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ANOTACIJA

Klimata parmainu paatrinaSanas ir viens no biitiskakajiem koku populaciju dabiskas
adapt€Sanas sp€ju izaicinajumiem, kam neizb&€gami sagaidamas gan ekonomiskas, gan
ekologiskas sekas. So seku mazinasana proaktivai un adaptivai meZa apsaimniekoSanai ir
nozimiga loma koku un ar tiem saistito organismu sist€ému ilgtsp&jas nodroSinasanai. Baltijas
juras regiona austrumu dala parasta priede (Pinus sylvestris L.), ir plasi izplatita, stresa toleranta
un saimnieciski nozimiga suga, kuras sastopamibai ir prognozéts samazinajums klimatisko
izmainu dél. Nemot véra klimatisko apstaklu ietekmes plaso mérogu, ir nepiecieSamiba pé&c
robustam adaptacijas metodem, starp kuram ir izcelama meza selekcija. Detala informacija par
koku reakciju uz klimatiskajiem apstakliem un to paatrinatajam izmainam, savukart ir nozimiga
adaptivas apsaimniekoSanas efektivitates nodroSinasanai. Progresivam adaptacijas metodém
(piem., genotipu geografiskai parnesei) ir ipasa loma genotipu un vides salagotibas
nodro$inasanai, tadejadi uzsverot detalu ekologisko saistibu izpétes nozimi mezsaimniecibas
konservativas paradigmas pielagoSanai pieaugosajai apstaklu mainibai.

Koksnes picauguma analize ir nozimigs augsanas un ar to saistito genétisko, fiziologisko
un vides ietekmju retrospektivas izzinas avots. Strauju vides izmainu apstaklos picauguma
jutiba pret klimatiskajiem un meteorologiskajiem apstakliem var nozimigi papildinat
morfometrisko pazimju kopu precizakam genotipu ilgtsp&jas novertéjumam. Morfometrisko
pazimju, kas ir kumulativs pagatnes augSanas apstaklu rezultats, savukart, klimata parmainu
paatrinasanas ietekmé var zaudet aktualitati. To apstiprina uz ziemeliem parvietoto proveniencu
atraudzibas rangu kapums nereti parspgjot lokalos genotipus. Tadgl, visparinamu un/vai uz
nakotnes klimatu attiecinamu sakaribu konstaté$anai, ir nepacieSama piecauguma jutibas
izzinasana plasaka klimatiskaja gradienta.

Promocijas darba, izmantojot laika rindu dekonstrukcijas, kvantitativas koksnes
anatomijas, jaukta tipa modelé$anas un kvantitativas genétikas metodes, analiz&ta Baltijas jiras
regiona austrumu dalas parastas priedes populaciju pieauguma reakcija uz meteorologiskajiem
apstakliem, ka ari pieauguma jutibas genétiska kontrole. Empiriskais materials ievakts
saimnieciskajos mezos un proveniencu stadijumos no Somijas dienvidiem Iidz Vacijas
ziemeliem. Promocijas darbs ir devinu augstas kvalitates Zurnalos public€tu rakstu apkopojums.
Konstatéts, ka meteorologiskajiem apstakliem (ziemas temperatiirai un vasaras sausumam)
vertétaja 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. Analiz&tajiem
genotipiem pieauguma reakcijas bija fenotipiski plastikas, vienlaikus novérotas lokalas
genétiskas adaptacijas iezimes, raksturojot populaciju sp&jam 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 piejiiras zemienu apgabali Vacijas un Polijas ziemelos (dienvidu izcelsmes no
Latvijas perspektivas), paradija augstaku pieauguma jutibu pret meteorologiskajiem apstakliem
un vienlaikus zemu (pat salidzinoSi ar viet§jam proveniencé€m) salnu bojajumu ipatsvaru..
Pieauguma meteorologiskajai jutibai novérotas meérenas iedzimstamibas koeficientu vértibas
noradot uz selekcijas potencialu uzlabot nakotnes mezaudzu piemérotibu klimatam.
Konstatgtas saistibas liecina par labu uz ziemeliem parvietotu produktivako priedes genotipu
plasakai mezsaimnieciskajai izmantoSanai, galvenokart selekcijas populaciju papildinaSanai.



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 assessment 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.
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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, 2019). In combination with the anticipated changes in climate, which can
extend vegetation season while concomitantly causing additional stresses (Reyer et al., 2017,
Allen et al., 2015), the projected changes in forest growth are expected to result in substantial
ecological and economic consequences (Hanewinkel et al., 2012). This is enhanced by the
growing demand for timber and forest-related products (Routa et al., 2019). The effects of
environmental changes can vary regionally and locally (Reyer et al., 2014); however, the
increasing variability of environmental conditions is likely to add stresses to tree growth and
subsequently challenge forestry (Reyer et al., 2017; Allen et al., 2015), hence highlighting the
necessity for adaptive climate-smart management for sustaining productivity of forests (Reyer
et al., 2014; Lindner et al., 2014).

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., 2014; Reyer et al., 2014); still,
it also increases diverse risks, such as damage by frost (Augspurger, 2009; Gu et al., 2008),
which can hamper the increment (Piermattei et al., 2015). Furthermore, the observed and
anticipated increase in variability of the summer moisture regime (Allen et al., 2015), intensifies
drought conditions, to which forests are becoming increasingly vulnerable (Choat et al., 2012),
including at high latitudes (Isaac-Renton et al., 2018). 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., 2014), can
be particularly sensitive (Wang et al., 2021). The shift and extension of local climatic gradients
( Meier et al., 2022) are subjecting local populations to the increasing frequency of weather
extremes, which are testing the adaptive capacity of the genotypes (Leites and Benito-Garzon,
2023; Schwarz et al., 2020; Valladares et al., 2014). Due to warming, cold hardening can be
affected, thus subjecting trees to additional stresses during the dormancy period (Vuosku et al.,
2022; Ogren, 1997), though the resistance to frost and cold is a multifactorial process (Baniulis
et al., 2020; Beck et al., 2004).

The large-scale nature of the anticipated climatic risks highlights the necessity for
climate-smart management and sustainable long-term solutions (Chmura et al., 2021; Nabuurs
et al., 2018). 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 for sustainable forestry (Aitken and Bemmels, 2016),
emphasizing the estimation of optimal transfer distance of reproductive material (Chmura et
al., 2021; Chauvin et al., 2019). 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 (Breed et al., 2018; MacLachlan et al., 2017, O’Neill et al., 2014).
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
(Ahrens et al., 2020; Grattapaglia et al., 2018; MacLachlan et al., 2017; Matias et al., 2017).
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 (Ansarifar et al., 2020; Jansson et al., 2017). Hence, the flow of up-to-date information
on the performance of genotypes allowing agile adjustments in selection indices is highly
advantageous (Grattapaglia et al., 2018; Breed et al., 2018, Li et al., 2017). As a result, tree
breeding is becoming knowledge intensive, with comprehensive information on the genetic
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controls of diverse traits becoming paramount for the sustainability of the results (Burdon and
Klapste, 2019; Housset et al., 2018; Li et al., 2017).

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 (Ahrens et al., 2020; Chauvin et al., 2019;
Wojkiewicz et al., 2016; Yeaman et al., 2016; Martin et al., 2010). This supports the heritability
of diverse traits and the potential for their improvements by breeding (Chauvin et al., 2019; Li
etal., 2018; Lietal., 2017). 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 (Arnold et al., 2019; Cuny et al., 2019; Corcuera et
al., 2011). Though, to maximize survival and competitiveness under certain conditions,
phenotypic plasticity can be subjected to local adaptation (Ahrens et al., 2020; Alakéarppa et al.,
2018; Li et al., 2017; Yeaman et al., 2016), which persists under intensive gene flow (Li et al.,
2018; Moran et al., 2017) and restricts the ability cope with extensive/rapid changes in
environment (Aitken and Bemmels, 2016;Valladares et al., 2014). Hence phenotypic plasticity
and local genetic adaptation are the indicators of the adaptability of populations/genotypes
(Ansarifar et al., 2020; Ahrens et al., 2020; Chauvin et al., 2019; Moran et al., 2017, Eckert et
al., 2015).

The phenotypic plasticity is a result of the GxE, which can be specific for populations,
thus contributing to the differences in adaptivity (de la Mata et al., 2022; Chmura et al., 2021;
Valladares et al., 2014). Though considering the multifactorial regulation of free growth, the
GxE are complex (Li et al., 2017) and hence burden wide-scale prediction of the results of
breeding (Ansarifar et al., 2020; Li et al., 2017). On the other hand, the GXE can be used to
predict the local performance of genotypes and their adaptability in the medium- and long-term,
which can serve as a powerful tool for adaptive management (Chmura et al., 2021; Li et al.,
2017). This is particular considering the increasing local diversification of responses to
environmental changes (Reyer et al., 2014; Lindner et al., 2014), which, if matched by
compatible genotype, can add to the field performance (Ansarifar et al., 2020). The information
on the genetic effects (genotype and GXE) on diverse traits can be assessed by means of
quantitative genetics, which can provide highly detailed estimates (Loha et al., 2006; Falconer
and MacKay, 1996). Accordingly, both individual and interacted genetic effects are crucial for
breeding the forest reproductive material best suited for the increasing variability of
environmental conditions (Ansarifar et al., 2020; Grattapaglia et al., 2018; Li et al., 2017).

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 (Nabais et al., 2018; Taeger et al., 2013; Leites et al., 2012). 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 (Hayatgheibi et al., 2020; Berlin et al., 2016; O’Neill et al., 2014).
However, the north-transferred genotypes usually have longer vegetation period, increasing the
possibility of frost/cold damage (Montwe et al., 2018; Berlin et al., 2016; Schreiber et al., 2013),
while southwards transfer increases susceptibility to drought (Chauvin et al., 2019; Isaac-
Renton et al., 2018), which can reduce the overall productivity (O’Neill et al., 2014).
Additionally, provenance trials can act as a source of tested genotypes for the supplementation
of local breeding populations according to the semiconservative breeding strategy (MacLachlan
etal., 2017; O’Neill et al., 2014).

Under the increasing scrutiny of the ecological plasticity of trees (Arnold et al., 2019;
Valladares et al., 2014; Corcuera et al., 2011), provenance trials have regained interest as the
models for the analysis of genetic controls over the traits crucial for sustainability of genotypes
(Nabais et al., 2018; Leites et al., 2012), particularly under shifting and/or extending climatic
gradients (Meier et al., 2022; Wilmking et al., 2020; Valladares et al., 2014). Application of
molecular and functional ecology methods on the provenance material has enabled direct and
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detailed evaluation of the genetic mechanisms determining traits affecting sustainability
(Ahrens etal., 2020; Housset et al., 2018; Zhang et al., 2018). 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 (Leites et al., 2012; Jansons and Baumanis, 2005; Konig,
2005), hence is crucial for adaptive management (Arnold et al., 2019; Nabuurs et al., 2018;
Bolte etal., 2009). Still, due to the complexity of GXE (Li etal., 2017), which affects phenotypic
and ecological plasticity (de la Mata et al., 2022; Ansarifar et al., 2020; Arnold et al., 2019),
local information on the performance of diverse genotypes and populations (provenances) is
crucial (Chmura et al., 2021; Breed et al., 2018; Berlin et al., 2016). Though, provenance trials
provide limited information on the genetic effect, as the origin (parental structure) of the
genotypes is unknown (Hayatgheibi et al., 2019; Loha et al., 2006; Falconer and MacKay,
1996).

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 (Lenz et al., 2020;
Burdon and Klapste, 2019; Jansson et al., 2017; Baliuckas et al., 2004). Though, tree
dimensions and stem quality are cumulative indicators of the conformity of genotypes with the
growing conditions in the past (Burdon and Klapste, 2019; Hayatgheibi et al., 2019), which,
considering the accelerating pace of environmental changes, appear outdated (Aitken and
Bemmels, 2016; de Villemereuil et al., 2016). 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 (Szeligowski et al., 2023;
Chmura et al., 2021; Hayatgheibi et al., 2020; Berlin et al., 2016; Jansons and Baumanis, 2005).

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 (Wilmking et al., 2020; Zhang et al.,
2018), substantially complementing data on the morphological traits (Heer et al., 2018; Housset
etal., 2018; Xu et al., 2017). As the climate is one of the principal determinants of tree growth
(Hayatgheibi et al., 2020; Wilmking et al., 2020, Speer, 2010), accurate projections of growth
responses to meteorological and climatic conditions appear crucial for climate-smart and
adaptive management (Zhang et al., 2018; Tei et al., 2017; Bolte et al., 2009). 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 (Chmura et al.,
2021; Ahrens et al., 2020; Burdon and Klapste, 2019).

Under temperate climate, tree growth is periodic, hence clear borders between increments
of subsequent years can be distinguished, thus enabling retrospective analysis (Gennaretti et al.,
2022; Xu et al., 2017; Gartner et al., 2015; Speer, 2010). 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., 2018). 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
(Wilmking et al., 2020; Xu et al., 2017; de Micco et al., 2019). The formation of increment is a
complex process, and hence TRW is a composite of several environmental and intrinsic effects
(Speer, 2010; Cook, 1987), which are highly topical, particularly regarding the adaptability of
trees and forests to accelerating environmental changes (Schwarz et al., 2020; Housset et al.,
2018; Zhang et al., 2018). Accordingly, diverse mathematical methods have been developed
for the separation of the underlying effects, among which time series analysis and variance
deconstruction is among the most efficient (Jetschke et al., 2019; Stoffel et al., 2010; Bunn,
2008; Cook, 1987).

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 (Wilmking et al.,
2020; Cuny et al., 2019; de Micco et al., 2019; Hacket-Pain et al., 2018; Montwe et al., 2018),
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hence the disentanglement of their individual contributions can be challenging (Babst et al.,
2018; Gértner et al., 2015; Fonti et al., 2010). 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 (Gennaretti et al., 2022; Cuny et al., 2019; Fonti et
al., 2010). According to the pipe theory, wood primarily acts as the water transpose system
consisting of numerous pipes connecting roots with leaves (Martinez-Vilalta et al., 2004; Tyree
and Zimmermann, 2002). 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 (Prendin et al., 2018; Anderegg et al., 2015; Sperry and
Tyree, 1990).

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 (Martin et al., 2010; Tyree and Zimmermann, 2002;
Sperry and Tyree, 1990). Under the globally intensifying drought effects on forests, such
information is becoming increasingly topical (Gennaretti et al., 2022). 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
(Richardson et al., 2013; Tyree and Zimmermann, 2002). 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., 2017).

The extending vegetation period is increasing the risk and severity of frost damages (Kidd
et al., 2014; Augspurger, 2009; Lee et al., 2007), which burdens and disrupts xylogenesis, and
the imprints of such events are archived in wood as anomalies, allowing retrospective
assessment of their causality(Gennaretti et al., 2022; Payette et al., 2010). Severe late frosts,
particularly as the xylogenesis has already been initiated, shatter unmatured wood cells
resulting in the formation of FR in EW (Payette et al., 2010; Lee et al., 2007). 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,
2013), causes LW to appear blue or bluish, thus signifying a BR (Piermattei et al., 2015). Both
these anomalies are becoming increasingly promising proxies for assessment of conformity of
genotypes (particularly transferred) with local climates and weather anomalies (Gennaretti et
al., 2022; Piermattei et al., 2015; Payette et al., 2010). Also, these anomalies might affect the
mechanics and strength of wood, as the optimal structure of wood is distracted and causing
mechanical weak spots (Lee et al., 2007; Berry et al., 1983).

The deconstructed variance of components of increment and related proxies, particularly
if coupled with advanced regression and modelling techniques (Wilmking et al., 2020; Zhang
etal., 2018; Cavin and Jump, 2017), enables highly detailed assessment of both short- and long-
term effects on growth under normal and extreme conditions (Babst et al., 2018; McCullough
etal., 2017; Xu et al., 2017; Sass-Klaassen et al., 2016). 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
(Harvey et al., 2020; Wilmking et al., 2020; Lloyd et al., 2013; Ohse et al., 2012; Cook, 1987).
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 (Cavin and Jump, 2017; Restaino et al., 2016; Henttonen
etal., 2014; Lloyd et al., 2013).

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 (Restaino et
al., 2016; Lloyd et al., 2013; Way and Oren, 2010). 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 (Wu et al., 2022; Wilmking et al., 2020; Valladares et al., 2014). To solve such an
issue, the estimation of nonlinear ecological responses across a reasonable part of the climatic
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gradient is crucial (Cavin and Jump, 2017; Lloyd et al., 2013). In this regard, time series of tree-
ring proxies are advantageous, as even at a local scale, they represent a temporal gradient of
conditions (Babst et al., 2018; McCullough et al., 2017; Xu et al., 2017). Furthermore, a dataset
representing reasonable parts of spatiotemporal gradients can be obtained by regional sampling
(Harvey et al., 2020; Cavin and Jump, 2017; Restaino et al., 2016).

In the eastern Baltic region, Scots pine is a common and economically highly important
coniferous tree species (Routa et al., 2019) projected to decrease in abundance within the region
during the 21% century (Buras and Menzel, 2019). 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 (Jansson et al., 2017; Berlin et al., 2016). As for a
widespread species, its local populations have undergone genetic adaptation (Alakérppa et al.,
2018; Wojkiewicz et al., 2016; Martin et al., 2010), implying differing adaptability to
environmental changes (Li et al., 2017; Moran et al., 2017; Valladares et al., 2014). 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 (Tyrmi et al., 2020;
Wojkiewicz et al., 2016; Martin et al., 2010). Furthermore, a local small-scale adaptation of
pine is known in response to contrasting edaphic conditions (Zadworny et al., 2016; Eckert et
al., 2015). Hence, the local genetic adaptation of the populations implies that the projections of
the bioclimatic models could be biased, overestimating the reduction of the abundance of Scots
pine, particularly under adaptive management (Wu et al., 2022; Valladares et al., 2014).
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 (Jansson et al., 2017; Eckert et al., 2015; Baliuckas et al., 2004), while
sensitivity traits are still being underrepresented (Ahrens et al., 2020; Wojkiewicz et al., 2016;
O’Neill et al., 2014; Fries, 2012).

