred) with
local climates and weather anomalies (Payette et al., ; Piermattei et al.,

; Gennaretti et al., ). Also, these anomalies might affect the mechanics
and strength of wood, as the optimal structure of wood is distracted and causing
mechanical weak spots (Berry et al., ; Leeetal,, ).
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The deconstructed variance of components of increment and related
proxies, particularly if coupled with advanced regression and modelling techniques
(Cavin and Jump, ; Zhang et al., ; Wilmking et al., ), enables highly
detailed assessment of both short- and long-term effects on growth under normal
and extreme conditions (Sass-Klaassen et al., ; McCullough et al., ; Xu
et al., ; Babst et al., ). Considering weather and climate as a principal
determinant of tree growth, the assessment of climate- and weather-growth
relationships has been a substantial field of application of the in-depth analysis
of increment (Cook, ; Ohse et al,, ; Lloyd et al., ; Harvey et al.,

; Wilmking et al., ). Though, for the scalability of such knowledge under
increasing environmental variability, analysis of increment across reasonable
climatic gradient is essential, as the locally observed relationships can already be
outdated (Lloyd et al., ; Henttonen et al., ; Restaino et al., ; Cavin and
Jump, ).

The ecological relationships across the environmental gradients are bell-
shaped, while linear relationships can be estimated if a limited part of a gradient is
considered (Way and Oren, ; Lloyd et al., ; Restaino et al., ). Hence,
the shift of the limited window of observation, as in the case of local data, inevitably
leads to biased extrapolation of the linear relationships (Valladares et al., ;
Wilmking et al., ; Wu et al., ). To solve such an issue, the estimation of
nonlinear ecological responses across a reasonable part of the climatic gradient
is crucial (Lloyd et al., ; Cavin and Jump, ). In this regard, time series
of tree-ring proxies are advantageous, as even at a local scale, they represent a
temporal gradient of conditions (McCullough et al., ; Xu et al., ; Babst et
al., ). Furthermore, a dataset representing reasonable parts of spatiotemporal
gradients can be obtained by regional sampling (Restaino et al., ; Cavin and
Jump, ; Harvey et al., ).

In the eastern Baltic region, Scots pine is a common and economically highly
important coniferous tree species (Routa et al., ) projected to decrease in
abundance within the region during the 21 century (Buras and Menzel, ).
It is ecologically plastic and grows on a variety of sites, while being particularly
important under oligotrophic and mesotrophic conditions with freely draining

mineral soils (Berlin et al., ; Jansson et al., ). As for a widespread species,
its local populations have undergone genetic adaptation (Martin et al., ;
Wojkiewicz et al., ; Alakarppa et al., ), implying differing adaptability
to environmental changes (Valladares et al., ; Li et al., ; Moran et al.,

). The local adaptation of Scots pine has been related to anatomical and
physiological adaptations to cope with drought stress and wind loading, as well
as with competition (Martin et al., ; Wojkiewicz et al., ; Tyrmi et al.,,

). Furthermore, a local small-scale adaptation of pine is known in response
to contrasting edaphic conditions (Eckert et al., ; Zadworny et al., ).
Hence, the local genetic adaptation of the populations implies that the projections
of the bioclimatic models could be biased, overestimating the reduction of the
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abundance of Scots pine, particularly under adaptive management (Valladares
et al., ; Wu et al, ). Concomitantly, local genetic adaptation is the basis
for successful breeding programmes within the region, which is largely based on
the morphometric traits related to stand productivity and stem (timber) quality

(Baliuckas et al., ; Eckert et al., ; Jansson et al., ), while sensitivity
traits are still being underrepresented (Fries, ; O'Neill et al., ; Wojkiewicz
etal., ; Ahrens et al., ).

The growth of Scots pine has been shown to be sensitive to weather
conditions and its extremes, though the relationships exhibit local features
(Elferts, ; Zunde et al., ; Jansons et al., ; Harvey et al., ). Across
the eastern Baltic regions, the increment of Scots pine shows a gradual shift of
local linear weather-growth relationships from growth limitation by summer
warmth in Finland to spring temperature and summer drought limitation in

Poland and Germany (Henttonen et al., ; Harvey et al., ). Accordingly,
the Baltics appear as the transition zone where the weather limitation shifts,
implying complex controls over the increment (Harvey et al,, ), allowing

scrutiny of the stationarity of weather-growth relationships (Wilmking et al.,

). Considering location under a cold climate, winter temperature can have
contrasting effects on increment, likely via cold damage of respiratory losses
of sugars (Ogren, ; Beck et al., ), supporting the carryover effects of
weather conditions. The regional weather-growth relationships also imply the
effects of growth-reproduction tradeoffs, which are suggested by the negative
effects of thermal conditions in the preceding summer (Hacket-Pain et al.,,

). The effects of climatic factors on the growth of Scots pine have also been
supported by the gradual shifts in rankings of provenances, as the north transferred
genotypes rise with warming (Jansons and Baumanis, ; Berlin et al., ).

The stemwood of Scots pine is rather primitive and is mostly formed of
tracheids, which surround scarce resin ducts (Carlquist, ; Martinez-Vilalta
et al., ) and axial parenchyma (Olano et al., ; von Arx et al., ). The
CWT and LA vary greatly, though the transition between LW and EW is abrupt and
forms a distinct border (Mencuccini et al., ; Carlquist, ). The CWT and
LA within EW and LW can vary greatly according to environmental conditions
during their formation (Cuny et al., ), as well as due to local genetic adaptation
(Martin et al., ). Though, the plasticity of xylogenesis, which mitigates the
effects of shifting conditions on the functioning of the xylem (Cuny et al., ),
appears restricted (Seo et al., ), presuming susceptibility to the hydraulic
risks, particularly in the latter part of the growing/vegetation season (Piermattei
etal.,, ; Cuny et al., ). Considering hydraulic architecture (wood anatomy)
important for survival and competitiveness, it is subject of genetic adaptation
(Lenz et al., ; Fries, ; Carvalho et al., ).
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1.2 Aim

The aim of the study was to assess the plasticity of the response of radial

increment of eastern Baltic Scots pine to meteorological/climatic conditions
and evaluate the climatic adaptability of the species and the potential for its
improvements by tree breeding.

1)

2)

3)

4)

1)

2)

3)

4)

1.3 Objectives

The subordinate objectives were to assess:

The responsiveness of radial increment of the eastern Baltic populations of
Scots pine to the principal meteorological and climatic drivers across the
regional climatic gradient;

The effects of local genetic adaptation (genetic factors) on the sensitivity
of increment to meteorological conditions and their extremes and its
phenotypic plasticity at the regional level in relation to productivity;

The effects of local adaptation on xylogenesis and wood anatomy of Eastern
Baltic populations of Scots pine and hence susceptibility to water shortage;
The genetic effects (heritability) and breeding potential for radial growth
sensitivity of eastern Baltic provenance of Scots pine.

1.4 Theses

The proposed theses are:

Radial increment of the eastern Baltic Scots pine is subjected to complex
controls of meteorological (thermal and moisture) conditions during and
prior to its formation;

The nonlinear effects of the principal weather drivers of increment show
climate-dependant weather controls over the increment, projecting
disproportional effects of climatic changes on growth;

Weather sensitivity of increment and its plasticity relate to the field
performance of the genotypes indicating adaptability of regional
populations/provenances;

Weather sensitivity of increment and its plasticity is at least partially
genetically determined, implying potential for improving climatic
adaptability by targeted breeding.

1.5 Thesis structure

The thesis consists of nine thematically consistent papers scrutinizing

plasticity and principal drivers of radial increment of Scots pine in the eastern
Baltic region. The first two papers address the plasticity of responses of genotypes
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in situ, thus evaluating the principal regional climatic and weather drivers of
radial growth. Three papers investigate local adaptation and plasticity of weather-
growth responses of regional provenances differing by field performance, thus
assessing the sensitivity-productivity relationships. Two papers analyse wood
anatomical properties of the provenances as the proxies for susceptibility to
increasing climatic risks. The last two papers quantify the heritability of weather-
growth sensitivity and its breeding potential.

1.6 Topicality

The study focusses on local specifics of weather controls over the
formation of wood increment and its plasticity by quantification of the underlying
environmental and genetic effects. The relationships between the environmental
sensitivity of genotypes and their productivity highlighted favourable tradeoffs
(more productive genotypes are sensitive) suggesting sensitivity of increment
as an adaptation to fluctuating conditions. Accordingly, the ability to promptly
adjust growth contributes to the resilience and productivity of genotypes in the
long term. Such relationships are backed by the genotype-specific differences in
wood anatomy. The results demonstrate a comparison regarding the scalability of
linear and nonlinear weather-growth relationships recognizable at local/regional
scales. Analysis of inter- and intra-annual variability of WR is suggested as a proxy
for the adaptive capacity of trees of different social strata.

Methodologically, the thesis explores the application of wood anomalies
(FR and BR) in retrospection of the effects of frosts for the characterisation
of genotypes. This is supplemented by the approbation of quantitative wood
anatomy methods for comparative studies of genotypes, thus allowing more
comprehensive evaluation based on limited empirical material. The synergy
of time series deconstruction and mixed additive modelling has been tested for
local ecological studies under accelerating environmental changes. The results
of the thesis are particularly relevant to the eastern Baltic region; however, the
algorithms of research are universal for studies of comparable spatiotemporal
scales. The obtained results provide a solid background for further research based
on an expanded set of genotypes thus confirming the scalability and applicability of
the proposed relationships within local populations.

2 MATERIAL AND METHODS

2.1 Sites and trials

A regional transect stretching from Southern Finland to northern Germany
was used to represent the regional spatiotemporal climatic gradient (Fig. 1A)
(Paper 1). Along the transect, 22 open-pollinated conventionally managed maturing
or mature stands (69—-129 years) of Scots pine with an area exceeding one ha
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Figure 1. Location of the studied mature commercial stands of Scots pine on
mineral freely draining soils representing the local populations in situ (A),
as well as the location of the studied provenance trials and origin of studied
provenances (shown by triangles and squares, respectively; B)

1. attéls. Pétito parastds priedes saimniecisko audZu uz drenéta@m augsném,
kas reprezenté lokalas populdcijas in situ (A), ka ari proveniencu stadijumu un
izcelsmju (attiecigi trijstdri un kvadrati; B) atrasands vietas

occurring on freely draining mesotrophic soils were selected from the national
inventories. The selection was done for the assessment of principal regional
weather drivers affecting conventionally managed populations in situ. The locations
were represented by one to six stands to account for local specifics in radial growth.
The stands were situated in sites with generally flat topography at low elevation,
representing coastal and inland conditions. An admixture of Norway spruce (Picea
abies) and silver birch (Betula pendula) was quite common. Additionally, a managed
mature well-draining mesotrophic Scots pine stand with scarce spruce understory
in the central part of Latvia (56.799 °N; 24.498 °E) was randomly selected from
forest inventory for sampling for the estimation of differences in WR among pines
of different canopy status (Paper /).
The selected stands/locations represented climates from cold humid
continental in Finland to temperate oceanic in northern Germany (Kottek et al.,
), where the mean annual temperature ranged from 4.3 to 10.1°C, respectively.
Across the transect, the winter thermal regime was more variable than that in
summer. The mean annual precipitation, though was comparable among the sites,
ranging 542—771 mm year in the stands in Finland and Latvia, respectively (Harris
et al.,, ). The annual precipitation regime was also comparable among the
stands with half of the annual precipitation occurring during the active vegetation
season, thus generally balancing evapotranspiration. The main changes in
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climate have been expressed as explicit warming during the dormancy period,
which extended vegetation season, as well as increasing variability of summer
precipitation and temperature regime, which has been increasing the incidence the
hot drought conditions (Allen et al., ; Meier et al., ).

To assess the local adaptation of populations in terms of sensitivity of
increment, five provenance trials representing atruncated climaticgradientbetween
Latvia and northern Germany were studied (Fig. 1B) (Papers I/\—/X). The provenance
trials were established in 1975 under the international collaboration of the USSR
and GDR under the IUFRO framework for the assessment of the performance of
the (eastern) European provenances of Scots pine (Kohlstock and Schneck, ;
Jansons and Baumanis, ). The tested provenances originated from the region
spreading between 46 and 56 °N, and 11 and 30 °E; a set of 36 provenances was
common for all trials. Such a region includes the spectrum of climatic conditions
predicted for Baltic states by the end of the 21t century (Buras and Menzel, ;
Meier et al., ). The seed material has been collected from the plus-trees within
each of the provenances thus representing the top-performing genotypes. The
trials were established by planting one-year-old seedlings raised in local nurseries.
The initial spacing of the planting was 2x 1 and 2x0.5 m for the respective trials in
Latvia and Germany.

The provenances were planted according to a randomized block design, yet
the size and number of the blocks differed between the countries. In the trials in
Latvia, the provenances were represented by six blocks (replications) of 35 (5x7)
trees, while in Germany by for blocks of 100 (10 x 10) trees. The trials grew on freely
draining oligotrophic sandy soils in Latvia and mesotrophic silty podzolic soils in
Germany; the topography of all sites was flat and elevation was low, as typical for
the lowland region. Initially, tending of all trials was implemented if necessary, yet
the thinning regimes differed. In Latvia, the trials have undergone a single thinning
from below to 1,800 trees ha™ at the age of 21 years, while in Germany a year prior
to sampling NL trial was thinned from below 1,100 trees ha™. In the WS trial, three
thinnings have been implemented with the last one in the winter of 2013-2014,
thus decreasing the stand density to 900-1,200 trees ha™.

2.2 Provenance selection

To assess local adaptation of genotypes in terms of growth sensitivity and
plasticity, seven provenances with differing field performance, represented in all
of the studied trials were selected according to the consolidated ranking of field

performance according to recent inventories (Fig. 1B) (Papers |!I-IX). Previous
studies have shown a significant effect of provenance on both the productivity and
stem quality of trees (Jansons and Baumanis, ; Taeger et al., ), with the
selected provenances having consistent rankings. Such selection also allowed the
assessment of sensitivity-productivity relationships (Leites et al., ; Valladares
et al,, ; Matias et al., ; Housset et al., ) and conditions underlying
plastic responses (de Villemereuil et al., ; Nabais et al., ).
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Two low-performing provenances (DIP and EBN), which originated for the
Ore Mountains, one local (from the Latvia perspective, KAL), which excelled in
stem quality and had above average performance, and two top-performing
provenances (GUS and RYT), which originated from coastal lowland areas in
northern Poland and northern Germany were selected. Additionally, for the
estimation of heritability, two top-performing provenances from the same
lowland region (NBD and RST) were selected (Papers VV!l, 1X). Generally, the top-
and low-performing provenances represented the higher and lower quartiles of
productivity and stem quality traits of the trials.

2.3 Data acquisition

2.3.1 Sampling

Within the maturing conventionally managed stands across the
international transect (Fig. 1A), from 15-30 healthy dominant non-leaning trees
without visual damage and signs of disease were selected for sampling (Paper ).
Two increment cores per tree from randomly oriented opposite sides of the
stem were collected at the breast height using a 5 mm increment corer. For the
guantification of wood parenchyma (WR) and its relationships to canopy status
(Paper !l), in a mature conventionally managed stand, seven dominant trees
(with wide, well-developed crowns) and six intermediate trees (reaching canopy,
yet with narrow and reduced crown) were selected. Edge trees, as well as tilted
trees, were avoided. From each of the trees, two increment cores at the breast
height from random opposite directions were collected using a 5 mm increment
corer. Special attention was paid to the sharpness of the corer, so the increment
cores were collected and maintained unbroken. For the assessment of growth
pattern, a single core per tree was additionally sampled form from five dominant
and five intermediate trees within the stand.

In the provenance trials, sampling was done considering the randomized
plot design (Papers I//-/X). From each block, two or three dominant or co-dominant
visually healthy trees without visible damages were selected. Block edge and
tilted trees were avoided if possible. Two increment cores from randomly oriented
opposite sides of the stem were collected from each tree at breast height using
a 5mm increment corer. It was ensured that the corer was clean and freshly
sharpened, hence the cores were not broken.

2.3.2 Tree-ring width measurements

The collected increment cores (except those for WR, Paper!l) were
permanently mounted (glued) into single-row wooden mounts. It was ensured,
that the axial direction of tracheids was perpendicular to the surface of the
mounts. In the case of twisted cores, a hot steam jet was used to soften and
untwist the cores (Speer, ). Softening of samples also prevented their

24



breakage during the mounting. The surface of the mounted samples was levelled
using progressive sanding by a handheld orbital grinder or cut using the WSL
core microtome (Gartner and Nievergelt, ). The measurements of TRW
were made manually using the LINTAB 6 measurement table and TSAP software
(RinnTech, Heidelberg, Germany). The measurements were done by the same
person. The accuracy of the measurements was 0.01 mm.

2.3.3 Quantitative wood anatomy

For estimation of WR (Paper ), the increment cores were soaked in water
for a day to completely refill the xylem and thus soften it. The cores were cut
tangentially by hand sledge microtome GSL1 (Géartner et al., ). The thickness
of the section was 15-35 um. Two sections (from middle EW and LW) per 30-35
outermost tree-rings. The older tree-rings were not sampled, as the parenchyma
would likely died off and hence would not be distinguishable in the stained
samples. To assess the anatomical structure of wood and the effects of local
adaptation (Papers V!, VI1), thin cross-sections (14—18 um) of the increment cores

were cut using the WSL core microtome (Gartner and Nievergelt, ) according
to the protocol by Gartner and Schweingruber ( ).

The sections were double stained by Astra blue and safranin (Gartner and
Schweingruber, ), thus enhancing the contrast between the parts of tree-

rings, as well as lignified and nonlignified wood elements (parenchyma). Samples
were embedded in Canada balsam or in glycerine. High-resolution distortion-
free microscopic images of the samples were acquired with a transparent light

TSI A7 N

® 22 ) e aaa 22
Figure 2. Measurement area of tracheid cell wall thickness and lumen within a
tree-ring (A), example of a 'blue' (B) and frost (C) rings
The thin cross-sections of wood are double stained by Astra blue and safranin.

2. attéls. Traheidu siinapvalku biezuma un limena laukuma mérisanas
apgabali gadskartas attéla (A), ka ari gadskartu ar priekslaicigu lignifikacijas
partraukumu (B) un vélu salnu bojajumu (C) piemeri
Mikroskopiskais koksnes prepardts ir krdsots ar Astra zilo un safraninu.
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microscope equipped with a digital camera with an 18 Mpx cropped matrix at
40x magnification. The images were stitched using the PTGui program (New House
Internet Services, Rotterdam). The recognition and measurements of WR (Paper !/)
and CWT and LA (Paper VV!) were made using WinCELL 2007a (Regent Instruments,
Canada) software. The estimation of wood anomalies related to frosts (FR, BR;
Piermattei et al., ) was done by visual inspection of the images (Fig. 2).

2.3.4 Climatic data and arrangements

To assess the weather-growth relationships (Papers I-1X), as well as the
weather effects on wood anatomy and its anomalies, gridded climatic data
(CRU TS4; Harris et al., ) were acquired for the grid points closest to the
sampling locations. The monthly precipitation, temperature, and potential
evapotranspiration estimates were acquired for the period 1901-2017. To
evaluate the severity of drought conditions, SPEl was calculated as the proxy
of the moisture regime (Vicente-Serrano et al., ). For the weather-growth
analysis, the monthly climatic data were arranged according to the climatic
windows extending from May/June of the year of the preceding formation of
increment to September of the year of increment, thus assessing the carryover
effects of meteorological conditions (Beck et al., ; Hacket-Pain et al., ;
Harvey et al., ).

2.4 Data analysis

To ensure the quality of the measurements and reliability of the dating
of increment, which is paramount for growth sensitivity analysis (Speer, ),
graphical and statistical crossdating was performed (Papers |—IX). Time series were
corrected or omitted if necessary. The sufficiency of crossdating and strength of
the environmental signals within the datasets was described by several time
series agreement metrics, e.g., r-bar, arl, SENS, EPS, SNR, etc (Wigley et al., ;
Bunn, ; Speer, ). The metrics were calculated for the high-frequency (i.e.,
annual) variation component of the increment.

The time series of TRW were double detrended using a modified negative
exponential curve and flexible cubic spline with the wavelength of two thirds of
the series length (Papers ! and Ill) or comparable wavelengths (other papers),
which is a strict detrending approach explicitly highlighting the inter-annual
variation. Considering that the increment proxies often contain high arl (Cook,

), time series were prewhitened using the first-order autoregressive function
(Bunn, ). For the estimation of local linear relationships (Wilmking et al.,

), the detrended time series of trees were averaged into stand/provenance
chronologies using the biweight robust mean (Cook, ; Bunn, ).

Specific standardization based on the relative growth changes was applied
to estimate PY (Jetschke et al,, ), when the growth of a considerable
part of the dataset or data subset expresses abrupt changes in increment
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(Paper |1l and 1X). Considering the location of the sampled sites under temperate
climates, as well as non-suppressed growth, the criteria for the estimation of event
years and subsequently PY was generally low (Elferts, ; Jetschke et al., ).
The weather drivers of the PY were analysed according to van der Maaten-
Theunissen et al. ( ) and Schwarz et al. ( ). The resilience analysis was
conducted to assess the tolerance of increment to weather anomalies (Paper !11).
Resistance (PY/pre-PY), recovery (post-PY/PY), resilience (post-PY/pre-PY), and
relative resilience ((post-PRPY)/pre-PY) indices (Lloret et al., ) were calculated
based on TRW.

Bootstrapped Pearson correlation analysis between the chronologies and
PY time series and the weather data was used to screen the local linear weather-
growth relationships for the proxies of the radial increment (Papers |-VIl).
Moving-window bootstrapped correlation analysis was used to assess the
stationarity of local linear weather-growth relationships (Zang and Biondi, ;
Hofgaard et al., ). Considering that the studied trees grew in the mid-part
of the distribution area under presumedly favourable site conditions, multiple
regression technigques were used to estimate the principal weather drivers of
the increment (Papers | and |VV). Considering that ecological responses across the
environmental (both spatial and temporal) gradients are bell-shaped (Way and

Oren, ; Lloyd et al., ), thus nonlinear, generalized additive mixed models
were, which allow estimation of response splines, were used for the regression
(Wood, ). Residual chronology index values of sands (Paper ) or trees (Paper |V/)

were used as the response variable, with the meteorological variables tested
as the predictors. The set of predictors was selected according to the arbitrary
selection principle considering the result of local screening by correlation analysis,
as well as several fit metrics. Year and spatial hierarchical structures in data (tree,
trial, stand, etc) were included in the models as nested random effects to account
for the dependencies in data.

Linear mixed effects models were used to evaluate the effects of canopy
statue on the quantity and properties of WR (Paper|l), and the effects of
provenance on resilience components in response to PY, as well as on the wood
anatomy (CWT and LA). The structure of random effects as described above was
used to account for the dependencies in the data. The significance of the fixed
effects was evaluated using Wald's x? test. Conformity with model assumptions
was checked using the diagnostic plots.

To quantify site and genetic (incl. GxE) effects of the weather-growth
sensitivity and responsiveness of increment to weather anomalies in PY, the
variance was separated by linear mixed effects model according to Loha et al.
( ) and Falconer and MacKay ( ) based on the studied provenances
(Fig. 1B). The response variable was the local weather-growth correlation (based
on detrended basal area increment) and the event year values (relative growth
changes; Jetschke et al., ; Papers and ¥, respectively). Heritability (H?)
and CVP were calculated for the depiction of the genetic effects. Data analysis
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was conducted in R v. 4.2.2 using the libraries dpIR (Bunn, ), pointRes (van der
Maaten-Theunissen et al., ), treeclim (Zang and Biondi, ), Ime4 (Bates et
al., ), and mgcv (Wood, ).

3 RESULTS AND DISCUSSION

3.1 The quality of datasets

The time series of TRW generally showed good quality, and the vast majority
of them passed quality checking and crossdating, providing the basis for the
estimation of weather-growth relationships (Papers |, |/|=/X). The informativity of
the datasets of TRW was supported by the estimated metrics of agreement, with
the EPS exceeding the arbitrary threshold of 0.85, which denotes sufficiency for
climatic analyses (Wigley et al., ). Hence, SNR mostly exceeded 5.0 indicating
environmental signals in TRW to be of reasonable strength, though according to
the provenance data (Paper |/, V), it tended to be higher for the more productive
genotypes. The SENS and Gini coefficient of the time series (Papers |, |!=1X), which
show the extent of the inter-annual variability of growth (Bunn et al., ), was
intermediate, which is optimal for weather-growth analysis (Speer, ). The effect
of previous growth on increment across the international transect (Paper |) and in
the provenance trials (Papers |!I-V/, ViII=IX) was explicit, as indicated by high ar1l,
which implies a conservative growth strategy (Way and Oren, ; Isaac-Renton
et al., ). Though, the arl tended to be lower and mean sensitivity slightly
higher in the provenance trials in northern Germany, likely indicating higher
marginality of local climates from the perspective of the genotypes (Taeger et al.,

; Cavin and Jump, ; Cuny et al., ).

The time series of wood anatomical proxies (Paper |/, \VI) were shorter than
TRW, and they were often disrupted due to shifts in the orientation of wood fibbers
within a stem (von Arx et al., ; Gennaretti et al., ). Hence the agreement
metrics calculated for them were biased. Nevertheless, the measurements of
wood anatomical proxies contained reasonable variance enabling ecological
investigation. The distributions of wood anatomical anomalies (BR, FR) were zero-
inflated implying low incidence, hence they were analysed in a simplified manner
(Paper V/11). All of the accounted 126 BR occurred in LW, yet the majority of the
97 FR accounted occurred in the mid-part of EW, thus supporting relationships
with late and early frosts (Gu et al., ; Kidd et al,, ; Piermattei et al,,

). The quantity and dimensions of WR (Paper !l), showed low variation
implying conservative behaviour in terms of nonstructural carbohydrate storage
capacity (Olano et al., ; Richardson et al., ; von Arx et al.,, ). The
guantity and characteristics of wood elements are restricted to ensure structural
wood integrity (Mencuccini et al., ; Cuny et al,, ). Nevertheless, the
measured dimensions of WR varied unevenly, presuming differing environmental
constraints, and hence sensitivity to fluctuating conditions (Olano et al., ).
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3.2 Regional and local growth responses of native populations

Radial increment of the eastern Baltic populations of Scots pine showed
complex effects of meteorological conditions in the native locations (Paper ).
The local weather-growth correlations, which represent local linear relationships
between the TRW chronology indices (i.e., annual relative additional increment)
and weather conditions (Lloyd et al., ; Tei et al., ; Babst et al., )
showed a gradual shift along the transect, hence spatial nonstationarity (Hofgaard
et al., ; Wilmking et al., ). In southern Finland, the weather-growth
correlations showed local effects of the thermal regime during and prior to
xylogenesis, hence the proportion of sites showing common tendencies was
low. Still, the correlations supported low temperature limitations of growth
(Henttonen et al., ; Montwe et al., ). In the sites southwards from Finland,
a pattern of weather-growth correlations emerged with the effects of winter
temperature and particularly summer moisture regime becoming common. Still,
in Latvia, where sampled stands were more scattered (Fig. 1), the local weather-
growth relationships appeared most diverse, although correlations with winter
temperature were common. Also, negative correlations with temperature in the
preceding summer were common in Latvia, and to a lesser extent, in northern
Germany. In the southern part of the transect, increment showed common
correlations with meteorological conditions related to drought conditions, which
adheres to the globally emerging effects (Choat et al., ; Allen et al., ).

The moving window correlations analysis, however, showed that most of the
local weather-growth correlations were temporarily nonstationary (Hofgaard et al.,

). The main nonstationarities were related to the emerging effects of water
shortage. Such nonstationarity can be related to tree ageing, as the sensitivity to
moisture regime increases (Anfodillo et al., ; Konter et al., ; Prendin et
al., ), as well as to climatic changes, which are shifting local climates along the
local spatiotemporal gradients (Restaino et al., ; Montwe et al., ; Hofgaard
et al,, ; Harvey et al., ). Accordingly, the local linear weather-growth
relationships are being outdated and, hence would result in biased projections of
growth, as well as reconstructions of the condition of the past (Wilmking et al.,

; Wuetal, ).

The generalization of weather drivers of increment across the eastern
Baltic region (Fig. 1A), revealed significant effects of nine meteorological variables
confirming complex controls of climatic conditions over xylogenesis (Fig. 2).
These meteorological variables dated with the growing period, as well as before
it, thus indicting temporary complex controls over growth with carryover effects
of weather conditions (Friedrichs et al., ; Hacket-Pain et al., ; Harvey
et al., ). Still, at the regional level, meteorological conditions had nonlinear
(bell-shaped or threshold), as well as linear effects on increment, suggesting
seasonal variability of the length of the meteorological gradient (from the
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Figure 3. The estimated smoothened effects (splines with confidence intervals)
of meteorological conditions represented by monthly mean temperature,
precipitation, and standardized precipitation evapotranspiration indices on
residual chronology indices of tree-ring width of native genotypes of Scots pine
growing in conventionally managed stands on freely draining soils across the
eastern Baltic climatic gradient during 1954-2017
Dashed green and red lines indicate the 1o and 2o range of respective meteorological

variable in the central part of Latvia.

3. attéls. Modelétas vietéjo populaciju saimnieciskds audzés augosu parastds
priedes radiala pieauguma indeksu atbildes reakcijas liknes (un to ticamibas
intervails) pret meteorologiskajiem apstakliem (ménesu vidéjo temperatiiru,
nokrisnu daudzumu un sausuma indeksu) Baltijas jiiras regiona augstumu dalas
klimatiskaja gradienta no 1954. lidz 2017. gadam

Partrauktads zalas un sarkands linijas parada attiecigd meteorologiska mainiga 1o un 2o

izkliedes Latvijas centralaja daja.
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perspective of native genotypes). Nevertheless, the nonlinearity of the responses
also implied their scalability and stationarity (Lloyd et al., ; Cavin and Jump,

; Wilmking et al., ). The temporal and spatial variability of the responses
(random variances of year and site), however, indicated that the native populations
were phenotypically plastic with a moderate extent of local adaptation, implying
their adaptability in a medium-term (in the scale of tree lifetime; Eckert et al., ;
Moran et al., ; Alakarppa et al., ; Leites and Benito Garzon, ).

Across the regional climatic gradient represented by the studied sites,
temperature in August before the formation of the tree-ring had the strongest
effect on radial increment, yet the effect was linear (Fig. 2), indicating that the
reference part of the gradient was limited. Such an explicit negative effect can likely
be related to the growth-reproduction tradeoffs, as late summer temperature
determines the amount of generative buds and hence allocation of assimilates
in the following year (Hacket-Pain et al., ). The second strongest effect was
estimated for temperature in March, which showed near-linear effect with only a
slight flection of responses (moderation) when exceeding 0°C, suggesting positive
effects of projected warming (Henttonen et al., ; Lindner et al., ; Reyer
et al., ; Montwe et al., ). Similar was also observed for temperature in
February. The positive correlations with temperature in winter might be related
to cold damage (Beck et al., ; Henttonen et al,, ) or root development
(Hardy et al., ), which is backed up by the positive correlations with winter
precipitation, which can act as insulator affecting soil freezing and root dynamics
(Tierney et al., ). Under the warm temperate climate of Poland and Germany,
the effects of winter precipitation might also be related to the replenishing of the
water table and hence moisture availability in the following vegetation season
(Hardy et al., ; Goldsmith et al., ). Though the effect of temperature
in December was fluctuating, which might be related to the advance of cold
hardening (Beck et al., ) and respiratory nutrient losses (Ogren, ).

The regional response to July temperature (Fig. ), which showed the third
strongest effect on increment, was bell-shaped with a local maximum. Such a
response implies tradeoffs between the rate of assimilation and growth under cool
summers (Carrer et al., ; Yang et al,, ) and decreased moisture due to
increased evapotranspiration under hot and dry conditions (Allen et al., ). Still,
the precipitation related conditions showed relatively weaker effects on increment,
suggesting the resilience of the studied population(s) to drought conditions.
Nevertheless, July SPElwasthe strongest precipitation related predictor ofincrement
with the effect showing threshold value. This implies moderate drought sensitivity
of increment, as well as inability to benefit from abundant moisture in the case of
rainy summers, likely due to reduced radiation (Strand et al., ; Young et al.,

) or physiological drought (Tyree and Zimmermann, ). The effect of June
precipitation, which showed local optimum might be explained similarly, indicating
the sensitivity to optimal radiation and moisture regimes (Strand et al., ; Jyske
et al,, ). Still, abundant summer precipitation was estimated to have positive
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carryover effects on increment (precipitation in the previous July), probably via
indirect effects of temperature, which can alter the growth-reproduction tradeoffs
(Hacket-Pain et al., ). Authors note: dear peer(s), if you have read this far, it
is super; please come to me and ask, | will be glad to give you a treat or a warm
hug. Accordingly, the estimated response splines revealed climatic dependence of

weather-growth relationships (Ohse et al., ; Lloyd et al., ; Cavin and Jump,
; Hofgaard et al., ), suggesting disproportional effects of environmental
changes (Matias et al., ; Wilmking et al., ).

The regional weather-growth responses (Paper!) were estimated based
on the increment of the dominant trees, which might be biased, particularly
as transpiration and assimilation can be affected by canopy status and hence

microclimate (Lebourgeois et al., ). The analysis of WRs, which are the proxies
of nonstructural carbohydrate reserves and their storage capacity (Richardson
et al., ; von Arx et al., ), showed that the dominant and intermediate

trees were capable of comparable assimilation, supporting the adaptability of
trees irrespectively of canopy status (Paper |!). The quantity and dimensions of
WR showed inter- and intra-annual variation, implying dynamic adjustments in the
assimilate storage capacity (Olano et al., ). Though the explicit individuality of
WR metrics implied plastic responses of trees to microsite conditions, suggesting
sufficient adaptability of native genotypes (Eckert et al., ; von Arx et al., ;
Housset et al., ).

The largest share of variance in the dimensions of WR was related to intra-
annual fluctuations, as the main differences were estimated between EW and LW.
Generally, WRs were higher and narrower in LW, yet the relative area of the wood
cross-section occupied by WRs was higher in EW. Such variation complies with
the differences in characteristics of xylem cells (Mencuccini et al., ; Martinez-
Vilalta et al., ) arising from the dynamics of xylogenesis (Cuny et al., ). The
relative area and height of WRs, which is determined by the number of cells (Olano
et al,, ; von Arx et al., ), tended to be higher in EW of the intermediate
trees, yet the differences were weaker (marginal) compared to those between the
parts of tree-ring. Nevertheless, such differences suggest that some differences
in growth strategies might occur, as increased nutrient storage capacity can be
indicative of a more conservative growth strategy (Martin et al., ; Way and
Oren, ; Isaac-Rentonetal,, ). This also implies inter-specific diversification
of growth patterns (segregation of growth strategies), which is considered as an
adaptation aiding resilience of a stand (Valladares et al., ; Eckert et al., ;
Alakarppa et al., ). Though, WRs were independent of increment implying
the ability of trees of different canopy status to maintain good vigour (Fonti et al.,

). This can be related to the functional diversity and hence the ability to cope
and recover after disturbances (Lebourgeois et al., ), which are intensifying
under changing climate (Meier et al., ).

The time series of WR characteristics showed relationships with
meteorological conditions before the formation of tree-rings implying carryover
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effects, particularly in the previous summer and autumn, thus supporting the
cumulative influence of weather (Friedrichs et al., ; Hacket-Pain et al., ).
The estimated correlations indicated relationships with conditions related to solar
radiation, which affects the rate of assimilation (Strand et al., ; Fonti et al.,

), as well as moisture availability in spring, and hence cell expansion (Olano et
al., ; Jyske et al., ). Though the relationships between weather conditions
and WRs were weaker than for TRW, which can be explained by the presumedly
optimal growing conditions in the mid-part of species lowland distribution

(Valladares et al., ; Chmuraetal,, ). Hence, WRs show only a smoothened
reaction to weather fluctuations, while likely contributing to the arl of growth
(Richardson et al., ;von Arx et al., ).

3.3 Local adaptation of populations

3.3.1 Local weather-growth relationships

The weather-growth relationships estimated for the studied provenances
showed local adaptation of the eastern Baltic provenances in terms of weather
sensitivity of increment (Papers !!I-V). Furthermore, the estimated responses
showed the sensitivity-productivity relationship and highlighted the plasticity of
growth as a crucial contributor to it. Similar to the sampled native populations
in situ (Paper !), the radial increment of the studied provenances was complexly
controlled by winter thermal and summer moisture regimes, which are subjected
to accelerating changes (Allen et al., ; Meier et al., ).

Within each trial, the selected provenances showed some specifics in the
inter-annual variation of TRW, which, considering the high synchronicity of growth,
were expressed in the magnitude of growth changes (Papers !ll, |V). Thought,
the strength of growth deviations among the provenances differed by year
suggesting varying causes, hence the sets of local weather-growth correlations
were provenance-specific. The strength of the local weather-growth correlations
was intermediate, yet differed by the trials, indicating locally varying forcing.
Nevertheless, correlations with July precipitation and temperature in the previous
June (positive), and temperature in July and SPEl in the previous July, August,
and December (negative) were common in trials both in Latvia and Germany,
indicating the presence of the regional drivers of the increment (Henttonen et

al., ; Harvey et al., ). The strength of weather-growth correlations also
differed by provenance supporting local adaptation in terms of sensitivity of
growth (O'Neill et al., ; Eckert et al., ; Tyrmi et al., ). Still, in trials in

Latvia, the differences were related to the winter thermal regime, to which the top-
performing provenances (originated from milder climates) were more sensitive.
The low-performing provenances were less sensitive to the summer precipitation
regime. In contrast in the trials in Germany, the low-performing provenances
showed the strongest correlations with the meteorological conditions related to
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summer moisture regime; the top-performing ones were more tolerant to winter

temperature. Thus, some inversion was present. Still, there were some provenance-

specific weather-growth correlations non-related to field performance, which

indicated effects of local (site) adaptations (Eckert et al., ; Alakdrppa et al.,
; Tyrmi et al., ) or might be coincidental.

3.3.2 Regional sensitivity of increment and productivity

The generalization of weather-growth responses across the regional climatic
gradient revealed complex meteorological controls of radial increment, while
the nonlinearity of the responses indicated their dependence on climate (Fig. 4;
Paper V). This supports the disproportionality of the effects of climatic changes
on increment (Lindner et al., ; Matias et al., ; Tei et al., ; Wilmking
et al.,, ). The sets of seven to nine meteorological variables were estimated
as the regional drives of radial increment of the provenances, indicating direct
and carryover effects of weather conditions. These relationships were temporarily
stable, as suggested by low random variance related to year, however, the reference
period was rather short. Though strength and the form of responses differed by
provenance implying uneven sensitivity and phenotypic plasticity (Taeger et al.,

; Eckert et al., ; Alakarppa et al., ; Tyrmi et al,, ). The differences
in responses were mostly related to the extreme parts of the gradient implying
differing adaptability to the projected climates. The differences were not drastic;
however, even small differences in increment can differentiate productivity in the
long term (Glasner and Weiss, ; Lebourgeois et al., ; Matias et al., ;
Vazquez-Gonzalez et al., ).

The increment of the provenances was primarily sensitive to moisture
availability in summer, supporting the intensifying drought conditions (Choat et al.,

;Allenetal., ). The effects of temperature in May and July, as well as May—
July's SPEI (Fig. 4), showed the direct influence of thermal and moisture conditions
on increment (Jyske et al., ), while the positive near-linear responses to May
and July SPEI supported growth limitation by water shortage (Isaac-Renton et al.,

; Montwe et al., ; Harvey et al., ). The steeper response to May SPEI
also indicated susceptibility to early water shortage (Choat et al., ; Jyske et
al., ). Though, the top-performing provenances were more sensitive to water
shortage, indicating relationships between productivity and plasticity of growth
responses (Cuny et al.,, ). The effect of March temperature, which can be
related to root dynamics and water relations (Hardy et al., ; Tierneyetal., ;
Zadworny et al., ), was likewise stronger for the top-performing provenances.

Wood formation in June is rapid (Rossi et al., ; Jyske et al., ), and
precipitation and solar radiation can limit increment (Strand et al., ; Young
et al., ), thus explaining the negative responses to increased June SPEI, to
which the top-performing provenances were more sensitive. On the other hand,
the lesser sensitivity of the low-performing provenances might be related to a
more conservative growth strategy, as more assimilates are invested in defence
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Figure 4. The approximated response splines of the relative annual additional
radial increment of eastern Baltic provenances of Scots pine differing by filed
performance to meteorological conditions across the regional climatic gradient
represented by the provenance trials in Latvia and northern Germany for the

period 1985-2017

Confidence intervals of the spines are not shown for clarity.

4. attéls. Aproksimétas Baltijas jiiras regiona austrumu dalas parastds priedes

(pieauguma indeksa) atbildes reakcijas liknes pret meteorologiskajiem
apstdkliem regionald klimatiskaja gradientad, ko reprezenté stadijumi Latvija un
Vacijas ziemejos, no 1985. lidz 2017. gadam
Ticamibas intervali nav paraditi parskatamibas dé|.
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and hydraulic safety (Prendin et al., ; Vazquez-Gonzalez et al., ). The bell-
shaped response to summer temperature presumed tradeoffs between increased
assimilation and water deficit (Allen et al., ; Yang et al., ; Cuny et al.,

), to which the low-performing provenances (originating from mountain area),
however, were more sensitive.

The generally positive response to temperature in the previous June might
be related to additional assimilation under warm and dry conditions, as the
water table can still be high, which facilitates the formation of the following EW
(Sala et al., ; von Arx et al., ). The response was stronger for the low-
performing provenances confirming a more conservative growth strategy and
greater dependence on stored nutrients (Martin et al., ;von Arx et al., ).
The effects of conditions at the cessation of the previous vegetation season, which
affect growth-reproduction tradeoffs (Hacket-Pain et al., ), were stronger for
the low-performing genotypes, likely due to more conservative resource usage
(Reid et al., ). Accordingly, the higher weather sensitivity of the top-performing
provenances regarding the principal weather drivers indicated the ability to
plastically adjust growth essential to maintain capacity for recovery. Hence the
plasticity of increment is highly crucial for productivity under a rapidly changing
climate (Corcuera et al., ; Valladares et al., ; Arnold et al., ).

The increasing frequency of weather/climatic extremes, as the climatic
gradients shift exposing populations to diversifying conditions (Sass-Klaassen
et al., ; Jetschke et al,, ), emphasizes the resilience of growth as the
precondition for sustainability (Schwarz et al., ; van der Maaten-Theunissen
et al., ). The PY in TRW, which depict abrupt changes in growth often in
response to weather anomalies (Jetschke et al., ; Schwarz et al., ), were
generally weak to intermediate (Paper V), likely as the trees were growing under
presumedly favourable conditions and growth was not suppressed. The occurrence
of PY correlated with temperature during the dormancy period, cessation of the
preceding vegetation period and summer precipitation, supporting the complexity
of the forcing. Though the correlations were trial- and provenance-specific,
similarly as observed for the inter-annual variation patterns (Papers Ill, |V). The
occurrence of the strongest PY was associated with the co-occurrence of several
weather anomalies in the thermal regime in summer and winter, as well as summer
moisture availability (Paper V), thus indicating the robustness of increment to sole
events (Valladares et al., ; Jetschke et al., ; de la Mata et al., ).

The resilience indices calculated for growth responses in the estimated PY
(abrupt changes in TRW) in Latvia (Fig. 5) were similar to those estimated previously

for another set of provenances in Germany (Taeger et al., ), suggesting
comparable environmental tolerance of increment (Lloret et al., ). The values
of the tolerance indices were intermediate (cf. Schwarz et al., ), suggesting

that some growth suppression followed disturbances. Alternatively, this might be
partially attributed to the age-related decrease in TRW as the trees were rather
young (Konter et al., ). Provenance had a significant effect on the resistance
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Figure 5. The estimated marginal means of the resistance, recovery, resilience
and relative resilience indices calculated for TRW of the studied provenances of
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Similar lettering implies a lack of significant differences among the provenances.
The axes differ. N — number of observations.

5. attéls. Tolerances indeksu modelétas vértibas (ar ticamibas intervaliem),
kas aprékinatas pétito parastas priedes proveniencu gadskéartu platumam
pozitivajos un negativajos zimigajos gados trijos stadijumos Latvija

Lidzigie burti virs stabiniem norada uz bitisku atskiribu neesamibu starp tiem.

Asis atskiras. N — novérojumu skaits.

and resilience of TRW regarding the negative PYs, which was consistent with the
field performance, confirming the plasticity and environmental tolerance of growth
as principal contributors to productivity and sustainability. Still, the decreased
resilience suggested that unfavourable weather resulted in growth depressions
for the low-performing genotypes thus reducing their competitiveness (Reid et
al,, ; Lloret et al., ). Still, the significant provenance-by-year interaction
implied uneven sensitivity to diverse weather anomalies.
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3.3.3 Wood anatomy

The anatomy of stemwood, which acts as the water transport artery,
determines hydraulic architecture and affects water relationships of trees
throughout the vegetation season (Tyree and Zimmermann, ; Cuny et al,,

) governing the susceptibility to moisture regime (Corcuera et al., ; Moran
et al,, ; Gennaretti et al.,, ). Plasticity of wood anatomical structure has
also been considered as an informative proxy for adaptability (Fonti et al., ;
Martin et al., ; Gennaretti et al., ). Considering water relationships crucial
for survival, the wood anatomy of the studied provenances was subjected to local
genetic adaptation as indicated by the significant effect of provenance on CWT and
LA both in LW and particularly EW (Paper \/1). These effects appeared proportional
to the field performance of the provenances, supporting the relationships between
plasticity and sensitivity with the productivity of growth, even when a narrow
climatic gradient (represented by the trials in Latvia) was analysed. Furthermore,
the provenance-specific wood anatomy implies genetically determined sensitivity
particularly to moisture regime (Lenz et al., ; Martin et al,, ; Hong et
al., ).

The top-performing provenances had tracheids with largest LA, hence
conductivity, while CWT was thin (Fig. ©). Although such wood structure implies

increased vulnerability to cavitation and xylem dysfunction (Sperry and Tyree, ;
Pittermann and Sperry, ; Popkova et al., ), it also ensures conductivity
with minimal investments of assimilates (Eilmann et al., ; Martin et al., ).

Accordingly, the top-performing provenances were more plastic in terms of
resource allocation, as indicated by the negative correlation between CWT and LA.
Agile adjustments in the kinetics of xylogenesis have been shown to compensate for
adverse weather effects (Cuny et al., ), thus contributing to field performance.
This was particular for RYT, which was highly productive. The low-performing
provenances formed wood with smaller LA and larger CWT, which ensures higher
mechanical durability and hydraulic safety of wood, by the costs of conductivity.
Considering significantly narrower tree-rings, the wood of such structure likely
prevented trees from maximizing assimilation when moisture was optimal (Tyree

and Zimmermann, ; Eilmannetal., ; Anfodillo et al., ), thus burdening
growth and forming a negative feedback loop, which can reduce competitiveness
(Lebourgeois et al., ; Prendin et al., ). The time series analysis revealed

provenance-specific correlations between the wood anatomical proxies (CWT
and LA) and meteorological conditions, which suggested direct and carryover
effects of weather conditions (Mayr et al., ; Anderegg et al., ; Cuny et al.,

). The presence of the carryover effects implied that wood anatomy, hence
hydraulic architecture and drought safety of wood is at least partially predisposed
by preceding conditions, as well as the genetic effects (Eilmann et al., ; Martin
et al., ; Housset et al., ). This affects the plasticity of wood anatomical
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structure and hence the functionality of stemwood (Corcuera et al., ; Anfodillo
etal., ; Prendin et al., ).

Weather had a stronger effect on LA than CWT, particularly in LW, while the
correlations were stronger under harsher (more continental) climate. The anatomy
of EW was affected by temperature in the dormancy period and early summer, as
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Figure 6. Estimated marginal mean (x 95% confidence intervals) of lumen cross-
section area and cell wall thickness of tracheids in earlywood and latewood of
the studied provenances of Scots pine in the trials in Latvia
Similar letters indicate a lack of significant differences among the provenances.
Scales differ.

6. attéls. Modelétds traheidu limena laukuma un Sinapvalku biezuma vidéjas
vértibas (un to ticamibas intervali) pétito parastds priedes proveniencu agrinaja
un vélinaja koksne tris stadijumos Latvija
Lidzigie burti virs stabiniem norada uz bitisku atskiribu neesamibu starp tiem. Asis atskiras.
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well as precipitation at the end of the previous vegetation period, implying explicit
carryover effects of weather conditions (de Micco et al., ; Harvey et al., ).
Alternatively, this might be an indirect effect of the conditions of the water table
and moisture availability (Hardy et al., ; Tierney et al., ). The anatomy
of LW showed direct meteorological controls, as indicated by the correlations
with summer temperature (negative) and precipitation (positive), suggesting that
plastic adjustments are implemented to ensure hydraulic safety under current
conditions (Cuny et al., ; Ferriz et al., ).

For the top-performing provenances, LA and CWT in EW correlated with
precipitation in March and February temperature under coastal conditions, while
for the low-performing provenance, the correlation was significant under more
continental climate. Such correlation could be related to the modulating effects of
soil temperature and moisture on root dynamics and water relations in the following
vegetation season (Hardy et al., ) or winter embolism (Pittermann and Sperry,

). The correlations with April and June temperature were significant for LA of
the top-performing provenances under coastal climate and for the low-performing
provenances under inland conditions. Regarding LW, LA and CWT also correlated
with temperature in June, and such correlation might be related to a direct effect
of temperature on cell expansion and cell wall deposition (Rossi et al., ; Jyske
et al., ; Piermattei et al., ). August precipitation, and particularly SPEI
showed a positive correlation with LA and a negative correlation with CWT for
the top- and low-performing provenances under coastal and inland conditions,
respectively. Accordingly, the plasticity of wood anatomy and its ability to maximize
and restore conductivity with minimal investments of assimilates appear as a highly
advantageous adaptation under anticipated environmental changes and emerging
droughts in particular (Eilmann et al., ; Martin et al., ; Cuny et al., ),
with high potential to contribute to the sustainability of forest reproductive material.

3.3.4 Anatomical wood anomalies and frosts

The projected and ongoing extension of the vegetation period is increasing
the susceptibility of plants to late and early frosts (Gu et al., ; Augspurger, ;
Meier et al., ). Furthermore, under temperate climate, frosts are considered a
major threat to assisted gene flow, as the north-transferred genotypes, which are
usually more productive and have (can utilize) extended growing and vegetation
periods (Schreiber et al., ; O'Neill et al., ; Berlin et al., ; Hayatgheibi
et al., ). Signs of frost damage were observed in the wood of the studied
provenances (Paper \/Il). During the reference period, the annual probability of
frost related anomalies in the wood of the studied provenances in the trials in Latvia
was low (0.025, cf. Payette et al., ; Kidd et al., ; Piermattei et al., ),
although it showed explicit increase with continentality of climate (Fig. /). In the
coastal LI trial, only single anomalies were recorded, while in the continual KA trial,
their estimated annual probability exceeded 0.07 (it was even twice higher, when
trees were less than 25 years old). The probability of the frost related anomalies
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7. attéls. Modelétas ikgadéjdas nepabeigtas lignifikacijas (A) un vélu salnu
bojdajumu (B) izraisitu koksnes anomaliju ikgadéjas iespéjamibas vidéjas
vértibas (un to ticamibas intervali) pétitajas parastds priedes provenienceés tris
stadijumos Latvija no 1985. lidz 2017. gadam
Lidzigie burti virs stabiniem norada uz bitisku atskiribu neesamibu starp tiem.

decreased with age, likely as the canopy of the stands (trials) closed and the bark
of trees grew thicker providing higher thermal shielding of cambium (Payette et al.,
; Kidd et al., ). All BR occurred in late LW, while the vast majority of FR
were observed in the mid-part of EW indicating the effect of early and particularly
late frosts, respectively (Kidd et al., ; Piermattei et al., ). Though, the
occurrence of BR was higher than FR indicating susceptibility to early frosts, which
are likely the result of delayed cold hardening due to increased temperature (Beck
etal., ; Schreiber et al., ; Berlin et al., ; Hayatgheibi et al., ).
The occurrence of BR and FR differed by provenance, as well as was
subjected to provenance by trial interaction (Fig. /), thus indicating explicit local
genetic adaptation and phenotypic plasticity of the genotypes regarding frosts
(Augspurger, ; Schreiber et al., ; Ahrens et al., ; Szeligowski et al.,
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). The probability of BR and FR was related to the field performance of the
genotypes, rather than the climates of origin, supporting sensitivity-productivity
relationships (Valladares et al., ; Matias et al., ; Housset et al., ).
Accordingly, the low-performing provenances (DIP and EBN), which originated
from mountain areas were more susceptible to frosts, while the top-performing
provenances, which originated from milder maritime climate, showed only a few
anomalies. The linkage between the anomalies and the minimum temperature was
limited, probably due to microclimatic specifics (Charrier et al., ). Still, it was
clearer for the low-performing DIP under the warmer climate of the ZV trial (FR),
while being significant for local KAL under native conditions in the KA trial.
Surprisingly, the native provenance, which has adapted to the harsher climate, as
represented by the KA trial, showed an intermediate frequency of the anomalies.
Such behaviour of native provenance might be related to the extension of the
vegetation period (Schreiber et al., ; Berlin et al., ), while it suggests
increasing maladaptation of local high latitude populations to the accelerating
climatic changes (Isaac-Renton et al., ; Montwe et al., ), supporting the
necessity for assisted gene flow (Aitken and Bemmels, ; Hayatgheibi et al., ).

3.3.5 Heritability of growth sensitivity

The broad sense heritability estimated based on limited provenances can
be biased (Falconer and MacKay, ; Loha et al,, ; Leites et al., ),
nevertheless, it provides baseline insight into the genetic controls over diverse
traits (He et al., ). Furthermore, variance separation, which is the statistical
basis of quantitative genetics, allows quantification of the GxE and thus
phenotypical plasticity and adaptability (Li et al., ;Arnold et al., ; Ansarifar
etal., ). The sensitivity of growth depends on genotype and gene expressions,
hence weather-growth relationships are a cumulative proxy of the fitness of
genotypes to certain environments (Burdon and Klapste, ; Hayatgheibi et al.,

; Ahrens et al., ). Considering the observed effects of local adaptation of
sensitivity of increment (Papers |-V1l), weather-growth correlations representing
"normal" were estimated with low to intermediate heritability (Paper /Ill). For
the traits (weather effects) with moderate H?, the CVP exceeded 0.40, implying
(Table 1) noteworthy potential for improvements (Loha et al., ; Jansson et al.,

; Grattapaglia et al., ), similarly as observed for the morphometric traits
of the eastern Baltic populations (Baliuckas et al., ; Jansons and Baumanis,

; Jansson et al., ). Accordingly, heritable sensitivity implies the potential
to moderate weather/climatic effects on tree growth, thus contributing to the
sustainability of pine forests (Jansson et al., ; Grattapaglia et al., ; Heer et
al., ; Housset et al., ).

The strongest heritability was predominantly estimated regarding the
relationships to the variables related to moisture availability in summer (growing
period) implying the possibility of altering the sensitivity of increment to the
main anticipated climatic risk (Allen et al., ; Montwe et al., ; Harvey et
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al,, ). Such genetic effects also confirm the existential importance of water
availability for the populations growing under presumedly mild conditions of the
mid-part of the species range (Way and Oren, ; Carvalho et al,, ; Isaac-
Rentonetal., ; Ferrizetal,, ). The sensitivity to winter temperature, which
had secondary effects on increment (Paper |!1), was also estimated with the above
average heritability (Table 1; Paper VV!ll), implying the possibility of affecting the
overwintering and its effects on growth (Beck et al., ; Hanninen et al,, ;
Ahrens et al., ). Intermediate heritability was also estimated for the effects
of weather conditions at the end of the preceding growing period, which affect
the formation of generative primordia (Lanner, ), thus indicating genetic
control over the triggering of reproductive effort (Hacket-Pain et al., ). The
heritability of sensitivity to precipitation in the previous June, which can be related
to the formation of nutrient reserves (Jyske et al., ; von Arx et al., )
suggested genetic control over the growth strategy. The heritability of sensitivity
to meteorological conditions in the preceding autumn is difficult to reason, as trees
would have been entering dormancy (Beck et al., ; Hanninen et al., );
perhaps it is an artefact of collinear relationships. Due to the limited scope of the
study, genetic correlations between the traits (water effects) were not calculated,
currently limiting the insight into the genetic interactions (Hong et al., ).

Table 1. Broad sense heritability (H? * standard error) and provenance
coefficient of variation (PCV) for the weather-growth correlations of the studied
provenances across trials in Latvia and Germany
Only the meteorological variables showing heritability above 0.15 are shown.

1. tabula. ledzimstamibas sensu lato (H? * standartkliida) un proveniences
varidcijas koeficientu (PCV) vértibas pieauguma un meteorologisko
apstaklu koreldcijam pétitajam parastas priedes proveniencém stadijumos
Latvija un Vacijas ziemelos
Paraditi meteorologiskie mainigie, kas uzradija iedzimstamibu virs 0,15.

Meteorological variable / Meteorologiskais mainigais H?2 PCV
Temperature previous July / lepr. jilija temperatira 0.27 £0.17 0.60
Temperature previous September / lepr. septembra temperatira | 0.25 £ 0.16 0.45
Temperature January / Janvara temperatira 0.21+0.11 0.65
Temperature June / Janija temperatira 0.29+0.17 0.44
Precipitation previous June / lepr. janija nokrisni 0.32+0.15 0.24
Precipitation March / Marta nokrisni 0.23+0.15 0.56
Precipitation July / Jalija nokrisni 0.26+0.14 0.18
SPEI previous October / lepr. oktobra SPE| 0.15+0.10 0.58
SPEI previous November / lepr. novembra SPE| 0.25+0.17 0.47
SPEl June / Janija SPEI 0.24+0.18 0.54
SPEI July / Jalija SPIE 0.17+0.11 0.44
SPEI August / Augusta SPE| 0.25+0.17 0.50
SPEI September / Septembra SPE| 0.27 £0.16 0.62
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Intensification of weather anomalies, particularly those related to summer
moisture availability, as well as cold spells and frosts, have been identified as the
emerging climatic threats to hemiboreal forests (Allen et al., ; Isaac-Renton
et al., ; Montwe et al., ), which might be mitigated by targeted breeding
(Paper V/111). However, to cope with anomalies, different parts of the genome might
be utilized (Dering et al., ; Tyrmi et al., ), hence heritability of responses
needs to be explicitly tested (Ahrens et al., ; de la Mata et al., ). The
heritability of relative growth changes following multiple weather anomalies, which
were summarized by PY (Jetschke et al., ; Schwarz et al., ), showed low
heritability (Paper |X). Nevertheless, heritability estimates peaked a year or two
after a PY, indicating genetic control over the resilience and recovery rather than
resistance of growth (Lloret et al., ; Jetschke et al., ; Schwarz et al., ).
Though the peaks in heritability were not consistent temporarily and spatially,
likely due to diverse causes of the underlying growth changes. Still, anomalies in
the winter thermal regime appeared as stronger triggers of the genetic effects

(Henttonen et al., ; Montwe et al., ; Baniulis et al,, ), despite the
emerging water shortages (Allen et al., ), supporting the increase of cold
damage in a warming world (Gu et al., ; Augspurger, ).

The locally specific peaks in heritability estimates, as well as the variance
partitioning, revealed prevailing phenotypic plasticity (GxE) of the responses
to anomalies, suggesting the ability of the populations to cope with the
environmental changes in the medium-term (Li et al.,, ; Hayatgheibi et al.,

; Chmura et al., ). When the entire reference period was considered,
the genetic (provenance) variance was low likely due to the GxE, as well as the
excessive random variance indicating explicit effects of microsite/uncontrolled
conditions (Charrier et al., ). The variance components of the relative growth
changes generalized over the reference period, portrayed explicit genotype by
environmental interaction, hence the phenotypic plasticity of responses, implying
the potential for breeding to locally improve weather tolerance of genotypes
(Baliuckas et al., ; Jansson et al., ; Grattapaglia et al,, ; Burdon and
Klapste, ).

4 CONCLUSIONS

1) Radial increment of the native populations of Scots pine growing on freely
draining soils in the eastern Baltic regions is complexly controlled by the
meteorological conditions related to winter thermal regime and moisture
availability in summer.

2) At the regional scale, the weather-growth relationships are nonlinear,
indicating disproportional effects of the projected climatic changes on the
increment of Scots pine. Nevertheless, the estimated growth response and
nutrient storage capacity suggest the ability of local populations to cope with
environmental changes in the mid-term.
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3)

4)

5)

6)

7)

1)

2)

The meteorological sensitivity of radial increment of the eastern Baltic
populations of pine is subjected to local genetic adaptation. The populations
show differing sensitivity to the principal regional weather drivers of
increment, particularly their extremes. Coincidence of multiple weather
anomalies, though, was associated with abrupt changes in increment,
suggesting the robustness of Scots pine.

The sensitivity of increment of the eastern Baltic populations of Scots pine
to meteorological conditions differed according to productivity, signifying
sensitivity-productivity relationships. However, the more productive
provenances were more sensitive both to inter-annual fluctuations of
weather conditions and their extremes, implying plasticity of increment
crucial for the sustainability of genotypes.

The plasticity of weather-growth, as well as productivity-sensitivity
relationships can be related to specifics of xylogenesis. The more productive
provenances were more agile in terms of the anatomy and functionality of
stemwood, allowing rapid adjustments to changing moisture conditions.
This allowed faster recovery of growth after unfavourable weather
events/disturbances.

The susceptibility to frost damage of the north-transferred genotypes related
to the plasticity of increment. Although originating from a considerably
milder climate, the more productive genotypes were less affected by frosts
compared to the genotypes with more conservative growth strategies.
Native genotypes showed signs of increased sensitivity to frosts in a warming
environment.

The strength of genetic control over the sensitivity to the inter-annual
fluctuation of the principal regional weather drivers of increment was
moderate, with sensitivity to moisture availability in summer showing the
strongest effects. Regarding weather extremes, genetic control over the
resistance of growth was negligible, however, the genetic effects emerged
later, implying relationships with growth recovery and resilience. Accordingly,
tree breeding has the potential for improvement of growth sensitivity and
plasticity of increment, thus contributing to the sustainability of forest
reproductive material in the longer term.

5 RECOMMENDATIONS

Plasticity of increment and its sensitivity to moisture availability in summer
appear as promising traits for inclusion in the selection indices, thus
contributing to the breeding programme regarding the climatic sustainability
of forest reproductive material.

Considering increased plasticity and resilience of increment, the most
productive north-transferred genotypes (based on consolidated ranking in
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3)

4)

local provenance trials) should be (have a high potential to be) included in
breeding populations to improve the gene pond for breeding for climatic
sustainability.

The assessment of sensitivity-productivity and plasticity-productivity
relationships should be expanded by including a wider spectrum of
transferred genotypes for the estimation of the optimal ecological transfer
distance for supplementation of breeding populations.

Considering the high genetic diversity of regional and local populations,
the recombinatory ability of growth sensitivity and plasticity traits on
native genotypes should be evaluated based on the progeny trials for the
assessment of the adaptability of the native populations.
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1. IEVADS

1.1. Literatidras apskats

Baltijas juras regiona austrumu dala klimata parmainu ietekmé ir sagaidamas
koku sugu izplatibas un lidz ar to meZaudZu sastava izmainas (Buras and Menzel,
). Lidztekus klimata parmainam, kas pagarina vegetacijas sezonu un kokiem
rada papildus stresu (Allen et al., ; Reyer et al., ), izmainas mezu
produktivitaté radis ekologiskas un ekonomiskas sekas (Hanewinkel et al., ).
Pieaugosais pieprasijums péc koksnes var pastiprinat sis sekas (Routa et al., ).
Vides parmainu ietekme var atskirties lokali un regionali (Reyer et al., ), tomér
sagaidams, ka vides mainibas pieaugums radis kokiem papildus stresu, apgritinot
meZsaimniecibu (Allen et al., ; Reyer et al., ), ka ar1 palielinot adaptivas
meZsaimniecibas nozimi mezu produktivitates un ilgtspéjas nodrosSinasanai
(Lindner et al., ; Reyer et al., ).

