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ANOTACIJA

Tuvakajas desmitgadés sagaidama saimniecisko bérza audzu platibas samazi-
nasanas, kas saistita gan ar Sis koku sugas vecumstruktdras 1patnitbam, gan platibu
ar vides aizsardzibas un rekreacijas méerkiem pieaugumu. Vienlaikus pieaug piepra-
sljums péc atjaunojama resursa — koksnes, kas ieglta ilgtspéjigd mezsaimnieciba,
un nepiecieSamiba kapinat oglekla uzkrajumu meza un koksnes produktos. Tatad
nepiecieSams efektivi izmantot meza zemes resursus, t.sk. atjaunojot audzes ar se-
lekcionétu meZa reproduktivo materialu. Mérktieciga meza atjaunoSana nozimiga
ar1 klimata parmainu negativas ietekmes mazinasanai: gan tiesi — nodrosinot pie-
meérotu genotipu ar augstu fenotipisko plastiskumu izmantoSanu; gan pastarpinati —
kombinacija ar mezkopibas metodém kapinot radialo pieaugumu un mazinot nozi-
migako abiotisko faktoru (t. sk. véja) riskus. Promocijas darba mérkis ir raksturot ara

Promocijas darba apkopota un vispusigi izvertéta bérza selekcija Latvija, no-
drosinot informacijas bazi tas turpmakai attistibai. Raksturota selekcijas potenciala
ietekme gan uz dazadam beérza fenotipisko pazimju grupam, gan uz to apvienojoso
pazimi — stumbra monetaro vértibu, izmantojot nevis aprékinatas, bet praksé (se-
lekcijas stadijumos) sasniegtas selekcijas efekta vértibas. legltie rezultati pamato
plasakas selekcionéta stadmateriala izmantoSanas nozimibu. Sagatavota tehnolo-
gija augstvértigako bérza genotipu vegetativai pavairosanai, kas tiesi izmantojama
stadu raZoSana.

Promocijas darba pirmo reizi bérzam raksturota pazimju (t. sk. stumbra mo-
netaras vértibas) genétiska variacija stadijuma, kas sasniedzis galvenas cirtes para-
metrus, ka arT tieSi novértéta selekcijas ietekme uz finansialajiem raditajiem pirmaja
retinasana, ka ari pirmo reizi Latvija detalizéti raksturoti bérza atraudzibu un stum-
bra kvalitati nosako$o pazimju genétiskie parametri un ar tiem saistitas proveniencu
regionu atskiribas, nozimigi papildinot kopéjo zinatnisko izpratni par bérza genétis-
ko mainibu Baltijas juras regiona.

Promocijas darbs sastav no tematiski vienotam septinam zinatniskajam
publikacijam.



ABSTRACT

In the coming decades, a reduction in the area of commercial birch stands
is expected. This trend is linked to both the age structure characteristics of this
tree species and the increasing area designated for environmental protection and
recreational purposes. At the same time, there is a growing demand for renewable
resources — wood sourced from sustainable forestry — and a need to increase car-
bon sequestration in forests and wood products. Therefore, it is essential to use
forest resources efficiently, including the regeneration of stands using genetically
improved forest reproductive material. Targeted forest regeneration also plays an
important role in mitigating the negative impacts of climate change: both directly —
by ensuring the use of appropriate genotypes with high phenotypic plasticity —and
indirectly — by combining with silvicultural methods to enhance radial growth and
reduce risks from major abiotic factors, including wind. The aim of this doctoral
thesis is to describe the results of silver birch breeding to date and the potential for
their effective application.

The thesis compiles and comprehensively evaluates birch breeding in Latvia,
providing a foundation for its further development. It characterizes the potential
impact of breeding both on various groups of phenotypic traits and on a unify-
ing trait — the monetary value of the stem — using not estimated, but empirically
achieved realized breeding values from field trials. The obtained results support the
importance of broader use of genetically improved planting material. A technology
has been developed for the vegetative propagation of the superior birch genotypes,
which can be directly used in production of planting material.

For the first time, this thesis characterizes the genetic variation of birch traits
(including stem monetary value) in a plantation that has reached final harvest di-
mensions, as well as directly evaluates the financial effects of breeding during the
first commercial thinning. Moreover, for the first time in Latvia, the genetic param-
eters of traits determining birch growth and stem quality are described in detail,
along with the associated differences between provenance regions. These results
significantly enhance the overall scientific understanding of birch genetic variability
in the Baltic Sea region.

This doctoral thesis consists of seven thematically linked scientific
publications.
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vvp / MPC — vainaga vidéja projekcija / mean projection of crown

WPM - kokaugu barotne / woody plant medium

zd / BrD - lielaka zara diametrs [idz 2 m stumbra augstumam / diameter of the
largest branch until the stem height of 2 m

zg / LostTop — zaudéta galotne / lost top

zl / BrA — vidgjais zaru lenkis / mean branch angle
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ARA BERZA (Betula pendula Roth) SELEKCIJA LATVIJA

Témas izzinatibas analize

Bérzu sugas (Betula L.) ir nozimiga Eiropas méreno un borealo mezu sastav-
dala, kas veido aptuveni 11% no kopéjas meZu platibas Eiropa (Forest Europe 2020).
Latvija bérzi aiznem gandriz tresdalu no kopéjas meza platibas (MSI 2023) un ir iz-
platitaka gints, kura ir divas saimnieciski nozimigas sugas — ara bérzs (Betula pen-
dula Roth) un purva bérzs (Betula pubescens Ehrh.). Abas sugas raksturojamas ar
lldzigu vainaga formu un baltu stumbru, kas var sasniegt 20—-30 m augstumu, ka
ari lidzigu koksnes anatomiju, I1dz ar to meza inventarizacija, mezizstradé un kok-
apstradé $is sugas netiek nodalitas atseviski. Ara bérzs raksturojams ar izteiktu kre-
ves mizu stumbra lejasdala, dzinumi karpaini (ar lenticelam), lapas smailas. Purva
bérzam kreves mizas dala uz stumbra neizteikta, lapas ovalas ar pikainu apsarmi
uz tam. Ara bérzs ir diploida suga ar 28 hromosomam (2n = 28), bet purva bérzs ir
tetraploids (2n = 56; Helms & Jgrgensen 1925). Lai gan biokimiskas nesaderibas dé|
hibridi starp abam sugam ir reti sastopami (Hagman 1971), dazkart tie var rasties
(Jonsell & Karlsson 2000). Nereti morfologiskas atskiribas starp sugam nav izteiktas,
kas apgritina to atskirSanu daba, tapéc ir izstradata kimiska sugu identifikacijas me-
tode to drosai nodalisanai, kuras pamata ir mizas kimiskas 1pasibas (Lundgren et al.
1995, Liepins et al. 2024).

Abas bérzu sugas atjaunojas bagatigi ar séklam, kuras ir mazas un vieglas,
efektivi izplatas ar véju, var mérot lielus attalumus, veicinot sugas plaso izplatibu,
génu plismu un augstu genétisko daudzveidibu (Jonsell & Karlsson 2000, Wagner et
al. 2004). Bérzi ir vienmajas koki ar viriskam un sieviskam spurdzém. Séklas parasti
veidojas koku savstarpéjas apputeksnésanas rezultata biokimiskas pasSnesaderibas
mehanisma dé| (Hagman 1971). Bérzi zied vienlaikus ar lapu plaukSanu pavasari,
bet Ziemeleiropa séklas nogatavojas no jilija Ildz augustam (Sarvas 1952). Bérziem
ir lielas atSkiribas ikgadéja séklu razas apjoma un kvalitate; Ziemeleiropa raksturigas
bagatigas séklu razas ar 2—3 gadu intervalu (Koski & Tallgvist 1978). Abas sugas spéj
atjaunoties ari vegetativi, veidojot celma atvases. Si spéja Tpasi izteikta jauniem ko-
kiem (I'dz 20-30 gadu vecumam) un purva bérzam (Ferm & Kauppi 1990). Bérzs ka
pioniersuga dabiski atjaunojas bagatigi, ja ir pieejami séklu avoti. Tomér vélamaka ir
stadiSana, ja mérkis ir uzlabot nakamas paaudzes koku zarojuma vai stumbra kvali-
tati, nodrosinat lielaku atraudzibu. Tas vienlidz attiecas ka uz meZa atjaunosanu, ta
apmezosanu (Hynynen et al. 2010).

Bérza koksnes kraja Latvija vidéji ir 261 m3ha™, tacu varié regiona-
li (224-301 m3®ha™). RaZigakas audzes sastopamas Austrumvidzemé un Zem-
galé; ar augstu raZibu izcelas LimbaZu, Ogres un Jekabpils populacijas. Audzu
videéja kvalitate ir augstaka sausienos, nemot véra, ka slapjainos ir mazaku di-
mensiju koki un lielaks nekvalitativa purva bérza piemistrojums. Ipasi kvalitativas
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ir Nauk$énu, Svirlaukas, Abelu, Kupravas un Kandavas populacijas (Zalitis,
2006).

Bérza koksne tiek augstu novértéta tas smalko Skiedru, gaisas krasas un iztu-
ribas dél, kas padara to piemérotu visdazadakajam pielietojumam, sakot no mebe-
[ém un gridam l1dz saplaksnim un finierim (Luostarinen & Verkasalo 2000, Verkasalo
et al. 2017). Augstveértigie bérza sortimenti galvenokart tiek izmantoti saplakSna un
zagmaterialu razosana, tos talak parstradajot galdniecibas izstradajumos, panelos
un parketos. PriekSroka kokmaterialu raZzosana ir ara bérzam, jo tas ir atraudzigaks,
ar labaku stumbra formu un lielaku koksnes blivumu salidzinajuma ar purva bérzu
(Her&jarvi 2004). Salidzinot ara un purva bérzu, konstatéts, ka Latvija abu sugu vidé-
jais augstums un caurmeérs ir attiecigi 25 un 22 m, un 35 un 32 cm (Zalttis 2006). Lidz
ar to tiesi ara bérzs ir bijis selekcijas programmu uzmanibas centr3, lai uzlabotu $Ts
mezsaimnieciski nozimigas 1pasibas (Vihera-Aarnio & Velling 1999). Mazaka izméra
bérzasortimentus galvenokartizmanto celulozesripnieciba, toméraugstvértigiapal-
koku sortimenti ir galvenais meZa apsaimniekosanas mérkis (Hynynen et al. 2010).

Ta ka klimata parmainas ietekmé meza ekosistémas, tad bérzu, Tpasi — ara
bérza, pielagosanas spéja un atraudziba veicina interesi par ta plasaku izmantoSanu
Baltijas jdras regiona valstu meZsaimnieciba. Sis sugas ir labi piemérotas izmanto$a-
nai adaptivas meza apsaimniekoSanas pieeja, kuras mérkis ir uzlabot meza noturibu
pret mainigiem vides apstakliem, pieméram, aizstajot nestabilakas skujkoku tirau-
dzes. Apmezosana var veicinat klimatneitralitati, jaunizveidotajam audzém uzkrajot
atmosféras oglekli, ka ari tajas ieglstot izejmaterialu ar augstu aizvietoSanas efektu
(Lutter et al. 2021). Ara bérza selekcijas programmu rezultati atspogulo sugas po-
tencialu liela apjoma augstas kvalitates kokmaterialu raZosana, padarot to par vienu
no galvenajam sugam turpmakaja mezsaimniecibas praksé. Latvija visaptverosa ara
bérza selekcija uzsakta 1990-to gadu vidd. Ka pamata selekcijas materials fenotipiski
atlasits 921 pluskoks un izcilie audzu koki 26 dabiskas audzés visa valsti, un ierikotas
to pécnacéju parbaudes 1999. un 2000. gada. Lai gan skujkoku sugu (parastas prie-
des Pinus sylvestris L. un parastas egles Picea abies (L.) H. Karst.) selekcijai Latvija
ir ilgaka vésture, ara bérzs ka komerciali nozimiga koku suga ir ieklauts ilgtermina
selekcijas programma, kuras mérkis ir attistit séklu razosanu un paaugstinat mezu
finansialo vértibu (Jansons 2008). Mérktieciga meZa atjaunosana ar $adu selekcio-
nétu materialu ir nozimiga klimata parmainu negativas ietekmes mazinasanai: gan
tieSi — nodrosinot piemérotu genotipu ar augstu fenotipisko plastiskumu izmanto-
Sanu, gan pastarpinati — kombinacija ar mezkopibas metodém kapinot radialo pie-
augumu un mazinot nozimigako abiotisko faktoru (véja) risku.
un to efektivas izmantoSanas iespéjas. Promocijas darba pétnieciskie uzdevumi ir:
1) raksturot saimnieciski nozimigo pazimju genétiskos parametrus bérza selekci-

jas populacija;

2) novértét genétikas ietekmi uz ara bérza vegetativas pavairoSanas sekmém;
3) novértét selekcijas ietekmi uz bérza stadijumu finansialo vértibu un finansia-
lo ieguvumu no otra selekcijas cikla.
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1. ARA BERZA SELEKCIJA LATVIJA UN KAIMINVALSTIS

1.1. Audzu vertesana un pluskoku atlase selekcijas un seklkopibas vajadzibam

Selekcijas sakums bérzam ir péc noteiktam fenotipiskam pazimém parako in-
paaugstinot varbltibu, ka fenotipiski konstatéjamais parakums ir iedzimstoss. Sa-
kotnéji bérzu audzes atlasitas péc to taksacijas raditajiem — bonitate > |, tiraudzes
vai mistraudzes ar citu sugu piemistrojumu < 20%, platiba = 2 ha, vecums > 30 gadi,
izmantojot Valsts meZa dienesta datu bazi (atlases laika — “Meza fonds”). Nakamais
solis bija audZu vértésana péc bérzu relativa zaru resnuma, zaru lenka pret stumbru,
stumbra taisnuma, bérzu veselibas ( tab.). Parauglaukumus Sai vértésanai izvie-
toja subjektivi noteiktas raksturigakajas vietas. Parauglaukumu skaits bija atkarigs
no audzes vai audzu grupas (par grupu uzskatot un vienoti vértéjot audzes, kuras
savstarpéji robezojas) platibas un bija robeZas no 2 lidz 6. Aplveida parauglaukumu
veidoja visi koki, kas no parauglaukuma centra atradas redzamibas robezas.