The growth of Scots pine has been shown to be sensitive to weather conditions and its
extremes, though the relationships exhibit local features (Harvey et al., 2020; Jansons et al.,
2016; Zunde et al., 2008; Elferts, 2007). 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 (Harvey et al., 2020; Henttonen et al., 2014). Accordingly, the Baltics
appear as the transition zone where the weather limitation shifts, implying complex controls
over the increment (Harvey et al., 2020), allowing scrutiny of the stationarity of weather-growth
relationships (Wilmking et al., 2020). Considering location under a cold climate, winter
temperature can have contrasting effects on increment, likely via cold damage of respiratory
losses of sugars (Beck et al., 2004; Ogren, 1997), 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., 2018). 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 (Berlin et al., 2016; Jansons and Baumanis,
2005).

The stemwood of Scots pine is rather primitive and is mostly formed of tracheids, which
surround scarce resin ducts (Martinez-Vilalta et al., 2004; Carlquist, 2001) and axial
parenchyma (von Arx et al., 2017; Olano et al., 2013). The CWT and LA vary greatly, though
the transition between LW and EW is abrupt and forms a distinct border (Carlquist, 2001;
Mencuccini et al., 1997). The CWT and LA within EW and LW can vary greatly according to
environmental conditions during their formation (Cuny et al., 2019), as well as due to local
genetic adaptation (Martin et al., 2010). Though, the plasticity of xylogenesis, which mitigates
the effects of shifting conditions on the functioning of the xylem (Cuny et al., 2019), appears
restricted (Seo et al., 2020), presuming susceptibility to the hydraulic risks, particularly in the
latter part of the growing/vegetation season (Cuny et al., 2019; Piermattei et al., 2015).
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Considering hydraulic architecture (wood anatomy) important for survival and
competitiveness, it is subject of genetic adaptation (Carvalho et al., 2017; Fries, 2012; Lenz et
al., 2010).

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.

1.3. Objectives

The subordinate objectives were to assess:

1) 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;

2) 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;

3) the effects of local adaptation on Xxylogenesis and wood anatomy of Eastern Baltic
populations of Scots pine and hence susceptibility to water shortage;

4) 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:

1) 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;

2) 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;

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

4) 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 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.
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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 trade-offs (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.
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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. 2.1 A) (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 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 I1).

The selected stands/locations represented climates from cold humid continental in
Finland to temperate oceanic in northern Germany (Kottek et al., 2006), 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., 2020). 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 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 (Meier et al., 2022; Allen et al., 2015).

To assess the local adaptation of populations in terms of sensitivity of increment, five
provenance trials representing a truncated climatic gradient between Latvia and northern
Germany were studied (Fig. 2.1 B) (Papers 111-1X). 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
(Jansons and Baumanis, 2005; Kohlstock and Schneck, 1992). 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 21% century (Meier et al., 2022, Buras
and Menzel, 2019). 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
2x1 and 2x0.5 m for the respective trials in Latvia and Germany.
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Fig. 2.1. 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).

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 (10x10) 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 1800 trees ha at the age of 21 years, while in Germany a year prior to
sampling NL trial was thinned from below 1100 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 900-1200 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. 2.1 B) (Papers I11-1X). Previous studies have shown a significant effect of
provenance on both the productivity and stem quality of trees (Taeger et al., 2013; Jansons and
Baumanis, 2005), with the selected provenances having consistent rankings. Such selection also
allowed the assessment of sensitivity-productivity relationships (Housset et al., 2018; Matias et
al.,, 2017; Valladares et al., 2014; Leites et al., 2012) and conditions underlying plastic
responses (Nabais et al., 2018; de Villemereuil et al., 2016).

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 VI, 1X). Generally, the top- and low-
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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.
2.1 A), 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 quantification of wood parenchyma (WR) and its relationships to canopy status
(Paper I1), 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 111-1X). 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 5 mm 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 I1) 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, 2010). Softening of samples also prevented their
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
(Gértner and Nievergelt, 2010). 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 I1), 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 (Gartner et al., 2014). The thickness of the section was 15-35 pm. 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 VI, VII), thin cross-sections (14-18 um) of the increment cores were cut
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using the WSL core microtome (Géartner and Nievergelt, 2010) according to the protocol by
Gértner and Schweingruber (2013).

The sections were double stained by Astra blue and safranin (Géartner and Schweingruber,
2013), 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 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 11) and CWT
and LA (Paper V1) were made using WinCELL 2007a (Regent Instruments, Canada) software.
The estimation of wood anomalies related to frosts (FR, BR; Piermattei et al., 2015) was done
by visual inspection of the images (Fig. 2.2).
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Fig. 2.2. 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.

2.3.4. Climatic data and arrangements

To assess the weather-growth relationships (Papers 1-1X), as well as the weather effects
on wood anatomy and its anomalies, gridded climatic data (CRU TS4; Harris et al., 2020) 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, SPEI was calculated as the proxy of the
moisture regime (Vicente-Serrano et al., 2010). 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 (Harvey et al., 2020; Hacket-Pain
et al., 2018; Beck et al., 2004).

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, 2010), graphical and statistical
crossdating was performed (Papers 1-1X). 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
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(Speer, 2010; Bunn, 2008; Wigley et al. 1984). 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 I11) 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, 1987), time series were prewhitened using the first-order autoregressive
function (Bunn, 2008). For the estimation of local linear relationships (Wilmking et al., 2020),
the detrended time series of trees were averaged into stand/provenance chronologies using the
biweight robust mean (Bunn, 2008; Cook, 1987).

Specific standardization based on the relative growth changes was applied to estimate PY
(Jetschke et al., 2019), when the growth of a considerable part of the dataset or data subset
expresses abrupt changes in increment (Paper 111 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 (Jetschke et al., 2019; Elferts,
2007). The weather drivers of the PY were analysed according to van der Maaten-Theunissen
et al. (2021) and Schwarz et al. (2020). The resilience analysis was conducted to assess the
tolerance of increment to weather anomalies (Paper I11). Resistance (PY/pre-PY), recovery
(post-PY/PY), resilience (post-PY/pre-PY), and relative resilience ((post-PR-PY)/pre-PY)
indices (Lloret et al., 2011) 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 I-VIII). Moving-window bootstrapped correlation
analysis was used to assess the stationarity of local linear weather-growth relationships
(Hofgaard et al., 2019; Zang and Biondi, 2015). Considering that the studied trees grew in the
mid-part of the distribution area under presumedly favourable site conditions, multiple
regression techniques were used to estimate the principal weather drivers of the increment
(Papers I and 1V). Considering that ecological responses across the environmental (both spatial
and temporal) gradients are bell-shaped (Lloyd et al., 2013; Way and Oren, 2010), thus
nonlinear, generalized additive mixed models were, which allow estimation of response splines,
were used for the regression (Wood, 2011). Residual chronology index values of sands (Paper
1) or trees (Paper 1V) 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 I1), 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 y? 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. (2006) and Falconer and MacKay (1996) based
on the studied provenances (Fig. 2.1 B). 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., 2019; Papers VIII and IX, respectively). Heritability (H?) and CVP
were calculated for the depiction of the genetic effects. Data analysis was conducted in R v.
4.2.2 using the libraries dpIR (Bunn, 2008), pointRes (van der Maaten-Theunissen et al., 2021),
treeclim (Zang and Biondi, 2015), Ime4 (Bates et al., 2015), and mgcv (Wood, 2011).
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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 I, 111-1X). 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., 1984). Hence, SNR
mostly exceeded 5.0 indicating environmental signals in TRW to be of reasonable strength,
though according to the provenance data (Paper 1V, V), it tended to be higher for the more
productive genotypes. The SENS and Gini coefficient of the time series (Papers I, 111-1X),
which show the extent of the inter-annual variability of growth (Bunn et al., 2013), was
intermediate, which is optimal for weather-growth analysis (Speer, 2010). The effect of
previous growth on increment across the international transect (Paper 1) and in the provenance
trials (Papers 111-V, VIII-I1X) was explicit, as indicated by high arl, which implies a
conservative growth strategy (Isaac-Renton et al., 2018; Way and Oren, 2010). 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 (Cuny et al., 2019; Cavin and Jump, 2017; Taeger et al., 2013).

The time series of wood anatomical proxies (Paper 11, V1) were shorter than TRW, and
they were often disrupted due to shifts in the orientation of wood fibbers within a stem
(Gennaretti et al., 2022; von Arx et al., 2016). 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 VI1). 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 (Piermattei et al., 2015; Kidd et al., 2014; Gu et al., 2008). The quantity and dimensions
of WR (Paper 11), showed low variation implying conservative behaviour in terms of non-
structural carbohydrate storage capacity (von Arx et al., 2017; Richardson et al., 2013; Olano
et al., 2013). The quantity and characteristics of wood elements are restricted to ensure
structural wood integrity (Cuny et al., 2019; Mencuccini et al., 1997). Nevertheless, the
measured dimensions of WR varied unevenly, presuming differing environmental constraints,
and hence sensitivity to fluctuating conditions (Olano et al., 2013).

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 I). The local weather-growth
correlations, which represent local linear relationships between the TRW chronology indices
(i.e., annual relative additional increment) and weather conditions (Babst et al., 2018; Tei et al.,
2017; Lloyd et al., 2013) showed a gradual shift along the transect, hence spatial nonstationarity
(Wilmking et al., 2020; Hofgaard et al., 2019). 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 (Montwe et al., 2018; Henttonen et al., 2014). 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. 2.1), the local weather-growth
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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 (Allen et al., 2015; Choat et al.,
2012).

The moving window correlations analysis, however, showed that most of the local
weather-growth correlations were temporarily nonstationary (Hofgaard et al., 2019). 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 (Prendin et al.,
2018; Konter et al., 2016; Anfodillo et al., 2013), as well as to climatic changes, which are
shifting local climates along the local spatiotemporal gradients (Harvey et al., 2020; Hofgaard
et al., 2019; Montwe et al., 2018; Restaino et al., 2016). 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 (Wu et al., 2022; Wilmking et al., 2020).

The generalization of weather drivers of increment across the eastern Baltic region (Fig.
2.1 A), revealed significant effects of nine meteorological variables confirming complex
controls of climatic conditions over xylogenesis (Fig. 3.1). 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 (Harvey et al., 2020; Hacket-Pain et
al., 2018; Friedrichs et al., 2009). 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 perspective of native
genotypes). Nevertheless, the nonlinearity of the responses also implied their scalability and
stationarity (Wilmking et al., 2020, Cavin and Jump, 2017; Lloyd et al., 2013). 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; Leites
and Benito-Garzon, 2023; Alakarppa et al., 2018; Moran et al., 2017; Eckert et al., 2015).
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Fig. 3.1. 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 16 and 26 range of respective
meteorological variable in the central part of Latvia.

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. 3.1), 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., 2018). 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 (Montwe et al., 2018; Henttonen et al., 2014; Reyer et al., 2014; Lindner et al., 2014).
Similar was also observed for temperature in February. The positive correlations with
temperature in winter might be related to cold damage (Henttonen et al., 2014; Beck et al.,
2004) or root development (Hardy et al., 2001), 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., 2001). 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 (Goldsmith et al., 2022; Hardy et al.,
2001). Though the effect of temperature in December was fluctuating, which might be related

25



to the advance of cold hardening (Beck et al., 2004) and respiratory nutrient losses (Ogren,
1997).

The regional response to July temperature (Fig. 3.1), 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 (Yang et al., 2015; Carrer et
al., 2010) and decreased moisture due to increased evapotranspiration under hot and dry
conditions (Allen et al., 2015). Still, the precipitation related conditions showed relatively
weaker effects on increment, suggesting the resilience of the studied population(s) to drought
conditions. Nevertheless, July SPEI was the strongest precipitation related predictor of
increment 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 (Young et al., 2010; Strand et al., 2006) or
physiological drought (Tyree and Zimmermann, 2002). The effect of June precipitation, which
showed local optimum might be explained similarly, indicating the sensitivity to optimal
radiation and moisture regimes (Jyske et al., 2014; Strand et al., 2006). Still, abundant summer
precipitation was estimated to have positive 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., 2018). 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 (Hofgaard et al., 2019; Cavin and Jump, 2017; Lloyd et al., 2013; Ohse et al.,
2012), suggesting disproportional effects of environmental changes (Wilmking et al., 2020;
Matias et al., 2017).

The regional weather-growth responses (Paper 1) 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., 2014). The analysis
of WRs, which are the proxies of nonstructural carbohydrate reserves and their storage capacity
(von Arx et al., 2017; Richardson et al., 2013), showed that the dominant and intermediate trees
were capable of comparable assimilation, supporting the adaptability of trees irrespectively of
canopy status (Paper I1). The quantity and dimensions of WR showed inter- and intra-annual
variation, implying dynamic adjustments in the assimilate storage capacity (Olano et al., 2013).
Though the explicit individuality of WR metrics implied plastic responses of trees to microsite
conditions, suggesting sufficient adaptability of native genotypes (Housset et al., 2018; von Arx
etal., 2017; Eckert et al., 2015).

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 (Martinez-Vilalta et al., 2004; Mencuccini et al., 1997) arising from the dynamics of
xylogenesis (Cuny et al., 2019). The relative area and height of WRs, which is determined by
the number of cells (von Arx et al., 2017; Olano et al., 2013), 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 (Isaac-Renton et al., 2018; Way and Oren, 2010; Martin et al.,
2010). This also implies inter-specific diversification of growth patterns (segregation of growth
strategies), which is considered as an adaptation aiding resilience of a stand (Alakarppa et al.,
2018; Eckert et al., 2015; Valladares et al., 2014). Though, WRs were independent of increment
implying the ability of trees of different canopy status to maintain good vigour (Fonti et al.,
2015). This can be related to the functional diversity and hence the ability to cope and recover
after disturbances (Lebourgeois et al., 2014), which are intensifying under changing climate
(Meier et al., 2022).
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The time series of WR characteristics showed relationships with meteorological
conditions before the formation of tree-rings implying carryover effects, particularly in the
previous summer and autumn, thus supporting the cumulative influence of weather (Hacket-
Pain etal., 2018; Friedrichs et al., 2009). The estimated correlations indicated relationships with
conditions related to solar radiation, which affects the rate of assimilation (Fonti et al., 2015;
Strand et al., 2006), as well as moisture availability in spring, and hence cell expansion (Jyske
etal., 2014; Olano et al., 2013). 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 (Chmura et al., 2021; Valladares et
al., 2014). Hence, WRs show only a smoothened reaction to weather fluctuations, while likely
contributing to the arl of growth (von Arx et al., 2017; Richardson et al., 2013).

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 111-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 1), the radial increment of the studied provenances
was complexly controlled by winter thermal and summer moisture regimes, which are subjected
to accelerating changes (Meier et al., 2022; Allen et al., 2015).

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 111, 1V). 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 SPEI 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 (Harvey et al., 2020; Henttonen et al., 2014). The strength of
weather-growth correlations also differed by provenance supporting local adaptation in terms
of sensitivity of growth (Tyrmi et al., 2020; Eckert et al., 2015, O’Neill et al., 2014). 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 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 (Tyrmi et al., 2020; Alakarppa et al., 2018; Eckert
et al., 2015) 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. 3.2; Paper 1V). This supports the
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disproportionality of the effects of climatic changes on increment (Wilmking et al., 2020;
Matias et al., 2017; Tei et al.,, 2017; Lindner et al., 2014). 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 (Alakéarppa et al., 2018;
Tyrmi et al., 2020; Eckert et al., 2015; Taeger et al., 2013). 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 (Vazquez-Gonzalez et al., 2020;
Matias et al., 2017; Lebourgeois et al., 2014; Glasner and Weiss, 1993).

The increment of the provenances was primarily sensitive to moisture availability in
summer, supporting the intensifying drought conditions (Allen et al., 2015, Choat et al., 2012).
The effects of temperature in May and July, as well as May—July’s SPEI (Fig. 3.2), showed the
direct influence of thermal and moisture conditions on increment (Jyske et al., 2014), while the
positive near-linear responses to May and July SPEI supported growth limitation by water
shortage (Harvey et al., 2020; Isaac-Renton et al., 2018; Montwe et al., 2018). The steeper
response to May SPEI also indicated susceptibility to early water shortage (Jyske et al., 2014;
Choat et al., 2012). Though, the top-performing provenances were more sensitive to water
shortage, indicating relationships between productivity and plasticity of growth responses
(Cuny et al., 2019). The effect of March temperature, which can be related to root dynamics
and water relations (Zadworny et al., 2016; Hardy et al., 2001; Tierney et al., 2001), was
likewise stronger for the top-performing provenances.
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Fig. 3.2. 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.

Wood formation in June is rapid (Jyske et al., 2014; Rossi et al., 2006), and precipitation
and solar radiation can limit increment (Young et al., 2010; Strand et al., 2006), 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 and hydraulic safety (Vazquez-Gonzalez et al., 2020; Prendin et al., 2018). The bell-
shaped response to summer temperature presumed tradeoffs between increased assimilation and
water deficit (Cuny et al., 2019; Allen et al., 2015; Yang et al., 2015), 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 (von Arx et al., 2017; Sala et al., 2012).
The response was stronger for the low-performing provenances confirming a more conservative
growth strategy and greater dependence on stored nutrients (von Arx et al., 2017, Martin et al.,
2010). The effects of conditions at the cessation of the previous vegetation season, which affect
growth-reproduction tradeoffs (Hacket-Pain et al., 2018), were stronger for the low-performing
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genotypes, likely due to more conservative resource usage (Reid et al., 2004). 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 (Arnold et al., 2019; Valladares et al., 2014; Corcuera et al., 2011).
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Fig. 3.3. The estimated marginal means of the resistance, recovery, resilience and
relative resilience indices calculated for TRW of the studied provenances of Scots pine in
the positive and negative pointer years in three trials in Latvia. Similar lettering implies
a lack of significant differences among the provenances. The axes differ. N —-number of

observations.