Mezu produktivitate Baltijas jlras regiona klimata parmainu un pieaugosa
vegetacijas un augSanas perioda ilguma ietekmé varétu paaugstinaties (Lindner
et al.,, ; Reyer et al., ), tomér vienlaikus paaugstinas salnu un citu vides
traucéjumuietekme (Guetal., ; Augspurger, ), tadéjadi kavéjot pieaugumu
(Piermattei et al., ). Augosa vasaras nokriSnu reZima nepastaviba (Allen et al.,

) pastiprina sausuma ietekmi, pret ko mezu uznémiba palielinas (Choat et al.,

), it Tpasi auksta klimata apstaklos (Isaac-Renton et al., ). Edafiskajiem
apstakliem var bat moduléjosa ietekme uz sausumu, un mezaudzes uz labi
drenétam augsném ar zemu gruntstdens limeni, kas sastada lielu daJu no
saimnieciskajiem meziem, (Lindner et al., ), var bt izteikti uznémigas (Wang et
al., ). Lokalo klimatisko gradientu nobide un paplasinasanas (Meier et al., )
paklauj vietéjas koku populacijas biezaku meteorologisko anomaliju/ekstréemu
ietekmei, tadéjadi parbaudot vietéjo genotipu adaptéSanas spéjas (Valladares
et al.,, ; Schwarz et al., ; Leites and Benito Garzon, ). Pasiltinasanas
var kavét koku salcietibas attistibu, radot tiem papildus stresu miera perioda
laika (Ogren, ; Vuosku et al., ), lai gan rezistence pret salnam un salu ir
multifaktoriali reguléta (Beck et al., ; Baniulis et al., ).

Sagaidamo klimatisko parmainu plasais mérogs rada nepiecieSamibu péc
ilgtspéjigiem un adaptiviem ilgtermina risindjumiem (Nabuurs et al., ; Chmura
etal.,, ). Nemot véra vides izmainu paatrinasanos, evolucionara koku populaciju
adaptacijas spéja var bat nepietiekama, noradot uz proaktivas apsaimniekoSanas
un genotipu parneses nepiecieSamibu meZsaimniecibas ilgtspéjai (Aitken and
Bemmels, ). Tatad optimala genotipu parnese ir 1pasi nozimiga (Chauvin et
al., ; Chmura et al., ). Saja konteksta meza selekcija sinergija ar genotipu
parnesiir uzskatama par adaptivas mezsaimniecibas stirakmeni (O'Neill et al., ;
Maclachlan et al., ; Breed et al., ). Jaatzist, ka Sada pieeja ir zinasanu
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ietilpiga, jo adaptacijas programmu rezultatu ilgtspéjai bdtiska ir genétiskas
kontroles esamiba par adaptacijai nozimigam pazimém (Maclachlan et al., ;
Matias et al., ; Grattapaglia et al., ; Ahrens et al., ). Nemot véra vides
traucéjumu intensificésanos, liela nozime ir selekcijas programmu elastibai, lai
mazinatu vides izmainu raditos zaudéjumus, ka art glitu no tam labumu (Jansson
etal., ; Ansarifar et al., ). Saja konteksta aktuala informacija par genotipu
uzvedibu konkrétos apstaklos lauj operativi pielagot selekcijas indeksus (Li et al.,
; Breed et al.,, ; Grattapaglia et al., ). Tadéjadi adaptivas selekcijas
programmas klQst zinasanu ietilpigakas, un visaptveroSsam genotipu raksturojumam
ir iz8kiroS8a nozime meZu ilgtspéjas nodroSinasanai adaptivas saimnieko3anas
konteksta (Li et al., ; Housset et al., ; Burdon and Klapste, ).

Plasi izplatitu sugu, kada ir parasta priede (Pinus sylvestris L.), populacijas
adaptéjas lokalajiem vides apstakliem, un pazimém, kas ir nozimigas izdzivoSanai
un/vai reprodukcijai, adaptacija var bat genétiski noteikta (Martin et al., ;
Wojkiewicz et al., ; Yeaman et al., ; Chauvin et al., ; Ahrens et al.,

). Genétiska adaptacija ir pamats pazimju iedzimstamibai, kas nodrosina
selekcijas potencialu (Li et al., ; Lietal, ; Chauvin et al., ). Koki, kas
ir ilgdzivojosi mazkustigi/"sedosi" organismi, dzives laika saskaras ar plasu apstaklu
mainibas spektru, un, lai ar to sadzivotu, kokiem ir raksturigs izteikts fenotipiskais
plastiskums (Corcuera et al., ; Arnold et al., ; Cuny et al., ). Savukart,
lai uzlabotu konkurétspéju konkrétos apstaklos, fenotipiskais plastiskums var tikt
ierobeZots lokalas genétiskas adaptacijas cela (Yeaman et al., ; Lietal., ;
Alakdrppa et al., ; Ahrens et al., ), kas pastav intensivas génu plismas
apstaklos (Moran et al., ; Li et al, ), tadejadi ierobeZojot iespéjas
sadzivot ar plasam un straujam vides izmainam (Valladares et al., ; Aitken and
Bemmels, ). Attiecigi fenotipiskais plastiskums un lokala genétiska adaptacija
ir populaciju/genotipu adaptésanas spéjas indikators (Eckert et al., ; Moran et
al., ; Chauvin et al., ; Ahrens et al., ; Ansarifar et al., ).

Fenotipiska plastiskuma célonis ir GxE, kas var bt specifiska populacijai,
tadejadi ietekméjot adaptacijas spéjas (Valladares et al., ; Chmura et al., ;
de la Mata et al., ). Tomér, nemot véra koku augsanas multifaktorialo regulaciju,
GxE ir kompleksas (Li et al., ), apgritinot plasa méroga selekcijas rezultatu
prognozeésanu (Li et al., ; Ansarifar et al., ). Toties, G x E var tik izmantotas,
lai precizétu genotipu augSanas prognozes lokali, raksturojot adaptacijas potencialu
vidéja un ilga termina, sekméjot adaptivu mezsaimniecibu (Li et al., ; Chmura
et al, ). Sadas iespéjas aktualizéjas, nemot véra lokali divergéjosas mezu
atbildes reakcijas uz vides izmainam (Lindner et al., ; Reyer et al., ), kam
atbilstigu genotipu izmantoSana var uzlabot produktivitati (Ansarifar et al., ).
Zinasanas par genétiskas kontroles (t.sk., G xE) par dazadam pazimém ir ieglistamas
ar kvantitativas genétikas metodém, kas var sniegt detalizétu novértéjumu (Falconer

and MacKay, ;Lohaetal., ). Individualie genétiskie efekti un to mijiedarbibas
ar vidi ir btiski selekcijas programmam un nakotnes vides mainibai labak pieméroto
genotipu izveidei (Li et al., ; Grattapaglia et al., ; Ansarifar et al., ).
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Proveniencu izméginajuma stadijumi ir informativs izzinas avots, kas lauj
novértét parnestu genotipu produktivitati un veikt vides risku retrospekciju pagatnes
un nakotnes klimatiskajos apstak|os atkariba no parneses virziena (Leites et el., ;
Taeger et al., ; Nabais et al., ). Nemot véra prognozéto klimatisko joslu
parnesi ziemelu virziena, mérena genotipu parnese attieciga virziena uzskatama
par vélamu mezZaudzu produktivitates un ilgtspéjas nodrosinasanai, vienlaikus
mazinot sausuma ietekmi (O'Neill et al., ; Berlin et al., ; Hayatgheibi et
al., ). Japiezimég, ka uz ziemeliem parnestiem genotipiem parasti raksturiga
garaka vegetacijas sezona, kas palielina salnu bojajumu risku (Schreiber et al., ;
Berlin et al., ; Montwe et al., ). Uz dienvidiem parnestiem genotipiem,
turpretim, vérojama paaugstinata uznémiba pret mitruma deficitu (Isaac-Renton
et al,, ; Chauvin et al., ), kas mazina produktivitati (O'Neill et al., ).
Proveniencu stadijumi uzskatami ari par parbauditu genotipu avotu selekcijas
populaciju papildinasanai puskonservativas mezsaimniecibas paradigma (O'Neill et
al., ; MaclLachlan et al., ).

Pieaugot nepiecieSamibai apzinat koku ekologisko plastiskumu un
adaptésanas spéjas (Corcuera et al., ; Valladares et al., ;Arnoldetal., ),
proveniencu izméginajumu stadijumi ir uzskatami par modelobjektiem, kas lauj
raksturot genétisko kontroli par adaptacijai un ilgtspéjai nozimigam pazimém (Leites
et al., ; Nabais et al., ) mainiga klimata apstaklos (Valladares et al., ;
Wilmking et al., ; Meier et al.,, ). Molekularas biologijas un funkcionalas
ekologijas metoiu pielietojums Jauj veikt tieSu detalu provenienéu materiala
ilgtspéju nodrosinoso mehanismu izpéti (Housset et al., ; Zhang et al., ;
Ahrens et al., ). Sada informacija ir komplementara morfometriskajam un
produktivitates vértéjumam, kas ir sakotnéjais proveniencu izméginajumu stadijumu
izveides mérkis (Jansons and Baumanis, ; Konig, ; Leites et al., ),
tadéjadi sekméjot adaptivas saimniekoSanas metoZu ievieSanu (Bolte et al., ;
Nabuurs et al., ; Arnold et al., ). Tomér GxE kompleksas dabas dé| (Li et
al., ), kas ietekmé fenotipisko un lidz ar to ekologisko plastiskumu (Arnold et al.,

; Ansarifar et al., ; de la Mata et al., ), lokala informacija par dazadu
genotipu produktivitati un jutibu joprojam ir aktuala (Berlin et al., ; Breed
et al., ; Chmura et al., ). Jaatzist, ka proveniencu stadijumi ir uzskatami
par ierobeZoti informativiem iedzimstamibas izzinas avotiem, nezinamas gimenu
struktiras dé| (Falconer and MacKay, ;Lohaetal., ; Hayatgheibietal., ).

Vairuma selekcijas programmu genotipu atlasei izmanto selekcijas indeksus,
kas apvieno ekonomiski nozimigu pazimju kopumu, starp kuriem produktivitatei ir
centrala loma (Baliuckas et al., ;Jansson et al., ; Burdon and Klapste, ;
Lenz et al., ). Tomér kokaugu dimensijas un stumbra kvalitate ir kumulativi
genotipu un pagatnes apstaklu saderibas indikatori (Burdon and Klapste, ;
Hayatgheibi et al., ), kas pieaugosas vides mainibas apstaklos ir novecojusi
to apzinasanas bridi (Aitken and Bemmels, ; de Villemereuil et al., ).
Attiecigi, genotipu/provenienéu ranzejumam ir izteikta tendence mainities Baltijas
jaras regiona un citviet lidz ar izmainam klimatiskajos gradientos (Jansons and
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Baumanis, ; Berlin et al., ; Hayatgheibi et al., ; Chmura et al., ;
Szeligowski et al., ).

Pieauguma reakcija uz vides apstakliem un to mainibu var bt oti
informativa pazime, lai prognozétu produktivitati un ilgtspéju vides izmainu
apstaklos (Zhang et al., ; Wilmking et al., ), papildinot atzinas, kas gitas no
morfometriskam pazimém (Xu et al., ; Heer et al., ; Housset et al., ).
Klimatam esot vienam no galvenajiem koku augsanas noteic&jiem (Speer, ;
Hayatgheibi et al., ; Wilmking et al., ), precizas pieauguma reakcijas uz
meteorologiskajiem apstakliem prognozes ir nozimigas adaptivas meZsaimniecibas
ilgtspéjas mérku sasniegsanai (Bolte et al., ; Tei et al., ; Zhang et al.,

). Tadéjadi pieauguma jutibas genétiskas kontroles novértéjums un $adas
informacijas ieklau$ana/izmantosana selekcijas indeksu papildinasanai ir vélama
selekcijas programmu ilgtspéjas sekmésanai (Burdon and Klapste, ; Ahrens et
al., ; Chmura et al., ).

Mérena klimata apstaklos koku pieaugums ir periodisks, un izteiktas
pieauguma robezas ir izSkiramas, ka rezultata ir iespéjama ticama augSanas
retrospekcija (Speer, ; Gartner et al., ; Xu et al., ; Gennaretti et al.,

). Datu ieguves efektivitates un vides ietekmes informativitates dé| radialais
pieaugums, TRW ir izteikti popularakais koku pieauguma raksturlielums (Babst et
al., ). Neskatoties uz jutibu pret lokalajiem apstakliem, TRW ir uz kokaugu un
meZaudzu produktivitati attiecinams mérijums, kas nodrosina efektivu dazadu vides
ietekmju novértéjumu (Xu et al., ; de Micco et al., ; Wilmking et al., ).
Pieauguma veidosanas ir komplekss process, un TRW ir vairaku vides un iekséjo
faktoru ietekmes rezultats (Cook, ; Speer, ), kas ir aktuals koku un mezu
adaptacijas potenciala novértéjumam strauju vides izmainu konteksta (Housset
et al., ; Zhang et al., ; Schwarz et al., ). Lai nodalitu vides ietekmes,
ir izstradatas specifiskas matematiskas metodes, laujot veikt uzticamu dispersijas
komponensu dekonstrukciju, pieméram, laika rindu analizes cela (Cook, ;
Bunn, ; Stoffel et al., ; Jetschke et al., ).

Ka pieauguma raksturlielums, TRW kumulativi raksturo genotipa un vides
stavokla (ksilogenézes laika un pirms ta) saderibu (Hacket-Pain et al., ;
Montwe et al., ; Cuny et al., ; de Micco et al., ; Wilmking et al.,

), I'dz ar to So ietekmju atSketinasana, raksturojot individualo pienesumu, var
bat sarezgita (Fonti et al., ; Gartner et al., ; Babst et al., ). Dzilakas
ksilogenézi ietekméjoSo apstak|u kopas izpratnei koksnes anatomijas retrospekcija
ir detalas un kvantitativas informacijas avots, kas aridzan saistams ar koksnes
Tpastbam (Fonti et al., ; Cuny et al,, ; Gennaretti et al., ). Cauruju
teorija (pipe theory) postulé, ka koksne ir no mikroskopiskam caurulitém veidota
ddens transporta sistéma, kas savieno konkrétu uzsicoSo sakni ar lapu (Tyree and
Zimmermann, ; Martinez-Vilalta et al., ). Attiecigi, cauruliSu kopums
un to Tpasibas nosaka tdens transporta efektivitati, ka arT hidraulisko drosibu,
t.i., rezistenci pret kavitaciju un embolizaciju, kas ir fiziologiska sausuma célonis
(Sperry and Tyree, ; Anderegg et al., ; Prendin et al., ).
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Traheldu lGmena laukums ir Gdens vaditspéjas efektivitates un kavitacijas
riska raksturlielums, savukart Stnapvalka biezums raksturo koksnes mehaniskas
Tpasibas un rezistenci pret embolizéSanos (Sperry and Tyree, ; Tyree and
Zimmermann, ; Martin et al., ). Pieaugosas sausuma ietekmes apstak|os
$ada informacija klst Tpasi nozimiga (Gennaretti et al., ). Papildus vertikalajam
Gdens transportam, stumbra koksne nodrosina horizontalo Gdens transportu, ka
art ir idens un baribas vielu glabatuve, nodrosinot vielu parnesi starp aplievu un
kodolkoksi (Tyree and Zimmermann, ; Richardson et al., ). Sis funkcijas
liela méra nodrosina WR, kuru daudzums un izméri nosaka koksnes spéju uzglabat
asimilatus, tadejadi esot par netieSu asimilacijas raksturlielumu (von Arx et
al., ).

Vegetacijas sezonas pagarinasanas palielina salnu bojajumu risku un
intensitati (Lee et al., ; Augspurger, ; Kidd et al., ), kas apgritina
un partrauc ksilogeneézi, ka rezultata rodas koksnes anomalijas, kas tiek arhivétas
koksné, pielaujot to célonu raksturo$anu retrospekcijas cela (Payette et al., ;
Gennaretti et al., ). Stipras vélas salnas, it Tpasi péc ksilogenézes iniciacijas,
saplés jaunveidotas EW Sinas, radot FR (Lee et al., ; Payette et al.,, ).
Turpreti agras salnas augSanas sezonas izskana partrauc lignifikaciju, Iidz ar to
Sunapvalkos saglabajas augstaks celulozes Tpatsvars, kas péc dubultas krasoSanas
ar Astra zilo un safraninu (Gartner and Schweingruber, ) liek LW izskatities
zilganai, paradot BR (Piermattei et al., ). Abas Sis koksnes anomalijas klast
par populariem genotipu un vides (lokala klimata un meteorologisko anomaliju)
saderibas izzinas avotiem (Payette et al., ; Piermattei et al., ; Gennaretti
et al,, ). Sis anomalijas var mazinat koksnes mehanisko izturibu, jo ir izjaukta
optimala struktlra (Berry et al., ; Lee et al., ).

Pieauguma un saistito raksturlielumu dispersijas komponensu dekonstrukcija
kopa ar multiplas regresijas analizi (Cavin and Jump, ; Zhang et al., ;
Wilmking et al., ) nodrosSina detalu Tstermina un ilgtermina vides apstaklu
normalu un ekstrému ietekmju vértéjumu (Sass-Klaassen et al., ; McCullough
et al., ; Xu et al., ; Babst et al., ). Pienemot laikapstaklus un klimatu
ka nozimigus koku augSanu ietekmejoSus vides faktorus, attiecigo koku atbildes
reakciju novértéjums ir centrala pieauguma pielietojuma joma (Cook, ;
Ohse et al., ; Lloyd et al., ; Harvey et al., ; Wilmking et al., ).
Pieauguma reakcijas mérogojamibas nodrosinasanai klimata parmainu apstaklos ir
nepiecieSama paraugos$ana, kas aptver nozimigu klimatiska gradienta dalu, ta ka
lokalas saistibas var strauji kit neaktualas (Lloyd et al., ; Henttonen et al.,

; Restaino et al., ; Cavin and Jump, ).

Ekologiskas reakcijas pret vides gradientu ir zvanveida sakaribas, bet

linearas saistibas ir vérojamas tikai ierobeZota gradienta dala (Way and Oren,

; Lloyd et al., ; Restaino et al., ). Attiecigi, ierobeZota references loga
parvietoSanas gradienta, pieméram, lokalas analizes gadijuma, nenovérsami noved
pie tendenciozas lokalu linearu saistibu interpretacijas (Valladares et al., ;
Wilmking et al., ; Wu et al,, ). Lidz ar to nelinearu ekologiski realistisku
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atbildes reakciju apzinasana, analizéjot nozimigu gradienta dalu, ir kritiski svariga
(Lloyd et al., ; Cavin and Jump, ). Saja konteksta gadskartu raksturlielumu
laika rindas ir nozimigas, jo tas sniedz ieskatu par reakciju uz klimatisko gradientu
laika (McCullough et al., ; Xu et al., ; Babst et al., ). Datu kopas, kas
reprezenté telpisku klimatisko gradientu, ir ieglistamas regionalas paraugosanas
cela (Restaino et al., ; Cavin and Jump, ; Harvey et al., ).

Baltijas juras regiona austrumu dala parasta priede ir bieZi sastopama un
ekonomiski nozimiga suga (Routa et al., ), kurai prognozéts Tpatsvara sarukums
21. gs. laika (Buras and Menzel, ). Suga ir ekologiski plastiska, ta spéj augt
dazados edafiskajos un klimatiskajos apstaklos; saimnieciski nozimigakie edafiskie
apstakli ir oligotrofas un mezotrofas audzes ar labi drenétam augsném (Berlin et
al., ; Jansson et al., ). Nemot véera plaso sugas izplatibu, tas populacijas
ir genétiski adaptéjusas lokaliem apstakliem (Martin et al., ; Wojkiewicz
et al., ; Alakarppa et al., ), noradot uz atSkirigdm adaptésanas spéjam
(Valladares et al., ; Li et al, ; Moran et al., ). Priedes lokalas
adaptacijas ir saistamas ar izmainam koksnes anatomija, ka arl fiziologiskajas
funkcijas, kas saistamas ar sausuma un véja ietekmi, ka art konkurences apstakliem

(Martinetal., ; Wojkiewicz et al., ; Tyrmietal., ). Maza méroga lokalas
adaptacijas ir novérotas saistiba ar edafiskajiem apstakliem (Eckert et al., ;
Zadworny et al., ). Attiecigi lokala genétiska adaptacija norada uz bioklimatisko

modelu prognozu neprecizitatém, proti, izplatibas un parstavétibas samazinajuma
parvértéjumu, it 1pasi nemot véra mezsaimniecibas adaptivo ietekmi (Valladares
et al, ; Wu et al., ). Lokalas genétiskas adaptacijas ir aridzan pamats
veiksmigam selekcijas programmam, kas liela meéra ir balstitas uz koku morfometriju
un produktivitati, ka ari stumbra Tpasibam (Baliuckas et al., ; Eckert et al., ;
Jansson et al., ), nepietiekami apskatot augSanas uznémibas pret vidi pazimes
(Fries, ; O'Neill et al., ; Wojkiewicz et al., ; Ahrens et al., ).
Parastas priedes pieaugums ir jutigs pret meteorologiskajiem apstakliem
un to ekstrémiem, bet saisttbam ir raksturigas lokalas iezimes (Elferts, ;
Zunde et al., ; Jansons et al., ; Harvey et al., ). Baltijas jdras regiona
austrumu dala priedes pieaugums parada pakapenisku jutibas nomainu no zemas
temperatiras limitacijas Somija uz pavasara temperatliras un vasaras sausuma
limitaciju Polija un Vacija (Henttonen et al., ; Harvey et al.,, ). Attiecigi,
Baltijas valstis ir parejas zona, kura meteorologisko apstaklu limitéjosas ietekmes
maina norada uz kompleksu pieauguma kontroli (Harvey et al., ), kas lauj
noveértét So saistibu stacionaritati (Wilmking et al., ). Nemot véra véso klimatu,
ziemas temperatlrai var blt kontrastéjoSas ietekmes, ko nosaka sala bojajumu
un baribas vielu zudumu mijiedarbiba (Ogren, ; Beck et al., ), tadéjadi
noradot uz vides ietekmes parnesi laika. Regionala limenT novérotas pieauguma
un meteorologisko apstak|u saistibas attiecinamas uz augSanas un reprodukcijas
mijiedarbibu, uz ko norada negativas pieauguma saistibas ar temperatiru
iepriek$éjas vasaras izskana (Hacket-Pain et al., ). Klimatisko apstak|u ietekmi
uz parastas priedes augsSanu parada gradualas proveniencu ranzéjuma izmainas,
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uz ziemeliem parnestajiem genotipiem k|lstot produktivakiem (Jansons and
Baumanis, ; Berlin et al., ).

Parastas priedes stumbra koksne ir primitiva un sastav galvenokart no
traheidam, kas apnem retas sveku ailes (Carlquist, ; Martinez-Vilalta et al., ),
un aksialas parenhimas (Olano et al., ;von Arx et al., ). Traheidu CWT un LA
ir variabli, bet robeZas starp LW un EW ir izteiktas (Mencuccini et al., ; Carlquist,

). Traheidu CWT un LA gan EW gan LW var b{t variabli atbilstosi apstakliem
to veidoSanas laika (Cuny et al., ), ka art lokalas genétiskas adaptacijas dél
(Martin et al., ). Ksilogenézes plastiskums, kas mazina meteorologisko
apstaklu ietekmi uz koksnes funkcionalitati (Cuny et al., ), ir ierobeZots (Seo
et al., ), noradot uz uznémibu pret hidrauliskiem riskiem, it 1pasSi augSanas
sezonas izskana (Piermattei et al., ; Cuny et al., ). Koksnes hidrauliskajai
arhitektdrai, kas ir nozimiga izdzivoSanai un konkurétspéjai, novérojamas izteiktas
lokalas adaptacijas iezimes (Lenz et al., ; Fries, ; Carvalho et al., ).

1.2. Merkis

Darba meérkis ir apzinat Baltijas jlras regiona austrumu dalas parastas
priedes radiala pieauguma reakcijas plastiskumu pret meteorologisko/klimatisko
apstaklu mainibu, raksturot sugas klimatiskas adaptacijas sp€jas un to uzlabosanas
potencialu selekcijas cela.

1.3. Uzdevumi

Merkim pakartotie uzdevumi bija:

1) raksturot Baltijas jdras regiona austrumu dalas parastas priedes pieauguma
jutibu pret meteorologiskajiem un klimatiskajiem apstakliem regionalaja
klimatiskaja gradients;

2) novértét lokalas genétiskas adaptacijas (genétisko faktoru) un populaciju
fenotipiska plastiskuma ietekmi uz pieauguma jutibu pret meteorologiskajiem
apstakliem un to ekstrémiem regionala limeni, un to saistibu ar produktivitati;

3) raksturot lokalas genétiskas adaptacijas ietekmi uz Baltijas jlras regiona
austrumu dalas parastas priedes populaciju ksilogenézi un koksnes anatomiju,
ka ari jutibu pret mitruma deficitu;

4) salidzinat pieauguma meteorologiskas jutibas iedzimstamibu un selekcijas
potencialu Baltijas juras regiona austrumu dalas parastas priedes
proveniencém.

1.4. Tezes

Darba izvirzitas tézes:

1) Baltijas juras regiona austrumu dalas parastas priedes radialais pieaugums
ir paklauts kompleksai meteorologisko apstak|u (temperatira un mitruma
apstakli) ietekmei gan pieauguma veidoSanas laika, gan pirms t3;
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2) nelinearas galveno meteorologisko apstaklu ietekmes parada uz klimata
atkarigu radiala pieauguma meteorologisko limitaciju, liecinot par
neproporcionalam klimata parmainu sekam uz augsanu;

3) pieauguma meteorologiska jutiba un tas plastiskums ir saistami ar genotipu
produktivitati, noradot uz regiona populaciju/provenienéu adaptacijas
potencialu;

4) pieauguma meteorologiska jutiba un tas plastiskums ir genétiski determinéti,
liecinot par iespéjamiem uzlabojumiem selekcijas cela.

1.5. Promocijas darba struktiira

Promocijas darbs sastav no devinam tematiski vienotam publikacijam
(zinatniskiem rakstiem), kas apskata galvenas Baltijas jliras regiona austrumu dalas
parastas priedes pieauguma meteorologisko apstaklu ietekmes. Pirmie divi raksti
ir veltiti vietéjo genotipu augsanas reakcijas uz meteorologiskajam apstakliem
raksturoSanai in situ. Tris raksti ir veltiti pieauguma reakcijas lokalas adaptacijas
un fenotipiska plastiskuma izpétei, raksturojot jutibas un produktivitates saistibas.
Divi raksti analizé koksnes anatomijas raksturlielumus, novértéjot proveniencu
jutibu un uznémibu pret klimatiskajiem riskiem. Pédéjie divi raksti kvantificé
pieauguma meteorologiskas jutibas iedzimstamibu un selekcijas potencialu.

1.6. Aktualitate

Petijums liek uzsvaru uz meteorologisko faktoru ietekmi uz parastas priedes
pieaugumu, kvantificé ta plastiskumu, ka ar1 vides un genétisko faktoru ietekmi
uz to. Saistibas starp genotipu vides jutibu un produktivitati norada uz vélamam
mijiedarbtbam (produktivakie genotipi ir jutigakie), atklajot pieauguma jutibu
ka nozimigu adaptaciju nepastavigiem apstakliem. Attiecigi, spéja operativi
kontrolét ksilogenézi dod artavu genotipu konkurétspéjai ilgtermina. So faktu
apliecina genotipiem specifiska koksnes anatomiska struktdra. legltie rezultati
salidzina linearu un nelinearu pieauguma-vides saisttbu mérogojamibu regiona
fmeni. lekSgada un starpgadu analize norada uz WR ka adaptivas kapacitates
raksturlielumu dazadu Krafta klasu kokiem.

Metodologiski promocijas darbs iedzilinas koksnes anatomisko anomaliju
(FR un BR) pielietojamiba genotipu uznémibas pret salnam raksturosanai.
To papildina kvantitativas koksnes anatomijas metoZu veiksmiga aprobacija
genotipu salidzinasanai, kas |auj veikt padzilinatu analizi, balstoties uz ierobeZotu
empirisko materialu. Parbauditas laika rindu dekonstrukcijas un jaukta tipa
aditivas modeléSanas prieksrocibas ekologiskos pétijumos pieaugosas vides
mainibas apstaklos. Pétijjuma rezultati ir Tpasi aktuali Baltijas jlras regionam,
bet izpétes algoritmiem ir universals raksturs un izmantojamiba salidzinamu
vides gradientu gadijuma. legltas atzinas ir pamats turpmakajiem pétijumiem,
kas apskata lielaku genotipu izlasi, lai apliecinatu to meérogojamibu un
praktisko nozimi.
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2. MATERIALS UN METODES

2.1. Audzes un izméginajumu stadijumi

Regionala klimatiska gradienta raksturoSanai izmantota transekte, kas
stiepas no Somijas dienvidiem [idz Vacijas ziemeliem (1A. attéls; Raksts /). Gar
transekti saimnieciskajos meZos izvélétas 22 brivapputes parastas priedes audzes
(69— 129 gadus vecas), kuru platiba bija lielaka par vienu hektaru un kuras bija
automorfas, labi drenétas mineralaugsnes. Atlase veikta no nacionalajiem meza
registriem. Sada atlase veikta, lai apzinatu galvenos pieaugumu ietekméjosos
apstaklus in situ. SeSos apaksregionos (valstis) atlasitas viena lidz seSas audzes,
tadéjadi raksturojot lokalo pieauguma specifiku. Pétitajas audzés reljefs bija
parsvara lidzens, tas atradas zemienu lidzenumos piekrastes un iek§zemes apvidos.
Audzés bija parastas egles (Picea abies Karst.) un ara bérza (Betula pendula Roth.)
piemistrojums. Papildus Latvijas centralaja dala (56,799° Z. pl.; 24,498° A. gar.)
izvéléta parastas priedes briestaudze ar retu parastas egles paaugu, lai ievaktu
paraugus WR raksturoSanai dazadu Krafta klasu kokos (Raksts !/).

Pétitas audzes reprezentéja apvidus ar klimatisko apstaklu spektru no auksta
mitra kontinentala klimata (Somijas dienvidos) lidz mérenam okeaniskam (Vacijas
zieme)os) (Kottek et al., ), kur gada videja temperatira bija robezas, attiecigi,
no 4,3 lidz 10,1°C. Visos apvidos temperatiras reZims ziema bija mainigaks neka
vasara. Gada nokriSnu daudzums starp pétijuma teritorijam bija salidzinams un
svarstijas no 542 lidz 771 mm gada, attiecigi, Somija un Latvija (Harris et al., ).
Nokrisnu sadalljums pétitajos apvidos bija lidzigs — lielaka daja no gada nokrisniem
bija vasaras ménesos, kopuma lidzsvarojot palielinato evapotranpiraciju. Klimata
parmainas galvenokart izpaudas ka pasiltinasanas miera perioda un dz ar to —
vegetacijas sezonas pagarinasanas, ka ari vasaras nokriSnu reZima heterogenitates
pieaugums un karstu sausuma periodu paildzinasanas, un to biezuma pieaugums
(Allen et al., ; Meier et al., ).

Regionalo parastas priedes populaciju pieauguma jutibas lokalas genétiskas
adaptacijas raksturo$anai analizéti pieci proveniencu izméginajumu stadijumi,
kas reprezenté saisinatu regionalo klimatisko gradientu starp Latviju un Vaciju
(1B. attéls; Raksti |/I—%). Sie stadijumi ierikoti IUFRO organizétas pétijuma ietvaros
1975. gada, sadarbojoties USSR un GDR, ar merki salidzinat Austrumeiropas
populacijas (Kohlstock and Schneck, ; Jansons and Baumanis, ). Pétijuma
ieklautas proveniences no apgabala, ko ierobezo 46 un 56°Z.pl, un 11 un
30° A. gar.; 36 proveniences parstavétas visos pétitajos stadijumos. Sada telpiska
populaciju parstavétiba reprezenté Baltijai prognozéto klimatisko apstaklu spektru
uz 21. gs. beigam (Buras and Menzel, ; Meier et al., ). Proveniencu séklas
ievaktas no pluskokiem, tadéjadi reprezentéjot produktivakos genotipus. Stadijumi
iertkoti, stadot viengadigus konteinerstadus, kas izaudzéti tuvéjas stadaudzétavas.
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Sakotnégjais stadijumu biezums Latvija un Vacija bija, attiecigi, 5000 koki ha™ un
10 000 koki ha™ (2x0,5 m).

Proveniences staditas randomizétu bloku (parceju) veida, bet bloku izmérs
un skaits atSkiras starp valstim. Stadijjumos Latvija proveniences reprezentétas
seSos atkartojumos pa 35 kokiem katra, bet Vacija — cCetros atkartojumos
pa 100 kokiem. Stadijumi izveidoti apgabalos ar labi drenétam ologotrofam
smilsainam podzolaugsném Latvija un mezotrofam malsmilts podzolaugsném
Vacija; visi stadijumi izveidoti lldzenumos ar augstumu zem 250 m v.j.l. Sakotnéja
agrotehniska kopSana (konkuréjosas vegetacijas novaksana) veikta péc vajadzibas,
bet jaunaudZu kopsana (stadito priezu retinasana) atskiras starp valstim. Latvija
stadijumi kopti vienreiz 21 gada vecuma, izvacot neproduktivakos kokus, Iidz
~ 1800 koki ha™ biezumam. Vacija NL stadijuma veikta intensivaka kopsana lidziga
vecuma (Iidz biezumam 1100 koki ha™); WS stadijuma veiktas tris kop$anas (pédéja
2013. un 2014. gados), samazinot biezumu lidz 900-1200 koki ha™.

2.2. Proveniencu atlase

Pieauguma plastiskuma un jutibas lokalas genétiskas adaptacijas
novértéjumam atlasitas septinas proveniences, kas atskiras ar produktivitati un bija
parstavétas visos stadijumos; atlase veikta, balstoties uz konsolidétu ranzéjumu

atbilstosi aktualakajai inventarizacijai (1B. attéls; Raksti |//—/). Lidz Sim proveniencei
novérota batiska ietekme uz produktivitati un stumbra kvalitates raditajiem
(Jansons and Baumanis, ; Taeger et al., ), pétitajam proveniencém
paradot lidzigu ranZéjumu starp stadijumiem. Sada atlase |auj novértét genotipu-
vides jutibas un produktivitates saistibas (Leites et al., ; Valladares et al., ;
Matias et al., ; Housset et al., ), ka arl atbildes reakcijas plastiskuma
célonus (de Villemereuil et al., ; Nabais et al., ).

Starp atlasitajam proveniencém divas bija neproduktivas (DIP un EBN), kuru
izcelsme ir Ridu kalni, viena lokala (no Latvijas perspektivas, KAL), kas izcelas ar
stumbra Tpasibam un produktivitati virs vidéjas, un divas produktivakas (GUS un
RYT), kuru izcelsme ir piekrastes zemienes Vacijas un Polijas ziemelos. Papildus
iedzimstamibas raksturoSanai atlasitas vél divas produktivakas proveniences no ta
pasa regiona (NBD un RST; Raksti V/Il, [X). Kopuma produktivas un neproduktivas
proveniences reprezentéja attiecigi augstako un zemako produktivitates un
stumbra kvalitates kvartiles neatkarigi no stadijuma.

2.3. Datuieguve

2.3.1. Paraugosana

Saimnieciskajas audzés, kas atlasitas gar starptautisko transekti (1A. attéls),
izvéléti no 15 hdz 30 vizuali veseli dominanti nebojati koki (Raksts |). Katram no
atlasttajiem kokiem krGsu augstuma no nejausi izvélétam pretéjam stumbra pusém
ar Preslera svarpstu ievakti 5 mm urbumi. Koksnes parenhimas (WR) kvantificésanai
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un tas saistibam ar Krafta klasi analizéSanai, (Raksts |!) briestaudzé no septiniem
domingjosiem (I un Il Krafta klase) un sesiem nomaktiem (lll un IV Krafta klase)
kokiem analogiski ievakti koksnes paraugi. Papildus no pieciem dominéjosiem
un pieciem nomaktiem kokiem taja pasa audzé ievakti koksnes paraugi augSanas
gaitas raksturoSanai.

Proveniencu izméginajumu stadijumos paraugosSana veikta atbilstosi koku
parstavétibai atkartojumos (Raksti I!l—/X). Katra atkartojuma no diviem vai trim
dominéjoSiem vai ko-dominéjoSiem vizuali veseliem nebojatiem kokiem ar Preslera
svarpstu krisu augstuma ievakti divi paraugi no nejausam pretéjam stumbra
pusém. Visas paraugosanas laika svarpsta asumam un tiribai pievérsta pastiprinata
uzmaniba, lai nodrosinatu augstu paraugu kvalitati.

2.3.2. Gadskartu platuma merisana

levaktie koksnes paraugi (iznemot tos, kas paredzéti WR kvantificésanai;
Raksts I1) ielilméti unitaras plansetés. FikséSanas laika uzmaniba pievérsta korektai
paraugu orientacijai, lai nodrosinatu, ka traheidas ir perpendikularas plansetes
virsmai. Karsta tvaika strikla izmantota, lai pirms [imésanas mikstinatu un iztaisnotu

savérpusos paraugus (Speer, ), k& ari mazinatu paraugu lGsanu fiksésanas laika.
Paraugu virsmu sagatavoja mériSanai, progresivi slipéjot vai griezot ar urbumu
mikrotomu (Gartner and Nievergelt, ). Gadskartu platumi mériti, manuali

izmantojot LINTAB 6 mérgaldu un TSAP programmatiru (RinnTech, Heidelberg,
Vacija). Mérijumus veica viena persona. Mérijumi veikti ar 0,01 mm precizitati.

2.3.3. Kvantitativa koksnes anatomija

Lai novértétu WR (Raksts |'), pieauguma urbumi (koksnes paraugi) vienu
diennakti mércéti tden, rehidréjot un tadéjadi mikstinot koksni. Urbumi tangenciali
(Skerseniski) sagriezti 15 lidz 35 um biezos griezumos, izmantojot GSL1 mikrotomu
(Gartner et al., ). Katrai no aréjam 30 lidz 35 gadskartam no EW un LE ievakts
viens labas kvalitates griezums. Vecakas gadskartas nav analizétas parenhimas
atmirSanas un lidz ar to neizSkiramibas dé|. Koksnes Skérseniskas anatomiskas
struktiras raksturoSanai un lokalas adaptacijas iezimju taja novértéjumam
(Raksti V1, \/11), mikroskopiskie griezumi (14 lidz 18 um biezi) sagatavoti ar urbumu

mikrotomu (Gartner and Nievergelt, ) atbilstosi Gartner and Schweingruber
( ) protokolam.

Planie griezumi krasoti ar Astra zila un safranina maisijumu (Gartner and
Schweingruber, ), tadejadi izcelot kontrastu starp gadskartu dalam, ka ari

starp lignificétajiem (koksne) un nelignificétajiem (parenhima, WR) elementiem.
Griezumus fikséja Kanadas balzama vai glicerina. Augstas izskirtspéjas nesagroziti
mikroskopiski griezumu attéli uznemti ar caurejos$as gaismas mikroskopu, kas
aprikots ar 18 Mpx spogulkameru pie attélu 40x palielinajuma. Atseviskie paraugu
attéli apvienoti, izmantojot PTGui programmu (New House Internet Services,
Rotterdam). Lai atpazitu un noméritu WR (Raksts /1), ka art CWT un LA (Raksts V1),
izmantota WinCELL 2007a programma (Regent Instruments, Kanada). Ar salnam
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saistito koksnes anatomisko anomaliju (FR, BR; Piermattei et al., ) registrésana
veikta vizuali, izmantojot griezumu attélus (2. attéls).

2.3.4. Klimatiskie dati

Lai novértétu pieauguma un meteorologisko apstak|u saistibas (Raksti |-},
ka art saistibu ar koksnes anatomiju un tas anomalijam, no CRU TS4 klimatiskas
datu kopas (Harris et al., ) atlasitas tas dalas, kas raksturoja novérojama
punktus, kas bija vistuvak pétitajam audzém un stadijumiem. MeéneSu vidéja
temperatira, nokriSnu summa, potenciala evapotranspiracija ieglitas periodam
no 1901. hdz 2017.gadam. Sausuma apstaklu raksturoSanai apréekinats
standartizétais nokriSnu evapotranspiracijas indekss (SPEl; Vicente-Serrano et al.,

). Pieauguma un meteorologisko apstaklu saistibu analizei klimatiskie dati
sakartoti atbilstosi klimatiskajam gadam no maija/jinija gada pirms pieauguma
[dz septembrim pieauguma gada, tadéjadi testéjot meteorologijas ietekmes
parnesi (Beck et al., ; Hacket-Pain et al., ; Harvey et al., ).

2.4. Datu analize

Meérijumu kvalitates un datéjuma kontrolei, kas ir kritiska pieauguma
jutibas analizei (Speer, ), mérijuma laika rindas Skérsdatétas, izmantojot
grafiskas un statistiskas metodes (Raksti |-/X). Korekcijas mérijumu sérijas
ieviestas péc nepiecieSamibas. Datéjuma un vides signalu reprezentativitates
raksturosanai laika rindu kopam aprékinati informativitates un saskanibas indeksi
r-bar, arl, SENS, EPS, SNR u.c. (Wigley et al., ; Bunn, ; Speer, ).
Sie indeksi aprékinati laika rindu ikgadéjas mainibas komponentei.

Ikgadéjas pieauguma mainibas komponentes izcelSsanai TRW laika rindas
divkarsi detrendétas, izmantojot modificéto negativi eksponencialo Iikni un
fleksiblu kubisku spailnu ar vilna garumu, kas sastada % no mérijumu sérijas
garuma (Raksti |, /1), vai salidzinamu garumu (paré&jie raksti). Tadejadi veikta
strikta detrendésana, izcelot ikgadéjo mainibu. Nemot véra, ka TRW raksturiga
augsta autokorelacija (Cook, ), ta nonemta, izmantojot autoregresivu modeli.
Lokalo linearo saistibu novértéjumam (Wilmking et al., ) detrendétas laika
rindas apvienotas audzu/proveniencu hronologijas (Cook, ; Bunn, ).

Specifiskas standartizéSanas metodes, kas balstas uz relativajam pieauguma
izmainam, izmatotas, lai identificétu PY (Jetschke et al., ), gadus, kad nozimiga
laika rindu dala parada krasas izmainas (Raksti |1/, 1X). Nemot véra, ka pétitie koki
auga meérena klimata un to augSana nebija izteikti apgritinata, PY identificésana
izmantoto parametru pielaides bija lielas (Elferts, ; Jetschke et al., ).
Meteorologisko apstaklu saikne ar PY analizéta atbilstoSi van der Maaten-Theunissen
etal. ( ) un Schwarz et al. ( ). Tolerances analize veikta, lai raksturotu koku
atbildi uz meteorologiskajam anomalijam (Raksts !!l). Rezistences (PY/pre-PY),
atkop$anas (post-PY/PY), resiliences (post-PY/pre-PY) un relativas resiliences ((post-
PRPY)/pre-PY) indeksi (Lloret et al., ) aprékinati, balstoties uz TRW.
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Bltstrapota Pirsona korelacijas analize starp hronologijam un PY laika
rindam, un meteorologiskajiem mainigajiem izmantota lokalo linearo saistibu
ar pieauguma raksturlielumiem apzinasanai (Raksti |-\/Ill). Batstrapota slidosa
korelacijas analize izmantota lokalo linearo saistibu stacionaritates novértéjumam
(zang and Biondi, ; Hofgaard et al., ). Nemot véra, ka pétitie koki auga
sugas izplatibas areala vidus dala, kur apstakli izskatami par optimaliem, multiplas
regresijas pieeja izmantota, lai noskaidrotu pieaugumu ietekméjosos galvenos
meteorologiskos apstaklus (Raksti|, V). Ta ka ekologiskas atbildes reakcijas

plasaka gradienta ir zvanveida (Way and Oren, ; Lloyd et al., ), tatad
nelinearas, jaukta tipa visparinati aditivi modeli, kas Jauj novértét atbildes reakcijas
splainus, izmantoti regresijas veikSanai (Wood, ). Atlikumu hronologiju

indeksi audzém (Raksts |) vai kokiem (Raksts |'/) analizéti ka atkarigais mainigais,
bet meteorologiskie mainigie — ka ietekmejosie. letekméjoSo mainigo kopums
atlasits atbilstoSi arbitraras atlases principiem, daléji pamatojoties uz korelacijas
analizi un modela informativitati. Gads un telpiskas atkaribas struktdra (koks,
atkartojums, stadijums, audze utt.) ieklauti modelr ka randomie efekti, tadéjadi
novérsot neatkaribas problému.

Lineari jaukta tipa modeli izmantoti, lai novértétu Krafta klases ietekmi uz
WR dimensijam un daudzumu koksné (Raksts Il), ka art proveniences ietekmi uz
pieauguma tolerances raditajiem un koksnes anatomiju (CWT un LA). Randomo
efektu struktlira, kas aprakstita ieprieks, izmantota, lai novérstu neatkaribas
problému. Fikséto efektu batiskums novértéts ar Wald's x2 testu. Modelu atbilstiba
statistiskajiem pienémumiem parbaudita ar diagnostiskajiem grafikiem.

Audzes un genétisko (t.sk.,, GxE) efektu kvantificéSanai pieauguma
meteorologiskajai jutibai, ka arT pieauguma reakcijai PY, dispersijas komponentes
atdalttas ar jaukta tipa modeli atbilstoSi Loha et al. ( ) un Falconer and
MacKay ( ), par pamatu nemot proveniencu datus (1B. attéls). Ka atkarigais
mainigais izmantotas lokalas pieauguma un meteorologisko mainigo korelacijas
(aprekinatas detrendétam pieauguma likném) un individualu koku pieauguma
relativas izmainas PY (Jetschke et al., ; attiecigi Raksti /11, 1X). Plasas nozimes
iedzimstamibas indekss (H?) un CVP aprékinati genétisko faktoru ietekmes
raksturosanai. Datu analize veikta R v. 4.2.2 vidé, izmantojot pakotnes dpIR (Bunn,

), pointRes (van der Maaten-Theunissen et al., ), treeclim (Zang and
Biondi, ), Ime4 (Bates et al., ) un mgcv (Wood, ).

3. REZULTATI UN DISKUSUJA

3.1. Mérijumu kvalitate

Lielaka dala no TRW laika rindam bija kvalitativas un tika veiksmigi
Skérsdatétas, nodrosinot ticamu pieauguma un meteorologisko apstaklu saistibu
retrospekciju (Raksti |, !ll-X). Datu kopu informativitati apliecinaja aprékinatie
vides signalu reprezentacijas raditaji, EPS parsniedzot pienemto 0,85 slieksni, un
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tadejadi noradot uz atbilstibu klimatiskas ietekmes analizei (Wigley et al., ).
Lidzigi, SNR vairuma no datu kopam parsniedz 5,0, noradot uz izteiktu vides
mainibas komponenti TRW, kas, salidzinot proveniences, bija stipraka
produktivakajiem genotipiem (Raksti I/, V). Vidéjas SENS un gini koeficientu vértibas
(Raksti |, 111=1X), kas parada pieauguma ikgadéjas mainibas pakapi (Bunn et al.,

), bija mérenas, kas ir optimali pieauguma un vides mainibas saistibu analizei
(Speer, ). lepriekséjas augSanas ietekme uz pieaugumu audzés gar transekti
(Raksts 1), ka arT proveniencu izméginajumu stadijumos (Raksti IlI-\, —1X) bija
izteikta, uz ko noradija augsta arl vértiba, liecinot par salidzinoSi konservativu
augSanas stratégiju (Way and Oren, ; lsaac-Renton et al., ). Tomér
stadijumos Vacija arl bija nedaudz zemaka un SENS bija augstaka, liecinot par
augstaku klimatisko apstaklu marginalitati no analizéto genotipu perspektivas
(Taeger et al., ; Cavin and Jump, ; Cuny et al., ).

Koksnes anatomisko mérijumu laika rindas bija Tsakas, salidzinot ar TRW
(Raksti I, V1), un tam bija iztrikumi, kas saistami ar dabisko koksnes skiedras
orientacijas mainibu (von Arx et al., ; Gennaretti et al., ). Attiecigi, laika
rindu saskanibas reprezentacijas raditaji bija zemaki un neprecizi, bet merijumi
paradija ekologisko saistibu analizei pietiekamu dispersiju. Koksnes anatomijas
anomalijas (BR, FR) bija retas, un to sadalijums bija novirzits nulles virzien3,
pielaujot tikai vienkarSotu statistisko analizi (Raksts \/!1). Visi 126 BR novéroti LW,
bet vairums no 97 konstatétajiem FR bija EW vidusdala, attiecigi liecinot par agru
un vélu salnu ietekmi (Gu et al., ; Kidd et al., ; Piermattei et al., ).
Gan WR daudzums, gan to dimensijas (Raksts |!) bija lidzigas starp analizétajiem
kokiem, noradot uz konservativu augSanas stratégiju asimilatu uzglabasanas
kapacitates zina (Olano et al., ; Richardson et al., ; von Arx et al., ).
Koksnes elementu daudzums un TpaSibas ir strikti limitétas, lai nodroSinatu
koksnes fiziologisko integritati un funkcionalitati (Mencuccini et al., ; Cuny et
al., ). Tomér jaatzimé, ka WR dimensiju variacija bija atSkiriga starp dazadu
Krafta klaSu kokiem, noradot uz atskirigu vides limitaciju un jutibu pret vides
mainibu (Olano et al., ; Lebourgeois et al., ).

3.2. Regionalas un lokalas vietéjo populaciju pieauguma reakcijas

Meteorologiskajiem apstakliem novérota kompleksa ietekme uz Baltijas jiras
regiona austrumu dalas parastas priedes lokalo populaciju pieaugumu (Raksts ).
Lokalas pieauguma un meteorologisko apstaklu korelacijas, kas reprezente linearas

saistibas ar ikgadéja pieauguma komponenti (Lloyd et al., ; Tei et al., ;
Babst et al., ), paradija gradualas izmainas gar transekti, noradot uz telpisko
nestacionaritati (Hofgaard et al., ; Wilmking et al., ). Somija pieaugums

koreléja ar temperatiras apstakliem pieauguma veidosanas laika un pirms ta, bet
saistibam bija lokals raksturs un kopigo iezimju izpausme zema. Neskatoties uz to,
korelacijas noradija, ka augSanu limitéja zemas temperatiras (Henttonen et al.,

; Montwe et al., ). Audzeés, kas atradas uz dienvidiem no Somijas, novérota
ar sausumu saistamo meteorologisko apstak|u ietekmes pastiprinasanas, vienlaikus
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nezlddot ziemas temperatiras ietekmei. Latvija, kur audzes bija telpiski izkliedétakas
(TA. attels), lokalas korelacijas bija daudzveidigakas, bet korelacijas ar ziemas
temperatiru bija kopigas vairumam audZu. Negativas korelacijas ar temperatiru
iepriek$éja gada vasaras izskana bija bieZas Latvija, ka ari Vacijas zieme|os. Transektes
dienvidu dala parastas priedes pieaugums visbiezak koreléja ar meteorologiskajiem
apstakliem, kas raksturo vasaras sausuma intensitati, kas saskan ar globalu sausuma
ietekmes uz meZiem pastiprinasanos (Choat et al., ; Allen et al., ).

Slidosas korelacijas paradija, ka lokalas pieauguma un meteorologisko apstak|u
korelacijas bija nestacionaras (Hofgaard et al., ). Galvenokart nestacionaritate
saistita ar sausuma ietekmes pastiprinasanos, kas var blt saistitas ar koku
novecos$anos un jutibas pieaugumu (Anfodillo et al., ; Konteretal., ; Prendin
etal,, ), regionalajam klimatiskajam gradientam parvietojoties un pagarinoties
klimata parmainu rezultata (Restaino et al., ; Montwe et al., ; Hofgaard
et al., ; Harvey et al., ). Attiecigi, lokalas korelacijas ir acimredzami strauji
novecojosas, noradot uz to neatbilstibou meteorologisko apstaklu retrospekcijai un
augsSanas prognozém (Wilmking et al., ; Wuetal, ).

Visparinot meteorologisko apstaklu ietekmes uz pieaugumu regionalaja
klimatiskaja gradienta (1A. attéls), novértéta devinu meteorologisko mainigo
kompleksa ietekme uz pieauguma ikgadéjo mainibu (2. attéls). Sie meteorologiskie
apstakli saistiti ar augSanas periodu, ka ari periodu pirms ta, noradot uz laika
kompleksam ietekmém un to parnesi (Friedrichs et al., ; Hacket-Pain et al.,

; Harvey et al, ). Regionala limeni novértétajiem batiskajiem
meteorologiskajiem mainigajiem novérotas galvenokart nelinearas ietekmes uz
pieaugumu, noradot uz sezonali nevienlidzigu meteorologiska gradienta garumu
(no vietéjo genotipu perspektivas). Vienlaikus nelinearas ietekmes noradija uz
novertéto saistibu mérogojamibu un stacionaritati (Lloyd et al., ; Cavin and
Jump, ; Wilmking et al., ). Novértéto ietekmju mainiba laika un telpa
(randomo gada un audzes efektu dispersijas) noradija uz pétito lokalo populaciju
fenotipisko plastiskumu un adaptacijas potencialu vidéja termina (attiectba pret
koka dzivildzi; Eckert et al., ; Moran et al,, ; Alakarppa et al., ;
Leites and Benito Garzon, ).

Analizétaja klimatiskaja gradienta stipraka ietekme uz lokadlo populaciju
pieaugumu konstatéta iepriek$éja augusta temperatirai, bet saistibas bija linearas
un negativas (2. attéls), noradot, ka ir bijusi reprezentéta ierobeZota mainiba.
Sadas saistibas skaidrojamas ar resursu pardali starp reprodukciju un aug$anu,
proti, augSanas sezonas izskana ir laiks, kad veidojas pieauguma aizmetni, un
temperatira nosaka generativo un vegetativo aizmetnu sadalijjumu (Hacket-Pain
et al., ). Marta temperatiira novértéta ar otro stiprako ietekmi (pozitivu) uz
pieaugumu, bet saistibas bija nelinearas, lai gan tikai ar nelielu parliekumu virs 0°C,
noradot uz pozitivu pasiltinasanas ietekmi (Henttonen et al., ; Lindner et al,,

; Reyer et al., ; Montwe et al., ). Lidziga aina vérojama pieauguma
saistibam ar temperatlru februari. Pozitivas saistibas ar temperatiru ziema
skaidrojamas ar sala bojajumiem (Beck et al., ; Henttonen et al., ), ka art
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augsnes temperatiras ietekmi uz saknu attistibu (Hardy et al., ), par ko liecina
pozitivas korelacijas ar ziemas nokriSniem, kas ietekmé augsnes sasalSanu (Tierney
et al., ). Siltaka klimata apstaklos Polija un Vacija ziemas nokriSnu ietekme
savukart ir saistama ar gruntsiidens [ilmena apjaunosanos un mitruma apstakliem
augsanas sezonas laika (Hardy et al., ; Goldsmith et al., ). Decembra
temperatiras ietekme savukart bija mainiga, kas batu skaidrojams ar dinamisku
[idzsvaru starp salcietibas attistibu/uzturésanu (Beck et al., ) un baribas vielu
rezervju zudumu elpo$anas procesa (Ogren, ).

Pieauguma atbildes reakcija uz temperatdru jalija (2. attéls), kuras ietekme
bija tresa stipraka, bija zvanveida un uzradija lokalu maksimumu, ka saistams ar
[idzsvaru starp pazeminatu asimilaciju vésas vasaras (Carrer et al., ; Yang et
al., ) un mitruma deficitu sausos un karstos apstaklos (Allen et al., ).
Tomér ar nokriSniem saistitie mainigie paradija salidzinosi vajaku ietekmi uz
pieaugumu, liecinot par pétito populaciju resilienci. Udens bilancei (SPEI)
liecinot par mérenu uznémibu pret sausumu, ka ari nespéju izmantot augsanas
prieksrocibas mitras vasaras samazinata gaismas daudzuma (Strand et al., ;
Young et al., ) vai fiziologiska sausuma (Tyree and Zimmermann, ) dél.
JUnija temperatidras ietekme, kam novérots lokals optimums, skaidrojama ar
[[dzsvaru starp saules radiacijas un siltuma daudzumu, un mitruma apstakliem
(Strand et al., ; Jyske et al., ). Paaugstinatam vasaras mitrumam novértéta
pozitivas ietekmes parnese, par ko liecinaja atbildes reakcija uz iepriekséja julija
nokrisniem, kas skaidrojama ar vegetativo un generativo aizmetnu Tpatsvara
izmainam (Hacket-Pain et al.,, ). Autora piezime: dargo recenzent, ja
izlasijat tik talu, tas ir briniskigi; griezieties pie autora péc sirsniga cienasta
un/vai apskaviena. Attiecigi novertétas atbildes reakciju Iiknes paradija
pieauguma reakcijas uz meteorologiskajiem apstakliem atkaribu no klimata (Ohse

et al., ; Lloyd et al., ; Cavin and Jump, ; Hofgaard et al., ),
noradot uz neproporcionalam vides parmainu sekam (Matias et al., ; Wilmking
etal.,, ).

Regionalas pieauguma atbildes reakcijas (Raksts |) vértétas dominantajiem
kokiem, kas var pilniba nereprezentét zemaku Krafta klasu kokus un Iidz ar to visas
audzes pieaugumu, atskirigas asimilacijas un evapotranspiracijas/mikroklimatisko
apstaklu dél (Lebourgeois et al., ). Saja konteksta WR, kas ir rezerves baribas
vielu uzglabasanas kapacitates raksturlielums (Richardson et al., ; von Arx
et al, ), paradija, ka dominantie un nomaktie koki ir spéjigi blt lidzvértigi
produktivi (primara produktivitate), noradot uz to adaptésanas spéjam neatkarigi
no Krafta klases (Raksts |!). Tomér analizétie koki bija spé&jigi dinamiski pielagot
baribas vielu rezervju kapacitati (Olano et al., ), par ko liecinaja WR daudzuma
un dimensiju ikgadéja mainiba. Izteikti individualas WR dimensiju iezimes noradija
uz pieauguma un asimilacijas plastiskumu pret mikroklimatiskajiem apstakliem,
liecinot par labu vietéjo genotipu adaptésanas spéjai (Eckert et al., ; von Arx
etal.,, ; Housset et al., ).
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Lielaka WR mainibas dala ir saistama ar iekSgada mainibu, jo izteiktakas
atskirtbas novérotas starp EW un LW, nevis secigam gadskartam. Kopuma WR bija
augstaki un $auraki LW, bet kopéjais WR daudzums bija augstaks EW. Sada mainiba
atbilst koksnes StinuTpasibam (Mencuccini et al., ; Martinez-Vilaltaetal., ),
kas ir augSanas dinamikas rezultats (Cuny et al., ). Relativais WR augstums un
Skérsgriezuma laukums, ko nosaka parenhimas Stnu skaits (Olano et al., ;
von Arx et al.,, ), bija augstaks vidéjo Krafta klasu kokiem EW, salidzinot ar
dominantajiem kokiem, lai ar at$kiribas bija marginalas. Sadas at$kiribas norada uz
dazadu augsanas stratégiju iespéjamibu, ta ka palielinatas baribas vielu rezerves ir
konservativas stratégijas iezimes (Martin et al., ; Way and Oren, ; Isaac-
Renton etal., ). Sis aridzan norada uz iek§sugas augsanas stratégiju segregaciju,
kas ir uzskatama par adaptaciju, kura uzlabo audzes resilienci (Valladares et al., ;
Eckert et al., ; Alakarppa et al., ). Analizétas WR dimensijas un daudzums
bija neatkarigs no TRW, noradot uz koku spéju uzturét vitalitati neatkarigi no Krafta
klases (Fonti et al., ), kas saistams ar audzes funkcionalo daudzveidibu, kura
ir nozimiga noturibai pret pieaugosajiem traucéjumiem (Lebourgeois et al., ).

legitas WR laika rindas paradija korelacijas ar meteorologiskajiem
apstakliem pirms gadskartas veidoSanas, noradot uz ietekmes parnesi, it Tpasi
attieciba uz iepriekSéjas vasaras un rudens apstakliem, vienlaikus liecinot par
kumulativu vides mainibas ietekmi (Friedrichs et al., ; Hacket-Pain et al.,

). Aprékinatas korelacijas paradija saistibas ar saules radiacijas daudzumu un
[idz ar to ar asimilacijas intensitati (Strand et al., ; Fonti et al., ), ka art ar
pieejamo ddens daudzumu pavasari, kas ietekmé koksnes siinu izpleSanos (Olano
et al., ; Jyske et al., ). Japiezimé, ka WR saistibas ar meteorologiskajiem
apstakliem ir vajakas neka TRW, kas skaidrojams ar optimaliem augSanas apstakliem
izplatibas areala vidusdala (Valladares et al., ; Chmura et al.,, ). Attiecigi
WR parada izlidzinatu reakciju pret meteorologisko mainibu, vienlaikus dodot
pienesumu arl izpausmei TRW (Richardson et al., ; von Arx et al., ).

3.3. Populaciju lokalas adaptacijas

3.3.1. Lokalas pieauguma un meteorologisko apstak/u saistibas

Novértétas pieauguma un meteorologisko apstaklu saistibas analizétajam
proveniencém paradija regiona parastas priedes lokalas adaptacijas iezimes
attieciba uz augSanas jutibu (Raksti/ll-\/). Novérotas jutibas saistibas ar
produktivitati, ka arT pieauguma plastiskuma pienesums tai. Lidzigi ka novérots
populacijam in situ (Raksts ), radialais pieaugums bija paklauts kompleksai
meteorologisko apstaklu — ziemas temperatlras un vasaras sausuma, kas ir galvenas
klimata parmainu izpausmes (Allen et al., ; Meier et al., ) — kontrolei.

Katra izméginajumu stadijuma pétitas proveniences paradija specifisku
ikgadéjo TRW mainibu, kas, nemot véra augsto pieauguma sinhronitati, izpaudas
ka atskiribas reakcijas stipruma (Raksti Ill, I\/). Reakcijas stipruma atskiribas starp
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proveniencém atskirdas pa gadiem, noradot uz pieauguma jutibas atSkirtbam
un specifikam saikném ar meteorologiskajiem apstakliem. Lokalo pieauguma
un meteorologisko apstaklu korelacijas bija méreni stipras, tacu konstatétas
atskiribas starp stadijjumiem noradija uz lokalam iezimém. Tomér korelacijas ar
jalija nokrisniem un iepriekséja jlnija temperatlru (pozitivas), ka arl ar jdlija
temperatdru un iepriekséja jdlija, augusta un decembra SPEl (negativas) bija
kopigas stadijumos Latvija un Vacija, atklajot regionalas jutibas iezimes (Henttonen

etal., ; Harvey et al., ). Pieauguma un meteorologisko mainigo korelacijas
uzradija atSkirtbas starp proveniencém, liecinot par lokalam genétiskam jutibas
adaptacijam (O'Neill et al., ; Eckert et al., ; Tyrmi et al., ).

Atskirtbas starp proveniencém Latvija galvenokart bija saistitas ar jutibu
pret ziemas temperatiru, atraudzigakas proveniences (ar izcelsmi no maigaka
klimata) bija visjutigakas. Lénaudzigakajam proveniencém konstatétas zemakas
korelacijas starp pieaugumu un vasaras nokriSnu daudzumu. Pretstata, stadijumos
Vacija lénaudzigakas proveniences paradija stipraku korelaciju ar vasaras sausumu
raksturojoSajiem mainigajiem, bet atraudzigas proveniences bija tolerantakas
pret ziemas temperatlru. Attiecigi, bija vérojama telpiska inversija. Proveniences
paradija arT atseviskas specifiskas korelacijas, noradot uz lokalam ar produktivitati
nesaistitam adaptacijam (Eckert et al., ; Alakdrppa et al.,, ; Tyrmi et al.,,

), vai arT — tas var bat sakritiba.

3.3.2. Pieauguma regionala jutiba un produktivitate

Pieauguma reakcijas uz meteorologiskajiem apstakliem regionalais
visparinajums paradija kompleksu pieauguma kontroli, bet atbildes reakciju
nelinearitate noradija uz %o saistibu atkariba no klimata (~. attéls; Raksts |\/). Sada
reakcija apliecina neproporcionalu klimata parmainu ietekmi uz pétita regiona
priedes populaciju pieaugumu (Lindner et al., ; Matias et al., ; Tei et al.,

; Wilmking et al., ). Proveniencu pieaugums bija saistits ar septiniem
[idz deviniem meteorologiskajiem mainigajiem, noradot uz tie$am un parnestam
apstakju ietekmém. Novérotas saistibas uzskatamas par stacionaram, par ko
liecinaja zema ar pieauguma gadu saistita dispersija, lai gan references periods bija
salidzinosi iss. Atbildes reakcijas stiprums un forma atskiras starp proveniencém,
noradot uz atSkirigu jutibu un pieauguma plastiskumu (Taeger et al., ;
Eckert et al., ; Alakarppa et al., ; Tyrmi et al., ). Reakciju atskiribas
galvenokart saistamas ar meteorologisko apstaklu ekstremu vértibam, liecinot par
nevienlidzigu spéju adaptéties sagaidamajam klimatiskajam izmainam. Lai gan
atskiribas nebija drastiskas, art nelielam ietekmém ilgtermina var bdt nozimigas
sekas (Glasner and Weiss, ; Lebourgeois et al., ; Matias et al., ;
Vazquez-Gonzalez et al., ).