Vispirms audzé novérté minuskoku Tpatsvaru. Minuskoki ir audzes mazvérti-
gaka dala. Parasti tie ir augSana atpalikusie koki, kurus izcért starpcirtés. Pie minus-
kokiem pieskaitami art tadi, kuriem ir resni zari, plati vainagi, vairakas galotnes un
ki stumbri. Saja grupa ieskaita ari visus kokus ar slimibas pazimém — nokaltu$am
galotném, trupi, putnu dobumiem u.c. Audzes, kuras vairak neka 50% koku ir ar
resniem zariem, ltkiem stumbriem un slimibu pazimém, sauc par minusaudzém, un
tajas pluskoku atlase nav pielaujama.

Audzi talak neverte, ja minuskoku Tpatsvars parsniedz 20% aplveida paraug-
laukuma redzamibas robezas. Izvélétaja aplveida parauglaukuma tiek uzskaititi visi
vértéjamie koki. Attiecinot kokus ar vainam pret kop€jo redzamo novértéjamo koku
skaitu, ieglst minuskoku Tpatsvaru, kas attiecigi samazina audzes vértéjumu: ja mi-
nuskoku Tpatsvars ir 0-4% — vértéjums nesamazinas; ja 5-8% — vértéjums samazinas
par 0,2 ballém, un talak ik pa 4% audzes vértéjums samazinas par 0,2 ballém. Bér-
ziem par minuskokiem uzskata dihotomi zarotus, “piltuvveida”, “slotveida”, kokus ar
padéliem un |oti resniem zariem.

Audzes raksturoSanu veic, par pamatu nemot idealo audzi ar novértéjumu
piecas balles. Bérza idealas audzes pazimes: relativi tievi zari; zaru lenkis 60°—90°;
taisni stumbri; audzé nav minuskoku. Audzes raksturojot, piezimés norada dazadas
Tpatnibas, apsaimniekoSanas reZimu un citu intereséjosu informaciju.
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Audzu raksturosanas un vértésanas pazimes

1.1. tabula

Veértéjums, balles

- samazina samazina
Pazime 1 2 audzes 3 audzes
Vértéjumu vértéjumu
Zaru resnums tievi vidéji -0,5 resni -1
Stumbru taisnums taisni 1 Itkums -0,5 >2 ltkumi -1

Zaru lenkis pret ja zaru lenkis ir mazaks par 60°, tad par katriem 15° audzes balli
stumbru * samazina par 0,5 vientbam

* nosaka katra parauglaukuma, mérot to vainagu vidusdala.

Izvélétajas audzés mekléti pluskoki — valdaudzes augstakie un resnakie koki,
kas starp blakus augosajiem kokiem vienvecuma audzé izcelas ar atraudzibu un aug-
stu stumbra kvalitati. Pluskoki audzé sastopami reti, tie ir ar taisniem, labi atzaro-
tiem stumbriem, bez slimibu pazimém, Sauru vai vidéji platu vainagu un ar tieviem
vai vidéji resniem zariem. Zaru novietojumam pret stumbru jabit perpendikularam
vai tuvam tam.

Galvenie pamatprincipi pluskoku izvélé visam koku sugam ir [dzigi, tomér
katrai no tam piemit savas Ipatnibas pazimju vértéjuma un selekcijas mérkos. Daza-
du koku sugu audzu resursi regulé izlases intensitati. Pluskoku atlasei jaizvélas laba-
kas dabiski veidojusas audzes, ievérojot meza séklu ieguves rajonus. Pluskoku izvéle
pielaujama ari staditas audzés, noradot to koku apraksta. Péc pluskoka atkartotas
izvértésanas (atestacijas) tas tiek definéts par izcilo koku.

Bérza pluskokus meklé par 30 gadiem vecakas augstakas bonitates bérzu
audzeés. Ka pluskokus izvélas audzes garakos un resnakos kokus ar taisniem, gludiem
un labi atzarotiem stumbriem, ar to lejasdala apaugusam zaru vietam. Nav pieme-
roti stumbri ar zaru atvasém, stumbru bezzarainajai, gludajai apakséjai dalai jabat
iespéjami garakai par stumbra zaraino vainaga dalu. Vainagam jabit péc iespéjas
Sauram, ovalam vai piramidalam ar isiem, tieviem zariem, kuri pret stumbru veido
iespéjami plataku lenki. Pluskokiem jarazo daudz séklu, tiem jabat ar veseligu la-
pojumu un veseligu stumbru. lzvéloties pluskokus, janem véra blakus esosSo koku
novietojums un to iespéjama ietekme uz atzarosanos.

Pirmie ara bérza 25 pluskoki, kas ieklauti pirmas bérza séklu plantacijas izvei-
dé, atlastti no 1969. lidz 1971. gadam MPS “Kalsnava” (1), LimbaZzu MRS Liepupes,
Vitrupes un Augstrozes mezniecibas (23) un Mazsalacas MRS Rijupes mezniecl-
ba (1). Informacija par 1970-tajos gados atlasitajiem pluskokiem glabajas LVMI “Si-
lava” pluskoku registra. Aptverot praktiski visus Latvijas regionus, 1990-tajos gados
péc izstradatajiem audzu vértésanas kritérijiem atlasitajas labakajas bérzu audzés
tika izraudziti labakie koki. Ne visi tie uzskatami ka pluskoki klasiska izpratng, bet ka
attiecigas audzes labakie koki (skat. att. nakamaja sadala), no kuriem vaca séklas
un uzsaka stadu razoSanu pécnacéju parbauzu ierikosanai. Audzeés atlasitie koki daba
vairs neeksisté.
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1.2. Ara bérza selekcijas stadijumi

Selekcijas materiala izvértéSanai un kandidatu atlasei pavairo$anai un nako-
Sajam selekcijas ciklam izmanto pécnacéju parbaudes. Proveniencu — koku séklu
izcelsmes geografisko regionu — salidzinasanai pirmais ara bérza pécnacéju par-
baudes stadijums ierikots 1975. gada Vecumnieku pagasta ar 16 dazadas izcel-
smes proveniencém. Tomér lidz Sim trakst pilnvértiga proveniencu izvértéjuma, lai
konstatétu dazadas izcelsmes bérza reproduktiva materiala piemérotibu Latvijas
apstakliem.

Vertéjot visparigas geografiskas likumsakaribas proveniencu stadijumos, pé-
tita Somijas, Baltijas valstu un Krievijas izcelsmes bérza pécnacéju saglabasanas,
stumbra kvalitate un augSanas gaita izméginajumos Somijas dienvidu (60° Z pl.) un
centralaja dala (63° Z pl.), ietverot 21 audzi un atseviskus kokus, kuru izcelsme ir no
54° Iidz 63° Z pl. Abos izméginajumos noteikts un salidzinats koku augstums, caur-
meérs, kraja ha™, relativais stumbra raukums, koku ar defektiem (padéls, dubulta
galotne) Tpatsvars un saglabasanas 22 gadu vecuma. Konstatétas nozimigas atskiri-
bas starp izcelsmes vietam visam vértétajam pazimém. Palielinoties séklu izcelsmes
vietas geografiskajam platumam, lineari statistiski batiski samazinas koku ar stum-
bra defektiem Tpatsvars (izméginajuma Somijas centralaja dala p < 0,001; dienvidu
dala p =0,002); séklu izcelsmes vietas geografiskajam platumam samazinoties par
1 gradu, koku ar stumbra defektiem Tpatsvars palielinajas par 3% ( att.; Vihera-
Aarnio & Velling 2008). Lidziga sakariba novérota alnu raditiem bojajumiem bérzu
audzés: palielinoties seklu izcelsmes vietas geografiskajam platumam un koku aug-
stumam, bojajumu Tpatsvars samazinas (Vihera-Aarnio & Heikkila 2006).

Vertejot plasaku geografiska platuma amplitidu (54-67° Z pl.), konstatéts,
ka vismazakais koku Tpatsvars ar stumbra defektiem bija vietéjas vai nedaudz vai-
rak uz ziemeliem esosas izcelsmes kokiem, bet tas palielinajas, palielinoties parvie-
tosanas attalumam no dienvidiem (Viherad-Aarnio et al. 2013). Savukart izcelsmes
geografiska platuma saistiba ar koksnes blivumu netika novérota (Viherad-Aarnio &
Velling 2017). Gan somu proveniencu stadijumos ( att.), gan 8-11 gadu vecos
proveniendu izméginajumos Lielbritanija un Trija novérojama kopéja sakariba, ka
proveniencu parvietoSana uz ziemeliem lidz diviem geografiska platuma gradiem
uzlabo produktivitati (lielaks koku augstums, caurmeérs, lielaka kraja neka vietéjai iz-
celsmei) ilgaka fotoperioda dél, negativi neietekméjot saglabasanos (Vihera-Aarnio
et al. 2013, Lee et al. 2015, Vihera-Aarnio & Velling 2017). Janem véra, ka parvieto-
$ana uz dienvidiem vai uz ziemeliem talak par 2° samazina razibu (Vihera-Aarnio et
al. 2013).

Ziemelvalstis pirmie bérza pécnacéju parbauzu stadijumi ierikoti Zviedri-
ja 1940-tajos gados, un H. Johnsson bija pirmais, kurs veica geografiski attalas iz-
celsmes regionu bérza gimenu augSanas gaitas salidzinoSos pétijumus un uzsaka
arl bérza proveniencu pétijumus, iertkojot plasus stadijumus 1973.-1974. gada
(Vihera-Aarnio & Velling 2008). Uz So izméginajumu pamata L.-G. Stener (1997),
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1.1. attéls. Dazadu proveniencu vidéjais koku ar stumbra defektiem ipatsvars
eksperimenta Somijas dienviddala (60° Z pl.) — augs$éja linija un centralaja dala
(63° Z pl.) — apakseéja Iinija (a) un raziba, ko raksturo relativais augstums (b),
atkariba no parvietosanas attaluma geografiska platuma grados
(Vihera-Aarnio & Velling 2008, Vihera-Aarnio et al. 2013)

pétot raZibas, stumbra kvalitates un koksnes blivuma atskirtbas dazadu izcelsmju
pécnacéjiem, izstradaja bérza séklu parvietoSanas noteikumus, Zviedrijas teritoriju
iedalot Cetras selekcijas zonas. Tomér lielaka apjoma pécnacéju parbauzu iertkosa-
na uzsakta ara bérza selekcijas programmas ietvaros 1988.—1990. gada, atlasot ap
1300 pluskoku, kuru brivapputes pécnacéju (pussibu gimenu) iedzimtibas parbau-
des ierikotas laika perioda no 1992. lidz 1998. gadam (Stener & Hedenberg 2003,
Stener & Jansson 2005).

Somija ara bérza selekcija sakas ar pluskoku atlasi 20. gadsimta 40-to gadu
beigas, bet intensivak attistijas 1960-to gadu beigas, kad tika izstradata metode sék-
lu masveida razosanai polietiléna siltumnicas (Lepistd 1973). Selekcijas pamatma-
terialu veidoja aptuveni 1000 fenotipiski atlasitu pluskoku. Pirma séklu plantacija
izveidota 1970. gada (Haapanen 2024). Plasi proveniencu pécnacéju izméginajumi
aizsakti 1960-tajos gados Somijas dienvidu un centralaja dala, un, pamatojoties uz
tajos iegitajiem rezultatiem, tika izstradati séklu parvietosanas principi (Raulo &
Koski 1977).

Lietuva ilgtermina selekcijas programma ara bérzam tika aizsakta 20. gadsim-
ta 90-tajos gados, izvéloties genétisko resursu mezaudzes, atlasot séklu audzes un
pluskokus. Pirma pécnacéju parbauzu sérija tika iertkota 1999. gad3, bet pirma sék-
lu plantacija — 2003. gada, nodalot séklu raZzosanu diviem proveniencu regioniem
(Baliuckiené 2009).

Latvija, pieaugot interesei par lapu koku, tai skaita ara bérza, selekciju, no
1990-tajos gados atlasitajiem meZaudzu labakajiem kokiem un pluskokiem, tos
nocértot razas gada, ievaca séklas un uzsaka stadu audzésanu, ieglistot materialu
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1.2. attéls. Atlasito bérza pluskoku un mezaudzu labako koku
izcelsmes vietas
Skaitlis pie vietas atzimes atbilst izcelsmes vietas numuram tabula

Joti apjomigu un plasu pécnacéju parbauzu ierikoSanai — Ogres novada Rembates

pagasta (Nr. 54, Seit un turpmak — numurs LVMI “Silava” llglaicigo izméginajumu

registra), Auces novada Ukru pagasta (Nr. 55), Vecpiebalgas novada Taurenes pagas-

ta (Nr. 589) >55 ha platiba, aptverot >900 brivapputes gimenes (gimenu izcelsme
att. un tab.), kas kalpoja ka baze turpmakai bérza selekcijai.

1998. gada iertkots proveniencu pécnacéju parbaudes stadijums Rembates
pagasta 3 ha platiba (Nr. 53) ar 15 dazadu proveniencu pécnacéjiem, bet 2004. gada
ar MPS eksperimentalaja kokaudzétava izaudzétajiem stadiem 5 geografiski atskirl-
gas vietas — MPS Kalsnavas, MeZoles, Auces un Skédes mezu novados un LVM “Sék-
las un stadi” Latgales seklkopibas iecirkna apsaimniekotajas platibas Sventes pagas-
t3, ierikotas proveniencu pécnacéju parbaudes, katra vieta 4 atkartojumos ar 100
vai 50 stadiem parcelé, ieklaujot 17 ara un tris pikaina bérza proveniences, kopéja
iertkota platiba 15 ha ( tab.).