The increasing frequency of weather/climatic extremes, as the climatic gradients shift
exposing populations to diversifying conditions (Jetschke et al., 2019; Sass-Klaassen et al.,
2016), emphasizes the resilience of growth as the precondition for sustainability (van der
Maaten-Theunissen et al., 2021; Schwarz et al., 2020). The PY in TRW, which depict abrupt
changes in growth often in response to weather anomalies (Schwarz et al., 2020; Jetschke et al.,
2019), 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 111, 1V). 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 (de la Mata et al., 2022; Jetschke et al., 2019; Valladares et al., 2014).

The resilience indices calculated for growth responses in the estimated PY (abrupt
changes in TRW) in Latvia (Fig. 3.3) were similar to those estimated previously for another set
of provenances in Germany (Taeger et al., 2013), suggesting comparable environmental
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tolerance of increment (Lloret et al.,, 2011). The values of the tolerance indices were
intermediate (cf. Schwarz et al., 2020), 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., 2016). Provenance had a significant effect on the
resistance 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 (Lloret et al., 2011; Reid et al., 2004). Still, the significant
provenance-by-year interaction implied uneven sensitivity to diverse weather anomalies.

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 (Cuny et
al., 2019; Tyree and Zimmermann, 2002) governing the susceptibility to moisture regime
(Gennaretti et al., 2022; Moran et al., 2017; Corcuera et al., 2011). Plasticity of wood
anatomical structure has also been considered as an informative proxy for adaptability
(Gennaretti et al., 2022; Martin et al., 2010; Fonti et al., 2010). 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 V1). 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 (Hong et al., 2015; Martin et al., 2010;
Lenz et al., 2010).

The top-performing provenances had tracheids with largest LA, hence conductivity, while
CWT was thin (Fig. 3.4). Although such wood structure implies increased vulnerability to
cavitation and xylem dysfunction (Popkova et al., 2018; Pittermann and Sperry, 2003; Sperry
and Tyree, 1990), it also ensures conductivity with minimal investments of assimilates
(Eilmann et al., 2009; Martin et al., 2010). 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., 2019), 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 (Anfodillo et al., 2013; Eilmann et al., 2009; Tyree and Zimmermann,
2002), thus burdening growth and forming a negative feedback loop, which can reduce
competitiveness (Prendin et al., 2018; Lebourgeois et al., 2014). 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 (Cuny et al., 2019; Anderegg et al., 2015; Mayr et al., 2003). 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
(Housset et al., 2018; Eilmann et al., 2009; Martin et al., 2010). This affects the plasticity of
wood anatomical structure and hence the functionality of stemwood (Prendin et al., 2018;
Anfodillo et al., 2013; Corcuera et al., 2011).
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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 well as precipitation at the end of the
previous vegetation period, implying explicit carryover effects of weather conditions (Harvey
et al., 2020; de Micco et al., 2019). Alternatively, this might be an indirect effect of the
conditions of the water table and moisture availability (Tierney et al., 2001; Hardy et al., 2001).
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 (Ferriz et al.,
2023; Cuny et al., 2019).

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., 2001) or winter embolism
(Pittermann and Sperry, 2003). 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 (Piermattei et al., 2015; Jyske et al., 2014; Rossi et
al., 2006). 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 (Cuny et al., 2019; Eilmann et al., 2009; Martin et al., 2010), with high
potential to contribute to the sustainability of forest reproductive material.
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Fig. 3.4. 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.

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 (Meier et al., 2022; Augspurger, 2009; Gu et al.,
2008). 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 (Hayatgheibi et al., 2020; Berlin et al., 2016;
O’Neill et al., 2014; Schreiber et al., 2013). Signs of frost damage were observed in the wood
of the studied provenances (Paper VII). 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. Piermattei et al., 2015; Kidd et al., 2014; Payette et al., 2010), although it showed
explicit increase with continentality of climate (Fig. 3.5). 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 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
(Kidd et al., 2014; Payette et al., 2010). All BR occurred in late LW, while the vast majority of
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FR were observed in the mid-part of EW indicating the effect of early and particularly late
frosts, respectively (Piermattei et al., 2015; Kidd et al., 2014). 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 (Hayatgheibi et al., 2020; Berlin et al., 2016;
Schreiber et al., 2013; Beck et al., 2004).
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Fig. 3.5. Estimated marginal annual probability (= 95% confidence interval) of ‘blue’(A)
and frost (B) rings in the xylem of the studied eastern Baltic provenances of Scots pine in
the provenance trial in Latvia during 1985-2017. Similar lettering indicates a lack of
differences between the contrasts.

The occurrence of BR and FR differed by provenance, as well as was subjected to
provenance by trial interaction (Fig. 3.5), thus indicating explicit local genetic adaptation and
phenotypic plasticity of the genotypes regarding frosts (Szeligowski et al., 2023; Ahrens et al.,
2020; Schreiber et al., 2013; Augspurger, 2009). 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 (Housset et al., 2018; Matias et al., 2017; Valladares et al., 2014).
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., 2015). 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
(Berlin et al., 2016, Schreiber et al., 2013), while it suggests increasing maladaptation of local
high latitude populations to the accelerating climatic changes (Isaac-Renton et al., 2018;
Montwe et al., 2018), supporting the necessity for assisted gene flow (Hayatgheibi et al., 2020;
Aitken and Bemmels, 2016).

3.3.5. Heritability of growth sensitivity

The broad sense heritability estimated based on limited provenances can be biased (Leites
et al., 2012; Loha et al., 2006; Falconer and MacKay, 1996), nevertheless, it provides baseline
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insight into the genetic controls over diverse traits (He et al., 2023). Furthermore, variance
separation, which is the statistical basis of quantitative genetics, allows quantification of the
GxE and thus phenotypical plasticity and adaptability (Ansarifar et al., 2020; Arnold et al.,
2019; Li et al., 2017). 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 (Ahrens et al., 2020; Burdon and Klapste, 2019; Hayatgheibi et al., 2019).
Considering the observed effects of local adaptation of sensitivity of increment (Papers 1-V11),
weather-growth correlations representing “normal” were estimated with low to intermediate
heritability (Paper VI11). For the traits (weather effects) with moderate H?, the CVP exceeded
0.40, implying (Table 3.1) noteworthy potential for improvements (Grattapaglia et al., 2018;
Jansson et al., 2017; Loha et al., 2006), similarly as observed for the morphometric traits of the
eastern Baltic populations (Jansson et al., 2017; Baliuckas et al., 2004; Jansons and Baumanis,
2005). Accordingly, heritable sensitivity implies the potential to moderate weather/climatic
effects on tree growth, thus contributing to the sustainability of pine forests (Grattapaglia et al.,
2018; Housset et al., 2018; Heer et al., 2018; Jansson et al., 2017).

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 (Harvey et al., 2020;
Montwe et al., 2018; Allen et al., 2015). 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 (Ferriz et al., 2023; Carvalho et al., 2017; Isaac-Renton et
al., 2018; Way and Oren, 2010). The sensitivity to winter temperature, which had secondary
effects on increment (Paper I11), was also estimated with the above average heritability (Table
3.1; Paper VII1), implying the possibility of affecting the overwintering and its effects on
growth (Ahrens et al., 2020; Hanninen et al., 2013; Beck et al., 2004). 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, 1976), thus indicating
genetic control over the triggering of reproductive effort (Hacket-Pain et al., 2018). The
heritability of sensitivity to precipitation in the previous June, which can be related to the
formation of nutrient reserves (von Arx et al., 2017; Jyske et al., 2014) 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 (Hanninen
et al., 2013; Beck et al., 2004); 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., 2015).

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 (Isaac-Renton et al., 2018; Montwe et al., 2018; Allen et al., 2015),
which might be mitigated by targeted breeding (Paper VI11). However, to cope with anomalies,
different parts of the genome might be utilized (Tyrmi et al., 2020; Dering et al., 2017), hence
heritability of responses needs to be explicitly tested (de la Mata et al., 2022; Ahrens et al.,
2020). The heritability of relative growth changes following multiple weather anomalies, which
were summarized by PY (Schwarz et al., 2020; Jetschke et al., 2019), showed low heritability
(Paper IX). Nevertheless, heritability estimates peaked a year or two after a PY, indicating
genetic control over the resilience and recovery rather than resistance of growth (Schwarz et
al., 2020, Jetschke et al., 2019; Lloret et al., 2011). 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 (Baniulis et al., 2020; Montwe et al., 2018; Henttonen et al., 2014), despite the
emerging water shortages (Allen et al., 2015), supporting the increase of cold damage in a
warming world (Augspurger, 2009; Gu et al., 2008).

35



Table 3.1. 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.

Meteorological variable/meteorologiskais mainigais H? PCV
Temperature previous July/Iepr. jiilija temperatiira 0.27£0.17 0.60
Temperature previous September/lepr. septembra. temperatiira 0.25+0.16 0.45
Temperature January/Janvara temperatiira 0.21+0.11 0.65
Temperature June/Jiinija temperatiira 0.29+0.17 0.44
Precipitation previous June/lepr. jiinija nokrisni 0.32+0.15 0.24
Precipitation March\Marta nokrisni 0.23+0.15 0.56
Precipitation July/Jalija nokrigni 0.26+0.14 0.18

SPEI previous October/lepr. oktobra SPEI 0.15+0.10 0.58
SPEI previous November/lepr. novembra SPEI 0.25+0.17 0.47
SPEI June/Jinija SPEI 0.24+0.18 0.54

SPEI July/Jilija SPIE 0.17+0.11 0.44

SPEI August/Augusta SPEI 0.25+0.17 0.50

SPEI September/Septembra SPEI 0.27+0.16 0.62

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 (Chmura
et al., 2021; Hayatgheibi et al., 2019; Li et al., 2017). 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., 2015). 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 (Burdon and Klapste, 2019; Grattapaglia et al., 2018; Jansson

et al., 2017; Baliuckas et al., 2004).
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4. CONCLUSIONS

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.

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.

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.
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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 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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ILUSTRACIJU PARAKSTI

2.1. attels. Petito parastas priedes saimniecisko audzu uz dren&tam augsném, kas reprezent@
lokalas populacijas in situ (A), ka ari proveniencu stadijumu un izcelsmju (attiecigi trijstiri un
kvadrati; B) atraSanas vietas.

2.2. attels. Traheidu Siinapvalku biezuma un liimena laukuma meérisanas apgabali gadskartas
att€la (A), ka arT gadskartu ar priekslaicigu lignifikacijas partraukumu (B) un v€lu salnu
bojajumu (C) piemeri. Mikroskopiskais koksnes preparats ir krasots ar Astra zilo un safraninu.

3.1. attels. Model&tas vietgjo populaciju saimnieciskas audz€s augosu parastas priedes radiala
picauguma indeksu atbildes reakcijas Iiknes (un to ticamibas intervals) pret meteorologiskajiem
apstakliem (ménesu vidgjo temperatiiru, nokrisnu daudzumu un sausuma indeksu) Baltijas jiiras
regiona augstumu dalas klimatiskaja gradienta no 1954. lidz 2017. gadam. Raustitas zalas un
sarkanas linijas parada attieciga meteorologiska mainiga 1o un 2¢ izkliedes Latvijas centralaja
dala.

3.2. attels. Aproksimétas Baltijas juras regiona austrumu dalas parastas priedes proveniencu,
kas atSkiras ar produktivitati, ikgad€ja radiala papildpieauguma (picauguma indeksa) atbildes
liknes pret meteorologiskajiem apstakliem regionala klimatiskaja gradienta, ko reprezenté
stadijumi Latvija un Vacijas ziemelos, no 1985. lidz 2017. gadam. Ticamibas intervali nav
paraditi parskatamibas dgl.

3.3. atteéls. Tolerances indeksu modelétas vertibas (ar ticamibas intervaliem), kas parékinatas
pétito parastas priedes proveniencu TRW pozitivajos un negativajos zZimigajos trijos stadijumos
Latvija. Lidzigie burti virs stabiniem norada uz butisku atSkiribu neesamibu starp tiem. Asis
atSkiras. N — noveérojumu skaits.

3.4. attels. Modelétas traheidu limena laukuma un Stinapvalku biezuma vid&jas vertibas (un to
ticamibas intervali) pétito parastas priedes proveniencu agrinaja un vélinaja koksné tris
stadijumos Latvija. Lidzigie burti virs stabiniem norada uz butisku atSkiribu neesamibu starp
tiem. Asis atSkiras.

3.5. attels. Modelétas ikgad@jas nepabeigtas lignifikacijas (A) un vélu salnu bojajumu (B)
1zraisitu koksnes anomaliju ikgadg€jas iesp&jamibas vid€jas vertibas (un to ticamibas intervali)
pétitajas parastas priedes proveniences tris stadjjumos Latvija no 1985. Iidz 2017. gadam.
Lidzigie burti virs stabiniem norada uz bitisku atSkirtbu neesamibu starp tiem.

3.1. tabula. Iedzimstamibas sensu lato (H? + standartkliida) un proveniences variacijas
koeficientu (PCV) vértibas pieauguma un meteorologisko apstaklu korelacijam pétitajam
parastas priedes proveniencém stadijumos Latvija un Vacijas ziemelos. Paraditi
meteorologiskie mainigie, kas uzradija iedzimstamibu virs 0,15.
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1. IEVADS

1.1. Literaturas apskats

Baltijas jiras regiona austrumu dala klimata parmainu ietekmé ir sagaidamas koku sugu
izplatibas un I1idz ar to mezaudzu sastava izmainas (Buras and Menzel, 2019). Lidztekus klimata
parmainam, kas pagarina vegetacijas sezonu un kokiem rada papildus stresu (Reyer et al., 2017;
Allen et al., 2015), izmainas mezu produktivitateé radis ekologiskas un ekonomiskas sekas
(Hanewinkel et al., 2012). PiecaugoSais pieprasijums péc koksnes var pastiprinat §is sekas
(Routa et al., 2019). Vides parmainu ietekmes var atskirties lokali un regionali (Reyer et al.,
2014), tomér sagaidams, ka vides mainibas pieaugums radis kokiem papildus stresu apgriitinot
mezsaimniecibu (Reyer et al., 2017; Allen et al., 2015), tadgjadi uzsverot adaptivas
mezsaimniecibas nozimi mezu produktivitates un ilgtsp&jas nodrosinasanai (Reyer et al., 2014;
Lindner et al., 2014).

Mezu produktivitate Baltijas juras regiona klimata parmainu un picaugosa vegetacijas un
augSanas perioda ilguma ietekmé& varétu paaugstinaties (Lindner et al., 2014; Reyer et al.,
2014); kas vienlaikus paaugstina salnu u.c. vides traucgjumu ietekmi (Augspurger, 2009; Gu et
al., 2008), tadejadi kav&jot pieaugumu (Piermattei et al., 2015). Augosa vasaras nokri$nu rezima
nepastaviba (Allen et al., 2015), pastiprina sausuma ietekmi, pret ko mezu uznémiba palielinas
(Choat et al., 2012), it Tpasi auksta klimata apstaklos (Isaac-Renton et al., 2018). Edafiskajiem
apstakliem var biit modulgjosa ietekme uz sausuma ietekmi, un mezaudzes uz labi drenétam
augsném ar zemu gruntstidens Iimeni, kas sastada lielu dalu no saimnieciskajiem meziem,
(Lindner et al., 2014), var but izteikti uznémigas (Wang et al., 2021). Lokalo klimatisko
gradientu nobide un papaplasinasanas (Meier et al., 2022) paklauj viet&jas koku populacijas
biezaku meteorologisko anomaliju/ekstrému ietekmei tadéjadi parbaudot vietgjo genotipu
adaptésanas sp&jas (Leites and Benito-Garzon, 2023; Schwarz et al., 2020; Valladares et al.,
2014). Pasiltinasanas var kavét koku salcietibas attistibu radot tiem papildus stresu miera
perioda laika (Vuosku et al., 2022; Ogren, 1997), lai gan rezistence pret salnam un salu ir
multifaktoriali reguléta (Baniulis et al., 2020; Beck et al., 2004).

Sagaidamo klimatisko parmainu plasais meérogs uzsver nepiecieSamibu péc ilgtspejigiem
un adaptiviem ilgtermina risinajumiem (Chmura et al., 2021; Nabuurs et al., 2018). Nemot véra
vides izmainu paatrinaSanos, evolucionara koku populaciju adaptacijas sp€a var bt
nepietiekama, noradot uz proaktivas apsaimnieko$anas un genotipu parneses nepiecieSamibu
mezsaimniecibas ilgtsp&jai (Aitken and Bemmels, 2016). Attiecigi, optimala genotipu parnese
ir Tpadi nozimiga (Chmura et al., 2021; Chauvin et al., 2019). Saja konteksta meZa selekcija
sinergija ar genotipu parnesi ir uzskatama par adaptivas mezsaimniecibas stirakmeni (Breed et
al., 2018; MacLachlan et al., 2017, O’Neill et al., 2014). Jaatzist, ka $ada pieeja ir zinasanu
ietilpiga, jo genétiskas kontroles esamiba par adaptacijai nozimigam pazimém ir biatiska
adaptacijas programmu rezultatu ilgtspgjai (Ahrens et al., 2020; Grattapaglia et al., 2018;
MacLachlan et al., 2017; Matias et al., 2017). Nemot véra vides trauc&jumu intensificésanos,
selekcijas programmu plastiskums ir pirmskirigs, lai mazinatu vides izmainu raditos
zaudgjumus, ka arT giitu no tam labumu (Ansarifar et al., 2020; Jansson et al., 2017). Saja
konteksta aktuala informacija par genotipu uzvedibu konkrétos apstaklos lauj operativi pielagot
selekcijas indeksus (Grattapaglia et al., 2018; Breed et al., 2018, Li et al., 2017). Tadgjadi
adaptivas selekcijas programmas klist zinaSanu ietilpigakas, un visaptveroSam genotipu
raksturojumam ir izSkiroSa nozime mezu ilgtsp€jas nodroSinasanai adaptivas saimniekoSanas
konteksta (Burdon and Klapste, 2019; Housset et al., 2018; Li et al., 2017).