Pétito proveniencu pieaugums bija primari jutigs pret vasaras mitruma
apstakliem, apliecinot sausuma ietekmes pieaugumu (Choat et al., ; Allen et
al., ). Maija un jalija temperatlras un SPEl ietekmes (4. attéls) noradija uz tiesu
meteorologisko apstakju ietekmi uz pieauguma veidoSanos (Jyske et al., ),
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vienlaikus liecinot, ka Gdens trikumam bija izteikta limitéjoSa ietekme (Isaac-
Renton et al., ; Montwe et al., ; Harvey et al., ). Reakcija uz SPEI
maija bija krasa, atspogulojot agrina Gdens deficita nozimi (Choat et al., ; Jyske
et al., ). Jaatzime, ka atraudzigakas proveniences bija jutigakas pret mitruma
apstakliem, atainojot saikni starp produktivitati un pieauguma plastiskumu (Cuny
et al,, ). Marta temperatiras ietekme, kas skaidrojama ar saknu attistibu
(Hardy et al., ; Tierney et al., ; Zadworny et al., ), art bija stipraka
atraudzigakajam proveniencém.

JUnija noris strauja pieauguma veidosanas (Rossi et al., ; Jyske et al.,

), ko ierobeZo nokrisni un pieejama saules radiacija (Strand et al., ; Young
et al,, ). Tas izskaidro novéroto reakciju uz paaugstinatu SPEI, kas bija izteikta
atraudzigakajam proveniencém. No otras puses, |lénaudzigako provenienéu zemaka
jutiba uz janija apstakliem saistama ar konservativaku augSanas stratégiju, kad
koki asimilatus iegulda aizsardzibas mehanismos (Prendin et al., ; Vazquez-
Gonzalez et al., ). Reakcija uz vasaras temperatiru bija zvanveida, kas liecina
par Iidzsvaru starp asimilacijas intensitati un mitruma pieejamibu (Allen et al.,

; Yang et al., ; Cuny et al., ), pret ko mazproduktivas proveniences
(ar izcelsmi no kalnu regiona) bija jutigakas.

Kopuma pozitiva pieauguma atbildes reakcija uz iepriek$éja gada junija
temperatidru ir skaidrojama ar papildu bartbas vielu asimilaciju un rezervju
veidoSanos, kas sekmé EW veidoSanos nakamaja gada (Sala et al., ; von Arx
et al., ). Sada atbildes reakcija bija izteiktaka |&naudzigajam proveniencém,
noradot uz konservativaku augsanas stratégiju un lielaku atkaribu no rezerves
baribas vielam (Martin et al., ; von Arx et al., ). Apstakli iepriekséjas
vegetacijas sezonas izskana ietekméja augSanas reprodukcijas [dzsvaru
(Hacket-Pain et al., ), un Sada saikne konservativisma dél| bija izteiktaka
Iénaudzigakajam proveniencém (Reid et al., ). Attiecigi, augstaka pieauguma
jutiba pret galvenajiem meteorologiskajiem mainigajiem norada uz atraudzigako
proveniencu spéju plastiski pielagot augSanu tekosajiem apstakliem, vienlaikus
saglabajot atkopsanas kapacitati. Tadéjadi pieauguma plastiskums ir batisks
paatrinosos klimata parmainu konteksta (Corcuera et al., ; Valladares et al.,

; Arnold et al., ).

Laikapstaklu klimatisko ekstrému biezuma pieaugums, klimatiskajiem
gradientiem mainoties (Sass-Klaassen et al., ; Jetschke et al., ), uzsver
augSanas resilienci ka priekSnosacijumu genotipu ilgtspéjai (Schwarz et al.,

; van der Maaten-Theunissen et al., ). Identificétie PY, kas reprezenté
krasas pieauguma izmainas saistiba ar meteorologiskam anomalijam (Jetschke
et al,, ; Schwarz et al., ), kopuma bija maz izteikti (Raksts /), pétitajiem
kokiem augot labvéligos apstaklos. Identificétie PY koreléja ar miera perioda
temperatdras, iepriekS€ja vegetacijas perioda beigu un vasaras nokriSnu daudzuma
anomalijam, noradot uz kompleksam ietekmém. Tomér novérotas korelacijas
bija specifiskas stadijjumiem, lidzigi, ka novérots ikgad€&jai mainibai (Raksti IIl, I\/).
Stiprakie PY, savukart, ir saistami ar vairaku temperatliras un nokrisSnu anomaliju
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lldziestasanos (Raksts V), liecinot par neuznémibu pret individualam anomalijam
(Valladares et al., ; Jetschke et al., ; de la Mata et al., ).

Aprékinatie resiliences indeksi pieaugumam PY Latvija (5. attéls) bija
salidzinami ar aprékinatajiem pieaugumiem citam proveniencém Vacija (Taeger et
al., ), noradot uz saildzinamu pieauguma toleranci pret vides mainibu (Lloret
et al,, ). Aprékinato indeksu vértibas bija mérenas (cf. Schwarz et al., ),
liecinot par pieauguma samazindjumu péc traucéjuma. Sads novérojums varétu bat
ari saistitas ar vecuma trendu TRW, jo analizétie koki bija jauni (Konter et al., ).
Proveniencei bija butiska ietekme uz pieauguma rezistenci un resilienci negativajos
PY, kas saskanéja ar produktivitati, apliecinot pieauguma plastiskumu ka nozimigu
genotipu produktivitatei un ilgtspéjas nodroSinasanai. Samazinata resilience
norada, ka nelabveligi apstakli spéj samazinat pieaugumu uz vairakiem gadiem
tiesi lenaudzigajam proveniencém, mazinot to konkurétspéju (Reid et al., ;
Lloret et al., ). Tomér batiska proveniences un gada mijiedarbiba noradija uz
proveniencu specifisku jutibu/uznémibu pret vides meteorologiskajam anomalijam.

3.3.3. Koksnes anatomija

Stumbra koksnes, kas ir Gdens transporta artérija, anatomija nosaka koka
hidraulisko arhitektlru un funkcionésanu dzives laika (Tyree and Zimmermann,
; Cuny et al, ), raksturojot jutibu pret mitruma apstaklu izmainam
(Corcuera et al., ; Moran et al., ; Gennaretti et al., ). Anatomiskas
struktras pielagoSanas plastiskums ir saistams ar genotipu adaptacijas spéjam
(Fonti et al., ; Martin et al., ; Gennaretti et al., ). Nemot véra, ka
hidrauliska arhitektlira ir nozimiga izdzivosanai ilgtermina, pétito proveniencu
koksnes anatomija paradija lokalas genétiskas adaptacijas iezimes, par ko liecinaja
bltiska proveniences ietekme uz CWT un LA gan LW, un it Tpasi EW (Raksts \/1).
Sis ietekmes bija proporcionalas produktivitatei, apliecinot plastiskuma saiknes
ar produktivitati pat Sauraka (Latvijas) klimatiskaja gradienta. Proveniencém
specifiska koksnes anatomija apliecina genétiski noteiktu jutibu pret mitruma
rezZimu (Lenz et al., ; Martin et al., ; Hong et al., ).
Atraudzigadkajam proveniencém traheidam bija lielaks LA un konduktivitate,
bet CWT bija zemaks (6. attéls). Lai ari Sada koksnes struktlra veicina uznémibu

pret kavitaciju un funkciju zudumu (Sperry and Tyree, ; Pittermann and
Sperry, ; Popkova et al., ), ta lauj nodrosinat konduktivitati ar minimalu
oglhidratu izmantosanu (Eilmann et al., ; Martin et al., ). Attiecigi,

atraudzigakas proveniences spéja efektivak izmantot asimilatus, par ko liecinaja
negativa korelacija starp CWT un LA. Savlaiciga ksilogenézes pielagoSana lauj
kompensét nelabvéligu apstaklu izraisitus bojajumus (Cuny et al., ), uzlabojot
produktivitati, kas bija izteikti veérojams produktivajai RYT. Lénaudzigakas
proveniences veidoja koksni ar mazaku LA un biezaku CWT, kas nodrosina augstaku
mehanisko izturtbu un hidraulisko integritati, vienlaikus mazinot konduktivitati.
Nemot véra mazaku TRW, $ada koksnes struktira nelava izmantot vides
potencialu augSanai pie optimaliem apstakliem (Tyree and Zimmermann, ;
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Eilmann et al., ; Anfodillo et al., ), kavéjot augsSanu, veidojot negativu
atbildes cilpu un tadéjadi mazinot konkurétspéju (Lebourgeois et al., ;
Prendin et al., ). Laika rindu analize paradija proveniencém specifiskas
korelacijas starp koksnes anatomijas raksturlielumiem un meteorologiskajiem
mainigajiem, kas liecina par tieSu un parneses ietekmi (Mayr et al., ; Anderegg
etal,, ; Cuny et al., ). Meteorologisko apstaklu ietekmes parnese norada,
ka koksnes anatomija un lidz ar to uznémiba pret mitruma apstakliem vismaz daléji
ir atkariga no iepriekséjiem apstakliem, ka ari genétiskajiem faktoriem (Eilmann et

al., ; Martin et al., ; Housset et al., ). Sada ietekmes parnese, savukart,
ietekmé koksnes anatomijas plastiskumu un funkcionalitati (Corcuera et al., ;
Anfodillo et al., ; Prendin et al., ).

Meteorologiskajiem mainigajiem novérota izteiktaka saikne ar LA neka ar
CWT (galvenokart LW), it Tpasi skarbaka klimata apstaklos. lepriekséjas vasaras,
miera perioda un vasaras sakuma temperatirai, savukart, bija saistibas ar EW
anatomiju, noradot uz tieSu ietekmi un tas parnesi (de Micco et al., ; Harvey
et al,, ). Sadas saistibas var bit ari gruntsiidens limena mainibas artefakts
(Hardy et al., ; Tierney et al., ). TieSa meteorologisko apstaklu
ietekme vérojama uz LW anatomiju, kas bija jutiga pret vasaras temperatiru un
nokrisniem, liecinot par plastisku ksilogenézes pielagoSanu augSanas sezonas
gaita (Cuny et al., ; Ferrizet al., ).

Atraudzigdkajam proveniencém piekrastes klimata LA un CWT, kas
veidojas EW, koreléja ar nokriSnu daudzumu marta, temperatiru februari, bet
Iénaudzigajam proveniencém Sadas korelacijas novérotas skarbaka (kontinentalaka)
klimata. Sadas saistibas ir skaidrojamas ar augsnes temperatiras ietekmi uz saknu
attistibu, kas nosaka uznémibu pret mitruma apstakliem (Hardy et al., ), ka art
ziemas embolizésanos (Pittermann and Sperry, ). Atraudzigako proveniencu
proveniencem — arl kontinentala klimata. JUnija temperattrai bija butiska
ietekme uz LA un CWT, kas atradas LW, kas skaidrojama ar tieSu temperatiras
ietekmi uz koksnes sdnu izpleSanos (Rossi et al., ; Jyske et al., ).
Piekrastes un iekSzemes klimata nokriSniem un SPEI augusta novérota korelacija
ar LA atraudzigajam proveniencém, bet ar CWT — lénaudzigajam proveniencém.
Novérotas saistibas liecina, ka koksnes anatomijas fenotipiskais plastiskums un
genotipu spéja ar minimalu asimilatu izmantoSanu nodrosinat maksimalu koksnes
konduktivitati ir Tpasi nozimigi pielagojumi pieaugosas vides mainibas apstaklos
(Eilmann et al., ; Martin et al., ; Cuny et al,, ), kam ir potencials
uzlabot mezu ilgtspéju nodrosinot adaptéties spéjigaku reproduktivo materialu.

3.3.4. Koksnes anatomijas anomalijas un salnas

Vegetacijas perioda pagarinasanas paaugstina vélu un agru salnu ietekmi
(Gu et al., ; Augspurger, ; Meier et al., ). Mérena klimata apstaklos
salnas ir uzskatamas par nozimigu klimatisko risku genotipu parnesei, jo uz
ziemeliem parnestajiem genotipiem, kas ir produktivaki, ir ilgaka vegetacijas sezona
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(Schreiber et al., ; O'Neill et al., ; Berlin et al,, ; Hayatgheibi et
al., ). Salnu bojajumu iezimes bija novérotas pétito proveniencu koksné
(Raksts VVI1). References perioda sala bojajumu ikgadéja iespéjamiba stadijumos
Latvija bija zema (0,025, cf. Payette et al., ; Kidd et al., ; Piermattei et al.,
), lai arl ta bija izteikti augstaka kontinentalaka klimata (7. attéls). Piekrastes
LI stadijuma novérotas vien retas ar salnam saistitas koksnes anomalijas, bet
kontinentalakaja KA stadijuma to ikgadéja iespéjamiba parsniedza 0,07 (kas bija
pat divas reizes augstaka, Tpasi kamér koki bija jaunaki par 25 gadiem). Ar salnam
saistito koksnes anomaliju iespéjamiba samazinajas, kokiem novecojot, Iidz ar
vainagu saslégsanos un kreves veidoSanos, kas aizsarga kambiju (Payette et al.,
; Kidd et al., ). Visas BR novérotas vélaja LW, bet vairums no FR bija vidéja
EW, izcelot agru un vélu salnu ietekmes (Kidd et al., ; Piermattei et al., ).
Japiezimée, ka BR bija biezak neka FR, noradot uz augstaku uznémibu pret agram
salnam, kas saistams ar vélaku salcietibas attistibu pasiltinasanas ietekmé (Beck et
al., ; Schreiber et al., ; Berlin et al., ; Hayatgheibi et al., ).
Provenience, ka ari proveniences un stadijuma mijiedarbiba ietekméja
BR un FR (7. attéls), noradot uz genotipu salnu uznémibas genétisko adaptaciju
un fenotipisko plastiskumu (Augspurger, ; Schreiber et al., ; Ahrens et
al., ; Szeligowski et al., ). Koksnes anomaliju iespéjamiba bija saistita ar
produktivitati, bet ne izcelsmes vietas klimatiskajiem apstakliem, apliecinot jutibas-
produktivitates saistibas (Valladares et al., ; Matias et al., ; Housset et
al., ). Lénaudzigakas proveniences (DIP un EBN), kuru izcelsme ir no kalnu
apgabaliem, bija uznémigakas pret salnam, bet atraudzigakajas proveniencés, kuru
izcelsme ir no piejaras klimata, novérotas vien dazas anomalijas. Saistibas starp
koksnes anomalijam un temperatiras minimumiem bija neizteiktas, visticamak,
mikroklimatisko apstaklu dé| (Charrier et al., ). Tomér sadas saistibas bija
izteiktakas |énaudzigakajam proveniencém (DIP) siltaka klimata (ZV stadijums)
apstak|os. Sis saistibas batiskas bija viet&jai KAL proveniencei tas izcelsmes apvid,
ko reprezentéja KA stadijums, kur savukart parnestas proveniences bija mazak
ietekmétas. Lokala provenience, kas tiek uzskatita par adaptéjusos vietéjiem
apstakliem, paradija vidéju koksnes anomaliju biezumu. Sadas saistibas skaidrojamas
ar vegetacijas sezonas paildzinasanos (Schreiber et al., ; Berlin et al., ),
vienlaikus noradot uz izteikto zieme|u populaciju uznémibu pret klimata parmainam
(Isaac-Renton et al., ; Montwe et al., ), ka art uz nepiecieSamibu péc
genotipu parneses (Aitken and Bemmels, ; Hayatgheibi et al., ).

3.3.5. Augsanas jutibas iedzimstamiba

Plasas nozimes iedzimstamibas novértéjums, kas balstits ierobezota
genotipu/proveniencu izlasé, var bat neprecizs (Falconer and MacKay, ;
Loha et al., ; Leites et al., ), tomeér tas uzskatams par pazimju genétiskas
kontroles izzinas sakumposmu (He et al., ). Pazimju dispersijas atdalisana, kas
ir kvantitativas genétikas statistiskais pamats, lauj kvantificét genétiskas, t.s., GxE
ietekmes, laujot noveértét fenotipisko plastiskumu un adaptacijas spéjas (Li et al.,
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; Arnold et al., ; Ansarifar et al., ). Pieauguma jutiba ir atkariga no
génu ekspresijas un genotipa, lidz ar to pieauguma un meteorologisko apstaklu
saistibas ir kumulativs genotipa un vides saderibas raksturlielums (Burdon and
Klapste, ; Hayatgheibi et al., ; Ahrens et al., ). Nemot véra radialaja
pieauguma noverotas lokalas adaptacijas iezimes (Raksti I—\/!!), pieauguma un
meteorologisko apstaklu korelacijam, kas reprezenté "normalo" pieauguma
mainibu, aprékinati iedzimstamibas raditaji (Raksts \/I!!). Korelacijam ar mérenu
H2 CVP parsniedza 0,40 (. tabula), noradot uz véra nemamu pieauguma jutibas

uzlabosanas potencialu (Loha et al., ; Jansson et al., ; Grattapaglia et al.,
), lidzigi ka novérots morfometriskajam pazimém regiona (Baliuckas et al.,
; Jansons and Baumanis, ; Jansson et al,, ). Jutibas iedzimstamiba

norada uz potencialu mazinat pieauguma atkaribu no klimata, uzlabojot parastas

priedes audzu ilgtspéju (Jansson et al., ; Grattapaglia et al., ; Heer et al.,
; Housset et al., ).

Augstakie iedzimstamibas raditaji kopuma konstatéti galvenokart pieauguma
saistibam ar meteorologiskajiem mainigajiem, kas raksturo vasaras mitruma
apstaklus, liecinot par selekcijas potencialu mazinat galvenos klimatiskos riskus
(Allen et al., ; Montwe et al., ; Harvey et al., ). Novérota genétiska
ietekme apliecina mitruma rezima eksistencialo nozimi izplatibas vidusdala
augosajam populacijam (Way and Oren, ; Carvalho et al., ; Isaac-Renton
et al., ; Ferriz et al., ). Pieauguma jutibai pret ziemas temperatiru, kam
bija sekundara ietekme uz pieaugumu (Raksts I/), konstatéta par vidéjo raditaju
augstaka iedzimstamiba (1.tabula; Raksts V/Ill), noradot uz iespéju uzlabot
genotipu parziemosanas efektivitati (Beck et al., ; Hanninen et al,, ;
Ahrens et al., ). Mérena iedzimstamiba novértéta jutibai pret ieprieksgjas
vasaras beigu apstakliem, kas nosaka pieauguma aizmetnu veidoSanos
(Lanner, ), liecinot par séklu gadu inici€joSo mehanismu genétisku kontroli
(Hacket-Pain et al., ). Jutiba pret iepriek$éja janija nokrisSniem, kas var tikt
saistiti ar baribas vielu rezervi (Sala et al., ; von Arx et al., ), norada uz
augSanas stratégijas iedzimstamibu. Attieciba uz iepriekséja rudens nokriSniem,
iedzimstamibu ir griti pamatot, jo koki, visticamak, ir miera perioda (Beck et
al., ; Hanninen et al,, ); iespéjams, tas ir kolinearu saistibu artefakts.
Jaatzist, ka ierobeZotas genotipu kopas dél, genétiskas korelacijas starp
pieauguma jutibas pazimém netika aprékinatas, tadéjadi ierobeZojot genétisko
mijiedarbibu apzinasanu (Hong et al., ).

Meteorologisko anomaliju, it Tpasi to, kas ir saistitas ar vasaras mitruma
apstakliem, salu un salnam, pastiprindasanas un ar to saistitie mezsaimniecibas
riski (Allen et al., ; Isaac-Renton et al., ; Montwe et al., ) var tikt
mazinati mérktiecigas selekcijas cela (Raksts /I/). Tomér, lai parciestu anomalijas,
var tikt izmantoti specifiski genoma apgabali (Dering et al., ; Tyrmi et al,,

), tadél So atbildes reakciju iedzimstamiba ir javérte tiesi (Ahrens et al., ;
de la Mata et al., ). Pieauguma relativas izmainas, ko apraksta PY (Jetschke
et al., ; Schwarz et al,, ), gados ar vairaku anomaliju sakritibu, uzradija
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zemu iedzimstamibu (Raksts |X). Tomér iedzimstamibai bija tendence
paaugstinaties gadu vai divus péc PY, noradot uz pieauguma resiliences un
atkopsanas, bet ne noturibas genétisku kontroli (Lloret et al., ; Jetschke et
al., ; Schwarz et al., ). ledzimstamibas izpausmes nebija telpiski un laika
stacionaras, kas skaidrojams ar atskirigajiem pieauguma izmainu (PY) céloniem.
Ziemas temperatlras anomalijas bija izteiktaki genétisko ietekmju palaideléji

(Henttonen et al., ; Montwe et al., ; Baniulis et al., ), neskatoties uz
palielinoSos sausuma nozimi priedes pieaugumam (Allen et al., ), liecinot par
augosiem sala riskiem, klimatam pasiltinoties (Gu et al., ; Augspurger, ).

Lokalas iedzimstamibas izpausmju iezimes, ka ari dispersijas komponentes
paradija izteiktas pieauguma atbildes reakcijas uz meteorologiskajam anomalijam
fenotipisko plastiskumu (GxE), liecinot par populaciju spéju adaptéties vides
parmainam vidéja termina (Li et al., ; Hayatgheibi et al., ; Chmura et
al., ). Apskatot visu references periodu kopuma, proveniences dispersijas
komponente bija zema, kas skaidrojams ar GxE, ka ari izteikto lokalo apstaklu
ietekmi (Charrier et al,, ). Relativo pieauguma izmainu dispersijas
komponentes paradija izteiktdku GxE, un lidz ar to pazimes fenotipisko
plastiskumu, noradot uz selekcijas potencialu lokali uzlabot augSanas toleranci
(Baliuckas et al., ; Jansson et al., ; Grattapaglia et al., ; Burdon and
Klapste, ).

4. SECINAJUMI

1) Meteorologiskajiem apstakliem, kas saistiti ar ziemas temperatlras un
vasaras nokriSnu reZimu, ir kompleksa ietekme uz Baltijas jdras regiona
austrumu dalas parastas priedes vietéjo populaciju pieaugumu audzés ar
labi drenétam mineralaugsném.

2) Regionala méroga pieauguma saistibas ar meteorologiskajiem apstakliem ir
nelinearas, noradot uz neproporcionalu sagaidamo klimata parmainu ietekmi
uz parastas priedes augSanu. Novértétas pieauguma atbildes reakcijas un
baribas vielu rezervju apjoms liecina par lokalo populaciju potencialu vidéja
termina pielagoties vides izmainam.

3) Baltijas juras regiona austrumu dalas parastas priedes pieauguma
jutiba pret meteorologiskajiem apstakliem ir saistita ar lokalu genetisku
adaptaciju. Populacijas parada atskirigu jutibu pret galvenajiem pieaugumu
ietekméjosajiem meteorologiskajiem apstakliem un to ekstrémiem. Tikai
vairaku meteorologisku anomaliju sinergija izraisa straujas pieauguma
izmainas, apliecinot sugas toleranci.

4) Genotipu atraudziba ietekméja pieauguma jutibu, noradot uz Baltijas
juras regiona austrumu dalas parastas priedes populaciju jutibas un
produktivitates saistibam. Atraudzigakajam proveniencém novérota
augstaka jutiba pret ikgadéjo laikapstaklu mainibu, ka ari to ekstrémiem,
noradot uz pieauguma plastiskuma nozimi genotipu ilgtspéjai.

70



5)

6)

7)

1)

2)

3)

4)

Pieauguma un meteorologisko apstaklu, ka ari jutibas un produktivitates
mijiedarbibas ir saistamas ar koksnes veido3anas specifiku. Atraudzigakas
proveniences ir plastiskakas koksnes anatomijas un, lidz ar to, art koksnes
funkcionalitates zina, kas nodrosina operativu augsanas regulaciju atbilstosi
mitruma apstakliem. Sadas Tpasibas nodrosina atru atjauno$anos péc
nelabvéligiem traucéjumiem.

Uz ziemeliem parnesto genotipu uznémiba pret salnu bojajumiem ir
atkariga no pieauguma plastiskuma. Lai arl atraudzigako proveniencu
izcelsmes vieta ir maigaks klimats, tas bija mazak paklautas salnu
bojajumiem, salidzinot ar genotipiem, kuru augSanas stratégija ir
konservativaka. Vietéjie genotipi, klimatam kllstot siltakam, paradija
paaugstinatas jutibas pret salnam iezimes.

Pieauguma jutibai pret nozimigako meteorologisko apstaklu ikgad€éjo
mainibu konstatéta mérena genétiska kontrole, kas visizteiktak izpauZas
saistiba ar vasaras mitrumu noteicoSajiem apstakliem. Jutibai pret
meteorologisko apstaklu ekstrémiem bija vaja genétiska kontrole, bet
genéetiskas ietekmes izpaudas nakamajos gados, paradot saistibu ar
augsanas atjaunoSanos un resilienci. Tatad kokaugu selekcijai ir potencials
uzlabot pieauguma plastiskumu un meteorologisko toleranci, tadéjadi
sekméjot sekméjot mezu ilgtspéju nodroSinot adaptéties spéjigaku
reproduktivo materialu.

5. REKOMENDACIJAS

Pieauguma plastiskums un jutiba pret vasaras mitruma apstakliem ir
selekcijas indeksa perspektivi ieklaujamas pazimes, kas var sekmét
reproduktiva materiala adaptivo potencialu pieaugos$as vides mainibas
apstaklos.

Nemot véra pieauguma plastiskumu un resilienci, produktivakie uz
ziemeliem parnestie genotipi, atbilstosi vairaku stadijjumu konsolidétajam
vértéjumam, uzrada augstu potencialu un bitu ieklaujami selekcijas
populacija, tadejadi sekmejot tas ilgtspéju.

Jutibas-produktivitates saistibu izpéti vélams paplasinat, ieklaujot lielaku
parnesto genotipu kopu, tadejadi nodrosinot optimalas parneses attaluma
novértéjumu selekcijas populacijas papildinasanai.

Regiona un lokalo populaciju genétiskas daudzveidibas adaptivas
selekcijas potenciala novértéjumam, pieauguma jutibas un plastiskuma
rekombinacijas TpaSibu raksturoSanai vélama pécnacéju parbauzu
stadijumu analize, tadéjadi raksturojot lokdlo populaciju adaptésanas
Spéju robezas.
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PATEICIBAS

Autors pateicas tehniskajam personalam, kas palidzeéja ievakt materialu
un iegut peéetijuma datu kopas. Pateiciba ar1 lidzautoriem un zinatniskajai
komandai par ieteikumiem un konstruktivo kritiku. Autors izsaka atzinibu
darba vaditajam par konstruktivajam idejam un kritiku, ka art veltito laiku un
mentalajiem resursiem pétijuma realizacijas gaita. Autors ir pateicigs saviem
vecakiem par radibu un audzinasSanu, ka ari sievai par spéjam vinu paciest
radosa procesa laika, ka ari ikdiena. Visbeidzot, mecenata atbalsts bija noderigs
un iedrosinoss.
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Under changing climate, temporal and spatial stability (stationarity) of growth responses of trees to weather and
climate, which has often been presumed without explicit testing, is crucial for prediction of productivity and
sustainability of forests. However, considering evolutionary adaptation of tree populations to wide spatio-
temporal ecological gradients, extrapolation of linear responses, which could be observed in limited parts of the
gradients (certain locality), can result in biased results. Accordingly, the plasticity of responses of tree-ring width
of the eastern Baltic populations of Scots pine (Pinus sylvestris L.) to meteorological conditions across the regional
climatic gradient was assessed using a mixed generalized additive model. The linear responses were assessed
using a bootstrapped correlation analysis for comparison. The radial growth responses of the eastern Baltic
population of Scots pine showed explicit regional gradients according to the local climates, indicating gradual
shifts in the effects of winter temperature and summer moisture regime. Accordingly, temperature in late-winter
and summer, as well as summer water deficit were identified as the main regional drivers of tree-ring width.
Their effects were generally non-linear, indicating explicit spatiotemporal gradients in growth responses in the
mid-part of species distribution. This also implied limited efficiency of simple linear models for the assessment of
radial growth under moderate conditions. The responses to summer temperature indicated local optima, while
the responses to drought index showed threshold values. The responses to winter temperature indicated positive
effect of warming on growth. In some stands, specific non-stationary responses though were evident, suggesting
that trees have adapted (specialized) to certain local climatic conditions, which are changing and thus explaining
temporal shifts in growth responses. Nevertheless, the estimated responses suggested phenotypical adaptability
limits of the eastern Baltic populations of Scots pine in a longer term, supporting the necessity of climate-smart
management for sustainability of forest in the region in the future.

|

|

1. Introduction

The effects of climate and weather as the major determinants of tree
growth have been extensively studied during the recent decades, yet
they are still topical in the context of the ongoing global changes
(Wilmking et al, 2020; Zhang et al., 2018; Cavin and Jump, 2017;
Matias et al., 2017; Restaino et al., 2016). Due to convenience, tree-ring
width (TRW) has been a widely applied proxy in such studies (Zhang
et al., 2018; Heer et al., 2018; Housset et al., 2018; McCullough et al.,
2017; Henttonen et al., 2014). The information about growth responses
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to meteorological conditions has been widely applied for the re-
constructions of environments in the past, as well as for the predictions
of future forest growth (Buras and Menzel, 2019; Zhang et al., 2018;
Wilmking et al., 2017; Fonti and Jansen, 2012), thus assessing dy-
namics of ecosystems (Seddon et al., 2016). Such estimates are based on
the uniformitarianism principle, which implies that the reaction of trees
is constant (i.e., uniform) in time and space (Wilmking et al., 2017),
sometimes even presuming linearity of growth responses due to sim-
plicity of interpolations (Wilmking et al., 2020). However, the ecolo-
gical and physiological responses are prevailingly non-linear, e.g., bell-
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shaped, etc. (Wilmking et al., 2020; Hofgaard et al., 2019; Billings et al.,
2015; Lloyd et al., 2013), which also adhere to the uniformitarianism
principle (Wilmking et al., 2017).

Close-to-linear responses can be observed in distinct parts of eco-
logical gradients (Lloyd et al., 2013; Way and Oren, 2010; Loehle,
1998). Accordingly, the non-linearity of population response, which is
observable across a wider gradient, might be interpreted as the non-
stationarity of local linear responses, if the gradient is shifting, as in the
case of climate, thus biasing extrapolation (Wilmking et al., 2020; Fei
et al., 2017; Konter et al., 2016). Therefore, generalization of growth
responses presuming their plasticity based on extensive datasets across
spatiotemporal gradients, as in regional tree-ring datasets (Harvey
et al., 2020; Hofgaard et al., 2019; Cavin and Jump, 2017; Restaino
et al., 2016; Lloyd et al., 2011), can greatly improve the accuracy of
extrapolations under shifting conditions (Wilmking et al., 2020;
McCullough et al., 2017; Valladares et al., 2014; Lloyd et al., 2013;
Wang et al., 2010). Such extrapolations are concurring on increasing
and disproportional consequences of warming, in marginal as well as
core areas of species’ ranges (Wilmking et al., 2020; Cavin and Jump,
2017; Restaino et al., 2016; Seddon et al., 2016). Accordingly, pre-
sumption of simple linear weather-growth relationships appear out-
dated, particularly when assessing tree growth under rapidly changing
climate.

As long lived organisms, trees have evolutionary adapted to a
greatly fluctuating environments via phenotypical plasticity of struc-
tural and physiological responses (Nabais et al., 2018; Aitken and
Bemmels, 2016), which modulate sensitivity of growth (Cuny et al.,
2019; Matisons et al., 2019, 2017; Cavin and Jump, 2017). Being of
adaptive importance, the plasticity of responses is often genetically
determined, resulting in local specialization of (meta)populations
(Chauvin et al., 2019; Nabais et al., 2018; Valladares et al., 2014; Lloyd
et al., 2011). For the wide-spread tree species, the genetically de-
termined specialization of populations, which persists under high gene
flow (Chauvin et al., 2019; Moran et al., 2017), can restrict plasticity to
match certain environments (Li et al., 2018; Cavin and Jump, 2017;
Lloyd et al., 2011), resulting in uneven adaptability (Cavin and Jump,
2017; Dering et al., 2017; Valladares et al., 2014; Martin et al., 2010).
This also presumes existence of local optimum conditions.

Due to the accelerating climatic changes, the rate of evolutionary
adaptation of local populations appears to be lagging behind (Bolte
et al., 2009), subjecting trees to ‘extreme’ conditions in situ (Aitken and
Bemmels, 2016). Accordingly, adaptive climate-smart management
appears necessary to sustain forests (they productivity) in the future
(Nabuurs et al., 2018). This is particularly under intensifying meteor-
ological extremes (Hartmann et al., 2013), which shape species dis-
tribution (Bolte et al., 2009; Loehle, 1998). Under such circumstances,
information about the plasticity of responses of native tree populations
is crucial for assessment of their adaptability limits and local-scale
performance in the future (Cavin and Jump, 2017; Booth, 2016; Mina
et al., 2016; Restaino et al., 2016; Wang et al., 2010).

Shifts in sensitivity (plasticity of linear relationships) of tree growth
to meteorological conditions have been generally related to tree ageing
(Trouillier et al., 2019; Konter et al., 2016; Wu et al., 2013) and cli-
matic changes (Matias et al., 2017; Matisons et al., 2017; Ohse et al.,
2012; Carrer and Urbinati, 2006), thus representing temporal gradient
(plasticity). The age-related changes in sensitivity of trees have been
related to the increase in size and the adjustments in wood architecture
to support the ascending and growing foliage (Trouillier et al., 2019;
Matisons et al., 2017; Vieira et al., 2009). The age/size-related growth
responses, however, are adding noise to reconstructions and growth
predictions, which could be accounted by producing more complex
statistical models (Trouillier et al., 2019; Konter et al., 2016). Such
shifts can also modulate interactions between certain environmental
factors (Hofgaard et al., 2019; Fei et al., 2017).

The effects of climatic changes on growth responses have been often
related to the temperature stress and moisture deficit, particularly in
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dry environments, as warmer temperature increases evapotranspiration
and thus water loss, especially in anisohydric species (Restaino et al.,
2016; Ohse et al., 2012; Carrer et al., 2010). For instance, negative
growth reaction to temperature is intensified by water deficit, as trees
cannot transpire sufficiently; however, under cold conditions, tem-
perature can have a positive effect (Cavin and Jump, 2017; Ohse et al.,
2012; Lloyd et al., 2011). This highlights the non-linear effects of me-
teorological conditions on growth across a climatic gradient (Wilmking
et al., 2020). Furthermore, due to the warming, such interactions have
been observed also in the regions where tree growth is considered to be
limited by low temperature and trees have genetically specialized to
local conditions (e.g., boreal forests) (Henttonen et al., 2014; Lloyd
et al., 2013; Ohse et al., 2012), highlighting complexity of weather-
growth interactions (Harvey et al, 2020; Jansons et al., 2016;
Friedrichs et al., 2009).

Weather-growth interactions have been considered complex parti-
cularly in the core-part of species’ range, where climate is not con-
sidered strictly limiting, yet local or micro-site conditions modulate
growth responses (Cuny et al., 2019; Weigel et al., 2018; Friedrichs
et al., 2009). Contrastingly, high sensitivity to meteorological variables
(particularly extremes) has also been shown for core populations due to
local specialization (Cavin and Jump, 2017; Restaino et al., 2016).
Nevertheless, this emphases presence of explicit, yet diverse gradients
of tree growth responses to meteorological conditions (Harvey et al.,
2020; Hofgaard et al., 2019; Restaino et al., 2016; Henttonen et al.,
2014). In this respect, analysis of climatic rather than geographic gra-
dients contributes to a better understanding of responses to tree po-
pulations to climatic changes, particularly at the regional scale (Cavin
and Jump, 2017; Restaino et al., 2016; Henttonen et al., 2014).

Scots pine (Pinus sylvestris L.) is a wide-spread ecologically plastic
and economically important species in Eurasia (Hytteborn et al., 2005).
It has high genetic diversity and locally specialized, yet phenotypically
plastic populations (Nabais et al., 2018; Dering et al., 2017; Martin
et al., 2010), particularly in the Baltic region (Dering et al., 2017).
Nevertheless, the abundance of the species has been predicted to de-
crease in the Eastern and Northern Europe (Buras and Menzel, 2019)
due to the loss of competitiveness under intensifying environmental
stresses (Loehle, 1998). In this regard, the eastern Baltic region is
among the areas where decreases in the abundance of Scots pine have
been predicted regardless of the mild climate and location in the mid-
part of specie’s range (Buras and Menzel, 2019), thus providing the
possibility to estimate plasticity and adaptability of local populations
(Harvey et al., 2020; Cavin and Jump, 2017; Aitken and Bemmels,
2016; Taeger et al., 2015; Valladares et al., 2014). Such regional scale
analysis can also aid to the assessment of changes in growth under
short-range assisted gene flow (Nabuurs et al., 2018; Matias et al.,
2017; Aitken and Bemmels, 2016; Berlin et al., 2016).

This study aimed to assess the plasticity of TRW responses of ma-
turing eastern Baltic Scots pine to main regional meteorological vari-
ables (temperature and precipitation related ones), accounting for the
climatic gradients. We hypothesized that the effects of meteorological
conditions affecting TRW were non-linear and were modulated by the
local climates. We assumed that the responses to temperature showed a
local maximum, while the responses to precipitation-related variables
showed threshold values. We also hypothesized that ageing affected
responses of the studied trees.

2. Material and methods
2.1. Study sites, sampling and measurements

To assess the spatiotemporal gradients in responses of TRW of the
open-pollinated eastern Baltic Scots pine to the main regional climatic/
weather drivers, 22 sites (forest stands with area > 1 ha) from five
locations distributed at 400-700 km distance along a transect were
selected for sampling (Fig. 1). The transect spread from southern
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Fig. 1. Location of the studied eastern Baltics stands of Scots pine.

Table 1
Location, composition, and age of the studied stands of Scots pine.

Site Latitude, "N Longitude, ‘E  Admixture Stand age Main soil

texture
FIN1 61.81 24.31 - 129 Silty
FIN2 61.81 24.31 - 97 Sand
FIN3 61.83 24.21 Spruce, 10% 100 Sand
FIN4 61.83 24.21 - 124 Silty
FINS 61.83 24.21 - 96 Silty
EST1 58.79 25.38 - 90 Sand
EST2 5878 25.39 - 69 Sand
EST3 5879 25.39 - 83 Sand
LAT1 56.99 21.76 - 83 Sand
LAT2 56.58 27.85 Spruce, 30% 98 Silty
LAT3 57.05 22.33 Spruce, 20% 102 Sand
LAT 4 57.15 25.58 - 95 Sand
LATS5 56.31 25.62 Birch, 10% 109 Sand
LAT6 56.71 24.23 - 113 Silty
LIT_1 54.91 23.56 - 94 Sand
POL1 53.76 17.47 Birch, 20% 91 Silty
POL2 53.79 17.46 Spruce, 10% 81 Sand
POL3 53.71 18.54 - 103 Sand
GER.1 52.56 14.13 Birch, 30% 77 Silty
GER2 52.55 14.14 - 93 Silty
GER3 52.55 14.15 Spruce, 20% 120 Sand
GER 4 52.59 1417 Birch, 10% 96 Silty

Finland to northern Germany, thus represented the hemiboreal and
nemoral forest zones. One to six stands per location were sampled to
account for the stand specifics of radial growth (Harvey et al., 2020;
Weigel et al., 2018; Friedrichs et al., 2009). The selected stands (close
canopy woodlands) were naturally regenerated and conventionally
managed, and mostly represented inland conditions. The topography of
the sites was flat, and they were growing in mesotrophic conditions on

well-drained sandy or silty podzols (Table 1). The age of the stands
ranged 69-129 years, which in Northern Europe corresponds to a ma-
turing or mature Scots pine. The stands were dominated by Scots pine,
yet some of them had a slight admixture of birch (Betula spp. L.) or
Norway spruce (Picea abies Karst.).

The selected stands represented the regional climatic gradient from
cold humid continental (southern Finland and the Baltic states) to
temperate oceanic (northern Germany and Poland). The long-term
(1988-2017) mean annual temperature ranged from 4.3 to 10.1 °C in
the sites in the Southern Finland and Northern Germany, respectively
(Table 2). February and July generally were the coldest and the
warmest months, respectively; yet winter temperature regime generally
expressed higher inter-annual variability compared to that in summer
months (Harris et al., 2014). The mean annual precipitation was com-
parable among the sites, ranging 542-771 mm in sites in Southern
Finland and Latvia, respectively. The intra-annual distribution of pre-
cipitation was similar among the sites; the highest monthly precipita-
tion occurred during the vegetation period, and summer precipitation
(May-September) comprised approximately half of the annual. During
the last decades in the study region, the climatic changes were ex-
pressed as warming, particularly during the dormant period, resulting
in an extension of the vegetation period; annual and summer pre-
cipitation showed a decreasing trend in Poland and Germany
(Hartmann et al., 2013).

In each stand, wood samples (increment cores) from 15 to 30
healthy undamaged (i.e. without visual damage of crown and stem)
dominant trees were collected using a 5-mm increment corer at 1.3 m
height. Two increment cores were collected per tree from randomly
oriented opposite sides of the stems avoiding reaction wood (tilted
trees). In total, 620 trees (1240 cores) were sampled during the winter-
spring period of 2017-2018. In the laboratory, samples (cores) were



R. Matisons, et al.

Table 2

Forest Ecology and Management 479 (2021) 118600

Climatic description of the studied sites by country (range of values is given). Data represents period 1988-2017. February and July are the coldest and warmest
months, respectively. May-September period corresponds to vegetation period. Number of brackets indicate number of study sites.

FIN (5) EST (3) LAT (6) LIT (1) POL (3) GER (4)
Temperature, °C
Mean annual 4.3-4.6 6.3-6.4 6.1-7.4 7.5 8.4-8.7 9.8-10.1
Mean annual, st. dev. 0.7-0.8 0.6-0.7 0.6-0.7 0.6 0.6-0.7 0.7-0.8
Mean February -6.8 to 6.4 -3.91t0-3.7 -4.5t0 -1.5 -2.4 0.4-0.5 1.9-2.1
Mean monthly minimum February -10.5 t0 -9.8 —6.8t0 6.4 —7.5t0-3.8 -5.1 —2.31t0-2.0 -1.3 t0 -0.9
Mean monthly maximum February -3.1t0-2.8 -1.1 to -1.0 -1.6-0.8 0.3 3.1-3.2 5.0-5.2
Mean July 16.7-17.2 17.9-18.0 17.5-18.2 18.6 17.7-18.3 19.3-19.7
Mean monthly minimum July 11.4-12.1 13.3-13.6 12.5-13.7 13.4 13.4-13.7 14.1-14.4
Mean monthly maximum July 22.1-22.5 22.4-22.7 21.4-23.6 237 22.1-23.1 24.5-25.2
Mean May-September 13.1-13.4 14.5-14.6 14.4-15.2 15.8 15.2-15.8 16.9-17.3
Mean monthly minimum May-September 7.9-8.5 10.0-10.3 9.4-10.8 10.7 10.8-11.2 11.7-12.1
Mean monthly maximum May-September 18.3-18.5 18.9-19.2 18.5-20.5 20.9 19.6-20.5 22.0-22.5
Precipitation, mm
Mean annual 542-587 698-703 640-771 634 584-682 562-593
Mean annual, st. dev. 60-66 81-82 74-90 71 71-81 76-78
Mean May-September 294-303 320-327 310-356 334 322-348 288-300
Mean May-September, st. dev. 57-59 61-65 58-70 63 62-70 65-66

fixed on wooden mounts using a water solvent glue. The surface of the
fixed samples was prepared for TRW measurements using the WSL core
microtome (Gértner and Nievergelt, 2010) or by progressive grinding.
Measurements were done manually, using the LINTAB 5 measurement
system (RinnTECH, Heidelberg, Germany) with the 0.01 mm accuracy.

2.2. Data analysis

The quality of the TRW time-series was evaluated by a visual and
statistical crossdating. Most of the time-series (=87% per stand) were
crossdated successfully and were used for the analysis. Mean sensitivity,
first order (lag-1) autocorrelation, mean interseries correlation (r-bar),
expressed population signal, and signal to noise ratio were calculated
for description of the high-frequency variation of TRW based on de-
trended time-series (Bunn, 2008; Wigley et al., 1984). To assess the
high-frequency variation of TRW (with the effects of ageing and dis-
turbances removed), a residual chronology was produced for each stand
(Cavin and Jump, 2017; Bunn, 2008). Double detrending with a ne-
gative exponential curve and a cubic spline (30% cut-off and wave-
length of 2/3 of series length) followed by the prewhitening by an
autoregressive model (‘AR1’) removing the effect of autocorrelation
(previous growth; von Arx et al., 2017) was performed for individual
time-series of trees. To produce TRW chronologies for stands, detrended
time series of trees were pooled by the biweight robust mean (Bunn,
2008). Chronologies were analysed for the common period of
1954-2017, when the expressed population signal (calculated for 30-
year moving windows) exceeded 0.85 (cf. Wigley et al., 1984).

To assess the linear relationships between high-frequency variation
of TRW captured by the residual chronologies and meteorological
variables, bootstrapped Pearson correlation analysis (nonparametric
percentile interval bootstrapping with replication; 1000 iterations;
Zang and Biondi, 2013) was performed for each stand. Temporal sta-
bility of the correlations was estimated using a moving bootstrapped
correlation analysis with the 30-year time windows (lagged by one
year, Zang and Biondi, 2013). The tested meteorological variables were
monthly mean temperature, precipitation sums, and standardized pre-
cipitation evapotranspiration index (SPEI; Vicente-Serrano et al., 2010).
These meteorological variables were arranged according to the time
window from the previous June (preceding formation of tree-ring) to
October in the year of tree-ring formation.

To assess the non-linearity and plasticity of the main responses of
high-frequency variation of TRW to meteorological variables captured
by the residual chronologies across the spatiotemporal gradients re-
presented by the studied sites, a generalized additive mixed model was

used (Wood, 2011). Such models are highly sufficient for the analysis of
heterogenic ecological data representing wide spatiotemporal gradients
(e.g., climate), assessing plasticity of the responses (Hofgaard et al.,
2019; Cavin and Jump, 2017, Lloyd et al., 2013). The index values of
the residual chronologies, which represent the relative additional radial
wood increment, were used as the response variable. Different combi-
nations of meteorological variables (used in the correlation analysis)
were tested as the predictors, allowing fourth power of the smoothing
function (i.e. basis dimension was set to four) to avoid overfitting. The
amount of data, however, did not allow testing of the interactions be-
tween the predictors. Year and site were used as nested random effects
to account for the dependencies in the data due to the phenotypic
plasticity and local specialization of the populations (Heer et al., 2018;
Housset et al., 2018; Valladares et al., 2014). Tree age was used to
account for the temporal correlation (p) caused by ageing (Konter et al.,
2016; Wu et al., 2013). Models were fit using the restricted likelihood
approach (Wood, 2011). Generalized cross-validation procedure was
used for estimation of the smoothing parameters. Regression spline
with shrinkage was used to smoothen the results. The Akaike In-
formation Criterion (AIC) was used for selection of the best performing
set of meteorological variables (according to arbitrarily selection prin-
ciple); model residuals were checked for normality and homogeneity
(by diagnostic plots). The predictors were checked for collinearity using
the variance inflation factor (predictors with the criterion > 5 were
excluded from the model). To verify the absence of overfitting for the
refined model, cross-validation based on independent tree-ring data
with similar characteristics from the studied region (Supplementary
material, Table S1) was performed. Data analysis was performed in R
(v. 3.6.1; R Core Team, 2019), using the packages ‘mgcv’ (Wood, 2011),
‘dpIR’ (Bunn, 2008), ‘car’ (Fox and Weisberg, 2011), and ‘bootRes’
(Zang and Biondi, 2013). The meteorological data were obtained from
the online repository of CRU (Harris et al., 2014) for the grid points
located at <35 km distance from the studied stands.

3. Results
3.1. Linear weather-growth relationships

Time-series from 13 to 30 trees per stand were successfully cross-
dated (559 trees in total), indicating conformity of individual growth
patterns and quality of the measurements (Table 3; Supplementary
material, Figs. S1, S2). During the common period (1954-2017), var-
iation of TRW among trees within a stand was generally similar (r-
bar > 0.33), yet the mean r-bar tended to decrease southwards, ranging
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General statistics of the datasets of crossdated tree-ring width time-series of the stands of Scots pine from the eastern Baltic region for period 1954-2017. SENS —
mean sensitivity, AC1 - first order autocorrelation, N- number of crossdated time-series, r-bar — mean interseries correlation, EPS — expressed population signal, and

SNR - signal to noise ratio.

Stand code Begin End Mean, mm St. dev., mm SENS AC1 N r-bar EPS SNR

FIN_1 1892 2017 1.85 0.52 0.18 0.81 30 0.54 0.961 24.61
FIN_2 1924 2017 2.07 0.50 0.17 0.76 29 0.48 0.957 22.44
FIN_3 1921 2017 1.98 0.69 0.19 0.85 30 0.46 0.959 23.42
FIN_ 4 1897 2017 1.62 0.38 0.19 0.79 27 0.51 0.963 25.76
FIN_5 1925 2017 2.20 0.53 0.17 0.79 27 0.48 0.953 20.38
EST_1 1932 2018 1.97 0.53 0.19 0.76 27 0.52 0.964 26.54
EST 2 1952 2017 247 0.80 0.19 0.82 29 0.53 0.967 29.46
EST 3 1939 2018 218 0.87 0.17 0.87 29 0.37 0.943 16.41
LAT 1 1930 2017 0.78 0.02 0.19 0.77 26 0.43 0.949 18.49
LAT 2 1915 2017 111 0.03 0.21 0.85 18 0.38 0.902 9.17
LAT 3 1911 2017 0.91 0.02 0.19 0.82 22 0.49 0.953 20.41
LAT 4 1918 2017 0.91 0.02 0.19 0.80 22 0.41 0.931 13.53
LAT_5 1904 2017 110 0.03 0.22 0.82 18 0.34 0.899 8.95
LAT 6 1900 2017 2.25 0.57 0.19 0.80 20 0.33 0.900 9.00
LIT_1 1927 2017 3.39 0.87 0.20 0.72 13 0.37 0.878 7.21
POL_1 1931 2018 218 0.96 0.20 0.82 30 0.47 0.963 26.28
POL_2 1941 2018 2.36 0.93 0.22 0.82 29 0.59 0.976 40.20
POL_3 1919 2018 1.62 0.46 0.24 0.70 30 0.51 0.968 30.72
GER_1 1944 2017 2.54 0.73 0.22 0.71 30 0.58 0.972 35.19
GER_2 1928 2017 2.40 0.69 0.20 0.71 30 0.39 0.949 18.46
GER 3 1901 2017 273 0.58 0.23 0.68 13 0.38 0.852 5.57
GER 4 1925 2017 2.30 0.80 0.23 0.70 30 0.43 0.958 22.88

from 0.49 to 0.40 for sites in Southern Finland and Latvia, respectively
(Table 3). In contrast, the mean sensitivity of the time-series for the
sites increased southwards indicating regional shift in inter-annual
variability of increment, ranging 0.18-0.22 in Southern Finland and
Northern Germany, respectively. The first order autocorrelation was
high (=0.68) indicating dependence of TRW on previous growth; signal
to noise ratio ranged 5.57-40.20, indicating varying individuality of
TRW patterns.

During the analysed period of 1954-2017, regionally and locally
specific linear correlations between the residual chronologies and stu-
died meteorological variables were estimated (Fig. 2), indicating dif-
ferences in responsiveness of growth. Radial increment of the studied
trees generally showed sensitivity to temperature in dormant period
and water availability in summer, suggesting direct and carry-over ef-
fects of meteorological conditions under temperate climate. Never-
theless, the effects of common limiting factors were clearer in the
central and southern part of the transect, while they were relaxed under
cooler climates in Southern Finland and Estonia. Temperature in the
winter months and, particularly, March showed frequent significant (p-
value < 0.05) positive correlations with TRW across the transect,
particularly in its south- and mid-part (in Latvia). The positive corre-
lations with precipitation and SPEI in summer (June-August), as well as
precipitation in February were common under a warmer climate in
Lithuania, Poland, and Germany (Table 2). The negative correlation
with temperature in the previous August with low frequency was de-
tected along the transect, yet it was most common in Latvia (Fig. 2).
Some stands in the northern part of the transect showed contrasting
correlations between TRW and precipitation in the previous August,
indicating local specifics.

The moving-window correlation analysis, which splits the time-
scale providing a finer resolution of the linear relationships, indicated
temporal shifts in the linear weather-growth relationships
(Supplementary material, Figs. S4-58), suggesting their non-statio-
narity along the transect. These changes in the linear correlations also
showed local specifics, implying some stand effects irrespectively of the
location, and suggesting relaxation of a common limiting factor(s).
Under cooler climate in Southern Finland and Estonia, February and
July temperatures have been losing effect around the 1980s and 1990s
(intervals ending after ca. 1990 and 2000), respectively. In some stands,
however, the effect of temperature in April and in the previous August

has intensified in the intervals ending after 2000. Concomitantly, the
negative effects of summer precipitation have been intensifying around
that time. Nevertheless, in a stand in Estonia (EST_3), positive corre-
lation with June temperature has been significant during most of the
studied period. In some stands in Latvia, the correlation with tem-
perature in March has been weakening since the mid-part of the ana-
lysed period (LAT_1 and LAT_5), yet the effect of temperature in Jan-
uary/February and April has intensified (in LAT_3, LAT 4, and LAT_6).
Concomitantly, the negative correlations with precipitation and SPEI in
summer have intensified (in LAT 4, LAT_5, and LAT_6) or remained
stable (LAT _2). The correlation with winter precipitation has intensified
and become significant since the mid-part of the studied period, in-
dicating alterations in responsiveness of trees.

The variability of shifts in weather-growth relationships was even
clearer in the southern part of the transect. Under warmer climate in
Lithuania and Poland, February/March temperature showed a con-
tinuous, yet weakening correlation with TRW (Supplementary material
Fig. S7). The negative correlation with July temperature and the posi-
tive effect of summer precipitation have become significant and in-
tensified since the 1980s. In POL_3 stand, correlation with February
precipitation has been significant at the beginning and at the ending of
the analysed period; the effect of precipitation in the previous July was
observed in some intervals ending before 1993. In the Northern Ger-
many, the shifts of the correlations appeared complex (Supplementary
material, Fig. $8). Since the 1980s, the effect of June precipitation
showed contrasting patterns, intensification in GER_2 and GER_3, yet
weakening in GER_1 and, particularly, GER_4 stands, thus highlighting
local specifics. The correlation with temperature in late-summer of the
previous year has been losing significance in all stands, while the effects
of temperature and/or precipitation in the dormant period, particularly
December, have intensified, indicating shifts in periods of responsive-
ness of tree growth.

3.2. Non-linear weather-growth relationships

The application of a mixed additive model accounting for the
random effects of stand and year allowed identification of the main
meteorological drivers of TRW of the eastern Baltic Scots pine across
the regional climatic gradient. Generalization over a wide spatio-
temporal scale (length of the transect ca. 1500 km and timespan of
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Fig. 2. The proportion of stands of Scots pine showing significant (p-value < 0.05) Pearson correlation between the residual chronologies of tree-ring width and
meteorological variables: monthly mean temperature (Temp.), precipitation sums (Prec.) and standardized precipitation evapotranspiration index (SPEI) by coun-
tries. The negative correlations are represented by the bars below zero. The analysis is based on the period 1954-2017. Only the meteorological variables showing

significant correlations are presented on the x-axis.

63 years) highlighted the effect of climate on the response (reaction) of
TRW to the inter-annual variability of meteorological conditions
(Fig. 3). Though local specialization might have mediated growth re-
sponses. The refined model was significant (p-value < 0.001) and
included nine of the 51 tested meteorological variables. The adjusted-R*
for the fixed part of the model was intermediate ca. 0.22 (cf. Cavin and
Jump, 2017), as the dataset represented a regional gradient (Table 4).
The marginal pseudo-R? for the random part of the model was 0.47.

Such intermediate R? values indicated that the model was not over-
fitted. The included meteorological variables (fixed effects) were sig-
nificant (p-value < 0.02; F-values = 6.32). Although the flexibility of
the smoothing splines (basis dimension) up to the fourth degree was
allowed, for all meteorological variables the effective degree of freedom
was < 3.0, indicating responses with up to two inflection points. The
estimated effect of tree age on TRW variation was generally low (cor-
relation term p = 0.16), implying weak age-effects on growth during
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Fig. 3. The estimated approximate smoothing splines (dashed lines denote 95% confidence intervals) of the responses of high-frequency variation (relative additional

which is di
standardized precipitation evapotranspiration index SPEI) during 1954-2017.

the analysed period, as the trees were maturing. Among the random
effects, year had a thrice higher variance compared to stand. This
suggests that phenotypic plasticity prevailed over the local (e.g., site
level) genetic specialization of the studied trees, which constrain plas-
ticity of the responses to meteorological conditions. The cross-valida-
tion based on independent data verified that the refined model was not
overfitted, as the root-mean-square-errors according to the calibration
and verification datasets were comparable (0.131 and 0.128, respec-
tively).

The meteorological variables included in the refined model
(Table 4) were similar to those identified by the linear correlation
analysis (Fig. 2; supplementary material S4-58), yet the estimated re-
sponses of TRW (relative additional increment represented by the re-
sidual chronologies) were mostly quadratic or cubic (Fig. 3). Accord-
ingly, this highlighted the biasness of a simple linear model for the
assessment of weather-growth relationships across spatiotemporal
gradient of tree growth. Temperature in the previous August showed
the highest F-value (Table 4); however, it was the only variable esti-
mated with a linear effect, indicating stationarity across the studied
gradient (Fig. 3A). Temperature in March showed the second highest
effect (F-value), yet the response to it was only close-to-linear (Fig. 3D),

) of tree-ring width of eastern Baltic Scots pine to meteorological variables (monthly mean temperature, precipitation sum, and

as suggested by the common linear correlations (Fig. 2), with a slight
decrease at ca. -1 °C. In contrast, the response to July temperature was
bell-shaped, with a local maximum between 16 and 19 °C, when posi-
tive additional increment was estimated (Fig. 3E). The response to
February temperature (Fig. 3C) displayed an effective threshold, as a
positive response of TRW was triggered by the mean temperature ex-
ceeding ca. -2 °C. Nonetheless, a positive effect of increasing February
temperature was estimated under cold conditions (< -10 °C). The re-
sponse to temperature in the previous December (Fig. 3B), which had
the weakest effect (Table 4), showed some fluctuation with a local
maximum around -7 °C and local minimum at -1 °C (Fig. 3B), which
resulted in slight changes in radial growth. Previous December tem-
perature above 2.5 °C resulted in a larger additional increment of TRW.

The precipitation-related variables showed weaker effect on high-
frequency variation of TRW than most of the temperature variables
(Table 4), and the range of estimated relative additional increment was
lower (Fig. 3). Among the precipitation-related variables, July SPEI was
estimated with the strongest effect (F-value = 12.10; Table 4); the es-
timated response curve indicated a clear threshold of sensitivity at ca.
0.3 (Fig. 3I). This implied sensitivity of TRW to water deficit, yet irre-
sponsiveness (zero additional increment) to a positive water balance
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Table 4

Statistics of the smoothing splines from the generalized additive mixed model
describing the main relationships between high frequency variation of tree-ring
width of Scots pine from the eastern Baltic region and meteorological variables:

month mean ure, p n, and p ion evapotranspiration
index (SPEI) for 1954-2017 period.
Fixed effects
Smoothening term Effective degree of F-value  p-value
freedom
Temperature in previous 1.00 68.28 <0.001
August
Temperature March 1.97 26.49 < 0.001
Temperature July 279 22.60 < 0.001
Temperature February 2.85 14.15 < 0.001
SPEI July 2.50 12.10 < 0.001
Precipitation previous July 2.88 11.73 <0.001
Precipitation June 243 9.46 < 0.002
SPEI April 223 7.80 < 0.01
Temperature previous 2.89 6.32 <0.02
December
Random effects
Term Variance Standard error
Year 1.52 0.97
Stand 0.56 0.48
Residual (scale) 0.38

(SPEI > 0; cf. Vicente-Serrano et al., 2010). Positive effect of abundant
summer precipitation (> 120 mm/month) was indicated by the esti-
mated response to precipitation in the previous July (Fig. 3F). None-
theless, the response to this variable showed a local minimum at ca.
100 mm/month, resulting in negative additional increment. This in-
dicated a negative effect of precipitation within the range 40-80 mm/
month, which corresponds to dry or moderate years (Table 2). The
responses to April SPEI and June precipitation were bell-shaped
(Fig. 3G, H), showing a local maximum (optimum) of the available
moisture in spring and early summer, which, however, were estimated
with a slight (ca. 0.03) positive additional increment. The local max-
imum of these variables was estimated at ca. 80 mm/month and 0.7 for
June precipitation and April SPEI, respectively, suggesting a limited
interval of optimal, yet slightly excessive (e.g. SPEI > 0) moisture
conditions.

4. Discussion
4.1. Plasticity of growth responses

The shifts in the linear correlations across the transect (Fig. 2) and
in time (Figs. S4-58), as well as the estimated response splines (Fig. 3),
portrayed the non-linearity and plasticity of the TRW-weather re-
lationships (Hofgaard et al., 2019; McCullough et al., 2017; Wilmking
et al., 2020) of the eastern Baltic Scots pine. Such responses are in-
dicative of high phenotypic plasticity and regional genetic specializa-
tion (Heer et al., 2018; Housset et al., 2018; Moran et al., 2017; Booth,
2016), which are crucial for adaptability of trees, allowing them to
survive increasingly variable weather conditions (Chauvin et al., 2019;
Mina et al., 2016; Valladares et al., 2014). For the studied (meta)po-
pulation, phenotypic plasticity exceeded genetic specialization (higher
variance of year than site; Table 4), which suggests high adaptability of
the trees in medium term (Housset et al., 2018; Mina et al., 2016;
Valladares et al., 2014; Wang et al., 2010). A lower variance related to
the genetic specialization (Table 4) could be related to relatively high
genetic diversity of the eastern Baltic populations of Scots pine (Dering
et al., 2017; Neimane et al., 2009). Still, genetic specialization in terms
of growth resilience has been observed for the provenances of Scots
pine from the studied region (Matisons et al., 2019; Matias et al., 2017;
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Berlin et al., 2016), which can mediate growth responses (Restaino
et al., 2016).

The estimation of significant response curves (Fig. 3) implied pre-
sence of uniformitarian and stationary, though non-linear regional
growth responses to meteorological conditions (Wilmking et al., 2020)
for the studied eastern Baltic Scots pine. Accordingly, the regional and
temporal shifts in the linear correlations (Fig. 2, S4-58) can be related
to the location along the climatic gradient and warming-induced shifts
in it (Cavin and Jump, 2017; Restaino et al., 2016). The effects of local
specialization, though estimated with low influence (Table 4), were
evidenced by the locally varying responsiveness of TRW (Fig. 2) and
contrasting temporal shifts of the responses (Supplementary material,
Figs. $4-58). Such explicit local characteristics apparently highlighted
the non-stationarity of the responses (Wilmking et al., 2020). One could
argue about the presence of triggers of such local responses, which,
however, are often complex and difficult to assess (Wilmking et al.,
2017). Trees growing in the core areas of their range adapt to regional
climates to maximize growth (competitiveness), while in the marginal
areas, strong local specialization and habitat selection occurs to ensure
survival (Cavin and Jump, 2017). Accordingly, the effect of a common
limiting factor appears relaxed in the marginal-areas of species range,
while in the core areas, the opposite can be observed (Cavin and Jump,
2017; Restaino et al., 2016). This, apparently, adheres also to the po-
pulation scale, as similar pattern could be spotted for the studied trees,
which represent Baltic climatype (metapopulation) of Scots pine
(Giertych and Matyas, 1991). Accordingly, analysis of a wide (with the
regard to species range) climatic gradient assuming non-linearity of
responses aids evaluation of uniform and stationary weather-growth
relationships (Wilmking et al., 2020).