Ara bérza pécnacéju parbauiu ierikosana MPS meZu novados regulari turpi-
nas. No 2014. gada lidzas brivapputes gimenu un kontroléto krustojumu pécnace-
jiem stadijumos ieklauti ari in vitro pavairoti klonu pécnacéji. Sobrid bérza selekcijas
materiala vértésanai geografiski atskirigas vietas Latvija iertkoti 122 pécnacéju par-
bauZzu stadijumi ar kopé€jo platitbu 274,3 ha. Stadijumos veidotas vienkoku, bloku vai
rindu parceles, tas markétas daba. Kopsavilkums par bérza pécnacéju parbauzu sta-
dijumu iertkosanu — tabula, to izvietojums atbilstosi platibas lielumam — at-
téla. Stadijumi registréti LVMI “Silava” liglaicigo izméginajumu registra.
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1.2. tabula

2004. gada ierikotie bérza proveniencu parbauzu stadijumi

Proveniences

Kopéjais stadu skaits stadijumu vietas

nosaukums Skédes MN | Auces MN [Kalsnavas MN MeZoles MN | Sventes pag.
Nr. 310 Nr.315* Nr. 236 Nr. 333 Nr. 752
Rajupe 400 400 400 400 400
Skéde 400 400 400 400 400
Saikava 400 400 400 400 400
Viesite 400 - 400 240 400
Kalsnava 400 400 400 400 400
Naukséni 400 400 400 400 400
Aizpute 400 400 400 400 400
Dalini 400 - 275 - -
Ziemeri 400 400 400 400 400
Kuldiga 400 200 400 200 400
Malupe 400 120 400 - 400
Gaigalava 400 200 400 200 400
Medni 400 - 200 150 200
Jaungulbene 400 150 200 - 200
Strenci 400 295 400 400 400
Gauja 400 200 400 300 400
Mérdzene 400 200 400 200 400
Kopa 6800 4165 6275 4490 6000
RGjupe, puk. 400 - 400 - 400
Naukséni, pak. 200 - 200 - -
Gaigalava, puk. 200 - 200 - -
Pavisam kopa 7600 4165 7075 4490 6400
ha, (tira) 3,8 2,1 3,5 2,2 3,2
* stadijums gajis boja.
1.3. tabula

Bérza brivapputes gimenu izcelsme pécnacéju parbauzu stadijumos

Gimenu skaits
Nr. * Izcelsme ** RT\ITt;a;e Ukri Nr. 55 TI\?:?;;
1 | Aizputes VVM Aizputes VM (1998. g.) - 17 10
2 | Aizputes VVM Kalvenes VM - 2 2
3 | Aluksnes VVM Malupes VM (1998. g.) - 6 6
4 | Aliksnes VVM Ziemeru VM (1998. g.) - 5 5
5 | Bauskas VVM Bauskas VM 24 24 24
6 | Bauskas VVM Ceraukstes VM 21 23 13
7 | Cesvaines VVM Cesvaines VM 46 46 14
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Gimenu skaits
Nr. * Izcelsme ** Rembate . Taurene
Nrsa | UKINESS 1 Toeg
8 | Cesvaines VVM Saikavas VM (1998. g.) - 12 12
9 | Daugavpils VVM Sventes VM (1995. g.) 9 10 10
Daugavpils VVM Sventes VM 34 4 10
10 |Dobeles VVM Tles VM 23 - -
11 | GNP Gaujas VM 43 50 50
12 | GNP Mednu VM 46 46 44
13 | Gulbenes VVM Daukstu VM 29 31 20
14 |Jelgavas VVM Garozas VM 21 21 8
15 |Jékabpils VVM Abe|u VM 35 35 13
16 |Jekabpils VVM Viesites VM (1998. g.) - 8 8
17 | Kokneses VVM Kokneses VM 13 17 12
18 | Kraslavas VVM Dagdas VM 8 8 6
19 | Kuldigas VVM Kuldigas VM - 46 43
20 |Liepajas VVM Grobinas VM 25 - -
21 |Lliepajas VVM Priekules VM 60 61 45
22 |Limbazu VVM Limbazu s. pl. 8 1 -
23 | LLU MPMS Skédes VM 20 20 13
LLU MPMS Skédes VM (1998. g.) - 20 20
24 | Ludzas VVM Zilupes VM 9 9 9
25 | MPS Kalsnavas VM (1998. g.) - 18 13
26 |Ogres VVM Suntazu VM (1995. g.) 10 11 9
Ogres VVM Suntazu VM 22 23 17
27 |Rézeknes VVM Gaigalavas VM - 46 41
28 |Rézeknes VVM Vilanu VM 25 7 7
29 |Saldus VVM Blidenes VM 3 3 -
30 |Strencu VVM Strencu VM 23 24 9
31 |Talsu VVM Andumu VM (1995. g.) 42 44 12
Talsu VVM Andumu VM 8 10 8
32 |Valmieras VVM Dalinu VM (1998. g.) - 27 24
33 | Valmieras VVM Nauk$énu VM 30 31 31
Valmieras VVM Nauksénu VM (1998. g.) - 36 32
34 |Valmieras VVM R{jupes VM (1998. g.) - 24 24
Kopa 637 826 621
* kartas numurs tabula atbilst apziméjumam karté attéla;

** virsmeZniecibu un mezniecibu nosaukumi atbilstosi séklu ievaksanas gada pastavosajam
iedalijumam.
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1.3. attéls. Ara bérza pécnacéju parbauzu stadijumu ieriko$anas vietas

Ir pieejami pétijumu dati par citas valstis iertkotam ara bérza pécnacéju par-
baudém. Lidz Sim Latvija ieritkoto pécnacéju parbauzu stadijumu apjoms bérzam ir
gana plass un koku vecums tajos ir pietiekams pamatotu secinajumu ieguvei, tapéc
nepiecieSama gadu gaita ieglto datu detalizéta analize un novértéjums.
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1.4. tabula

lerikotie ara bérza pécnacéju parbauzu stadijumi

Variantu skaits

o g | E 3 g
€S & = © o S wn|
v, %) T n - © a % S
Ec ol © = ) c - |~3a S .
e 5 < ' 2 K. 5§ |25 © Eksperimenta Nr.
2’8 kS = © 5 | = |52 B
w'g 5 |t S S| =
£ 2 | S £
‘oo
Auces MN 2007. 28 74,514 - - 101 - 633; 634, 876
2010. - 2 96 |736;737
2011. 2023. - 99 145 |754;755
2016. 2020. 16 - - 928 *
2019. - 17 72 31 [1374;1375;1376*
2020. - 44 - - 1437 *; 1438 *
2021. - 34 4 - 1471*; 1472, 1473*
2022. - 20 129 69 |1689; 1690; 1694;
1695; 1696; 1697;
1698*
2023. - 19 61 29 | 1750 *; 1751 *; 1752;
1753; 1754
Jelgavas 2010. 22 33,684 | 2013, - 3 189 |738;739
MN 2022.
2011. 2023. 3 108 | 147 |761;762
2014. 2020. 5 - - 872 *
2016. 2020. 23 - - 931 *; 932 *; 933 *;
934 *
2017. 2020. 45 - - 967 *,978 *
2018. 2020. 89 - - 962 *; 963 *
2019. - 40 73 34 | 1409; 1410; 1411 *;
1412 *
2020. - 56 - - 1434 *; 1435 *;
1436 *
2021. - 25 - - 1474 *
2022. - - 40 - 1708
Kalsnavas 2004. 37 47,946 | 2012. - 20 - 236 **
MN 2007. 2012, - 139 - 629; 630; 807
2013.
2010. 2013,; - 2 169 |727;733
2022.
2011. 2022. 3 69 124 |757;758; 759, 760
2014. 2020. 5 - - 892 *
2016. 2020. 20 - - 929 *;930 *
2017. 2020. 51 - - 974 *;, 975 *
2018. 2020. | 90 - - 964 *; 965 *
2019. - 31 72 27 |1386 *; 1387; 1388;
1389
2020. - 53 - - 1439 *; 1440 *,
1441 *; 1442 *
2021. - 35 1 - 1523 *; 1524 *; 1525
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Variantu skaits

(%]
2§ %S -
c 'S a0 = o o 20 =
UV [%) T n N © o €
E© © e @ c - | ~R 5 .
= & w3 2 o € | 3 | 5 | EksperimentaNr.
8’8 8 2w © S 2188 g
22 Z |8 a 2 a5 2
] k] 'S N g> =
Q £
2022. - 43 129 69 | 1667 *; 1668; 1673;
1675 *; 1676 *;
1677 *; 1678 *
2023. - 19 - - 1762 *; 1763 *
MeZoles 2004. 26 52,51 - - 14 - 333**
MN 2007. - - 85 - 631, 632, 877, 878
2011. - - 4 35 |756
2019. - - 60 34 11382;1383
2020. - 51 - - 1432 *; 1433 *
2021. - 24 - - 1533 *
2022. - 36 129 69 |1719;1720;1721;
1722; 1727; 1728;
1732; 1733; 1734 *;
1735 *;, 1736
2023. - 9 61 29 |1758;1759; 1760;
1761 *
§I,<édes MN 2004. ) 419 2013. - 20 - 310 **
2019. ! - 25 - - 1378*
Rembates 1998. 2007. - 15 - 53
pagasts 1999. 2007.; - 637 - 54
2008.;
2 35,5 2011;
2012,;
2019.
Ukru 2000. 1 10,5 2008.; - 826 - 55
pagasts 2013,;
2021.
Taurenes 2000. 1 9,3 2008.; - 621 - 589
pagasts 2012,;
2021.
Sventes 2004. 1 3,2 - - 17 - 752 **
pagasts
Vecumnieku| 1975. 1 0,5 - - 16 - 769 **
pagasts
Andrupenes| 1998. 1 2,5 2011. - 15 - 792
pagasts
Kopa - 122 274,344 - - - - -
iertkoti:

* vegetativi pavairoti stadi;
** proveniencu stadijums.
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1.3. Ara bérza pécnacéju parbauzu stadijumu novértéjums

Pécnacéju parbauzu izvértésanu un gimenu ranzésanu veic péc selekcijas in-

deksa. Pazimju ieklausanai indeksa bdtiska:

a) ekonomiska ietekme;

b) augsta geneétiska determinacija (lielakas iespéjas to izmainit ar selekcijas,
neka mezkopibas metodéem);

c) pietiekama genétiski noteikta variacija;

d) zema (un/vai no praktiskas izmantoSanas viedokla negativa) korelacija ar ci-
tam pazimém, kuras jau ir selekcijas indeksa (Burdon 1989).

Stumbra caurméra, koka augstuma un stumbra kvalitates novértéjums ir no-
teicosais genotipu atlasé selekcijas populaciju un séklu plantaciju izveidosanai. Tur-
klat selekcija péc $ada principa netieSi ietekmé arT kimiskajai parstradei butiskas
koksnes un skiedru pazimes. Bérza selekcijas darba isteno$anai prakseé ir svarigi, lai
ari siltumnicu séklu plantacijas koki ziedétu agrina vecuma, biezi un bagatigi un lai
atlastto klonu juvenila augSana batu strauja un kloni bltu vegetativi pavairojami
(Stener & Jansson 2005). Stumbra taisnums, apikala dominance un atbilstosas za-
rojuma 1pasibas ir nozimigakas stumbra kvalitates pazimes, kuras kopa ar koksnes
masu (DM — dry matter) tiek ieklautas selekcijas indeksa (Stener & Hedenberg 2003,
Stener & Jansson 2005). Stumbra kvalitates pazimes — taisnums un apikala domi-
nance — ir svarigakas no ekonomiska viedokla. Stumbra kvalitates defektu — dakso-
Sanos un padélu veidoSanos — sastopamibu liela méra nosaka genétiskas Tpasibas,
tomeér to izraisa arT vides faktori, ka sala, kukainu vai sénu bojajumu, vai art sausuma
inicieta vadosas galotnes nomaina (Stener & Jansson 2005).

Eksperimentalaja stadijuma Zviedrijas dienviddala vertétas sakaribas starp
augsanas gaitas, stumbra un koksnes kvalitates pazimém 11 gadus veciem mikroklo-
nali pavairotiem 30 klonu pécnacéjiem (Stener & Hedenberg 2003). Vértéto pazimju

vidéjas vértibas un genétiskie parametri paradrti tabula. Ta ka genétiska variaci-
ja stumbra taisnumam bija tuvu nullei, tad $1 pazime tika izslégta no talakas analizes.
1.5. tabula

Pazimju vidéjas vertibas, standartkludas un genétiskie parametri 30 mikroklonali
pavairotu klonu pécnacéjiem 11 gadu vecuma Zviedrijas dienvidos
(Stener & Hedenberg 2003)

Nr. p. k. Pazime Mérvieniba H? SE(H?) | CVs %

1 Augstums dm 0,43 0,12 5,5
2 Caurmers mm 0,46 0,11 11,1
3 Stumbra tilpums dm? 0,43 0,12 22,7
4 Koksnes masa kg 0,39 0,12 21,1
5 Formas koeficients % 0,40 0,12 5,8
6 Apikala dominance balles (1-5) 0,17 0,12 -

7 Zaru resnums balles (1-5) 0,18 0,12 -
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Nr. p. k. Pazime Mérvieniba H? SE(H?) | CVe %
8 Zaru skaits balles (1-5) 0,63 0,09 -
9 Zaru lenkis balles (1-5) 0,10 0,12 -
10 Koksnes blivums kg m3 0,73 0,08 4,7
11 | Skiedru garums mm 0,68 0,08 4,5
12 |Skiedru platums pm 0,66 0,09 3,5
13 | Skiedru rupjums mg m™ 0,45 0,11 6,2

Saisinajumi: H? —iedzimstamibas koeficients plasa nozimé; SE (H?) — iedzimstamibas
koeficienta standartk|lGda; CV;, % — genotpiskas variacijas koeficients.

Augstas iedzimstamibas koeficientu plasa nozimé vértibas (H? = 0,43-0,73)
konstatétas augSanas, koksnes un Skiedru pazimém, savukart zemas — stumbra un
zaru pazimém, iznemot zaru skaitu. Visaugstakais genotpiskas variacijas koeficients
(CV;) bija stumbra tilpumam (22,7%) un koksnes masai (21,1%), augsts — stumbra
caurméram (11,1%), turpreti koksnes blivumam, Skiedru garumam un rupjumam
(4,5-6,2%) tas bija lidzigs ka koka augstumam (5,5%). Salidzinot ar citiem pétiju-
miem, CV,; koku augstumam $aja pétijuma bija zemaks. Trijos klonu parbauzu stadi-
jumos Zviedrijas dienvidu dala, kur vertéti 78 kloni, tai skaita ar1 30 iepriekSminétie,
CV; koku augstumam bija no 6,3% lidz 7,9% (Stener & Hedenberg 2003). Savukart,
vértéjot 398 pluskoku pécnacéjus stadijuma Zviedrijas ziemelu dala, aditiva gené-
tiska efekta noteiktais variacijas koeficients (CV,) bija 9,5% (Stener & Wennstrom
2000). Ta ka uz konkurences palielinasanos jutigak reagé stumbra caurmérs neka
koka augstums, tad Saja pétijuma (Stener & Hedenberg 2003) konstatéto ievéroja-
mo atskiribu starp CV,; koku augstumam un stumbra caurméram varétu izskaidrot
ar koku savstarpéjo konkurenci.