Plasi izplatitu sugu, kada ir prasta priede (Pinus sylvestris L.), populacijas adapt€jas
lokalajiem vides apstakliem, un pazimém, kas ir nozimigas izdzivoSanai un/vai reprodukcijai,
adaptacija var but genétiska (Ahrens et al., 2020; Chauvin et al., 2019; Wojkiewicz et al., 2016;
Yeaman et al.,, 2016; Martin et al.,, 2010). Genétiska adaptacija ir c€lonis pazimju
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iedzimstamibai, kas nodroSina selekcijas potencialu (Chauvin et al., 2019; Li et al., 2018; Li et
al., 2017). Koki, kas ir ilgdzivojosi mazkustigi/sédosi organismi, dzives laika saskaras ar plasu
apstaklu mainibas spektru, un lai ar to sadzivotu, kokiem ir raksturigs izteikts fenotipiskais
plastiskums (Arnold et al., 2019; Cuny et al., 2019; Corcueraetal., 2011). Savukart, lai uzlabotu
konkurétsp&ju konkretos apstaklos, fenotipiskais plastiskums var tikt ierobezots lokalas
genétiskas adaptacijas cela (Ahrens et al., 2020; Alakarppé et al., 2018; Li et al., 2017; Yeaman
et al., 2016), kas pastav intensivas génu plismas apstaklos (Li et al., 2018; Moran et al., 2017)
tadgjadi ierobezojot iespjas sadzivot ar plasam un straujam vides izmainam (Aitken and
Bemmels, 2016;Valladares et al., 2014). Attiecigi fenotipiskais plastiskums un lokala genétiska
adaptacija ir populaciju/genotipu adaptésanas sp&jas indikators (Ansarifar et al., 2020; Ahrens
et al., 2020; Chauvin et al., 2019; Moran et al., 2017, Eckert et al., 2015).

Fenotipiska plastiskuma c€lonis ir GXE, kas var but specifisks populacijai, tadgjadi
ietekméjot adaptacijas sp&jas (de la Mata et al., 2022; Chmura et al., 2021; Valladares et al.,
2014). Tomér nemot véra koku augSanas multifaktorialo regulaciju, GXE ir kompleksas (Li et
al., 2017) apgritinot plasa méroga selekcijas rezultatu prognozésanu (Ansarifar et al., 2020; Li
et al., 2017). Turpretim, GXE var tik izmantotas, lai precizétu genotipu augSanas prognozes
lokali, raksturojot adaptacijas potencialu vid€ja un ilgd termina, sekmgjot adaptivu
meZsaimniecibu (Chmura et al., 2021; Li et al., 2017). Sadas iespéjas aktualiz&jas nemot véra
lokali diverggjosas mezu atbildes reakcijas uz vides izmainam (Reyer et al., 2014; Lindner et
al., 2014), kam atbilstigu genotipu izmantoSana var uzlabot produktivitati (Ansarifar et al.,
2020). Zinasanas par genétiskas kontroles (t.sk. GXE) par dazadam pazimém ir ieglistama ar
kvantitativas genétikas metodém, kas var sniegt detalizétu noveértéjumu (Loha et al., 2006;
Falconer and MacKay, 1996). Attiecigi individualie genétiskie efekti un to mijiedarbibas ar
vidi, ir butiski selekcijas programmam un nakotnes vides mainibai labak piem&roto genotipu
izveidei (Ansarifar et al., 2020; Grattapaglia et al., 2018; Li et al., 2017).

Proveniencu izméginajuma stadijumi ir informativs izzinas avots, kas lauj novertet
parnestu genotipu produktivitati un veikt vides risku retrospekciju pagatnes un nakotnes
klimatiskajos apstaklos atkariba no parneses virziena (Nabais et al., 2018; Taeger et al., 2013;
Leites et el., 2012). Nemot véra prognozeto klimatisko joslu parnesi ziemelu virziena, mérena
genotipu parnese attieciga virziena uzskatama par vEélamu mezaudzu produktivitates un
ilgtsp&jas nodrosinasanai vienlaikus mazinot sausuma ietekmi (Hayatgheibi et al., 2020; Berlin
et al., 2016; O’Neill et al., 2014). Japiezimé, ka uz ziemeliem parnestiem genotipiem parasti
raksturigs garaks vegetacijas sezonas, kas palielina salnu bojajumu risku (Montwe et al., 2018;
Berlin et al., 2016; Schreiber et al., 2013). Uz dienvidiem parnestiem genotipiem, turpretim,
vérojama paaugstinata uznémiba pret mitruma deficitu (Chauvin et al., 2019; Isaac-Renton et
al., 2018), kas mazina produktivitati (O’Neill et al., 2014). Provenien¢u stadijumi aridzan ir
uzskatami par parbauditu genotipu avotu selekcijas populaciju papildinasanai puskonservativas
mezsaimniecibas paradigma (MacLachlan et al., 2017; O’Neill et al., 2014).

Pieaugot nepieciesamibai apzinat koku ekologisko plastiskumu un adaptéSanas spgjas
(Arnold et al., 2019; Valladares et al., 2014; Corcuera et al., 2011), provenienc¢u izméginajumu
stadijumi ir uzskatami par modelobjektiem, kas lauj raksturot genétisko kontroli par adaptacijai
un ilgtsp&jai nozimigam pazimém (Nabais et al., 2018; Leites et al., 2012) mainiga klimata
apstaklos (Meier et al., 2022; Wilmking et al., 2020; Valladares et al., 2014). Molekularas
biologijas un funkcionalas ekologijas metozu pielietojums lauj veikt tieSu detalu proveniencu
materiala ilgtsp&ju nodrosinoso mehanismu izpé&ti (Ahrens et al., 2020; Housset et al., 2018;
Zhang et al., 2018). Sada informacija ir komplementara morfometriskajam un produktivitates
verte§jumam, kas ir sakotngjais proveniencu izméginajumu stadijumu izveides mérkis (Leites et
al., 2012; Jansons and Baumanis, 2005; Konig, 2005), tadéjadi sekmgjot adaptivas
saimniekosanas metozu ieviesanu (Arnold et al., 2019; Nabuurs et al., 2018; Bolte et al., 2009).
Tomer GXE kompleksas dabas dé] (Li et al., 2017), kas ietekmé fenotipisko un lidz ar to
ekologisko plastiskumu (de la Mata et al., 2022; Ansarifar et al., 2020; Arnold et al., 2019),
lokala informacija par dazadu genotipu produktivitati un jutibu joprojam ir aktuala (Chmura et
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al., 2021; Breed et al., 2018; Berlin et al., 2016). Jaatzist, ka proveniencu statijumi ir uzskatami
par ierobezoti informativiem iedzimstamibas izzinas avotiem, nezinamas gimenu strukttras dél
(Hayatgheibi et al., 2019; Loha et al., 2006; Falconer and MacKay, 1996).

Vairuma selekcijas programmu genotipu atlasei izmanto selekcijas indeksus, kas apvieno
ekonomiski nozimigu pazimju kopumu, starp kuriem produktivitatei ir centrala loma (Lenz et
al., 2020; Burdon and Klapste, 2019; Jansson et al., 2017; Baliuckas et al., 2004). Tomér
kokaugu dimensijas un stumbra kvalitate ir kumulativi genotipu un pagatnes apstaklu saderibas
indikatori, (Burdon and Klapste, 2019; Hayatgheibi et al., 2019), kas pieaugosas vides mainibas
apstaklos ir novecojusi to apzinasanas bridi (Aitken and Bemmels, 2016; de Villemereuil et al.,
2016). Attiecigi, genotipu/proveniencu ranz&jumam ir izteikta tendence mainities Baltijas juras
regiona un citviet Iidz ar izmainam klimatiskajos gradientos (Szeligowski et al., 2023; Chmura
et al., 2021; Hayatgheibi et al., 2020; Berlin et al., 2016; Jansons and Baumanis, 2005).

Informacija par pieauguma reakciju uz vides apstakliem un to mainibu, var bt loti
informativa pazime, lai prognoz&tu produktivitati un ilgtsp&u vides izmainu apstaklos
(Wilmking et al., 2020; Zhang et al., 2018), nozimigi papildinot atzinas kas giitas no
morfometriskam pazimém (Heer et al., 2018; Housset et al., 2018; Xu et al., 2017). Klimatam
esot vienam no galvenajiem koku augsanas noteicgjiem (Hayatgheibi et al., 2020; Wilmking et
al., 2020, Speer, 2010), precizas pieauguma reakcijas uz meteorologiskajiem apstakliem
prognozes ir nozimigas adaptivas mezsaimniecibas ilgtsp&jas mérku sasnieg$anai (Zhang et al.,
2018; Tei et al., 2017; Bolte et al., 2009). Tadgjadi pieauguma jutibas genétiskas kontroles
novertéjums un $adas informacijas ieklauSana/izmantoSana selekcijas indeksu papildinasanai ir
vélama selekcijas programmu ilgtsp&jas sekmésanai (Chmura et al., 2021; Ahrens et al., 2020;
Burdon and Klapste, 2019).

Mzerena klimata apstaklos, koku pieaugams ir periodisks, un izteiktas pieauguma robezas
ir iz8kiramas, ka rezultata ir iesp&jama ticama augsSanas retrospekcija (Gennaretti et al., 2022;
Xu et al., 2017; Gartner et al., 2015; Speer, 2010). Datu ieguves efektivitates un vides
informativitates ietekmé, radialais pieaugums, TRW ir izteikti popularakais koku pieauguma
raksturlielums (Babst et al., 2018). Neskatoties uz jutibu pret lokalajiem apstakliem, TRW ir uz
kokaugu un mezaudzu produktivitati attiecinams meérijjums, kas, nodroSina efektivu dazadu
vides ietekmju novertejumu (Wilmking et al., 2020; Xu et al., 2017; de Micco et al., 2019).
Pieauguma veidosanas ir komplekss process, un TRW ir vairaku vides un ieksgjo faktoru
ietekmes rezultats (Speer, 2010; Cook, 1987), kas ir aktuals koku un meZzu adaptacijas
potenciala novértéjumam strauju vides izmainu konteksta (Schwarz et al., 2020; Housset et al.,
2018; Zhang et al., 2018). Lai nodalitu vides ietekmes, ir izstradatas specifiskas matematiskas
metodes, laujot veikt uzticamu dispersijas komponenSu dekonstrukciju, pieméram, laika rindu
analizes cela (Jetschke et al., 2019; Stoffel et al., 2010; Bunn, 2008; Cook, 1987).

Ka pieauguma raksturlielums, TRW kumulativi raksturo genotipa un vides stavokla
(ksilogenézes laika un pirms) tas saderibu (Wilmking et al., 2020; Cuny et al., 2019; de Micco
et al., 2019; Hacket-Pain et al., 2018; Montwe et al., 2018), Iidz ar to So ietekmju atSketinasana
raksturojot individualo pienesumu var bit sarezgita (Babst et al., 2018; Gértner et al., 2015;
Fonti et al., 2010). Dzilakas ksilogenézi ietekm&joso apstaklu kopas izpratnei, koksnes
anatomijas retrospekcija ir detalas un kvantitativas informacijas avots, kas aridzan saistams ar
koksnes Tpasibam (Gennaretti et al., 2022; Cuny et al., 2019; Fonti et al., 2010). Caurulu teorija
(pipe theory) postulé, ka koksne ir no mikroskopiskam caurulitém veidota Gdens transporta
sisteéma, kas savieno konkrétu uzsiicoso sakni ar lapu (Martinez-Vilalta et al., 2004; Tyree and
Zimmermann, 2002). Attiecigi cauruliSu kopums un to ipaSibas nosaka tdens transporta
efektivitati, ka ar1 hidraulisko drosibu, t.i., rezistenci pret kavitaciju un embolizaciju, kas ir
fiziologiska sausuma c€lonis (Prendin et al., 2018; Anderegg et al., 2015; Sperry and Tyree,
1990).

Traheidu lamena laukums ir Gdens vaditsp&jas efektivitates un kavitacijas riska
raksturlielums, savukart Stinapvalka biezums raksturo koksnes mehaniskas ipasibas un
rezistenci pret embolizésanos (Martin et al., 2010; Tyree and Zimmermann, 2002; Sperry and
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Tyree, 1990). Picaugosas sausuma ietekmes apstaklos, $ada informacija kliist Jpasi nozimiga
(Gennaretti et al., 2022). Papildus vertikalajam Gdens transportam, stumbra koksne nodrosina
horizontalo tidens transportu, ka arT ir idens un baribas vielu glabatuve, nodro$inot vielu parnesi
starp aplievu un kodolkoksi (Richardson et al., 2013; Tyree and Zimmermann, 2002). Sis
funkcijas liela méra nodrosina WR, kuru daudzums un izmeéri nosaka koksnes sp&ju uzglabat
asimilatus, tadgjadi esot par netieSu asimilacijas raksturlielumu (von Arx et al., 2017).

Vegetacijas sezonas pagarinasanas palielina salnu bojajumu risku un intensitati (Kidd et
al., 2014; Augspurger, 2009; Lee et al., 2007), kas apgriitina un partrauc ksilogenézi, ka
rezultata rodas koksnes anomalijas, kas tiek arhivétas koksng, pielaujot to c€lonu raksturoSanu
retrospekcijas cela (Gennaretti et al., 2022; Payette et al., 2010). Stipras v€las salnas, it Tpasi
péc ksilogenézes iniciacijas, saples jaunveidotas EW $iinas radot FR (Payette et al., 2010; Lee
et al., 2007). Turpreti agras salnas augSanas Sezonas izskana partrauc lignifikaciju, lidz ar to
Stnapvalkos saglabajas augstaks celulozes ipatsvars, kas péc dubultas krasosSanas ar Astra zilo
un safraninu (Gértner and Schweingruber, 2013), lieck LW izskatities zilganai, paradot BR
(Piermattei et al., 2015). Abas $is koksnes anomalijas kliist par populariem genotipu un vides
(lokala klimata un meteorologisko anomaliju) saderibas izzinas avotiem (Gennaretti et al.,
2022; Piermattei et al., 2015; Payette et al., 2010). Sis anomalijas, aridzan var mazinat koksnes
mehanisko izturibu, jo ir izjaukta optimala struktiira (Lee et al., 2007; Berry et al., 1983).

Pieauguma un saistito raksturlielumu dispersijas komponensu dekonstrukcija kopa ar
multiplas regresijas analizi (Wilmking et al., 2020; Zhang et al., 2018; Cavin and Jump, 2017),
nodro$ina detalu istermina un ilgtermina vides apstaklu normalu un ekstrému ietekmju
vertéjumu (Babst et al., 2018; McCullough et al., 2017; Xu et al., 2017; Sass-Klaassen et al.,
2016). Pienemot laikapstaklus un klimatu ka nozimigus koku augSanu ietekm&josus vides
faktorus, attiecigo koku reakcijas atbildes reakciju noveértgjums ir centrala pieauguma
pielietojuma joma (Harvey et al., 2020; Wilmking et al., 2020; Lloyd et al., 2013; Ohse et al.,
2012; Cook, 1987). Pieauguma reakcijas mérogojamibas nodro$inasanai klimata parmainu
apstaklos ir nepiecieSama paraugoSana, kas aptver nozimigu klimatiska gradienta dalu ta ka
lokalas saistibas var strauji klait neaktualas (Cavin and Jump, 2017; Restaino et al., 2016;
Henttonen et al., 2014; Lloyd et al., 2013).

Ekologiskas rekcijas pret vides gradientu ir zvanveida, bet linearas saistibas ir vérojamas
tikai ierobezota gradienta dala (Restaino et al., 2016; Lloyd et al., 2013; Way and Oren, 2010).
Attiecigi ierobeZzota references loga parvietoSanas gradienta, pieméram lokalas analizes
gadijuma, nenovérSami noved pie tendenciozas lokalu linearu saistibu interpretacijas (Wu et
al., 2022; Wilmking et al., 2020; Valladares et al., 2014). Lidz ar to nelinearu ekologiski
realistisku atbildes reakciju apzinasana analiz&jot nozimigu gradienta dalu ir kritiski svariga
(Cavin and Jump, 2017; Lloyd et al., 2013). Saja konteksta gadskartu raksturlielumu laika
rindas ir nozimigas, jo tas sniedz ieskatu par reakciju uz klimatisko gradientu laika (Babst et
al., 2018; McCullough et al., 2017; Xu et al., 2017). Datu kopas, kas reprezenté telpisku
klimatisko gradientu, ir ieglistamas regionalas paraugoSanas cela (Harvey et al., 2020; Cavin
and Jump, 2017; Restaino et al., 2016).

Baltijas juras regiona austrumu dala parasta priede ir biezi sastopama un ekonomiski
nozimiga suga (Routa et al., 2019), kurai prognozéts ipatsvara sarukums 21. gs. laika (Buras
and Menzel, 2019). Suga ir ekologiski plastiska, ta sp& augt dazados edafiskajos un
klimatiskajos apstaklos, no kuriem nozimigakie ir oligotrofas un mezotrofas audzes ar labi
drengtam augsném (Jansson et al., 2017; Berlin et al., 2016). Nemot véra plaso sugas izplatibu,
tas populacijas ir genétiski adapt€jusas lokaliem apstakliem (Alakérppd et al., 2018;
Wojkiewicz et al., 2016; Martin et al., 2010), noradot uz atskirigam adaptésanas sp&jam (Li et
al., 2017; Moran et al., 2017; Valladares et al., 2014). Priedes lokalas adaptacijas ir saistamas
ar izmainam koksnes anatomija, ka arT fiziologiskajas funkcijas, kas saistamas ar sausuma un
véja ietekmi, ka ari konkurences apstakliem (Tyrmi et al., 2020; Wojkiewicz et al., 2016; Martin
et al., 2010). Maza méroga lokalas adaptacijas ir novérotas saistiba ar edafiskajiem apstakliem
(Zadworny et al., 2016; Eckert et al., 2015). Attiecigi lokala genétiska adaptacija norada uz
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bioklimatisko modelu prognozu neprecizitatém, proti izplatibas un parstavétibas samazinajuma
parvért§jumu, it Tpasi nemot vera meZsaimniecibas adaptivo ietekmi (Wu et al.,
2022;Valladares et al., 2014). Lokalas genétiskas adaptacijas ir aridzan pamats veiksmigam
selekcijas programmam, kas liela méra ir balstitas uz koku morfometriju un produktivitati, ka
arl stumbra TpaSibam (Jansson et al., 2017; Eckert et al., 2015; Baliuckas et al., 2004),
nepietickami apskatot augSanas uznémibas pret vidi pazimes (Ahrens et al., 2020; Wojkiewicz
et al., 2016; O’Neill et al., 2014; Fries, 2012).