The effect of meteorological conditions on TRW is modulated by
their intensity (Restaino et al., 2016; Henttonen et al., 2014; Ohse et al.,
2012; Carrer and Urbinati, 2006), as well as the tree size/age-related
changes in physiological processes (Cuny et al., 2019; Trouillier et al.,
2019; Konter et al., 2016; Wu et al., 2013). This relates the temporal
non-stationarity of the linear response (Supplementary material, Figs.
54-58) to ageing and particularly climate (low age-related correlation,
p = 0.16), suggesting disproportional effects of climatic changes (Way
and Oren, 2010; Loehle, 1998). Considering the location of the studied
stands in a region with cold/moderate climates (Table 2; cf. Harris
et al., 2014), winter-spring temperature were the primary drivers of
TRW (Harvey et al., 2020, Weigel et al., 2018). The secondary role of
summer moisture (precipitation) regime (Fig. 3F, G, I) might be related
to climatic changes and intensifying water deficit in temperate and
hemiboreal forests (Harvey et al., 2020; Lloyd et al., 2013; Ohse et al.,
2012; Friedrichs et al., 2009). This also implies interactions between
the effects of winter temperature regime and summer water deficit (Fei
et al., 2017; Matisons et al., 2017; Ohse et al., 2012), which diversify
growth responses (Hofgaard et al., 2019; Wilmking et al., 2017).

4.2. Regional weather drivers of radial growth

As hypothesized, the prevailingly non-linear weather-TRW re-
lationships were revealed by the generalized additive model (Fig. 3),
indicating presence of regional weather drivers of radial increment
(Cavin and Jump, 2017; Restaino et al., 2016; Matias et al., 2017; Lloyd
etal., 2011, 2013), which however, were similar to those identified by
the linear correlation analysis (Fig. 2). The identified non-linear re-
sponses mostly followed quadratic or cubic curves (Fig. 3), as expected
across ecological gradients (Way and Oren, 2010), revealing local op-
timum or threshold values of meteorological variables (Hofgaard et al.,
2019; Aitken and Bemmels, 2016; Lloyd et al., 2013). Such curves also
implied responsiveness of TRW to the main weather drivers under
supposedly moderate conditions (Cavin and Jump, 2017; Way and
Oren, 2010), which could not be detected by the linear correlation
analysis (Billings et al., 2015). Accordingly, presumption of a linear
response hampers the assessment of growth under warming induced
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shifts in climatic gradient (Wilmking et al., 2020; Hartmann et al.,
2013). The age-effects in the responses of TRW to meteorological
conditions (Vieira et al., 2009) were rather weak, as the trees were
mostly in the maturing phase, when the increase of canopy and water
demand is balanced by root and stem growth (Trouillier et al., 2019;
Konter et al., 2016). This confirmed shifts in the weather-TRW re-
lationships (Fig. 2, S4-S8) to be primarily warming-related (Matisons
et al., 2017; Ohse et al., 2012; Carrer and Urbinati, 2006).

The responses of TRW to the conditions prior to xylogenesis (Figs. 2
and 3) indicated the importance of the carryover effects for tree growth
(Cuny et al., 2019; Castagneri et al., 2017; Sass-Klaassen et al., 2016;
Lloyd et al., 2013). The response to temperature in the previous August
(Fig. 3A), which had the strongest, yet the only linear effect among the
significant variables (Table 4), can be explained by the trade-offs in
allocation of nutrients for seed production and increment (Hacket-Pain
et al., 2019). Increased late-summer temperature facilitates formation
of primordia of the generative buds (reproductive effort), thus ex-
plaining the negative effect on growth (Hacket-Pain et al., 2018, 2019).
Still, the linear or near-linear effect of a variable (Fig. 3A, D) might also
suggest that the studied gradient was too short to assess the plasticity of
the response (Lloyd et al., 2013; Way and Oren, 2010).

Temperature in the dormant period and, particularly in March
(Figs. 2 and 3B, C, D), showed the second strongest effects on TRW
(Table 4). These relationships, which are common for Scots pine under
hemiboreal conditions (Harvey et al., 2020), indicated mostly positive
effects of the warming of the dormant period on increment (Ohse et al.,
2012; Lloyd et al., 2011; Carrer and Urbinati, 2006). The effects of
temperature in the dormant period under seasonal climate (Fig. 3B, C,
D) might be related to root activity (Hansen and Beck, 1994), which
depends on soil temperature and affects water absorption in the fol-
lowing season (Tierney et al., 2001). Such mechanism could also ex-
plain the effects of winter precipitation (snow) as suggested by the
linear correlation (Fig. 2), which acts as a thermal insulator and affects
soil moisture regime (Tierney et al., 2001). The fluctuating responses to
December and February temperature (Fig. 3B, C), might also be related
to the complex controls of dormancy (Beck et al., 2004), and utilization
of carbohydrate reserves in trees (Ogren, 1997). Under cold conditions
(< -10 °C) trees apparently suffered some cold damage (Pearce, 2001),
as indicated by the overall positive responses to temperature (Fig. 3B,
C, D). Particularly in December, a temperature increase between -8 and
0 °C caused a slight negative response, likely due to insufficient cold
hardening or dehardening (Beck et al., 2004) and respiratory nutrient
losses (Ogren, 1997), whereas the above-zero temperatures, obviously
improved the overwintering (Pearce, 2001).

The effect of moisture availability (SPEI) in April (Fig. 3H) sug-
gested the carryover effects of spring precipitation (Cuny et al., 2019;
Lloyd et al., 2013; Way and Oren, 2010), yet the effect was weak. The
response curve (Fig. 3H) indicated positive water balance (SPEI = ca.
0.8; cf. Vicente-Serrano et al., 2010) to result in positive additional
increment, likely due to reduced atmospheric demand for water (Jyske
etal., 2014) or frost damage under cloudy conditions (Beck et al., 2004;
Ogren, 1997). Nevertheless, the moving linear correlation analysis
(Supplementary material, Figs. S4-S8) indicated alterations in the
periods of responsiveness of trees to temperature in winter/spring
months (Ohse et al., 2012) due to extension of vegetation period
(Hartmann et al., 2013).

Direct effects of weather on radial growth were illustrated by the
non-linear TRW responses to variables related to summer water avail-
ability (Fig. 3). The observed response highlighted contrasting effects of
increasing variability of precipitation on growth in the nemoral, as well
as boreal zones (Harvey et al., 2020; Hofgaard et al., 2019; Jansons
etal.,, 2016; Ohse et al., 2012; Friedrichs et al., 2009). Under temperate
climate, xylogenesis is rapid in June, and sufficient supply of water (ca.
60-90 mm/month; Fig. 3G) is crucial for cell expansion (Castagneri
etal., 2017; Jyske et al., 2014), as well as assimilation (Pallardy, 2008),
explaining the positive growth response to precipitation. In contrast,
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excessive precipitation in June (> 100 mm/month) caused a negative
trend in response, probably due to decreased assimilation in rainy days
(Jyske et al., 2014; Strand et al., 2006).

Under temperate lowland conditions in Europe, July is the warmest
period when the highest assimilation in trees occurs (Yang et al., 2015;
Jyske et al., 2014). The response to July temperature was bell-shaped
(Fig. 3E), which can be explained by the trade-offs between favourable
temperature and sufficient water supply under increased transpiration
(Yang et al., 2015; Carrer et al., 2010). However, the estimated positive
additional increment under the optimal conditions was low (Fig. 3E),
which might be explained by specialization of the studied populations
to certain temperature regime (Aitken and Bemmels, 2016), or, alter-
natively, by formation of latewood, which comprises a smaller part of
TRW (Cuny et al., 2019). A positive linear effect of July temperature
was evident only in the Southern Finland (Fig. 2), likely due to a de-
layed xylogenesis under cooler climate (Jyske et al., 2014; Henttonen
et al., 2014). The response of TRW to July SPEI < 0 (Fig. 3I), when
evapotranspiration exceeded precipitation (Vicente-Serrano et al,
2010), illustrated the effect of summer water deficit (Carrer et al.,
2010), particularly under warmer climate in Poland and Northern
Germany (Fig. 2). Nevertheless, trees appeared irresponsive to moist
conditions (SPEI > 1; Fig. 3I), probably due to decreased assimilation
under cloudy conditions (Strand et al., 2006). Still, formation of addi-
tional increment occurred if preceding July was precipitation rich
(> 100 mm; Fig. 3F), which might be related to carryover effects of
nutrient reserves (von Arx et al., 2017; Sass-Klaassen et al., 2016). The
negative response of TRW to preceding year with moderately dry July
(Fig. 3F) could be explained by the reallocation of assimilates to root
rather than stem growth to improve water uptake (Brunner et al.,
2015), or by increased reproduction effort (Hacket-Pain et al., 2019).
Still, despite the high phenotypic plasticity, the observed temporal
shifts in correlation and non-linear responses (Fig. 3E, S6-58) suggested
warming-induced increase of water stress for Scots pine in summer (von
Arx et al., 2017). Scots pine is considered susceptible to water deficit
among other pines (Martinez-Vilalta et al., 2004), supporting the ne-
cessity for the adaptive climate-smart management (Nabuurs et al.,
2018; Taeger et al., 2015) in the eastern Baltic region.

5. Conclusions

Generalization across the spatiotemporal gradients highlighted
ecological plasticity of radial growth of the eastern Baltic Scots pine. As
hypothesized, the responses of TRW to the main regional weather dri-
vers across the studied climatic gradient were non-linear, indicating
plasticity of growth. The non-linear responses also explained (at least
partially) the non-stationarities of climatic signals due to climatic
changes. This also highlighted the effect of local climates on weather-
growth relationships. Local specialization, particularly in the marginal
parts of the studied (meta)populations of pine, resulted in some specific
responses and their temporal shifts, adding uncertainties for the re-
gional responses. Accordingly, analysis of wide climatic gradient (at the
population scale), presuming non-linearity, aids the assessment of sta-
tionarity of growth responses, while simple linear models are losing
sufficiency for the description of weather-growth relationships and
growth predictions, under moderate, yet changing conditions. Due to
location in temperate climate, winter-spring temperature showed gen-
erally positive effect on growth, while negative effects of increasing
variability of summer weather was indicated by the responses showing
stationary maxima (optimum). The observed temporal shifts in the re-
sponses to weather variability were prevailingly due to the climatic
changes, while tree aging only slightly affected growth responses. High
phenotypical plasticity, yet lower genetic differentiation (local specia-
lization) indicated high adaptability of the studied populations in a
medium term, presuming restricted adaptability in a longer term. This
supports the necessity of climate-smart management to sustain the
productivity of pine forest in the eastern Baltic region in the future.
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ABSTRACT
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Non-structural carbohydrates (NSC) reserves are crucial for trees to cope with weather extremes, thus to ensure
their survival and ecological plasticity. The NSC reserves can depend on social status, suggesting uneven plas-
ticity of trees at the stand level. In stemwood of Scots pine (Pinus sylvestris L.), which is a widespread and
important species, NSC reserves are stored in parenchyma in wood rays (WR). The quantity of WRs is adjusted
intra-annually, allowing retrospective analysis of factors affecting their formation. Accordingly, the differences in
WR quantity in stemwood of dominant and intermediate (canopy trees with reduced and narrow crowns)
maturing Scots pine were assessed by quantitative wood anatomy. Tangential cuts from the outermost 30 tree-
rings were analysed. The relative ray area was intermediate, i.e. covering about 5% of the tangential cut, yet
expressed high individuality among the trees. The size and amount of WR mainly differed between the earlywood
and latewood; WRs in latewood were higher although narrower in comparison to earlywood, yet their total
amount was higher in earlywood. Canopy status had only a slight effect, as quantity and height of WR tended to
be higher for the intermediate trees, particularly in earlywood. The size and quantity of WR expressed inter-
annual variation, which was mainly related to the meteorological conditions prior to the formation of the
tree-ring (previous summer and autumn) indicating legacy effects of climatic factors on NSC and susceptibility of
trees to cumulative effects of weather extremes. However, the climatic signals in the inter-annual variation of WR
were weaker than observed before, likely due to location of the studied stand in the mid-part of the species range.
Nevertheless, the observed differences in mean values and inter-annual variation of WR suggested a within-
species diversity of carbon allocation patterns, supporting adaptability of the species.

1. Introduction

et al., 2014). Furthermore, structural diversity in monocultures can
facilitate their sustainability, as trees of diverse age/size are playing

Adaptability of trees and stands to the changing envirc compl

which has been identified as the key issue for sustainability of forests
(Nabuurs et al., 2018; Aitken and Bemmels, 2016), is determined by
phenotypical plasticity and genetic specialization, which persists also
under high gene flow (Housset et al., 2018; Moran et al., 2017). This
indicates the necessity for proactive management under the increasing
rates of climatic change (Nabuurs et al., 2018). Nevertheless, sustain-
ability of forests has also been related to the diversity of stands, which
can improve the adaptability of native populations via inter-species
facilitation of growth and survival; though such mechanisms can differ
locally (Sheil and Bongers, 2020; Forrester and Bauhus, 2016; Jucker
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y roles in regard to physical stability, microclimate,
nutrient turnover, etc. (Bohn and Huth, 2017; Forrester and Pretzsch,
2015). Such effects appear particularly advantageous under the growing
impacts of weather extremes (e.g., storm, drought) on forests (Seidl
etal., 2014), which can have long-term legacy effects on the vigour and
functioning of trees (Zweifel et al., 2020; Bonnesoeur et al., 2016).
Quantification of tree responses to environmental fluctuation has
been among the most studied issues in forestry, particularly in relation
to climatic change (Zhang et al., 2018; Matias et al., 2017). Most of these
studies focus on proxies related to wood increment, considering them as
the measure of tree vigour and productivity in a certain period of time
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(Housset et al., 2018; Zhang et al., 2018). Tree-ring width has been
widely used as a highly informative proxy for studies of tree increment
(De Micco et al., 2019; Housset et al., 2018), as it is a product of the
conditions before and during its formation (Zhang et al., 2018). In
addition, species and/or provenances can show diverse reaction of
increment to similar conditions due to e.g. specific patterns of carbon
allocation (growth vs. deposition of reserves; Trouve et al., 2015; Van-
ninen and Makeld, 2000) and xylogenesis (Lebourgeois et al., 2014;
Sheil and Bongers, 2020). In this regard, quantitative wood anatomy,
which focuses on the basic structural elements of wood, as tracheids,
parenchyma, vessels, or fibers, can provide more detailed insights in the
specific processes of xylogenesis and their reaction to environmental
conditions, thus aiding for a better understanding of growth and field
performance of trees (Forrester and Bauhus, 2016; von Arx et al., 2015;
Olano et al., 2013; Fonti and Jansen, 2012; Vanninen and Mékela,
2000).

The most frequently measured wood anatomical proxies applied in
environmental studies are the dimensions of conduits, which determine
wood properties and hydraulic architecture (conductivity) (De Micco
etal.,, 2019; Fonti and Jansen, 2012). Wood rays (WRs), which consist of
parenchyma and bordering tracheid cells (depending on species), are
essential for the storage and transfer of nutrients in the form of
non-structural carbohydrates (NSC) (Hartmann and Trumbore, 2016).
The WRs occur in the stem, branches and roots, providing a dynamic
complex of functions and support the survival of trees (Spicer, 2014;
Olano et al., 2013; Sala et al., 2012). The NSC are key players in plant
responses to drought, and they are suspected to have an effect on the
regulation of xylem water transport (Tomasella et al., 2020; Plavcova
and Jansen, 2015; Spicer, 2014). Accordingly, the quantity of WRs in the
stem can be indicative for the adaptive capacity and plasticity of trees
(Klein et al., 2014; Spicer, 2014), particularly in relation to environ-
mental extremes (von Arx et al., 2017). In this regard, the ability to
mobilize NSC stored in the rays enables trees to survive these extremes
and their legacy effects (Zweifel et al., 2020; Bonnesoeur et al., 2016;
Fonti etal., 2015). Still, this wood anatomical proxy has received limited
attention, most likely due to the laborious acquisition of data (von Arx
et al., 2017; Olano et al., 2013).

The quantity of WRs, which act as storage reservoirs for the NSC of a
certain capacity (von Arx et al., 2017; Plavcova and Jansen, 2015), ex-
presses multi-annual, annual, as well as intra-annual variation between
earlywood (EW) and latewood (LW) in response to meteorological
fluctuations (Fonti et al., 2015; Olano et al., 2013). Such relationships
also highlight the key moments for xylogenesis and formation of wood
parenchyma (Guerin et al., 2020; Zweifel et al., 2020; Castagneri et al.,
2019). The involvement of NSC in the formation of EW (Fisher and Holl,
1991; Lanner, 1978) affects water relations and current assimilation,
which in turn can modulate formation of LW (Castagneri et al., 2019)
and NSC, thus providing a feedback loop. Accordingly, the quantity of
WRs can vary within a tree-ring while simultaneously showing delayed
reaction (long-term legacy effects) to environmental fluctuation (von
Arx et al., 2017; Richardson et al., 2013). This is also supported by the
formation of WR initials in the preceding year (Morris and Jansen, 2016;
Spicer, 2014; Mauseth, 1988). These issues also support local specifics in
variation of WR proxies (e.g., due to stand history), as suggested by the
varying climate-growth relationships (von Arx et al., 2015; Olano et al.,
2013). As the assimilation rate is affected by the canopy (social) status of
trees (Wegiel and Polowy, 2020; Fonti et al., 2015; Reid et al., 2004),
differences in WR quantity within a stand are expectable (Richardson
etal., 2013; Vanninen and Mikeld, 2000), thus adding complexity of the
ecophysiological interpretation of the variation in this proxy.

The aim of this study was to assess quantity of WRs in EW and LW of
dominant and co-dominant Scots pine (Pinus sylvestris L.) in a commer-
cial oligotrophic stand in the hemiboreal zone. This conifer species has
been chosen due to its simple wood anatomical structure (Mauseth,
1988) and high ecological and economic importance in Northern Europe
(Hytteborn et al., 2005), as well as due to the explicitly projected
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changes in its abundance and growth within the region (Buras and
Menzel, 2019). We hypothesized that the quantity of WRs was higher in
the dominant trees providing higher capacity for NSC storage. We also
assumed that larger WRs occurred in LW, thus providing capacity for
storage of NSC as reserves for early xylogenesis in the following year,
though this process is affected by weather conditions.

2. Material and methods
2.1. Study area and sampling

A 115-year-old commercial stand of Scots pine growing in the central
part of Latvia (56.799 °N; 24.498 °E) on well-drained oligotrophic sandy
soil was sampled. According to stand inventory, the mean (+ standard
deviation) diameter at breast height (DBH) and height of the trees was
28.6 & 7.6 cm and 24.4 + 1.0 m, respectively; the total basal area was
29.6 m? ha~!. The stand was formed by Scots pine with a slight
admixture (ca. 10 % of basal area) of Norway spruce in the advance
growth. The last thinning, removing ca. 30 % of the standing stock was
performed at the age of 90 years (according to national forest inventory
data).

The climate at the study site is temperate. The mean annual tem-
perature (+ standard deviation) during the 1990-2019 was 7.2 + 0.7 °C,
with July (18.2 + 1.6 °C) and January (3.2 + 2.5 °C) being the warmest
and coldest months, respectively (Supplementary material, Fig. S1;
Harris et al., 2014). The mean annual precipitation was 657 + 79 mm.
The highest monthly precipitation occurred during the summer months
(June-August, ca. 77 + 26 mm). The vegetation period (mean daily
temperature >5 °C) lasts from mid-April to October, while the growing
period for Scots pine extends from May to August (Mikinen et al., 2018).
Climatic changes are mainly expressed as a warming during the dormant
period and as an increase in the variability of the summer precipitation
regime (Avotniece et al., 2012).

Within the stand, seven dominant (canopy trees with wide and well
developed crowns; DBH = 36.5 =+ 5.2 cm) and six intermediate (canopy
trees with reduced and narrow crowns; DBH = 25.3 + 2.9 cm) trees were
sampled. Two increment cores from the opposite sides of stem were
collected with a 5-mm Pressler increment corer at the breast height. To
avoid reaction wood, tilted trees were not sampled. Additionally, from
five dominant and five intermediate trees, one core per stem was
collected for the analysis of radial increment. The sampling was done in
September 2018.

2.2, Sample preparation and measurements

To analyse the intra- and inter-annual variation of WRs in stems of
Scots pine differing by canopy status, each core was cut into tangential
thin sections using a hand sledge microtome GSL1 (Girtner et al., 2014),
which was equipped with Leica Surgipath DB80 LX disposable blades.
The thickness of the thin sections ranged 15-35 pm. A thin section from
EW and LW from each of the outermost 30-35 tree-rings was collected.
Older samples were not taken as they were impossible to double stain
due to the die-off of parenchyma cells (Richardson et al., 2013; Gartner
et al., 2000). The thin sections were double stained in Astra blue and
Safranin to enhance the contrast between the lignified (tracheids
including those at the upper and lower ends of WRs) and the
non-lignified cells (WR parenchyma) according to Gartner and
Schweingruber (2013).

To measure WR proxies on the tangential cuts (i.e., the height and
width of an entire ray including all parenchyma and ray tracheids at the
upper and lower ends), high resolution (0.6-0.9 pixels pm ™) distortion
free microscopic images were acquired at x40 optical resolution using a
light microscope (Gartner et al., 2015), which was equipped with a
digital camera with an 18 Mpx cropped matrix. The measurements of
WR proxies were made using the WinCELL 2007a software (Regent In-
strument, Inc.); the image analysis was based on colour. The
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cross-sections of WRs on the tangential cut was considered as the lumen
of a measurement unit (object). The dimensions of the WR cross-section
were measured in a free direction (maximum height and width ac-
quired). So, height, width, and area of the WRs on the tangential cuts, as
well as relative area of WR (proportion of area of the tangential cut),
were measured. Additionally, ray density, i.e. the number of rays per
unit of area of the tangential cut (mm?) was calculated. Unfortunately, it
was not possible to obtain high quality thin sections, and hence images
(insufficient contrasts) from each tree-ring, likely due to varying cell
properties among tree-rings (von Arx et al., 2015; Richardson et al.,
2013), which resulted in interruptions of the measurement time series.
To assess the inter-annual variation in radial increment, surface of the
additional increment cores (glued in wooden mounts) was grinded with
a sandpaper, and tree-ring widths were measured manually, using the
Lintab 5 measurement table and the TSAP software (RinnTech Inc.,
Heidelberg, Germany).

2.3. Data analysis

The quality of the measurements was checked by a graphical in-
spection. Datasets for the common period 1989-2018 were analysed.
The differences in WR proxies according to canopy status of a tree (two
levels: dominant and intermediate), part of tree-ring (two levels: EW and
LW), as well as their interaction (as fixed effects), were estimated using
liner mixed models (Bates et al., 2015), accounting for the hierarchical
structure and any unbalancedness in the data. Core nested within tree,
and year of tree-ring formation were included in the models as crossed
random effects. Restricted maximum likelihood approach was used to fit
the models. Models were based on the mean values of RW proxies for
each tangential cut to normalize the data and emphasize the environ-
mental signal (Olano et al., 2013; Font and Jansen, 2012, Matisons et al.,
2012). Tree-ring index of each group (dominant and intermediate trees)
was included in the model as a numeric covariate to account for the
linkage between formation of WR and wood increment (Olano et al.,
2013). For this, the biweight robust mean was used to calculate tree-ring
indices based on the double detrended time series (by a modified
negative exponential function and flexible cubic spline with 32-year
wavelength and 50 % cut-off frequency) for each group of trees. The
significance of the tested effects (fixed, as well as random) was evaluated
using the maximum likelihood approach and the ¥ criterion. The levels
of the significant factors were compared using the Tukey HSD test.

Time series analysis was applied to assess the inter-annual variation
of WR and the involvement of meteorological conditions in it. For each
tree, time series of WR proxies were produced and scaled (cantered to
the mean and expressed in standard deviation) to avoid the explicit ef-
fects of tree-related differences in the mean values, while maintaining
trends in the data. Due to missing values in the measurement time series
(detrending of individual time series was not possible), classic chro-
nology building was not performed. Instead, the scaled times series were
simply averaged for EW and LW of dominant and intermediate trees,
thus producing a simple “standard” chronology. The similarity among
the chronologies of different proxies representing EW and LW of domi-
nant and intermediate trees was assessed using the Principal Component
Analysis based on the correlation matrix; years were treated as in-
dividuals and proxies for each group were considered as variables. The
significance of the principal components (PCs) was determined by a
randomization (Monte-Carlo) test performing 1000 iterations.

The relationships of the chronologies of WR proxies, as well as the
scores of the first two PCs of their variation with meteorological vari-
ables: monthly mean temperature, precipitation sums, and standardized
precipitation evapotranspiration indices (SPEI; Vicente-Serrano et al.,
2010) were estimated using a bootstrapped Pearson correlation analysis
(performing 1500 iterations). To account for the carryover effects of
weather conditions on growth of Scots pine (Lanner, 1978), the climatic
data were arranged into climatic window from June in the year pre-
ceding formation of tree-ring (previous June) to July and September for
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EW and LW, respectively. Gridded climatic data were used in the ana-
lyses (Harris et al., 2014). Collinearity of the significant variables was
checked, and only the non-collinear variables are reported. Data analysis
was performed in program R (v. 3.6.2) using packages ‘lme4’ (Bates
etal., 2015), ‘dpIR’ (Bunn, 2008), and ‘emmeans’ (Lenth, 2019).

3. Results
3.1. Variation of WR proxies among trees

In total, WR proxies from 683 thin sections (349 and 334 for EW and
LW, respectively) representing the common period 1989-2018 were
analysed. The mean relative ray area (tangential surface) of 5% is
implying an average amount of WR in the stem wood of the studied Scots
pine. Nevertheless, the quantity and size of WR was varying among trees
as well as in time. The coefficients of variation ranged 0.21-0.47 for
width and relative area of WR, respectively (Table 1), indicating uneven
constrains of the proxies. The studied proxies showed high individuality
among trees — from the analysed random effects, tree caused the highest
variance in all proxies. The variances associated with core was lower, yet
significant for WR height, width, and relative area; the variances related
to the year of tree-ring formation was considerably lower. Nevertheless,
the studied models accounting for individuality of trees were sufficient
for the description of the differences in the WR proxies according to the
study design, as the conditional R? values ranged 0.43-0.76. The sta-
tistical models were strictly significant for most proxies (p-value
<0.001), except for density (Table 2).

Canopy status and part of tree-ring generally showed a complex ef-
fect on the size of WR, as indicated by the significant (p-value < 0.05)
interaction between these factors for WR height, cross-section area, and
relative area (Table 2). The WR tended to be higher for the intermediate
than for the dominant trees, particularly in EW (Fig. 1 A). Nevertheless,
despite the individuality of trees, significant differences in estimated
means were observed only between the strongest contrasts. Significantly
(p-value < 0.01) lower WRs were observed in EW of the dominant as
well as intermediate trees compared to their respective LW, though for
the intermediate trees the differences might have been coincidental.
Concerning mean cross-section and relative areas, hence size and
quantity of WR (Fig. 1 C, D), the means were significantly (p-value <
0.01) higher in EW than in LW for both the dominant and intermediate
trees. Still, some slight differences between the dominant and interme-
diate trees were observed, particularly in EW. The WR width differed
intra-seasonally according to timing of their formation; it was by ca. 31
% higher in EW than in LW, irrespectively of tree status (Fig. 1 B), as
indicated by the explicit non-interacted effect of the part of tree-ring
(Fig. 1). In contrast to WR size, the number of ray initials was highly
similar for the studied trees (ca. 12.4 mm 2 on tangential cut; not
shown), as WR density was estimated independent of canopy status of
trees and part of tree-ring (Table 2).

Table 1

General statistics of the datasets of the studied anatomical wood ray proxies for
stemwood at the breast height of a mature Scots pine from a managed stand for
the period 1989-2018 (for stand age ca. from 85 to 115 years).

Height, Width, Cross-section Density, n Relative
pm pm area, pm* mm? area, %
Minimum 48.05 16.50 646.31 1.56 1.42
Maximum 310.00 59.08 5241.81 47.70 13.15
Mean 149.27 32.32 2750.03 11.94 5.18
St. 44.13 6.77 779.02 3.20 2.41
deviation
Coef. of 0.30 0.21 0.28 0.27 0.47
variation
Total 1947.65 45.83 606877.23 10.26 5.82
variance
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Table 2

Variance of random effects of year and core nested within tree, and y* values of tree status, part of a tree-ring and their interaction on the studied proxies of wood rays
for stemwood at the breast height of a mature Scots pine from a managed stand for the period 1989-2018 (for stand age ca. from 85 to 115 years). Significance codes, p-
value: * - <0.05, ** - < 0.01, *** - < 0.001.

Height Width Cross-section area Density Relative area
Random effects, variance
Year 0.59 0.06 2624 0.01 0.02
Tree/core 91.26*** 1.23*% 2 0.14 0.207%*
Tree 1279.65%** 7.52** 345,241%** 4.44%%* 3.726***
Residual 784.35 18.72 338,145 6.49 279
Fixed effects, y2
Tree status 0.69 0.02 0.03 1.33 0.33
Part of tree-ring 61.32%** 681.81%** 30.15%** 1.87 19.19%%*
Tree status by part of tree-ring interaction 16.29%** 0.51 3.74* 0.10 7.10%*
Tree-ring index (covariate) 0.21 0.27 1.32 0.16 1.33
Model statistics
Overall significance, p-value <0.001 <0.001 <0.001 0.26 <0.001
Conditional pseudo-R* 0.67 0.60 0.54 0.43 0.61
250 4 Ray height A 4 4 Ray cross-section area C Fig. 1. Estimated marginal means for wood ray
ac height (A), width (B), cross-section area (C), and
c ab bd relative area (D) according to canopy status of
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:tll:) 100 - © 0.05), as determined by the Tukey HSD test.
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3.2. Inter-annual variation Nevertheless, both PCs were significant (p-value < 0.01; Fig. 2 A),

indicating temporal complexity of formation of WR. Canopy status,

The established chronologies indicated individuality of intra-annual
variation of WR proxies, although some group specifications were
evident, particularly for EW and LW (Supplementary material Fig. S2).
Accordingly, the amount of common variation in the data extracted by
the first two PCs was limited (ca. 37 % of the total variance).

apparently, affected the plasticity of WR in terms of inter-annual vari-
ation. The first two PCs (Fig. 2 B) revealed distinct grouping of the
chronologies of WR proxies, distinguishing those representing LW of the
dominant trees, as well as EW and LW of intermediate trees. The chro-
nologies representing EW of the dominant trees showed an overlap with
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Fig. 2. Eigenvalues of the first seven principal components of

A wood ray proxies for stemwood at the breast height according
o) 4 - to canopy status of tree and part of tree-ring of mature Scots
= pine from a managed stand for the period 1989-2018 (for stand
g 3 age ca. from 85 to 115) and their significance (p-value < 0.05,
5 filled dots), as determined by the randomization test (A); and
ke ordination of the wood ray proxies according to the first two
w 24 principal components of their variation (B). In (B), grey crosses
indicate scores of years (scaled for clarity); years showing
1+ - - - : T : explicit values of scores are shown for clarity. EW-earlywood,
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others, particularly with those representing the intermediate trees. This
also suggested the presence of common environmental signals among
the groups.

The inter-annual variation of WR and its main patterns were related
to meteorological variables. The first PC was particularly associated
with the variation of WR proxies in 1991, 1998, 2004, 2008, 2011,
2015, and 2017 (Fig. 2 B), years in which July was cooler than usual, as
well as extremes in precipitation occurred in February, June, July, and
in previous October (not shown). The scores of the first PC significantly
(p-value < 0.05) correlated with the meteorological variables related to
water deficit — precipitation sum in previous July and SPEI in March and
previous August (r = -0.38, 0.28, and -0.37, respectively). The linkage
with conditions in previous year indicated carryover effects of meteo-
rological conditions on WR. Direct effect of meteorological conditions
on formation of WR, though, was indicated by the second PC, which was
particularly associated with the variation of WR proxies in 1993, 1999,
and 2009, years when extremes in precipitation and temperature
occurred in May. Nevertheless, the scores of the second PC significantly
correlated with mean monthly temperature in July and previous
October (r = -0.33 and -0.34, respectively).

Carryover effects of meteorological conditions were demonstrated by
the correlations between the chronologies of WR proxies and six of the
tested meteorological variables mostly related to conditions prior to
growing season (Fig. 3). The estimated correlations were specific to EW
and LW, and social status of trees, indicating complex climatic control of
formation and anatomy of WR. The inter-annual variation in WR height

in EW and LW of the intermediate trees was correlated with precipita-
tion in previous July and SPEI in previous September. Concerning the
dominant trees, WR height appeared less sensitive to the studied mete-
orological variables, although negative correlation with temperature in
the previous October was estimated for LW. The WR width showed the
lowest sensitivity to the studied meteorological variables, as only that
from EW of the dominant trees showed correlation with temperature
and SPEI in the previous August/September. Similarly, WR cross-section
area in LW of the intermediate trees showed positive correlation with
temperature in the previous August, while in the dominant trees, it was
positively correlated to precipitation in May and negatively to temper-
ature in the previous October. The WR density showed sensitivity to
meteorological conditions only in the LW of the intermediate trees; a
positive correlation with temperature in the previous August and
negative correlations with precipitation and SPEI in previous summer
was estimated. The relative ray area showed the same correlations for
LW of the intermediate trees. Additionally, significant correlations be-
tween relative ray area and temperature in previous October and pre-
cipitation in May were observed for LW and EW of the dominant trees,
respectively.

4. Discussion
4.1. Tree canopy status and intra-seasonal variability of WR

The means and the ranges of the WR proxies were comparable to
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Fig. 3. Bootstrapped Pearson correlation coefficients between
the chronologies of wood ray height (A), width (B), cross-
section area (C), density (number per area) (D), and relative
area (E) and meteorological variables according to canopy
status of tree and part of tree-ring for stemwood at the breast
height of mature Scots pine from a managed stand for the
period 1989-2018 (for stand age ca. from 85 to 115). Only the
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non-collinear meteorological variables showing significant
correlations with chronologies are shown. Asterisks indicate
the statistical significance of the correlations (p-value < 0.05).
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those observed in other studies, which, however, investigated sites with
contrasting climate (von Arx et al., 2017; Fonti et al., 2015; Olano et al.,
2013). This implies strict physiological constrains for formation of WR
to provide hydraulic integrity and functioning of stems, as well as to
ensure storage capacity for assimilates (Fonti et al., 2015; Sala et al.,
2012; Gartner et al., 2000). In line with other studies (von Arx et al.,
2017; Fonti et al., 2015; Olano et al., 2013), WR proxies expressed
explicit individuality among trees (Table 2) under presumably optimal
growing conditions in the mid-part of Scots pine distribution range
(Hytteborn et al., 2005). High individuality of WR characteristics among
trees appears to be genetically determined (Fichot et al., 2009), as
hinted by high genetic diversity of Scots pine within the region (Dering
et al., 2017). Such effect might be related to the positive effects of
structural and functional diversity on sustainability of a stand via
within-species segregation of growth strategies (Bonnesoeur et al., 2016;
Forrester and Bauhus, 2016). The dimensions and quantity of WR has
been related to provenance, hence reflect adaptations to moisture,
temperature, as well as to stand conditions (Martin et al., 2010).
Alternatively, high individuality in the quantity of WR has been
related to the differences in leaf area and size of the crown (Gartner
et al., 2000). Competition for light and water, which can differ locally

SPEI prev. Sep

based on micro-site conditions, diversify assimilation of trees (Jucker
et al., 2014), thus supporting the individuality in formation of NSC re-
serves portrayed by the WR proxies (Table 2). Nevertheless, structural
and functional diversity of trees has been related to the ability of stands
to recover after intense natural disturbances (e.g., wind) via ecological
plasticity (interchangeability) of its elements (Bonnesoeur et al., 2016;
Lebourgeois et al., 2014). The NSC are crucial for plasticity and resil-
ience of trees after stresses, yet their formation is a complex process
(Tomasella et al., 2020; Fonti et al., 2015; Plavcova and Jansen, 2015).

Alterations in size and initiation rates of WR, which extend beyond
tree-ring borders (Spicer, 2014), have been identified as the main
mechanism allowing adjustments in quantity of xylem parenchyma to
meet the demands set by weather conditions throughout the season
(Morris and Jansen, 2016; Olano et al., 2013). Nevertheless, the quantity
and dimensions of WRs are restricted to ensure functional integrity of
wood (Fonti et al., 2015), hence only small differences in WR proxies
were observed among the trees with different canopy status (Fig. 1;
Table 2). For Scots pine, WRs are mostly formed by a single row of cells
and WR width is directly affected by cell size (von Arx et al., 2017;
Martin et al., 2010). Wood cell size, in turn, depends on the timing of
formation (Kilpelainen et al., 2007) ensuring different functions under
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shifting ecological demand (Cuny et al., 2019; Fichot et al., 2009).
Accordingly, pronounced differences in WR width occurred between the
parts of tree-ring (Fig. 1), suggesting that formation of WR shows similar
pattern to xylem, ensuring functional integrity of tree-ring and stem
(Tomasella et al., 2020; Fonti et al., 2015). This also implies adjustments
to meet the shifting water deficit during the vegetation period as
observed for xylem tracheids (Cuny et al., 2019; Martin et al., 2010). The
size of cells, though, is physiologically constrained (Cuny et al., 2019;
Martin et al., 2010).

Parenchyma cells are mostly regular (von Arx et al., 2017; Fonti
et al., 2015), hence the disproportional differences of WR height and
width among the EW and LW (Fig. 1 A, B) suggest intra-annual vari-
ability in the number and size of parenchyma cells in a WR. Ray initi-
ation rates (Olano et al., 2013; Gartner et al., 2000), however, appeared
independent of canopy status and part of tree-ring (Table 2), supporting
constant emergence of WR to ensure the integrity of wood as a stem
grows (Fonti et al., 2015). Height of WR, which is primary depending on
the number of cells (von Arx et al., 2015; Olano et al., 2013), differed
according to canopy status and part of tree-ring (Fig. 1), suggesting that
cell division has been the main mechanism for the adjustments of ray
dimensions and storage capacity (Guerin et al., 2020; Morris and Jansen,
2016; Plavcova and Jansen, 2015). The WRs also tended to have a few
tracheids at the top and bottom sides, which might have introduced
some bias (underestimation) in their height, area and relative area
(Fonti et al., 2015). Nevertheless, the area of WR was unaffected by the
part of tree-ring (Fig. 1), suggesting height and width of WR to be
mutually compensatory.

The relative ray area, which has been used as the main measure of
ray quantity (von Arx et al., 2017; Fonti et al., 2015), appeared similar
according to canopy status (Fig. 1), though it tended to be slightly higher
for the intermediate trees as hinted by the significant interaction
(Table 2). Higher relative ray area was estimated in EW, particularly for
the intermediate trees, which might be related to the differences in WR
width. More vigorous trees can form higher relative quantity of WRs
(Gartner et al., 2000), yet for Scots pine under hemiboreal conditions,
the amount of WRs likely is indicative of the potential storage capacity
(von Arx et al., 2017). The studied WR proxies showed no relationship to
increment (Table 2), which contradicts the observations of von Arx et al.
(2017), probably as the studied trees were growing under milder, hence
more favourable climate (Reid et al., 2004). This suggests that both the
dominant and intermediate trees maintained good vigour and similar
potential for growth and productions of defence mechanisms under
extreme conditions (Sala et al., 2012), ensuring resilience of survival
after extremes (Bonnesoeur et al., 2016; Spicer, 2014). More vigorous
trees invest more assimilates to growth rather than storage (Reid et al.,
2004), while increasing the NSC to simultaneously warrant short- and
long-term fitness and competitiveness (von Arx et al., 2017). This also
suggests that differences in tree size were likely caused by competition
for space causing stress when the canopies started to close, thought trees
have had time to adapt to it (Fonti et al., 2015), explaining weak effects
of canopy status on WR.

4.2. Inter-annual variation and climatic forcing

The studied WR proxies displayed high individuality and the esti-
mated inter-annual variation was low (Table 2), similarly to other
studies (von Arx et al., 2017; Fonti et al., 2015). The low inter-annual
variability (Table 2) could be explained by the physiological con-
strains of WR formation, maintaining their size and quantity around the
optimum level to ensure functional integrity of stemwood (Fonti et al.,
2015), also in the long-term. Accordingly, WR display delayed, hence
smoothened, reaction to environmental fluctuations explaining auto-
correlation and legacy effects in growth (von Arx et al., 2017). Never-
theless, common high-frequency signals were extracted (averaged)
(Figs. 2,3, S2), despite the noise caused by the individuality (Olano et al.,
2013), as in case of other wood anatomical proxies (Fonti and Jansen,
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2012; Matisons et al., 2012).

Growing conditions and tree vigour can influence inter-annual
variability of WR proxies and its sensitivity to meteorological condi-
tions (von Arx et al., 2017; Olano et al., 2013), supporting the differ-
ences in high-frequency variation between the dominant and
intermediate trees (Figs. 2,3). The range of loadings, particularly of the
first PCs (Fig. 2 B) suggested the dominant trees to be more plastic in
adjustments of WR to ensure integrity of wood under fluctuating
meteorological conditions (Cuny et al., 2019; Fonti et al., 2015). As
suggested by linkage of PC scores with meteorological variables, such
plasticity can be related to contrasting reaction of WRs in EW and LW to
conditions in the preceding vegetation season and dormant period,
implying an intra-seasonal autocorrelation (von Arx et al., 2017). This
also conforms to the higher activity of the youngest parts of WR hence
timely adjustments of environmental demand (Spicer, 2014; Carbone
et al., 2013; Richardson et al., 2013) and active control of carbon fluxes
within trees from bark to pith (von Arx et al., 2017). The older parts of
sapwood and also heartwood act as long-term reservoirs of assimilates,
while the outer sapwood is deployed for short-time storage and transfer
used for rapid growth at the beginning of the season (Carbone et al.,
2013; Richardson et al., 2013). The second PC, which was related to the
conditions in the year of growth, distinguished WR proxy variation be-
tween parts of tree-ring for the intermediate trees (Fig. 2) suggesting
shifting responses during the growing season.

Climatic and meteorological conditions are the main drivers of tree
growth (Nabuurs et al., 2018; Aitken and Bemmels, 2016), accordingly
inter-annual variation of WR proxies contained climatic signals (Fig. 3),
similarly to other wood anatomical proxies (de Micco et al., 2019; Fonti
and Jansen, 2012; Matisons et al., 2012). Still, the estimated correlations
were intermediate likely due to location of the studied trees in the
mid-part of specie’s distribution area (Hytteborn et al., 2005) and
physiological constrains of WR formation (Fonti et al., 2015). The
observed relationships between WR proxies and meteorological vari-
ables (Fig. 3) were comparable to these observed in Spain (Olano et al.,
2013), supporting presence of general mechanisms determining forma-
tion of WR (Fonti et al., 2015). Though some specifics, e.g. contrasts in
the effect of summer temperature, were present due to the regional
climatic differences (Matias et al., 2017).

Formation of WR is related to meteorological conditions before and
during their formation, hence the differences in timing of periods of
responsiveness imply diverse mechanisms of regulation (Olano et al.,
2013) to ensure multiple functions (Spicer, 2014). Under hemiboreal
conditions, water deficit and temperature limitations can simulta-
neously affect carbon budget (Fonti et al., 2015; Olano et al., 2013),
explaining the complexity of the observed relationships between WR
proxies and meteorological conditions (Fig. 3). The effects of tempera-
ture and the precipitation in the late summer of the previous year
(Fig. 3) might be explained by the increased formation of assimilate
reserves in response to warm and sunny weather as growth starts to
cease (Castagneri et al., 2019; Medlyn et al., 2002). Still, this was
particular for LW of the intermediate trees. Nevertheless, the occurrence
of rainy days hence reduced solar radiation had a negative effect on
cross-section area of WR of the dominant trees likely due to reduced
assimilation (Medlyn et al., 2002). Ray density in LW was affected by
meteorological conditions (Fig. 3) suggesting that number of active WR
initials can be adjusted intra-seasonally according to environmental
requirements (Morris and Jansen, 2016; Spicer, 2014; Olano et al.,
2013). This, however, was evident only for the intermediate trees, which
are considered to be more dependent on assimilate reserves (Fonti et al.,
2015; Reid et al., 2004), yet due to smaller size had stronger constraints
of carbohydrate storage capacity (von Arx et al., 2017; Gartner et al.,
2000).

The negative effect of previous October temperature might be related
to the reallocation of assimilates to lignification of cell walls (Olano
etal., 2013; Gindl et al., 2000) implying lower requirements for storage
space of NSC (von Arx et al., 2017; Plavcova and Jansen, 2015). This
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correlation, however, was observed only for LW of the dominant trees
(Fig. 3), suggesting modulation of the timing of carryover effect of
meteorological conditions by tree vigour (Fonti et al., 2015). Precipi-
tation in May, which ensures high stem water potential facilitating
expansion of WR cells (Olano et al., 2013) showed a positive effect on
size and quantity of WR (Fig. 3), suggesting that the dominant trees were
able to assimilate reserves already at the beginning of the season (von
Arx et al., 2017). Alternatively, this might be related to faster growth
and formation of larger wood cells if water is abundant (Spicer, 2014;
Gartner et al., 2000), thus providing larger storage space (von Arx et al.,
2017). Xylem parenchyma has also been related to the ability to refill
embolized vessels (Spicer, 2014), thus affecting susceptibility to water
deficit, explaining carryover effects of meteorological fluctuation
(Zweifel et al., 2020; Castagneri et al., 2019).

The observed differences in timing of the responsiveness of WR
formation to environmental factors among trees with different canopy
status, as indicated by the correlations (Fig. 3), suggested trade-offs in
physiological processes aiming to reduce the asynchrony in assimilation
and utilization of nutrients (Guerin et al., 2020; Bohn and Huth, 2017;
Carbone et al., 2013; Richardson et al., 2013). The differences in timing
of the significant meteorological variables according to parts of
tree-ring, which also differ by the timing of formations (Fig. 3), sug-
gested that reserves are stored for specific aims, i.e., deployment for
growth at certain periods of season, highlighting the complexity of
functioning of secondary xylem parenchyma (Spicer, 2014; Richardson
et al., 2013).

5. Conclusions

Quantity and size of WRs of Scots pine growing in the mid-part of
species range was little affected by canopy status of trees, indicating
similar capacity for NSC, thus suggesting high resilience of trees to ex-
tremes irrespectively of canopy status. Particularly the dominant trees
were more plastic to adjust the formation pathways of NSC storage ca-
pacity by altering the size of WRs in EW and LW. The formations of WRs
appeared physiologically constrained (with highly individual baseline)
to ensure integrity of wood, showing weak inter-annual variation.
Nevertheless, high individuality of WR quantity among trees, as well as
the trade-offs in sensitivity of WRs to meteorological conditions indi-
cated within-species diversity of carbon allocation patterns. Structural
and functional diversity of trees has been related to the sustainability of
stands, thus suggesting high adaptability potential of Eastern Baltic
Scots pine population. The variance of WRs indicated inter- and intra-
annual autocorrelation of reserves, highlighting legacy effects of mete-
orological conditions, hence susceptibility of trees to cumulative effects
of meteorological extremes.
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Abstract

Provenance experiments are established to assess growth of diverse population in novel environmental conditions. Productivity
has been the main trait for quantification of sufficiency of the provenances under current conditions. Information on climate-growth
relationships can provide deeper insight regarding growth potential, especially considering climatic change. In this study, sensitivity of
tree-ring width of two top-performing provenances of Scots pine originating from Northern Germany rowing in two trials differing by
continentality in Latvia was assessed. Tree-ring width of both provenances was affected by climatic factors, yet the sets of significant
factors differed between stands and provenances. Under milder climate, both provenances were sensitive to temperature in December
and temperature in July, suggesting effect of cold damage and water deficit. The less productive provenance (Rostock) was additionally
sensitive to conditions in winter. The specific climate growth relationships suggested that the more productive provenance
(Neubrandenburg) was able to benefit from longer vegetation season. Under harsher climate, both provenances showed similar growth
patterns and were sensitive to conditions in spring and preceding summer, which affect nutrient reserves. The provenance-specific
responses were less pronounced. Rostock provenance was additionally sensitive to temperature in April, while Neubrandenburg
provenance benefited from warmer summers. Considering the observed climate-growth relationships, the Neubrandenburg provenance

appeared more suitable for wider application.

Keywords: provenance trial, Pinus sylvestris, tree-rings, dendroclimatology, tree growth, transfer

Introduction

Under warming climate, Scots pine (Pinus sylvestris
L.), which is one of the main forestry species in Northern
Europe, has been projected to decrease growth and sur-
vival due to competition and influence of herbivores and/
or pests in a large part of its current distribution area
(Reich and Oleksyn 2008, Hickler et al. 2012). Sensitivity
to unfavourable weather conditions (e.g. water deficit,
late frosts, etc.), which decrease vigour, and hence resil-
ience of trees, has been considered as an important fac-
tor affecting growth and survival (Bolte et al. 2009,
Martknez-Vilalta et al. 2012, Taeger et al. 2013). Accord-
ingly, reaction of trees to meteorological factors has been
among the most studied issues in forest science during
the past decades (Lindner et al. 2010), aiming for reduc-
tion of potential losses due to climatic changes (Bolte et
al. 2009, Hanewinkel et al. 2012).

The sensitivity of Scots pine to weather conditions
differs among regions and populations due to evolution-
ary adaptation of trees to specific conditions (Rehfeldt
etal. 2002, Taeger et al. 2013). However, recent climatic
changes are occurring faster than tree populations could
adjust naturally, hence management appears necessary
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for maintaining forest productivity (Lindner et al. 2010).
Application of the reproductive material from populations
(provenances) better suited for future climates have been
advised as one of the means for minimization of the nega-
tive effects of changing climate (Ledig and Kitzmiller 1992,
Bolte et al. 2009, Huang et al. 2010). Already at present,
results from provenance trials indicate that north-trans-
ferred (to harsher climate) forest reproductive material
has improved productivity, compared to local material
(Gunderson et al. 2012, Schreiber et al. 2013). Still, such
transfer can result in increased risk of frost damages
(Rehfeldt et al. 2003, Schreiber et al. 2013, Aarrestad et al.
2014). The effect of transfer also features regional spe-
cifics (Aarrestad et al. 2014).

Selection of the reproductive material (species, prov-
enances, etc.) is mainly based on growth performance
(Burton 2012), which summarizes compatibility of tree
genetics and environmental conditions (Channel 1989,
Ledig and Kitzmiller 1992). Due to changing climate, such
compatibility is dynamic (Huang et al. 2010), and growth
of trees can change notably (Wilmking et al. 2004). Con-
sidering the long-term nature of forestry decisions, in-
formation about the sensitivity of trees to meteorologi-
cal conditions and their extremes (Taeger et al. 2013) can
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provide better insight in potential growth in future (Fritts
2001), aiding for application of the most suitable repro-
ductive material, hence sustainability of stands (Burton
2012). In this regard, retrospective analysis of tree-ring
width (TRW) can provide detailed information about the
sensitivity of tree growth to climatic factors (Fritts 2001).
The aim of this study was to assess sensitivity of TRW
of two top-performing provenance of Scots pine origi-
nating from northern Germany in provenance trials dif-
fering by continentality in Latvia (hemiboreal zone). We
hypothesized that the north-transferred provenances
were sensitive to conditions in winter, and such relation-
ships were stronger in sites with harsher climate.

Material and Methods

Studied trials and provenances

Two IUFRO 1975 trials of Scots pine provenances
originating from Central and Eastern Europe (Jansons and
Baumanis 2005) were studied. The studied trials were lo-
cated near Liepaja (56.26°N, 21.12°E; coastal conditions)
and near Kalsnava (56.79°N, 25.88°E; inland conditions).
The sites differed by climate. In Liepaja site, climate was
milder; the mean annual temperature (+ confidence inter-
val) during 19862015 was 7.8 = 0.7° C; the mean monthly
temperature ranged from 1.4 + 1.3 to 17.8 + 0.6° C in
February and July, respectively. The annual sum of pre-
cipitation was 745 + 37 mm; the mean monthly precipita-
tion sums were the highest in summer months (ranging
from 56 + 8 to 81 = 16 mm in June and August, respec-
tively). In the Kalsnava site, climate was harsher and drier.
The mean annual temperature was 6.3 + 0.9° C and the
mean monthly temperature ranged from 4.3+1.3t0 18.0+
0.61° C in January and July, respectively. The mean an-
nual precipitation sum was 655 + 28 mm; the mean monthly
precipitation sum during the summer months (June—Au-
gust) was 68 = 14 mm.

Both trials were located on a flat topography with
oligotrophic well drained sandy soils (podzols). The tri-
als were established by one-year-old bare-rooted seed-
lings, cultivated in local nurseries from seeds acquired

from open-pollinated stands. The seedlings were planted
in2 x 1 mgridin 7 x 5 tree blocks. Blocks were randomly
distributed in six replications. One thinning, leaving ca.
1/3 of the initially planted trees, was performed at the age
of 21 years.

Provenance had significant and consistent effect on
survival and growth of the studied trees (Jansons and
Baumanis 2005). The inventory conducted at the age of
28 years (in 2003) showed that provenances from north-
ern Germany were among the top-performing, yet their
superiority compared to the mean of the plantations was
more pronounced under milder climate in Liepaja trial.
Based on the repeated inventory (in 2017, age: 42 years),
Neubrandenburg (53.50° N, 13.25° E) and Rostock
(54.15°N, 12.16° E) provenances were selected for sam-
pling. In Liepaja trial, both provenances were among the
top-ten according to their yield, yet stem diameter of the
sampled trees was higher for Neubrandenburg prove-
nance (Table 1). Under harsher climate in Kalsnava trial,
trees were smaller, yet stem diameter of the sampled trees
was practically similar for both provenances. Neubran-
denburg provenance was among the top-five perform-
ers, while the performance of Rostock provenance was
lower due to higher mortality, on average ranking 12. Still,
performance of both provenances was above the mean
value of the trials.

Sampling and measurements

The selected provenances were sampled in 2017 at
the age of 42 years. In each trial, 18 dominant trees (three
per replication) of each provenance were sampled. Two
increment cores from opposite sides of stem at 1.3 m
height above the base were collected form each tree with
a 5-mm increment borer. Leaned trees were not sampled
to avoid reaction wood.

In the laboratory, samples were glued into fixation
planks and their surface was gradually grinded with sand-
paper of three roughness grits (120, 240, and 400). Tree-
ring widths were measured manually under a microscope,
using LINTAB 5 (RinnTech, Heidelberg, Germany) meas-
uring device. The accuracy of measurements was 0.01 mm.

Liepaja trial Kalsnava trial Table 1. Mean diameter at breast height of the
Neubrandenburg ~ Rostock ~ Neubrandenburg ~ Rostock sampled trees and statistics of tree-ring width
Mean stem diameter at 25.0241.91 22414209  17.48:143  17.4130.95 chronologies
breast height (+ conf. int.),
cm
Mean TRW (+ conf. int.), mm 3.54x0.14 3.20£0.14 2.41x0.10 2.42+0.10
Number of trees 18 17 16 17
First order autocorrelation 0.82 0.83 0.79 0.77
Mean interseries correlation 0.41 0.40 0.34 0.42
(r-bar)
Gleichlaufigkeit 0.63 0.71 0.65 0.67
Expressed population signal 0.92 0.91 0.88 0.92
Signal-to-noise ratio 10.85 9.63 7.2 10.87

2018, Vol. 24, No. 2 (48)

ISSN 2029-9230
229



BALTIC FORESTRY

CLIMATIC SENSITIVITY OF THE TOP-PERFORMING PROVENANCES OF SCOTS PINE IN LATVIA L R. MATISONS ET AL.

Data analysis

Time-series of TRW of each sample were crossdated
by graphical inspection (Fritts 2001) and statistically,
using program COFECHA (Grissino-Mayer 2001). The
crossdated time-series were averaged for trees. To as-
sess high-frequency variation, residual chronologies of
TRW were produced. Time-series were detrended by
modified negative exponential curve and then by cubic
spline with the wavelength of 20 years, preserving 50%
of variance. Autocorrelation was removed by auto-
regressive modelling (“AR”). Chronologies were built by
averaging the detrended time-series of trees, using the
biweight robust mean. Mean interseries correlation (-
bar), first order autocorrelation (AC), Gleichldufigkeit
(GLK), expressed population signal (EPS; Wigley et al.
1984), and signal-to-noise ratio (SNR) were calculated
for description of the chronologies.

The effect of climatic factors on high-frequency vari-
ation of TRW was assessed by bootstrapped (Johnson
2001) Pearson correlation analysis (10 iterations). The
tested climatic factors were minimum, mean, and maximum
monthly temperature, monthly precipitation sum, and
standardized precipitation evapotranspiration index (SPEI)
(Vicente-Serrano et al. 2010), calculated with the respect
for previous three months. Climatic data were obtained
from the gridded dataset provided by the Climatic Research
Unit of University of East Anglia (Harris et al. 2014) for the
stations located at < 20 km distance from the trials. Cli-
matic window from July in the year preceding formation of
tree-ring to September in year of tree-ring formation was
used. Collinearity of climatic factors was assessed, and
only non-collinear factors were presented.

Results

Most of the time-series of trees (= 16 per provenance;
Table 1) were crossdated and passed quality checking.
In both trials, mean time-series (variation) of TRW of the
studied provenances (Figure 1) were highly similar (» =
0.97). Nevertheless, in Liepaja trial, TRW of Neubran-
denburg provenance consequently exceed Rostock one
(except first three years). In Kalsnava trial, the TRW of
the dominant trees of both provenances was practically
the same (Figure 1, Table 1). The trials differed by growth
trends. In the Liepaja trial, where trees were larger (Table
1), TRW followed negative exponential curve (Figure 1),
while almost linear decrease was observed in the Kalsnava
trial. All time-series of TRW contained high auto-
correlation (AC =0.75) indicting effect of preceding
growth.

High-frequency variation of TRW was similar among
trees of each provenance/trial, as indicated by high » bar
and GLK values (= 0.34 and = 0.63, respectively; Table 1).
Accordingly, the produced chronologies of TRW (Fig-
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Figure 1. Mean time-series (A and C) and residual chronol-
ogies of tree-ring width (B and D) of the Neubrandenburg
and Rostock provenances of Scots pine in the Liepaja (west-
ern) and Kalsnava (eastern) trials in Latvia for the period of
1980-2017. In B and D, fine dotted lines indicate sample
depth (number of crossdated trees)

ure 1) contained common environmental signal (SNR e”
7.20) and EPS exceeded 0.85 (cf. Wigley et al. 1984). The
developed chronologies (Figure 1) were significantly
correlated indicating presence of common environmen-
tal signals (Table 2). The highest correlation (» = 0.86)
was observed between the chronologies from the same
trial, similarly to mean times-series of TRW. The correla-
tion between chronologies from different stands was
considerably weaker, irrespectively of provenance
(r =~0.50), indicating regional specifics in environmen-
tal forcing of TRW. Nevertheless, common decrease in TRW
was observed in all chronologies in 1997, 1999, and 2013
(Figure 1), when springs had extreme temperature contrasts
(warm weather followed by cold spells). Common increase
of TRW occurred in 1983, 1996, and 2016, when May was
warmer than usual, yet early summer were cool.

The developed residual chronologies of TRW sig-
nificantly correlated with 10 of the tested climatic fac-
tors, yet the sets of significant factors differed by trials
and provenances (particularly in Liepaja trial) (Figure 2).
In Liepaja trial, where climate was milder, both prove-
nances were sensitive to maximum temperature in De-
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cember and July. Rostock provenance was specifically
sensitive to mean temperature in March and April and to
minimum temperature in January. Neubrandenburg prov-
enance showed specific sensitivity to September tem-
perature and drought index (SPEI) in May. Under harsher
climate in Kalsnava trial, both provenances were sensi-
tive to temperature in March and preceding September,
and to SPEI in preceding July. Rostock provenance was
specifically sensitive to temperature in April, while
Neubrandenburg provenance to temperature in preced-
ing July. In contrast to Liepaja one, in Kalsnava trial,
temperature in July had a positive effect on TRW.

Discussion and Conclusions

Both north-transferred provenances were produc-
tive (Figure 1), as observed by Jansons and Baumanis
(2005) and other studies (cf. Gunderson et al. 2012,
Schreiber et al. 2013). In Liepaja trial, dominant trees dif-
fered by radial increment (Figure 1), implying that indi-
viduality of the provenances was expressed in the cli-
matic conditions that were more similar to Northern Ger-
many. Although in Kalsnava trail rankings of the studied
provenances differed (Jansons and Baumanis 2005), pat-

terns of TRW of the dominant trees were similar
(Figure 1), indicating common environmental limitation
of growth. The differences in productivity observed by
Jansons and Baumanis (2005), apparently, were caused
by trees of lower canopy status. The differences in growth
curves might be related to growing conditions (Figure 1),
as in harsher conditions radial increment is lower, yet
culminates faster (Donis and Spepsts 2015).

Presence of clear environmental signals in TRW (SNR
>7.20; Table 1) showed that the radial increment of the
studied provenances has been sensitive to the meteoro-
logical conditions (Fritts 2001), similarly to trees from
local populations (cf. Jansons et al. 2016). The high AC
in TRW (Table 1) implied the radial increment has been
affected by previous growth (Fritts 2001), likely via as-
similation of nutrient reserves (Pallardy 2008). The corre-
lations among the chronologies (Table 2) highlighted lo-
cal patterns in the variation of TRW, which are common
for species in the non-marginal parts of their range (Fritts
2001, Jansons and Baumanis 2005).

Although in both trials, the provenances showed
common sensitivity to certain factors, provenance-spe-
cific sensitivity was more pronounced under milder cli-
mate in the Liepaja trial (Figure 2). Apparently, milder

Liepaja trial

Kalsnava trial

Table 2. Pearson correlation coeffi-

Neubrandenburg  Rostock

Neubrandenburg Rostock

cients (upper diagonal part) and their

p-values (lower diagonals part) between

o Neubrandenburg 0.93 0.52 0.47 . A i .

Liepaja trial residual chronologies of tree-ring width
Rostack <0.001 053 053 of the studied provenances/trials

Kalsnava Neubrandenburg 0.001 0.001 0.86
trial Rostock 0.004 0.001 <0.001
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significant correlations are plotted
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climate allowed clearer expression of genetically deter-
mined adaptation to specific micro-conditions at the ar-
eas of their origin (Rehfeldt et al. 2003, Taeger et al. 2013).
The common sensitivity of both provenances to tempera-
ture in December (Figure 2) might be related with cold
damage (Repo et al. 1994, Pearce 2001), particularly con-
sidering frequently shifting weather conditions in winter
(frequent thaws) in the western part of Latvia (Harris et
al. 2014). The correlation of TRW with temperature in
July (Figure 2) might be related to physiological water
deficit conditions in response to increased transpiration
under raised temperature (Pallardy 2008).

The specific response of Rostock provenance, which
originated from coastal region with milder climate, to win-
ter and spring temperature in Liepaja trial (Figure 2) indi-
cated increased susceptibility to conditions in the dor-
mant period (Pearce 2001), due to northern transfer of the
material (Schreiber et al. 2013). Alternatively, such con-
nection (Figure 2) might be related to alterations in root
dynamics (Jalkanen 1993), hence affected water relations
in the following season (Pallardy 2008). The additional
sensitivity to winter-spring conditions (Figure 2), which
are often unstable, might explain lower productivity of
Rostock provenance (Figure 1, Table 1). Neubrandenburg
provenance was specifically sensitive to factors related
to water availability at the beginning and at the end of
vegetation season (Figure 2), suggesting non-sufficient
water supply. Considering higher increments (Figure 1)
and sensitivity to conditions in May and September (Fig-
ure 2), under milder climate, this provenance, apparently,
was able to benefit from longer vegetation season.