Starp koksnes blivumu un augSanas pazimem butiska genétiska korelacija (r,)
bija tikai caurméram (r, =-0,53), paréjam vértétajam pazimém ta nebija butiska
( tab.). Konstatétas genétiskas korelacijas starp augSanas un koksnes Skiedru
pazimém bija tuvas nullei. Parsvara negativas un statistiski nebatiskas genétiskas
korelacijas bija starp augSanas un stumbra kvalitates pazimém. Korelacija starp zaru
skaitu un skiedru garumu, ka ar1 korelacija starp Skiedru platumu un rupjumu bija
pozitiva un statistiski bltiska; vajas un nebutiskas genétiskas korelacijas konstaté-
tas starp Skiedru pazimém un koksnes blivumu, starp Skiedru pazimém un stumbra
kvalitates pazimém, starp dazadam koksnes sSkiedru pazimém. Iznemot augsSanas
pazimes, vaja bija ari fenotipiska korelacija starp pazimém.

lerasti, ka pétijumos koku sugam ar difazi izkliedétiem koksnes vadaudiem
netiek konstatéta korelacija starp koksnes blivumu un augSanas pazimém, jo par-
svara vértétas pazimes noteiktas fenotipiski. Vaja fenotipiska korelacija (r, =—0,23)
starp koksnes blivumu un stumbra caurméru konstatéta ari $aja pétijuma.
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1.6. tabula
Genétiska korelacija (augséja dala labaja pusé) un fenotipiska korelacija (apakséja, kreisaja pusé) starp pazimém
(Stener & Jansson 2005)

Pazimes 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13.

1. Augstums - 0,57* | 0,71* | 0,75* | 0,65* | -0,36 | -0,13 | 0,30 | 0,83 | -0,07 | 0,38 | 0,19 | 0,11
2. Caurmers 0,58 - 0,99* | 0,96* | -0,08 | -0,61 | -0,58 | —0,48 | -0,01 |-0,53*| —0,14 | -0,01 | -0,13
3. Tilpums 0,69 | 0,97* - 0,98* | 0,09 | -0,60 | -0,43 | -0,34 | 0,27 | -0,48 | -0,08 | 0,04 | 0,15
4. Masa 0,69 | 0,95* | 0,98* - 0,18 | -0,64 | -0,42 | -0,30 | 0,37 | -0,30 | -0,05 | 0,00 | -0,17
5. Formas koeficients 0,23 | -0,10 | -0,05 | -0,01 - 0,10 0,42 | 0,46* | 1,57 0,40 0,37 0,28 0,08
6. Apikala domin. -0,12 |-0,28*|-0,27*|-0,27*| 0,22 - 0,39 | 0,63 0,71 | -0,05 | 0,18 | -0,21 | —0,07
7. Zaru resnums -0,10 |-0,33*|-0,28*|-0,30* | —0,06 | 0,03 - 0,89* | 0,88 | 0,12 | -0,05 | -0,04 | -0,28
8. Zaru skaits 0,02 |-0,40*|-0,33*|-0,31*| 0,29* | 0,18 | 0,34* - 1,16* | 0,30 | 0,41* | 0,04 | —0,08
9. Zaru lenkis -0,05 | -0,23 | -0,19 | -0,18 | 0,21 0,03 | 0,36* | 0,51°* - 0,33 0,31 0,17 0,25
10. Blivums 0,01 | -0,23 | -0,20 | —0,04 | 0,22 0,02 | -0,04 | 0,24 | 0,11 - 0,14 | -0,11 | -0,05
11. Skiedru garums 0,34 | -0,05 | -0,03 | —0,01 | 0,25 0,06 | -0,06 | 0,26 | 0,06 | 0,11 - 0,33 0,13
12. Skiedru platums 0,16 | 0,10 | 0,08 0,05 0,13 | -0,10 | 0,03 | -0,05 | —0,06 | —0,14 | 0,32°* - 0,74%
13. Skiedru rupjums 0,14 | 0,15 | 0,24 | 0,14 | 0,02 | 0,09 | -0,04 | —0,05 | —0,07 | 0,03 0,02 | 0,43* -

* p<0,05.
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1.4. attéls. Selekcijas efekts trim pazimém, atkariba no atlases intensitates
péc Sim pasam pazimém
(Stener & Hedenberg 2003)

Konstatétais selekcijas efekts bija [1dzigs, veicot atlasi péc stumbra caurmeéra
vai koksnes blivuma, tacu aptuveni uz pusi mazaks neka, veicot atlasi péc koku aug-
stuma ( att.).

Péc stumbra caurméra veikta atlasé stumbra tilpums un sausas koksnes masa
tika nozimigi palielinati, vienlaicigi nedaudz — par 2,5% (12 kg m™3) — samazinot
koksnes blivumu. Atlasi veicot péc koku augstuma, koksnes blivuma samazinajums
ir nebtisks, tacu selekcijas efekts stumbra tilpumam ir mazaks neka, atlasot péc
stumbra caurméra.

Mikroklonali pavairotu bérza pluskoku klonu (~ 55%) un brivapputes pécna-
céju (~ 45%) augsanu Iidz 10 gadu vecumam 10 stadijumu vietas (pluskoku skaits
39-83) Zviedrijas dienvidu dala analizéjusi L.-G. Stener un G. Jansson (2005). Kon-
statéts, ka augSanas pazimém vairuma gadijumu ir augsta genétiska kontrole un
nozimiga genétiska variacija, ka ar7 augsts selekcijas efekts. Plasas robezas varié ie-
dzimstamibas koeficienta vértibas gan starp eksperimentu veidiem (klonu vai briva-
pputes pécnacéju), gan ari starp viena veida eksperimentiem — stadijumos H? koku
augstumam variéja no 0,07 Iidz 0,56 klonu pécnacéjiem, bet h? no 0,08 lidz 0,54
brivapputes pécnacéjiem. ledzimstamibas koeficientu vértibas koku zarojuma pazi-
mém bija vidéjas vai augstas, vienlaikus stumbra taisnumam un apikalai dominan-
cei — kopuma zemas.

Plaso iedzimstamibas koeficientu variaciju augstumam un caurmeéram liela
meéra var saistit ar stadijumu ierikoSanas sekmém. Bérzam, ka izteiktai pioniersugai,
seviski raksturiga vides ietekme uz koeficienta vértibam, un ta augSanu spécigi ie-
tekmeé stadijuma kopsanas intensitate pirmajos gados péc iertkoSanas. Pieméram,
platibas ar spécigu konkurenci un zemu saglabasanos ari augsanas pazimju iedzims-
tamibas koeficientu vértibas bija |oti zemas, kamér stadijuma, kura pirmajos divos
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gados péc iertkoSanas veikta regulara kopsana, konstatéts |oti augsts iedzimstami-
bas koeficients Saura nozimé. Ar1 platibas, kas vides apstaklu zina vértéjamas ka
homogénas, ir augstaki iedzimstamibas koeficienti. Tas |auj secinat, ka iedzimsta-
mibas koeficientu vértibas atspogulo eksperimenta efektivitati un ari pazimes ge-
nétisko nosacitibu. ledzimstamibas koeficienta plasa nozimeé H? vértibam vajadzétu
bt augstakam neka iedzimstamibas koeficienta Saura nozimé h? vértibam, kas gan
nav konstatéts $aja pétijuma — atskirtbas starp H?> un h? nevienai no pazimém nebi-
ja batiskas, mikroklonali pavairota materiala atSkiriga sakotnéja augstuma, ka ari
neliela noverojumu skaita dé| tas bija sagaidams. Savukart genotpiskas variacijas
koeficienti CV; un CV, augstumam (attiecigi 7% un 9%) bija mazaki neka caurméram
(attiecigi 12% un 15%); bitiskas atSkirTbas starp brivapputes un mikroklonali pavai-
rotiem pécnacéjiem netika konstatétas. Salidzinajumam — brivapputes pécnacéju
augstumam 9 gadu vecuma Zviedrijas ziemelu dala CV, bija 9,5% (Stener & Wenns-
trom 2000).

Selekcijas efektivitatei noteicosSais ir vecums, kura var veikt atlasi. Intere-
séjosSo pazimju augsta genétiska korelacija vértésanas vecuma un meérka vecuma
dod iespéju sekmigai agrinas selekcijas veikSanai. Genétiska korelacija starp pazi-
mes vértibu 10 gadu vecuma un 4 gadu vecuma koku augstumam L.-G. Stener un
G. Jansson (2005) pétijuma bija 0,60, bet 10 gadu un 5 vai 6 gadu vecuma — 0,94.
Tas liecina, ka ir iespéjams atlasit klonus ar labako augstumu jau aptuveni 6 gadu
vecuma, kad aptuvenais augstums ir 4 m. Secinams, ka bérza selekcija iedzimtibas
parbaudém iespéjams pielietot Tsu parbaudes periodu; tomér janem véra, ka atla-
si veicot 4—6 gadu nevis 10 gadu vecuma, selekcijas efektivitate (selekcijas efekts
gada) bija par 20-40% zemaka.

Aprekinatas korelacijas starp kvalitates pazimeém (r, vai r,) parsvara gadijumu
bija vajas un nebitiskas. Taisnums un apikala dominance ir savstarpéji genétiski ko-
reléjoSas pazimes, tacu So pazimju genétiska nosacitiba ir zema, jo saméra zemas
ir abu pazimju iedzimstamibas koeficientu véertibas. Tapéc ar selekcijas metodem
uzlabot s pazimes ir gratak neka pazimes, kam raksturigas vidéjas vai augstas ie-
dzimstamibas koeficientu vértibas, pieméram, zaru pazimes. AugSanas un stumbra
kvalitates pazimes ir genétiski saméra neatkarigas, jo r, vértibas starp tam ir zemas,
ka rada to genétiskas korelacijas analize. Tomér konstatéta gan no saimnieciska vie-
dokla nevélama vid€ja Iidz cieSa korelacija starp stumbra caurméru un zaru skaitu,
gan (atseviskos stadijumos) vélama korelacija — starp augsSanu un zaru lenki. Pé-
tijuma ieglti neviennozimigi rezultati par sakartbam starp augSanas un kvalitates
pazimém, tapéc ieteicams klonu vértésana lidzas augSanas pazimju vértéjumam iz-
mantot visparigu stumbra kvalitates vértéjumu (pieméram, 5 ballu skala; Stener &
Jansson 2005).

Kaut arT Zviedrijas dienviddala paslaik bérzam nepastav rudens salnu boja-
jumu risks, tomer, ja selekcija augstumu izmanto ka vienigo atlases kritériju, ilg-
termina Sads risks varétu paaugstinaties. Pieméram, starp augstumu un papildpie-
augumu (péc 8. augusta) konstatéta pozitiva korelacija (rg = 0,38). Tapéc papildus
bltu nepiecieSams art kritérijs, kas saistits ar pieauguma izbeigsanos, ja selekcijas
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rezultatus paredzéts izmantot salnu apdraudétas teritorijas. Tomér genétiska ko-
relacija starp augSanu un augsanas apstasanas laiku rudent (growth cessation) bija
vaja, no ka secinams, ka atlastt klonus, kam raksturigs gan augSanas parakums, gan
savlaiciga pieauguma izbeigSanas, ir iespéjams. Pétijuma rezultati liecina, ka geno-
tipa x vides mijiedarbibas ietekme ir vaja, uz ko norada cieSa genétiska korelacija
gan augsanas, gan stumbra kvalitates pazimém. Sada sakariba konstatéta pat stadi-
jumos ar stipri atskirigiem vides apstakliem, pieméram, meza un lauksaimniecibas
zemé, ka art stadijumos ar atskirigiem klimatiskajiem apstakliem. Mikroklonali pa-
vairotam materialam saglabajies stabils klonu ranzéjums (Stener & Jansson 2005).

legltie rezultati kopuma liecina, ka ara bérza augSanas pazimém raksturiga
augsta genétiska nosacitiba, nozimiga genétiska variacija, lielakoties zema nevéla-
ma genétiska saistiba starp augsSanas un kvalitates pazimém un lidz ar to augsts
selekcijas darba potencialais efekts. Bérza selekcijas attistiba Latvija vértéjama ka
lidziga citam Baltijas jlras regiona valstim, un tai ir nozimiga baze — selekcijas pa-
matpopulacija ar 929 atlasitiem kokiem, ka ari 34 proveniences ar plasu izcelsmes
amplitidu — kompleksai analizei un taja balstitu rezultitu iegi$anai. Si baze izman-
tojama gan selekcijas indeksa izstradei un aktualizéSanai, gan fenotipiskai prove-
niencéu regionu izdalisanai un/vai to robeZu precizesanai.
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2. ARA BERZA PAVAIROSANA

2.1. Bérza séklu plantacijas

Pirmas kartas bérza séklu plantacijas ierikotas, izmantojot fenotipiski atlasitu
pluskoku potéjumus. Latvija pirma ara bérza (Betula pendula Roth.) plantacija ar
22 pluskoku kloniem 1972. gada ierikota Limbazu novada Katvaros, koki izvietoti
5x5 m attaluma. Neveicot savlaicigu vainagu veidoSanu, tie saslédzas jau 15— 20 ga-
dos, un apakséjie zari atmira, tadée| ievakt séklas plantacija nebija iesp&jams. Seklu
plantacija Sobrid tiek izmantota ka klonu stadijums to augSanas gaitas vértésanai.

Nakamo pirmas kartas plantaciju ierikoSana (potéjumu audzésana) MPS “Kals-
nava” uzsakta 1997. gada ( tab.). lzmantojot sagatavoto materialu, 2001. gada
Jaunkalsnava akciju sabiedribas “Latvijas valsts meZi” struktrvieniba “Seklas un
stadi” tika ierikotas divas slégta tipa bérza séklu plantacijas (siltumnicas), katra
0,08 ha platiba; izveidoti atseviski plantaciju bloki taja laika definétajiem Zieme-
Ju (Kalsnava 1A) un Rietumu (Kalsnava 2R) séklu ieguves apgabaliem. 2003. gada
ievakta pirma raza.