Parastas priedes pieaugums it jutigs pret meteorologiskajiem apstakliem un to
ekstrémiem, bet saistibam ir raksturigas lokalas iezimes (Harvey et al., 2020; Jansons et al.,
2016; Zunde et al., 2008; Elferts, 2007). Baltijas juiras regiona austrumu dala priedes pieaugums
parada pakapenisku jutibas nomainu no zemas temperatiiras limitacijas Somija uz pavasara
temperatiiras un vasaras sausuma limitaciju Polija un Vacija (Harvey et al., 2020; Henttonen et
al., 2014). Attiecigi Baltijas valstis ir parejas zona, kura meteorologisko apstaklu limitgjosas
ietekmes maina norada uz kompleksu pieauguma kontroli (Harvey et al., 2020), kas lauj
novertét So saistibu stacionaritati (Wilmking et al., 2020). Nemot véra véso klimatu, ziemas
temperatiirai var biit kontrastgjosas ietekmes, ko nosaka sala bojajumu un baribas vielu zudumu
mijiedarbiba (Beck et al., 2004; Ogren, 1997), tad&jadi noradot uz vides ietekmes parnesi laika.
Regionala limenT noverotas pieauguma un meteorologisko apstaklu saistibas attiecinamas uz
augSanas un reprodukcijas mijiedarbibu, uz ko norada negativas pieauguma saistibas ar
temperatiiru ieprick$€jas vasaras izskana (Hacket-Pain et al., 2018). Klimatisko apstaklu
ietekmi uz parastas priedes augSanu parada gradualas proveniencu ranz€juma izmainas uz
ziemeliem parnestajiem genotipiem klastot produktivakiem (Berlin et al., 2016; Jansons and
Baumanis, 2005).

Parastas priedes stumbra koksne ir primitiva un sastav galvenokart no traheidam, kas
apnem retas sveku ailes (Martinez-Vilalta et al., 2004; Carlquist, 2001) un aksiala parenhima
(von Arx et al., 2017; Olano et al., 2013). Traheidu CWT un LA ir variabli, bet robezas starp
LW un EW ir izteiktas (Carlquist, 2001; Mencuccini et al., 1997). Traheidu CWT un LA gan
EW gan LW var bt variabli atbilstosi apstakliem to veidoSanas laika (Cuny et al., 2019), ka ar1
lokalas genétiskas adaptacijas dél (Martin et al., 2010). Ksilogenézes plastiskums, kas mazina
meteorologisko apstaklu ietekmi uz koksnes funkcionalitati (Cuny et al., 2019), ir ierobeZots
(Seo et al., 2020), noradot uz uznémibu pret hidrauliskiem riskiem, it Tpasi aug$anas sezonas
izskana (Cuny et al., 2019; Piermattei et al., 2015). Koksnes hidrauliskajai arhitektirai, kas ir
nozimiga izdzivoSanai un konkurétsp€jai, noveérojamas izteiktas lokalas adaptacijas iezimes
(Carvalho et al., 2017; Fries, 2012; Lenz et al., 2010).

1.2. Merkis

Darba mérkis bija apzinat Baltijas jiiras regiona austrumu dalas parastas priedes radiala
pieauguma reakcijas plastiskumu pret meteorologisko/klimatisko mainibu, raksturot sugas
klimatiskas adaptacijas sp&jas un to uzlaboSanas potencialu selekcijas cela.

1.3. Uzdevumi

Merkim pakartotie uzdevumi bija raksturot:

1) Baltijas juras regiona austrumu dalas parastas priedes pieauguma jutibu pret
meteorologiskajiem un klimatiskajiem apstakliem regionalaja klimatiskaja gradienta;

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

45



3) lokalas genétiskas adaptacijas ietekmi uz Baltijas juras regiona austrumu dalas parastas
priedes populaciju ksilogenézi un koksnes anatomiju, ka arT uznémibu pret mitruma
deficitu;

4) pieauguma meteorologiskas jutibas iedzimstamibu un Selekcijas potencialu Baltijas jtras
regiona austrumu dalas parastas priedes proveniencém.

1.4. Tezes

Darba izvirzitas t€zes:

1) Baltijas juras regiona austrumu dalas parastas priedes radialais pieaugums ir paklauts
kompleksai meteorologisko apstaklu (temperatiira un mitruma apstakli) ietekmei gan
pieauguma veidosanas laika, ka ari pirms ta;

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/proveniencu adaptacijas potencialu;

4) pieauguma meteorologiska jutiba un tas plastiskums ir genétiski determinéti liecinot par
iesp&jamiem uzlabojumiem selekcijas cela.

1.5. Promocijas darba struktiira

Promocijas darbs sastav no devinam tematiski vienotam publikacijam (zinatniskiem
rakstiem), kas apskata galvenas Baltijas juras regiona austrumu dalas parastas priedes
pieauguma meteorologisko apstaklu ietekmes. Pirmie divi raksti ir veltit viet€jo genotipu
augsanas reakcijas uz meteorologiskajam apstakliem raksturosanai in situ. Tris raksti ir veltiti
pieauguma reakcijas lokalas adaptacijas un fenotipiskajam plastiskumam, raksturojot jutibas
produktivitates saistibas. Divi raksti analizé koksnes anatomijas raksturlielumus novértgjot
provenienc¢u uznémibu pret klimatiskajiem riskiem. P&dg&jie divi raksti kvantificé pieauguma
meteorologiskas jutibas iedzimstamibu un selekcijas potencialu.

1.6. Aktualitate

Petijums iedzilinas meteorologisko faktoru ietekmé uz parastas priedes pieaugumu,
kvantificé ta plastiskumu, ka ari vides un genétisko faktoru nozimi uz to. Saistibas starp
genotipu vides jutibu un produktivitati norada uz vélamam mijiedarbibam (produktivakie
genotipi ir jutigakie) noradot uz pieauguma jutibu ka nozimigu adaptaciju nepastavigiem
apstakliem. Attiecigi, sp&ja operativi kontrolét ksilogenézi dod artavu genotipu konkurétspgjai
ilgtermina. So faktu apliecina genotipiem specifiska koksnes anatomiska struktiira. Iegitie
rezultati salidzina line@ru un nelinearu pieauguma vides saistibu mérogojamibu regiona liment.
IekSgada 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 uznemibas pret salnam raksturosanai. To papildina
kvantitativas koksnes anatomijas metozu veiksmiga aprobacija genotipu salidzinasanai, kas lauj
veikt padzilinatu analizi balstoties uz ierobeZotu empirisko materialu. Parbaudita laika rindu
dekonstrukcijas un jaukta tipa aditivas modeléSanas prieksrocibas ekologiskos pétijumos
pieaugosas vides mainibas apstaklos. P&tjjuma rezultati ir ipasi aktuali Baltijas jiiras regionam,
bet izp€tes algoritmiem ir universals raksturs un izmantojamibai salidzinamu vides gradientu
gadijuma. leglitas atzinas ir pamats turpmakajiem pétijumiem, kas apskata lielaku genotipu
izlasi, lai apliecinatu to mérogojamibu un praktisko nozimi.
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2. MATERIALS UN METODES

2.1. Audzes un izméginajumu stadijumi

Regionala klimatiska gradienta raksturo$anai izmantota transekte, kas stiepas no Somijas
dienvidiem lidz Vacijas ziemeliem (2.1A. attéls) (Raksts 1). Gar transekti izvélétas 22
brivapputes saimnieciskas prastas priedes audzes (69-129 gadus vecas), kuru platiba bija
lielaka par vienu ha un tajas bija automorfas, labi drenétas mineralaugsnes. Atlase veikta no
naciondlajiem meZa registriem. Sada atlase veikta, lai apzinatu galvenos pieaugumu
ietekm&josos apstaklus in situ. Sesos apaksregionos (valstis) atlasitas viena lidz sesas audzes
tadejadi raksturojot lokalo pieauguma specifiku. Pétitajas audzes reljefs bija parsvara lidzens,
tas atradas zemienu Iidzenumos piekrastes un iekSzemes apvidos. Audzg€s bija parastas egles
(Picea abies Karst.) un ara bérza (Betula pendula Roth.) piemistrojums. Papildu, saimnieciska
parastas priedes briestaudze ar retu parastas egles paaugu Latvijas centralaja dala (56,799 °Z.
pl.; 24,498 °A. gar.) izvEléta, lai ievaktu paraugus WR raksturosanai dazadu Krafta klasu kokos
(Raksts I1).

Petitas audzes reprezent€ja apvidus ar klimatisko apstaklu spektru no auksta mitra
kontinentala klimata (Somijas dienvidos) lidz mérenam okeaniskam (Vacijas ziemelos) (Kottek
et al., 2006), kur gada vid&ja temperatiira bija robezas attiecigi no 4,3 lidz 10,1 °C. Visos
apvidos temperatiiras reZims ziema bija mainigaks neka vasara. Gada nokrisnu daudzums starp
pétijuma teritorijam bija salidzinams nu svarstijas no 542 Iidz 771 mm gada attiecigi Somija un
Latvija (Harris et al., 2020). Nokri$nu sadalijums pétitajos apsvidos bija lidzigs, proti, lielaka
dala no gada nokriSniem notika vasaras méneSos kopuma lidzsvarojot palielinato
evapotranpiraciju. Klimata parmainas galvenokart izpaudas ka pasiltinasanas miera perioda un
lidz ar to vegetacijas sezonas pagarinasanas, ka ari vasaras nokri$nu rezima heterogenitates
picaugums, un karstu sausuma periodu paildzina$anas un biezuma picaugums (Meier et al.,
2022; Allen et al., 2015).

Regionalo priedes populaciju pieauguma jutibas lokalas genétiskas adaptacijas
raksturo$anai analiz€ti pieci proveniencu izméginagjumu stadijumi, kas reprezenté saisinatu
regionalo klimatisko gradientu starp Latviju un Vaciju (2.1B. attéls) (Raksti 111-1X). Sie
stadijumi ierikoti [IUFRO pasparné 1975. gada sadarbojoties USSR un GDR ar mérki salidzinat
Austrumeiropas populacijas (Jansons and Baumanis, 2005; Kohlstock and Schneck, 1992).
Parbaudijuma ieklautas proveniences no apgabala, ko ierobezo 46 un 56 ° Z. pl., un 11 un 30
°A. gar.; 36 proveniences ir kopigas pétitajiem stadfjumiem. Sada telpiska populaciju
parstavétiba reprezenté Baltijai prognozeto klimatisko apstaklu spektruuz 21 gs. beigam (Meier
et al., 2022, Buras and Menzel, 2019). Sakotng&ji proveniencu séklas ievaktas no pluskokiem,
tadgjadi reprezentgjot produktivakos genotipus. Stadijumi ierikoti stadot viengadigus
konteinerstadus, kas izaudzeti tuvejas stadaudzetavas. Sakotngjais stadijumu biezums Latvija
un Vacija bija attiecigi (5000 koki hat) un 2x0,5 m (10000 koki ha™).

Proveniences staditas randomiz&tu bloku (parcelu) veida, bet bloku izmérs un skaits
atskiras starp valstim. Stadijumos Latvija proveniences reprezentetas sesos atkartojumos pa 35
kokiem bet Vacija Cetros atkartojumos pa 100 kokiem. Stadijumi izveidoti apgabalos ar labi
drenétam ologotrofam smilSainam podzolaugsném Latvija un mezotrofam malsmilts
podzolaugsném Vacija; visi stadijumi izveidoti lidzenumos ar augstumu zem 250 m v.j.l.
Sakotngja agrotehniska kopSana veikta péc vajadzibas, bet kopSana atSkiras starp valstim.
Latvija stadijumi kopti vienreiz 21 gada vecuma, izvacot neproduktivakos kokus lidz ~ 1800
koki ha! biezumam. Vacija NL stadfjuma veikta intensivaka kopSana lidziga vecuma (lidz
biezumam1100 koki ha!); WS stadijuma veiktas tris kop3anas (pédéja 2013. un 2014. gados)
samazinot lokalo biezumu lidz 9001200 koki ha™.
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2.2. Proveniencu atlase

Pieauguma plastiskuma un jutibas lokalas genétiskas adaptacijas noveért§jumam atlasitas
septinas proveniences, kas at§kiras ar produktivitati un bija parstavétas visos stadijumos; atlase
veikta balstoties uz konsolidétu ranz&jumu atbilstosi aktualakajai inventarizacijai (2.1B. attgls)
(Raksti 111-1X). Lidz 8im, proveniencei novérota bitiska ictekme uz produktivitati un stumbra
kvalitates raditajiem (Taeger et al., 2013; Jansons and Baumanis, 2005), pétitajam
proveniencém radot 1idzigu ranz&jumu starp stadijumiem. Sada atlase lauj noveértét genotipu
vides jutibas un produktivitates saistibas (Housset et al., 2018; Matias et al., 2017; Valladares
et al., 2014; Leites et al., 2012) ka ar1 atbildes reakcijas plastiskuma c€lonus (Nabais et al.,
2018; de Villemereuil et al., 2016).

Starp atlasitajam provenienc€m divas bija neproduktivas (DIP un EBN), kuru izcelsme ir
Riidu Kkalni, viena lokala (no Latvijas perspektivas, KAL), kas izcelas ar stumbra Tpasibam un
produktivitati virs vidéja, un divas produktivakas (GUS un RYT), kuru izcelsme ir piekrastes
zemienes Vacijas un Polijas ziemelos. Papildus iedzimstamibas raksturoSanai atlasitas vel divas
produktivakas proveniences no ta pasa regiona (NBD un RST) (Raksti VII, 1X). Kopuma
produktivas un neproduktivas proveniences reprezent€ja attiecigi augstdko un zemako
produktivitates un stumbra kvalitates kvartiles neatkarigi no stadijuma.

2.3. Datu ieguve

2.3.1. Paraugosana

Saimnieciskajas audzgs, kas atlasitas gar starptautisko transekti (2.1A. attéls) atlasiti no
15 1idz 30 vizuali veseli dominanti nebojati koki (Raksts ). No katra no atlasitajiem kokiem
kriiSu augstuma no nejausi izvelétam pret€jam stumbra pusém ar Preslera svarpstu ievakti 5
mm urbumi. Koksnes parenhimas (WR) kvantificéSanai un tas saistibam ar Krafta klasi
analizé$anai, (Raksts 1), saimnieciska briestaudz& no septiniem domingjosiem (I un II Krafta
klase) un seSiem nomaktiem (IIT un IV Krafta klase) kokiem analogiski ievakti koksnes paraugi.
Papildus no pieciem domingjoSiem un pieciem nomaktiem kokiem taja paSa audze ievakti
koksnes paraugi augSanas gaitas raksturoSanai.

Proveniencu izm&ginajumu stadijumos paraugos$ana veikta atbilstosi koku parstavétibai
atkartojumos (Raksti 111-1X). Katra atkartojuma no diviem vai trim domingjoSiem vai ko-
domingjosiem vizuali veseliem nebojatiem kokiem ar Preslera svarpstu kriiSu augstuma ievakti
divi paraugi no nejausSam pret€jam stumbra pusém. Visas paraugosanas laika svarpsta asumam
un tiribai pieversta pastiprinata uzmaniba, lai nodroSinatu augstu paraugu kvalitati.

2.3.2. Gadskartu platuma mérisana

Ievaktie koksnes paraugi (iznemot tos, kas paredzéti WR kvantific€Sanai; Raksts 1)
ieltmé@ti unitaras planSetes. FikséSanas laika uzmaniba pieveérsta korektai paraugu orientacijai,
lai nodro$inatu, ka traheidas ir perpendikularas planSetes virsmai. Karsta tvaika striikla
izmantota, lai pirms [im&Sanas mikstinatu un iztaisnotu saverpusos paraugus (Speer, 2010), ka
arm mazinatu paraugu ltSanu fiks€Sanas laika. Paraugu virsmu sagatavoja mériSanai progresivi
slipgjot vai griezot ar urbumu mikrotomu (Gartner and Nievergelt, 2010). Gadskartu platumi
mériti manuali izmantojot LINTAB 6 mérgaldu un TSAP programmatiru (RinnTech,
Heidelberg, Vacija). Mérjjumus veica viena persona. Mérijumi veikta ar 0,01 mm precizitati.
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2.3.3. Kvantitativa koksnes anatomija

Lai novértétu WR (Raksts 11), pieauguma urbumi (koksnes paraugi) dienu mércéti tident
rehidr&jot un tadejadi mikstinot koksni. Urbumi tangenciali (Skérseniski) sagriezti 15 1idz 35
pm biezos griezumos izmantojot GSL1 mikrotomu (Gértner et al., 2014). Katrai no ar&jam 30
lidz 35 gadskartam no EW un LE ievakts viens labas kvalitates griezums. Vecakas gadskartas
nav analiz€tas parenhimas atmir$anas un Iidz ar to neizskiramibas dél. Kokneses skérseniskas
anatomiskas struktiiras raksturoSanai un lokalas adaptacijas iezimju taja novertéjumam (Raksti
VI, VII), mikroskopiskie griezumi (14 lidz 18 pum biezi) sagatavoti ar urbumu mikrotomu
(Gartner and Nievergelt, 2010) atbilstosi Gartner and Schweingruber (2013) protokolam.

Planie griezumi krasoti ar Astra zila un safranina maisijumu (Gartner and Schweingruber,
2013), tadgjadi izcelot kontrastu starp gadskartu dalam, ka arT starp lignific€tajiem (koksne) un
nelignific€tajiem (parenhima, WR) elementiem. Griezumus fikséja Kanadas balzama vai
glicerna. Augstas izskirtsp&jas nesagroziti mikroskopiski griezumu attéli uznemti ar caurejosas
gaismas mikroskopu, kas aprikots ar 18 Mpx spogulkameru pie attelu 40x palielinajuma.
AtseviSkie paraugu attéli apvienoti izmantojot PTGui programmu (New House Internet
Services, Rotterdam). Lai atpazitu un nomé&ritu WR (Raksts 1), ka ar CWT un LA (Raksts V1),
izmantota WIinCELL 2007a programma (Regent Instruments, Kanada). Ar salnam saistito
koksnes anatomisko anomaliju (FR, BR; Piermattei et al., 2015) registréSana veikta vizuali
iemantojot griezumu att€lus (2.2. attels).