Under harsher climate in Kalsnava trial, limitation of
TRW by meteorological conditions, apparently, was
stronger (Fritts 2001), suppressing specific responses of
the provenances (Figure 2). Both provenances were sen-
sitive to temperature in March (Figure 2), suggesting ef-
fect of cold damage (Pearce 2001) and/or affected root
dynamics (Jalkanen 1993). The positive correlation with
temperate in September in the year preceding formation of
tree-ring (Figure 2) might be explained by additional nutri-
ent assimilation (Oleksyn et al. 2000) due to extended veg-
etation season (Menzel and Fabian 1999). The negative
correlation with drought index in May (Figure 2) is diffi-
cult to explain. Probably, such correlation might be related
to decreased radiation in years with precipitation-rich
springs. Rostock provenance appeared additionally sen-
sitive to temperature in April, similarly as in Liepaja trial
(Figure 2). The positive correlation with temperature in
July of the year preceding growth (Figure 2), suggested
that in cooler climate, Neubrandenburg provenance, ben-
efited from warmer summers (cf. Helama et al. 2005).

As hypothesised, TRW of both north-transferred
provenances showed sensitivity to weather conditions
in winter, and climatic factors, apparently, had stronger
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effect in trial with harsher climate. Although both prov-
enances were among the most productive, the sets of
climatic factors significant for TRW were diverse, imply-
ing different climatic sensitivity. Considering the ob-
served climate-growth relationships, Neubrandenburg
provenance appeared more suitable for conditions in
Latvia, as it was less sensitive to conditions in winter
and was able to benefit from increasing length of vegeta-
tion season. Neubrandenburg provenance was more pro-
ductive compared to Rostock one in Liepaja trial; accord-
ingly, its superiority might be expected in the western
part of Latvia, where climate is milder.
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Abstract: Local adaptation and plasticity of growth play important roles in the adaptability of trees to
changing conditions. Under accelerating climatic changes, the adaptive capacity of metapopulations
can be exceeded, implying a necessity for assisted gene flow to sustain the productivity of forests.
Such management is knowledge intensive, and information on the responsiveness of metapopula-
tions (provenances) across the climatic gradient can aid more comprehensive projections of their
performance. The plasticity of growth responses to weather conditions of five provenances of Scots
pine with differing field performance across the climatic gradient of the south-eastern Baltic Sea
region was assessed using dendrochronological methods and generalized additive models. Weather
conditions related to water availability in summer, as well as during dormancy, were the main
regional drivers of an increment in the provenances. The provenances differed by the plasticity of
responses according to field performance, indicating adaptation in terms of growth sensitivity and
uneven adaptability. The weather-growth responses of the top-performing provenances to summer
weather were more plastic, providing advantages under a changing climate. Accordingly, regional
sensitivity and plasticity of growth responses could be used for the screening of genotypes best suited
for the projected climates. In addition, the estimated growth responses encourage supplementation
of the local breeding populations with the top-performing provenances originating from sites with
the projected climates.

Keywords: Pinus sylvestris; local adaptation; provenance trial; tree-ring width; nonlinear weather—
growth relationships; climatic gradient

1. Introduction

Substantial changes in forest composition are projected in Eastern and Northern Eu-
rope by the end of the 21st century [1,2] due to warming, the increasing heterogeneity of the
precipitation regime [3-5], and other weather extremes [2]. This highlights the necessity for
adaptive management to mitigate ecological and economic consequences [6-8]. Assisted
migration/gene flow in combination with breeding have been identified as highly effective
for the coupling of ecological demands of forest reproductive material with the projected
climates [7,9-12]. Such an approach requires comprehensive information on biotic and abi-
otic factors influencing tree growth [6-8,13]. The ongoing changes in tree growth in Eastern
and Northern Europe [1,2,14], though, are exemplifying differences in the adaptability of
genotypes [10,15,16].

To cope with a wide spectrum of environmental conditions [10,17-19], trees have
evolved considerable phenotypical plasticity [15,16,20,21]. Nevertheless, metapopulations
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of wide-distribution species adapt to local/regional conditions restricting plasticity to
optimize performance/survival [15,16,18,22-24]. For traits of survival/reproductive signif-
icance, genetic adaptation occurs, resulting in the heritability of phenotypes [16,20,22,25].
Furthermore, genetic adaptations can persist under intensive gene flow [15,20], which might
also cause natural adaptation to lag behind the accelerating environmental changes [10],
implying provenance—speciﬁc environmental optima and plasticity [11,20,24,26,27]. Accord-
ingly, phenotypical plasticity and genetic adaptation indicate the adaptability of geno-
types [15,16,21].

Provenance trials have been historically established to screen the performance of
genotypes under common conditions [17,24,28], and parallel traits are sufficient for the
evaluation of assisted gene transfer/migration [11,15,28,29]. Provenance trials are revisited
for assessment of the adaptability of metapopulations [17,24,28,30], screening performance,
and the sensitivity of genotypes under extended ecological gradient(s) [15,17,28,29]. Such
information is crucial for breeding programs [7,13], aiding the development of more
tolerant genotypes [10,28].

A retrospective analysis of increment is efficient for the assessment of the sensi-
tivity of genotypes to weather fluctuations [11,19,31,32] and their conformity with cli-
mates [18,25,33]. Under shifting environments, such an approach appears more informa-
tive than a comparison of allometric variables, which represent cumulative responses to
past conditions [7,28,31]. Tree-ring width (TRW) and its derivatives (e.g., relative addi-
tional increment, etc.) are widely used for such an analysis due to their convenience of
sampling and measurements [19,26,32,34]. Accordingly, sensitivity of growth (TRW) has
been related to the productivity of genotypes [19,27,31,35,36], although xylogenesis is a
continuous process [37,38], and TRW represents the effects of conditions during and prior
to growth [26,34].

Ecological responses across environmental gradients are usually bell-shaped [39,40].
Close-to-linear responses can be observed under a limited part of a gradient [26,41-43],
often implying their biasness [39]. Trees experience a wide spectrum of environmental
(e.g., meteorological) conditions, which can have disproportional effects [26,40,42,44].
Accordingly, assessments of nonlinear responses across spatiotemporal climatic gradient(s)
are essential for growth projections under a shifting climate [18,23,34,42]. This allows
screening of the main regional climatic drivers of growth [14,18,23], which, though, might
be moderated by local adaptation(s) [15,16,25,26].

Scots pine (Pinus sylvestris L.) is a stress-tolerant [45], wide-distributed and economi-
cally important species [46]; hence, efforts are made to improve its sustainability [11,47].
The species is genetically diverse [48], yet its populations show varying degrees of local
adaptation [16,24,34,49]. Scots pine is ecologically plastic [46] and can be considered more
resilient to climatic changes than other temperate conifers [1,3]. However, it is also sensitive
to water shortages [3,26,34,50], and its abundance is projected to decrease in the eastern
Baltic region [1,2] due to increasing water stress [3-5] and competition [21,51]. Regional
(eastern Baltic) responses of Scots pine to water-deficit-related conditions are nonlinear [26],
implying disproportional effects of climatic changes [43]. Nevertheless, there is high po-
tential for assisted gene flow to anticipate the shifts in climatic gradient [10-12,15,29] and
improve the tolerance of trees [8,9,52]. Genetic adaptations in terms of weather—-growth sen-
sitivity has been suggested for the south-eastern Baltic metapopulations [27,35], supporting
the potential for breeding for climatic tolerance [25,47,53].

The aim of the study was to assess the plasticity of responses of provenances of
Scots pine originating from the south-eastern Baltic Sea region differing by productivity
to weather fluctuations under the regional climatic gradient. Provenances with differing
productivity were selected to screen relationships between their climatic sensitivity and
field performance. We hypothesized growth responses to be nonlinear and their shape
to differ by field performance of the provenances. We also assumed more productive
provenances to have responses with wider optimum intervals, hence, to be more tolerant
to weather fluctuations, suggesting higher sustainability under a shifting climate.
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2. Materials and Methods
2.1. Trials, Provenances, and Measurements

An international provenance experiment established under the collaboration of the
German Democratic Republic and the USSR in 1975 for assessment of performance of
Scots pine metapopulations from Eastern Europe and the USSR [54] was studied. The seed
material for the experiment was collected in 36 open-pollinated stands (20-25 plus trees
per stand) distributed in 50-57° N and 11-27° E (Baltics, Ukraine, Belarus, Poland, and
Germany) [54,55]. Such region currently comprises climates projected for the Baltic States
(Latvia) by the end of the 21st century [1,56]. Five parallel trials (Figure 1) growing under
lowland (<220 m above sea level) conditions near Liepaja (LI), Zvirgzde (ZV), Kalsnava
(KA), Waldsieversdorf (WS), and Nedlitz (NL) on freely drained oligotrophic mineral
(sandy or silty) podzols (LI, ZV, and KA) or mesotrophic sandy brown soil (WS and NL)
with a flat topography (Table 1) were sampled. Thus, the trials represented regional climatic
gradient and projected amplitude of its shift by the end of the 21st century [1,56].

Figure 1. Location of the studied trials (circles) and origins of the studied provenances (squares) of

Scots pine.

Table 1. Location (in decimal degrees) and general climatic description (mean temperature and precipitation sums for the
period 1988-2017) of the studied parallel provenance trials of Scots pine.

LI VA% KA WS NL
Vicinity Liepaja (Latvia) ~ Zvirgzde (Latvia) ~Kalsnava (Latvia) ~Waldsieversdorf (Germany)  Nedlitz (Germany)
Latitude, °N 56.45 56.65 2. .02
Longitude, °E 21.63 24.37 25.93 14.05 12.33
Elevation, m a.s.l. 15 50 220 60 115
Annual temperature 75+ 0.6 72407 6.44+0.7 9240.7 9.6 £ 0.6
May-September temperature 15.0 £ 0.7 152 +0.8 148 £0.8 162 £0.7 16.6 = 0.07
January temperature —-1.9+24 —3+26 —42+27 01425 04+24
July temperature 178 £ 1.6 182+ 1.6 179 £ 1.6 187+1.6 193+17
Annual precipitation sum 789 £ 91 659 £ 75 689 + 81 568 + 80 662 +£73
May-September 353471 333+ 63 349 + 66 290 + 66 294 + 59

precipitation sum
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The climate at the trials can be characterized as temperate moist continental (Dfb; [57]),
yet with explicit coastal features, as preconditioned by the dominating westerlies and
proximity of the Baltic and North Seas. The trials differed by continentality due to varying
distance from sea. During the period 19882017, January and July were the coldest and
the warmest months, respectively (Table 1; Supplementary Material, Figure S1). In the
trials in Latvia, the mean annual temperature ranged 6.4-7.5 °C, decreasing with growing
distance from the sea; mean summer (May-September) temperature was higher in ZV trial.
The annual precipitation sum was higher in the coastal (LI) compared to ZV and KA trials.
Summer precipitation, which comprised approximately half of the annual, was similar
among the trials.

In northern Germany, the mean annual temperature was higher, yet the difference
among the trials was smaller compared to Latvia (Figure S1, Table 1). The annual pre-
cipitations sums were approximately 20% lower compared to trials in Latvia; the highest
monthly precipitation occurred in the summer months. The vegetation period, when the
mean diurnal temperature > 5 °C, was approximately 3-4 weeks longer compared to Latvia.
The climatic changes are expressed as warming during the dormancy period, extension
of vegetation period (by approximately 10 days during the past 50 years), and increasing
heterogeneity of summer precipitation regime [56,58]. In Germany, a negative trend for
summer precipitation has been estimated [56].

The trials were established by planting one-year-old bare-rooted seedlings raised in
local nurseries on forest land. The studied trails contained common set of provenances. In
trials in Latvia, provenances were represented by six to eight randomly distributed blocks
of 5 x 7 trees planted with 1 x 2 m spacing (5000 trees ha—'). At the age of 21 years, the
trials were systematically thinned (from bottom) removing two thirds of the trees, resulting
in stand density of ca. 1800 trees ha~! [55]. In each trial in Germany, provenances were
represented by four randomly distributed blocks of 100 (5 x 20) trees planted with the
initial spacing of 0.5 x 2 m (10,000 trees ha~!). The WS trial has undergone three thinnings
(last in the winter of 2013/2014), reducing stand density to ca. 1400 trees ha!. The NL
trial was thinned once directly prior to sampling, reducing stand density from ca. 4200 to
ca. 1300 trees ha=?.

To assess effect of local (genetic) adaptation on plasticity of metapopulations
of Scots pine in terms of growth responses to regional weather drivers and produc-
tivity [14,15,20,26,27,35], five provenances were selected based on their field perfor-
mance (two top-, two low-performing provenances, and one with intermediate perfor-
mance). The selection was based on field performance of provenances (according to
tree height and survival) in trials in Latvia according to an inventory conducted in 2016.
Metapopulations Giistrow (GUS) and Rytel (RYT), which originated from lowland
sites (Figure 1) with warmer and drier climate compared to trials in Latvia (Table 2;
Supplementary Material, Figures S1 and S2), were selected for representation of the
top-performing provenances (Supplementary Material, Table S1). Metapopulations
Eibenstock (EBN) and Dippoldiswalde (DIP), which originated from the Orr mountains
(Table 2) where mean annual temperature was similar but precipitation higher com-
pared to Latvia (Table 1; Supplementary Material, Figures S1 and S2), were selected as
the low-performing provenances (Supplementary Material, Table S1). Such selection
represents provenances subjected to decreasing ecological transfer differences [7,11,12]
in the Baltics (Latvia). To assess adaptability of native metapopulations [52,59] (from
Latvia’s perspective), Kalsnava (KAL) provenance representing lowland conditions
in Latvia (Table 2), which showed intermediate field performance (Supplementary
Material, Table S1) but superior stem quality [55], was selected. The performance of
the provenances was consistent across the trials in Latvia [55], although coastal LI trial
was more productive (Supplementary Material, Table S1). The selected provenances
showed comparable rankings also in the trials in Germany [52,54].
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Table 2. Location (in decimal degrees) and general climatic description (mean temperature and precipitation sums for
the period 1946-1975) of the origin of the studied provenances (from southern Poland, Northern Germany, and Latvia) of

Scots pine.
Dippoldiswalde Eibenstock Kalsnava Giistrow Rytel
(DIP) (EBN) (KAL) (GUS) (RYT)
Latitude, °N 50.82 50.45 56.7 53.75 53.67
Longitude, °E 13.87 1243 259 12.25 18.02
Elevation, m a.s.l. 590 710 190 25 130
Annual temperature, °C 6.6 6.0 6.3 8 7.9
Temperature May-September, °C 13.1 12.5 14.6 14.8 15
Temperature Jan, °C -25 -3.1 —4.3 -0.9 -14
Temperature Jul, °C 153 14.8 18.0 16.8 17.2
Annual precipitation, mm 809 993 650 586 597
Precipitation May-September, mm 405 501 340 303 301

In each trial, 9-16 trees per provenance were sampled (Supplementary Material,
Table 52). One to three visually healthy non-leaning (to avoid reaction wood) dominant
trees per block were cored at the breast height using a 5 mm increment corer. Two incre-
ment cores from randomly oriented opposite sides of stem were extracted. Samples were
collected in the autumn of 2017 (Latvia) and spring of 2021 (Germany). In a laboratory,
cores were fixed on wooden mounts, and their surface was levelled using the WSL core
microtome [60]. A LINTAB6 measurement table (RinnTech, Heidelberg, Germany) was
used to manually measure TRW. All measurements were carried out by the same person;
the accuracy of measurements was 0.01 mm.

2.2. Data Analysis

The quality of TRW measurements was ensured by graphical and statistical cross-
dating [61]. The high-frequency variation of TRW datasets was described by the mean
interseries correlation (r-bar), first order autocorrelation (AC1), mean sensitivity (SENS),
signal-to-noise ratio (SNR), and the expressed population signal (EPS; [62]). These metrics
were calculated based on detrended (by a cubic spline with the wavelength of 25 years
and 50% cut-off frequency) time series of trees. To assess local weather—growth relation-
ships, a residual chronology of TRW was developed for each provenance within each
trial. The time series of trees were double detrended by the modified negative exponential
curve and by a flexible cubic spline with the wavelength of 25 years and 50% cut-off
frequency, prewhitened by the first order autoregressive model (‘arl’), and averaged by
the biweight robust mean [63,64]. Such detrending was performed to minimize effects of
local conditions.

Considering that each trial represents limited part of the regional climatic gradi-
ent [18,23,26,39], bootstrapped Pearson correlation analysis (nonparametric percentile in-
terval bootstrapping with 1000 iterations; [65]) was used to assess local linear relationships
between the residual chronologies and meteorological variables during the common period
of 1985-2017. Such common period was selected to reduce noise associated with juvenile
wood and to ensure sufficient replication of measurements (sample depth). Mean monthly
temperature, precipitation sums, and standardized precipitation-evapotranspiration in-
dices calculated with the respect to preceding three months (SPEI; [66]), arranged into the
time windows from June of the year preceding growth (previous June) to October in the
year of tree-ring formation, were used as the meteorological variables. Gridded climatic
data (CRU TS) were obtained [67].

Generalized additive mixed models [68] were used to assess plasticity of growth
responses of the provenances across the regional (south-eastern Baltic) spatiotemporal
climatic gradient represented by the trials (Table 1, Figure S1). Such models are proven
efficient for the analysis of spatiotemporally heterogeneric ecological data representing
environmental gradient(s) [18,26,41,42]. A model was constructed for each provenance
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for the common period. The models were based on the detrended and prewhitened TRW
time series of individual trees, as produced for calculation of the residual chronologies
(before averaging). For cross-verification (ensuring absence of overfit) of the refined models,
ca. 10% of trees per provenance/trial were randomly excluded from calibration. The index
values of the detrended series, which represent the annual relative additional increment,
were used as the response variable.

Arbitrary combinations of weather variables (based on correlation analyses and pre-
suming conformity with the biological realism) were tested as predictors; model selection
was based on the Akaike Information Criterion. The predictors were tested as a complex,
i.e., commonly for the studied provenances. Collinear predictors were omitted according to
the variance inflation factor. To account for the influence of local conditions and temporal
dependencies of responses, year and tree nested within repetition and trial were used
as the random effects [69,70], and general first order autocorrelation term was included.
The models were fit using the restricted maximum likelihood approach. Smoothening
parameters were estimated by the generalized cross-validation procedure, which avoids
overfit. Regression spline with shrinkage was used to smooth the results. Due to limited
regional climatic gradient, the basis dimension for smoothing splines was restricted to three,
implying responses with up to two inflection points to avoid overfit. Model residuals were
checked for normality and homogeneity by diagnostic plots. Data analysis was conducted
inRv. 4.1.1 [71] using libraries “dpIR” [64], “car” [72], and “mgcv” [68].

3. Results
3.1. Local Linear Weather—Growth Relationships

Most of the measured time series of TRW (9-16 trees per provenance per trial; >86%
of the measured) showed good agreement, were successfully crossdated, and ensured
sufficient replication during the common period (Supplementary Material, Figure S3).
Wider TRW was measured in the coastal LI trial compared to others, implying generally
comparable productivity. The studied datasets (provenances/trial) contained a common
environmental signal, as EPS exceeded 0.85 (cf. [62]; Table 3). The strength of the common
environmental forcing of the increment did not show explicit geographic tendencies; the
mean r-bar ranged from 0.35 to 0.49 in NL and WS trials, while SNR ranged from ca. 8.55 to
16.21 in LI and WS trials, respectively. Nevertheless, AC1 and GINI were higher in trials in
Latvia compared to Germany (ca. 0.77 vs. 0.51 and ca. 0.26 vs. 0.22, respectively) and SENS
showed the opposite. Across the studied trials, the provenances showed comparable r-bar
and AC1 (ca. 0.40 and 0.67, respectively; Table 3). Nevertheless, the low-performing DIP
and EBN provenances appeared more sensitive to environmental fluctuations, showing
higher GINI and SENS, though lower SNR.

Table 3. Statistics of the crossdated datasets of tree-ring width time series of the studied south-eastern Baltic provenances

of Scots pine (from southern Poland, Northern Germany, and Latvia) by the trials for the period 1985-2017. N—number

of crossdated trees, TRW—mean tree-ring width (£standard deviation), r-bar—mean interseries correlation, GINI—Gini

coefficients, AC1—first order autocorrelation, SENS —-mean sensitivity, SNR—signal-to-noise ratio, and EPS—expressed

population signal.

Trial Provenance N TRW r-bar GINI AC1 SENS SNR EPS
LI DIP 12 2.58 +1.57 044 0.34 0.79 0.24 11.36 0.92
LI EBN 11 2.87 £1.32 0.36 0.25 0.80 0.20 7.69 0.88
LI GUS 11 3.30 +1.62 0.36 0.27 0.78 0.19 7.65 0.88
LI KAL 12 3.07 £ 145 0.33 0.25 0.78 0.19 7.28 0.88
LI RYT 12 3.38 +1.74 0.37 0.27 0.82 0.19 8.78 0.90
zv DIP 9 2.00 £+ 1.06 0.43 0.30 0.77 0.23 9.04 0.90
v EBN 9 211+1.19 041 0.31 0.79 0.23 8.39 0.89
zv GUS 10 245+ 1.11 0.41 0.24 0.80 0.19 8.58 0.90
v KAL 10 2.25 +1.01 041 0.25 0.77 0.21 9.14 0.90
zv RYT 10 2.86 +1.25 0.38 0.23 0.68 0.22 7.84 0.89
KA DIP 10 2.02 +0.94 0.34 0.27 0.77 0.23 6.76 0.87
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Table 3. Cont.

Trial Provenance N TRW r-bar GINI AC1 SENS SNR EPS
KA EBN 13 2.02 +1.02 0.39 0.28 0.78 0.24 10.26 0.91
KA GUS 12 2.37 £0.97 042 0.23 0.74 0.22 10.88 0.92
KA KAL 14 2.36 4 0.90 0.37 0.22 0.70 0.21 9.87 0.91
KA RYT 12 2.77 £ 1.00 044 0.20 0.75 0.19 11.50 0.92
NL DIP 12 2.21 4+ 0.98 0.30 0.23 0.58 0.26 6.19 0.86
NL EBN 13 2.09 +0.84 0.35 0.21 0.60 0.24 848 0.90
NL GUSs 13 2.33+0.89 0.37 0.20 0.59 0.25 9.24 0.90
NL KAL 13 2.07 £0.74 0.37 0.19 0.46 0.27 9.55 0.90
NL RYT 15 2.55+0.75 0.37 0.16 0.45 0.23 10.60 091
WS DIP 13 218 +£1.22 046 0.27 0.52 0.30 13.43 0.93
WS EBN 12 222 +1.10 0.44 0.25 0.48 0.31 11.53 0.92
WS GUS 15 2.35+1.04 0.55 0.22 0.52 0.27 21.88 0.96
WS KAL 12 227 +1.04 0.53 0.24 0.49 0.30 16.76 0.94
WS RYT 16 2.36 +£0.91 048 0.20 0.45 0.26 17.45 0.95

The developed chronologies (Figure 2) showed regional and local specifics and the
similarity in growth patterns decreased with distance. Nevertheless, within each trial,
provenance-specific variations, particularly differences in index values (rather than syn-
chrony of chronologies), indicated differing sensitivity to the principal drivers of growth.
A higher correlation among the chronologies was observed within compared with between
the trials (0.71 < r < 0.86 vs. 0.16 < r < 0.23, respectively). The chronologies correlated sig-
nificantly with 27 (eight common) of the 54 meteorological variables tested; meteorological
variables significant in Latvia and Germany were generally comparable (Figure 3). These
variables were related to the thermal and moisture regime in late summer and the dormant
period preceding the growth, as well as in the current vegetation period. The strength of
the correlations was generally similar, ranging from —0.52 to 0.60 and from —0.44 to 0.60
(absolute means of 0.35 and 0.36) in trials in Latvia and Germany, respectively, indicating
intermediate local individual effects of meteorological variables. However, the strength of
correlations differed by trials, implying local specifics in growth sensitivity.
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Figure 2. Residual chronologies of tree-ring width of the studied provenances of Scots pine according
to trial. The mean interseries correlation between the chronologies by trial are indicated in the panels
(mean r).
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Figure 3. Bootstrapped Pearson correlation coefficients between the time series of annual relative
radial additional increment (represented by the residual chronologies) of the studied south-eastern
Baltic provenance of Scots pine and local (by trial) meteorological variables: mean monthly tempera-
ture (Temp.), precipitation (Prec.), and standardized precipitation-evapotranspiration index (SPEI) for
the period 1985-2017. Only the variables showing significant correlations with increment (at o = 0.05)
are shown,; the significant correlations are highlighted by asterisks. The results are summarized by
country for clarity. Prev. indicates conditions in the year preceding formation of tree-ring.

Among the meteorological variables showing common correlations with chronologies
in Latvia and Germany, July precipitation and temperature in the previous June showed
positive effects, while temperature in July and SPEI in the previous July, August, and
December showed negative effects (Figure 3). The correlations with temperature in the
previous September were contrasting. Correlations with temperature during the dormancy
period (December and March) and precipitation in the previous vegetation period (August—
October), as well as SPEI in May were specific to trials in Latvia. In Germany, provenances
showed correlations with precipitation in March and May, June-September’s SPEI, and
temperatures in June and the previous August.

The strength of correlations with most of the significant meteorological variables
differed by provenance, indicating local adaptations (Figure 3). In the trials in Latvia, the
differences among the provenances were related to temperatures in the December and
March, to which the top-performing provenances were more sensitive, particularly in LI
and KA trials. The low-performing provenances (DIP and EBN), as well as RYT, appeared
less sensitive to summer precipitation both in the current and preceding years. Correlation
with SPEI in May was significant for DIP, RYT, and GUS under coastal conditions (LI trial).
Stronger (and significant) correlations with SPEI in the previous November and December
were observed for EBN, KAL, and RYT.
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Under the drier and warmer climate in trials in Germany (Table 1), July precipitation
and SPEI showed the strongest correlations with TRW, particularly for the low-performing
provenances (Figure 3). The top-performing provenances showed non-significant corre-
lations with precipitation in March and May but were sensitive to SPEI in the previous
December (in NL trial). In turn, the low-performing provenances, specifically, showed
correlations with SPEI in the previous July and August. Correlations with temperature
in July and the previous August differed among the provenances, irrespective of their
productivity (significant for DIP, EBN, and RYT). In turn, DIP and GUS showed weaker
correlations with September’s temperature and SPEL

3.2. Regional Nonlinear Responses

The plasticity of responses to the main regional weather drivers of relative radial
additional increments in the studied provenances were estimated by the generalized mixed
additive models. The responses estimated across the regional spatiotemporal gradient
(timespan of 33 years and length of the geographic gradient of 900 km; Figure 1) indicated
climate-dependent sensitivity of TRW to weather conditions (Figure 4). The refined models
were strictly significant (p-value < 0.001) and indicated a complex of nine meteorological
variables as the main regional drivers of radial increment (Table 4). In most cases, the
meteorological variables included in the refined models were significant (p-value < 0.01);
however, their effects differed by provenances considerably (1.69 < F-value < 38.78),
indicating specific sensitivity. The estimated effective degree of freedom reached 1.96,
implying response curves with up to one inflection point (linear or quadratic).
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Figure 4. Estimated response splines of relative annual additional radial increment (represented
by the residual chronologies) of the studied south-eastern Baltic provenance of Scots pine to mete-
orological variables: monthly mean temperature (Temp.), precipitation (Prec.), and standardized
precipitation-evapotranspiration index (SPEI) for the year of tree-ring formation as well as previous
(prev.) year across the south-eastern Baltic climatic gradient during the period 1985-2017. Confidence
intervals of the response splines omitted for clarity. The legend corresponds to all panels. For
provenance codes see Table 2.
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Table 4. The effective degrees of freedom, strength (F-values shown in brackets) and significance of the fixed effects
(meteorological variables), variances of random effects, and overall statistics of models of weather—growth relationships
for the studied south-eastern Baltic provenance of Scots pine. The presented meteorological variables are monthly mean
temperature (Temp.), precipitation (Prec.), and standardized precipitation-evapotranspiration index (SPEI) for the year of
tree-ring formation as well as previous (prev.) year for the period 1985-2017. Significance codes, p-values: * < 0.05, ** < 0.01,
*** < 0.001. For provenance codes see Table 2.

DIP EBN KAL RYT GUS
Fixed effects, effective degree of freedom and F-value
Temp. prev. June 1.00 30.6) *** 1.00 (31.9) *** 1.76 (10.46) *** 1.78 (75 *** 1.00 10.45) **
Temp. March 1.57 3.1 1.00 (5,06 * 1.00 3,57 1.47 (478 * 1.00 (7.28) *
Temp. May 1.89 (9.20) ** 1.94 (1428) *** 1.94 (17.49) 1.93 (11.23) *** 1.96 (20,94 ***
Temp. July 1.35 (10.02) *** 1.91 (3.34) ™ 1.62 (5.30) ** 1.89 (10.03) ** 1.96 (16.08) ***
Prec. prev. August 127 go56) *** 1.63 545 ** 1.00 (10.41) ** 1.80 (13.50) *** 1.00 (15.59) ***
Prec. prev. December 1.92 (734 ** 111 (1.32) 1.85 (9.49) ** 1.62 6.37) * 1.89 g.02) **
SPEL May 1.90 (12,62 *** 1.28 (9.36) ** 1.00 (15.16) *** 1.66 (38.78) *** 1.00 (29.02) ***
SPEL June 1.69 (1.69) 1.87 (338 1.92 (699) ** 1.93 (12.99) *** 1.94 (19.08) ***
SPEL July 1.51 509) * 1.00 135 *** 1.00 (10.39) ** 1.00 31.03) *** 1.66 (21.33) ***
Random effects, variance
Year 2.03 x 1073 1.00 x 10~° 324 x 1074 1.21 x 104 6.25 x 1074
Trial 7.94 x 1073 1.02 x 102 8.x 10 x 1073 7.06 x 1073 7.92 x 1073
Replication 1.00 x 10~° 1.00 x 10~° 1.00 x 10~° 1.00 x 10~° 1.00 x 10~°
Tree 3.39 x 1072 2.92 x 1072 3.88 x 1072 213 x 1072 231 x 1072
Residual 3.60 x 107> 1.21 x 1074 2.50 x 107> 490 x 1073 4.00 x 107®
Model performance
Adjusted R? 0.28 0.24 0.21 0.28 0.30
RMSE 0.21 0.19 0.21 0.17 0.18
RMSE (verification) 0.19 0.18 0.18 0.17 0.18

Among the random effects, tree and trial were estimated with the most random vari-
ance (Table 4), indicating individual and local growth specifics. The variance of repetition
was low, implying homogeneous growing conditions within a trial. Variance related to the
year of tree-ring formation indicated slightly higher temporal instability of responses for
DIP and GUS. The adjusted marginal R? values of the models were intermediate (cf. [18])
ranging from 0.21 to 0.30 for KAL and GUS, respectively, and indicated the lack of overfit;
while conditional R? exceeded 0.85. The cross-validation of the models based on data
excluded from calibration confirmed the lack of overfit, showing comparable errors.

The estimated regional drivers of radial increment (Table 4) were similar to meteoro-
logical variables identified by the local weather-growth relationships (Figure 3). Regarding
the top-performing provenance (RYT and GUS), the strongest effects (highest F-values)
were estimated for SPEI in May and July (Table 4). Temperature and SPEI in May had
the strongest effect on KAL. The low-performing provenances were most affected by tem-
perature in the previous June, as well as precipitation in the previous August (DIP), and
May’s temperature (EBN). The majority of the response curves were nonlinear (quadratic;
Figure 4), confirming the dependence of weather-growth relationships on the intensity
of variables.

The studied provenances differed by plasticity of weather—growth responses, as
shown by the flatness of response curves (Figure 4). The most explicit differences among
the provenances were observed for responses to variables determining the moisture regime,
particularly temperature in July and the previous June, as well as SPEI in May, June,
and July. The response curves to July’s temperature (Figure 4D) showed a clear negative
effect, particularly on the low-performing DIP across the gradient. For other provenances,
particularly GUS, the negative effect was caused by July’s temperature exceeding ca. 19 °C.
All but DIP showed a generally positive response to May’s SPEI across its gradient, though
a flatter curve (at SPEI > 0.5) was estimated for EBN and RYT (Figure 4G); DIP showed an
optimum (—0.5 < SPEI < 2.0), which gained a positive increment.
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The responses to June’s SPEI differed according to the productivity of provenances
(Figure 4H). The top-performing RYT and GUS were irresponsive to SPEI < 0 while produc-
ing a positive additional increment; however, excessive moisture (SPEI > 0.5) resulted in a
negative additional increment. The response of KAL indicated a short interval of optimum
with no negative additional increment; the low-performing provenances were irrespon-
sive (Table 4). The responses to July’s SPEI highlighted differences in the provenances’
sensitivity to water shortage (SPEI < —0.5; Figure 4I). The sensitivity to July’s SPEI was
proportional to field performance with more productive provenances being more sensitive,
thus contrasting with the hypothesis.

The low-performing provenances were particularly sensitive to legacy effects of
temperature in the previous June, showing steep linear responses across the gradient
(Figure 4A). The responses of the top-performing provenances were flatter, but intensified
when temperature exceeded ca. 16 °C, particularly for KAL. The responses to precipitation
in the previous December showed a generally negative tendency when monthly precip-
itation ranged from 10 to 60 mm/month (Figure 4F); DIP showed a local minimum at
ca. 50-90 mm/month, while EBN was irresponsive (Table 4). Although the response curves
to March’s temperature were practically identical (Figure 4B), the effect was not significant
for DIP and KAL (Table 4), implying differing sensitivity. Precipitation in the previous
August (particularly its abundance) had a positive effect on the additional increment,
especially for DIP (Figure 4E). The studied provenances were similarly sensitive to May’s
temperature with responses indicating an optimum of ca. 11-14 °C, although warmer
temperatures reduced growth (Figure 4C).

4. Discussion
4.1. Plasticity of Growth Responses

The geographic differences in correlations (Figure 3) and the regional response curves
of the studied provenances (Figure 4) highlighted the plasticity of weather—-growth re-
sponses [18,41,42], as observed for native populations within the region [14,26]. Such
responses imply a modulating effect of climate on growth sensitivity [23,34,73,74], pro-
jecting disproportional effects of climatic changes [40,42,44]. This subjects trees to novel
conditions [10,23,74] amplifying the effects of local adaptation [15,25,73] and challenging
the adaptability of metapopulations. The nonlinearity of growth responses also relate to spa-
tiotemporal non-stationarity of the local linear weather—growth relationships [39,41,75], as
local climates shift along the regional gradient [26,40,44,56]. Hence, the estimated response
curves (Figure 4) indicate the presence of stationary, yet nonlinear regional weather—growth
relationships [26,39], revealing varying adaptability of metapopulations [11,24,27,52,59].
Accordingly, the assessment of weather—growth relationships at a regional scale aids more
reliable growth projections [14,18,23,32,39].

The differences in growth sensitivity (Figures 3 and 4) suggest genetic adaptation of
metapopulations to local climates, indicating uneven phenotypic plasticity [11,17,24,27,35]
and adaptability to environmental changes [20,30]. The genetic adaptation of traits crucial
for survival and reproduction can persist under high gene flow [15,20], supporting the
evolutionary relevance of weather-growth relationships [19,32,51]. Accordingly, Scots pine
provenances are shown to differ by their tolerance to meteorological conditions and their
extremes [11,24,27,35,44]. This suggests the potential for improvements via targeted sup-
plementation of breeding populations [25,47,52,53]. The estimated local adaptation might
also be linked to the relatively high genetic diversity of populations of Scots pine [48,49].
However, the regional within-population genetic diversity [48], has likely resulted in the
individuality of growth (indicated by the prevailing random variance of trees; Table 4).

The genotype-environment (provenance-by-trial) interaction was characterized by the
second highest variance component related to the trial (Table 4), indicating the adaptability
of genotypes [13,25] and explaining local specifics of weather—-growth responses [20,31].
Such effects might also be related to specific interactions of meteorological, as well as
edaphic conditions [27,76]. Accordingly, genotype-environment interactions can moderate
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the effects of meteorological conditions [18,23], explaining the intermediate performance
of models (Table 4). The year of tree-ring formation was, though, estimated with low
variance (Table 4), implying temporally stationary weather-growth relationships [39,42].
Still, a somewhat higher variance of year indicated a higher complexity of weather-growth
relationships [69] for the low-performing DIP (Table 4), suggesting a stronger influence of
micro-site conditions [18,23]. Considering the south-eastern Baltic (southern Poland and
Northern Germany) origin for most of the provenances’ (Figure 1; Table 2) higher diversity
of weather—growth correlations (Figure 3), this might imply the “marginality” of conditions
for the north-transferred genotypes in Latvia.

The regional weather-growth responses generally differed according to the field per-
formance of the provenances (Figure 4), supporting the linkage between sensitivity and
productivity [11,19,27,31,35,44,52]. Although the differences in responses among prove-
nances were mostly small (Figure 4), they can result in substantial ecological effects in
the long-term [43,51,77,78]. In contrast to the hypothesis, the top-performing provenances
were more sensitive to some of the regional weather drivers of growth (Figure 4). This
suggests the ability to rapidly adjust growth-tolerance trade-offs to be highly advanta-
geous under a rapidly changing climate [35,77,79,80], facilitating resilience to ascending
stresses [52,59,81,82]. On the other hand, an increased allocation of resources to stress
tolerance reduces growth [77,80] and competitiveness [21,51], supporting the projected
northward retreat of conifers in the eastern Baltic region [1].

4.2. Regional Weather Drivers of Radial Growth

Meteorological conditions affecting increments in the studied provenances (Table 4,
Figure 4) and native populations within the region [14,26] were similar. However, the
provenances differed by the timing of their responsiveness (Figures 3 and 4) due to local
adaptation [11,15,17,20,21,29,38]. The provenances were prevailingly sensitive to the sum-
mer moisture regime (Figures 3 and 4), supporting the intensification of drought effects on
nemoral and hemiboreal forests [4,5,14,34,73]. This raises the management of the moisture
regime as an issue for adaptive, climate-smart management within the region [4,8,69]. The
identified regional weather drivers, though, had a weaker effect on KAL (lower RZ; Table 4),
probably due to the differing climatype [14,49].

The estimated weather-growth responses (Figures 3 and 4) indicated direct and legacy
effects of meteorological conditions [26,34,37], highlighting the complex climatic influence
on the control of increments [14,26,34]. The responses to temperature in May and July,
as well as May-July’s SPEI (Figure 4C,D,G-I) indicated the direct effect of thermal and
moisture conditions on xylogenesis [37,38,83,84]. The generally positive responses to May
and July’s SPEI (Figure 4G,I) portrayed the limiting effect of water shortage [3-5,38,84],
to which the top-performing provenances were more sensitive, likely due to the higher
plasticity of xylogenesis [27,52] and lower wood density [24,33,35].

Under a temperate climate, June is the time when most of the earlywood is formed [38]
based on current assimilates [83,85,86]. Accordingly, decreased assimilation under rainy
conditions might explain the negative responses to June’s SPEI > 0.5 (Figure 4H), although
the low-performing provenances (DIP and EBN) were less sensitive to June and July’s SPEI
(Table 4, Figure 4H,I), likely due to their higher wood density [24,33,35,38] and /or more
conservative survival strategy common for slower growing genotypes [24,77,79,80,83]. The
responses to May’s SPEI were steeper under drought conditions (SPEI < 0.0; [66]), indicating
the sensitivity of xylogenesis to early drought [38,79,85,87]. Still, the DIP responded
negatively to May’s SPEI > 1.0, probably due to decreased assimilation on rainy days [88].

The responses to summer temperature shaped an arc (Figure 4C,D), suggesting
a trade-off between the rate of assimilation and water deficiency [75,84]. These arcs,
however, were asymmetric, implying the disproportional negative effects of increas-
ing temperature [40-42]. The responses to July’s temperature differed by provenance
(Figure 4D), indicating varying temperature preferences [10,37,52,59]. The low-performing
DIP, which originated from a higher elevation (Table 2), appeared particularly sensitive;
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the top-performing RYT showed a flatter response, suggesting better adaptation to heat
stress [4,36]. The studied provenances showed similar responses to May’s temperature
(Figure 4C), implying the common limitation of early growth [38,84].

Conditions during the dormancy period and previous summer showed significant
legacy effects (Table 4, Figures 3 and 4B,E), as observed for native populations [14,26]. The
positive responses to temperature in the previous June (Figure 4A) might be explained by
the formation of additional nutrient reserves [89] under warmer and drier conditions [88],
which facilitate growth in the following season [69,86,89]. Such an effect was stronger for
the low-performing provenances (Table 4), implying a greater dependence on nutrient
reserves due to their more conservative growth strategy [9,11,24,79]. The top-performing
provenances were less sensitive (showed flatter slopes) to conditions in the previous June
(Figure 4A,H), likely due to their higher plasticity of growth [27,35,77].

Conditions at the end of the growing season, when terminal buds are formed, af-
fect the ratio between vegetative and generative growth initials [90]; hence, the growth—
reproduction trade-offs [91]. Considering sensitivity to water shortage (Figures 3 and 4),
the positive responses to precipitation in the previous August (Figure 4E) might be related
to formation of the vegetative initials and, hence, facilitated growth [91]. This effect was
stronger for the low-performing DIP, probably due to their more conservative growth
strategy [24,35]. Considering their origin from a higher elevation with a harsher climate
(Table 2), the low-performing provenances were less sensitive to conditions during the
dormancy period (Table 4). The positive effect of March’s temperature (Figure 4; Table 4)
might be explained by soil freeze and its impact on root dynamics and water relations
in the following growing season [92], to which fast-growing provenances are more sen-
sitive [24,33]. The negative responses to December’s precipitation (Table 4, Figure 4F),
might be explained by soil moisture excess, which could have negative legacy effects
on xylogenesis [35,93] or on fine root dynamics, hence, water relations in the following
spring [92].

Under accelerating climate change and intensifying droughts [4,5], the observed
responses of the provenances to regional weather drivers (Table 4, Figure 4) support
the genetic adaptation of metapopulations to local climates [15,17,29]. This implies the
possibility of improving the ecological plasticity of forest reproductive material in terms
of growth sensitivity by targeted supplementation of breeding populations [7,25,47] to
improve the climatic tolerance of northern genotypes [3] with the application of a semi-
conservative management strategy.

5. Conclusions

The studied south-eastern Baltic provenances of Scots pine differed by their plasticity
of responses to regional weather drivers of increment, implying the specific sensitivity of
growth. The observed responses indicate the uneven adaptive significance of sensitivity to
metrological conditions throughout the year, with the conditions related to water availabil-
ity during the formation of the tree-ring playing the main role under a temperate climate,
although, the top-performing provenances showed higher sensitivity to these conditions,
implying the advantages of more plastic growth regulation under a rapidly changing
climate. Accordingly, the sensitivity and plasticity of increment can be a valuable trait facil-
itating the selection and breeding of trees better adapted to the future climates. Moreover,
the obtained results encourage supplementation of the local breeding populations with the
top-performing provenances originating from regions with projected climatic conditions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f12121641/s1, Figure S1: Mean monthly temperature (line) and precipitation sums (bars) at
the studied trials during 1997-2017; Figure S2: Mean monthly temperature (lines) and precipitation
sums (bars) at the origin of the studied provenances during 1931-1960; Figure S3: Sample depth
(replication) of the crossdated datasets of tree-ring width of the studied provenance of Scots pine
according to trial; Table S1: Number of surviving trees, overall survival, mean tree height (H), stem
diameter at breast height (DBH), standing volume (M), and ranking (according to tree height) of the
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studied provenances of Scots pine in three trials in hemiboreal zone in Latvia; Table S2: Number of
Scots pine trees cored according to provenances and trials.
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ABSTRACT
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Climatic changes and weather extremes are causing shifts in distribution of tree species, affecting productivity of
forests. With the northwards advance of deciduous species in Northern Europe, Scots pine (Pinus sylvestris L.) is
predicted to decrease survival and productivity. Nevertheless, Scots pine have adapted to diverse environments,
hence selection among its populations could be applied to sustain productivity of stands under changing climate.
In this study, sensitivity of tree-ring width of Eastern European provenances of Scots pine differing by field
performance (Dippoldiswalde, Eibenstock, Rytel, Gustrow, and Kalsnava) to weather extremes in three trials in
Latvia (hemiboreal zone) was assessed via pointer year and tolerance analyses. The studied provenances were
sensitive to winter temperature regime; the effects of water deficit and vegetation period’s length were also
observed, likely due to warming. The sensitivity of tree-ring width to weather extremes, which differed among
the provenances indicating plasticity of growth, correlated with field performance. Although transferred north,
the top-performing provenances (Gustrow and Rytel) were able to promptly recover after cold spells as well as
dry summers and were able to benefit from warm winters and precipitation-rich summers. The bottom-per-
forming provenances (Dippoldiswalde and Eibenstock) were sensitive to cold spells and summer water deficit,
yet were unable to benefit from warm winters, nor moist summers. Considering sensitivity and resilience of
growth, the studied top-performing provenances, particularly Rytel, showed commercial potential in the

hemiboreal region under warming climate.

1. Introduction

Climate is one of the main factors determining distribution and
productivity of forest ecosystems (Reich and Oleksyn, 2008; Hickler
et al., 2012). Climatic models predict increase of mean temperature and
extension of vegetation period (IPCC, 2013), which are expected to
have mainly positive effect on productivity of forests in Northern
Europe (Menzel and Fabian, 1999; Lindner et al., 2010), and to alter
forest composition (Hickler et al., 2012). The frequency and magnitude
of meteorological extremes, which have considerable impact on forest
growth and survival of trees (Fuhrer et al., 2006; Schlyter et al., 2006;
Lindner et al., 2010), are also projected to increase (Beniston, 2004;

extension of vegetation period, which causes earlier onset and later
cessation of growth (Menzel and Fabian, 1999), subjects trees to in-
creasing risk of frost damage (Gu et al., 2008; Zeps et al., 2017).
Lengthening and intensification of drought events, which are sub-
stantial forestry risk in the Central and Southern Europe (Beniston,
2004), are emerging in forest ecosystem, previously not considered as
water-limited (Schlyter et al., 2006; Allen et al., 2010). Increasing
temperature during vegetation period, particularly in combination with
water deficit, causes heat stress, resulting in explicit reduction of in-
crement (Allen et al., 2010).

The rate of climatic changes apparently exceeds the rate of natural
adaptation of local tree populations; hence, forest management has

Avotniece et al., 2012), thus adding chall to forest mar

Frequency and duration of thaws, which influence water relations of
trees and nutrient reserves affecting the following increment, are in-
creasing in Northern Europe (Ogren, 1997; Mayr et al., 2003). The

* Corresponding author.
E-mail address: robism@inbox.lv (R. Matisons).
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been highlighted for sustaining productivity of stands (Bolte et al.,
2009; Lindner et al., 2010). To cope with the upcoming ecologic and
economic risks (Hanewinkel et al., 2012), diverse adjustments in
management strategies have been proposed (Lindner et al., 2010),
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among which application of the most resilient reproductive material
has been considered highly efficient (Bolte et al., 2009). Scots pine
(Pinus sylvestris L.), which is economically important in Northern
Europe, has been predicted to decrease its survival and alter pro-
ductivity due to warming (Reich and Oleksyn, 2008; Hickler et al.,
2012). Nevertheless, the species has extensive distribution range, where
its populations have adapted to diverse environments (Martinez-Vilalta
et al., 2009); hence, an educated choice of reproductive material could
minimize the negative effects of shifting climate (Bolte et al., 2009;
Taeger et al., 2013, 2015) via utilizing species’ genetic diversity
(Kohlstock and Schneck, 1992).

Provenance trials are established to assess performance of diverse
populations under certain environments (Kohlstock and Schneck,
1992). The performance of provenances is mainly evaluated based on
their yield and stem quality, which summarize suitability of growing
conditions over the entire life cycle of trees (Burton, 2011), which is a
rather long period. During the life of trees, their sensitivity to en-
vironmental factors shifts due to ageing (Thomas and Winner, 2002;
Zang et al., 2012), as well as changing climate (Buntgen et al., 2006;
Carrer and Urbinati, 2006), hence information about the plasticity of
growth response is essential for the assessment of growth potential in
the future.

Sensitivity and plasticity of tree growth can be efficiently assessed
via retrospective analysis of tree-ring width (TRW), which is a widely
applied proxy of increment (Speer, 2010; Burton, 2011). The effect of
climatic factors on radial increment has been often assessed via corre-
lation analysis of standardized series of TRW and meteorological vari-
ables (e.g., Oberhuber et al., 1998; Linderholm, 2001; Buntgen et al.,
2006; Jansons et al., 2016). Considering the relevance of climatic ex-
tremes (Fuhrer et al., 2006), specific standardization methods, e.g.,
pointer year (PY) analysis, have been developed to identify the occur-
rence of abrupt changes in increment and to relate them with en-
vironmental events (Speer, 2010; Neuwirth et al., 2004; Bigler et al.,
2006; Eilmann and Rigling, 2012; Taeger et al., 2013). The effect of
climatic extremes can be lasting, as certain period might be needed for
trees to restore previous growth levels after a disturbance (Bigler et al.,
2006; Eilmann and Rigling, 2012; Zang et al., 2012; Merlin et al.,
2015). Accordingly, patterns of recovery can be considered as in-
dicators of plasticity, hence sustainability of tree growth (Eilmann and
Rigling, 2012; Taeger et al., 2013). The tolerance analysis, which ac-
counts for resistance and recovery of growth, has been developed for
quantification of tree response to environmental extremes (Lloret et al.,
2011).

In the hemiboreal zone in Latvia, considerable shifts in stand com-
position and tree growth are projected already during the 21% century
(Reich and Oleksyn, 2008; Lindner et al., 2010; Hickler et al., 2012).
The results from the international provenance experiment (Kohlstock
and Schneck, 1992) have shown that the Scots pine provenances from
Poland and Northern Germany have been highly productive in Latvia
(Jansons and Baumanis, 2005), implying early response to warming
(Rehfeldt et al., 2003). Radial increment of native Scots pine growing
on dry oligotrophic and mesotrophic soils have mostly been sensitive to
temperature regime in winter and early spring, though some stands
have also been affected by water availability in summer (Jansons et al.,
2016). The PYs in TRW have been related to winter-spring temperature,
as well as June precipitation extremes, implying water deficit in
summer (Elferts, 2007), likely due to climatic changes (Avotniece et al.,
2012).

The aim of this study was to assess climatic drivers of PYs (ex-
tremes) in TRW and to evaluate plasticity of growth of Scots pine
provenances differing by yield across the continentality gradient in
Latvia. We hypothesized that the extent of growth extremes was
stronger for the more productive provenances, particularly in sites with
more continental climate, yet they also were able to recover more ef-
ficiently. We also assumed that north-transferred provenances were less
sensitive to water deficit due to better adaptation to drought conditions,
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Table 1

Location, elevation, soils, and climate (annual and monthly mean temperature,
and precipitation sums ( + confidence interval) of the studied trials. Climatic
data refers to 1987-2017.

Liepaja (LPJ) ~ Bauska (BSK)  Kalsnava (KLN)

Latitude, N 56°29" 56°32" 56°49"
Longitude, E 21°05" 2413 26°07"
Elevation, m a.s.l. 15 50 220
Relief Flat Flat Flat

Soil type Podsols Podsols Podsols
Site type ini ini ini
Mean annual temperature, °C 7.8 + 0.7 7.2 + 0.8 6.3 = 0.9
Mean January temperature, ‘C 14 £ 13 29 £ 1.3 43 £ 1.3
Mean July temperature, °C 17.8 + 0.6 184 * 0.7 18.0 + 0.6
Mean annual precipitation, mm 745 = 37 647 * 26 656 + 28
Mean monthly precipitation 65 + 6 67 £ 5 67 £ 6

May-September, mm

hence might be applied to improve sustainability of commercial stands
in the future.

2. Material and methods
2.1. Studied trial and provenances

Three international provenance trials of Scots pine in Latvia, es-
tablished in 1975 under the collaboration between the German
Democratic Republic and the USSR (Kohlstock and Schneck, 1992;
Jansons and Baumanis, 2005), were studied. The trials were growing in
lowland conditions on dry well-drained (sandy) oligotrophic soils near
Liepaja (LPJ), Bauska (BSK), and Kalsnava (KLN) (Table 1), thus cov-
ering local climatic gradient from slightly maritime to continental (LPJ,
BSK, and KLN, respectively). Climate in the studied trials was tempe-
rate; summers were warmer in BSK (Table 1). January and July were
the coldest and warmest months, respectively. Vegetation period, when
the mean diurnal temperature exceeded 5 °C, extended from mid-April
to October (180-201 days); it was ca. two weeks longer in BSK. The
highest monthly precipitation occurred in the summer months (May—
September; Table 1). The mean annual precipitation was higher in LPJ.
Climatic changes were expressed as warming, particularly during the
December-April period, hence as more frequent thawing in winter and
extending vegetation period (by 13-19 days during the past 50 years).
Although summer precipitation lacked explicit trend, duration of the
warm precipitation-free periods was increasing (Avotniece et al., 2012).
During the period 1987-2017, several meteorological extremes, parti-
cularly related to temperature during the dormant period (No-
vember—-March), as well as water availability in the summer months
(June-September), occurred (Table 2).

The trials were established to assess performance of Scots pine from
36 open-pollinated stands growing on well-drained oligotrophic soils,
located between 50 and 56 °N, and 11 and 27 °E (Poland and Germany;
Table 3), thus representing projected near future climate in Latvia
(IPCC, 2013). For each provenance, seed material originated from 20 to
25 dominant trees (plus-trees). The trials were established by planting
one-year-old bare rooted seedlings (raised in local nurseries), and
contained identical set of provenances. In each trial, each provenance
was represented by six randomized plots of 35 (7 x 5) trees; the spacing
of trees was 2 X 1m (stand density was 5000 trees ha™1). All trials
were thinned at the age of 21 years (January 1996); ca. 35% of the
initially planted trees per plot were left (ca. 1800 trees ha~').

Previous studies showed that provenance have had considerable
effect on yield and stem quality of trees (Jansons and Baumanis, 2005).
To assess climatic sensitivity of TRW and its relationships with pro-
ductivity, two top- and two bottom- performing provenances (above
80™ and below 20™ percentile, respectively) were selected based on
their yield ranking according to the trial inventory conducted in 2016.
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Table 2

Extremes in the mean monthly temperature (T), precipitation sums (P), and
SPEI during 1987-2017 in Latvia. The numbers in brackets show scaled dif-
ference (z-score) from the 30-year mean. Only the extremes with |Z-score| >
1.50 are shown. Pos — positive, Neg — negative pointer years.

Year  Description Pointe year/Trial

1987 Jan T (-3.31), Mar-Apr T (-2.76), Aug T (-1.67), Neg (BSK)
Mai P (1.97)

1988 Jan-Feb P (-1.57) -

1989  Jan-Feb T (1.83), Jan-Feb P (-1.78) Neg (KLN)

1990  Jan-Feb T (1.64), Apr P (-1.70)

1991  May T (-1.94), Jul P (-1.59), Sep P (2.13)

1992 Oct T (-2.2), Sep-Oct P (1.56)

1993 May T (1.99), Jun-Aug T (-1.98), Sep-Oct T
(-2.99), Jul P (1.55)

Neg (LPJ, BSK)
Neg (all)
Neg (LPJ, BSK)

1994 Feb T (-1.66), Jun T (-1.62), Jul P (-1.67) Neg (all)

1995  Dec T (-1.57), Mar-Apr P (1.59) -

1996  Jan-Feb T (-1.73), Mar T(-1.51), Jul T (-1.57), Aug  Thinning
P (-1.68)

1997 Mar-Apr T (-1.65), May T(-1.55), Aug T (1.88) Neg (all)

1998  Aug T (-1.88), Sep-Oct T (-1.92), Feb P (1.71)
1999  Jun T (2.38), Jan-Feb P (2.28), Jun-Aug P (-1.95)

Neg (LPJ, KLN)
Neg (LPJ, KLN)

2000  Apr T (2.41), Oct T (1.69), Mar P(1.86), Jul P Neg (LPJ)
(1.66)

2001  Jul T (1.56), Dec T (-1.54), Apr P (1.52), Jun-Aug  Neg (LPJ)
P (1.58)

2002 May T (1.73), Aug T (2.02), Oct T (-2.33), Aug P Neg (LPJ, BSK)
(-1.97)

2003 Apr T (-1.61), Mar P (-1.58) Neg (LPJ, BSK)

2004 - -

2005  Mar T (-1.78), May P (-1.51), Jun P (2.13), Jun-  Neg (KLN)
Aug P (2.13)

2006  Mar T (-1.77), Dec T (1.90), Sep-Oct T (1.71), JulP  Neg (KLN)
(-1.67)

2007 Mar T (1.65), Oct P (1.81) Pos (LPJ, KLN)
2008 Mar P (2.32), Pos (LPJ), Neg(KLN)
2009 Mar-Apr P (-1.97), May P (-1.74) —

2010  Jan T (-2.16), Jun-Aug T (1.94), Jul P (1.60) Neg (BSK)
2011 Jun-Aug T (1.67), Sep-Oct P (-1.87) -

2012 - -

2013 Mar T (-1.82), May T (2.38), Jun T (2.12), Sep P Neg (all)

(1.63)

2014  AugP (2.32) -

2015 Jan P (1.89), Oct P (1.86), Jun-Aug P (-1.58) Pos (LPJ)
2016  Feb T (2.31), Mar T (1.78) Pos (LPJ)

2017  AugP (2.65) -

The rankings of the provenances were consistent among the trials.
Giistrow (GUS) and Rytel (RYT), which originated form lowland region
with warmer and drier climate (Table 3), were selected as the top-
performing provenances. Dippoldiswalde (DIP) and Eibenstock (EBN),
which originated from the Orr Mountains, where climate was cooler
and more humid, were selected as the bottom-performing provenances.
Additionally, Kalsnava (KAL) provenance, which showed above-
average performance, was selected for assessment of plasticity of the
local population (Taeger et al., 2013).

Table 3
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2.2. Sampling and measurements

One to three vigorous undamaged dominant trees per plot for each
provenance (9-18 tree per provenance per trial) were sampled (198
trees in total). Two cores at breast height from the opposite sides of
stem avoiding reaction wood were extracted with a 5-mm Pressler in-
crement corer (Speer, 2010). Considering that the trials were ongoing
and have been thinned, the number of sampled trees was restricted. The
sampling was done in November 2017, when trees were 43 years old.

In the laboratory, cores were mounted and grinded, gradually de-
creasing grit of sand paper from 150 to 400 grains per inch. The mea-
surements of TRW were done manually, using a LINTAB 5 measuring
table, equipped with a microscope and the TSAP software (Rinntech
Inc., Heidelberg, Germany). The accuracy of measurements was
0.01 mm.

2.3. Data analysis

The quality of measured series of TRW was checked by a graphical
and statistical crossdating, using COFECHA program (Grissino-Mayer,
2001). Series of TRW from 167 trees, representing 15 provenances by
trials (9-14 trees per dataset), passed quality checking and were used
for the analysis. Mean sensitivity (MS), interseries correlation (r-bar),
first order autocorrelation (AC), signal-to-noise ratio (SNR), and ex-
pressed population signal (EPS) (Wigley et al., 1984) were calculated
for description of the datasets (based on series detrended by a flexible
cubic spline with the wavelength of 20 years).

To assess occurrence of extremes in TRW, PY values were calculated
based on a modified skeleton plot method (Neuwirth et al., 2004). The
relative difference of each TRW in respect to the preceding five was
calculated as:

Xios.i-1 @

where x; -TRW in the i-th year. The Ax; was then expressed as scores
ranging from 5 to 5 (except 0) with 20% (0.2) steps (— 5 corresponding
to Ax; < -80%, and 5 to a Ax; > 80%, respectively). For each prove-
nance in each trial for the period represented by = 5 trees, PY values
were calculated as:

k
100
1= —E hs;
kn - @

where k — number of possible score values (10 here), n — total number of
trees, h; — number of trees with score (event), and s; — score of event
year. The PYs exceeding an arbitrarily threshold |I| > 25 were con-
sidered as remarkable (cf. Elferts, 2007).

The main patterns in PY variation among the provenances and trials
during the common period (1987-2017) were assessed by principal
component (PC) analysis. Years and provenances (by trial) were con-
sidered as variables and samples, respectively. The significance of the
PCs was determined by Monte Carlo test (10* permutations).

Climatic drivers of PY values, as well as their first two PCs (loadings

Location and climatic description of origin of the studied provenances of Scots pine.

Giistrow (GUS) Rytel (RYT) Dippoldis-walde (DIP) Eibenstock (EBN) Kalsnava (KAL)

Latitude, N 53°45' 53°40' 50°49' 50°27' 56°42
Longitude, E 12°15' 18°01" 13°52' 12°26' 25°54'
Elevation, m as.l. 25 130 590 710 190

Mean annual temperature, °C 8.0 7.9 6.6 5.9 6.3

Mean temperature May-Sep., °C 14.8 15.0 13.2 12.6 147

Mean temperature Jan, C -0.8 -14 -2.6 -3.0 -43

Mean temperature Jul, °C 16.8 17.2 15.3 14.7 18.0

Mean annual precipitation, mm 585 590 804 994 656

Mean precipitation May-Sep., mm 297 306 402 499 337
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of years), were identified by bootstrapped Pearson correlation analysis
(10* iterations). The tested climatic factors were monthly mean tem-
perature, precipitation sums, and standardized precipitation-evapo-
transpiration indices (SPEI, calculated with the respect of preceding
three months; Vicente-Serrano et al., 2010). Time window from the
previous July (preceding formation of tree-ring) to October in the year
of tree-ring formation was used. The significant factors were checked
for collinearity. The CRU TS3.10 climatic data (Harris et al., 2014) for
stations located < 12km from the trials were used.

Tolerance analysis (Lloret et al., 2011; Taeger et al., 2013) was used
to assess the plasticity of radial growth regarding the identified re-
markable (both positive and negative) PYs. As all trees were at the same
age and grew in similar density, the analysis was based on individual
TRW series. Tolerance indices were calculated for comparison of TRW
in a PY (TRW,) with mean three-year increment before and after it
(TRWp,e and TRWp,g, respectively). Growth resistance was calculated
as the ratio of TRW in and before a PY (TRW,/TRWp,.). Recovery was
calculated as the ratio of TRW after and in a PY (TRWpos/TRW,,), and
resilience as the ratio of TRW after and before a PY (TRWpos,/ TRWpye).
Additionally, relative resilience, accounting for severity of growth
changes in a PY, was calculated as (TRWpos-TRW},)/TRWpye. Con-
sidering that TRW was used, tolerance indices might be slightly biased
by the age trend (Taeger et al., 2013), which, for the studied trees was
practically linear. The effects of provenance, trial, type of weather ex-
treme (i.e., cold or warm winter, dry or moist summer), and their in-
teraction (fixed effects) on the tolerance indices regarding the re-
markable PYs were assessed by a mixed model (Bates et al., 2015). Plot,
tree, and year were used as random effects. Separate models were built
for the positive and the negative PYs. Considering local specifics in PY,
marginal means of the provenances across the trials and years were
estimated from the mixed models using the ‘emmeans’ function, and
they were compared using Tukey’s post-hoc test. Data analysis was
conducted in R v. 3.5.1 (R Core Team, 2018), using packages ‘DpIR’
(Bunn, 2008), ‘emmeans’ (Lenth, 2018), and ‘lme4’ (Bates et al., 2015).

3. Results
3.1. Radial growth parameters and pointer years

The mean TRW was higher in LPJ compared to BSK and KLN trials
(Table 4). Most of the datasets contained representative environmental

Table 4

Descriptive statistics of the studied datasets of tree-ring width for the common
period from 1987 to 2017. SD- standard deviation, AC - first order auto-
correlation, EPS - expressed population signal, SNR - signal-to-noise ratio, MS —
mean sensitivity.

Tree-ring width, mm N, trees r-bar EPS SNR MS
Min. Max. Mean SD AC

Liepaja (LPJ) trial

DIP  0.19 817 2.66 1.78 12 040 0.83 090 6.70 0.26
EBN 0.47 9.01 295 1.50 11 0.35 0.80 0.87 5.18 0.20
GUS 057 8.54 3.43 1.83 11 0.34 0.81 086 4.79 0.18
KAL 092 9.32 3.21 164 12 0.30 0.84 085 4.61 0.18
RYT 0.80 10.32 3.47 1.93 12 031 0.81 086 4.68 0.19
Bauska (BSK) trial

DIP  0.22 5.57 2.07 122 9 0.39 0.80 086 4.93 0.23
EBN 0.30 7.06 226 1.36 9 036 0.82 086 4.79 0.25
GUS 025 6.35 2.54 121 10 035 0.82 086 4.75 0.18
KAL 0.17 5.61 235 115 10 0.34 0.78 085 4.51 0.20
RYT 098 8.16 294 141 10 0.34 0.69 085 4.52 0.20
Kalsnava (KLN) trial

DIP 022 5.7 213 1.18 10 024 0.77 075 2.61 0.22
EBN 0.13 6.60 212 117 13 0.33 0.78 0.88 539 022
GUS 0.36 8.12 2.54 123 12 041 0.74 091 7.10 0.19
KAL 0.34 5.99 247 1.07 14 0.33 0.70 0.89 6.05 0.20
RYT 040 7.74 2.88 120 12 0.38 0.75 090 6.31 0.16
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signals, as r-bar > 0.30 and EPS > 0.85 (cf. Wigley et al., 1984);
though, signal was weaker for the bottom-performing DIP in KLN trial
(Table 4). For all datasets, MS was intermediate (ranging 0.16-0.26; cf.
Speer, 2010); AC was high (= 0.69; cf. Speer, 2010), indicating con-
siderable effect of previous growth on current increment.