2007. gada akciju sabiedriba “Latvijas valsts mezi”, Viesites novada ierikotas
ara bérza séklu plantacijas — klonu arhivi “VéZinieki R” un “VéZinieki A”, balstoties uz
1996.-1998. gada veiktu klonu izvéli. Papildus Sim darbam 2007. gada izveidots klo-
nu komplekts “Kalsnava 3” — atlasiti un atkartoti pavairoti razojosie séklu plantaciju
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2.1. attéls. Ara bérza séklu plantaciju, klonu arhiva un ieklauto klonu
izcelsmes vietas

Skaitlis pie izcelsmes vietas un krasojums atbilst izcelsmes vietas numuram un
iekrasojumam klonu izcelsmei attiecigajai séklu plantacijai tabula
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Ara bérza séklu plantacijas

2.1. tabula

. Apsaim- I lerikoSanas Sta(:héanas - Klonu Plantacijas MRM MRM Séklu
Vieta . _. Plantacija attdlums, | Platiba, ha . _ . pieliet. .
niekotajs gads skaits karta kategorija ieguve
m apgabals
Limbazu LVM Katvari 1972. 5x5 5,0 22 1 - - nav
nov. vaktas
Kalsnavas |LVM Kalsnava — 1A 2001. 3,4x3,7 0,08 55 1 uzlabots |Z 2003.—
pag. LVM Kalsnava — 2R 2001. 3,4%3,7 0,08 55 R 2014.
Viesites LVM Vezinieki A 2007. 4x5 0,7 88 1 uzlabots |A; R sakot ar
nov. LVMm Vézinieki R 2007. 4x5 0,5 58 R 2012.
Ogres nov. |RM Norupe 2009. 7x7 1,1 48 2 paraks A; R sakot ar
2018.
Kalsnavas |LVM Kalsnava —3A * 2016. - 0,015 50 1 uzlabots |A sakot ar
pag. LVvMm Kalsnava — 4R 2016. 3,4%x3,7 0,08 25 3 paraks R 2017.
LVM Kalsnava — 5A 2016. 3,4x3,7 0,08 36 paraks A
MPS Klonu arhivs * 2016. - - 97 3 paraks A; R sakot ar
2018.
LVM Kalsnava — 6A 2024. 3,6 x3,75 0,25 32 3 paraks A -

* klonu rameti aug podos.

Saisinajumi: LVM — AS “Latvijas valsts mezi”, RM — SIA “Rigas mezi”, MPS — MeZa pétisanas stacija.




“Kalsnava 1A” un “Vézinieki A” 50 kloni. lzveidotais klonu komplekts izmantots
2016. gada ierikotaja “Kalsnava 3A” séklu plantacija, klonu rametus audzéjot podos.

Norupe ir pirma séklu plantacija, kura izmantota informacija un materials no
pécnacéju parbaudem (fenotipiski labakie koki no augstvértigakajam gimeném), ie-
rikota 2009. gada rudeniSIA “Rigas mezi” Daugavas mezniecibas teritorija. lzvértéjot
921 brivapputes gimeni pécnacéju parbaudés (Nr. 54, 55, 589), atlasitas augstverti-
gakas un to ietvaros izvéléti fenotipiski labakie koki Rietumu (25 kloni) un Austrumu
(36 kloni; tab. un att.) proveniencu regionam piemérotu séklu plantaciju
iertkoSanai. Péc veiktas potésanas 2014. gad3, jaunas — 3. kartas — séklu plantaci-
jas “Kalsnava — 4R” un “Kalsnava — 5A” ierikotas 2016. gada, un jau 2019. gada tajas
ievakta pirma nozimiga séklu raza. Vienlaikus ar klonu atlasi séklu plantaciju vaja-
dzibam, izvéléti ari potencialai vegetativi pavairotu stadu razoSanai atbilstosi kloni,
kam veiktas turpmakas parbaudes in vitro.

MezZa pétisanas stacijas stadaudzeétava Jaunkalsnava 2016.gada sak-

ta klonu arhiva iertkosana, kur 50 | podos audzéti ara bérza selekcijas materiala
2013.—2018. gada potéto un in vitro pavairotu 188 klonu 607 rameti (2019. g.) zie-
désanas stimulésanai kontrolétas krustosanas veikSanai. Ziedésana 2018., 2019. un
2020. gada nodrosinaja iespéju veikt kontroléto krustoSanu nakama selekcijas cikla
vajadzibam. Péc tas dala klonu kolekcijas vairs netiek uzturéta, Sobrid taja ir 97 klo-
nu 344 rameti. Klonu skaits ir mainigs, jo augi periodiski tiek atjaunoti, daZi no sa-
kotnéjiem kloniem vairs netiek uzturéti.
“Mezvidi” Jaunkalsnava nodota ekspluatacija jaunaka 3. kartas siltumnicas tipa bér-
za séklu plantacija “Kalsnava 6A” ( att.) ar 32 kloniem (65% in vitro pavairotiem,
35% potétiem), kuri, pécnacéju parbaudés no augstvértigikajam gimeném atlasot
fenotipiski labakos kokus, Sobrid atziti par piemérotakajiem Austrumu proveniencu
regionam.
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2.2. attéls. TreSas kartas ara bérza seklu plantacija “Kalsnava 6A”
(Foto: A. Jansons)
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2.2. tabula
Ara bérza séklu plantacijas ieklauto klonu izcelsmes vietas

Séklu plantacija

— ~ < < n < v
lzcelsmes _ | | 7 | | < 2 T v =
. — X~ X~
vietas lzcelsme ** S g g © 2 S o @ v s ©
—
Nr. * 0 c c P c c e 5% >r% S 2
~ 2} 2 @ 2 i) © O Q =2 o
N N S N N S > = <
X~ ~

Aizputes VVM Aizputes VM - - - - - - - - - -

Aizputes VVM Kalvenes VM - - - - - - - - - - R

Altksnes VVM Malupes VM

Bauskas VVM Ceraukstes VM

Cesvaines VVM Cesvaines VM

1
2
3
5 Bauskas VVM Bauskas VM
6
7
9

Daugavpils VVM Sventes VM

10 Dobeles VVM Tles VM

11 GNP Gaujas VM

12 GNP Mednu VM

13 Gulbenes VVM Daukstu VM

14 Jelgavas VVM Garozas VM

15 Jékabpils VWM Abelu VM

17 Kokneses VVM Kokneses VM

19 Kuldigas VVM Kuldigas VM

21 Liepajas VVM Priekules VM

22 Limbazu VVM Limbazu séklu plant.

23 LLU MPMS Skédes VM




Séklu plantacija

<
i o~

Izcelsmes — I I “I’

. —_

vietas Izcelsme ** © g Y ©

* - @ (3] ©

Nr. T c c o

~ ) iG] S

] © -

4 7 N

24 Ludzas VVM Zilupes VM - - - -

Kalsnava — 4

Kalsnava -5

Kalsnava — 6A

Vézinieki A

Vézinieki R

Norupe

Klonu arhivs

25 MPS Kalsnavas VM - - - -
26 Ogres VVM Suntazu VM - - - -
27 Rézeknes VVM Gaigalavas VM - - - -
28 Rézeknes VVM Vilanu VM - - - -
30 Stren€u VVM Strenéu VM - - - -
31 Talsu VVM Andumu VM - - - -
32 Valmieras VVM Dalinu VM - - - - - - - - - - -
33 Valmieras VVM Nauks$énu VM - - - - - - - - - - 7
34 Valmieras VVM Rujupes VM - - - - - - - - - - 1
35 Allksnes VVM Liepnas VM - -;- - - - 22 - - -
36 Tukuma VVM Kaives VM - - - - - - - 58 - -
Cita - - - - - - - - - - 5
Kopa kloni| 22 55 55 50 36 25 32 88 58 47 97
* kartas numurs un iekrasojums tabula atbilst apziméjumam karté attéla;

** virsmeZniecibu un meZniecibu nosaukumi atbilstosi séklu ievaksanas gada pastavosajam iedalijumam.




Izveidojot bérza séklu plantacijas, nodrosSinata iespéja praksé izmantot meza
selekcijas rezultatus, meZa atjaunosana un ieaudzésana pielietojot kategoriju “uzla-
bots” un “paraks” stadus.

2.2. Ara bérza vegetativa pavairo$ana

Vegetativa pavairosana rada iespéju praksé realizét visu sasniegto selekcijas
efektu, izmantojot tikai nelielu skaitu pasus augstvértigakos genotipus. Tapat 31 pie-
eja nodrosina iespéju saisinat laiku no selekcijas darba rezultatu iegtisanas (atlasitas
genotipu kopas ar vélamajam pazimém) lidz So rezultatu praktiskai izmantosanai
meZza atjaunosana, jo nav jagaida lidz séklu plantacijas razoSanas sakumam. Tomér
bérzam, salidzinot ar, pieméram, egli, Sis ieguvums ir visai neliels, jo pirmas seklu
razas mérktiecigi apsaimniekota plantacija iesp&jams ieglt no ievérojami jaunakiem
rametiem. Meza selekcijai nozimigakais ieguvums no vegetativas pavairosSanas ir
augstaka pécnacéju parbauzu precizitate (samazinot lokalo apstak|u variacijas ietek-
mi uz genétisko parametru novértéjumu) un 1saks to realizacijas laiks. Augstako se-
lekcijas efektu iespéjams sasniegt, péc kontrolétas krustoSanas no katras sibu gime-
nes izmantojot lielaku skaitu kandidatu un katru no tiem parbaudot ar nelielu (6—10)
rametu skaitu katra no 3—4 stadijuma vietam (Danusevicius & Lindgren, 2002a,b,
2004, Isik et al. 2003, 2004, 2005, Dieters et al. 2004, Stener & Jansson 2005).

Liela apjoma stadu raZzoSana no vegetativi pavairotiem paraku gimenu krus-
tojumiem vai individiem, kas raksturojami ar saimnieciski vélamu pazimju komplek-
su (ideotipiem), ir bijusi saistoSa kops mikropavairosanas tehnologijas radisSanas
(Naujoks et al. 2002). Galvenas bérzu masveida vegetativas pavairoSanas metodes
ir organogenéze un somatiska embriogenéze. Organogenézes procesa jaunu augu
inducésana notiek no auga organiem — pumpuriem, dzinumiem, lapam, zieda da-
Jam. Saja procesa nepieciesami divi dazadi hormonalie signali, lai izraisitu dzinu-
ma organu un saknu attistibu. Somatiska embriogenéze ir augu embriju attistiba,
diferencéjoties somatiskajam Stinam. Somatiskais embrijs satur gan dzinuma, gan
saknes meristému, tapéc ierosinasanai nepiecieSams viens hormonals signals. 1z-
mantojot somatisko embriogenézi, iespéjams ieglt lielu skaitu genétiski vienadu
embriju un izveidot maksligas séklas, kuru izmaksas bitu pielidzinamas parasta-
jam seéklam. AugSanu veicino$as rizobaktérijas, mineralelementus un pesticidus
batu iespéjams ieklaut maksligo séklu apvalkos. Metode ir perspektiva, tomeér
lidz Sim nav tik talu attistita, lai bltu pielietojama praktiska meZa stadu razosana
(Rihan et al. 2017).

Mikroklonalas pavairosanas procesa notiek augu organogenéze maksliga ba-
rotné sterilos apstaklos. Pétijumi par kokaugu mikroklonalo pavairoSanu pasaulé
notiek kops 20. gs. 30- tajiem gadiem. Bérzi ir vieni no pirmajiem mikroklonali pa-
vairotajiem kokiem (Jacquiot 1955 citéts péc McCown 1989). Skandinavijas valstis
un citviet Eiropa bérzu mikroklonalas pavairosanas pétijumi sakas 20. gs. 80-tajos
gados ar mérki apglt metodes izvéléta genotipa pavairoSanai apmezos$anas nola-
kos, ka arT selekcijas procesa paatrinasanai (Welander 1988). LVMI “Silava” Augu
fiziologijas laboratorija bérza mikroklonalas pavairo$anas iespéju apgusana tika
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uzsakta 2006. gada. Paslaik bérzu in vitro kolekcija ir vairak neka 150 1pasi atlasTti
bérzu genotipi.

Mikroklonala pavairoSana sakas ar materiala ievakSanu no izvélétajiem ko-
kiem (genotipiem) un ievadisanu maksliga (laboratorijas) vidé — barotng, kas satur
visas augam nepiecieSamas mineralvielas, oglhidratus, vitaminus, aminoskabes, fi-
tohormonus. Sai audu kultiiras uzsaksanai izvélétajiem genotipiem ievac iespéja-
mi juvenilakas augu dalas. Svarigs faktors kultdras iniciacijai ir eksplantu nemsanas
laiks, mates auga vecums un fiziologiskais stavoklis. Sakotnéja kultdras attistiba ir
atkariga no atbilstoSas barotnes izvéles. Svarigakie ir augsanas regulatori, galveno-
kart citokinini un auksini. Citokinini veicina Stnu daliS8anos un bremzé to noveco3a-
nos, bet auksini — Snu attistibu. AugSanas regulatori pilda ari specifiskas reguléjo-
Sas funkcijas. Tie var ietekmét enzimu darbibu, génu ekspresiju un mainit pat Slnu
membranu Tpasibas.

P&c in vitro kultiras stabilizacijas var uzsakt nakamo mikroklonalas pavairosa-
nas etapu — pasu mikropavairoSanu. Tas vajadzibam augi tiek ievietoti proliferacijas
barotnés, kas stimulé auga sanpumpuru plaukSsanu un adventivo dzinumu veidosa-
nos, ka arf nodrosina optimalos temperatiiras un gaismas rezimus. Lai nodrosSinatu
Sis metodes efektivitati stadu raZzoSana, japanak maksimala augu galvena dzinuma
un sanu dzinumu augsana garuma un sanu dzinumu skaita pieaugums ( att.). Tas
nodrosina, ka péc noteikta laika (bérzam 4-5 nedélas), sadalot pa dzinumiem un katru
dzinumuiestadot atseviski, ieglst vairakus augus. Lai pavairoSanas process bltu efek-
tivs, ieglistamojaunoaugu skaits nedrikstétu bt mazaks par pieciem. Definétais mini-
malais skaits (pavairosanas koeficients) bis atkarigs no razoSanas izmaksam un stadu
tirgus vértibas.