2.3.4. Klimatiskie dati

Pieauguma un meteorologisko apstaklu saistibu (Raksti 1-1X), ka ari to saistibu ar
koksnes anatomiju un to anomalijam raksturo$anai, N0 CRU TS4 klimatiskas datu kopas (Harris
et al., 2020) atlasitas tas dalas, kas raksturoja novérojama punktus, kas bija vistuvak pétitajam
audzém un stadfjumiem. MeéneSu vidga temperatira, nokriSnu summa, potenciala
evapotranspiracija iegiitas periodam no 1901. lidz 2017. gadam. Sausuma apstaklu
raksturosanai aprékinats standartiz&tais nokri$nu evapotranspiracijas indekss (SPEI) (Vicente-
Serrano et al., 2010). Pieauguma un meteorologisko apstaklu saistibu analizei klimatiskie dati
sakartoti atbilstosi klimatiskajam gadam no maija/jinija gada pirms pieauguma Iidz
septembrim pieauguma gada, tadgjadi testgjot meteorologijas ietekmes parnesi (Harvey et al.,
2020; Hacket-Pain et al., 2018; Beck et al., 2004).

2.4. Datu analize

Meérijumu kvalitates un datéjuma kontrolei, kas ir kritiska pieauguma jutibas analizei
(Speer, 2010), mérijjuma laika rindas Skérsdatétas izmantojot grafiskas un statistiskas metodes
(Raksti 1-1X). Korekcijas mériju sé€rijas ieviestas péc nepiecieSamibas. Dat&juma un vides
signalu reprezentativitates raksturo$anai laika rindu kopam aprékinati informativitates un
saskanibas indeksi r-bar, arl, SENS, EPS, SNR u.c. (Speer, 2010; Bunn, 2008; Wigley et al.
1984). Sie indeksi apraknati laika rindu ikgadgjas mainibas komponentei.

Ikgadgjas pieauguma mainibas komponentes izcelSanai, TRW laika rindas divkarsi
detrend&tas izmantojot modific€to negativi eksponencialo likni un fleksiblu kubisku spailnu ar
vilpa garumu, kas sastada 2/3 no mérijumu sé€rijas garuma (Raksti I, 11l) vai salidzinamu
garumu (pargjie raksti). Tadejadi veikta strikta detrendéSana izcelot ikgad€jo mainibu. Nemot
vera, ka TRW raksturiga augsta autokorelacija (Cook, 1987), ta nonemta izmantojot
autoregresivu modeli. Lokalo linearo saistibu noveért§jumam (Wilmking et al., 2020),
detrendétas laika rindas apvienotas audzu/provenien¢u hronologijas (Bunn, 2008; Cook, 1987).

Specifiskas standartiz€sanas metodes, kas balstas uz relativajam pieauguma izmainam,
izmatotas, lai identificétu PY (Jetschke et al., 2019), gadus, kad nozimiga laika rindu dala
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parada krasas izmainas (Raksti 111, 1X). Nemot véra, ka pétitie koki auga merena klimata un to
augSana nebija izteikti apgritinata, PY identificéSana izmantoto parametru pielaides bija lielas
(Jetschke et al., 2019; Elferts, 2007). Meteorologisko apstaklu saikne ar PY analiz&ta atbilstosi
van der Maaten-Theunissen et al. (2021) un Schwarz et al. (2020). Tolerances analize veikta,
lai raksturotu koku atbildi uz meteorologiskajam anomalijam (Raksts I11). Rezistences (PY/pre-
PY), atkopsanas (post-PY/PY), reziliences (post-PY/pre-PY), un relativas reziliences ((post-
PR-PY)/pre-PY) indeksi (Lloret et al., 2011) aprekinati balstoties uz TRW.

Bitstrapota Pirsona korelacijas analize starp hronologijam un PY laika rindam un
meteorologiskajiem manigajiem izmantota lokalo linearo saisttbu ar pieauguma
raksturlielumiem apzinasanai (Raksti I-V111). Bitstrapota slidosa korelacijas analize izmantota
lokalo linearo saistibu stacionaritates noveértéjumam (Hofgaard et al., 2019; Zang and Biondi,
2015). Nemot véra, ka pétitie koki auga sugas izplatibas vidus dala, kur apstakli izskatami par
optimaliem, multiplas regresijas pieeja izmantota lai noskaidrotu pieaugumam galvenos
meteorologiskos apstaklus (Raksti I, 1V). Ta ka ekologiskas atbildes reakcijas plasaka gradienta
ir zvanveida, (Lloyd et al., 2013; Way and Oren, 2010), tatad nelinearas, jaukta tipa visparinati
aditivi modeli, kas lauj novértét atbildes reakcijas splainus, izmantoti regresijas veikSanai
(Wood, 2011). Atlikumu hronologiju indeksi audzém (Raksts 1) vai kokiem (Raksts 1V)
analiz&ti ka atkarigais manigais, bet meteorologiskie mainigie ka ietekmgjosie. Ietekmgjoso
mainigo kopums atlasits atbilstoSi arbitraras atlases principiem, dal&ji pamatojoties uz
korelacijas analizi un modela informativitati. Gads un telpiskas atkaribas struktura (koks,
atkartojums, stadijums, audze utt.) icklauti modeli ka randomie efekti, tadgjadi apejot
neatkaribas problému.

Lineari jaukta tipa modeli izmantoti lai novértétu Krafta klases ietekmi uz WR
dimensijam un daudzumu koksn& (Raksts Il), ka ari proveniences ietekmi uz pieauguma
tolerances raditajiem un koksnes anatomiju (CWT un LA). Randomo efektu struktiira, ka
aprakstita iepriekS, izmantota, lai apietu neatkaribas problemu. Fikséto efektu bitiskums
noveértéts ar Wald’s y? testu. Modelu atbilstiba statistiskajiem pienémumiem parbaudita ar
diagnostiskajiem grafikiem.

Audzes un genétisko (t.sk. GXE) efektu kvantificésanai pieauguma meteorologiskajai
jutibai, ka ar1 pieauguma reakcijai PY, dispersijas komponentes atdalitas ar jaukta tipa modeli
atbilstosi Loha et al. (2006) un Falconer and MacKay (1996) par pamatu nemot proveniencu
datus (2.1B. attels). Ka atkarigais mainigais iemantotas lokalas pieauguma un meteorologisko
mainigo korelacijas (aprékinatas detrendétam pieauguma Ikné€m) un individualu koku
pieauguma relativas izmainas PY (Jetschke et al., 2019; attiecigi Raksti VIII, IX). Plasas
nozimes iedzimstamibas indekss (H?) un CVP aprekinati gendtisko faktoru ietekmes
raksturoSanai. Datu analize veikta R v. 4.2.2 vidé izmantojot pakotnes dplR (Bunn, 2008),
pointRes (van der Maaten-Theunissen et al., 2021), treeclim (Zang and Biondi, 2015), Ime4
(Bates et al., 2015) un mgcv (Wood, 2011).
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3. REZULTATI UN DISKUSIJA

3.1. Meérijjumu kvalitate

Lielaka dala no TRW laika rindam bija kvalitativas un tika veiksmigi Skérsdatétas,
nodros$inot ticamu pieauguma un meteorologisko apstaklu saistibu retrospekciju (Raksti I, 111-
IX). Datu kopu informativitati apliecinaja aprékinatie vides signalu reprezentacijas raditaji,
EPS parsniedzot pienemot 0,85 slieksni, un tadejadi noradot uz atbilstibu klimatiskas ietekmes
analizei (Wigley et al., 1984). Lidzigi, SNR vairuma no datu kopam parsniedz 5,0, noradot uz
izteku vides mainibas komponenti TRW, kas salidzinot proveniences, bija stipraks
produktivakajiem genotipiem (Raksti 1V, V). Vedgjas SENS un gini koeficientu vértibas
(Raksti I, 111-1X), kas parada pieauguma ikgad€jas mainibas pakapi (Bunn et al., 2013), bija
méreni, kas ir optimali pieauguma un vides mainibas saistibu analizei (Speer, 2010).
Ieprieksgjas augsanas ietekme uz pieaugumu audzgs gar transekti (Raksts 1) ka ari proveniencu
izméginajumu stadijumos (Raksti 111-V, VIII-IX) bija izteikta, uz ko noradija augsta arl,
liecinot par salidzino$i konservativu augSanas stratégiju (Isaac-Renton et al., 2018; Way and
Oren, 2010). Tomér stadijumos Vacija arl bija nedaudz zemaka un SENS bija augstaka, liecinot
par augstaku klimatisko apstaklu marginalitati no analiz&to genotipu perspektivas (Cuny et al.,
2019; Cavin and Jump, 2017; Taeger et al., 2013).

Koksnes anatomisko mérijumu laika rindas bija Tsakas salidzinot ar TRW (Raksti 11, V1),
un tam bija iztrokumi, kas saistami ar dabisko koksnes skiedras orientacijas mainibu
(Gennaretti et al., 2022; von Arx et al., 2016). Attiecigi laika rindu saskanibas reprezentacijas
raditaji bija zemaki un neprecizi, bet mérijumi paradija ekologisko saistibu analizei pietiekamu
dispersiju. Koksnes anatomijas anomalijas (BR, FR) bija retas, un to sadalijums bija novirzits
nulles virziena, pielaujot tikai vienkarSotu statistisko analizi (Raksts V11). Visi 126 BR novéroti
LW, bet vairums no 97 konstatétajiem FR bija EW vidusdala, attiecigi liecinot par agru un vélu
salnu ietekmi (Piermattei et al., 2015; Kidd et al., 2014; Gu et al., 2008). Gan WR daudzums,
gan to dimensijas (Raksts 1), bija lidzigs starp analizétajiem kokiem noradot uz konservativu
augSanas strat€giju asimilatu uzglabasanas kapacitates zina (von Arx et al., 2017; Richardson
etal., 2013; Olano et al., 2013). Koksnes elementu daudzums un Tpasibas ir strikti limit&tas, lai
nodros$inatu koksnes fiziologisko integritati un funkcionalitati (Cuny et al., 2019; Mencuccini
et al., 1997). Tomér jaatzime, ka WR dimensiju variacija bija atSkiriga starp dazadu Krafta
klasu kokiem, noradot uz atskirigu vides limitaciju un jutibu pret vides mainibu (Lebourgeois
et al., 2014; Olano et al., 2013).

3.2. Regionalas un lokalas vietéjo populaciju pieauguma reakcijas

Meteorologiskajiem apstakliem novérota kompleksa ietekme uz Baltijas jiiras regiona
austrumu dalas parastas priedes lokalo populaciju pieaugumu (Raksts I). Lokalas pieauguma
un meteorologisko apstaklu korelacijas, kas reprezent€ linearas saistibas ar ikgad&jo pieauguma
komponenti (Babst et al., 2018; Tei et al., 2017; Lloyd et al., 2013) paradija gradualas izmainas
gar transekti noradot uz telpisko nestacionaritati (Wilmking et al., 2020; Hofgaard et al., 2019).
Somijas pieaugums korelgja ar temperatiiras apstakliem pieauguma veidosanas laika un pirms
ta, bet saistibam bija lokals raksturs un kopigo iezimju izpausme zema. Neskatoties uz to
korelacijas noradija, ka augSanu limit€ja zemas temperatiiras (Montwe et al., 2018; Henttonen
et al., 2014). Audzgs, kas atradas uz dienvidiem no Somijas, novérota ar sausumu saistamo
meteorologisko apstaklu ietekmes pastiprinasanas, vienlaikus neziidot ziemas temperatiiras
ietekmei. Latvija, kura audzes bija telpiski izkliedétakas (2.1A. att€ls), lokalas korelacijas bija
daudzveidigakas, bet korelacijas ar ziemas temperatiru bija kopigas vairumam audzu.
Negativas korelacijas ar temperatiiru iepriek$€ja gada vasaras izskana bija bieZzas Latvija, ka art
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Vacijas ziemelos. Transektes dienvidu dala parastas priedes pieaugums visbiezak korelgja ar
meteorologiskajiem apstakliem, kas rakstur0o vasaras sausuma intensitati, kas saskan ar globalu
sausuma ietekmes uz meziem pastiprinasanos (Allen et al., 2015; Choat et al., 2012).

Slidosas korelacijas paradija, ka lokalas pieauguma un meteorologisko apstaklu
korelacijas bija nestacionaras (Hofgaard et al., 2019). Galvenokart nestacionaritate saistita ar
sausuma ietekmes pastiprinasanos, kas var bt saistitas ar koku novecosanos un jutibas
pieaugumu (Prendin et al., 2018; Konter et al., 2016; Anfodillo et al., 2013), klimata parmainam
regionalajam klimatiskajam gradientam parvietojoties un pagarinoties (Harvey et al., 2020;
Hofgaard et al., 2019; Montwe et al., 2018; Restaino et al., 2016). Attiecigi, lokalas korelacijas
ir acimredzami strauji novecojoSas, noradot uz to neatbilstibu meteorologisko apstaklu
retrospekcijai un augSanas prognozém (Wu et al., 2022; Wilmking et al., 2020).

Visparinot meteorologisko apstaklu ietekmes uz pieaugumu regionalaja klimatiskaja
gradienta (2.1A. attéls), novértéta devinu meteorologisko mainigo kompleksa ietekme uz
pieauguma ikgad&jo mainibu (3.1. attéls). Sie meteorologiskie apstakli saistiti ar augSanas
periodu, ka ari periodu pirms ta, noradot uz laika kompleksam ietekmém un to parnesi (Harvey
et al., 2020; Hacket-Pain et al., 2018; Friedrichs et al., 2009). Regionala Iiment novertetajiem
butiskajiem meteorologiskajiem mainigajiem novérotas galvenokart nelinearas ietekmes uz
pieaugumu, noradot uz sezonali nevienlidzigu meteorologisko gradienta garumu (no vietgjo
genotipu perspektivas). Vienlaikus nelinearas ietekmes noradija uz noveértéto saistibu
mérogojamibu un stacionaritati (Wilmking et al., 2020, Cavin and Jump, 2017; Lloyd et al.,
2013). Novertéto ietekmju mainiba laika un telpa (randomo gada un audzes efektu dispersijas),
noradija uz pétito lokalo populaciju fenotipisko plastiskumu un adaptacijas potencialu vidgja
termina (attieciba pret koka dzivildzi; Leites and Benito-Garzon, 2023; Alakérppé et al., 2018;
Moran et al., 2017; Eckert et al., 2015).

Analizetaja klimatiskaja gradienta stipraka ietekme uz lokalo populaciju pieaugumu
novértéta iepriek$€ja augusta temperatiirai, bet saistibas bija linearas un negativas (3.1. attéls),
noradot ka ir bijusi reprezentéta ierobezota mainiba. Sadas saistibas skaidrojamas ar resursu
pardali starp reprodukciju un augSanu, proti, augSanas sezonas izskana ir laiks, kad veidojas
pieauguma aizmetni, un temperatiira nosaka generativo un vegetativo aizmetnu sadalijumu
(Hacket-Pain et al., 2018). Marta temperatiira novértéta ar otro stiprako ietekmi (pozitivu) uz
pieaugumu, bet saistibas bija nelinearas, lai gan tikai ar nelielu parlieckumu virs 0 °C, noradot
uz pozitivu pasiltinasanas ietekmi (Montwe et al., 2018; Henttonen et al., 2014; Reyer et al.,
2014; Lindner et al., 2014). Lidziga aina v€rojama pieauguma saistibam ar temperatiiru
februari. Pozitivas saistibas ar temperatiiru ziema skaidrojamas ar sala bojajumiem (Henttonen
etal., 2014; Beck et al., 2004) ka arT augsnes temperatiiras ietekmi uz saknu attistibu (Hardy et
al., 2001), par ko liecina pozitivas korelacijas ar ziemas nokriSniem, kas ietekmé& augsnes
sasalsanu (Tierney et al., 2001). Siltaka klimata apstaklos Polija un Vacija ziemas nokri$nu
ietekme, savukart ir saistama ar gruntsiidens ITmena apjaunosanos un mitruma apstakliem
augSanas sezonas laika (Goldsmith et al., 2022; Hardy et al., 2001). Decembra temperatiiras
ietekme, savukart bija mainiga, kas skaidrojams ar salcietibas attistibas (Beck et al., 2004) un
baribas vielu rezerves elposanas zuduma (Ogren, 1997) lidzsvaru.
stipraka, bija zvanveida un uzradija lokalu maksimumu, ka saistams ar lidzsvaru starp
pazeminatu asimilaciju vésas vasaras (Yang et al., 2015; Carrer et al., 2010) un mitruma deficitu
sausos un karstos apstaklos (Allen et al., 2015). Tomér ar nokriSniem saistitie mainigie paradija
salidzino$i vajaku ietekmi uz pieaugumu liecinot par pétito populaciju rezilienci. Neskatoties
mainigajiem liecinot par mérenu uznémibu pret sausumu, ka arl nesp&ju izmantot augSanas
prieksrocibas mitras vasaras samazinata gaismas daudzuma (Young et al., 2010; Strand et al.,
2006) vai fiziologiska sausuma (Tyree and Zimmermann, 2002) dg€l. Junija temperatiiras
ietekme, kam novérots lokals optimums, skaidrojama ar lidzsvaru starp saules radiacijas un
siltuma daudzumu un mitruma apstakliem (Jyske et al., 2014; Strand et al., 2006).