The PY values (Fig. 1) were intermediate (cf. Neuwirth et al., 2004);
their range was similar among the trials, yet it was slightly higher for
DIP and lower for RYT. The r-bar between the provenances within a
trial was higher (ranging 0.87-0.68 in LPJ and BSK, respectively) than
among the trials (0.51). During 1987-2017, the number of remarkable
PYs ranged from 9 to 13 for KAL and DIP, respectively; the remarkable
PYs were more frequent in the coastal LPJ trial compared to others.
Most of the remarkable PYs were negative, indicating more frequent
growth suppressions than releases.

The strength of PYs differed among the trials and provenances
(Fig. 1), indicating plasticity of growth. In the coastal LPJ trial, re-
markable negative PYs, which might be associated with winter and
summer temperature extremes (Table 2), occurred during most of the
period 1991-2005 (Fig. 1), and were stronger for DIP and EBN. In 1999,
DIP showed explicit reduction of TRW (Fig. 1) responding to a hot and
dry summer (Table 2), and in 2013, due to a cold spring followed by a
hot summer. The positive PYs (2007 for DIP and EBN, and 2016 for GUS
and RYT; Fig. 1) occurred after warm February/March (Table 2). Under
warmer climate in BSK trial, the remarkable negative PYs (Fig. 1)
particularly for KAL, EBN, and DIP occurred in response to cold spells in
the January-March period (Table 2). The top-performing GUS and RYT
provenances showed remarkable negative PY in 1997 (Fig. 1), when
spring was cold and summer hot (Table 2). Under continental climate in
KLN trial, negative PYs (Fig. 1) occurred when February/March was
cold and summers were dry or hot (1994, 1999, 2005, 2006, 2011,
2013; Table 2); the positive PYs occurred after warm winters (1989 and
2007, Table 2). The GUS and RYT showed negative PY in 2007, yet
growth reduction of 2013 was stronger for DIP. In BSK and KLN trials,
all provenances, particularly DIP and RYT, showed explicit response to
thinning.

3.2. Climatic signals in pointer years

The first two PCs of PY series were significant (p-values < 0.01) and
explained ca. 63% of variance (Fig. 2A). The grouping of series (Fig. 2B)
illustrated the site-specific variation; still, the within-group ranges of
scores indicated provenance-specific variation of PYs. The first PC dis-
tinguished LPJ trial from others (Fig. 2), and was related to extremes of
winter and spring temperature (e.g., 1989, 2000, 2005, and 2006;
Table 2). The second PC distinguished BSK trial (Fig. 2) and was related
to extremes in summer temperature and precipitation (e.g. 1991, 1993,
1999, and 2015; Table 2). The loadings of the first PC were significantly
(at a = 0.05) correlated with temperature in September (r = 0.45) and
in the previous December (r = 0.44); the second PC was correlated with
temperature in March (r = 0.46), June (r = -0.47), and October (r =
-0.34).

The series of PYs significantly (at @ = 0.05) correlated with eight of
the 48 climatic factors tested (Fig. 3). In LPJ trial, all provenances,
particularly the top-performing GUS and RYT, showed correlation with
temperature in the previous December. Additionally, GUS and RYT
were sensitive to temperature in the previous October and precipitation
in the previous August, respectively. The local KAL showed correlation
with precipitation in July and temperature in the previous October. In
the BSK trial, all provenances were sensitive to temperature in October;
GUS and RYT were additionally sensitive to temperature and pre-
cipitation in the previous October. All except DIP showed negative
correlation with precipitation in September; the strength of the corre-
lation increased with the field performance of provenances. Correlation
with precipitation in the previous August was significant for EBN, GUS
and RYT. In KLN trial, EBN, GUS, and KAL showed correlation with
temperature in March. All except RYT were also sensitive to
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Fig. 1. Pointer year values of tree-ring width of the studied provenance of Scots pine in three trials for the common period 1987-2017.

precipitation in July. The negative correlation with precipitation in the
previous October was apparent for EBN and KAL.

3.3. Tolerance analysis

Tolerance analysis was conducted for three positive and seven ne-
gative PYs (Fig. 4). Regarding the negative years, the mean resistance
and resilience indices (Fig. 4) were intermediate (means were 0.81 and
0.86, respectively); the recovery and relative resilience were rather low
(1.10 and 0.05, respectively; cf. Taeger et al., 2013), suggesting some
suppression of TRW after disturbances. Regarding the positive years,
mean resistance (improvement) and recovery (growth release) were
1.10 and 0.80, respectively (Fig. 4), suggesting weaker reaction of TRW
compared to the negative years. Higher resilience (showing duration of
release) and relative resilience (0.90 and -0.25, respectively) suggested
that TRW more promptly returned to pre-release level.

Tolerance indices showed significant (p-values < 0.01) trial by
weather extreme interaction (Table 5), implying trial-specific responses
of TRW. The non-interacted effect of provenance was observed for re-
sistance and resilience to the negative PYs, and relative resilience
(duration of release) to the positive years (Table 5). These tolerance
indices followed the field performance of provenances (Fig. 4). The
differences in resistance and resilience to the negative PYs among
provenances were significant only for the strongest contrasts (DIP and
RYT; Fig. 4). Differences in relative resilience to the positive PY lacked
statistical significance among the provenances (Fig. 4), likely due to the
adjustments of p-values of multiple pairwise comparisons (Lenth,
2018).

The provenance by weather extreme interaction was significant (p-
value < 0.01) for relative resilience to the negative years (Table 5). The

highest indices were observed for EBN and RYT (means were 0.21 and
0.22, respectively) after cold winter (e.g., in 2005), while the lowest for
KAL (0.02) and DIP (0.06) in years with cold winter and hot and dry
summer (e.g., in 1997, 2010, and 2013; Table 2). The provenance by
trial interaction was significant (p-values < 0.05) for the recovery (re-
lease) after the positive PYs (Table 5). The lowest indices were observed
for DIP and KAL in BSK trial (0.69 and 0.78, respectively), suggesting
some growth release after mild winters. The highest indices were esti-
mated for the top-performing RYT under maritime climate in LPJ trial
(0.95), indicating prompt return of growth to previous level.

4. Discussion

The studied trials differed by productivity (Table 4) which, besides
the edaphic conditions, could be related to climate (Jansons and
Baumanis, 2005) and environmental transfer distance of seed material
(Rehfeldt et al., 2003; Schlyter et al., 2006). Temperature has been
considered as the main factor limiting growth of the north-transferred
trees (Schlyter et al., 2006); accordingly, milder climate in LPJ trial
(Table 1) was favourable for the provenances from regions with a
warmer and dryer climate (Taeger et al., 2013), particularly GUS and
RYT (Table 3). Nevertheless, moisture regime also affected growth of
studied provenances, particularly EBN and DIP, which originated from
more humid climate (Table 3). Although longer vegetation period (as in
BSK trial) is considered favourable for north-transferred provenances
(Repo et al.,, 2000; Rehfeldt et al.,, 2003), it apparently could not
compensate for drier summers there (Table 1), hence TRW was similar
to the more continental KLN trial (Table 1). Additionally, the explicit
reaction to thinning (1996) in BSK and KLN trials (Fig. 1), where
summers were hotter and drier, suggested release from competition for
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soil water in summer (Merlin et al., 2015; Zang et al., 2012).

The performance of the studied provenances was related to their
sensitivity to environmental fluctuation, as indicated by the negative
relationships (Fig. 1; Table 4) between TRW, as well as range of PY
values, and MS, which has been previously shown by Zang et al. (2012)
and Taeger et al. (2013). Alternatively, such relationships might be
related to allocation of carbon to root growth in provenances from
harsher sites (Nikolova et al., 2011), or to differing control of stomatal
conductance, hence reaction to water availability (Hartmann, 2011).
Nevertheless, PY values, their statistics, climate-growth correlations,
and tolerance indices (Figs. 1, 3, 4; Table 4) were intermediate, sug-
gesting moderate influence of weather fluctuations, as expected in the
mid-part of specie’s distribution range (Martinez-Vilalta et al., 2009;
Speer, 2010; Taeger et al., 2013).

The PC analysis (Fig. 2) highlighted temperature in the dormant
period and moisture availability in summer, which is determined by

temperature and precipitation regime (Trajkovic, 2005), as the main
determinants of the inter-annual variation of PY values of the studied
provenances. The synergy of these factors caused the remarkable PYs
(Table 2); common PYs occurred in e.g., 1994, 1997, and 2005 (Fig. 1),
when cold winters were followed by warm/dry summers (Table 2),
indicated susceptibility of the studied provenances to repeated stress
(Marshall et al., 2000). Such effects are consistent with the regional
signals in growth of Scots pine (Elferts, 2007; Jansons et al., 2016;
Hordo et al., 2009).

The effect of temperature in the dormant period was trial-specific
(Figs. 2,3), implying diverse mechanisms of response (Hansen and Beck,
1994; Weih and Karlsson, 2002) in the mid-part of specie’s range
(Friedrichs et al., 2009). In LPJ trial, the effect of temperature in pre-
vious December (Fig. 3) could be related to cold damage (Weih and
Karlsson, 2002). Under coastal climate, winter accession is slower
(Harris et al., 2014) delaying cold hardening (Repo et al., 2000; Beck
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et al., 2004), thus increasing susceptibility of trees to sudden tem-
perature drops (Avotniece et al., 2012). Although the top-performing
provenances showed higher correlations (Fig. 3), the PY values (Fig. 1;
Table 2) suggested that they mostly benefited from warm Decembers. In
contrast, the bottom-performing provenances showed stronger negative
PY after cold winters, probably due to lesser nutrient reserves, hence
affected cold hardening (Hansen and Beck, 1994; Ogren, 1997). In KLN
trial, the effect of temperature in March/April (Fig. 3) might be related
to soil freeze and root growth (Tierney et al., 2001), which occur at that
time (Hansen and Beck, 1994), and affect water relations of trees in the
following season (Kramer and Boyer, 1995). The top-performing GUS
provenance showed higher correlation with this factor (Fig. 3C), still
the PYs (e.g., in 2005, 2006, and 2007; Fig. 1; Table 2) showed that
trees were able to benefit from warm years and show lesser growth
reduction in cold years.

The effect of summer moisture regime was stronger under drier
climate in BSK and KLN trials (Fig. 3). In KLN trial, direct effect of water
deficit on growth (Eilmann and Rigling, 2012) was indicated by the
positive correlations with precipitation in July (Fig. 3). In BSK trial, the
correlations with precipitation in previous August suggested effect of
water deficit on formation of nutrient reserves, which affect over-
wintering (Ogren, 1997; Tierney et al., 2001; Weih and Karlsson, 2002)
and growth in the next spring (Hansen and Beck, 1994; Barbaroux and
Breda, 2002; Mayr et al., 2003). Considering intensifying summer water
deficit (Avotniece et al., 2012), most of the PYs related to dry years
were negative (Table 2). Still, the top-performing provenances, parti-
cularly RYT, were able to benefit from moist years and show weaker

reduction of TRW in response to dry summers (Fig. 1; Table 2), sug-
gesting better adaptation to future climate in Latvia.

The ability of the north-transferred provenances to utilize longer
vegetation period increases increment, as well as the risk of frost da-
mage (Repo et al., 2000; Rehfeldt et al., 2003; Bolte et al., 2009;
Schreiber et al., 2013). The correlation with October temperature
(Fig. 3) suggested formation of some additional increment in warm
autumns (Oberhuber et al., 1998). The effect of previous October im-
plied additional assimilation (Barbaroux and Breda, 2002), hence im-
proved overwintering (Hansen and Beck, 1994), particularly for the
top-performing provenances. The correlations with September pre-
cipitation (Fig. 3) suggested influence of decreased radiation on as-
similation in cloudy days (Strand et al., 2006). These effects have likely
been slight (no PY related; Table 2); still, the observed correlations
implied potential gains from extending vegetation period (Walther
et al., 2002; Bolte et al., 2009; Lindner et al., 2010; Schreiber et al.,
2013).

The tolerance of the studied trees to weather extremes (Fig. 4) was
generally similar to that observed in Germany (cf. Taeger et al., 2013),
suggesting comparable reaction of radial increment to sudden en-
vironmental fluctuations. Still, the relative resilience (Fig. 4) was lower,
indicating higher plasticity of growth (Taeger et al., 2013). The sig-
nificant and consistent effect of provenance on resistance and resilience
in the negative PYs (Table 5) implied that selection by provenance
might be applied for reduction of forestry risks related to weather ex-
tremes (Repo et al., 2000; Taeger et al., 2013, 2015) across the con-
tinentality gradient in Latvia. Accordingly, GUS and RYT provenances
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Fig. 4. The estimated marginal means of the
tolerance indices (resistance, recovery, resi-
lience and relative resilience) of TRW of the
studied provenances of Scots pine in the posi-
tive (A-D) and negative (E-H) pointer years
across the trials and years. Similar letters in-
dicate lack of significant differences among the
provenances, as determined by Tukey’s HSD
post-hoc test. Note that the axes differ. N —
number of observations.

The F-values of fixed effects (provenance, trial, type of weather extremes (cold or warm winter, cool or warm and dry summer) and their interactions) and variance of
random effects (tree and year) of tolerance indices of radial growth (tree-ring width) of Scots pine in the identified positive and negative pointer years. Significance
codes, p-values: * < 0.05, ** < 0.01, *** < 0.001; df — degree of freedom.
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showed the highest tolerance, hence could be recommend for wider
application. Lower resilience of EBN and DIP (Fig. 4) indicated growth
depressions (Lloret et al., 2011), particularly in response to multiple
stressors (Fig. 1; Table 2). The interactions in tolerance indices invol-
ving provenance (Table 5) were generally related to local specifics in
susceptibility of the bottom-performing provenances to repeated stress
(not shown).

5. Conclusions

Considering location of the trials in hemiboreal zone, PYs of the
studied Scots pine provenances were prevailingly caused by winter
temperature regime. The effects of climatic factors related to water
deficit and vegetation period’s length were apparent, likely due to
warming of climate and seed transfer, respectively. Growth response to
weather fluctuations and weather extremes highlighted linkage be-
tween climatic sensitivity and productivity of the studied provenances;
while, the diversity of responses indicated plasticity of Scots pine from
different populations, suggesting that selection by provenance might be
sufficient for improvement of sustainability of stands. As expected, the
top-performing provenances (GUS and particularly RYT) showed lower
sensitivity of growth to weather conditions and were more resilient to
unfavourable weather extremes, likely due to the ability to utilize
longer vegetation period and assimilate greater nutrient reserves.
Although transferred north, the top-performing provenances were able
to benefit from warm winters and showed lesser growth reduction in
cold winters, yet were more tolerant to water deficiency, indicating
increasing commercial potential. Considering that provenance had
consistent effect of growth tolerance, indicating genetic control, the
top-performing provenances might be applied in commercial forestry
and/or included in breeding program to amplify positive effects of the
transfer.
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The efficiency of water use and transport are among the main factors affecting competitiveness, growth, and
distribution of trees under warming climate. The phenotypical and genetic plasticity of tree populations is
considered as an indicator of their adaptive capacity under changing environment. Climatic changes are ex-
pected to affect growth of Scots pine (Pinus sylvestris L.), and selection of reproductive material among the
populations suitable for future climates has been advised for sustaining productivity of stands. In this regard,
provenance trials can serve as source of comprehensive information about growth plasticity and climate-growth
interactions of diverse populations. Quantitative wood anatomy can provide detailed information about xylo-
genesis and factors affecting it, which are crucial for long-term predictions. Wood anatomy of two top- (Gustrow
and Rytel), two low-performing (Eibenstock and Dippoldiswalde), and one local (Kalsnava) provenances of Scots
pine from the eastern Baltic region growing in three provenance trials in Latvia was studied using mixed models,
accounting for the experimental design, as well as using the time-series approach. Provenance had a significant
effect on the studied wood anatomical proxies, indicating genetic adaptation of xylogenesis. The top-performing
provenances, which originated from warmer and drier conditions, had tracheids with larger lumens and thinner
walls, thus indicating adaptation to water deficit. The top-performing Rytel provenance showed the highest
phenotypical plasticity of lumen cross-section area and cell wall thickness of stemwood tracheids. The studied
low-performing provenances, which originated from the Orr Mountains, had tracheids with thicker wall and
smaller lumens, likely to ensure mechanical durability. The local provenance showed intermediate values of the
studied wood anatomical proxies. The effect of provenance on wood anatomical proxies showed some variations
among the trials, which differed by continentality, likely due to ecological transfer distance. The studied ana-
tomical proxies were affected by weather conditions prior and during formation of a tree ring, yet these re-
lationships differed by trial and provenance. In general, wood anatomy of earlywood was affected by tem-
perature in the dormant period and beginning of summer, as well as precipitation in the end of the previous
vegetation period. Proxies of latewood showed correlation with temperature (negative) and precipitation (po-
sitive) in summer, suggesting response to the availability of water. Considering the observed relationships, the
top-performing provenances, particularly Rytel, have a high potential to sustain productivity of stands within the
region in the future.

|

1. Introduction

Scots pine (Pinus sylvestris L.) is predicted to decrease growth and
survival in a large part of its distribution range (Buras and Menzel,
2019) due to increasing heat stress and water deficit (Martinez-Vilalta
et al., 2009; Martin et al., 2010; Allen et al., 2015), causing severe
economic consequences (Hanewinkel et al., 2013; Nabuurs et al.,
2018). Hence, the observed and predicted extension and intensification
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of periods of water deficit (IPCC, 2013) are raising new challenges in
forest management across vast regions in Europe (Allen et al., 2015;
Yousefpour et al., 2017; Nabuurs et al., 2018). Consequences of water
shortage, such as increment reduction (Anderegg et al., 2015; Popkova
et al., 2018; De Micco et al., 2019) and pest outbreaks (Martini et al.,
2017), are considered as a major threat counteracting growth im-
provements due to extended vegetation periods (Yousefpour et al.,
2017; Nabuurs et al., 2018). Under a warming climate, the effect of
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water deficit emerges also in ecosystems not considered as water-lim-
ited, such as boreal and hemiboreal forests (Savva et al., 2002; Lloyd
et al., 2011; Vicente-Serrano et al., 2014; Yousefpour et al., 2017). The
influence of climatic changes on tree growth can differ at fine geo-
graphic scale due to the micro-site and historical factors (Eckert et al.,
2015; Fei et al., 2017; Moran et al., 2017), thus adding complexity to
the assessment of the future growth potential.

Water conductivity of wood, embolization, and ability to refill em-
bolized tracheids/vessels have been among the main factors de-
termining sensitivity of trees to water deficit and their ability to effi-
ciently utilize available water resources throughout the vegetation
period (Fonti and Jansen, 2012; Mayr et al., 2014; Allen et al., 2015;
Moran et al., 2017; Choat et al., 2018; Chauvin et al., 2019). These
issues are linked to the hydraulic architecture of wood, hence to wood
anatomy (Tyree and Zimmermann, 2002; Fonti and Jansen, 2012;
Anderegg et al., 2015; Carrer et al., 2015; Popkova et al., 2018). Wood
of conifers is mostly consists of tracheids (Cuny et al., 2014). Size, cell
wall properties, and lumen area are among the main parameters, which
determine functioning of tracheids under stress conditions (Martin
et al., 2010; Rathgeber et al., 2016; Arzac et al., 2018; De Micco et al.,
2019). The cross-section area of cell lumen (LCA), particularly in ear-
lywood (EW) determines conductivity of water and probability of em-
bolism under water shortage (Eilmann et al., 2009; Martin et al., 2010;
Bryukhanova and Fonti, 2013). Cell wall thickness (CWT), particularly
in latewood (LW) influence mechanical properties (De Micco et al.,
2019), yet drought sensitivity as well (Anderegg et al., 2015; Nabais
et al., 2018). Also, CWT can be considered as an indirect proxy of as-
similation (Fonti et al., 2013; Arzac et al., 2018; Nabais et al., 2018)
and carbon reserves (Mayr et al., 2003, 2014).

The dimensions of tracheids are affected by the timing and duration
of their formation (Anfodillo et al., 2013; Cuny et al., 2014; Rathgeber
et al., 2016; Butto et al., 2019), which are influenced by weather
conditions (Castagneri et al., 2017; Cuny et al., 2019), genetic (Savva
et al., 2002, Martinez-Vilalta et al., 2009; Housset et al., 2018; Nabais
et al., 2018), and legacy (response to preceding conditions) factors
(Fonti et al., 2013; Anderegg et al., 2015; Sass-Klaassen et al., 2016;
Cuny et al., 2019). Both, cell expansion and cell wall deposition (which
decreases lumen area) is directly affected by temperature, while the
first is also highly sensitive the availability of water (Bryukhanova and
Fonti, 2013; Cuny et al., 2014; Rathgeber et al., 2016; Butto et al.,
2019). The direct and indirect (via vigour, assimilation, hormone
concentrations, etc.) effects of these factors also influence the rate of
cell division and the number of wood cells formed in each year, hence
tree-ring width and increment (Butto et al., 2019; De Micco et al.,
2019). Wood formation is a continuous process, and the trade-offs in
tracheid development (hence intra-annual variation of their dimen-
sions) allow trees to plastically adjust xylem according to the hydraulic
demands being set by meteorological conditions (Bryukhanova and
Fonti, 2013; Dalla-Salda et al., 2014; Arzac et al., 2018; Cuny et al.,
2019).

Trees, as long living organisms, are subjected to a wide spectrum of
fluctuating environmental conditions, hence they have developed me-
chanisms allowing high phenotypical plasticity, including that of xy-
logenesis, to survive various environmental conditions (Bryukhanova
and Fonti, 2013; Dalla-Salda et al., 2014; Aitken and Bemmels, 2016;
Cuny et al., 2019; Klisz et al., 2019). Being of adaptive significance,
traits related to hydraulic architecture, hence susceptibility to water
deficit, are often genetically controlled (Savva et al., 2002; Li et al.,
2018; Nabais et al., 2018). Populations of trees with wide distribution
range have evolutionary adapted to local conditions, restricting varia-
bility of traits and physiological reactions to environment, even under
high gene flow (Li et al., 2018; Moran et al., 2017; Chauvin et al.,
2019). Scots pine from drier sites form tracheids with larger lumen to
improve conductivity with minimal investment in carbon (Eilmann
et al., 2009, Martin et al., 2010), while trees from windy sites have
thicker cell walls to improve mechanical strength (Savva et al., 2002;
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Martinez-Vilalta et al., 2009; Martin et al., 2010). However, considering
the increasing rate of climatic changes, evolutionary adaptation of local
populations might be lagging behind, hence assisted migration appears
necessary (Aitken and Bemmels, 2016). High phenotypic plasticity in
combination with genetic adaptation, including the ability to maintain
optimum conduit size (Bryukhanova and Fonti, 2013; Arzac et al,,
2018), therefore are crucial for the adaptation to novel conditions
(Aitken and Bemmels, 2016; Moran et al., 2017; Housset et al., 2018).
Provenance trials, which historically have been established for
screening of the most productive populations (Leites et al., 2012;
Nabais et al., 2018), provide an opportunity for assessment of genetic
(between provenances) aspects of local adaptation, as well as the
phenotypical plasticity of trees (Aitken and Bemmels, 2016; de
Villemereuil et al., 2016; Moran et al., 2017; Nabais et al., 2018). They
also provide the possibility to evaluate reactions of tree populations to
the potential future climates, providing a deeper insight in sensitivity of
genotypes, thus aiding for more comprehensive assessment of growth
potential (Taeger et al., 2013; Nabuurs et al., 2018; Matisons et al.,
2019). Klisz et al. (2019) demonstrated efficiency of provenance trials
regarding these issues, particularly under non-marginal conditions.
Information about the genetic control of growth sensitivity is crucial for
the adaptive management, including tree breeding, to cope with the
changing climate (de Villemereuil et al., 2016; Nabuurs et al., 2018).
The aim of this study was to assess plasticity of LCA and CWT of the
eastern Baltic provenances of Scots pine differing by filed performance
under hemiboreal conditions. The objectives were (i) to assess pheno-
typic and genetic (between-provenance) plasticity of wood anatomical
proxies, and (ii) to assess their sensitivity to climatic factors. We hy-
pothesized, that the top-performing provenances showed higher phe-
notypic plasticity of wood anatomy compared to the low-performing
ones, which affected sensitivity to climatic factors. We also assumed,
that the top-performing provenances formed tracheids with larger lu-
mens and thicker walls, hence more efficient water transport, allowing
faster growth, and that these differences were genetically controlled.

2. Material and methods
2.1. Studied trials and provenances

Three international Scots pine provenance trials, which were es-
tablished in 1975 under the collaboration between the USSR and the
German Democratic Republic (Kohlstock and Schneck, 1992; Jansons
and Baumanis, 2005) in the hemiboreal zone in Latvia near Liepdja (LI),
Zvirgzde (ZV), and Kalsnava (KA) were studied (Table 1, Fig. 1) to
account for the local variability of growth (Jansons and Baumanis,
2005; Eckert et al., 2015). The trials are situated on well-drained (sandy
or slightly loamy) dry oligotrophic podsols with flat topography at low

Table 1

Location, elevation, soils, and climate (annual and monthly mean temperature,
and precipitation sums ( = 95% confidence interval) of the studied trials.
Climatic data refers to 1997-2017.

Liepaja (LI)  Zvirgzde (ZV)  Kalsnava (KA)

Latitude, N 5629'N 56°32'N 56°49'N
Longitude, E 21°05’E 24°13E 267'E
Elevation, m a.s.l. 15 50 220

Relief Flat Flat Flat

Soil type Podsols Podsols Podsols

Site type Vacciniosa Vacciniosa Vacciniosa
Mean annual temperature, “C 7.8 + 0.7 7.2 = 0.8 6.3 + 0.9
Mean temperature May-Sep., °C~ 15.0 + 0.3  15.3 = 14.8 = 0.4
Mean temperature Jan., ‘C -14+13 -29+13 —43 + 1.3

Mean temperature Jul., °C 17.8 = 0.6 £07 180 = 06
Mean annual precipitation, mm 745 = 37 647 = 26 656 + 28
Mean precipitation May-Sep., 65 + 6 67 £ 5 67 + 6

mm
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Fig. 1. Location of origin of the studied provenances (circles and three letter
codes) and provenance trials (squares and two letter codes). The arrow in-
dicates geographic (true) north.

elevation (=220 m above sea level). The trials represent the spatial
climatic gradient from coastal (in LI) to continental (in KA). January
and July were the coldest and the warmest months, respectively
(Supplementary material, Fig. S1). The mean annual temperature was
higher in ZV and LI trials (Table 1). Vegetation period (mean daily
temperature > 5 °C) extended from mid-April to October. In ZV, it was
about two weeks longer compared to LI and KA. Annual precipitation
was higher in LI. The highest monthly precipitation mostly occurred in
the summer months (May-September; Fig. S1). Climatic changes were
expressed as warming in the dormant period and spring (more frequent
and intensive thaws), and as extension of vegetation period (ca. by two
weeks during the past 50 years; IPCC, 2013), as well as increasing
variability of precipitation regime (increasing frequency and extension
of the dry periods) in summer (Avotniece et al., 2012).

The trials were established by planting one-year-old bare-rooted
seedlings raised in local nurseries. The seeds were collected in 36 open-
pollinated stands (20-25 trees) distributed within 50-56°N, and
11-27°E (Poland and Northern Germany) (Kohlstock and Schneck,
1992). Such region represents the projected climatic conditions for
Latvia in the near future (IPCC, 2013). In each trial, each provenance
was planted in six randomly distributed plots of 7 X 5 trees with
1 x 2m spacing (5000 trees ha™"). All trials contained identical set of
provenances. At the age of 21 years, the trials were thinned; about two
thirds of the initially planted trees (per plot) were harvested (the post-
thinning stand density was ca. 1800 trees ha~') (Jansons and
Baumanis, 2005).

Provenance had a consistent effect on field performance and stem
quality of Scots pine in the studied trials (Jansons and Baumanis, 2005).
Based on the trial inventory conducted in 2016 (stem diameter at breast
height and tree height measured), two of the top- and two of the low-
performing provenances according to their field performance (dimen-
sions of trees and survival; Supplementary material, Table S1) were
selected for sampling. Such a selection was done to assess the linkage
between productivity and plasticity of wood anatomy (Martin et al.,
2010; Fonti et al., 2013; Arzac et al., 2018). Consequently, Giistrow
(GUS) and Rytel (RYT), which originated from lowland sites with dryer
and warmer climate (Fig. 1; Table 2; Supplementary material, Fig. 52),
where selected as the top-performing provenances. Dippoldiswalde
(DIP) and Eibenstock (EBN), which originated from the Orr Mountains
(Fig. 1), where climate was cooler and more humid (Table 2), were
selected for the representation of the low-performing provenances.
Considering a northward transfer of the provenances, higher field
performance of the provenances was observed under milder climate in
the coastal LI trial (Jansons and Baumanis, 2005). Additionally, the
local Kalsnava (KAL) provenance, which showed intermediate field
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performance (Supplementary material, Table S1), was selected for the
representation of plasticity, hence adaptability of the native population
(Taeger et al., 2013; Aitken and Bemmels, 2016).

2.2. Sample collection and preparation

For each provenance within each trial, one to three undamaged
dominant trees from each of the six plots (9-16 trees per provenance
per trial in total; Supplementary material, Table S2) were sampled in
November 2017. Considering that the trials were planned to be on-
going, the number of sampled trees was restricted. Two 5-mm incre-
ment cores from the opposite randomly oriented sides of the stem at
1.3 m height were collected. To avoid the occurrence of reaction wood,
tilted trees were not sampled.

In the laboratory, cores were glued on wooden mounts using a
water-based PVA glue. In case of twisted samples, they were steamed
(steam jet) and straightened (as far as possible) before fixing (Speer,
2010). Samples for microscopy were prepared according to the guide-
lines described by Girtner et al. (2015). From each core, a thin section
(thickness 14-18 pum) was cut with the WSL core microtome (Gértner
and Nievergelt, 2010) equipped with the Leica Surgipath DB80 LX
blades. It was ensured that the prepared thin sections contained = 21
outermost tree-rings. A mixture of glycerine and rice starch was applied
before the final cut to stabilize the sample and to avoid cell wall rupture
(Schneider and Gartner, 2013). Transparent water-dissolving tape was
used to transfer cut thin sections onto glass slides. The samples were
covered with 50% water-glycerine solution to avoid drying-out before
dyeing with Astrablue and Safranin, following the protocol described by
Gartner and Schweingruber (2013). The dyed thin sections were de-
hydrated using ethanol and xylol, and sealed in Canada balm as per-
manent samples.

2.3. Measurements

Tree-ring width from the permanent samples was measured manu-
ally, using a Lintab 5 measuring table, equipped with an object table
with a white background, and TSAP software (RinnTech Inc.,
Heidelberg, Germany). To measure wood anatomical proxies, high re-
solution (ca. 0.9 pixels pm ') overlapping distortion free microscopic
images were acquired at 40 X optical magnification using a light mi-
croscope (Girtner et al., 2015) and a digital camera with an 18 Mpx
cropped matrix. The images were stitched using the PTGui software
(New House Internet Services B.V., Rotterdam).

Wood anatomical proxies — LCA and CWT in EW and LW (LCAgw,
LCA.w; and CWTgw, CWTyy, respectively), which determine con-
ductivity, risk of dysfunction, and mechanical properties of wood
(Tyree and Zimmermann, 2002; Martin et al., 2010; Carrer et al., 2015;
Cuny et al., 2019), were measured using the WinCELL 2007a (Regent
Instrument, Inc.) software. Considering the limitations due to the ver-
sion of the software, areas of typical EW and LW tracheids, con-
taining > 120 cells in > 18 radial files, were distinguished arbitrarily
and cut from image of each tree ring (Supplementary material, Fig.
S3A) formed during 1997-2017 (the outermost 21 rings), and used for
measurements. To warrant correct measurements of cells, it was en-
sured that the tangential axis of wood in each of the cut images was
horizontal ( = 5°). Images, in which axial direction of tracheids was not
perpendicular to the cutting plane due to improper orientation of
samples (or its parts) or anatomical anomalies of wood (as e.g., frost
rings, reaction wood, etc.), were discarded (Supplementary material,
Fig. S3B, C), resulting in interrupted time series of measurements. Some
images were also discarded due to the issues related to naturally
varying orientation of tracheids within wood (Schweingruber et al.,
2012). Number of images for each provenance/trial/year is shown in
Supplementary material, Fig. S4. In WinCELL, pixel classification based
on colour was used, applying the “H and V” mode of cell measurements.
The batch function was applied for automated image processing. Size
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Table 2
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Location and climatic description of origin of the studied provenances of Scots pine. Climatic data refers to 1997-2017.

Giistrow (GUS) Rytel (RYT) Dippoldis-walde (DIP) Eibenstock (EBN) Kalsnava (KAL)

Latitude, N 53°45' 53°40" 50°49’ 50°27" 56°42'
Longitude, E 12715 1801 1352 12:26' 25°54
Elevation, m a.s.l. 25 130 590 710 190

Mean annual temperature, °C 8.0 7.9 6.6 5.9 6.3

Mean temperature May-Sep., °C 14.8 15.0 13.2 126 14.7

Mean temperature Jan, °C -08 —1.4 -26 -3.0 —43

Mean temperature Jul, °C 16.8 17.2 15.3 147 18.0

Mean annual precipitation, mm 585 590 804 994 656

Mean precipitation May-Sep., mm 297 306 402 499 337

filters were applied to exclude any erroneously detected objects. In-
dividual cell data was stored for the analysis.

2.4. Data analysis

To ensure correct dating of each tree-ring (wood images), cross-
dating based on tree-ring widths was performed by graphical inspection
and using the COFECHA program (Grissino-Mayer, 2001). The dating of
measurements was adjusted if necessary. The effect of provenance on
the studied wood anatomical proxies was assessed using linear mixed
models (Bates et al., 2015) to account for the unbalancedness in the
data. The individual cell was considered as an observation and wood
image was considered as a statistical unit. Since tree age and meteor-
ological conditions affect wood anatomy (Eilmann et al., 2009;
Anfodillo et al., 2013, Castagneri et al., 2017), the year of tree-ring
formation, core (side of stem), tree, and plot were used as random
factors to account for the dependencies in the data. Tree-ring width was
included in the models as a numeric covariate to account for the effect
of growth rate.

Bootstrapped Pearson correlation analysis (Zang and Biondi, 2013)
was used to assess the relationships of the inter-annual variation of LCA
and CWT with climatic factors, accounting for missing data. Con-
sidering that some time proxies showed a linear age trend (age/size
related increase of LCA and CWT; Eilmann et al., 2009; Anfodillo et al.,
2013), time series were detrended using a simple linear model and
prewhitened before the pooling by the biweight robust mean (Bunn,
2008). The tested climatic factors were the mean monthly temperature,
monthly precipitation sum, and monthly water deficit, represented by
the standardized precipitation evapotranspiration index (SPEL; Vicente-
Serrano et al., 2010). The tested climatic factors were arranged ac-
cording to the time windows from June in the year preceding tree-ring
formation (previous June) to June in the year of tree-ring formation,
and from previous June to September of tree-ring formation for EW and
LW, respectively. The significant factors were checked for collinearity.
The interpolated climatic data (CRU TS3.10) were obtained from the
online repository (Harris et al., 2014) for the stations located at
=<12km distance from the trials. Pearson correlation was calculated to
assess the relationships between the time series of LCA and CWT across
the trials and provenances. Data analysis was conducted in R, v. 3.5.1
(R Core team, 2019), using packages “Ime4” (Bates et al., 2015), “dpIR”
(Bunn, 2008), “emmeans” (Lenth, 2018), and “bootRes” (Zang and
Biondi, 2013).

3. Results
3.1. Differences among provenances and trials

The mean LCAgw and LCApw of the studied provenances of Scots
pine ranged 761-867 and 101-178 um?2, respectively; the mean CWTgw
and CWTyy ranged 2.6-4.4 and 5.1-10.7 um, respectively (Fig. 2). The
studied wood anatomical proxies showed varying within-provenance
variation (Table 3), indicating intermediate (cf. Chauvin et al., 2019)

phenotypical plasticity of xylogenesis. The highest within-provenance
variation was observed for LCA;w, while the lowest for CWTgy. Among
the provenances, the top-performing RYT overall showed the highest
phenotypical plasticity of the studied proxies, followed EBN, KAL, GUS,
and DIP provenances, implying limited linkage between phenotypical
plasticity and field performance.

The origin of Scots pine significantly affected both LCA and CWT
(10.08 < F-value < 26.77; p-value < 0.001; Table 4), indicating local
genetic adaptation of xylogenesis. The provenance-by-trial interactions
were significant (6.96 < F-value < 27.49, p-value < 0.001), particu-
larly for CWT, highlighting local specifics in responses of xylogenesis to
environment. The individual effect of trial was significant for CWT (F-
value = 22.52) and LCAgw. Tree-ring width had a significant (p-
value < 0.01) positive effect on LCA, yet a negative effect on CWTgy,
indicating a linkage between increment and wood anatomy. Among the
random effects, core (side of stem) showed the highest variance, in-
dicating within-tree variability in wood anatomy. The year of tree-ring
formation was also associated with a certain variance indicating inter-
annual (phenotypical) variation. Plot was estimated with the lowest
variance, suggesting similar reaction within a trial, although the var-
iance of trees indicated some micro-site effects, particularly for CWT.

The analysed proxies highlighted the relation between field per-
formance and wood anatomy of the studied provenances of Scots pine.
The top-performing provenances, particularly RYT, had the largest
LCAgw and LCApy (Fig. 2). In contrast, the low-performing prove-
nances, particularly DIP, showed the lowest LCAgw and LCAyw, (Fig. 2).
The effect of trial on lumen size was inconsistent, particularly for
LCAgw, as indicated by the significant interactions (Table 4). The DIP,
EBN, and GUS provenances showed the highest LCAgy under harsher
climate at KA trial (Table 1), and the lowest LCAgy under warmer
climate at ZV trial (Fig. 2); KAL provenance showed the highest LCAgw
at ZV trial. The DIP and GUS provenances also showed the highest and
lowest LCAry in KA and ZV trials, respectively. For KAL and RYT
provenances, LCAy decreased with increasing continentality of the
trials (Table 1).

The CWTgw showed weak negative relationship with the field per-
formance of the provenances (Fig. 2), suggesting prevailingly pheno-
typic variation. The significant effect of trial (Table 4) indicated a si-
milar response to regional factors; for most of the provenances,
particularly DIP and RYT; CWTgw decreased with increasing con-
tinentality of the trails. The opposite, however, was observed for the
top-performing GUS provenance (Fig. 2). The CWTyy was also affected
by provenance; however, this proxy appeared non-related to the field
performance of the trees. The highest CWTy was observed for DIP and
KAL provenances, and the lowest — for EBN and RYT (Fig. 2), which
showed contrasting field performance. A similar trial effect (Table 4)
was observed for GUS, DIP, and particularly KAL provenances, for
which CWTyy decreased with increasing continentality of the trials
(Fig. 2). In ZV trial, the top-performing RYT provenance had highest
CWTy.w, while the low-performing EBN provenance showed the oppo-
site.
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Table 3

Coefficient of variation for lumen cross-section area and cell wall thickness of
tracheids in earlywood and latewood of the studied provenances of Scots pine
in three studied trials.

Lumen cross section area Cell wall thickness

Earlywood Latewood Earlywood  Latewood
Dippoldiswalde (DIP) ~ 0.182 0.271 0.162 0.140
Eibenstock (EBN) 0.180 0.367 0.184 0.147
Kalsnava (KAL) 0.212 0.325 0.142 0.175
Gustrow (GUS) 0.155 0.362 0.128 0.114
Rytel (RYT) 0.261 0.368 0.150 0.218
3.2. Inter-annual variation and climatic signals
The analysed proxies showed inter-annual variation

(Supplementary material, Fig. S5), as highlighted by the variance
component of random effect of year (Table 4). During the period
1997-2017, the time series of the proxies contained a linear or non-
significant trend. The correlation between the time series of the same
proxy among provenances within a trial was generally weak (Table 5),
indicating provenance-specific variation, hence genetically determined

, as determined by the Tukey’s post-hoc test. Note that the scales between earlywood

sensitivity to environmental fluctuation. Still, some common tendencies
were indicated by stronger correlations for LCAgy and CWTyyy in KA
and ZV trials, suggesting influence of common limiting factors. The
correlations between time-series of the same proxy/provenance among
the trials was generally weak (Supplementary material, Table S3) in-
dicating mostly local variation. Nevertheless, some common sensitivity
was observed for RYT and EBN provenances, for which correlation was
higher. The correlation between the proxies varied across the trials and
provenances, ranging from —0.63 to 0.64 and from —0.80 to 0.30 for
EW and LW, respectively. The varying correlations between LCA and
CWT in EW suggested high plasticity of trade-offs in cell expansion and
cell wall deposition according to local environment and provenances.
Still, the local KAL provenances showed positive correlation between
LCA and CWT in all three tails. Regarding LW, LCA and CWT were
prevailingly negatively correlated, and the pattern was stronger under
warmer summers in ZV trial, implying the linkage between cell ex-
pansion and cell wall deposition later in the vegetation period.

The time series of the studied wood anatomical proxies of EW and
LW significantly (at a = 0.05) correlated with five and three of the
studied climatic factors, respectively (Fig. 3). The EW proxies showed
generally stronger correlations with the climatic factors compared to
LW. Both EW and LW proxies correlated with the climatic factors before
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Table 4
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The F-values of fixed effects of provenance, trial, tree-ring width, and provenance-by-trial interaction and variance of the random effects in lumen cross-section area
and cell wall thickness in earlywood and latewood of studied provenances of Scots pine in three trials in hemiboreal zone in Latvia for the period 1997-2017.
Numbers in brackets show degrees of freedom. Significance codes, p-values: * < 0.05, ** < 0.01, *** < 0.001.

Lumen cross section area

Cell wall thickness

Earlywood

Latewood Earlywood Latewood

Fixed effects
Provenance, F-value
Trial, F-value
Provenance-by-trial interaction, F-value 8.69(s, 1012)"**
Tree-ring width, F-value 9.78(1, 965)**
Coefficient of the covariate (tree-ring width; + st. err.) 0.21 + 0.07

10.084, 1015)"*
5.14,1010"

Random effects, variance

Year 9026.2
Core 14,360
Tree 559.5
Plot 0.5
Residual 18,440
Conditional pseudo-R? 0.62

21714, 10159)"**
1.99¢, 1011

6.965, 101"
56.75q, 965)"**

12.62¢4, 1015
29.67(2, 1011
11.375, 101"
97841, 965)"*

26.77(4, 1015)"**
22.52(2, 101" **
27.49s, 101"
0.04q, 965)

0.14 + 0.01 —0.0006 * 0.0002 —0.0004 = 0.0020
169.3 1.9 14.0
401.4 19.4 27.8
5.3 31 42.2
144.2 0.1 0.1
1500.0 19.9 98.8
0.49 0.57 0.54

and during tree-ring formation, yet the correlations were mostly pro-
venance-specific. The top-performing provenances showed correlations
with March precipitation in LI and ZV trials (LCAgw and CWTgyw), while
the low-performing provenances showed correlation with this factor in
KA trial (LCAgw). Some correlations between the wood anatomical
proxies of EW and SPEI in the previous August were observed. Sig-
nificant correlations with February temperature were observed for
LCAgw of the low-performing provenances and for CWTgy in ZV trial
(Fig. 3). The correlations with April temperature were significant for
LCAgw of the top-performing provenances in LI trial, for the top- and
low-performing provenances in ZV, and for the low-performing prove-
nances in KA. A similar pattern among the provenances/trials was ob-
served for the correlation between June temperature and CWTgy,
though LCAgw of the top-performing provenances showed sensitivity to
this factor in ZV trial.

‘Wood anatomical proxies of LW in ZV and KA trials correlated with
temperature in June, as observed also for EW (Fig. 3). August pre-
cipitation showed a positive effect on LCAw, and a negative effect on
CWTyw; August SPEI showed even stronger correlations with LCAp.
Mostly, these factors were significant for the top-performing prove-
nances in LI trial and for the low-performing provenances in ZV and KA
trials.

4. Discussion
4.1. Genetic and phenotypic plasticity

The differences in phenotypic plasticity of wood anatomy among
the eastern Baltic provenances of Scots pine (Table 3) indicated varying
adaptability of hydraulic architecture of wood, hence tolerance to en-
vironmental fluctuations and extremes (Bryukhanova and Fonti, 2013;
Anderegg et al., 2015; Sass-Klaassen et al., 2016). The top-performing
RYT and the low-performing DIP provenances showed the highest and
the lowest plasticity of wood anatomy, respectively (Table 3),

Table 5

explaining the contrasting field performance (Supplementary material,
Table S1; Jansons and Baumanis, 2005) and resilience of radial incre-
ment (Matisons et al., 2019). Nonetheless, the inconsistency between
phenotypical plasticity and field performance of other provenances
(Table 3) suggested effect of genetic factors, hence restricted responses
to environment (Martin et al., 2010; Chauvin et al., 2019). Accordingly,
explicit genetic adaptation of wood anatomy (Moran et al., 2017;
Nabais et al., 2018) was indicated by the significant effect of prove-
nance (Table 4), as observed previously (Savva et al., 2002; Martinez-
Vilalta et al., 2009; Martin et al., 2010). This implied local specializa-
tion even under high gene flow (Moran et al., 2017; Housset et al.,
2018), demonstrating the importance of phenotype-by-genotype plas-
ticity for survival and growth (Aitken and Bemmels, 2016; Housset
et al., 2018), as highlighted by the provenance-by-trial interactions
(Table 4).

The top-performing provenances, particularly RYT, formed cells
with the largest lumens (Fig. 2), implying more efficient water transport
(Fonti et al., 2013; Dalla-Salda et al., 2014), allowing trees to better
compensate transpiration (Eilmann et al., 2009; Martin et al., 2010),
thus promoting assimilation and growth (Fonti et al., 2013; Arzac et al.,
2018). This was supported by the positive linkage between LCA and
tree-ring width (Table 4), which also indicating intra-annual adjust-
ments of wood anatomy to meteorological conditions (Cuny et al.,
2019). More humid (ameliorated) conditions in the studied trials
compared to the origins of the top-performing provenances (Tables 1
and 2), apparently, contributed to their growth (Supplementary mate-
rial, Table S1), hence competitiveness. Wider lumens and thinner cell
walls (Fig. 2) also imply minimal investments of carbon into vascular
system (Eilmann et al., 2009; Martin et al., 2010), allowing allocation
of more resources to stress-tolerance and/or growth (Herms and
Mattson, 1992; Bryukhanova and Fonti, 2013; Mayr et al., 2014),
contributing to resilience and competitiveness (Matisons et al., 2019),
hence sustainability. However, such conformation of wood, might in-
crease the risk of embolism and fatal xylem dysfunction under extreme

The mean correlation among the mean time series of tracheid lumen cross-section area and cell wall thickness of provenances of Scots pine within each of the studied

trials. The numbers in square brackets indicate the range of correlations.

Trial Lumen cross section area

Cell wall thickness

Earlywood Latewood

Earlywood Latewood

Liepaja (LI)
Zvirgzde (ZV)
Kalsnava (KA)

~0.09[0.60.0.0.61]
0.37[0.35.0.0.77]
0.25[-0.36.0.0.77]

0.09[—0.22.0.0.83]
0.11[~0.41.0.0.47]
0.13[~0.49.0.0.59]

~0.07[—0.42.0.0.32]
0.05[~0.47.0.0.77]
0.33[-0.12.0.0.76]

0.01[~0.67.0.0.36]
0.04[—0.19.0.0.81]
0.31[~0.38.0.0.66]
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Fig. 3. Bootstrapped Pearson correlation coefficients between studied climatic factors (mean monthly temperature, precipitation, and standardized precipitation
evapotranspiration indices-SPEI) and chronologies of lumen cross-section area and cell wall thickness of tracheids in earlywood and latewood for the studied
provenances of Scots pine for the period 1997-2017. Asterisks denote the statistical significance of correlations at a = 0.05. Collinear factors are not shown.

water deficit (Eilmann et al., 2009; Popkova et al., 2018), which can
cause large-scale die-offs (Allen et al., 2015; Choat et al., 2018).
Smaller lumens and thicker tracheid walls of the low-performing
provenances (DIP and EBN; Fig. 2; Table 4) can be explained by their
origin in mountain areas (Table 2), where trees form denser wood in
response to higher mechanical loads (e.g., wind and snow; Martin et al.,
2010; Fonti et al., 2013; Nabais et al., 2018). Smaller lumen is also an
adaptation to the winter embolism in response to freeze-thaw cycles
under unstable mountain weather (Pittermann and Sperry, 2003). Ac-
cordingly, enhanced allocation of resources to stress-tolerance reduced
growth (Herms and Mattson, 1992; Mayr et al., 2014) decreasing
competitiveness of the trees. Cooler temperatures and higher pre-
cipitation at the origin of the low-performing provenances (Table 2)
imply lower transpiration, hence sufficiency of smaller lumen
(Castagneri et al., 2017; Popkova et al., 2018). Under transfer to direr
and warmer conditions (Tables 1 and 2), such strategy, however, ap-
peared unsuccessful, resulting in low field performance (Supplementary
material, Table S1). Considering the improving growth of deciduous
trees (Buras and Menzel, 2019), competitiveness appears vital for the
light-demanding Scots pine, projecting negative perspectives for the

slow-growing trees (Loehle, 1998; Reich and Oleksyn, 2008).

The explicit provenance-by-trial interactions (Table 4) implied
plasticity of the strategies of xylogenesis to cope with local conditions
(de Villemereuil et al., 2016; Moran et al., 2017; Li et al., 2018, Nabais
et al., 2018), hence adaptability of Scots pine. The top-performing RYT
provenance showed high LCAgw in all trials (Fig. 2), responding to
transfer to more humid, hence ameliorated conditions (Tables 1 and 2),
suggesting fit to the regional moisture regime. Under warmer climate in
ZV trial (Table 1), the local KAL provenance formed EW tracheids with
wider lumens (Fig. 2), likely to compensate increased transpiration
(Bryukhanova and Fonti, 2013). The opposite was observed for the
transferred top-performing GUS, which showed the lowest plasticity of
EW anatomy (Table 3), hence had to form smaller tracheids likely to
minimize the risks of their dysfunction (Tyree and Zimmermann, 2002;
Mayr et al., 2003). The low-performing provenances formed wider lu-
mens in EW under harsher climate (Fig. 2), to maintain conductivity
under suppressed growth (Eilmann et al., 2009). Similar patterns were
observed for LCAw, which might act as a backup water transport likely
under extreme conditions (Leal et al., 2007), though in Pseudotsuga
mengziesii latewood embolized first (Dalla-Salda et al., 2014). The CWT
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mostly decreased with the increasing distance from the Baltic Sea
(Fig. 1), which might be explained by the decreasing wind loads
(Salmen and Burgert, 2009; Martin et al., 2010). Nevertheless at LI trial,
RYT provenance formed the thinnest LW cell walls, likely in response to
delayed vegetation period and increased late-summer precipitation
(Supplementary material Fig. S1), thus producing of low-density wood
(Arzac et al., 2018).

4.2. Climatic forcing

The provenance-specific inter-annual variation of LCA and CWT
(Table 5) implied genetically determined sensitivity to weather fluc-
tuation (Housset et al., 2018; De Micco et al., 2019). The intermediate
(cf. Matisons et al., 2019), yet contrasting correlations of the studied
wood anatomical proxies with the climatic factors (Fig. 3), as well as
the correlations among the mean time series (Supplementary material,
Table S3) implied a spectrum of responses resulting from the genotype-
environment interactions (Eckert et al.,, 2015; Moran et al., 2017;
Housset et al., 2018). Such diversity of responses also illustrated the
plasticity and adaptability of trees to environmental fluctuations
(Aitken and Bemmels, 2016; de Villemereuil et al., 2016; Chauvin et al.,
2019). Nevertheless, the common signatures (as also indicated by po-
sitive correlation) implied impact of weather extremes suppressing in-
dividuality of responses (Lange et al., 2018; Matisons et al., 2019) also
in the mid-part of the species’ range, and such effects are intensifying
under the changing climate (Sass-Klaassen et al., 2016; Klisz et al.,
2019).

The EW and LW proxies showed significant inter-annual correla-
tions with climatic factors (Fig. 3), implying the effect of weather
conditions on tracheid formation (Carrer et al., 2015; Castagneri et al.,
2017; Popkova et al., 2018; De Micco et al., 2019). Cuny et al. (2019)
demonstrated explicit intra-annual buffering capacity of growth sensi-
tivity via kinetics of xylogenesis regarding the environmental fluctua-
tions, thus suggesting indirect effects of climatic factors. The EW
proxies exhibited the effect of climatic factors before xylogenesis, im-
plying cumulative influence of environmental fluctuation likely via
nutrient reserves (Anderegg et al., 2015; Sass-Klaassen et al., 2016; De
Micco et al., 2019), biological signals (Rathgeber et al., 2016), or
overwintering (Ogren, 1997; Mayr et al., 2003, 2014), as observed for
tree-ring width (Matisons et al., 2019). Such relationships also imply
that EW anatomy is partially predetermined, decreasing the plasticity
(Table 3) of responses during a growing period.

The negative correlation between February temperature and LCAgy
in ZV trial (Fig. 3), where thaws are frequent (Harris et al., 2014), might
be explained by the adaptation to winter embolism (Pittermann and
Sperry, 2003). February temperature also affected CWTgw (Fig. 3),
which is depending on the nutrient reserves (Fonti et al., 2013; Nabais
et al., 2018), indicating linkage between the thermal regime and re-
spiratory loss of nutrient reserves (Ogren, 1997; Mayr et al., 2014).
These relations were apparent for DIP and KAL provenances (Fig. 3),
suggesting a decrease in conductivity (Bryukhanova and Fonti, 2013;
Popkova et al., 2018) of wood, hence slower assimilation and growth
(Carrer et al., 2015) as a consequence of warming winters. In contrast,
CWTgy of the top-performing GUS correlated positively with February
temperature (Fig. 3), suggesting improved overwintering under warmer
conditions.

The correlations of EW proxies with April temperature (Fig. 3)
might be related to the development of roots, which occur at that time
and is facilitated by temperature, thus affecting water absorption
(Hansen and Beck, 1994; Hardy et al., 2001). The contrasting correla-
tions indicated diverse responses of the genotypes. The top-performing
RYT decreased LCAgw in response to warm Aprils, hence improved
water supply (Hardy et al., 2001), implying lesser necessity for ad-
justments of wood structure (Martin et al., 2010; Popkova et al., 2018).
This also appeared the case of the low-performing provenances under
harsher climate in KA trial. However, under milder climate, EBN and
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GUS provenances showed positive correlations, implying that warm
spring might increase the susceptibility to embolization later in the
season (Fonti et al., 2013; Arzac et al., 2018). The correlations with
precipitation in March, which is often in the form of snow, can be ex-
plained by the insulating effect of show layer on root growth (Hardy
et al., 2001).

June temperature apparently affected both EW and LW, likely due
to the inter-annual differences in phenology of xylogenesis (Castagneri
et al., 2017). Such correlations might be explained by a direct effect of
temperature on xylogenesis (e.g., cell expansion and cell wall deposi-
tion; Rathgeber et al., 2016) and/or via response to intensifying tran-
spiration (Martin et al., 2010; Popkova et al., 2018). Accordingly, LCA
showed positive and CWT showed negative correlations (Fig. 3), thus
indicating adjustments of conductivity of wood according to evapo-
transpiration (Cuny et al., 2019). However, in ZV trial, the top-per-
forming RYT provenance, which had the largest tracheids (Fig. 2), in-
creased cell wall deposition in response to raised temperature (Fig. 3),
likely to improve the resilience to increased evapotranspiration and
water deficit (Cuny et al., 2014; Nabais et al., 2018; Butto et al., 2019).
This might also explain the reactions of wood anatomy in LW to June
temperature under the harsher climate of KA trial (Table 1). The cor-
relations of LW anatomy with precipitation and SPEI in August (Fig. 3)
indicate the effect of water availability on cell expansion and cell wall
deposition also at the cessation of growing period (Anfodillo et al.,
2013; Cuny et al., 2019). Considering the predicted warming and ex-
tension of the precipitation free periods in the eastern Baltic region
(Avotniece et al., 2012; IPCC, 2013), temperature related increase of
cell lumen suggests increasing risk of xylem dysfunction under the in-
tensifying water deficit (Allen et al., 2015; Choat et al., 2018).

5. Conclusions

The differences in wood anatomy highlighted phenotypic plasticity
and genetic (local) adaptations of xylogenesis of the studied prove-
nances of Scots pine in the hemiboreal zone, hence high potential to
sustain growth under changing climate, counteracting the predicted
decrease in abundance. As hypothesized, explicit genetic adaptation
was observed, implying possibility to improve hydraulic architecture of
wood, hence drought resistance of trees by breeding. As expected, the
top-performing provenances, particularly RYT, formed larger tracheids
with thinner walls, as well as expressed the highest phenotypical
plasticity of wood anatomy, which have been advantageous under
warming climate, aiding for improved competiveness and sustainability
of the stands. Such wood structure, however, implies lower mechanical
durability of wood, as well as higher risk of dysfunction under extreme
conditions. The low-performing provenances formed smaller tracheids
with thicker walls, implying higher stress-tolerance, yet by the costs of
competitiveness (growth), which had limited advantages in a managed
stand; under transfer to warmer and drier conditions, such strategy,
appeared unsuccessful, as shown by low field performance. The de-
termined relationships between the analysed wood proxies and climatic
factors suggest integrative weather-related regulatory mechanisms of
xylogenesis, which appear genetically controlled. These relationships
also suggest that the studied top-performing provenances, particularly
RYT, would be able to better adapt their conductive properties to the
projected warming and extension of precipitation free periods in the
eastern Baltic region, likely decreasing wood (timber) density. The
obtained results suggest, that the information about wood structure is
complimentary to that of field performance, aiding for more precise
selection of the best adapted provenances.
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ARTICLE INFO ABSTRACT

Assisted gene flow is advised as one of the most effective means to sustain the productivity of forests under
warming climate via application of the provenances (genotypes) capable to utilize longer vegetation season.
Nevertheless in the temperate and boreal zones, the extension of vegetation period also subjects trees to effects of
frosts, which can have severe economic impact under warming climate. In this study, wood anatomical
anomalies related to late frosts in spring (‘frost’ rings) and early frosts in late summer (‘blue’ rings) for the
eastern Baltic provenances of Scots pine (Pinus sylvestris L.) with a contrasting field performance were analysed
retrospectively. Three trials with the age of 40 year in Latvia were sampled. The frost-related wood anomalies
were identified using microscopy methods. Generalized mixed effects models were used to assess the effect of
provenance on the probability of frost damage, accounting for the design of the trials, as well as for the inter-
annual variability. The overall mean probability of frost-related wood anomalies was low (ca. 0.025), yet it
increased with continentality of the trials, showing limited relation to the inter-annual variability of minimum
temperatures. The probability of anomalies decreased with age. Provenance had a significant effect on the oc-
currence of ‘frost’ and ‘blue’ rings, implying genetically determined frost sensitivity, while the genotype (pro-
venance) by environment (trial) interaction indicated high phenotypic plasticity of the trees. The probability of
anomalies appeared related to the field performance of the provenances. The low-performing provenances
(Dippoldiswalde and Eibenstock, which originated from the Orr Mountains) were most sensitive to frost, while
the top-performing ones (Rytel and, particularly, Giistrow, which originated from coastal areas) showed only a
few anomalies, indicating the linkage between frost sensitivity and growth. The local provenance, which showed
an average field performance, also showed intermediate sensitivity to early frosts, thus supporting a necessity for
the assisted gene flow in the eastern Baltic region.

Keywords:

Assisted gene flow

Frost damage

Pinus sylvestris

Climate extremes
Experimental forestry
Quantitative wood anatomy

|

|

1. Introduction

In Europe, the abundance of Scots pine (Pinus sylvestris L) is pre-
dicted to decrease due to warming (Buras and Menzel, 2019), causing
ecologic and economic impact (Hanewinkel et al., 2012; Yousefpour
et al., 2017). Nonetheless, under cold climates, the observed and pre-
dicted extension of vegetation period (Menzel, 2000) might improve
the productivity of Scots pine stands (Lloyd et al., 2011; Fei et al,,
2017), compensating predicted changes in the abundance of the spe-
cies, particularly in the regions where water is non-limiting (Dumroese
et al., 2015; Nabuurs et al., 2018). Regarding local tree populations,
such improvements, however, appear limited, as trees have
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evolutionary adapted to a certain length of vegetation periods, re-
stricting the formation of additional increment (Hénninen, 2006; Rossi
et al., 2006; Kolari et al., 2007; Berlin et al., 2016; Zohner et al., 2016).
Accordingly, assisted gene flow (migration) has been advised to facil-
itate adaptability and to sustain the productivity of forests under ac-
celerating climate changes (Park and Talbot, 2012; Dumroese et al.,
2015; Aitken and Bemmels, 2016; Nabuurs et al., 2018).

Under a warming climate in the nemoral, hemiboreal, and boreal
vegetation zones, the north-transferred trees often show improved
productivity, as they can utilize longer vegetation periods (Bolte et al.,
2009; Schreiber et al., 2013; Chakraborty et al., 2015; Berlin et al.,
2016), as well as they are better adapted to water deficit (Taeger et al.,
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2013; Matisons et al., 2019). Nonetheless, the ability to utilize longer
vegetation period, which results from altered cold/frost hardening/
dehardening also subjects trees to late/early frosts (Repo et al., 2000;
Beck et al., 2004; Kreyling et al., 2012). Accordingly, the intensification
of frosts due to climate change and can have strong effects on growth
and survival of trees (Gu et al., 2008; Augspurger, 2009; Schreiber
et al., 2013; Montwe et al., 2018). The frost-hardiness of trees is af-
fected by nutrient reserves, hence their vigour (Ogren, 1997; Beck et al.,
2004; Repo et al., 2006), suggesting a feedback loop between growth
and tolerance to cold events.

Trees as sessile long-lived organisms have developed mechanisms
allowing high phenotypical plasticity to cope with the wide environ-
mental fluctuations during their life (Aitken and Bemmels, 2016; Klisz
et al., 2019). The traits crucial for survival and competitiveness are
genetically controlled (Leites et al., 2012; Schreiber et al., 2013; Nabais
et al., 2018), thus express restricted variation. Accordingly, the genetic
adaptation in combination with the phenotypical plasticity can be
considered as a measure of adaptiveness to changing (novel) conditions
(Chakraborty et al., 2015; Aitken and Bemmels, 2016; Housset et al.,
2018).

Retrospective tree-ring analysis is efficient for the assessment of the
genetic and phenotypic aspects of tree growth (Heer et al., 2018;
Housset et al., 2018). Tree-rings also can serve as a source of highly
informative proxies regarding growth sensitivity to the year-to-year
environmental fluctuation, as well as their extremes (Speer, 2010;
Taeger et al., 2013; Hinninen et al., 2013; Wang et al., 2013; Matisons
et al., 2019). In this sense, the quantitative wood anatomy can provide
additional specific information about the xylogenesis throughout the
season, including the stresses suffered by trees (Fonti and Jansen, 2012;
Girtner et al., 2015; Piermattei et al., 2015).

The effects of late frosts in spring/summer, which disturb xylogen-
esis and damage cambium and expanding xylem cells, can be detected
in wood as ‘frost’ rings (FR; Payette et al., 2010; Panayotov et al.,
2013). In case of early autumn frosts, abrupt temperature reduction, or
water deficit in late summer, xylogenesis can be terminated prema-
turely and the lignification of the cells formed last can be incomplete,
thus resulting in a ‘blue’ ring (BR; Piermattei et al., 2015; Montwe et al.,
2018). This name has been adopted from the double-stained (with Sa-
franin and Astra blue) wood samples, where cell wall or its part is blue,
indicating disrupted lignification (Girtner and Schweingruber, 2013;
Gartner et al., 2015; Piermattei et al., 2015). A BR can be followed by
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Fig. 1. Location of the studied trials (squares; two
letter codes) and origins of the studied provenances
of Scots pine (circles; three letter codes). Trial codes:
LI - Liepaja, ZV - Zvirgzde, and KA - Kalsnava.
Provenance codes: top-performing RYT — Rytel and
GUS -  Giistrow; low-performing Dip -
Dippoldiswalde and EBN - Eibenstock; local KAL —
Kalsnava).