Sandzinumi

Galvenais
dzinums

2.3. attéls. Mikroklonali pavairots ara bérzs
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Klons (genotips) ir nozimigs pavairoSanas koeficientu ietekméjoss faktors
(Koski & Rousi 2005) — tatad ne visus tos genotipus, kas ir ar vélamajam 1pasibam,
bis iespéjams efektivi pavairot vegetativi. Tapat ir konstatéts, ka dazadiem kloniem
labaki rezultati sasniedzami atskirigas proliferacijas barotnés — tatad nepiecieSams
un tiek realizéts eksperimentalais darbs, lai atrastu tieSi konkrétajiem raZigakajiem
un kvalitativakajiem kloniem piemérotakas barotnes.

Noslédzosa Sis vegetativas pavairoSanas metodes faze ir augu aklimatizacija
augsSanai nesterila vidé. Tos stada kddras substrata, sakotnéji siltumnica ar miglas
iekartu, nodrosinot augstu (> 80%) gaisa mitrumu un precizi kontroléjot augu au-
dzeésanas rezimu, vélak stadus parskolo lielaka izméra konteineros un parvieto arvi-
dé (uz poligonu).

Mikroklonalas pavairoSanas metodei ir art trikumi. Ta ir darga, jo ir nepie-
cieSams ilgs manuals darbs sterilos apstaklos un kvalificéts personals. Atseviskos
gadijumos augsanas regulatori, kas ir pievienoti barotnés, var izraisit somaklonalas
mutacijas. To gan var novérst, ierobezojot kultiras ilgumu in vitro apstak|os, jo iz-
mainas uzkrajas laika.

Vegetativi pavairoto koku augSana meza neatskiras no atbilstoSa selekcijas
efekta generativi pavairotiem individiem, par ko liecina plasi un ilgstosi pétijumi
(Meier-Dinkel 1992, Viher&d-Aarnio 1994). leglistamais rezultats ir paredzamaks — ar
mazaku variaciju — un ar iespéju praksé realizét augstaku selekcijas efektu. Mikrok-
lonali pavairotu stadu plasaka praktiska izmantoSana notikusi Somija, vairaku uzné-
mumu sadarbibas ietvaros, sakot ar 1989. gadu, kad tika sarazoti pa 30 000 stadi no
30 dazadiem kloniem (Viherad-Aarnio & Ryynanen 1994). 1990. gada sakuma bija
sarazoti vairak neka miljons stadu, tomer lielaka méroga mikroklonala pavairosana
tika partraukta 1994. gada (Vihera-Aarnio & Velling 2001). Sadam Iémumam bija vai-
raki iemesli. Sameéra strauji auga darbaspéka izmaksas, sadardzinot stadmaterialu;
tapat strauji palielinajas parnadZzu bojajumi bérzu jaunaudzés, samazinot interesi
(un jegu) So koku sugu stadit. Tacu nozimigakais iemesls bija pavairotais materials —
kloni, kas tika izmantoti projekta, nebija raksturojami ar pozitivu selekcijas efektu.
Somu pétnieki norada, ka, izvéloties klonus pavairoSanas programmai, netika veikta
korekta to atlase pécnacéju parbauzu stadijumos; nereti darbu veica personas bez
atbilstosam zinasanam (Vihera-Aarnio & Velling 2001). Desmit pécnacéju parbauzu
stadijumos 17 ha platiba Dienvidsomija, kopuma ietverot 29 000 kokus, salidzinati
6—7 gadus veci 11 klonu mikropavairoti pécnacéji un 10 gimenu séjeni. Tika seci-
nats, ka stadmateriala veidam nav batiskas ietekmes uz saglabasanos, augstuma
pieaugumu un biotiskajiem riska faktoriem (grauzéju un parnadzu bojajumi, vézis
u. tml.), toties ievérojamas atskiribas Sim pazimém tika konstatétas starp kloniem.
Tiek rekomendéta ripigi parbauditu labako klonu izvéle izmantoSanai plasa méroga
mikropavairosanai (Viherd-Aarnio & Ryyndnen 1994, Vihera-Aarnio & Velling 2001).

Zviedrija mikropavairoSana stadu raZoSanai pagaidam netiek izmantota. Se-
lekcijas programma tikusi veikta pluskoku pavairoSsana augu audu kulturas, tomer
lielu daju klonu nav bijis iespéjams $adi pavairot. Ka atsevisku privatu uznémumu ini-
ciativu pieméru var minét pétniecibas un tehnologiju attistitbu kompaniju “SweTree
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Technologies”, kas attista automatizétas vegetativas pavairosanas tehnologijas. Sis
kompanijas veikta pétijuma véertéta Betula pendula eksplantu kultivéSana jauna pa-
gaidu iegremdésanas bioreaktoru sistéma, demonstréjot potencialu paplasinat un
automatizét mikropavairoSanu komercialai izmantoSanai (Businge et al. 2017).

Ar1 Krievija tiek veikti pétijumi augstas kvalitates bérza konteinerstadu razo-
Sanai ar klonu mikropavairosanu, attistot metodes stadu aklimatizacijas nodrosina-
$anai. Tas |autu izvairities no izmaksam, kas saistitas ar maksligas miglas aprikojumu
un reizé nodrosinatu 90-95% in vitro kultlras ieglto stadu saglabasanos, tos izsta-
dot ex vitro. Stadu audzésana tiek veikta un vértéta augsta bieziba (660—900 sta-
di m=) mazas sanas (20 ml), kas samazina izmaksas (Lebedev et al. 2017). Lietuva
vértéta eksplantu kultdras uzsakSana un uzturésana in vitro, lai sagatavotu prak-
tiskus ieteikumus talakai mikroklonalas pavairoSanas izmantoSanai stadu raZzosana
(Vaiciukyneé et al. 2017).

Eiropas Savienibas dalibvalstim ir atlauts regulét vegetativi pavairota meza
reproduktiva materiala razoSanu un pielietoSanu meza atjaunoSana vai ieaudzésa-
na. Ta ka Baltijas un Fenoskandijas regiona kopuma $ads materials tiek raZots un
izmantots maz, detalizéti ierobezojumi tiek piemeéroti reti. Latvija vienigais iero-
beZojums — kloniem, kuri registréti kategorijas “uzlabots” reproduktiva materiala
razosanai, ar vegetativas pavairosanas metodi ieglistamo pécnacéju (rametu) mak-
simalais skaits ir viens miljons izaudzetu stadu. Kloniem, kuri registréti kategorijas
“paraks” reproduktiva materiala razosanai, maksimalo ieglistamo pécnacéju (rame-
tu) skaitu neierobezo (MK Noteikumi par meza reproduktivo materialu Nr. 159).

Kopuma var secinat, ka bérza mikroklonala pavairoSana meza atjaunosanai
Sobrid nedz Latvija, nedz kaiminvalstis netiek praktizéta, tomer ir skaidri tas principi.
Praktiskai to pielietoSanai nozimigi izstradat tehnologiju, ietverot art kloniem speci-
fisku, pielagotu barotnu sastavu.

2.3. Bérza audZu atjaunosana un ieaudzésana

Selekcija nodrosina praktisku ieguldijumu tautsaimnieciba tikai tad, ja tas
rezultati tiek izmantoti meZa atjaunoSana un ieaudzésana. Bérza audzés galvenaja
cirté vidéji gada nocért 15,3 tukst. ha (VMD statistika 2013.-2023. gadam), no ku-
riem lielaka dala (74-100%) tiek atjaunota ar bérzu. Tomér gan valsts, gan paréjos
meZos bérza audzu atjaunoSana dominé passéja ( att.). Sads stavoklis saistits ka
ar zemakam atjaunosanas izmaksam, ta bérza stadu trikumu.

Valsts meZa dienesta meZa reproduktiva materiala (MRM) ieguves avotu re-
gistra no 134 ara bérzam registrétiem ieguves avotiem 100 ir zemakas kategorijas
“ieguves vieta zinama”, viens — kategorijas “atlasits”, 30 — kategorijas “uzlabots”
(5 séklu plantacijas, 7 kloni un 18 gimenu vecaki) un tris séklu plantacijas kategorija
“paraks” (VMD dati par 2023. g.). No 2013.—2023. gadam bérzam dominé zema-
kas kategorijas MRM raZoSana — stadu audzésana no mezaudzés iegitam séklam
( att.), uz pusi sarucis kategorijas “uzlabots” sarazotais MRM apjoms, bet kate-
gorijas “paraks” séklu materials kluvis pieejams pédéjos gados un sarazota MRM
apjoms ir neliels.
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2.5. attéls. Ara bérza meza reproduktiva materiala razo3ana pa kategorijam
(Avots: VMD)

Ka visam koku sugam, art ara bérzam séklu razas apjoms atskiras gadu no
gada gan meZaudzés, gan séklu plantacijas ( att.). Siltumnicu tipa plantacijas ir
iespéja veikt ziedésanas stimulésanu, pieméram, izmantojot CO,, kas var palielinat
séklu razu un Iidz ar to padarit pieejamakas bérza augstakas kategorijas séklas sta-
du raZosana.
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2.6. attéls. Akciju sabiedribas “Latvijas valsts mezi” bérza séklu plantacijas
iegutais séklu apjoms
(Avots: LVM “Séklas un stadi”)

Pédéjos gados (2019., 2020. un 2023. gada) razot sakusam LVM 3. kartas ara
bérza seklu plantacijam “Kalsnava —4” un “Kalsnava — 5” ir potencials razibu palie-
linat un nodrosSinat stadu razotajus ar augstvértigam kategorijas “paraks” séklam
( att.).

Selekcijas rezultatu parnese meza atjaunosana ir |oti ierobeZota, kas saistits
galvenokart ar séklu razoSanas izaicinajumiem, bet ne pasu selekcijas rezultatu (klo-
nu ar noteiktam, parbauditam pazimém) pieejamibu.
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3. FINANSIALA IEGUVUMA NO SELEKCIJAS UN IETEKMES UZ
GENETISKO DAUDZVEIDIBU NOTEIKSANA

3.1. Finansialais ieguvums

Salidzinot materialu no séklu plantacijam un ka kontroli izmantojot mezaudzu
pécnaceéjus, bijusaja lauksaimniecibas zemé ierikotos pécnacéju parbauzu stadiju-
mos Somijas dienvidu dala pétita genétisko faktoru ietekme uz stumbra kvalitati
un augsanas pazimém bérzam 8-12 gadu vecuma. Seklu plantaciju pécnacéju para-
kums konstatéts, vértéjot gan produktivitati, gan stumbra kvalitati. Realizétais selek-
cijas efekts 8-12 gadu vecuma séklu plantaciju pécnacéjiem sasniedza 26,3—-29,3%
stumbra tilpumam, 9,7-13,6% stumbra raukumam un 6,1-10,1% relativajam zara
diametram; prognozéts, ka relativas atSkiritbas saglabajas Iidz vismaz 30 gadu ve-
cumam (Haggvist & Hahl 1998). Brivapputes gimenu pécnacéju vértésana 13 gadu
vecuma Somijas dienvidos uzradija par 20—30% labaku augSanu un stumbra kvalitati
labakajiem genotipiem, salidzinot ar stadijjumu vidéjiem raditajiem (Raulo & Koski
1977, Koski & Rousi 2005). So pasu gimenu augsanas atskiribu amplitiida saglabajas
32 gadu vecuma, labako gimenu stumbra tilpumam un krajai parsniedzot stadijumu
vidéjos raditajus par attiecigi 13—28% un 24—28%. Savukart brivapputes gimenu kra-
ja 32 gadu vecuma bija par 12-16% augstaka neka mezaudzu pécnacéjiem (Vihera-
Aarnio & Velling 1999). Jamin, ka Somija, kur bérza selekcija uzsakta jau 1961. gada,
selekcionétam bérzam ir visaugstakais Tpatsvars stadmateriala razosana (teju 100%;
Jansson et al. 2017). Somija analizéta ari séklu plantaciju rentabilitate, ka indikatoru
izmantojot tiro tagadnes vértibu (TTV; Ahtikoski 2000). Aprékinata TTV bija poziti-
va pie 4% diskonta likmes un prognozéta selekcijas efekta — 20% Dienvidsomija un
14% Centralsomija.

Realizétais selekcijas efekts vértéts 19 séklu plantaciju pécnacéjiem 34 péc-
nacéju parbauzu stadijumos Somijas dienvidos un centralaja dala 9—24 gadu vecu-
ma. Seklu plantaciju pécnacéji uzradija visu vértéto pazimju uzlabojumu, salidzinot
ar kontroles materialu no passéjas mezaudzém, bet rezultati batiski atskiras pa sék-
lu plantacijam, jaunakajam no tam uzradot labakus raditajus. Realizétais selekci-
jas efekts augstumam, caurméram un stumbra tilpumam bija attiecigi 1,6-12,1%,
0,6—9,4% un 1,0-31,1%. Selekcionétiem kokiem bija vidéji par 6,8% (lidz 26,7%)
mazak padélu un par 16,2% (lIidz 57,6%) mazak dubultgalotnu neka kontrolei (Ha-
apanen 2024).

Dienvidzviedrija realizétais selekcijas efekts kloniem 9 gadu vecuma, sali-
dzinot ar Ieénaudzigako genotipu, bija vidéji 22% augstumam un 16% caurméram;
26 gadu vecuma Sis efekts sasniedza 32% Skérslaukumam un 56% krajai (Liziniewicz
et al. 2022).

Labakas bérza gimenes no Somijas un Zviedrijas selekcijas programmam
Norvégija uzradija 10% augstuma parakumu par vietéjo proveniencu materialu
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(Kohmann 1998). Norvégija devinu brivapputes gimenu dialélo krustojumu stadiju-
ma lauksaimniecibas zemé kraja 37 gadu vecuma (péc divam kopsanas cirtém) bija
308 m3 ha™, un gimenu limenT novértéts loti atskirigs Tpatsvars kopéja kraja — pro-
duktivakas gimenes pécnacéju kraja bija tris reizes lielaka neka krustojumiem, kuros
parstavéta |énaudzigaka gimene (Skrgppa & Solvin 2019). Saja pécnacéju parbau-
Zu stadijuma augstas korelacijas starp gimenu augstuma un caurméra meérijumiem
seSu un 37 gadu vecuma art apstiprina, ka labako gimenu atlase iespéjama agrina
vecuma, kad koki sasniegusi 2,5-3 m augstumu.