52



Paaugstinatam vasaras mitrumam novertéta pozitivas ietekmes parnese, par ko liecinaja atbildes
reakcija pret iepriek$€ja julija nokriSniem, kas skaidrojama ar vegetativo un generativo
aizmetnu ipatsvara izmainam (Hacket-Pain et al., 2018). Autora piezime: dargo recenzent, ja
izlasTjat tik talu, tas ir briniskigi; griezieties pie autora p&c sirsniga cienasta vai apskaviena.
Attiecigi noveértétas atbildes reakciju liknes paradija pieauguma reakcijas uz
meteorologiskajiem apstakliem atkaribu no klimata (Hofgaard et al., 2019; Cavin and Jump,
2017; Lloyd et al., 2013; Ohse et al., 2012), noradot uz neproporcionalam vides parmainu
sekam (Wilmking et al., 2020; Matias et al., 2017).

Regionalas pieauguma atbildes reakcijas (Raksts 1) vértétas dominantajiem kokiem, kas
var pilniba nereprezentét zemaku Krafta klasu kokus un lidz ar to visas audzes pieaugumu,
atSkirigas asimilacijas un evapotranspiracijas/mikroklimatisko apstaklu dél (Lebourgeois et al.,
2014). Saja konteksta WR, kas ir rezerves baribas vielu uzglabasanas kapacitates raksturlielums
(von Arx et al., 2017; Richardson et al., 2013), paradija, ka dominantie un nomaktie koki ir
sp&jigi but lidzvertigi produktivi (primara produktivitate) noradot uz to adapt€Sanas sp&jam
neatkarigi no Krafta klases (Raksts Il). Tomér analizétie koki bija sp&jigi dinamiski pielagot
baribas vielu rezervju kapacitati (Olano et al., 2013), par ko liecinaja WR daudzuma un
dimensiju ikgad€ja mainiba. Izteikti individualas WR dimensiju iezimes noradija uz pieauguma
un asimilacijas plastiskumu pret mikroklimatiskajiem apstakliem liecinot par labu vietgjo
genotipu adaptéSanas sp&jai (Housset et al., 2018; von Arx et al., 2017; Eckert et al., 2015).

Lielaka WR mainibas dala ir saistama ar iek§gada mainibu, jo izteiktakas atSkiribas
noverots starp EW un LW nevis secigam gadskartam. Kopuma WR bija augstaki un Sauraki
LW, bet kop&jais WR daudzums bija augstaks EW. Sada mainiba atbilst koksnes $tinu ipasibam
(Martinez-Vilalta et al., 2004; Mencuccini et al., 1997), kas ir aug$anas dinamikas rezultats
(Cuny et al., 2019). Relativais WR augstums un skérsgriezuma laukums, ko nosaka parenhimas
Stnu skaits (von Arx et al., 2017; Olano et al., 2013), bija augstaks vidéjo Krafta klasu kokiem
EW salidzinot ar dominantajiem kokiem, lai arT atikiribas bija marginalas. Sadas atskiribas
norada uz dazadu augSanas strat€giju iesp&jamibu, ta ka palielinatas baribas vielu rezerves ir
konservativas stratégijas iezimes (Isaac-Renton et al., 2018; Way and Oren, 2010; Martin et al.,
2010). Sis aridzan norada uz iek3sugas augianas stratégiju segregaciju, kas ir uzskatama par
adaptaciju, kas uzlabo audzes rezilienci (Alakéarppa et al., 2018; Eckert et al., 2015; Valladares
etal., 2014). Analizétas WR dimensijas un daudzums bija neatkarigs no TRW, noradot uz koku
sp&ju uzturét vitalitati neatkarigi no Krafta klases (Fonti et al., 2015), kas saistams ar audzes
funkcionalo daudzveidibu, kas ir nozimiga noturibai pret pieaugoSajiem trauc&umiem
(Lebourgeois et al., 2014).

Iegiitas WR laika rindas paradija korelacijas ar meteorologiskajiem apstakliem pirms
gadskartas veidoSanas noradot uz ietekmes parnesi, it ipasi attieciba uz ieprieks§¢jas vasaras un
rudens apstakliem, vienlaikus liecinot par kumulativu vides mainibas ietekmi (Hacket-Pain et
al., 2018; Friedrichs et al., 2009). Aprékinatas korelacijas paradija saistibas ar saules radiacijas
daudzumu un Iidz ar to ar asimilacijas intensitati (Fonti et al., 2015; Strand et al., 2006), ka art
ar pieejamo tidens daudzumu pavasari, kas ietekmé koksnes $tinu izplesanos (Jyske et al., 2014;
Olano et al., 2013). JapiezZim¢, ka WR saistibas ar meteorologiskajiem apstakliem ir vajakas
neka TRW, kas skaidrojams ar optimaliem augSanas apstakliem saimnieciska audzg izplatibas
areala vidusdala (Chmura et al., 2021; Valladares et al., 2014). Attiecigi WR parada izlidzinatu
reakciju pret meteorologisko mainibu, vienlaikus dodot pienesumu arl izpausmei TRW (von
Arx et al., 2017; Richardson et al., 2013).
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3.3. Populaciju lokalas adaptacijas

3.3.1. Lokalas pieauguma un meteorologisko apstaklu saistibas

Novertétas pieauguma un meteorologisko apstaklu saistibas analizétajam proveniencém
paradija regiona parastas priedes lokalas adaptacijas iezimes attieciba uz augSanas jutibu
(Raksti 111-V). Novérotas jutibas saistibas ar produktivitati, ka arT picauguma plastiskuma
pienesums tai. Lidzigi ka novérots populacijam in situ (Raksts 1), radialais pieaugums bija
paklauts kompleksai meteorologisko apstaklu (ziemas temperatiiras un vasaras sausuma), kas
ir galvenas klimata parmainu izpausmes (Meier et al., 2022; Allen et al., 2015), kontrolei.

Katra izméginajumu stadijuma, pétitas proveniences paradija specifisku ikgadéjo TRW
mainibu, kas nemot vera augsto pieauguma sinhronitati, izpaudas ka atskiribas reakcijas
stipruma (Raksti 111, V). Reakcijas stipruma atskiribas starp proveniencém atskiras pa gadiem
noradot uz pieauguma jutibas atSkiribam un specifikam saikném ar meteorologiskajiem
apstakliem. Lokalo pieauguma un meteorologisko apstaklu korelacijas bija mereni stipras, tacu
konstatetas atSkiribas starp stadijumiem noradija uz lokalam iezimé&m. Tomér korelacijas ar
julija nokriSniem un ieprieks$gja junija temperatiru (pozitivas), ka arT ar julija temperatiiru un
ieprieksgja julija, augusta un decembra SPEI (negativas) bija kopigas stadijumos Latvija un
Vacija atklajot regionalas jutibas iezimes (Harvey et al., 2020; Henttonen et al., 2014).
Pieauguma un meteorologisko mainigo korelacijas uzradija atSkiribas starp proveniencém,
liecinot par lokalam genétiskam jutibas adaptacijam (Tyrmi et al., 2020; Eckert et al., 2015,
O’Neill et al., 2014).

Atskiribas starp proveniencém Latvija galvenokart bija saistitas ar jutibu pret ziemas
temperatiiru, atraudzigakas proveniences (ar izcelsmi no maigaka klimata) bija visjutigakas.
Lénaudzigakajam proveniencém konstatétas zemakas korelacijas starp pieaugumu un vasaras
nokri$nu daudzumu. Pretstata stadijumos Vacija 1énaudzigakas proveniences paradija stipraku
korelaciju ar vasaras sausumu raksturojoSajiem mainigajiem, bet atraudzigas proveniences bija
tolerantakas pret ziemas temperattiru. Attiecigi bija vérojama telpiska inversija. Proveniences
paradija arT atseviskas specifiskas korelacijas, noradot uz lokalam ar produktivitati nesaistitam
adaptacijam (Tyrmi et al., 2020; Alakérppa et al., 2018; Eckert et al., 2015) ka arT tas var biit
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 (3.2. attels; Raksts 1V). Sada reakcija apliecina neproporcionalu
klimata parmainu ietekmi uz pétita regiona priedes populaciju pieaugumu (Wilmking et al.,
2020; Matias et al., 2017; Tei et al., 2017; Lindner et al., 2014). Proveniencu pieaugums bija
saistits ar septiniem Iidz deviniem meteorologiskajiem mainigajiem noradot uz tieSam un
parnestam apstaklu ietekmem. Noverotas saistibas uzskatamas par stacionaram, par ko liecinaja
zema ar pieauguma gadu saistita dispersija, lai gan references periods bija salidzinosi Tss.
Atbildes reakcijas stiprums un forma atskiras starp proveniencém noradot uz atskirigu jutibu
un pieaugama plastiskumu (Alakarppéa et al., 2018; Tyrmi et al., 2020; Eckert et al., 2015;
Taeger et al., 2013). Rekciju atskiribas galvenokart saistamas ar meteorologiskajiem apstaklu
ekstrému vértibam, liecinot par nevienlidzigu sp&ju adaptéties sagaidamajam klimatiskajam
izmainam. Lai gan atskiribas nebija drastiskas, arT nelielam ietekmém ilgtermina var bt
nozimigas sekas (Vazquez-Gonzalez et al., 2020; Matias et al., 2017; Lebourgeois et al., 2014;
Glasner and Weiss, 1993).

Pétito provenienu pieaugums bija primari jutigs pret vasaras mitruma apstakliem,
apliecinot sausuma ietekmes pieaugumu (Allen et al., 2015, Choat et al., 2012). Maija un julija
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temperatiiras un SPEI ietekmes (3.2. att€ls) noradija uz tieSu meteorologisko apstaklu ietekmi
uz pieauguma veidosanos (Jyske et al., 2014), vienlaikus liecinot, ka tidens trakumam bija
izteikta limit&josa ictekme (Harvey et al., 2020; Isaac-Renton et al., 2018; Montwe et al., 2018).
Reakcija uz SPEI maija bija krasa, atspogulojot agrina tidens deficita nozimi (Jyske et al., 2014;
Choat et al.,, 2012). Jaatzim¢, ka atraudzigakas proveniences bija jutigakas pret mitruma
apstakliem atainojot saikni starp produktivitati un pieaugama plastiskumu (Cuny et al., 2019).
Marta temperatiiras ietekme, kas skaidrojama ar saknu attistibu (Zadworny et al., 2016; Hardy
et al., 2001; Tierney et al., 2001), ar1 bija stipraka atraudzigakajam proveniencém.

Junija noris strauja pieauguma veidoSanas (Jyske et al., 2014; Rossi et al., 2006), ko
ierobezo nokris$ni un pieejama saules radiacija (Young et al., 2010; Strand et al., 2006). Tas
izskaidro noveéroto reakciju uz paaugstinatu SPEI, kas bija izteikta atraudzigakajam
proveniencém. NO otras puses, 1énaudzigako proveniencu zemaka jutiba uz jinija apstakliem
saistama ar konservativaku augSanas stratégiju, kad koki asimilatus iegulda aizsardzibas
mehanismos (Vazquez-Gonzalez et al., 2020; Prendin et al., 2018). Reakcija uz vasaras
temperatiiru bija zvanveida, kas liecina par lidzsvaru starp asimilacijas intensitati un mitruma
pieejamibu (Cuny et al., 2019; Allen et al., 2015; Yang et al., 2015), pret ko mazproduktivas
proveniences (ar izcelsmi no kalnu regiona) bija jutigakas.

Kopuma pozitiva pieauguma atbildes reakcija uz ieprieksgja gada jiinija temperattru ir
skaidrojama ar papildu baribas vielu asimilaciju un rezervju veidosanos, kas sekmé EW
veidosanos nakamaja gada (von Arx et al., 2017; Sala et al., 2012). Sada atbildes reakcija bija
izteiktaka 1énaudzigajam proveniencém, noradot uz konservativaku augSanas strat€giju un
lielaku atkaribu no rezerves baribas vielam (von Arx et al., 2017, Martin et al., 2010). Apstakli
ieprieks$gjas vegetacijas sezonas izskana ietekméja augSanas reprodukcijas lidzsvaru (Hacket-
Pain et al., 2018), un $ada saikne konservativisma del bija izteiktaka l€naudzigakajam
proveniencém (Reid et al., 2004). Attiecigi augstaka pieauguma jutiba pret galvenajiem
meteorologiskajiem mainigajiem norada uz atraudzigako proveniencu sp&ju plastiski pielagot
augSanu tekoSajiem apstakliem vienlaikus saglabajot atkopSanas kapacitati. Tadgjadi
pieauguma plastiskums ir batisks paatrinosos klimata parmainu konteksta (Arnold et al., 2019;
Valladares et al., 2014; Corcuera et al., 2011).

Laikapstaklu klimatisko ekstrému biezuma pieaugums klimatiskajiem gradientiem
mainoties (Jetschke et al., 2019; Sass-Klaassen et al., 2016), uzsver augSanas rezilienci ka
priekSnosacijumu genotipu ilgtsp&jai (van der Maaten-Theunissen et al., 2021; Schwarz et al.,
2020). Identificétie PY, kas reprezent€ krasas pieauguma izmainas saistiba ar meteorologiskam
anomalijam (Schwarz et al., 2020; Jetschke et al., 2019), kopuma bija maz izteikti (Raksts V),
pétitajiem kokiem augot labveligos apstaklos. Identificétie PY korelgja ar miera perioda
temperatiras, ieprieks€ja vegetacijas perioda beigu un vasaras nokrisnu daudzuma anomalijam,
noradot uz kompleksam ietekmé&m. Tomér novérotas korelacijas bija specifiskas stadijumiem,
lidzigi, ka novérots ikgad€jajai mainibai (Raksti 111, 1V). Stiprakie PY, savukart, ir saistami ar
vairaku temperattiras un nokrisnu anomaliju lidziestasanos (Raksts V), liecinot par neuznémibu
pret individualam anomalijam (de la Mata et al., 2022; Jetschke et al., 2019; Valladares et al.,
2014).

Apréekinatie reziliences indeksi pieaugumam PY Latvija (3.3. attéls) bija salidzinami ar
aprékinatajiem pieaugumiem citam proveniencém Vacija (Taeger et al., 2013), noradot uz
saildzinamu pieauguma toleranci pret vides mainibu (Lloret et al., 2011). Aprékinato indeksu
vertibas bija mérenas (cf. Schwarz et al., 2020), liecinot par pieauguma samazinajumu péc
traucgjuma. Sads novérojums varétu biit ar saistitas ar vecuma trendu TRW, jo analiz&tie koki
bija jauni (Konter et al., 2016). Proveniencei bija butiska ietekme uz pieauguma rezistenci un
rezilienci negativajos PY, kas saskangja ar produktivitati, apliecinot pieauguma plastiskumu ka
nozimigu genotipu produktivitatei un ilgtsp&jas nodrosinasanai. Samazinata rezilience norada,
ka nelabvéligi apstakli sp&j samazinat pieaugumu uz vairakiem gadiem tiesi 1€naudzigajam
proveniencém, mazinot to konkurétsp&ju (Lloret et al., 2011; Reid et al., 2004). Tomér butiska
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proveniences un gada mijiedarbiba noradija uz proveniencu specifisku uznémibu pret vides
meteorologiskajam anomalijam.

3.3.3. Koksnes anatomija

Stumbra koksnes, kas ir Gidens transporta art€rija, anatomija nosaka koka hidraulisko
arhitektairu un funkcionésanu dzives laika (Cuny et al., 2019; Tyree and Zimmermann, 2002),
raksturojot uznémibu pret mitruma apstaklu izmainam (Gennaretti et al., 2022; Moran et al.,
2017; Corcuera et al., 2011). Anatomiskas struktiiras pielagoSanas plastiskums ir saistams ar
genotipu adaptacijas sp&jam (Gennaretti et al., 2022; Martin et al., 2010; Fonti et al., 2010).
Nemot vera, ka hidrauliska arhitektiira ir nozimiga izdzivoSanai ilgtermina, petito proveniencu
koksnes anatomija paradija lokalas genctiskas adaptacijas iezimes, par ko liecinaja butiska
proveniences ietekme uz CWT un LA gan LW, un it ipasi EW (Raksts V1). 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 reZimu (Hong et al., 2015; Martin et al., 2010; Lenz et
al., 2010).

Atraudzigakajam proveniencém traheidam bija lielaks LA un konduktivitate, bet CWT
bija zemaks (3.4. att€ls). Lai arT $ada koksnes struktiira pagér uznémibu pret kavitaciju un
funkciju zudumu (Popkova et al., 2018; Pittermann and Sperry, 2003; Sperry and Tyree, 1990),
ta lauj nodrosSinat konduktivitati ar minimalu oglhidratu izmantoSanu (Eilmann et al., 2009;
Martin et al., 2010). Attiecigi atraudzigakas proveniences spéja efektivak izmantot asimilatus
par ko liecinaja negativa korelacija starp CWT un LA. Savlaiciga ksilogenézes pielagoSana lauj
kompensét nelabvéligu apstaklu bojajumus (Cuny et al., 2019), uzlabojot produktivitati, kas
bija izteikti verojams produktivajai RYT. Lénaudzigakas proveniences veidoja koksni ar
mazaku LA un biezaku CWT, kas nodroSina augstaku mehanisko izturibu un hidraulisko
integritati, vienlaikus mazinot konduktivitati. Nemot véra mazaku TRW, §ada koksnes struktiira
nelava izmantot vides potencialu augs$anai pie optimaliem apstakliem (Anfodillo et al., 2013;
Eilmann et al., 2009; Tyree and Zimmermann, 2002), kav&jot augSanu, veidojot negativu
atbildes cilpu un tadgjadi mazinot konkurétsp&ju (Prendin et al., 2018; Lebourgeois et al., 2014).
Laika rindu analize paradija proveniencém specifiskas korelacias starp koksnes anatomijas
raksturlielumiem un meteorologiskajiem mainigajiem, kas liecina par tieSu un parneses ietekmi
(Cuny et al., 2019; Anderegg et al., 2015; Mayr et al., 2003). Meteorologisko apstaklu ietekmes
parnese norada, ka koksnes anatomija un lidz ar to uznémiba pret mitruma apstakliem vismaz
dalgji ir atkariga no ieprieks€jiem apstakliem, ka arT genétiskajiem faktoriem (Housset et al.,
2018; Eilmann et al., 2009; Martin et al., 2010). Sada ietekmes parnese, savukart, ietekmée
koksnes anatomijas plastiskumu un funkcionalitati (Prendin et al., 2018; Anfodillo et al., 2013;
Corcuera et al., 2011).