FR if cambium has been damaged (Montwe et al., 2018). Consequently,
the occurrence of frost-related wood anatomical anomalies can be
considered as indicators of the conformity of genotypes to local climate
and its extremes (Kolari et al., 2007; Stoffel et al., 2010; Montwe et al.,
2018). Both anatomical anomalies affect the mechanical strength of
timber, causing weak spots due to insufficiently lignified layers of
xylem (Beery et al., 1983; Lee et al., 2007; Gértner et al., 2015), thus
affecting the value of timber. Nonetheless, the occurrence of wood
anomalies, particularly FR, decrease with increasing cambial age due to
thickening bark, which acts as insulator, and shifts in phenology of
xylogenesis, hence such effects might not be visible in older trees
(Payette et al., 2010).

Frost resistance of trees (cambium) from cold climates is multi-
factorial, depending on genetics, age, and vigour of trees, season, as
well as on the nature of temperature drops (Repo et al., 2000; Beck
et al., 2004; Payette et al., 2010; Rixen et al., 2012; Hénninen et al.,
2013; Charrier et al., 2015; Lehtinen and Pulkkinen, 2017), resulting in
varying ecological plasticity. In this regard, provenance trials, which
have been established for the selection of the best performing popula-
tions, can provide information about the genetic and phenotypic plas-
ticity, as well as environmental sensitivity of trees under a variety of
environmental conditions (Leites et al., 2012; de Villemereuil et al.,
2016; Housset et al., 2018; Nabais et al., 2018). Considering the long-
term nature of decisions in forestry, such information is crucial for
sustainability and climate-smart management (Taeger et al., 2013;
Wang et al., 2013; Nabuurs et al., 2018).

The aim of this study was to assess the occurrence of FR and BR in
wood of eastern Baltic provenances of Scots pine differing by field
performance. We hypothesized that the north-transferred provenances
had a higher occurrence of BR and FR, as well as their occurrence was
related to the field performance (dimensions and survival) of trees. We
assumed that the top-performing provenances showed lower occurrence
of BR and FR due to better vigour than the low-performing ones.

2. Material and methods
2.1. Trials and provenances
Three international provenance trials (Fig. 1), established in 1975 in

Latvia for the evaluation of the eastern Baltic provenances of Scots pine
originating between 50 and 56° N, and 11-27° E (Kohlstock and
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Table 1
Location and climatic description of the studied provenance trials of Scots pine.
The 95% confidence intervals are shown.

Liepaja (L) Zvirgzde (ZV)  Kalsnava (KA)

Latitude 59°29'N 56°32" N 56°49' N
Longitude 21°05'E 24°13'E 267"E
Elevation, m a.s.1. 15 50 220
Topography Flat Flat Flat

Site type Vacciniosa Vacciniosa Vacciniosa
Soil type Podsols Podsols Podsols
Mean January temperature, °C -14 £ 13 -29 * 13 -43 = 1.3
Mean July temperature, °C 17.8 = 0. 18.4 + 0.7 18.0 = 0.
Mean annual temperature, °C 7.8 £ 0.7 7.2 + 08 6.3 + 0.9
Mean annual precipitation, mm 745 = 37 647 + 26 656 + 28
Mean precipitation 325 = 31 335 + 28 331 = 36

May-September, mm

Schneck, 1992; Jansons and Baumanis, 2005), were studied to assess
the regional variability (Leites et al., 2012) in frost tolerance of Scots
pine. The trials were situated in lowland conditions (elevation was
=220 m above sea level) with a flat topography near Liepaja (LI),
Zvirgzde (ZV), and Kalsnava (KA) on dry sandy oligotrophic soils
(Table 1). The climate was temperate. The trials represent local climatic
gradient with increasing continetality in the eastern direction (from LI
to KA trial). Accordingly the mean annual temperature decreases
eastwards (Table 1, Supplementary material, Fig. S1). Although the
climatic gradient was not large, it has differentiated growth of the local
populations of Scots pine (Jansons and Baumanis, 2005), highlighting
the importance of local and micro-site conditions. July and January
were the warmest and the coldest months, respectively. The vegetation
period (diurnal temperature > 5 °C), lasting from mid-April to mid-
October, was approximately two weeks longer in ZV compared to LI and
KA trials. In all trials, precipitation mostly exceeded evapotranspira-
tion; the highest monthly precipitation generally occurred during the
summer months. The highest annual precipitation occurred in LI trial.
Climatic changes were expressed as an increase of the mean tempera-
ture during the period from November to April (thus extending vege-
tation period), and as an extension and intensification of thaws in
winter, as well as precipitation-free periods in summer (Avotniece
et al., 2012).

The trials were established by planting one-year old seedlings raised
in local nurseries; the seed material has been collected from 20 to 25
open-pollinated plus-trees within each provenance (Kohlstock and
Schneck, 1992; Jansons and Baumanis, 2005). The trials had a complete
randomised block design (Jansons and Baumanis, 2005). All trials
contained identical set of provenances. In each trial, each provenance
was represented by six randomly distributed plots of 7 X 5 trees. Trees
were planted with 1 X 2 m spacing (5000 trees ha™!). One thinning
was performed at the age of 21 years (1996) reducing the plots to about
one third of the initially planted trees (post-thinning density ca. 1800
trees ha™1).

To assess the effects of seed transfer on the occurrence of FR and BR
and its connection with the field performance of trees (Montwe et al.,
2018), two of the top- and two of the low-performing provenances
(according to dimensions and survival, Supplementary material, Table
S1) were selected for sampling according to the trial inventory con-
ducted in 2016. The selected provenances showed consistent ranking
according to their field performance among the trials. The selected top-
performing provenances were Giistrow (GUS) and Rytel (RYT), which
originated from lowland conditions in the Northern Germany and
Southern Poland, hence areas with a warmer and drier climate com-
pared to the trials (Fig. 1, Table 2, Supplementary material, Fig. S2).
Dippoldiswalde (DIP) and Eibenstock (EBN), which originated from the
Orr Mountains, where climate was cooler and more humid, compared
to the studied trials, were selected for the representation of the low-
performing provenances. Additionally, local Kalsnava (KAL)
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provenance, which has adapted to the local climate and showed in-
termediate field performance, yet superior stem quality (Jansons and
Baumanis, 2005), was selected to assess the ecological plasticity
(adaptability) and frost resistance of the native Scots pine population
under changing climate (Taeger et al., 2013).

2.2. Sample collection, preparation, and measurements

For each provenance from each of the six plots within a trail, one to
three dominant trees were sampled in November 2017; in total, 9-16
tree per provenance/trial were sampled (Supplementary material,
Table S2). Considering that the trials were ongoing, the number of
sampled trees was restricted. Two increment cores from opposite sides
of the stem were extracted at breast height (ca. 1.3 m) using a 5-mm
increment borer. Damaged or leaning trees were not sampled to avoid
callous tissue, traumatic resin ducts or reaction wood.

In the laboratory, thin (15-20 pm) cross-sections of the increment
cores were cut using a WSL core microtome (Gértner and Nievergelt,
2010), following the protocol described in Gértner et al. (2015). It was
ensured that each cross-section contained at least 20-25 of the outer-
most tree-rings. The cut sections were then stained in Safranin and
Astra Blue to enhance the contrast between the lignified and non-lig-
nified xylem cells, following the protocol described in Girtner and
Schweingruber (2013). Dyed cross-sections were then dehydrated using
ethanol, rinsed with xylol and sealed in Canada balsam as permanent
samples (Gértner and Schweingruber, 2013). The years (tree-rings)
with of BR (Piermattei et al., 2015) and FR (Payette et al., 2010) were
recorded for each cross-section during a visual inspection of samples
(Supplementary material, Fig. S3) under a transmitted light microscope
using 40 x magnification. Additionally, tree-ring widths were measured
for each cross-section for cross-dating purposes using a Lintab 5 mea-
surement table (Rinntech Inc., Heidelberg, Germany).

2.3. Data analysis

Graphical and statistical crossdating based on the measured time
series of tree-ring width was performed to verify exact dating of each
tree-ring (Speer, 2010); corrections in the dating were made if neces-
sary (ca. 3% of the series due to a lost outermost ring). The replication
of the crossdated datasets is shown in the supplementary material, Fig.
S4. The occurrence of FR and BR in the samples was pooled (year was
considered positive if an anomaly has been recorded at least by one
core), producing time series for each tree. Based on the tree data,
probability of FR and BR (proportion of trees showing anomaly) in each
year was calculated for each provenance/trial resulting in the mean
time series. The effects of provenances and trial on the probability of FR
and BR based on the mean time series was assessed using a linear mixed
model (Bates et al., 2015):

y= 1+ Py + Tij + By X Ty + (Y + (Zyp) + &g

where P; - the effect of provenance, Tj; — the effect of trial, Pj; x Tj; - the
effect of provenance-by-trial interaction, (Y)) the random effect (in-
tercept) of year, and (Z;) the random effect (intercept) of a plot nested
within a trial. Only the years with wood anomalies in any of the pro-
venance/trial were included in the analysis (non-recording were
omitted). The restricted maximum likelihood approach using the >
criterion was used to assess the statistical significance of the fixed ef-
fects. The levels of significant factors were compared using the Tukey’s
Honest Significant Differences post-hoc test.

Considering temperature anomalies as the prevailing driver of FR
and BR (Payette et al., 2010; Panayotov et al., 2013; Piermattei et al.,
2015; Montwe et al., 2018), the mean time series of probabilities were
compared (visually superposed) with the hourly absolute minimum
temperature at the beginning (May-June; FR) and cessation (July—
September when latewood is formed; BR) of the vegetation period. The
minimum temperature between the years with and without wood
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Location and climatic description of origin of the studied provenances of Scots pine. The 95% confidence intervals are shown.

Giistrow (GUS) Rytel (RYT) Dippoldis-walde (DIP) Eibenstock (EBN) Kalsnava (KAL)
Latitude, N 53°45" 53°40" 50749 50727 56°42"
Longitude, E 12715 18°01" 13°52 12726/ 25°54’
Elevation, m a.s.l. 25 130 590 710 190
Mean temperature Jan, °C -0.8 1.4 26 -3 —4.3
Mean temperature Jul, °C 16.8 17.2 15.3 14.7 18
Mean annual temperature, °C 8 7.9 6.6 5.9 6.3
Mean temperature May-Sep., °C 14.8 15 132 12.6 147
Mean annual precipitation, mm 585 590 804 994 656
Mean precipitation May-Sep., mm 297 306 402 499 337

anomalies for each provenance/trial was compared by the one-sided t- 30 ‘Blue' ri A
ue' rings ©

test. Such a simplified approach was chosen due to the overall low
probability of wood anomalies (abundant zero values), which did not
allow the application of time series (dendrochronological) analysis
(Speer, 2010) nor logistic binomial regression. The climatic data for the
stations located at < 20 km distance from the studied trials were ob-
tained from Latvian Environment, Geology, and Meteorology Agency.
Data analysis was conducted in R, v. 3.5.2 (R Core Team, 2019), using
the package “lme4” for mixed modelling (Bates et al., 2015).

3. Results
3.1. Provenance effects

During the visual inspection of ca. 4634 tree-rings representing the
period 1985-2017, 126 BR and 97 FR were observed, hence their
overall mean probability was 0.027 and 0.021, respectively. In five
cases, both wood anomalies co-occurred in a single tree-ring. All BR
occurred in latewood, yet the majority of FR were in the mid-part of
earlywood, indicating the effect of late frosts. The mean probability of
both wood anomalies was significantly (p-value < 0.001) affected by
provenance and trial, as well as their interaction, indicating genetic
adaptation and differing phenotypic plasticity, which was stronger in
case of BR (Table 3). The differences in probability of the wood
anomalies among the trials (ranging from < 0.01 to =0.07 in LI and
KA, respectively; Fig. 2), apparently followed the local temperature
regime (Table 1), indicating that moderate differences in climate could

Table 3
The fixed effect ()(2 values) of provenance, trial, and their interaction on the
probability of “blue” and ‘frost’ rings in wood of Scots pine during 1985-2017
and variance of random effect of year of tree-ring formation. The significance of
the fixed effects was determined using restricted maximum likelihood ap-
proach.

X Degree of freedom  p-value
‘Blue’ rings

Fixed effects

Provenance 37.69 4 < 0.001
Trial 47.41 2 < 0.001
Provenance by trial interaction 117.02 8 < 0.001
Random effects, variance

Year 0.12

Plot 0.07

Residual 4.61

‘Frost’ rings

Fixed effects

Provenance 21.31 4 < 0.001
Trial 38.78 2 < 0.001
Provenance by trial interaction 26.93 8 < 0.001
Random effects, variance

Year 0.21

Plot 0.06

Residual 4.19

Probability, %
O " )
o (4] o [9,] o (5,0
[ S S

|
s
o ° | °
n;vnu oo 1 {n"’}
20 Frost rings B
©
°\°,15< g
5 10 s ° o8
S 881y
8 3 . F- S
l5<¥ouol }} {{ U
A1 |
L7349t L724:% LF294%
Sfivoax i3z sfs3
LI zv KA

Fig. 2. Probability of ‘blue’ (A) and ‘frost’ (B) rings in xylem of the studied
provenances of Scots pine in three trials in Latvia during 1985-2017. Estimated
marginal means are shown. The whiskers indicate 95% confidence intervals.
Similar lower-case letters above the points indicate lack of significant differ-
ences (p-value > 0.05) in the mean probability of anomalies among the groups
(similar means) as determined by the Tukey’s post-hoc test. The trials are de-
noted by the two letter codes (LI - Liepaja, ZV - Zvirgzde, and KA - Kalsnava)
and provenances are indicated by the three letter codes (top-performing RYT —
Rytel and GUS - Giistrow; low-performing Dip — Dippoldiswalde and EBN —
Eibenstock; local KAL — Kalsnava). Note that the scales differ.

have notable effect on frost damage.

The differences in mean probability of BR among the provenances
were inconsistent among the trials, as indicated by the significant in-
teraction term (Table 3). Under a milder climate in LI trial (Table 1),
the differences among the provenances were non-significant (Fig. 2),
although a few wood anomalies were observed for all, except GUS
provenance. In contrast in ZV trial, where vegetation period was longer
(Table 1), the top-performing GUS provenances showed significantly (p-
value < 0.05) higher probability of BR compared to the others (Fig. 2).
Under more continental climate in KA trial (Table 1), where vegetation
period was the shortest, the low-performing provenances, particularly
EBN, showed increased probability of BR, while the top-performing
ones practically lacked BR (Fig. 2). The local KAL provenance, which
originated from the vicinity of KA trial (Fig. 1), had intermediate
probability of BR.

The mean probability of FR showed a similar pattern to BR (Fig. 2).
Under milder coastal climate in LI trial (Table 1), only a few FR were
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Fig. 3. Annual variation in the occurrence of ‘blue’ rings among the studied provenances of Scots pine in three trials differing by continentality (ranged ascendingly).
Broken line shows the absolute minimum temperature during the July-September period.

observed for the north-transferred DIP and RYT provenances, yet the
differences among the provenances were not significant (Fig. 2). In ZV
trial, the probabilities were slightly higher, particularly for the native
KAL provenance, yet mostly the differences between the provenances
were non-significant. Under harsher climate in KA trial (Table 1), the
low-performing provenances, particularly DIP, showed significantly
higher probability of FR compared to the top-performing ones (Fig. 2),
while the probability was intermediate for the native KAL.

3.2. Inter-annual dynamics

The occurrence of BR and FR was periodic and showed interannual
variation, yet its pattern differed among the trials (Figs. 3 and 4). Most
of the wood anomalies, particularly FRs, occurred, when the trees were
young (their probability decreased as trees reached ca. 25-30 years),
indicating age-dependent sensitivity to cold events. Nevertheless, low
probability of anomalies was observed also when the trees were
younger than 10 years, although the replication of the datasets was
lower during that period (Supplementary material, Fig. S4). The linkage
between the anomalies and fluctuation of the minimum temperature
appeared limited (Table 4). In LI trial, the few BR occurred for EBN
provenance during 1988-1990, yet for KAL and RYT provenances in
2015 (Fig. 3), irrespectively of the minimum temperature in late
summer (Table 4). In the ZV trial, BR were observed for GUS and RYT
provenances during 1990-1997, 2000-2003, and 2008-2009 (Fig. 3),
particularly when the minimum temperature was decreased (Table 4)
indicating linkage with cold events. Under harsher climate in KA trial,
BR rings with varying probability were observed for all of the studied
provenances (Fig. 3), yet their occurrence appeared not related to the
fluctuation in the minimum late summer temperature (Table 4).

Nevertheless, the highest occurrences of BR was observed for EBN
provenance in response to a drop of temperature (frosts) in 2002 and
2013 (Fig. 3).

As LI trial was located in the coastal zone, where the cooling effect
of Baltic Sea on the temperature regime in spring is explicit (Fig. 1;
Supplementary material, Fig. S1), only a few FRs were observed
(Fig. 4); nevertheless for the top-performing RYT provenance, their
occurrence appeared related to the minimum temperature (Table 4). In
the ZV trial, FR with intermediate probabilities occurred during most of
the period 1990-1999 (Fig. 4). The low-performing DIP was the only
provenance showing linkage between FR and temperature under
warmer summers in ZV trial (Table 4). In the more continental KA trial,
FRs with varying probabilities occurred in most years of the period
1987-2011, particularly for the low-performing DIP and EBN prove-
nances. A statistically significant linkage between FR and the minimal
temperature at the beginning of vegetation period was estimated for the
native KAL provenance (Table 4), while the transferred provenances
likely appeared sensitive to lower temperature irrespectively of its
fluctuations.

4. Discussion

The occurrence of BR and FR in wood of the transferred, as well as
the native population (Fig. 2) indicated susceptibility of Scots pine to
cold events in the mid-part of species range (Hytteborn et al., 2005),
despite the presumed optimal growing conditions (Speer, 2010). The
BR occurred more frequently than FR (Fig. 2), indicating higher sus-
ceptibility to unfavourable conditions (e.g., decreased temperature,
frosts) in autumn, rather than at the beginning of summer (Montwe
et al., 2018), likely due to the extension of vegetation period (Menzel,
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Fig. 4. Annual variation in the occurrence of ‘frost’ rings among the studied provenances of Scots pine in three trials differing by continentality (ranged ascendingly).
Broken line shows the absolute minimum temperature during the July-September period.

2000; Repo et al., 2000; Hanninen et al., 2013; Zohner et al., 2016).
Apparently, damage by decreased temperature and, subsequently, its
effects on growth and competitiveness (Hinninen, 2006; Charrier et al.,
2015) are contributing to the projected decrease in abundance of Scots
pine in Europe (Buras and Menzel, 2019). However, the overall mean
probability of BR and FR of the studied provenances of Scots pine
(=0.027) was considerably lower compared to the studies of Piermattei
et al. (2015) and Montwe et al. (2018), likely due to milder climate
under lowland conditions and/or shorter transfer of provenances. Si-
milarly to those studies, most of the anomalies, particularly FRs, oc-
curred when the trees were young (Figs. 3 and 4), which has been re-
lated to lower height and weaker heat absorption of smaller trees (Kidd
etal., 2014), as well as to thinner bark, which provide less insulation to
cambium (Payette et al., 2010; Montwe et al., 2018). During the first
ten years of tree life, the probability of frost-related wood anomalies at
breast height was also low (Figs. 3 and 4), possibly due to altered
phenology of secondary growth (Payette et al., 2010). Considering that
the wood anomalies occurred prevailingly in the juvenile wood, their
overall effect on the mechanical properties and the value of timber,
however, appeared limited.

The observed differences in the probability of wood anomalies
among the trials (Table 3, Fig. 2) followed the differences in mean
temperatures (Table 1), highlighting the relation of BR and FR with the
thermal regime (Hinninen, 2006; Piermattei et al., 2015). The sensi-
tivity of wood anomalies to the inter-annual fluctuations in minimum
temperature, however, was limited (Table 4), which might be related to

Table 4
The p-values of differences in the mini bsol

perature (July-

ecological transfer distance (Montwe et al., 2018). Under milder coastal
conditions in LI trial, the occurrence of wood anomalies was low
(Figs. 3 and 4), indicating non-limiting effect of temperature (Table 4).
Considering the buffering effect of the Baltic Sea on the coastal climate
(Meier, 2006), the thermal regulation of the active period (Zohner
et al., 2016), apparently, ensured the timing of xylogenesis to frost-free
periods. Still, FR in the top-performing RYT provenance appeared re-
lated to temperature, suggesting an extended growing period of the
trees.

In ZV trial, where the vegetation period was longer and temperature
higher, yet climate more continental (Table 1), the effect of tempera-
ture was most likely cleared due to delayed frost hardening (Beck et al.,
2004), as suggested by the formation of BR in the top-performing
provenances in response to cold events (Table 4, Fig. 4). The limited
sensitivity of the low-performing provenances, which originated from
cooler and more humid climate (Table 2), might be also related to
modulating effects of other factors, such as water deficit (Camarero
et al., 2010; Kreyling et al., 2012; Taeger et al., 2013). Nevertheless
these relationships suggest increasing occurrence of damage by tow
temperature/frosts to cambium under the warming climate (Gu et al.,
2008; Augspurger, 2009; Montwe et al., 2018). Under harsher climate
in KA trial (Figs. 3 and 4), lower minimum temperatures resulted in
wood damage of the north transferred provenances (Figs. 3 and 4),
indicating susceptibility of the transferred Scots pine at young age
(Klisz et al., 2019).

Moderate differences in climate (Table 1, Supplementary material,

and May-June for ‘blue’ and ‘frost’ rings, respectively) between years with and

without ‘blue’ and ‘frost’ rings during 1985-2017 for the studied provenances/trials, as determined by one-tailed t-test. NA — evaluation of differences was not

available due to the lack of anomalies.

Provenance\Trial ‘Blue’ rings ‘Frost’ rings

Liepaja (LI) Zvirgzde (ZV) Kalsnava (KA) Liepaja (L) Zvirgzde (ZV) Kalsnava (KA)
Dippoldiswalde (DIP) NA NA 0.42 0.38 0.03 0.18
Eibenstock (EBN) 0.77 0.34 0.38 NA 0.64 0.43
Kalsnava (KAL) NA NA 0.84 NA 0.41 0.02
Giistrow (GUS) NA 0.01 NA NA 0.64 NA
Rytel (RYT) NA <0.001 074 <0.001 0.48 0.06
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Fig. S1) caused explicit differences in the probability of wood anomalies
(Fig. 2), highlighting local diversification of tree responses (Eckert
et al., 2015; Montwe et al., 2018), which also adds uncertainty to the
projections of forest growth (Pellizzari et al., 2017; Nabuurs et al.,
2018). Under such conditions, the importance of genetic adaptation and
phenotypic plasticity, hence the adaptability of tree populations is in-
creasing (Aitken et al., 2008; Aitken and Bemmels, 2016), supporting
the necessity for adaptive management (Bolte et al., 2009; Yousefpour
et al., 2017). The significant effect of provenance on the probability of
BR and FR (Table 3) indicated genetic determination of timing of
growth hence susceptibility to cold events (Repo et al., 2000; Montwe
et al., 2018). This also suggests opportunities for improvements via
adaptive management, e.g., tree breeding (Bolte et al., 2009;
Yousefpour et al., 2017). The explicit provenance-by-trial interaction
(Table 3), however, indicated phenotypic plasticity of the mechanisms
preventing frost damage to cambium (Andersson and Fedorkov, 2004),
thus indicating unequal adaptability of the genotypes (Aitken et al.,
2008; Aitken and Bemmels, 2016).

The hypothesis of the study was proven only partially, as among the
north-transferred provenances, only the low-performing ones showed
higher probability of BR and FR (Figs. 2-4; Table 3), thus indicating
higher susceptibility to cold events under harsher climate (Augspurger,
2009; Hewitt et al., 2011; Montwe et al., 2018). The increased prob-
ability of wood anomalies (Fig. 2) also suggested lower ecological
plasticity of the low-performing provenances. In addition, the low-
performing provenances originated from the mountain areas, where the
vegetation period is shorter (Table 2), hence under lowland conditions
these trees start active period earlier subjecting xylogenesis to potential
frosts (Montwe et al., 2018). In contrast to what we expected, native
KAL provenance, which has evolutionary adapted to local conditions,
showed an intermediate sensitivity particularly to cold events in late
spring (Figs. 2 and 4; Table 4), likely due to the negative effects of
warming and increasing variability of weather conditions (Gu et al.,
2008; Augspurger, 2009; Montwe et al., 2018). The intermediate
probability of anomalies observed in the local population also sup-
ported the necessity for assisted gene flow and adaptive management
for the sustainability of forests (Aitken and Bemmels, 2016; Yousefpour
et al., 2017).

The top-performing provenances showed a low probability of BR
and FR, also under harsher climate (Fig. 2), highlighting the relation-
ship between the field performance and frost hardiness of trees (Ogren,
1997; Rikala and Repo, 1997; Repo et al., 2006; Charrier et al., 2015).
Under more continental conditions in KA trial, GUS provenance showed
negligible probability of the wood anomalies (Fig. 2), likely due to
earlier frost hardening (Repo et al., 2000; Beck et al., 2004), indicating
higher plasticity and better adaptability to a cooler climate compared to
the others. Nevertheless in ZV trial, GUS provenance showed an in-
creased probability of BR (Fig. 2), which was linked to the occurrence
of cold events in early autumn (Fig. 3, Table 4), suggesting some ma-
ladaptation to warming under milder climate (Charrier et al., 2015;
Zohner et al., 2016). The other top-performing provenance RYT showed
low probability of BR and FR similarly in all trials (Fig. 2), implying
superior plasticity and adaptability to the expected climatic changes
(Dumroese et al., 2015; Nabuurs et al., 2018). Better frost hardiness of
the top-performing provenances (Fig. 2) likely has contributed to a
higher plasticity of growth and more efficient recovery after un-
favourable weather extremes (Matisons et al., 2019), projecting pro-
mising perspectives for a wider application of the provenances in
commercial practice in the Eastern Baltic region under warming cli-
mate. Still, considering the local variability in susceptibility to cold
events of the studied provinces (Fig. 2), seed transfer should be con-
servative (Montwe et al., 2018).

5. Conclusions

Maladaptation of the north-transferred reproductive material to an

Forest Ecology and Management 457 (2020) 117729

increasing variability of weather conditions and the likelihood of frost
occurrence is a major concern in forestry; however, the occurrence of
frost damages (BR and FR) in the local provenance, especially at its
origin, supported the necessity for a limited-range assisted gene flow in
the future. In juvenile wood, incomplete lignification of latewood (BRs)
was observed more frequently than FR, suggesting some limited nega-
tive effect of the extending growing period on the quality of timber. The
studied north-transferred provenances of Scots pine differed in sus-
ceptibility to cold events in spring and autumn due to genetically de-
termined specifics of frost resistance, as well as transfer distance.
Nevertheless, the probability of the damages was related to field per-
formance of the studied provenances indicating a feedback loop be-
tween environmental sensitivity and growth. Accordingly, selection of
the potential forest reproductive material by its field performance ap-
pears sufficient also for minimizing frost damages under changing cli-
mate. Nevertheless, the susceptibility to cold events showed local spe-
cifics, hence more detailed spatial analysis appears necessary before the
implementation of assisted gene flow on a wider scale. Based on field
performance and probability of BR and FR among the studied prove-
nances, RYT could be suggested for a wider commercial application, as
well as for breeding programs in the eastern Baltic region (Baltic States)
to minimize potential negative effects of changing climate.
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Abstract: The productivity of forests has been linked to the sensitivity of tree growth to meteorological
conditions and their fluctuations, hence moderation of tree sensitivity is one of the goals for climate-
smart forest management. For this, tree breeding is among the most effective means, particularly
if breeding populations are supplemented with genotypes (provenances) adapted to the expected
climates. Nonetheless, heritability of traits is essential for their improvement by breeding. In this
study, heritability of growth sensitivity of south-eastern Baltic provenances of Scots pine differing
by field performance to meteorological conditions was assessed combining methods of quantitative
genetics and dendrochronology. Five parallel provenance trials within the south-eastern Baltic region
were investigated. The effects of regional weather drivers of growth (moisture regime in summer,
temperature regime in preceding summer and in the dormancy period) were estimated, yet their
strengths differed among the provenances, indicating local specialization of metapopulations of Scots
pine. The heritability of growth sensitivity to these factors ranged from low to moderate, similarly as
observed for the morphometric traits within the region; however, the provenance (genetic) variation
appeared to be higher. The differences in heritability of responses, however, indicated uneven
adaptive significance of weather conditions. Although the estimates were based on a limited set of
genotypes implying caution in the extrapolation of results, the weather-growth relationships and
their heritability indicate that sensitivity of growth is a complementary trait aiding breeding of forest
reproductive material best suited for future climates. Heritable weather-growth relationships also
imply a high potential for forest breeding to moderate the sensitivity of the trees.

Keywords: parallel trials; quantitative genetics; Pinus sylvestris; growth sensitivity; local specialization

1. Introduction

Changes in composition and productivity of forests in Northern and Eastern Europe [1]
imply substantial economic and ecologic consequences already during the 21st century [2].
The pace of climatic changes apparently exceeds the natural rate of adaptability of local tree
populations [3], hence proactive adaptive management is crucial to sustain the productivity
of forests [4,5]. For this, tree breeding and assisted gene flow have been highlighted as
the most efficient practices [3,6,7], while the synergy of both, i.e., supplementation of
breeding populations, which mostly consist of local genotypes, with the best-performing
provenances (transferred genotypes), appears particularly promising [8-12]. However, the
efficiency of breeding depends on the strength of the genetic control, hence the heritability
of the traits providing adaptive advantages [6,10,13-15]. Propitiously, traits with adaptive
significance or affecting reproductive success are often genetically controlled [16-18],
although the strength of the control can differ [13,19-23].
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Provenance trials, which have been established for the assessment of performance
of genotypes from diverse origins, are being revisited as the source of information on
the adaptability of tree populations in the longer term [11,23,24], which is crucial for
climate-smart forestry [4,5]. The adaptability of trees depends on genetic specialization
and phenotypic plasticity, which have evolved to maximize survival and competitiveness
of genotypes under certain conditions [14,16,18]. For the evaluation of both, the parallel
provenance trials are particularly informative due to the extension of ecological gradients,
revealing the genotype—environment interactions and adaptability [8-10,14,23,25]. Further-
more, provenance trials can act as source of tested genetic material for supplementation of
local breeding populations, thus contributing to growth potential of forest reproductive
material [12,26].

In most breeding programmes, the selection of genotypes is based on multiple traits,
which are consolidated into selection indices, although the set of traits can differ [27-29].
Usually, selection indices contain traits related to productivity under certain environments,
such as size of trees (tree height and stem diameter) [21,22,25,29]. However, considering
the acceleration rate of climatic changes [3], such traits represent cumulative performance
of genotypes under the past climates, which might be already outdated [8,10]. In this
regard, information about the environmental sensitivity of genotypes is more universal,
as it represents the plasticity of tree performance under a temporal spectrum of envi-
ronmental conditions [10,14,30]. Considering climate as one of the main drivers of tree
growth [1,31,32], the sensitivity of growth to meteorological conditions can be considered as
a trait indicative for conformity of genotypes with environments [10,14,23,25]. Accordingly,
such information can facilitate breeding of genotypes better suited for the future conditions.

Sensitivity of trees to weather conditions can be assessed in detail via retrospective
analysis of tree-ring width and its derivatives, which act as an archive of radial incre-
ment [30,31,33]. Variation of tree-ring width contains several components, which can
be separated by dendrochronological (time series decomposition) methods [34-36]. An
inter-annual (high frequency) growth variation component, as represented by the relative
additional increment, is commonly used for the assessment of weather-growth relation-
ships [34,36]. Considering that genotypes (trees) in provenance trials are subjected to a
limited part of the climatic gradient, linear weather—growth responses are expected [37,38].
Although extrapolation of such responses is limited [39,40], they are still sufficient and
straightforward for the comparison of genotypes under common conditions [11,20,38].

Scots pine (Pinus sylvestris L.), which is a widespread and stress-tolerant species [41],
is expected to decrease its abundance in Eastern and Northern Europe during the 21st
century [1,42], and such changes are expected to be apparent in the eastern Baltic region [1].
Changes in the abundance of Scots pine appear to be caused by the trade-offs in growth and
competitiveness with other tree species [42,43], which are modulated by climate [44—46].
Due to the high economic and ecological importance of Scots pine within the region [41], ef-
forts are made to maintain species performance by national breeding programmes [7,22,26].
At the regional level, productivity of metapopulations of Scots pine has been linked to
weather growth sensitivity [22,47,48], and the regional weather drivers of growth (both
temperature in winter and moisture regime in summer) suggest genetic specialization
of local metapopulations [32,37,47]. Accordingly, weather growth sensitivity appears as
a promising trait aiding selection and breeding of the most sustainable genotypes. The
aim of this study was to assess the strength of genetic specialization and heritability of
weather-growth relationships for south-eastern Baltic population(s) of Scots pine based on
provenance trials. Considering that the studied region is situated in the mid-part of species
range [41], where specialization of growth sensitivity to common factors can be explicit [49],
we expected intermediate heritability of growth sensitivity to weather fluctuations.
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2. Materials and Methods
2.1. Trials and Provenances

Five international parallel provenance trials of Scots pine in Latvia near Liepaja (LI),
Zvirgzde (ZV), and Kalsnava (KA) and in the northern Germany near Waldsieversdorf
(WS) and Nedlitz (NL) were studied (Figure 1). The trials were established under the
collaboration of the USSR and the German Democratic Republic in 1975 to assess the
performance of provenances from the eastern block and the USSR [50,51]. The studied
trials contained a common set of 36 Scots pine provenances originating from the region
ranging 46-60° N and 11-30° E. For each provenance, seed material has been collected
from 20-25 plus-trees growing in managed open-pollinated forest stands. One-year-old
seedlings were raised in local nurseries and planted with the initial spacing of 2 x 1 and
2 x 0.5 min the trials in Latvia and northern Germany, respectively. The design of the trials
was complete randomized blocks; four 100-tree blocks per provenance were established
in each trial in Germany, and six 35-tree blocks in the trials in Latvia. The trials in Latvia
were thinned from below at the age of 21 years (in January 1996), resulting in the mean
stand density of ca. 1800 trees ha~!. In the northern Germany, the NL trial was thinned
from below once directly prior to sampling, while the WS trial was gradually thinned from
below three times (last in winter 2013/2014). Nevertheless, in both trials, thinning resulted
in stand density of approximately 900~1200 trees ha~".

0 100 200 300 km
.|

———

Figure 1. Location of the studied trials (circles) and origins of the studied provenances (squares) of
the south-eastern Baltic Scots pine.

The trials were growing on well-drained oligotrophic (in Latvia) or mesotrophic
(in Northern Germany) sandy or silty soils on flat topography under lowland conditions
(Table 1). The climate of the trials can be described as temperate moist continental (Dfb [52]),
although a coastal-inland gradient was evident due to increasing distance from the Baltic
Sea, particularly in Latvia (Supplementary material, Figure S1). The trials represented sub-
regional climatic gradient, length of which corresponds to the predicted shift in climatic
gradient during the 21st century from Latvia’s perspective [53]. In Latvia, the mean annual
temperature and precipitation sum was higher in the coastal LI trial, while ZV and KA were
the driest and coldest trials, respectively (Table 1, Figure S1). In northern Germany, climate
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was warmer, yet the differences in temperature between the trials were smaller. In all
trials, July and January were the warmest and the coldest months, respectively. The highest
monthly precipitation fell during the vegetation period and comprised approximately half
of the annual. Still, annual and summer precipitation was by approximately 22% higher
in the trials in Latvia. Climatic changes were mainly expressed as warming during the
November-April period and concomitant increase in heterogeneity of summer precipitation
regime [53]. However, summer precipitation showed a decreasing trend in northern
Germany, while a slight increase in precipitation in the dormant period was occurring in
Latvia [53,54].

Table 1. Location and general climatic description (means =+ standard deviation for the period 1988-2017) of the studied

trials of Scots pine.

LI v KA WS NL
Latitude, ° 56.45 56.65 56.80 52.53 52.02
Longitude, ° 21.63 24.37 25.93 14.05 12.33
Elevation, m 15 50 220 60 125
Soil Oligotrophic Oligotrophic Oligotrophic Mesotrophic ~ Mesotrophic
sandy (podzol) sandy (podzol)  silty (podzol)  brownsandy  brown sandy
Mean annual temperature, °C 7.5+ 0.6 72+07 6.4+07 9.8+ 0.7 10.1 +0.7
Mean May-September temperature, °C 15.0+ 0.7 1524038 14.8 0.8 16.9 + 0.7 169+ 0.7
Mean January temperature, °C -19x24 —3.0+£26 42427 0525 1324
Mean July temperature, °C 178+ 1.6 182+ 1.6 179+ 16 194416 193+ 17
Mean annual precipitation sum, mm 789 £91 659 £ 75 689 £ 81 568 & 80 542 +£73
May-September precipitation sum, mm 353 £ 71 333 + 63 349 + 66 290 + 66 274 + 59

To assess the strength of genetic control over sensitivity of growth to weather condi-
tions and its relationships with the field performance of trees, four of the top-performing
and two of the low-performing provenances were selected for sampling. The selection
was based on consolidated rankings of dimensions and survival in the trials in Latvia
measured during the inventory in 2016. The selected provenances showed consistent effect
of field performance of trees ([50]; Supplementary material, Table S1). Provenances Rytel
(RYT), Guistrow (GUS), Rostock (RST), and Neubrandenburg (NBD), which originated from
lowland coastal areas in northern Germany and Poland (Table 2, Figure 1 and Figure S2)
were selected for representation of the top-performing genotypes. Dippoldiswalde (DIP)
and Eibenstock (EBN), which originated from upland areas of the Orr mountains, were
selected for the representation of the low-performing genotypes. Compared to conditions
in Latvia (Table 1), the top-performing provenances originated from sites with warmer and
drier climate, while the low-performing provenances originated from more humid climates
(Table 2). Due to climatic changes [53], these differences show decreasing tendencies, imply-
ing reduction of ecological transfer distance [55]. Such selection was made accounting for
the projected shifts in vegetation zones in the south-eastern Baltic region [1,42], presuming
advantages from the northwards transfer of genotypes [55,56]. Additionally, Kalsnava
provenance, which originates from the central part of Latvia and shows above-average
field performance and superior stem quality [50,57], was selected for the representation of
local genotypes (from Latvia’s perspective). Seven provenances were selected in total.
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Table 2. Location and general climatic description (means + standard deviation for the period 1945-1974) of the studied

provenances of Scots pine.

DIP EBN KAL NBD RST GUS RYT
Latitude, ° 50.54 50.30 56.47 53.52 54.15 53.51 53.44
Longitude, © 13.58 12.29 25.60 13.26 12.16 12.16 18.01
Elevation, m 590 710 190 40 15 25 130
. S . Moderate . . . .
Field performance in trials in Latvia Low Low (local) High High High High
Mean annual temperature, °C 6.6 + 0.5 59+0.7 55+ 0.8 85+ 0.7 8.6 +0.7 85+ 0.7 8.0+ 0.7
Mean May-September temperature, °C 13.6 +0.7 12.6+0.8 144408 154+07 152+07 152408 154407
Mean January temperature, °C —26+24 -30+23 -65+37 -03+£23 02+21 -01+£23 -23+26
Mean July temperature, °C 153+12 147+13 170+£12 1774+13 173+12 173+13 17.7+13
Mean annual precipitation sum 804 68 994+101 624+77 57775 570481 599 +79 54673

May-September precipitation sum 402 +£32  4994+60 328466 290+48 284+51 30050 310448

2.2. Sampling and Measurements

Increment cores from 9 to 18 dominant visually healthy trees per provenance in each
of the five trials (one to four trees per block) were collected; 459 trees were sampled in
total. Two increment cores per tree from opposite randomly oriented sides of stem were
taken at breast height using a 5 mm increment corer. Tilted trees were not sampled to avoid
reaction wood. In a laboratory, increment cores were fixed into individual wooden mounts
and their surface was prepared for measurements using the WSL core microtome [58]. The
measurements of tree-ring width were taken manually using the LINTAB6 measurement
table (RinnTech, Heidelberg, Germany). The accuracy of the measurements was 0.01 mm;
all measurements were taken by the same person.

2.3. Data Analysis

Exact dating of increment (tree-ring widths) is essential for the assessment of weather-
growth relationships of trees [34] and, accordingly, the quality of measurement time series
(particularly their dating) was ensured during visual and statistical crossdating [59]. Time
series showing poor agreement with others (Pearson’s r < 0.4) were omitted from the
analysis, or their dating was adjusted if reasonable. The sufficiency of the datasets to
capture common environmental effects on radial growth of trees was described by the
mean sensitivity, expressed population signal and signal-to-noise ratio. These indices were
calculated for detrended (by a cubic spline) datasets. The presence of a weather-related
component in the variation of tree-ring width was estimated via dendroclimatic analysis.
For this, a residual chronology representing the relative additional radial increment for
each provenance within each trial was calculated. Mean time series of tree-ring width
for trees were calculated and converted to time series of basal area increment (BAI) to
minimize the trend related to ageing. The individual time series of BAI were detrended
by a flexible cubic spline with the wavelength of 20 years and 50% cut-off frequency to
remove the effects of ageing and thinning, and prewhitened using an autoregressive model
(“arl’) to eliminate the effect of previous growth. Individual detrended time series of BAI
were then averaged into residual chronologies using the biweight robust mean [60]. The
presence of local linear weather growth relationships was assessed by a bootstrapped
(non-parametric percentile bootstrapping) Pearson correlation analysis (non-parametric
percentile interval bootstrapping, 1000 iterations [61]) between residual chronologies of BAI
and meteorological variables. The tested meteorological variables were mean monthly tem-
peratures, precipitation sums, and standardized precipitation evapotranspiration indices
(SPEI) arranged into climatic window from June in the year preceding growth (previous
June) to September. The analysis was conducted for the common period of 1985-2017.
Gridded climatic data (CRU TS [62]) from the closest observation grid entry were used.

To assess the strength of genetic control over the sensitivity of the increment to
weather fluctuations arising from local adaptation across the studied trials [16,18,63,64], the
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broad-sense heritability and the provenance coefficient of variation were estimated [64,65].
The calculation was based on responses of individual trees. Considering that each trial
represents a limited part of the regional climatic gradient, linear responses of individual
trees (detrended and prewhitened BAI series) to each of the meteorological variables
were estimated by the mean value of bootstrapped (non-parametric bootstrapping with
repetition, 1000 iterations) slope coefficients of linear regression within the 10-90 percentile
interval. The variance components of genetic and environmental effects of the responses of
trees (slope coefficients) were extracted using mixed effects (random intercept) models:

Yijk = w+ i+ by + () + (pr: t) + (pk : bj(i)) +e 1)

where t;—fixed effect of trial, b;;—fixed effect of block nested within trial, (p)—random
effect of provenance, (py:t;) random interaction of provenance and trial, (py:b;(;))—random
effect of interaction of provenance and block (repetition) nested within trial. The models
were fitted using the maximum likelihood approach. Broad-sense heritability (H?) was
calculated as:

H? = % 2)

o} o+l +o? (

2

where ffﬁ—variance component of provenance, 0,

by trial interaction, vz:b—variance component of provenance by block interaction, and 02—

.,—Variance component of provenance

variance. Standard error for H> was estimated using the Dickerson’s approximation [66].
The provenance coefficient of variation (PCV; [64]) was calculated as:

PCV = 3)

y

where o,—variance component of provenance and ¥ is the phenotypical mean of the
response variable (mean bootstrapped slope coefficient). Data analysis was conducted in
R v. 4.1.0 [67] using the libraries ‘lme4’ [68] and ‘dpIR’ [60].

3. Results
3.1. Datasets

The cross-dated datasets contained 9-18 trees per provenance per stand, and 93%
(>86% per provenance per trial) of the measured time series of tree-ring width (from
427 trees) with verified dating were used for the analysis (Table 3). The mean tree-ring
width was similar among the studied five trials irrespective of differing growing conditions,
yet it differed among the provenances according to their field performance. For all of the
datasets, EPS values exceeded 0.85 (cf. [69]) indicating their sufficiency to capture a common
variation of increment represented by the datasets. The mean interseries correlation of
the datasets (r-bar) ranged 0.27-0.53, although it tended to be higher for NBD and RST
provenances, implying higher agreement among trees.

The strength of the environmental signal captured by tree-rings varied by provenance
and trial ranging 4.22-15.41, although it tended to be higher in Germany than in Latvia (9.18
and 7.44, respectively), particularly for NBD and RST provenances. The mean sensitivity
of time series was intermediate, yet it also tended to be higher in trials in Germany than in
Latvia (0.26 and 0.19, respectively). The first order autocorrelation, however, was higher in
Latvia than in Germany (0.78 and 0.63, respectively), indicating differences in the effect
of previous growth on increment. The mean sensitivity and first order autocorrelation,
however, were comparable among the provenances.
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Table 3. General statistics of the cross-dated datasets of tree-ring width of the studied south-eastern Baltic provenances

of Scots pine. Ranges of the values across the studied trials are shown. AR1—first order autocorrelation, r-bar—mean

interseries correlation, gini—gini coefficient, SENS—mean sensitivity, EPS—expressed population signal, and SNR—signal

to noise ratio.

DIP EBN KAL NBD RST GUS RYT

Number of cross-dated trees
Mean series length, years
Mean tree-ring width, mm
St. dev. tree-ring width, mm
r-bar
gini
AR1
SENS
EPS
SNR

9-13 9-13 10-14 14-18 14-17 10-15 10-16
33.1-34.6  34.0-35.0 34.4-348 34.5-35.0 34.2-34.9 33.6-34.9 34.1-35.0
2.06-2.65  2.10-2.94  2.20-3.20 2.35-3.53 2.34-3.16 2.44-3.42 2.51-3.50
1.00-1.61  0.96-1.36  0.95-1.54 0.99-1.71 0.89-1.64 1.01-1.73 0.86-1.82
0.27-0.41  0.32-0.39  0.31-0.44 0.33-0.51 0.37-0.53 0.33-0.48 0.32-0.42
0.25-0.34  0.23-0.32  0.22-0.26 0.21-0.26 0.20-0.28 0.22-0.28 0.18-0.28
0.67-0.82  0.66-0.83  0.60-0.83 0.57-0.82 0.58-0.83 0.63-0.82 0.55-0.83
0.22-0.28  0.19-0.30  0.16-0.29 0.16-0.30 0.18-0.28 0.17-0.26 0.16-0.26
0.85-0.89  0.85-0.88  0.86-0.90 0.88-0.94 0.90-0.94 0.85-0.93 0.87-0.92
422-838  4.68-7.64 5.33-9.39  7.32-14.76 8.63-15.41 5.52-13.86 4.63-11.68

3.2. Linear Weather-Growth Relationships

The developed chronologies (mean time series) showed that formation of relative
additional BAI was synchronous (mean r > 0.74), yet the strength of the inter-annual
variation differed among the provenances within a trial (Supplementary material, Figure S3)
implying varying sensitivity. The synchrony among the trials, which differed by climate
(Table 1), was lower (mean r = 0.45), implying specific limitation of radial growth by
meteorological conditions. Accordingly, the sets of weather variables showing significant
correlation with the chronologies of relative additional BAI, as well as the strength of the
correlations, differed by provenance, particularly in the trials in Latvia (Figure 2). Under
hemiboreal conditions in Latvia, meteorological variables related to both conditions in the
dormant period and in summer showed significant correlations with the chronologies of
BAI of the studied provenances. The sets of the significant variables, however, differed
between the coastal and inland trials.

Temperature in the previous June showed the strongest correlations, particularly for
the top-performing provenances under more continental conditions (KA trial, Figure 2).
Temperature in the previous July and September, as well as in March, were significant for
most of the provenances there, although the correlations were weaker. Precipitation in July
and SPEI in the previous July were positively correlated with BAI, and the correlations
were stronger for the top-performing provenances. Under milder climate in the LI and ZV
trials, the correlations of BAI with temperature in July were mostly significant for the top-
performing provenances. Precipitation in previous August showed significant correlations
for most provenances, although the correlations were stronger for NBD, GUS and, DIP,
despite differences in their field performance. Precipitation in late summer (September)
showed negative correlations in the LI and ZV trials, where vegetation period was longer.
The moisture balance represented by SPEI in May and in previous November had an effect
on BAI of DIP and KAL provenances under the coastal climate in LI trial.

Under the nemoral conditions in Northern Germany, weather variables particularly
related to summer moisture regime showed a correlation with BAI of the studied prove-
nances (Figure 2). At each trial, the sets of the significant factors were generally similar,
and the differences among the provenances were related in particular to the strength of
the correlations. The limiting effects of summer water shortage were highlighted by the
highest correlations estimated between BAI and SPEI in July and August, which were
significant for all datasets, with only slight differences among the provenances. The corre-
lations with SPEI in June, however, were significant for some provenances in the WS trial.
The correlations with temperature (negative) and precipitation (positive) in June and July
showed higher variation among the provenances and trials. Similarly, the provenances
showed uneven sensitivity to SPEI in September. All of the provenances showed strong
and significant correlations with temperature in the previous September in the WS trial.
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Pearson's r

Considering that climate in Northern Germany is temperate, January temperature was
significant for DIP, NBD, and RST provenances, although the correlations were negative.
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Figure 2. Bootstrapped Pearson correlation coefficients between the chronologies (prewhitened time series of the biweight

robust mean) of basal area increment of the studied provenances of Scots pine and individual meteorological variables

for the period 1985-2017 by trials (local weather data tested). The tested meteorological variables are monthly mean
temperature (Temp.), precipitation sums (Prec.) and standardized precipitation evapotranspiration indices (SPEI). Asterisks
(*) indicate significant correlations at & = 0.05. Note that a separate legend is given for each column of the panels (Latvia
and Germany). Prev.—previous year.

3.3. Genetic Parameters of Weather-Growth Responses

The individual responses of relative additional BAI to 13 of 51 meteorological variables
analyzed were estimated with H? coefficient exceeding 0.15 (reaching 0.32; Table 4). Most
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of these variables were estimated with varying correlations with mean time series of
relative additional BAI in the trials in northern Germany or Latvia, although heritability
estimates did not show consecutive temporal patterns, indicating intra-seasonal fluctuation
of genetic control of weather—growth interactions. Likewise, for these responses the
provenance variation fluctuated, PCV of these responses ranged considerably (from 0.18 to
0.65) indicating differing genetic plasticity.

Table 4. Coefficients or broad-sense heritability (H? + standard error) and provenance coefficient of
variation (PCV) for the responses of relative additional basal area increment (BAI) to meteorological
variables: monthly mean temperature, precipitation sums and precipitation evapotranspiration
indices (SPEI). Only the variables showing heritability above 0.15 are shown.

H? PCV

Temperature previous July 0.27 +0.17 0.60
Temperature previous September 0.25 £0.16 0.45
Temperature January 0.21+£0.11 0.65
Temperature June 0.29 +£0.17 0.44
Precipitation previous June 0.32+0.15 0.24
Precipitation March 0.23 £0.15 0.56
Precipitation July 0.26 + 0.14 0.18
SPEI previous October 0.15+0.10 0.58
SPEI previous November 0.25 +£0.17 0.47
SPEI June 0.24 £0.18 0.54

SPEI July 0.17 £0.11 0.44

SPEI August 0.25 £0.17 0.50

SPEI September 0.27 £0.16 0.62

The highest H? was estimated for the response of BAI to precipitation in the previous
June which did not show significant correlations with the chronologies (Figure 2). However,
below average PCV indicated low variability of the response due to provenance. The lowest
heritability (H?) hence the strongest environmental control was estimated for the responses
to SPEI in July and previous October, for which, the provenance variation was intermediate
(Table 4). The responses to January temperature had the highest PCV, while the heritability
was relatively low. Responses to SPEI in September had the second highest PCV and
above average H2. The responses to temperature in the current June, which showed
significant correlation with BAI in northern Germany, were estimated with the second
highest H? and intermediate PCV. The H? for the responses to SPEI in June, August and the
previous November was lower, yet the PCV was above average. In contrast, the response
to precipitation in July was estimated with the lowest PCV implying similar plasticity of
the provenances to summer temperature. The response of BAI to temperature in previous
July was estimated with above-average H? and relatively high PCV.

4. Discussion
4.1. Weather-Growth Relationships

The studied datasets of radial increment of Scots pine captured the main regional
weather-growth relationships (climatic signals; Figure 2), which imply complex effects of
conditions in dormancy and vegetation periods [37,70]. Considering intensifying summer
water shortage across diverse forest ecosystems [31,71,72], significant positive individual
effects of precipitation and SPEI in summer (Figure 2) indicated an effect of water deficit
on the growth of Scots pine, particularly under warmer and drier climate in trials in Ger-
many [57]. Likewise, the negative individual effects of temperature in summer (Figure 2),
can be explained by intensification of evapotranspiration [73] and hence water deficit. The
increment of the top-performing provenances tended to show higher correlations with
moisture conditions in summer (Figure 2), which is likely caused by the explicit reaction to
favorable conditions, while showing higher tolerance to the adverse conditions [47].
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The second part of the growing season is the time when primordia of the increment
of the consecutive year are formed [74] and weather conditions (temperature) determine
the ratio of generative and vegetative primordia, thus affecting the growth-reproduction
trade-off [75]. This explains the observed relationships of radial increment with the meteo-
rological conditions in the previous July-September (Figure 2). The effects of conditions in
the previous June, particularly under cooler climate in trials in Latvia (Figure 2) might be
related to the restoration of nutrient reserves used for early growth [76,77] and their legacy
effects [78].

The studied provenances originated and were tested in sites with temperate climate
(Tables 1 and 2), hence conditions in the dormancy period had an effect on radial growth
(Figure 2). Under cold/temperate climate, temperature and snow cover influence soil
freezing, which affects roots and water relations of trees in the subsequent vegetation
season [79], explaining positive relationships between increment and temperature and pre-
cipitation in winter, particularly for the north-transferred provenances in Latvia (Figure 2).
Although under warmer climate, increased winter temperature can decrease the cold hardi-
ness of trees and subject them to damage from cold spells [80], which explains the negative
relationships between increment with winter temperature in trials in Germany (Figure 2).

4.2. Local Specialization and Provenance Variation of Growth Sensitivity

The sensitivity of growth and subsequently increment depends on genotype and regu-
lation of gene expressions [30,81], hence weather-growth relationships can be considered
as a cumulative proxy of the fitness of genotypes to certain environments and their fluctua-
tions [10,14,25,30]. The strength of weather-growth relationship differed by provenance
(Figure 2), indicating local genetic specialization of metapopulations [31,47,70,82,83]. The
heritability estimates (Table 4) confirmed the presence of genetic control over the sensitivity
of growth of the studied south-eastern Baltic provenances of Scots pine to meteorological
conditions. Genetic specialization of metapopulations in terms of phenology is one of
the main evolutionary adaptations allowing trees to avoid damage and maximize growth
via coupling of the active period(s) with favorable meteorological conditions [56,63,83,84].
However, the inter-annual fluctuations of weather conditions mostly deviate from the
optimal conditions, causing growth to be sensitive to certain deviations [34,81]. Weather
sensitivity of genotypes has been linked with their growth [16,17,45,47,48,82], which in turn
determine their competitiveness, distribution, and spread [5,42,43]. Accordingly, sensitivity
of growth can be considered as a trait(s) of adaptive significance, confirming the presence of
local genetic specialization of metapopulations (provenances) in terms of weather-growth
relationships [13,16,18,24]. However, local specialization of metapopulations might also
partially be due to the regulation of gene expression by metilation of DNA [85,86], which
decreases heritability.

In the core regions of species distribution, trees can synchronize their local specializa-
tion to common large-scale factors thus maximizing growth [49]. However, the observed
differences in regional weather-growth relationships (Figure 2) implied explicit local genetic
specialization of metapopulations of Scots pine [18,32,70,83], confirming their heritability
(Table 4). Similarly, explicit differences in wood anatomy have been observed both at the
core and margin of distribution of Scots pine [23,82], highlighting local genetic specializa-
tion of xylogenesis [17,30,33,83]. Local specialization is apparently linked to the ecological
plasticity and stress tolerance of Scots pine [87], which warrants its survival under diverse
conditions of its vast range [41].

The differing heritability estimated for the responses of radial growth, indicated
varying strength of genetic specialization (Table 4), hence uneven adaptive significance
of meteorological conditions throughout the season [19,20,22,23,86]. As hypothesized,
the estimated heritability of growth responses to monthly weather variables was low to
intermediate (Table 4), as observed for the growth and quality traits of Scots pine within
the region [22]. Low to moderate heritability might be explained by the multifactorial
regulation of xylogenesis [37,70], which involves multiple genes [30,81,85]. Also, the time
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windows of sensitivity of xylogenesis to weather conditions can vary throughout the
year [88,89] blurring their effect at the monthly scale (Table 4). In contrast, the preselection
of provenances with differing field performance, most of which were top-performing
(Supplementary material, Table S1), might have caused overestimation of PCV [65]. Nev-
ertheless, multi-trial data used for the calculation of the genetic parameters reduces the
overestimation, and hence improves the precision of the genetic control of growth [90].

Most of the meteorological factors with heritable (H? > 0.15) responses were related to
moisture conditions during the vegetation period (Table 4), highlighting local specialization
of Scots pine metapopulations to local moisture regimes [18,23,70,82] in the mid-part of the
species distribution. Due to climatic changes, droughts emerge and intensify across diverse
ecosystems including various hemiboreal and boreal forest [71,72], hence the observed
heritability and, in particular, values of PCV of growth sensitivity (Table 4) highlight the
potential of tree breeding to improve drought tolerance of trees [4,7,55,57]. Accordingly,
sensitivity of growth to drought conditions appears as a promising trait for climate-smart
tree breeding [4,30,57].

The heritability of responses to conditions in late summer of the preceding year (Table 4)
could be related to the phenological differences of metapopulations [55,56,63,83,84]. Still,
such genetic control over the responses to late summer conditions (Table 4) indicate the
potential to alter the trade-offs between the reproductive effort and growth [75], thus
maximizing growth potential under warming summers. Considering that the studied
provenances originated from areas and were tested in trials with seasonal temperate
climate (Tables 1 and 2), the responses to meteorological conditions in the dormancy period
also appeared genetically controlled (Table 4). Considering warming of the dormancy
period [53], this likely contributes to the complexity of genetic and environmental controls
of the growth of metapopulations of trees [10,14,25,37,70].

The estimates of heritability of responses (Table 4) are based on a limited number
of provenances (metapopulations), even though they are represented by the progenies
from several plus-trees, thus implying cautious extrapolation of these results [22,65,90].
Nevertheless, local specialization and heritability of sensitivity of growth to meteorological
conditions, as shown by the studied provenances (Figure 2; Table 4), supports assisted
gene flow for improvement of breeding populations [3,6-11,28], thus enhancing the adapt-
ability of forest reproductive material within the region [4,5,7,22]. Furthermore, most of
the studied provenances originated from generally comparable climates (Table 2), yet
differed in productivity (Supplementary material, Table S1), implying that information on
growth sensitivity would be complementary to ecological transfer distance [8,55] when
selecting genotypes for propagation of forest reproductive material [8-12]. The estimates
of the genetic correlations between the traits might, however, be informative in terms of
interactions between genes and traits that can be included in selection indices [20,91], hence
analysis of an extended dataset would be needed [22,90].

5. Conclusions

The differences in sensitivity of radial growth of the studied south-eastern Baltic
provenances of Scots pine to the main regional weather drivers highlighted genetic special-
ization of metapopulations to local climates in the mid-part of species distribution. The
strength of genetic control over growth sensitivity, however, differed throughout the season,
indicating varying adaptive significance of weather conditions. The highest heritability was
estimated for the sensitivity of radial growth to weather conditions affecting the summer
moisture regime, as well as to conditions in winter and late summer of the preceding year.
Accordingly, growth sensitivity appears to be a promising and complementary trait for
selection of the most suitable genotypes for propagation of forest reproductive material
and would be facilitating the sustainability of pine forests within the region. Thus, the
estimated heritability of growth responses supports the potential for moderation of the
sensitivity of trees to intensifying climatic stresses.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/£12081101/s1, Figure S1. Climatic description of the studied trials of Scots pine for the period
1988-2017. Mean (+standard deviation) monthly temperature (lines) and precipitation (bars) are
shown. Figure S2. Climatic description of the studied provenances of Scots pine for the period
1945-1974. Mean (+standard deviation) monthly temperature (lines) and precipitation (bars) are
shown. The fine dotted line represents 0 °C temperature. Figure S3. Residual chronologies of basal
area increment (prewhitened time series of the biweight robust mean of relative additional basal
area increment) of the studied provenances by trials for the period 1985-2017. Table S1. General
description of field performance of the studied provenances of Scots pine in three trials in the
hemiboreal zone in Latvia. Number of surviving trees, overall survival, mean tree height (H),
stem diameter at breast height (DBH), standing volume (M), and ranking (according to tree height)
are shown.
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Abstract

Intensification of weather anomalies, particularly those related to temperature in
warming winters and moisture availability, have been identified as the major emerging
climatic threats to forest ecosystems in the hemiboreal zone. Considering the large-scale
nature of the threats, assisted migration and tree breeding appear as the most promising
means for mitigating the climatic risks. However, for successful implementation of such
means, information on the genetic control over the weather sensitivity of trees is needed.
Local genetic adaptations of populations occur to maximize competitiveness and survival,
while the differences in phenotypic plasticity, implying varying genotype by environmental
interactions, can be utilized for the acquisition of locally targeted reproductive material.
To gain initial (rough) estimates of genetic control and phenotypic plasticity of growth
responses to weather anomalies, a set of seven native eastern Baltic provenances differing
by productivity in five trials in Latvia and northern Germany were studied. Tree-ring widths
were measured for 1015 trees per provenance per trial. Relative growth changes and pointer
year values were calculated to link changes in increment with weather anomalies and to
estimate heritability on an annual basis by the methods of quantitative genetics. During
the analysed period (1987-2017), four to seven trial- and provenance-specific pointer
years (common relative growth changes) were estimated, which were mainly triggered by
co-occurring anomalies in moisture availability and winter thermal regime. This implied
resilience of the studied trees to singular weather anomalies, suggesting their adaptability.
Furthermore, the heritability estimates peaked one to two years after the pointer years,
implying that growth recovery and hence resilience rather than resistance was genetically
controlled. Still, local variability of pointer years and heritability estimates portrayed explicit
phenotypic plasticity of responses, implying the potential for breeding to locally improve
weather tolerance of growth.

Keywords: Pinus sylvestris; local adaptation; phenotypic plasticity; growth recovery;
tree-ring width; pointer years

Introduction

Nevertheless, the presence of local genetic adaptation is

In north-eastern Europe, the intensification of weath-
er extremes, particularly regarding the summer moisture
regime, has been identified as the major risks for forest
productivity (Allen et al. 2015), which can have carry-over
and legacy effects (Jetschke et al. 2019, Schwarz et al.
2020). Under extreme environmental conditions, genetic
effects and genotype by environment (G X E) interactions
are intensifying, largely determining the survival and/or
success of recovery (Taeger et al. 2013, Moran et al. 2017,
Chauvin et al. 2019). Due to the local genetic adaptation of
populations of widespread tree species, the susceptibility
of trees to weather anomalies and to the climatic chang-
es amplifying them, is increasing (Taeger et al. 2013, Ait-
ken and Bemmels 2016, Tsaac-Renton et al. 2018, Klisz
et al. 2023). Still, the genetic differences can diminish if
the conditions are explicitly marginal (Klisz et al. 2019).

a precondition for successful forest breeding (Jansson
et al. 2017, Moran et al. 2017), which is crucial for cli-
mate-smart management (Aitken and Bemmels 2016,
Nabuurs et al. 2018). Furthermore, the G X E interactions
have been revisited as the indicator of adaptability, as they
are the measure of the phenotypic and hence the ecological
plasticity of tree populations (Li et al. 2017, Moran et al.
2017, Ansarifar et al. 2020, Chmura et al. 2021, de la Mata
et al. 2022). In this regard, quantification of genetic control
over the traits relevant for adaptability is necessary (Li et
al. 2017, Arnold et al. 2019), for which parallel provenance
trials testing genotypes across extended environmental
gradients, are advantageous (Leites et al. 2012, Leites and
Benito Garzon 2023).