Lietuva analizéti seSus gadus veci vietéjas izcelsmes 100 brivapputes gimenu
pécnacéji, un to selekcijas efekts novertéts, atlasot 30% labako gimenu péc sagla-
basanas, augstuma, caurméra, stumbra taisnuma un zaru resnuma (augstumam
pielietots koeficients 1,5; Baliuckiené 2009). Koku saglabasanas selekcijas efekts sa-
sniedza nepilnus 60%; augstumam un caurméram tas bija robezas no 20 lidz 40%;
uzlabojums stumbra taisnumam sasniedza 10%. Selekcijas efekts zaru resnumam
bija neliels (Iidz 5%) vai nebutiski negativs, atkariba no selekcijas zonas.

Ara bérzs ir ieklauts meZa koku selekcijas programmas Lietuva, Zviedrija un
Somija, ka ari, ka papildu suga ar mazaku nozimi, Norvégija.

Janem véra, ka realizéto selekcijas efektu nosaka ne tikai pats atlases process,
bet art veids, ka Sis selekcijas efekts tiek parnests prakseé. Pieméram, bérza séklu
plantacija zem pléves seguma ir efektivaka par brivapputes séklu plantaciju, kura
ieguvumu l1dz pat divam reizém var mazinat fona puteksni (Ruotsalainen 2014).

lerasti pienemts, ka selekcijas efekts realiz€jas ilgaka laika perioda péc sta-
disanas — krajas kopSanas un galvenas cirtes laika. Tomér ir tdlitéjs ieguvums no
selekcionéta stadmateriala izmantosSanas, jo ta lauj samazinat sakotnéjo stadiSanas
biezumu augstakas stumbra kvalitates dél, tada veida samazinot sakotnéjo investi-
ciju apjomu (Ruotsalainen 2014).

Reizé ar selekcijas mérki paaugstinat produktivitati un uzlabot augstvertigu
sortimentu iznakumu panakama art oglekla piesaistes palielinasana par aptuveni
10-20% (Ameray et al. 2021). Selekcija, intensiva apsaimniekoSana un atbilstoss
rotacijas ilgums ilgmazZigu koksnes produktu razoSanai kopa ir svarigi instrumenti,
lai palielinatu oglekla piesaisti. Pieméram, Pinus taeda stadijumos ASV dienvidos
aplésts, ka selekcionétas $1s sugas priedes raksturojamas ar par 17% augstaku kra-
ju un par 13% augstaku oglek|a piesaisti neka neselekcionéti koki (Aspinwall et al.
2012). Staditajam audzém piesaistot oglekli, tam bs liela nozime oglekla tirga, vai-
rojot meza Tpasnieka ienakumus. Pétljuma Somija noveértéts, ka, izvirzot par meza
apsaimniekoSanas mérki gan koksnes razosanu, gan oglekla uzkrasanu, finansialie
ieguvumi selekcionétas audzeés ir augstaki, neka, izvirzot par mérki tikai koksnes
ieguvi (Ahtikoski et al. 2020).

MezZa apsaimniekoSanai oglekla piesaistei mainigos klimatiskajos apstak|os
nepiecieSamas pielagosanas darbibas (adaptiva mezsaimnieciba). Mainigs klimats
apdraud mezu spéju piesaistit oglekli, paaugstinoties temperatlrai un izmainoties
nokriSnu sezonalitatei, ka arT dabisko traucéjumu, pieméram, sausuma, véja vai
mezZa kaitékJu bojajumu bieZuma un smaguma pieauguma dé| (Seidl et al. 2017,
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Ontl et al. 2020). Meza apsaimnieko$anas partrauksana ar noltiku maksimali palieli-
nat oglekla daudzumu ekosistema uzskatama par nerealu tados regionos ka Baltija
un Ziemelvalstis, kur mezsaimniecibai ir nozimiga loma tautsaimnieciba, tadée| tada
adaptiva mezsaimnieciba ka, pieméram, produktivas staditas audzes ar selekcioné-
tu reproduktivo materialu un ar zemaku sakotnéjo biezumu to stabilitates veicina-
Sanai, var paaugstinat izturibu pret, pieméram, véja bojajumu risku, un tadéjadi
ilgtermina samazinat oglekla zuduma riskus (Jandl et al. 2015). Nemot véra, ka se-
lekcionéts stadmaterials parasti tiek izmantots sugai piemérotakajas augsnés (aug-
sta bonitate), kur vislabak izpauzZas ta papildu ieguldijums augsana (Zeltins et al.
2024), svariga ir selekcijas efekta mijiedarbiba ar citam mezkopibas darbibam risku
mazinasana. Proti, selekcionétu stadu izmantoSana, zemaks sakotnéjais audzes bie-
zums un laiciga retinasana gan paaugstina audzes stabilitati, gan saisina rotacijas
ilgumu lidz mérka caurméra sasniegsanai, tada veida samazinot laiku, kad koki ir pa-
klauti véja un citu bojajumu riskam, un reizé palielinot finansialo ieguvumu (Donis
et al. 2020, Samariks et al. 2020).

Lidz Sim trikst bérza selekcijas radita finansiala ieguvuma krajas kopSanas
cirtés novértéjuma, kas lauj noteikt ieguvumus meza ipasniekam jau pirms galvenas
cirtes vecuma sasniegSanas. Tapat salidzinosi ir maz vértéts ieguvums no selekcijas
galvenas cirtes vecuma, ka ari visam selekcijas ciklam kopuma.

3.2. Genétiska daudzveidiba

Selekcijas populacijas un vegetativi pavairota materiala plasakas izmanto-
Sanas konteksta bitiski ir nemt véra genétisko daudzveidibu (GD), kas ir pamats
biologiskajai daudzveidibai gan sugas, gan ekosistémas [iment (Koskela et al. 2007,
de Vries et al. 2015). GD nodrosina dzivo organismu, t.sk. koku saglabasanos un
evollciju mainiga vide.

GD selekcijas populacija svariga, jo:

a) nodrosina iespéjas selekcijas mérku mainai nakotnég;

b) noveérs (mazina) génu dreifu un tuvradniecisko krustosanos un ar tiem saistito
negativo ietekmi;

c) uzlabo selekcionéta materiala adaptacijas potencialu, kas 1pasi nozimigi
strauji mainiga vide.

GD ir mainiga ari cilvéka neietekmétas koku populacijas (populaciju dalas),
tadel ir komplicéti definét kadas skaitliskas indikatoru vértibas, kas raksturotu aug-
stu vai pietiekamu tas apmeéru. Precizako prieksstatu par GD saglabasanu selekcijas
populacija nodrosina salidzinajums ar neselekcionétu autohtonu materialu. Vairaki
autori ka merki GD saglabasanai selekcijas populacija norada vismaz 95% no saim-
nieciskas darbibas neskartas populacijas (to dalas, ka vecas meZaudzes, kas nav
atjaunotas stadot vai séjot selekcionétu materialu) konstatéjama aléju skaita, tam
téréjot mazako iespéjamo resursu (Thomas et al. 2014).

PavairoSanai — stadu raZoSanai un stadiSanai meza — tiek izmantota tikai ne-
liela dala no selekcijas populacijas: péc noteiktas pazimju kopas, kas ietilpst selekci-
jas indeksa, izveleti genotipi. Nozimigi, lai GD Saja kopa bitu pietiekama konkrétas
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sugas daudzveidibas saglabasanai ilgtermina meza ainava. Séklu plantacijas $ada
GD limena raksturosanai bieZi vien tiek izmantots efektivais klonu skaits (N.) — Tpat-
nu skaits ideala populacija (kura atrodas Hardija-Weinberga lidzsvara stavokli), kam
ir tads pats inbridinga koeficients (vai dispersija) ka dotajai populacijai (Falconer,
Mackay 1996). N, ietekmé gan klonu skaits un to savstarpéja radnieciba, gan atskiri-
ga to parstavétiba plantacijas pécnacéju kopa, kas saistits ar ziedésanas fenologijas
atskiribam, ziedésanas intensitates un dzimuma attiecibas atskirtbam, kopéjas seklu
razas un tas kvalitates atskiribam (Charlesworth 2009). Kopa ar mutaciju biezumu
N. determiné genétiskas daudzveidibas Iimeni (lielakoties neitralo daudzveidibu,
kas maz vai nekada veida neietekmé dabisko selekciju). Ir pieradits, ka génu dreifa
(nejausam kadas aléles vai alélu zudumam no populacijas, mainoties paaudzém un
aizejot boja individam, kuram vienigajam ir konkréta aléle vai aléles) ietekme nav
nozimiga, ja N, >25. Sadu vai pat ievérojami mazaku (N, = 10-16) vértibu iesaka
izmantot séklu plantacija (apskats: Jansons 2008). Mazaka vértiba lielakoties tiek
saistita ar faktu, ka plantacijas raZo relativi Tsu laiku (péc kura notiek klonu sastava
nomaina) un nav sagaidams, ka nakamajas paaudzés plantaciju pécnacéji krustoties
tikai sava starpa. Krustosanas ar blakus audZzu kokiem paaugstinas efektivo klonu
skaitu un novérsis GD zudumu. TieSi Sie pasi argumenti ir speka, ari vértéjot vegeta-
tivi pavairota materiala (klonu) izmantosanu meza atjaunosana.

Vegetativa pavairoSana un klonu izmantosSana Baltijas jlras regiona ir sali-
dzinosi maz izplatita (Hogberg & Varis 2016), tadé| saikni starp klonu izmantosanu
un genétisko daudzveidibu iespéjams analizét teorétiski vai izmantojot piemérus
no citiem regioniem, kur ta lietota plasak. Pieméram, aptuveni puse no eikaliptu
audzem Brazilija ir klonu stadijumi (Wu 2019). Tapat iesp&jams vertét audzes, ku-
ras atjaunojas ar saknu un/vai celmu atvasém. Sadas dabiski atjaunojusas audzés
konstatéjamas ievérojamas heterogénu vides apstak|u noteiktas koku fenotipiskas
atskiribas pat tad, ja tie ir tikai 3—5 klonu rameti (Bradshaw et al. 2019) — tatad aré-
jas vides faktori, kas negativi ietekmé kadu klona rametu, neatstas $adu ietekmi uz
citu. Tadéjadi audzes ar nelielu klonu skaitu var pastaveét |oti ilgu laiku. Paleoekolo-
giskajos pétijumos secinats, ka dala Eiropas bijis ilgs periods ar $adam melnalksna
un parastas liepas klonu audzém, kas radusas agrinaja holocéna (Giesecke et al.
2017). So periodu partraukusi antropogéna ietekme ar nozimigiem majlopu radi-
tiem bojajumiem, kas ierobezZoja turpmaku atjaunosanos ar atvasém un iznicinaja
klonus, kas varétu bat bijusi vairakus tikstoSos gadu veci. Uz $adu klonu vecumu
norada ari Cook (1985). Vecaka zinama parasta egle (Old Tjikko, > 9000 gadi), kas
konstatéta Zviedrija, ari eksistéjusi ka klons, periodiski atjaunojoties tas virszemes
dalai (Oberg & Kullman 2011).

Vertéjot informaciju par 45 augu sugu, tostarp kokaugu, genétiskas daudz-
veidibas sadalljumu, konstatéts, ka daudzi to genotipi acimredzami ir ierobeZoti sa-
stopami tikai viena populacija, kura reti kad sastopami vairak par 25 genotipiem
(Widén et al. 1994). Parastajai apsei (Populus tremula L.) pétijuma Latvija aprékina-
tais vid€jais klonu skaits uz ha bija robezas no 6,1 lidz 26,8 ar vidéjo distanci starp
rametiem 48 + 9,5 m, maksimalajai vidéjai distancei sasniedzot 85,6 m (Zeps et al.
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2017). Lidzigi rezultati ieglti arT Somija (Suvanto & Latva-Karjanmaa 2005). Inten-

siva savstarpéja konkurence, ka ar1 argjie faktori (pieméram, parnadzu bojajumi),

pirmajos augSanas gados ievérojami samazina genotipu skaitu audzé (Krasny & Jo-

hnson 1992, Watkinson & Powell 1993, Edenius & Ericsson 2007).

Daba genétiskas daudzveidibas samazinasanas bieZi vien saistita ar kadu re-
gionala meroga un/vai vésturisku batisku vides parmainu ietekmi. Pieméram, ledus
laikmetu, kura Skandinavija skujkoki izdzivojusi tikai loti nelielas platibas (Parducci
et al. 2012), sugai lielakoties péc ledus laikmeta taja ienakot no citam teritorijam.
Dabiskas egles populacijas Zviedrija un Norvégija ir ar zemako genétisko mainibu
Eiropa, tacu ar augstu fenotipisko plastiskumu (Bradshaw et al. 2019) un spéju izdzi-
vot ka skarbos, ta mainigos vides apstak|os. Tas atkartoti apliecina, ka starp genétis-
ko daudzveidibu un adaptacijas spéju nav liekama vienadibas zime.

Klonu izplatiba dabiskas populacijas norada uz to, ka skarbos apstaklos ta ir
dabiska izdzivoSanas stratégija, l1dz ar to piemérotu klonu izmantoSana klimata par-
mainu konteksta bltu uzskatama par sava veida dabas procesu atdarinasanu. Savu-
kart ierobeZotais genotipu skaits dabiskas populacijas, kuras raksturiga vegetativa
vairo$anas, norada, ka audzes [Tment var nebut nepiecieSams liels klonu skaits.

Klonu izmantosanas ietekmi uz genétisko daudzveidibu nosaka (Ing-
varsson & Dahlberg 2019):

1) tas, cik pilnvértigi dota selekcijas populacija parstav esoso sugas genétisko
daudzveidibu konkrétaja teritorija (t.i., no kadas kopas tiek atlasiti pieméro-
takie genotipi);

2) cik klonu un cik daudz rametu no Siem kloniem tiks izmantoti;

3) kopéja platiba, kas apstadita ar (noteiktu) klonalo materialu.

Riskus, kas saistiti ar potencialu daudzveidibas noplicinasanu, iesp&jams vadit:

1) selekcijas indeksa klonu atlasei ietverot noturibu nosakosas pazimes (kuru
noteikSanai var blt nepiecieSamas plasakas parbaudes daudzveidigakos aps-
taklos un/vai ilglaicigakas parbaudes);

2) nodrosinoties pret nezinamiem (iesp&jamiem) nakotnes riskiem, saglabajot
sugas genofondu ilgtermina selekcijai, pieméram, klonu arhivos un genétisko
resursu mezaudzés (Hoban & Schlarbaum 2014, Hoban et al. 2018, Rosvall et
al. 2019, Proschowsky et al. 2020).