Meteorologiskajiem mainigajiem novérota izteiktaka saikne ar LA neka ar CWT
(galvenokart LW), it Tpasi skarbaka klimata apstaklos. Ieprieksgjas vasaras, miera perioda un
vasaras sakuma temperatiirai, savukart, bija saistibas ar EW anatomiju, noradot uz tieSu ietekmi
un tas parnesi (Harvey et al., 2020; de Micco et al., 2019). Alternativi, $adas saistibas var bt
gruntsidens limena mainibas artefakts (Tierney et al., 2001; Hardy et al., 2001). Tiesa
meteorologisko apstaklu ietekme vérojama uz LW anatomiju, kas bija jutiga pret vasaras
temperatiiru un nokrisniem, liecinot par plastisku ksilogenézes pielagosanu augs$anas sezonas
gaita (Ferriz et al., 2023; Cuny et al., 2019).

Atraudzigakajam proveniencém piekrastes klimata LA un CWT, kas veidojas EW
korel€ja ar nokri$nu daudzumu marta, temperattiru februari, bet 1€énaudzigajam proveniencém
sadas korelacijas novérotas skarbaka (kontinentalaka) klimata. Sadas saistibas ir skaidrojamas
ar augsnes temperatiiras ietekmi uz saknu attistibu, kas nosaka uzp@mibu pret mitruma
apstakliem, (Hardy et al., 2001) ka arT ziemas embolizé$anos (Pittermann and Sperry, 2003).
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lénaudzigajam proveniencém ari kontinentala klimata. Jinija temperattrai bija butiska ietekme
uz LA un CWT, kas atradas LW, kas skaidrojama ar tieSu temperatiiras ietekmi uz koksnes
Stinu izpleSanos (Jyske et al., 2014; Rossi et al., 2006). Nokrisniem un SPEI augusta novérota
korelacija ar LA un CWT bija attiecigi atraudzigajam un l€naudzigajam proveniencém
pickrastes un ieckSzemes klimata. Novérotas saistibas liecina, ka koksnes anatomijas
fenotipiskais plastiskums un genotipu sp&ja ar minimalu asimilatu izmantoSanu nodroSinat
maksimalu koksnes konduktivitati, ir Tpasi nozimigi pielagojumi pieaugosas vides mainibas
apstaklos (Cuny et al., 2019; Eilmann et al., 2009; Martin et al., 2010), kam ir potencials uzlobot
meza reproduktiva materiala ilgtspg&ju.

3.3.4. Koksnes anatomijas anomalijas un salnas

Vegetacijas perioda pagarinasanas paaugstina vélu un agru salnu ietekmi (Meier et al.,
2022; Augspurger, 2009; Gu et al., 2008). Mérena klimata apstaklos salnas ir uzskatamas par
nozimigu klimatisko risku genotipu parnesei, jo Uz ziemeliem parnestajiem genotipiem, kas ir
produktivaki, ir ilgaka vegetacijas sezona (Hayatgheibi et al., 2020; Berlin et al., 2016; O’Neill
et al., 2014; Schreiber et al., 2013). Salnu bojajumu iezimes bija novérotas pétito proveniencu
koksné (Raksts VII). References perioda sala bojajumu ikgadgja iesp&jamiba stadijumos
Latvija bija zema (0,025, cf. Piermattei et al., 2015; Kidd et al., 2014; Payette et al., 2010), lai
arl ta bija izteikti augstaka kontinentalaka klimata (3.5. attéls). Piekrastes LI stadijuma
noverotas vien retas ar salnam saistitas koksnes anomalijas, bet kontinentalakaja KA stadijuma,
to ikgadgja iesp&jamiba parsniedza 0,07 (kas bija pat divas reizes augstaka, ipasi iekams koki
bija jaunaki par 25 gadiem). Ar salnam saistito koksnes anomaliju iesp&jamiba samazinajas
kokiem novecojot, Iidz ar vainagu saslégsanos un kreves veidoSanos, kas aizsarga kambiju
(Kidd et al., 2014; Payette et al., 2010). Visas BR novérotas vélaja LW, bet vairums no FR bija
vidgja EW, izcelot agru un v€lu salnu ietekmes (Piermattei et al., 2015; Kidd et al., 2014).
Japiezimg, ka BR bija biezak par FR, noradot uz augstaku uzné€mibu pret agram salnam, kas
saistams ar vélaku salcietibas attistibu pasiltinasanas ietekmé& (Hayatgheibi et al., 2020; Berlin
et al., 2016; Schreiber et al., 2013; Beck et al., 2004).

Provenience, ka arT proveniences un stadijuma mijiedarbiba ietekmgja BR un FR (3.5.
attéls), noradot uz genotipu salnu uznémibas genétisko adaptaciju un fenotipisko plastiskumu
(Szeligowski et al., 2023; Ahrens et al., 2020; Schreiber et al., 2013; Augspurger, 2009).
Koksnes anomaliju iespgjamiba bija saistita ar produktivitati, bet ne izcelsmes vietas
klimatiskajiem apstakliem, apliecinot jutibas produktivitates saistibas (Housset et al., 2018;
Matias et al., 2017; Valladares et al., 2014). Lénaudzigakas proveniences (DIP un EBN), kuru
izcelsme ir no kalnu apgabaliem, bija uznémigakas pret salnam, bet atraudzigakajas
proveniences, kuru izcelsme ir no piejiiras klimata, novérotas vien dazas anomalijas. Saistibas
star koksnes anomalijam un temperatiras minimumiem bija neizteiktas, visticamak
mikroklimatisko apstaklu d&] (Charrier et al., 2015). Tomér $adas saistibas bija izteiktakas
lenaudzigakajam proveniencém (DIP) siltaka klimata (ZV stadijums) apstaklos. Sis saistibas
butiskas bija vietgjajai KAL proveniencei tas izcelsmes apvidi, ko reprezentgja KA stadijums,
kur savukart parnestas proveniences bija mazak ietekmé&tas. Lokala provenience, kas tiek
uzskatita par adapt€juSos viet€jiem apstakliem, paradija vidéju koksnes anomaliju biezumu.
Sadas saistibas skaidrojamas ar vegetacijas sezonas paildzinasanos (Berlin et al., 2016,
Schreiber et al., 2013), vienlaikus noradot uz izteikto ziemelu koku populaciju uznémibu pret
klimata parmainam (Isaac-Renton et al., 2018; Montwe et al., 2018), ka ari uz nepiecieSamibu
péc genotipu parneses (Hayatgheibi et al., 2020; Aitken and Bemmels, 2016).
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3.3.5. Augsanas jutibas iedzimstamiba

Plasas  nozimes  iedzimstamibas  novertgjums, kas  balstits  ierobezota
genotipu/proveniencu izlasg, var bit neprecizs (Leites et al., 2012; Loha et al., 2006; Falconer
and MacKay, 1996), tomér tas uzskatams par pazimju genétiskas kontroles izzinas
sakumposmu (He et al., 2023). Pazimju dispersijas atdaliSana, kas ir kvantitativas genétikas
statistiskais pamats, lauj kvantificét genétiskas, t.s., GXE ietekmes, laujot novértét fenotipisko
plastiskumu un adaptacijas sp&jas (Ansarifar et al., 2020; Arnold et al., 2019; Li et al., 2017).
Pieaugama jutiba ir atkariga no g€nu ekspresijas un genotipa, Iidz ar to pieauguma un
meteorologisko apstaklu saistibas ir kumulativs genotipa un vides saderibas raksturlielums
(Ahrens et al., 2020; Burdon and Klapste, 2019; Hayatgheibi et al., 2019). Nemot véra radialaja
pieauguma noverotas lokalas adaptacijas iezimes (Raksti 1-V11), pieaugum un meteorologisko
apstaklu korelacijam, kas reprezenté “normalo” pieauguma mainibu, parékinati iedzimstamibas
raditaji (Raksts VIII). Korelacijam ar mérenu H? CVP parsniedza 0,40 (3.1. tabula) noradot uz
véra nemamu pieauguma jutiguma uzlabosanas potencialu (Grattapaglia et al., 2018; Jansson
etal., 2017; Loha et al., 2006), 1idzigi ka novérots morfometriskajam pazimém regiona (Jansson
etal., 2017; Baliuckas et al., 2004; Jansons and Baumanis, 2005). Jutibas iedzimstamiba norada
uz potencialu mazinat pieauguma atkaribu no klimata uzlabojot parastas priedes audzu ilgtsp&ju
(Grattapaglia et al., 2018; Housset et al., 2018; Heer et al., 2018; Jansson et al., 2017).

Augstakie iedzimstamibas raditaji kopuma novértéti galvenokart pieauguma saistibam ar
meteorologiskajiem mainigiem, kas raksturo vasaras mitruma apstaklus liecinot par selekcijas
potencialu mazinat galvenos klimatiskos riskus (Harvey et al., 2020; Montwe et al., 2018; Allen
et al., 2015). Novérota genétiska ietekme apliecina mitruma rezima eksistencialo nozimi
izplatibas vidusdala augosajam populacijam (Ferriz et al., 2023; Carvalho et al., 2017; Isaac-
Renton et al., 2018; Way and Oren, 2010). Pieauguma jutibai pret ziemas temperatiiru, kam bija
sekundara ietekme uz pieaugumu (Raksts I11), konstatéta par vidéjo raditaju augstaka
iedzimstamiba (3.1. tabula; Raksts VI11), noradot uz iesp&ju uzlabot genotipu parziemosSanas
efektivitati (Ahrens et al., 2020; Hé&nninen et al., 2013; Beck et al., 2004). Mg&rena
iedzimstamiba novértéta jutibai pret iepriek$jas vasaras beigu apstakliem, kas nosaka
genétisku kontroli (Hacket-Pain et al., 2018). Jutibas pret iepriek$€ja junija nokrisniem, kas var
tikt saistiti ar baribas vielu rezervi (von Arx et al., 2017; Sala et al., 2012), norada uz augSanas
strategijas iedzimstamibu. Attieciba uz ieprieksgja rudens nokrisniem, iedzimstamibu ir griiti
pamatot, jo koki visticamak ir miera perioda (Hanninen et al., 2013; Beck et al., 2004);
iesp&jams tas ir kolinearu saistibu artefakts. Jaatzist, ka ierobeZotas genotipu kopas del,
genétiskas korelacijas starp pieauguma jutibas pazimém netika aprékinatas, tadéjadi ierobezojot
genétisko mijiedarbibu apzinasanu (Hong et al., 2015).

Meteorologisko anomaliju, it ipasi to, kas ir saistitas ar vasaras mitruma apstakliem, salu
un salnam, pastiprinasanas un ar to sasaistitic mezsaimniecibas riski (Isaac-Renton et al., 2018;
Montwe et al., 2018; Allen et al., 2015), var biit mazinati mérktiecigas selekcijas cela (Raksts
VI11). Tomér, lai parciestu anomalijas, var tikt izmantoti specifiski genoma apgabali (Tyrmi et
al., 2020; Dering et al., 2017), tade] So atbildes reakciju iedzimstamiba ir javerte tiesi (de la
Mata et al., 2022; Ahrens et al., 2020). Pieauguma relativas izmainas, ko apraksta PY (Schwarz
et al., 2020; Jetschke et al., 2019), gados ar vairaku anomaliju sakritibu, uzradija zemu
iedzimstamibu (Raksts 1X). Tomer, iedzimstamibai bija tendence paaugstinaties gadu vai divus
péc PY, noradot uz pieauguma reziliences un atkopsSanas, bet ne noturibas genétisku kontroli
(Schwarz et al., 2020, Jetschke et al., 2019; Lloret et al., 2011). Iedzimstamibas izpausmes
nebija telpiski un laika stacionaras, kas skaidrojams ar atskirigajiem pieauguma izmainu (PY)
celoniem. Ziemas temperatiiras anomalijas bija izteiktaki genétisko ietekmju palaidelgji
(Baniulis et al., 2020; Montwe et al., 2018; Henttonen et al., 2014), neskatoties uz palielinoSos
sausuma nozimi priedes pieaugumam (Allen et al., 2015), liecinot par milstosiem sala riskiem
klimatam pasiltinoties (Augspurger, 2009; Gu et al., 2008).
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Lokalas iedzimstamibas izpausmju iezimes, ka ari dispersijas komponentes paradija
izteiktas pieauguma atbildes reakcijas uz meteorologiskajam anomalijam fenotipisko
plastiskumu (GXE) liecinot par populaciju sp&ju adaptéties vides parmainam vidgja termina
(Chmuraetal., 2021; Hayatgheibi et al., 2019; Li et al., 2017). Apskatot visu references periodu
kopuma proveniences dispersijas komponente bija zema, kas skaidrojams ar GxE, ka ari
izteikto lokalo apstaklu ietekmi (Charrier et al., 2015). Relativo pieauguma izmainu dispersijas
komponentes paradija izteiktaku GXE, un 1idz ar to pazimes fenotipisko plastiskumu, noradot
uz selekcijas potencialu lokali uzlabot augSanas toleranci (Burdon and Klapste, 2019;
Grattapaglia et al., 2018; Jansson et al., 2017; Baliuckas et al., 2004).
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4, SECINAJUMI

Meteorologiskajiem apstakliem, kas saistiti ar ziemas temperatiiras un vasaras nokrisnu
rezimu, ir kompleksa ietekme uz Baltijas jiiras regiona austrumu dalas parastas priedes
vietgjo populaciju pieaugumu audzes ar labi drenétdm mineralaugsném.

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 vid€ja termina pielagoties vides izmainam.
Baltijas juras regiona austrumu dalas parastas priedes pieauguma jutiba pret
meteorologiskajiem apstakliem ir paklauta lokalai genétiskai adaptacijai. Populacijas
parada at8kirigu jutibu pret galvenajiem pieaugumu ietekmgjosajiem meteorologiskajiem
apstakliem un to ekstrémiem. Tikai vairaku meteorologisku anomaliju sinergija izraisa
straujas pieauguma izmainas apliecinot sugas toleranci.

Genotipu atraudziba ietekméja pieauguma jutibu noradot uz Baltijas jlras regiona
austrumu dalas parastas priedes populaciju jutibas un produktivitates saistibam.
Atraudzigakajam proveniencém novérota augstaka jutiba pret ikgadgjo laikapstaklu
mainibu, ka arT to ekstrémiem, noradot uz pieauguma plastiskuma nozimi genotipu
ilgtspgjai.

Pieauguma un meteorologisko apstaklu, ka arT jutibas un produktivitates mijiedarbibas ir
saistamas ar koksnes veidoSanas specifiku. Atraudzigakas proveniences ir plastiskakas
koksnes anatomijas un, lidz ar to, arT koksnes funkcionalitates zina, kas nodroSina
operativu aug$anas regulaciju atbilstosi mitruma apstakliem. Sadas Tpasibas nodrogina
atru atjaunoSanos péc nelabvéligiem traucgjumiem.

Uz ziemeliem parnesto genotipu uzn€miba pret salnu bojajumiem ir atkariga no
pieauguma plastiskuma. Lai ari atraudzigako proveniencu izcelsme ir no maigaka
klimata, tas bija mazak paklautas salnu bojajumiem salidzinot ar genotipiem ar
konservativaku augSanas stratégiju. Vietgjie genotipi, klimatam kliistos siltakam, paradija
paaugstinatas jutibas pret salnam iezimes.

Pieauguma jutibai pret nozimigako meteorologisko apstaklu ikgad&jo mainibu noverteta
mérena genétiska kontrole, kas visizteiktak izpauzas saistiba ar vasaras mitrumu
noteico$ajiem apstakliem. Uznémibai pret meteorologisko apstaklu ekstrémiem novértéta
vaja genétiska kontrole, bet genétiskas ietekmes izpaudas nakamajos gados paradot
saistibu ar aug8anas atjaunoSanos un rezilienci. Attiecigi kokaugu selekcijai ir potencials
uzlabot pieauguma plastiskumu un meteorologisko toleranci tadéjadi sekmé&jot meza
reproduktiva materiala ilgtsp&ju.
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5. REKOMENDACIJAS

Pieauguma plastiskuma un jutiba pret vasaras mitruma apstakliem ir selekcijas indeksa
perspektivi ieklaujamas pazimes, kas var sekmét reproduktiva materiala ilgtsp&ju
pieaugosas vides mainibas apstak]os.

Nemot véra pieauguma plastiskumu un rezilienci, produktivakie uz ziemeliem parnestie
genotipi (atbilstosi vairaku stadijumu konsolidétajam vért€§jumam) bitu ieklaujami
selekcijas populacija (uzrada augstu potencialu) tadejadi sekmeéjot tas ilgtsp€ju.

Jutibas produktivitates saistibu izp&ti v€lams paplaSinat, ieklaujot plasaku parnesto
genotipu kopu, tadejadi nodrosinot optimalas parneses attaluma novertejumu selekcijas
populacijas papildinasanai.

Regiona un lokalo populaciju genétiskas daudzveidibas adaptivas selekcijas potenciala
novert§jumam, pieauguma jutibas un plastiskuma rekombinacijas Tpasibu raksturoSanai
v€lama p&cnacgju parbaudijumu stadijumu analize, tadejadi raksturojot viet&jo populaciju
adapt€Sanas sp&ju robezas.
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PATEICIBAS

Autors pateicas tehniskajam personalam, kas palidzgja ievakt materialu un iegit p&tijuma
datu kopas. Pateiciba tick izteikta arT Iidzautoriem un zinatniskajai komandai par ieteikumiem
un konstruktivo kritiku. Autors izsaka atzinibu darba vaditajam par konstruktivajam idejam, un
kritiku, ka ari veltito laiku un mentalajiem resursiem pétijuma realizacijas gaita. Autors ir
pateicigs saviem vecakiem par radibu un audzinasanu, ka ari sievai par sp&jam vinu paciest
radosa procesa laika, ka ar1 ikdiena. Visbeidzot, mecenata atbalsts bija noderigs un iedrosinoss.
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