Morphometric and physiological traits have been
commonly used for the quantification of the genetic and
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environmental effects on growth, quality, and sustainabili-
ty of trees under certain environments (Burdon and Klap-
ste 2019). However, such proxies indicate the conformity
of genotypes with the past conditions including climatic
gradients, which are being out-dated by the accelerating
environmental changes (Meier et al. 2022). This is particu-
lar for the populations, which are managed conservatively
(Aitken and Bemmels 2016, Jansson et al. 2017), especial-
ly under cold climates, where local adaptations can be nar-
row (Isaac-Renton et al. 2018, Matisons et al. 2019, Klisz
et al. 2023). Hence analysis of the time series of increment
is highly informative of the environmental sensitivity, as
well as the intrinsic (e.g. ageing) effects on growth (Hous-
set et al. 2018), aiding projections under a shifting environ-
ment (Li et al. 2017, Pennacchi et al. 2021).

Under temperate climate, tree growth is seasonal,
and increment stores information on the underlying con-
ditions, thus providing natural archives of environmental
fluctuations (Speer 2010). Accordingly, retrospective anal-
ysis of increment is a source of highly detailed informa-
tion regarding tree growth (Speer 2010, McCullough et al.
2017, Housset et al. 2018). In this regard, tree-ring width
(TRW) is a particularly informative and sufficient proxy
of tree growth and productivity (McCullough et al. 2017,
Xu et al. 2017) and the underlying genetic effects (Hous-
set et al. 2018). The TRW, though, is a product of several
environmental, genetic, and ageing effects, hence diverse
standardization techniques have been developed to decon-
struct and partition the variance captured by the time series
(Speer 2010, Jetschke et al. 2019). Furthermore, specific
techniques, such as event/pointer year (PY) and resilience
analyses, have been deployed for estimation of growth re-
sponses to environmental extremes/anomalies (Jetschke
et al. 2019), thus allowing more elaborate assessment of
the adaptability of trees (Arnold et al. 2019, Schwarz et al.
2020, de la Mata et al. 2022).

In the eastern Baltic Sea region, Scots pine (Pinus syl-
vestris) is an economically important tree species, which
is though predicted to decrease in abundance, raising un-
certainty about the growth of local populations (Buras and
Menzel 2019). Considering that the climate in the region
is temperate, meteorological and climatic control over the
radial increment (TRW) is complex with winter thermal
regime and summer moisture availability identified as the
principal drivers of growth (Matisons et al. 2019, 2021a,
Harvey et al. 2020). Considering the regional climatic
gradient, local populations appear quite flexible in terms
of inter-annual variation of increment under non-extreme
conditions (Henttonen et al. 2014, Matisons et al. 2021a,
2021b). Nevertheless, the local populations also show ge-
netic adaptation, and their sensitivity can relate to produc-
tivity, particularly regarding summer moisture availability
(Martin et al. 2010, Taeger et al. 2013, Harvey et al. 2020).
Considering weather anomalies, provenance-related dif-
ferences have been demonstrated (Matisons et al. 2019,
2021b), while the estimates of genetic and phenotypic var-
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iance necessary for decision making concerning breeding
have not been reported yet.

The study aimed to estimate the effect of genetic and
environmental variance of Scots pine TRW in response to
weather anomalies (e.g. cold winters, dry summers, etc.)
from the eastern Baltic Sea region. Considering location
under temperate moist continental climate, we hypothe-
sized genetic effects to be stronger in response to extremes/
anomalies in summer moisture regime. We also hypothe-
sized local populations to show explicit G x E interaction
indicating high phenotypic plasticity.

Material and methods

Trials

A set of five parallel provenance trials near Liepaja
(LI), Zvirgzde (ZV), and Kalsnava (KA) in Latvia, as well
as near Waldsieversdorf (WS) and Nedlitz (NL) in Ger-
many (Figure 1, Table 1) were studied to assess the genet-
ic and environmental effects on the growth responses to
meteorological extremes/anomalies. The trials were estab-
lished in 1975 under the collaboration of the USSR and
the German Democratic Republic (Kohlstock and Schneck
1992, Jansons and Baumanis 2005). The trials contained
a set of 36 common provenances of Scots pine originat-
ing from the region spanning 46-60° N and 11-30° E.
The seed material was collected from 20-25 plus-trees at
each provenance, which were open-pollinated and mostly

X

600 800 km

| 5
Figure 1. Location of the studied trials (squares; two letter
notation) and origins of the provenances (triangles; three
letter notation) of the south-eastern Baltic Scots pine
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Table 1. Location and climatic description of the studied
established in 1975 under international collaboration

THE GENETIC AND ENVIRONMENTAL VARIANCE OF RADIAL INCREMENT /.../  MATISONS, R. ET AL.

parallel provenance trials of eastern Baltic Scots pine

Code LI YA KA WS NL
Vicinity Liepaja 2Zvirgzde Kalsnava/ Madona  Wald-sieversdorf Nedlitz
Country Latvia Latvia Latvia Germany Germany
Latitude, N 56°27"' 56°39' 56°48' 52°32' 52°1"
Longitude, E 21°38' 24°22' 25°56' 14°3' 12°10'
Elevation, m a.s.l. <20 <100 220 <100 130
Soil type Oligotrophic Oligotrophic Oligotrophic silty Mesotrophic Mesotrophic

sandy podzol sandy podzol podzol brown brown

Mean annual temperature, °C 7.5 7.2 6.4 9.8 10.1
Mean temperature 15.0 15.2 14.8 16.9 17.0
May-September, °C
Mean temperature January, °C -1.9 -3.0 —4.2 0.5 1.3
Mean temperature July, °C 17.8 18.2 17.9 19.4 19.3
Mean annual precipitation sum, mm 789 659 689 568 542
Mean precipitation sum 353 333 349 290 274
May-September, mm
Ewert’s continentality index 42 46 48 42 39

managed stands, thus representing the local best perform-
ing genotypes. The provenances were planted according
to a randomized block design, yet the size and number of
the blocks differed between the countries. In the trials in
Latvia, the provenances were represented by six blocks
(replications) of 35 (5 x 7) trees, while in Germany by four
blocks of 100 (10 x 10) trees.

The trials were situated on freely-draining olig-
otrophic sandy (Latvia) and mesotrophic silty podzolic
(Germany) soils; the topography of all sites was flat, as
typical for the lowland region. The trials were established
by planting one-year-old containerized seedlings raised
in local nurseries. The initial spacing of the planting was
2x1 and 2x0.5 m for the respective trials in Latvia and
Germany. Initially, weed control of all trials was imple-
mented if necessary, yet the thinning regimes differed. In
Latvia, the trials have undergone a single thinning from
below to 1800 trees ha™' at the age of 21 years in 1996,
while in Germany NL one year before sampling was
thinned from below to 1100 trees ha'. In the WS trial,
three thinnings have been implemented with the last one in
the winter of 2013-2014, thus decreasing stand density to
900-1,200 trees ha™'.

The studied trails represented subregional latitudinal
and local continentality climatic gradients, thus subjecting
the genotypes to an extended range of meteorological con-
ditions (Arnold et al. 2019, de la Mata et al. 2022). The
mean annual temperature ranged from 6.4°C in KA to
10.1°C in the NL trial (Table 1). In all sites, January and
July have been the coldest and warmest months with the re-
spective monthly temperatures ranging from —4.2 (in KA)
to 1.3°C (in NL) and from 17.8 (in LI) to 19.4°C (in WS),
respectively. The precipitation regime was comparable
for all sites with the highest monthly precipitation falling
during the summer (June—September) months, though the
precipitation sums were higher (by ca. 22%) in the trials in
Latvia compared to those in Germany. The climatic chang-

es were mainly expressed as the warming related reduction
of the dormancy period length and increasing heteroge-
neity of the summer precipitation regime resulting in the
emergence and extension of drought conditions (Meier et
al. 2022). From 1978 to 2017, several weather anomalies/
extremes were recorded, which were generally comparable
in Latvia and Germany (Table 2). In general, the weath-
er anomalies were related to the inflow of warm/cold air
masses during the dormancy period (November—April pe-
riod), as well as to the conditions altering water availability
during the vegetation period (May—September; Meier et al.
2022). Thought, the frequency of the anomalies tended to
be higher in the first part of the reference period in Latvia,
while in Germany, they were more evenly distributed, indi-
cating ongoing marginalization of weather conditions.

Provenances, sampling, and measurements

To gain an insight into the genetic control and phe-
notypical plasticity of responses of increment to weather
anomalies/extremes, a set of seven provenances (Figure 1),
which were represented in the studied trials in Latvia and
Germany, was selected based on inventory (in 2016). To ac-
count for the possible sensitivity-productivity relationships
and to estimate conditions triggering plastic responses (Ar-
nold et al. 2019, de la Mata et al. 2022), two low-perform-
ing, Dippoldiswalde (DIP) and Eibenstock (EBN), four
high-performing, Giistrow (GUS), Rytel (RYT), Rostock
(RST) and Neubrandenburg (NBD), and one local from
Latvia, Kalsnava (KAL), provenances, which excelled in
stem quality (Kohlstock and Schneck 1992, Jansons and
Baumanis 2005), were selected (Table 3). The selection was
based on the consolidated rankings of the field performance
(Matisons et al. 2019). Considering the anticipated north-
ward shift of vegetation zones (Buras and Menzel 2019),
the selection was done from the perspective of the trials in
Latvia; still, the rankings of the provenances were compa-
rable across the trials (Matisons et al. 2021b). The low-per-



BALTIC FORESTRY 30(1)

THE GENETIC AND ENVIRONMENTAL VARIANCE OF RADIAL INCREMENT /.../ MATISONS, R. ET AL.

Table 2. Anomalies in monthly mean temperature (Temp.), precipitation sums (Prec.), and standardized precipitation
evapotranspiration indices (SPEI) in Latvia and Germany for the period 1987-2017. The number in brackets shows the
z-score of respective meteorological conditions. Anomalies for aggregate periods, mean values for winter (December—
February), spring (March—April), summer (June—August), vegetation period (veg., May—September), as well as the
climatic year from (ann., September—August) are also shown

Year Latvia Germany

1987 Temp. ann. (-3.0), Temp. Jan (-3.3), Prec. Oct (-1.8) Temp. ann. (-2.5), Temp. veg. (-2.5), Temp. Jan (-2.8)
1988 - Prec. Feb (2.3)

1989 - SPEI ann. (-2.4), SPEL. veg. (-2.0)

1990 Prec. veg. (1.9), Prec. Sep (2.1) Temp. Feb (1.8), Prec. Jun (2.0)

1991
1992
1993

Temp. May (-1.8)

SPEI summer (-2.1), Prec. Jun (-2.2), Temp. Oct (-2.2)
Temp. summer (-2.1), Temp. May (2.3), Temp. Sep (-2.9),
SPEI Jun (-1.8)

1994 Temp. Feb (-1.9), Prec. Jul (-2.1)

1995
1996

SPEI May (2.2), SPEI Jun (1.9)

Temp. ann. (—1.8), SPEI ann. (-1.9), Temp. winter (-2.0),
Prec. Aug (-2.0)

Temp. Apr (-1.9), SPEI Jun (1.8), Prec. Oct (2.0)
Prec. ann. (2.3), Temp. Aug (-1.9), Temp. Nov (-2.3)
1999 SPEI veg. (-2.0), Temp. Jun (2.0)

2000 Temp. Apr (2.1), SPEI Oct (-2.1)

2001 -

2002 Temp. veg. (2.0), Prec. Feb (1.9), Prec. Aug (-2.0),
Temp. Oct (-2.2)

SPEI ann. (-2.3), Temp. prev. Dec (-2.0)

Temp. Mar (-1.8)

2006 SPEIl ann. (-2.5)

2007 Temp. prev. Dec (1.9), Prec. Jan (2.5)

2008 -

2009 -

2010 SPEI veg. (2.1), Temp. Jan (-2.1), Temp. Jul (1.9)

1997
1998

2003
2005

2011 Prec. prev. Dec (2.7), Prec. Nov (-1.8)
2012 -

2013 Temp. Mar (-2.0), Temp. May (1.9)
2014 Prec. Nov (-1.8)

2015 Prec. Jun (-1.8), Prec. Oct (-2.1)
2016 -

Temp. May (-2.7), Temp. Jun (-1.8)
SPEI summer (-2.1), Prec. Mar (2.4), Temp. Oct (-1.9)
Temp. summer (—2.1), Temp. Nov (-2.6)

Prec. spring (2.5), Temp. prev. Nov (-2.6), Temp. Jul (2.0),
Prec. prev. Dec (2.5)

Temp. ann. (-2.4), Temp. winter (—2.2), Temp. veg. (-2.2),
Prec. Jan (-1.9), Temp. Sep (-2.0)

Temp. prev. Dec (—1.9), Temp. Apr (-2.2), Prec. Jan (-2.4)
Prec. Oct (2.7), Temp. Nov (-2.0)

Temp. Sep (2.0)

Prec. Sep (3.0), Temp. Oct (1.8)
Prec. Feb (2.3), Prec. Oct (2.4)

SPEIl veg. (-1.9), Temp. Jun (1.9), Temp. Oct (-2.0)
Temp. Jul (2.0), Temp. Sep (2.1)

Temp. ann. (2.4), Prec. veg. (2.5), Prec. Jan (2.4)

Prec. Apr (3.1), SPEI Jul (-1.9)

Temp. Apr (2.4), Prec. Oct (1.9)

Temp. Jan. (-1.9), temp. May (-1.8), temp. Jul (1.8),
Prec. Aug (3.4)

Temp. prev. Dec (-2.5), Temp. Apr (2.2), Prec. Jul (2.1),
Prec. Nov (-2.1)

Prec. Jul (1.8)

Temp. Mar (-2.4)

Temp. spring (1.8)

Temp. Aug (2.1)

Prec. summer (2.7), Temp. prev. Dec (2.1), Temp. Sep (2.1)

forming provenances originated from the Ore mountains
(DIP and EBN), where the climate was cooler and harsher
compared to the trials in Latvia, and particularly in Germa-
ny. The high-performing provenances originated from the
coastal lowland conditions of northern Poland and northern
Germany (North European Plain), where the climate was
mild with pronounced coastal features (Kottek et al. 20006).

In each trial, one to three visually healthy, undamaged
and non-leaning dominant/co-dominant trees per prove-
nance per block were selected. Accordingly, 10-15 trees
per provenance per trial were selected in total. Block edge
trees were omitted if possible. Using a Pressler borer, two
opposite cores from each tree were collected at breast
height from random opposite directions. In the laboratory,
increment cores were mounted, their surface was prepared
by cutting, and TRWs were measured manually using LinT-
ab 6 (RinnTech, Heidelberg, Germany) measurement table.
The measurements were done by the same person with an
accuracy of 0.01 mm.

Data analysis

To ensure the quality of the measurements and hence
the reliability of the dating, the time series were crossdated
graphically and statistically using the computer program
COFECHA (Holmes 1983). Agreement metrics, expressed
population signal (EPS; Wigley et al. 1984), signal-to-
noise ratio (SNR), mean interseries correlation (r-bar),
synchrony index (GLK), mean sensitivity (MA), and gini
coefficient were calculated to describe common environ-
mental forcing of radial increment for each provenance by
trial (Bunn 2008, Speer 2010). To quantify the responses
of trees to meteorological anomalies/extremes, PY analy-
sis according to the approach described by Jetschke et al.
(2019) and Schwarz et al. (2020), which implies complex
assessment, was used. To estimate the severity of growth
changes in a particular year, TRW was relativized with re-
spect to the preceding five years, as the trees were quite
young showing modest growth variability. According to
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Table 3. Location and climatic description of the origin of the studied provenances of eastern Baltic Scots pine differing
by productivity in trials in the southeastern Baltic Sea region

Code DIP EBN KAL NBD RST GUS RYT

Name Dippol- Eibenstock  Kalsnava Neubran- Rostock Gustrow Rytel
diswalde denburg

Latitude, N 50°33' 50°18' 56°28' 53°31' 54°9' 53°31' 53°27'
Longitude, E 13°35' 12°17" 25°36' 13°16' 12°10' 12°10' 18°1'
Elevation, m 590 710 190 <50 <20 <50 130
Mean annual temperature, °C 6.6 5.9 55 8.5 8.6 8.5 8.0
Mean May-September temperature, °C 13.6 12.6 14.4 15.4 15.2 15.2 15.4
Mean January temperature, °C -2.6 -3.0 -6.5 -0.3 0.2 -0.1 -23
Mean July temperature, °C 15.3 14.7 17.0 17.7 17.3 17.3 17.7
Mean annual precipitation sum, mm 804 994 624 577 570 599 546
May—-September precipitation sum, mm 402 499 328 290 284 300 310

the relativized TRW (relative growth change), tree-level
event year time series were constructed. Considering the
location of the studied trials under mild climates (Kottek
et al. 2006), moderate relative growth change thresholds
(40% for positive and 25% for negative changes) were
used to determine “significance” of the individual tree
event years (Jetschke et al. 2019, Schwarz et al. 2020).
Due to the differences in climate, PYs were estimated
for each trial in years when more than 50% of the series
showed coherent (positive or negative) signatures. The
PY values (proportion of trees with a signature year) were
calculated for trials. To depict the differences in responses
among the provenances, the mean relative growth devia-
tion (van der Maaten-Theunissen et al. 2021) across the
time series of relative growth change for each provenance
was calculated.

To relate the changes in increment of the provenances
with weather conditions across the stands, gridded climatic
data were used (CRU TS4; Harris et al. 2020). The mean
monthly temperature, precipitation and potential evapo-
transpiration datasets for the grid points closest to the trials
(at < 0.25° distance) were extracted from the online repos-
itory. The standardized precipitation evapotranspiration
index (SPEI; Vicente-Serrano et al. 2010) was calculated
to characterize the drought conditions with the respect to
three-month period. Ewert’s thermal continentality index
(Szymanowski et al. 2017) was calculated for the descrip-
tion of the climate of the trials. For the period 1987-2017,
z-scores were calculated for the weather variables to eval-
uate their deviance from the “norm”, hence the anoma-
ly. The anomaly/extreme was considered if the absolute
z-score of the variables exceeded 2.0.

For the description of genetic control over the re-
sponses of increment in the case of years with weather
anomalies/extremes, as well as in the “ordinary” years,
broad sense heritability (H?) and provenance coefficient
of variation (CVP) were calculated based on variance
components of the relative growth change for each year.
H? was calculated as the ratio of the provenance variance
from the total random (provenance and residual) vari-
ance (Falconer and Mackay 1996, Loha et al. 2006, de la

Mata et al. 2022). The CVP was calculated as the ratio of
provenance standard deviation (square root of variance)
and the phenotypical mean of the relative growth change
(Loha et al. 2006). Considering that the effects of mete-
orological conditions on growth responses of provenanc-
es might differ due to local genetic adaptations, variance
components were extracted on an annual basis. For this,
simple mixed effects models were used for each trial with
provenance used as a random (genetic) effect and the repli-
cation (within a trial) used as the fixed (environmental) ef-
fect. To generalise genetic and environmental control over
growth changes across the entire reference period, more
elaborate mixed models were used for the extraction of
variance components:

Y=ty 15+ yin+ b+ )+ Pry) + (Pery) + £, (1)
where y; is the fixed effect of year, #; is the fixed effect of
replication (within a trial), y;:r; is the fixed effect of the
year by replication interaction, #y; is the fixed effect of
a tree, (P)) is the random effect of provenance, (P;:y)) is
the random effect of provenance by year interaction, and
(P,:r;) is the random effect of provenance by replication
interaction.

The data analysis was conducted in R, version 4.2.2
(R Core Team 2022) using the packages “dpIR” (Bunn
2008), “pointRes” (van der Maaten-Theunissen et al.
2021), and “Ime4” (Bates et al. 2015).

Resulis

Representability of the dataset

The crossdated datasets contained a time series of
427 trees (918 trees per provenance per trial), which were
93% of those initially measured (> 86% per provenance per
trial; Table 4). The mean TRW matched the field perfor-
mance of the provenances, though the medians were small-
er, implying a skewed distribution. Such skewness was ap-
parently related to the age trend of the time series (Figure 2),
which differed among the trials. The age trend in TRW was
explicit in the LI and ZV trials (Latvia), while in the trials
in Germany, age-related decrease in TRW was rapid, af-
ter which increment stabilized, yet was generally slower.
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Table 4. General description (mean values and the range of the metrics across the trials) of the crossdated datasets of
tree-ring width time series. r-bar — mean interseries correlation, EPS — expressed population signal, SNR — signal
to noise ratio, arl — first-order autocorrelation, gini — the gini coefficient, MS — mean sensitivity of the series, and
GLK — mean synchronicity index. The signal metrics represent spline-detrended series

DIP EBN GUS KAL NBD RST RYT
Mean tree-ring width, 2.07 2.14 2.44 2.29 247 2.35 2.67
mm (1.90-2.43)  (1.93-2.73)  (221-3.11)  (1.97-3.11)  (2.15-320)  (2.08-2.86)  (2.23-3.18)
Median tree-ring 1.79 1.94 2.20 2.10 2.26 2.14 243
width, mm (1.58-1.88)  (1.77-2.35)  (2.05-2.65)  (1.88-2.65)  (1.95-2.71)  (1.95-2.38)  (2.14-2.60)
St. dev. tree-ring 1.02 0.96 1.00 0.90 0.95 0.94 1.02
width, mm (0.84-1.45)  (0.71-1.19)  (0.79-1.44)  (0.60-1.44)  (0.66-1.39)  (0.67-1.38)  (0.68-1.58)
Crossdated trees 11 (9-13) 11 (9-13) 12(10-15)  12(10-15)  15(14-18)  15(14-17) 13 (10-16)
rbar 0.33 0.33 0.35 0.34 0.39 0.42 0.36
(0.22-0.45)  (0.25-0.41)  (0.25-0.43)  (0.31-0.43)  (0.30-0.47)  (0.32-0.48)  (0.30-0.47)
EPS 0.86 0.85 0.87 0.86 0.91 0.91 0.88
(0.84-0.91)  (0.84-0.88)  (0.85-0.92)  (0.85-0.92)  (0.86-0.94)  (0.87-0.94)  (0.85-0.91)
SNR 5.49 5.65 (3.83— 6.55 6.23 10.58 11.56 7.41
(3.08-9.67) 7.49) (4.37-11.26)  (5.24-11.26) (6.33-15.99)  (6.46-15.6)  (4.25-10.54)
art 0.29 0.28 (0.12— 0.28 0.24 0.25 0.29 0.28
(0.20-0.36) 0.44) (0.20-0.35)  (0.14-0.35)  (0.09-0.44)  (0.25-0.38)  (0.14-0.40)
gini 0.15 0.14 (0.13— 0.12 0.13 0.13 0.14 0.12
(0.13-0.17) 0.15) (0.10-0.15)  (0.10-0.15)  (0.11-0.15)  (0.12-0.16)  (0.10-0.15)
Ms 0.25 0.24 (0.2— 0.22 0.24 0.24 0.23 0.22
(0.23-0.30) 0.31) (0.19-0.27)  (0.19-0.27)  (0.19-0.30)  (0.19-0.28)  (0.19-0.26)
GLK 0.67 0.69 (0.65— 0.70 0.68 0.68 0.72 0.70
(0.63-0.70) 0.76) (0.68-0.71)  (0.65-0.71)  (0.66-0.73)  (0.69-0.75)  (0.67-0.72)

Tree-ring width, mm
1
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L

Figure 2. Mean time series of
tree-ring width for the studied
provenances of Scots pine in
trials in Latvia and Northern
Germany  for the period
1983-2017
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The TRW of the studied provenances showed respon-
siveness to environmental fluctuations, as indicated by the
inter-annual variation (standard deviations) and moderate
MS, though the variation was limited, hence as the gini
coefficient was low (Table 4). Nevertheless, the EPS of
the crossdated datasets tended to be higher for the more
productive provenances; the growth patterns of trees of
the less productive provenances were more individual
showing lower agreement metrics. Generally, the r-bar
was moderate irrespectively of a trial, yet EPS exceeded
or approached the arbitrary threshold of 0.85, highlighting
the representativeness of the datasets. The synchrony of the
datasets was similar as GLK were high and varied slightly.
The strength of the environmental signal, as shown by the
SNR, was generally low to moderate, although the NBD
and RST showed nearly two times higher values, indicat-
ing clearer environmental forcing. The autocorrelation was
low (arl <0.31) indicating weak buffering effect of the
preceding growth on increment.
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Meteorological forcing of increment

During the analysed period of 1988-2017, 16 PYs
were “significant” at the trial level, and all of them were
negative though mild, considering the low thresholds set
for the calculations (Figure 3). The number of the “signif-
icant” PYs ranged from three to seven in KA and WS tri-
als, respectively. Occurred PYs were largely trial-specific,
indicating local growth patterns, though half of the PYs
were the same in two or three trials, indicating some re-
gional signatures. The temporal distribution of the “signif-
icant” PYs differed between the trials; in LI and particular-
ly NL the PYs occurred at the beginning of the analysed
period, when trees were juvenile, while throughout the
period in the others. In most of the “significant” PYs, the
provenances generally showed coherent changes in growth
responses, as indicated by the mean growth deviations.
Still, in the WS trial, the mean growth deviations tended
to follow productivity of the provenance (in 1992, 2000,
2006 and 2013), hinting at some sensitivity-productivity
relationships. The plasticity of increment of the more pro-
ductive provenances was also indicated by the regular oc-
currence of “significant” deviations.
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The relationships between the meteorological anom-
alies/extremes and the responses of radial increment were
complex in their character (Figure 3). The timing of the
PYs indicated both immediate and delayed responses to
weather anomalies, which varied depending on the un-
derlying meteorological conditions, as well as the prov-
enances. In the LI trial (Latvia), the PYs were associat-
ed with cold or dry springs and summers in the years of
growth or the preceding years (Table 2). In the ZV trial,
low-temperature anomalies were related to the PY's, espe-
cially if they were preceded by dry spells in the previous
summer. Cold spells during the dormancy periods were
primarily associated with the PYs in the more frigid cli-
mate of the KA trial, with moisture deficit affecting local
and low-performing provenances. In the warmer climate
of the NL trial (Germany), the PYs at a juvenile stage co-
incided with extreme cold years followed by dry years.
Individual provenances also showed some responsive-
ness to summer heat. In the WS trial, the strongest PYs
occurred in response to dry and hot summers, while spring
temperature coincided with the PYs during the later part
of the analysed period. However, the decline in growth
in 2000 was not related to a weather anomaly on the
monthly scale.

Genetic controls over growth responses

As shown by the heritability coefficients (H* and
CVP), the genetic control of growth changes were large-
ly related to tree recovery, as its expression was delayed
and occurred with a one- or two-year lag after a weath-
er anomaly (Figure 3). Hence, during the PYs, the herit-
ability coefficients were generally low. Furthermore, the
manifestation of the genetic control differed by years and
trials/sites, while being stronger after the years with sever-
al weather anomalies, especially, the mixture of cold and
dry conditions. During the analysed period, the H? ranged
from low to high, yet the CVP was lower and reached only
moderate values, indicating limited genetic variability. In
the LI trial, the genetic coefficients peaked in 1999, which
coincided with the strongest PY, which was preceded by
the years with cold anomalies (Table 2). Weaker peaks in
genetic coefficients occurred also in 1992, 2011, 2014, and
2016 which were preceded by low-temperature or moisture
availability anomalies. In the ZV trial, H> and CVP were
overall higher and fluctuated annually. Nevertheless, the
coefficients peaked in 1994, 1995, 2003, and 2017, as the
trees were recovering from colder and/or dryer summers
than usual. In the KA trial, cold conditions in spring/sum-
mer and dry summers preceded and co-occurred with the
peaks in 1992, 1993, 1997, and 2006. The peak in 1997,
however, might be related to response to thinning.

Although German trials occurred in the similar cli-
mates (Table 1), genetic control over the increment varied
locally, as the peak genetic coefficients explicitly differed
between the WS and NL trials (Figure 3). In the NL trial,
the genetic indices peaked in 1992, 1997, 2009-2011, and
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2014, generally following co-occurring cold and moisture
regime anomalies (Table 2). Four explicit peaks in the ge-
netic coefficients were estimated in the WS trial in 1996,
1998, 2003, and 2012-2013. The earlier two ones could
explicitly be related to the responses and recovery after the
cold years (1996 and 1997). The peak in 2003 indicated
direct response to drought conditions, which were aggra-
vated by heat. Complex effect of cold spells and water
availability was associated with the later peak.

The variance components when generalized over the
studied period showed only a slight effect of provenance on
increment (Table 5), as the residual variance, which arose
from the uncontrolled conditions, was excessive. Never-
theless, the variance components highlighted the plasticity
of the genotypes in terms of growth changes as the vari-
ance of G X E interactions exceeded that of provenance up
to several times. The interaction variances, however, were
generally comparable among the trials indicating coherent
plasticity of the genotypes (provenances), although the
provenance by trial (G % E) interaction was higher in the
ZV trial. Hence, this supported the local specifics in re-
sponses of radial increment to weather anomalies.

Discussion

Controls of increment

The crossdated datasets of TRW were representative
of environmental effects (EPS > 0.85; Table 4), allowing
assessment of interannual weather-growth relationships
(Wigley et al. 1984). This was supported by the interme-
diate MS, although the interannual variation was limited
as shown by the gini coefficient (Speer 2010). The strength
of the environmental signals (SNR) was moderate, sug-
gesting the effects of local conditions on growth (Wigley
et al. 1984). Still, the TRW series within the trials were
synchronous (moderately high GLK), indicating the mag-
nitude of fluctuations to be sensitive to the environment.
The autocorrelation in the detrended TRW for the region
(cf. Matisons et al. 2021a) was lower than estimated, sug-
gesting plastic growth responses (Speer 2010). Apart the
edaphic conditions and stand density, the differences in the
age trends in TRW among the trials (Figure 2) might be re-
lated to the decrease in productivity with a warmer and dri-
er climate (Table 1). Nevertheless, the provenance-related
differences in environmental signal strength (Table 4) sug-
gested genotypes to differ by growth strategy (Martin et al.
2010, Breed et al. 2013). The high-performing genotypes
likely maximized growth via plasticity in terms of syn-
chronizing responses to common weather drivers (Cavin
and Jump 2017), while the low-performing ones appeared
more sensitive to micro-site conditions (Martin et al. 2010,
Matisons et al. 2019).

The trials were situated in sites with temperate, yet
generally mild climate and the conditions have been opti-
mized for tree growth (Table 1), hence the PYs (Figure 3)
were moderate, considering the low thresholds used in the
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calculation (Jetschke et al. 2019, Schwarz et al. 2020).
Such PY values suggested tolerance of the trees to cur-
rent weather anomalies, which largely correspond to the
on-going climatic changes (Taeger et al. 2013, Klisz et al.
2019, Meier et al. 2022). The identified PYs were nega-
tive and tended to be consistent for the provenances (Fig-
ure 3), implying the effects of weather anomalies acting
as stacking stresses (Harvey et al. 2020, Matisons et al.
2021a). The occurrence of PYs (Figure 3) indicated modu-
lating effects of local and genetic effects on growth (GxE
interaction), suggesting adaptability of the genotypes
(Moran et al. 2017, Ansarifar et al. 2020, de la Mata et
al. 2022). Still, the presence of PY's, which were common
for some trials (Figure 3) presumed large-scale limiting
weather effects (Henttonen et al. 2014, Harvey et al. 2020,
Schwarz et al. 2020).

The provenance-specific growth releases occurred
following anomalies (Figure 3) suggesting the ability of
the more productive genotypes (e.g. RYT, GUS) to utilise
ecological opportunities (Matisons et al. 2019) and like-
ly increase competitiveness (Loehle 1998). Furthermore,
the presence of the provenance specific changes in growth
rate (Figure 3), both positive and negative, implied effects
of local adaptation (Loha et al. 2006, Moran et al. 2017,
Chauvin et al. 2019), which differed by trial, revealing
complex interactions with local conditions (Li et al. 2017,
Chmura et al. 2021, Matisons et al. 2021a), especially in
the harsher climate (KA trial; Table 1). Still, the consistent
responses of the provenances in the PYs in the WS trial
(Figure 3) suggested that in a warmer and dryer climate
(Table 1), relationships between the sensitivity to anoma-
lies and productivity can intensify (Cavin and Jump 2017,
Teietal. 2017, Xu et al. 2017).

In the eastern Baltic Sea region, the weather-growth
relationships are complex, as the effects of winter and late
summer thermal regimes interact with moisture availabil-
ity during the growing period (Taeger et al. 2013, Hentto-
nen et al. 2014, Harvey et al. 2020, Matisons et al. 2021a).
Accordingly, anomalies in these weather conditions were
estimated as the underlying conditions for the PYs (Fig-
ure 3, Table 2). The complexity of weather drivers of the
PYs implies varying limitation of increment, as the condi-
tions divert from the optimum, resulting in disproportional
effects (Way and Oren 2010, Tei et al. 2017, Wilmking et
al. 2020), and hence inconsistencies in correspondence of
the PYs and weather anomalies (Figure 3). Though, most
of the PYs were related to multiple anomalies (Figure 3),
suggesting cumulative effects and robustness of TRW re-
garding single/short-time events. Weather conditions can
have carryover effects on increment (Way and Oren 2010),
thus explaining the delayed occurrences of PYs (Figure 3),
as assimilates might be allocated to recovery rather than
invested in growth (Brunner et al. 2015).

Although droughts are globally emerging threats to
tree growth (Allen et al. 2015, Isaac-Renton et al. 2018),
in the trials in Latvia and Germany, the anomalies in win-

THE GENETIC AND ENVIRONMENTAL VARIANCE OF RADIAL INCREMENT /.../  MATISONS, R. ET AL.

ter thermal regime still were the strongest triggers of the
genetic effects (Figure 3, Table 2). The influence of anom-
alies in winter temperature was persistent despite the ex-
plicit warming during the dormancy period (Harvey et al.
2020), confirming intensifying cold damage in warming
climate (Gu et al. 2008). Warmer conditions can affect tree
dormancy and reduce cold hardening, thus increasing sus-
ceptibility to cold spells, as well as increase in respiratory
nutrient loss (Ogren 1997, Beck et al. 2004). Still, drought
and the underlying conditions were related to the abrupt
changes in TRW (Figure 3, Table 2) with their effects tend-
ing to increase as suggested by the most recent peaks in
heritability in the trials in Germany (Figure 3). This sup-
ports the necessity for proactive climate-smart manage-
ment (Nabuurs et al. 2018). Though, the sensitivity of trees
to weather conditions and their anomalies often increase
with age, hence the moderate pointer-year intensity (Fig-
ure 3) might be related to higher tolerance of younger trees
(Carrer and Urbinati 2004). On the other hand, the sensi-
tivity of trees to frost/cold is higher at younger age (Klisz
et al. 2022), which might be related to the PY's in response
to temperature in spring (Table 2).

Adaptability of native genotypes

Local genetic adaptation (i.e. genetic variance, H?)
and phenotypic plasticity (i.e. G X E interaction variance),
which determine adaptability (Arnold et al. 2019, Pennac-
chi et al. 2021), appeared unbalanced (Table 5), supporting
the increase in local variability of growth patterns and dis-
proportional effects of accelerating environmental changes
(Ansarifar et al. 2020, de la Mata et al. 2022). The locally
specific peaks in heritability estimates (Figure 3), as well
as the variance partitioning (Table 5) revealed explicit
phenotypic plasticity of the genotypes across the studied
gradient, suggesting some adaptive potential (Moran et al.
2017, Chauvin et al. 2019). The phenotypic plasticity of
radial increment has been related to the productivity and
resilience of genotypes due to the efficient redistribution
of resources between growth and defence (e.g. hydraulic
security) (Corcuera et al. 2011, de la Mata et al. 2022).
When the entire period was considered, the genetic (prove-
nance) variance was low likely due to the G x E interaction
(Table 5), as well as the excessive random variance indi-
cating explicit effects of micro-site conditions (Ansarifar

Table 5. The share of the genetic (provenance-related)
variance components from the total random variance
for relative growth changes of eastern Baltic Scots pine
provenances was generalised over the analysed period of
1988-2017

LI yAY, KA NL WS
Provenance by year 0.030 0.059 0.036 0.027 0.046
interaction
Provenance by 0.009 0.031 0.014 0.006 0.013
replication interaction
Provenance 0.003 0.003 0.004 0.004 0.003
Residual 0.958 0.907 0.947 0.963 0.938
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etal. 2020, Chmura et al. 2021). Nevertheless, moderate to
high heritability was estimated on an annual basis indicat-
ing specific genetic adaptation (Figure 3).

The lagged peaks in the heritability estimates after the
PYs (Figure 3) implied that the growth recovery potential
has been subjected to the local genetic adaptation (Moran
et al. 2017); though, tolerance analysis was not performed
due to inconsistency of the lags (Schwarz et al. 2020). The
synergic effect of weather anomalies on the heritability
estimates (Figure 3) complied with the multifactorial reg-
ulation of the growth plasticity and recovery (efficiency
and period) (Pennacchi et al. 2021, Vuosku et al. 2022).
Accordingly, local genetic adaptation can be related to
cumulative weather effects and hence the ability to cope
with multiple stresses (Ansarifar et al. 2020, Chmura et al.
2021), which have likely contributed to productivity (Way
and Oren 2010) and are increasingly important under the
anticipated climatic changes (Li et al. 2017). The multifac-
torial genetic controls under optimal growing conditions
(de la Mata et al. 2022, Vuosku et al. 2022) have likely
caused the estimates of H* and CVP to be intermediate
and low, respectively. The low heritability estimated at the
PYs (Figure 3) implied uniform resistance of increment of
the local populations to growth changes, supporting the
regional synchronization of sensitivity (Cavin and Jump
2017). Nevertheless, the sensitivity to non-extreme fluctu-
ations in moisture availability on an annual basis has been
shown to be subjected to local adaptation (Matisons et al.
2021b), supporting the current estimates.

The estimation of genetic control overgrowth recov-
ery (Figure 3), which is a major determinant of resilience
and productivity of stands (Schwarz et al. 2020, Leites and
Benito Garzon 2023) supported the potential of tree breed-
ing to improve sustainability of forests regarding intensi-
fying weather anomalies (Jansson et al. 2017, Nabuurs et
al. 2018, Burdon and Klapste 2019). The local effects (Fig-
ure 3, Table 5) implied the limited breeding efficiency to
alter tolerance to meteorological anomalies at a wider scale
(Loha et al. 20006, Li et al. 2017, de la Mata et al. 2022).
Still, the explicit phenotypic plasticity (G x E interaction)
indicated the potential of targeted breeding for local im-
provements by applying semiconservative (intra-regional)
assisted migration (Corcuera et al. 2011, Breed et al. 2013,
Aitken and Bemmels 2016, Li et al. 2017, Chmura et al.
2021). However, the selection of the provenances, which
generally showed above-average performance, might have
introduced some bias in variance partitioning and hence
the heritability estimates at the trial level (Falconer and
Mackay 1996, Leites et al. 2012). As the study was based
on a limited set of genotypes, the upscaling of the results;
however, should be precautious (Loha et al. 2006, Arnold
etal. 2019, Chmura et al. 2021).
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Conclusions

Considering that genotypes from the mid-part of the
distribution of the species growing under comparable con-
ditions were analysed, radial growth lacked explicit sudden
changes evidencing the conformity of the genotypes with
the environments, hence their adaptability. Furthermore,
multiple weather anomalies were needed to cause a growth
decline, which implied a high tolerance for growth. Never-
theless, the co-occurrence of weather anomalies triggered
the expression of genetic differences, especially regarding
the recovery of growth, which, however, strongly interact-
ed with environmental conditions. Due to explicit pheno-
typic plasticity arising from the G X E interactions, targeted
breeding might improve tolerance of reproductive material
regarding weather anomalies locally. Although, the limit-
ed set of the genotypes analysed implies that the estimates
might be biased. Still, the current estimates suggest that
more detailed analysis based on progeny data, as well as
under-projected future climates, appears advantageous for
more accurate evaluation.

Acknowledgements

The study was funded by JSC ‘Latvia’s State For-
ests’ within the framework of research project ‘Effect of
climate change on forestry and associated risks’ (grant
No. 5-5.9.1 007p 101 21 78). The preparation of the
manuscript was supported by the European Social Fund
project ‘LUA'S transition to the new doctoral funding mod-
el’ (grant No. 8.2.2.0/20/1/001).

References

Aitken, S.N. and Bemmels, J.B. 2016. Time to get moving:
assisted gene flow of forest trees. Evolutionary Applica-
tions 9: 271-290; https://doi.org/10.1111/eva.12293.

Allen, C.D., Breshears, D.D. and McDowell, N.G. 2015. On
underestimation of global vulnerability to tree mortality and
forest die-off from hotter drought in the Anthropocene. Eco-
sphere 6: 1-55; https://doi.org/10.1890/ES15-00203.1.

Ansarifar, J., Akhavizadegan, F. and Wang, L. 2020. Perfor-
mance prediction of crosses in plant breeding through gen-
otype by environment interactions. Scientific Reports 10:
N11533; https://doi.org/10.1038/s41598-020-68343-1.

Arnold, P.A., Kruuk, L.E. and Nicotra, A.B. 2019. How to
analyse plant phenotypic plasticity in response to a chang-
ing climate. New Phytologist 222: 1235-1241; https://doi.
org/10.1111/nph.15656.

Bates, D., Maechler, M., Bolker, B. and Walker, S.2015. Fitting
linear mixed-effects models using Ime4. Journal of Statistical
Software 67: 1-48; https://doi.org/10.18637/jss.v067.i01.

Beck, E.H., Heim, R. and Hansen, J. 2004. Plant resistance to
cold stress: mechanisms and environmental signals trigger-
ing frost hardening and dehardening. Journal of Bioscienc-
es 29: 449-459; https://doi.org/10.1007/BF02712118.

Breed, M.F., Stead, M.G., Ottewell, K.M., Gardner, M.G.
and Lowe, A.J. 2013. Which provenance and where?
Seed sourcing strategies for revegetation in a changing



BALTIC FORESTRY 30(1)

environment. Conservation Genetics 14: 1-10; https://doi.
0rg/10.1007/s10592-012-0425-z.

Brunner, 1., Herzog, C., Dawes, M.A., Arend, M. and Sper-
isen, C. 2015. How tree roots respond to drought. Fron-
tiers in Plant Science 6: 547; https://doi.org/10.3389/
fpls.2015.00547.

Bunn, A.G. 2008. A dendrochronology program library in
R (dpIR). Dendrochronologia 26: 115-124; https://doi.
org/10.1016/j.dendro.2008.01.002.

Buras, A. and Menzel, A. 2019. Projecting tree species com-
position changes of European forests for 2061-2090 under
RCP 4.5 and RCP 8.5 Scenarios. Frontiers in Plant Sci-
ence 9: N1986; https://doi.org/10.3389/fpls.2018.01986.

Burdon, R.D. and Klapste,J. 2019. Alternative selection
methods and explicit or implied economic-worth func-
tions for different traits in tree breeding. Tree Genetics and
Genomes 15: N79; https://doi.org/10.1007/s11295-019-
1384-z.

Carrer, M. and Urbinati, C. 2004. Age-dependent tree-ring
growth responses to climate in Larix decidua and Pinus
cembra. Ecology 85: 730-740; https://doi.org/10.1890/02-
0478.

Cavin, L. and Jump, A.S. 2017. Highest drought sensitivity and
lowest resistance to growth suppression are found in the
range core of the tree Fagus sylvatica L. not the equatorial
range edge. Global Change Biology 23: 362-379; https://
doi.org/10.1111/gcb.13366.

Chauvin, T., Cochard, H., Segura,V. and Rozenberg, P.
2019. Native-source climate determines the Douglas-fir
potential of adaptation to drought. Forest Ecology and
Management 444: 9-20; https://doi.org/10.1016/j.fore-
€0.2019.03.054.

Chmura, D.J., Barzdajn, W., Kowalkowski, W., Guzicka, M.
and Rozkowski, R. 2021. Analysis of genotype-by-envi-
ronment interaction in a multisite progeny test with Scots
pine for supporting selection decisions. European Journal of
Forest Research 140: 1457-1467; https://doi.org/10.1007/
$10342-021-01417-5.

Corcuera, L., Cochard, H., Gil-Pelegrin, E. and Notivol, E.
2011. Phenotypic plasticity in mesic populations of Pinus
pinaster improves resistance to xylem embolism (P 50)
under severe drought. Trees 25: 1033-1042. https://doi.
org/10.1007/s00468-011-0578-2.

de la Mata,R., Zas, R., Bustingorri, G., Sampedro, L.,
Rust, M., Hernandez-Serrano, A. and Sala, A. 2022.
Drivers of population differentiation in phenotypic plas-
ticity in a temperate conifer: A 27-year study. Evolution-
ary Applications 15: 1945-1962; https://doi.org/10.1111/
eva.13492.

Falconer, D.S. and Mackay, T.F.C. 1996. Introduction to Quan-
titative Genetics. 4" ed. Harlow, UK: Longmans Green,
635 pp.

Gu, L., Hanson, P.J., Mac Post, W., Kaiser, D.P., Yang, B.,
Nemani, R., Pallardy, S.G. and Meyers, T. 2008. The
2007 eastern US spring freeze: increased cold damage in
a warming world? BioScience 58: 253-262; https://doi.
org/10.1641/B580311.

Harris, 1., Osborn, T.J., Jones, P. and Lister, D. 2020. Ver-
sion 4 of the CRU TS monthly high-resolution gridded mul-
tivariate climate dataset. Scientific Data 7: 1-18; https://doi.
org/10.1038/s41597-020-0453-3.

Harvey, J.E., Smiljani¢, M., Scharnweber, T., Buras, A.
Cedro, A., Cruz-Garcia, R., Drobyshev, 1. Janecka, K.,
Jansons, A., Kaczka, R., Klisz, M., Liinelaid, A., Ma-
tisons, R., Muffler, L., Sohar, K., Spyt, B., Stolz, J., van
der Maaten, E., van der Maaten-Theunissen, M., Vi-
tas, A., Weigel, R., Kreyling, J. and Wilmking, M. 2020.

n

THE GENETIC AND ENVIRONMENTAL VARIANCE OF RADIAL INCREMENT /.../ MATISONS, R. ET AL.

Tree growth influenced by warming winter climate and
summer moisture availability in northern temperate for-
ests. Global Change Biology 26: 2505-2518; https://doi.
org/10.1111/gcb.14966.

Henttonen, H.M., Miikinen, H., Heiskanen, J., Pel-
toniemi, M., Laurén, A. and Hordo, M. 2014. Response
of radial increment variation of Scots pine to temperature,
precipitation and soil water content along a latitudinal gra-
dient across Finland and Estonia. Agricultural and Forest
Meteorology 198: 294-308; https://doi.org/10.1016/j.agr-
formet.2014.09.004.

Holmes, R. 1983. Computer-assisted quality control in tree-ring
dating and measurement. Tree-Ring Bulletin 43: 69-78.

Housset, J.M., Nadeau, S., Isabel, N., Depardieu, C., Duch-
esne, I., Lenz, P. and Girardin, M.P. 2018. Tree rings pro-
vide a new class of phenotypes for genetic associations that
foster insights into adaptation of conifers to climate change.
New Phytologist 218: 630-645; https:/doi.org/10.1111/
nph.14968.

Isaac-Renton, M., Montwe, D., Hamann, A., Spiecker, H.,
Cherubini, P. and Treydte, K. 2018. Northern forest tree
populations are physiologically maladapted to drought.
Nature Communications 9: 1-9; https://doi.org/10.1038/
541467-018-07701-0.

Jansons, A. and Baumanis, I. 2005. Growth dynamics of Scots
pine geographical provenances in Latvia. Baltic Forest-
ry 11: 29-37.

Jansson, G., Hansen, J.K., Haapanen, M., Kvaalen, H. and
Steffenrem, A. 2017. The genetic and economic gains from
forest tree breeding programmes in Scandinavia and Fin-
land. Scandinavian Journal of Forest Research 32: 273—
286; https://doi.org/10.1080/02827581.2016.1242770.

Jetschke, G., van der Maaten, E. and van der Maaten-The-
unissen, M. 2019. Towards the extremes: A critical analysis
of pointer year detection methods. Dendrochronologia 53:
55-62; https://doi.org/10.1016/j.dendro.2018.11.004.

Klisz, M., Buras, A., Sass-Klaassen, U., Puchalka, R., Ko-
prowski, M. and Ukalska, J. 2019. Limitations at the lim-
it? Diminishing of genetic effects in Norway spruce prov-
enance trials. Frontiers in Plant Science 10: N306; https:/,
doi.org/10.3389/fpls.2019.00306.

Klisz, M., JevSenak, J., Prokopuk, Y., Gil, W., Mohytych, V.
and Puchalka, R. 2022. Coping with Central Europe-
an climate — xylem adjustment in seven non-native coni-
fer tree species. Dendrobiology 88: 105-123; https://doi.
org/10.12657/denbio.088.008.

Klisz, M., Chakraborty, D., Cvjetkovicet, B., Grabner, M.,
Lintunen, A., Mayer, K., George, J.-P. and Rossi, S.
2023. Functional Traits of Boreal Species and Adapta-
tion to Local Conditions. In: Girona, M.M., Morin, H.,
Gauthier, S., Bergeron, Y. (Eds.) Boreal Forests in the
Face of Climate Change. Advances in Global Change Re-
search. Springer, Cham, Vol. 74, p. 323-355; https:/doi.
org/10.1007/978-3-031-15988-6_12.

Kohlstock, N. and Schneck, H. 1992. Scots pine breeding (Pi-
nus sylvestris L.) at Waldsieversdorf and its impact on pine
management in the north eastern German lowland. Silvae
Genetica 4: 174-180.

Kottek, M., Grieser, J., Beck, C., Rudolf, B. and Rubel, F.
2006. World map of the Kdppen-Geiger climate classifi-
cation updated. Meteorologishe Zeitschrift 15: 259-263;
https://doi.org/10.1127/0941-2948/2006/0130.

Leites, L. and Benito Garzon, M. 2023. Forest tree species ad-
aptation to climate across biomes: building on the legacy
of ecological genetics to anticipate responses to climate
change. Global Change Biology 29(17): 4711-4730; https://
doi.org/10.1111/geb.16711.



BALTIC FORESTRY 30(1)

Leites, L.P., Rehfeldt, G.E., Robinson, A.P., Crookston, N.L.
and Jaquish, B. 2012. Possibilities and limitations of
using historic provenance tests to infer forest species
growth responses to climate change. Natural Resource
Modeling 25: 409-433; https://doi.org/10.1111/.1939-
7445.2012.00129.x.

Li, Y., Suontama, M., Burdon, R.D. and Dungey, H.S. 2017.
Genotype by environment interactions in forest tree breed-
ing: review of methodology and perspectives on research
and application. Tree Genetics and Genomes 13: 1-18;
https://doi.org/10.1007/s11295-017-1144-x.

Loehle, C. 1998. Height growth rate tradeoffs determine north-
ern and southern range limits for trees. Journal of Bio-
geography 25: 735-742; https://doi.org/10.1046/j.1365-
2699.1998.2540735.x.

Loha, A., Tigabu, M., Teketay, D., Lundkvist, K. and Fries, A.
2006. Provenance variation in seed morphometric traits,
germination, and seedling growth of Cordia africana Lam.
New Forests 32: 71-86; https://doi.org/10.1007/s11056-
005-3872-2.

Martin, J.A., Esteban, L.G., De Palacios, P. and Fernan-
dez, F.G. 2010. Variation in wood anatomical traits of Pinus
sylvestrisL.between Spanishregionsofprovenance. Trees24:
1017-1028;  https://doi.org/10.1007/s00468-010-0471-4.

Matisons, R., Elferts, D., Kri$ans, O., Schneck, V., Girt-
ner, H., Bast, A.,, Wojda, T., Kowalczyk,J. and Jan-
sons, A. 2021a. Non-linear regional weather-growth rela-
tionships indicate limited adaptability of the eastern Baltic
Scots pine. Forest Ecology and Management 479: N118600;
https://doi.org/10.1016/j.foreco.2020.118600.

Matisons, R., Schneck, V., Jansone, D., Baders, E., Dubra, S.,
Zelting, P. and Jansons, A. 2021b. South-eastern Baltic
provenances of Scots pine show heritable weather-growth
relationships. Forests 12: N1101; https://doi.org/10.3390/
f12081101.

Matisons, R., Jansone, D., Elferts, D., Adamovi¢s, A., Sch-
neck, V. and Jansons, A. 2019. Plasticity of response of
tree-ring width of Scots pine provenances to weather ex-
tremes in Latvia. Dendrochronologia 54: 1-10; https://doi.
org/10.1016/j.dendro.2019.01.002.

McCullough, .M., Davis, EW. and Williams, A.P. 2017.
A range of possibilities: Assessing geographic variation in
climate sensitivity of ponderosa pine using tree rings. For-
est Ecology and Management 402: 223-233; https://doi.
org/10.1016/j.foreco.2017.07.025.

Meier, M.H.E., Kniebusch, M., Dieterichet, C. et al. 2022. Cli-
mate change in the Baltic Sea region: A summary. Earth
System Dynamics 13: 457-593; https://doi.org/10.5194/esd-
13-457-2022.

Moran, E., Lauder, J., Musser, C., Stathos, A. and Shu, M.
2017. The genetics of drought tolerance in conifers. New
Phytologist 216: 1034-1048; https://doi.org/10.1111/
nph.14774.

Nabuurs, G.J., Verkerk, P.J., Schelh MJ., G alez Ola-
barria, J.R., Trasobares, A. and Cienciala, E. 2018. Cli-
mate-Smart Forestry: Mitigation Impacts in Three European
Regions. From Science to Policy 6. Joensuu (Finland): Eu-
ropean Forest Institute, 32 pp. Available online at: https:/
www.efi.int/sites/default/files/files/publication-bank/2018/
efi_fstp 6 2018.pdf (accessed: 14.07.2023).

Ogren, E. 1997. Relationship between temperature, respiratory
loss of sugar and premature dehardening in dormant Scots
pine seedlings. Tree Physiology 17: 47-51; https://doi.
org/10.1093/treephys/17.1.47.

Pennacchi, J., Lira,J., Rodrigues, M.,
Mendon¢a, A. and Barbosa, J.P.
temic approach to

Garcia, FH.S.,
2021. A sys-
the quantification of the phe-

12

THE GENETIC AND ENVIRONMENTAL VARIANCE OF RADIAL INCREMENT /.../  MATISONS, R. ET AL.

notypic plasticity of plant physiological traits: the
multivariate plasticity index. Journal of Experimental Bot-
any 72: 1864-1878; https://doi.org/10.1093/jxb/eraa545.

R Core Team. 2022. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL: https://www.R-project.org (accessed:
14.07.2022).

Schwarz, J., Skiadaresis, G., Kohler, M., Kunz, J., Schna-
bel, F., Vitali, V. and Bauhus, J. 2020. Quantifying growth
responses of trees to drought — A critique of commonly
used resilience indices and recommendations for future
studies. Current Forestry Reports 6: 185-200; https://doi.
org/10.1007/s40725-020-00119-2.

Speer, J.H. 2010. Fundamentals of tree-ring research. Tucson:
University of Arizona Press, 333 pp.

Szymanowski, M., Bednarczyk, P., Kryza, M. and Now-
osad, M. 2017. Spatial Interpolation of Ewert’s Index of
Continentality in Poland. Pure Applied Geophysics 174:
623-642; https://doi.org/10.1007/s00024-016-1413-x.

Taeger, S., Zang, C., Liesebach, M., Schneck, V. and Men-
zel, A. 2013. Impact of climate and drought events on the
growth of Scots pine (Pinus sylvestris L.) provenances.
Forest Ecology and Management 307: 30-42; https://doi.
org/10.1016/j.foreco.2013.06.053.

Tei, S., Sugimoto, A., Yonenobuet, H., Matsuura, Y., Osa-
wa, A., Sato, H., Fujinuma, J. and Maximov, T. 2017.
Tree-ring analysis and modeling approaches yield contra-
ry response of circumboreal forest productivity to climate
change. Global Change Biology 23: 5179-5188; https://doi.
org/10.1111/gcb.13780.

van der Maaten-Theunissen, M., Trouillier, M., Schwarz, J.,
Skiadaresis, G., Thurm, E.A. and van der Maaten, E.
2021. pointRes 2.0: New functions to describe tree re-
silience. Dendrochronologia 70: N125899; https://doi.
org/10.1016/j.dendro.2021.125899.

Vicente-Serrano, S.M., Begueria, S. and Lopez-Moreno, J.I.
2010. A multiscalar drought index sensitive to global warm-
ing: the standardized precipitation evapotranspiration in-
dex — SPEL Journal of Climate 23: 1696—1718; https://doi.
org/10.1175/2009JCLI2909.1.

Vuosku, J., Martz, F., Hallikainen, V. and Rautio, P. 2022.
Changing winter climate and snow conditions induce var-
ious transcriptional stress responses in Scots pine seed-
lings. Frontiers in Plant Science 13: 1050903; https://doi.
org/10.3389/fpls.2022.1050903.

Way, D.A. and Oren, R. 2010. Differential responses to changes
in growth temperature between trees from different func-
tional groups and biomes: a review and synthesis of data.
Tree Physiology 30: 669-688; https:/doi.org/10.1093/tree-
phys/tpq015.

Wigley, T.M., Briffa, K.R. and Jones, P.D. 1984. On the aver-
age value of correlated time series, with applications in den-
droclimatology and hydrometeorology. Journal of Applied
Meteorology and Climatology 23: 201-213; https://doi.org
/10.1175/1520-0450(1984)023<0201:OTAVOC>2.0.CO;2.

Wilmking, M., van der Maaten-Theunissen, M., van der
Maaten, E., Scharnweber, T., Buras, A., Biermann, Ch.,
Gurskaya, M., Hallinger, M., Lange, J., Shetti, R., Smil-
janic, M. and Trouillier, M. 2020. Global assessment
of relationships between climate and tree growth. Global
Change Biology 26: 3212-3220; https://doi.org/10.1111/
gcb.15057.

Xu, K., Wang, X., Liang, P., An, H., Sun, H., Han, W. and
Li, Q. 2017. Tree-ring widths are good proxies of annual
variation in forest productivity in temperate forests. Scien-
tific Reports 7: 1-8; https://doi.org/10.1038/s41598-017-
02022-6.



Latvijas Valsts meZzinatnes institats "Silava"
Rigas iela 111, Salaspils, Salaspils novads
Talr.: 67942555
E-pasts: inst@silava.lv

Maketa izstrade: Ilva Konstantinova


http://www.silava.lv

	SATURS / CONTENTS
	PUBLIKĀCIJAS / PUBLICATIONS
	I
	II
	III

	_GoBack
	_Hlk164090619
	_GoBack
	_Hlk160448307
	_Hlk160541067
	_Hlk161837404
	_Hlk160377829
	_GoBack
	_Hlk161050606
	_Hlk160549933
	ABSTRACT
	ANOTĀCIJA
	List of Publications / Publikāciju saraksts 
	Presentation in conferences / Rezultātu aprobācija  konferencēs 
	Abbreviations / Saīsinājumi 
	1  Introduction 
	1.1  Background 
	1.2  Aim 
	1.3  Objectives 
	1.4  Theses 
	1.5  Thesis structure 
	1.6  Topicality 

	2  Material and methods 
	2.1  Sites and trials 
	2.2  Provenance selection 
	2.3  Data acquisition 
	2.3.1  Sampling 
	2.3.2  Tree-ring width measurements 
	2.3.3  Quantitative wood anatomy 
	2.3.4  Climatic data and arrangements 

	2.4  Data analysis

	3  Results and discussion 
	3.1  The quality of datasets 
	3.2  Regional and local growth responses of native populations 
	3.3  Local adaptation of populations 
	3.3.1  Local weather-growth relationships 
	3.3.2  Regional sensitivity of increment and productivity 
	3.3.3  Wood anatomy 
	3.3.4  Anatomical wood anomalies and frosts 
	3.3.5  Heritability of growth sensitivity 


	4  Conclusions 
	5  Recommendations 
	Acknowledgements 
	1.  Ievads 
	1.1.  Literatūras apskats 
	1.2.  Mērķis 
	1.3.  Uzdevumi 
	1.4.  Tēzes 
	1.5.  Promocijas darba struktūra 
	1.6.  Aktualitāte 

	2.  Materiāls un metodes 
	2.1.  Audzes un izmēģinājumu stādījumi 
	2.2.  Provenienču atlase 
	2.3.  Datu ieguve 
	2.3.1.  Paraugošana 
	2.3.2.  Gadskārtu platuma mērīšana 
	2.3.3.  Kvantitatīvā koksnes anatomija 
	2.3.4.  Klimatiskie dati 

	2.4.  Datu analīze 

	3.  Rezultāti un diskusija 
	3.1.  Mērījumu kvalitāte 
	3.2.  Reģionālās un lokālās vietējo populāciju pieauguma reakcijas 
	3.3.  Populāciju lokālās adaptācijas 
	3.3.1.  Lokālās pieauguma un meteoroloģisko apstākļu saistības 
	3.3.2.  Pieauguma reģionāla jutība un produktivitāte 
	3.3.3.  Koksnes anatomija 
	3.3.4.  Koksnes anatomijas anomālijas un salnas 
	3.3.5.  Augšanas jutības iedzimstamība 


	4.  Secinājumi 
	5.  Rekomendācijas 
	Pateicības 
	References 
	Papers / raksti 
	2lpp.pdf
	SATURS / CONTENTS
	PUBLIKĀCIJAS / PUBLICATIONS
	I
	II
	III

	_GoBack
	_Hlk164090619
	_GoBack
	_Hlk160448307
	_Hlk160541067
	_Hlk161837404
	_Hlk160377829
	_GoBack
	_Hlk161050606
	_Hlk160549933
	ABSTRACT
	ANOTĀCIJA
	List of Publications / Publikāciju saraksts 
	Presentation in conferences / Rezultātu aprobācija  konferencēs 
	Abbreviations / Saīsinājumi 
	1  Introduction 
	1.1  Background 
	1.2  Aim 
	1.3  Objectives 
	1.4  Theses 
	1.5  Thesis structure 
	1.6  Topicality 

	2  Material and methods 
	2.1  Sites and trials 
	2.2  Provenance selection 
	2.3  Data acquisition 
	2.3.1  Sampling 
	2.3.2  Tree-ring width measurements 
	2.3.3  Quantitative wood anatomy 
	2.3.4  Climatic data and arrangements 

	2.4  Data analysis

	3  Results and discussion 
	3.1  The quality of datasets 
	3.2  Regional and local growth responses of native populations 
	3.3  Local adaptation of populations 
	3.3.1  Local weather-growth relationships 
	3.3.2  Regional sensitivity of increment and productivity 
	3.3.3  Wood anatomy 
	3.3.4  Anatomical wood anomalies and frosts 
	3.3.5  Heritability of growth sensitivity 


	4  Conclusions 
	5  Recommendations 
	Acknowledgements 
	1.  Ievads 
	1.1.  Literatūras apskats 
	1.2.  Mērķis 
	1.3.  Uzdevumi 
	1.4.  Tēzes 
	1.5.  Promocijas darba struktūra 
	1.6.  Aktualitāte 

	2.  Materiāls un metodes 
	2.1.  Audzes un izmēģinājumu stādījumi 
	2.2.  Provenienču atlase 
	2.3.  Datu ieguve 
	2.3.1.  Paraugošana 
	2.3.2.  Gadskārtu platuma mērīšana 
	2.3.3.  Kvantitatīvā koksnes anatomija 
	2.3.4.  Klimatiskie dati 

	2.4.  Datu analīze 

	3.  Rezultāti un diskusija 
	3.1.  Mērījumu kvalitāte 
	3.2.  Reģionālās un lokālās vietējo populāciju pieauguma reakcijas 
	3.3.  Populāciju lokālās adaptācijas 
	3.3.1.  Lokālās pieauguma un meteoroloģisko apstākļu saistības 
	3.3.2.  Pieauguma reģionāla jutība un produktivitāte 
	3.3.3.  Koksnes anatomija 
	3.3.4.  Koksnes anatomijas anomālijas un salnas 
	3.3.5.  Augšanas jutības iedzimstamība 


	4.  Secinājumi 
	5.  Rekomendācijas 
	Pateicības 
	References 
	Papers / raksti 