Klonu izmantoSanas ietekme uz genétisko daudzveidibu (un citiem daudzvei-
dibas limeniem) vértéjama divos telpiskajos limenos — atseviskas audzes (plantaci-
jas) un ainavas (meZa masiva).

Klonu izmantoSanas audzes liment ietekme bds atkariga no:

1) izmantota klonu skaita;
2) specifiskam $o klonu 1pasibam;
3) mezsaimniecibas prakses $ajas audzés.

Vertéjot izmantoto klonu skaitu un izsakot heterozigotitates vai adaptivas ge-
nétiskas mainibas zudumu ka funkciju no efektiva populacijas Tpatnu skaita, N, = 10
pirmaja paaudzé nodrosina aptuveni 95% no sakotnéjas genétiskas mainibas popula-
cija (Roberds et al. 1990). Tresas paaudzes téjas koka selekcijas populacijas pétijuma
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Australija netika novérotas atskiribas heterozigotitaté starp dazada skaita klonu
komplektiem (10, 15 un 20 individi atkartoti izvéléti (10 reizes) no 114 koku selekci-
jas populacijas). Tomeér 10 klonu komplekta konstatéta samazinata heterozigotitate,
salidzinot ar 20 individu komplektu un selekcijas populaciju. Inbridinga koeficients
20 klonu komplektam ir batiski mazaks neka 10 klonu komplektam. Ka sagaidams,
komplekta lielums liela méra ietekmé ieklauto alélu skaitu, mazakai paraugkopai sa-
turot mazak reto aléJu. Tomér aléJu daudzveidiba visiem komplektiem ir lidzvertiga,
izvéloties 7 individus no visam populacijam (Voelker & Shepherd 2020).

Genétiskas mainibas konteksta, svarigi ari atskirt genétisko daudzveidibu un
genotipisko daudzveidibu. Genétiska daudzveidiba attiecas uz genétisko mainibu
populacija un ir atkariga no atskirigo alélu skaita un biezuma. Genotipiska daudz-
veidiba attiecas uz unikalajiem genotipiem, kas ir sastopami. Pieméram, 10 unikali
kloni nodrosina lidzvértigu genétisko daudzveidibu ka visi to iespéjamie pécnacéji,
kas rodas, izmantojot Sos kokus ka vecakus. Tomeér genotipiska daudzveidiba Siem
10 kloniem ir zemaka, neka stadot pécnacéjus, kas radusies, nejausi krustojot Sos
klonus. Saja gadijuma atkartota kombinacija, kas saistita ar mejozi, nodrogina, ka
praktiski visiem pécnacéjiem bis unikali genotipi, pat tad, ja tos rada tik ierobezots
vecaku skaits. Tiklidz pietiekams skaits klonu tiek izmantots meZa atjaunosana, ge-
nétiskas daudzveidibas zudums bis minimals. Tomér genotipiska daudzveidiba tiek
batiski samazinata pat tad, ja tiek izmantots liels skaits unikalu klonu (Ingvarsson &
Dahlberg 2019).

D. Lindgren (2009) parastajai eglei Zviedrijas apstak|os iesaka izmantot 25 klo-
nu maisijumu ar minimalo génu daudzveidibu, izteiktu ka statusa efektivu skaitli
(status effective number) N, = 4. Tas lidzvértigs génu daudzveidibai divas bezgaligi
lielas sibu gimenés ar etriem neradniecigiem vecakiem vai vienai lielai pussibu gi-
menei, t.i., viens mates koks un bezgaligi liels skaits téva koku. llgtermina sads klonu
maisijums ar N, = 4 nodrosina 87,5% no sakotnéjas génu daudzveidibas (Wu 2019).
Eikaliptu plantacijas tiek izmantoti 5-14 kloni, kas ir pietiekams efektivais skaits,
lai nodrosinatu nepiecieSamo GD (Rosvall et al. 2019). Eiropa sugam paslaik praksé
biezi tiek izmantoti 10-20 kloni (Lelu-Walter et al. 2013). Vértéjot klonu plantacijas
bojaejas iespéjamibu, atskiribas starp riska pakapém ir |oti nelielas, ja tiek izmantoti
13-25 kloni (Roberds et al. 1990, Roberds & Bishir 1997). Modeléjot situaciju ar
kompleksu rezistenci (daudzu génu noteiktu) pret zinamiem un nezinamiem nakot-
nes kaitékliem, rezultati liela méra apstiprina So tendenci — aptuveni 18 genotipi ir
optimumes, lai samazinatu nakotnes nezinamos riskus, lai gan atskiribas starp 6, 18
un 30 genotipiem ir |oti mazas (Yanchuk et al. 2006). Sie rezultati ir visparinami un
attiecinami uz borealo mezu koku sugam ar garu aprites ciklu (Wu 2019).

Visas pieejas minimala klonu skaita noteikSana norada uz vienadu tenden-
ci — genotipu skaita palielina$ana virs noteikta sliekSna maz ietekmé GD samazina-
$anas varbatibu: 5—30 kloni nodrosina tikpat augstu “drosibu” pret sagaidamajiem
nakotnes riskiem ka bezgaligi liela populacija, un optimalais daudzveidibas lime-
nis eksisté 18 genotipu liela populacija (Wu 2019). Praksé klonu maisijuma veérts
izmantot nedaudz vairak klonu, ieklaujot vairak klonu no augstvértigakajam (péc
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selekcijas indeksa) gimeném (Weng et al. 2012). Reguléjot klonu Tpatsvaru maisi-
juma, iespéjams uzlabot gan razibu, gan tas stabilitati telpa un laika, Sada veida
mazinot riskus (Weng et al. 2013). Stadot klonu maisijumu, ieteicams sajaukt visus
klonus kopa, lai samazinatu viena klona rametu telpisku saistibu (Prospero & Cle-
ary 2017). Vertejot iebildumus pret izmainttu (samazinatu) GD, kas argumentéti ar
palielinatu patogénu un dendrofago kukainu ietekmi (Aitken et al. 2008), jaatceras,
ka Sie faktori var nozimigi ietekmét ari platibas ar augstu genétisko daudzveidibu
un genétisko mainibu starp audzém (Jump et al. 2009, Prospero & Cleary 2017),
kardinali samazinot individu skaitu ne tikai konkrétas sugas audzes (pieméram, vie-
nas eglu audzes), bet ari meZa masiva vai pat regiona limenT (pieméri: goba un osis
Eiropa). Tatad jaanalizé relativas riska izmainas.

Kloni izmantojami ne tikai intensiva meZsaimnieciba. Ta var bit dala no kom-
binétas atjaunosanas, atbilstosi dabai tuvakas mezZsaimniecibas pieejai. Pieméram,
atlasiti genotipi ar tieviem zariem var tikt stadtti retaka izvietojuma, sasniedzot ve-
lamas dimensijas bez kopSanas cirtém un radot atvértakus apstakjus bagatigakai
pameza vegetacijai un lielakai tas sugu daudzveidibai.

Kritika klonuizmantos$anai, tapat ka jebkuram citam genétiski uzlabotam meza
reproduktivajam materialam, ir saistita ari ar “genétisko piesarnojumu” apkartéjas
mezaudzeés ar stadijuma ziedputeksniem vai seklam. Tomér Saja aspekta nav realas
ietekmes, ciktal stadijuma izmantotais reproduktivais materials nav genétiski modifi-
cétsunirieglts no plasu genétisko daudzveidibu uzturosas selekcijas populacijas vie-
téjiem apstakliem piemérotam un/vai vietéjam koku sugam (Bradshaw et al. 2019).

Darbibas, kas veicamas, lai audzé nodrosinatu sugu daudzveidibai nozimigas
struktdras (ka atmirusi koksne, ieprieksSéjas paaudzes koki u.c.), nav atkarigas no
stadmateriala pavairoSanas veida vai klonu skaita (Ratcliffe & Peterken 1995, Felton
et al. 2010). Tacu parasti sugu daudzveidibas vai atsevisku sugu sastopamibas péti-
jumos “plantacija” — ar to saprotot klonu stadijumu, parasti liela, homogéna plati-
ba — tiek analizéta ka vienots kopums, nenodalot genétikas (klonu) un mezsaimnie-
cibas ietekmes. Sadas “plantacijas” parasti konstatéjama samazinata, vai tada pati
sugu (kopuma vai konkrétas grupas) daudzveidiba un blivums, ka passéjas cela iz-
veidojusas audzeés (Peterken & Game 1984, Humphrey et al. 2002, Plue et al. 2017).

Viendabigi augSanas apstakli un intensiva, standartizéta meZsaimnieciba ir
faktori, kas rada vienveidibu klonu plantacijas un Iidz ar to nelielu dzivotnu skaitu un
ar tam saistito sugu daudzveidibu (Bradshaw et al. 2019). Tacu negativo ietekmi uz
daudzveidibu iespéjams mazinat vai pilnitba novérst, veidojot nelielas (2—20 ha) un
meza masiva starp dazadu koku sugu un meZsaimniecisko mérku audzém izvietotas
plantacijas. Sada pieeja bitu loti piemérota Latvija, kur tapat |oti reti sastopamas lie-
lakas homogénas, augstas raZzibas meZa audzeésanai piemeérotas vienlaidus platibas.

Kopuma meZa ainavas (masiva) plantaciju izvietojumam iespé&jamas di-
vas pieejas:

1) koncentracija liela, homogéna platiba. Sada pieeja nodrosina augstu mez-
saimniecibas efektivitati, darbu mehanizacijas un pat automatizacijas
iespéjas. Turklat iespéjams ieglt visu nepieciesamo koksnes apjomu relativi
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2)

neliela dala no kopéjas meza teritorijas. Pieméram, Jaunzélandg, kas regiona-
li ir nozimiga koksnes un tas produktu raZotaja un eksportétaja, absolati liela-
kais vairums koksnes (> 99%) tiek iegita plantacijas, kas aiznem ap 7% no tas
platibas (New Zealand Forest ... 2023). Tatad paréja mezu platiba var tikt iz-
mantota citam vajadzibam, un meZsaimnieciskajiem mérkiem nav nozimigas
ietekmes uz mezu biologisko daudzveidibu valsti. Lidzigi ASV dienvidos, kas
ir regions ar pasaulé lielakajam meza plantaciju platibam, liela dala koksnes
tiek iegita no audzém, kas atjaunojusas passéjas cela (Bettinger et al. 2009):
tatad ir Joti lielas ari $adu me?u platibas. Si pieeja piemérota un tiek izmanto-
ta vietas, kur pieejamas plantaciju mezu izveidei piemérotas lielas vienlaidus
platibas un kur raksturigs tads klimats, kas nodrosina iespéju veidot Tsu apri-
tes ciklu (6—-26 gadi);

izvietojums izklaidus plasaka teritorija. Heterogenitate ainavas méroga tiek
uzturéta ar genétisko mainibu starp audzém, t.i., dazadi klonu maistjumi tiek
izmantoti dazadas audzés ainavas limeni (Lindgren 1993), ka ari blakus atro-
das passéjas cela atjaunojusas audzes un klonu stadijumi (plantacijas). Pat
neliels klonu skaits katra plantacija, ja Sadu plantaciju Tpatsvars saglabajas
zems (2 kloni — Iidz ~ 10%, 10 kloni — l1dz ~ 35%), nodroSina iespéju saglabat
lidzvértigu genétisko daudzveidibu meza masiva liment ka tad, ja Sadu plan-
taciju taja nebltu ( att.). Ka redzams, artizmantojot 3o pieeju (plantacijas
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3.1. attéls. Relativa genétiska daudzveidiba pret situaciju,
kad kloni netiek izmantoti

Tiek pienemts, ka audzé ir 2000 koki un tas atjaunosana izmantoti 125, 25, 10 un 2 kloni.

Pienemts, ka dazadas audzes tiek staditas, izmantojot dazadus klonu komplektus no
selekcijas populacijas, kas ir liela un nemainiga laika (Ingvarsson & Dahlberg 2019)
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izvietojot izklaidus), ekologiska ietekme liela méra atkariga no t3, cik liela dala
platibas (ipatsvars) ir atvéléta intensivai vai klonu meZsaimniecibai (Bettinger
et al. 2009, Bradshaw et al. 2019). Pétijumos Zviedrija novértéts, ka pat pie
visintensivaka apsaimniekosanas scenarija, puse no eglu populacijas atjauno-
sies passéjas cela (Rosvall 2019), un tas nodrosinas iespéjas pielietot klonu
stadijumus paréja teritorija, vienlaikus uzturot GD (Ingvarsson & Dahlberg
2019). Tapat janem véra, ka ainava ilgstoSi netiek izmantots viens un tas pats
klonu maisijums — katra selekcijas cikla vai pat biezak tiek izvéléti jauni, la-
baki (péc selekcijas indeksa vértibas) kloni, kas nomaina iepriekséjos. Kopé-
jo sugas genétisko daudzveidibu uztur ari genétisko resursu mezaudzes, kas
iesaistitas reti sastopamu alélu saglabasana un $adu aléju parnesé selekcijas
populacija, nodrosinot potencialu piemérotu (razigu) genotipu atlasei ari |oti
mainigos vai skarbos apstaklos (Maxted et al. 2007, Trethowan & Mujeeb-Ka-

zi 2008, Khoury et al. 2010, Hanso & Drenkhan 2012, McCouch et al. 2012).

Analize liecina, ka passéjas cela atjaunojusos vai staditu (séklu plantaciju péc-

nacéji) mezaudzu saglabasanas meza masiva ir svariga, lai varétu izvérst plasa

méroga klonu mezsaimniecibu (Wu 2019).

Analizes rezultati liecina, ka borealajos apstaklos, kuros raksturiga bagatiga
bérza, egles un citu koku sugu pasatjaunoSanas un briva to savstarpéja krustosa-
nas ari starp attalam audzem, klonu plantacijam ir relativi maza ietekme uz kopéjo
genofondu, kamér sis plantacijas neveido lielako dalu audzu ainava un kameér satur
daudzveidigus genotipu komplektus (Rosvall 2019). Vairums no alélem, kas sastopa-
mas populacija citas mezaudzeés, bls ari klonu maisijuma, tikai ar dazadu biezumu.
Klonu maistjums spéj ietvert plasu genofondu art ar ierobeZotu genotipu skaitu (Ing-
varsson & Dahlberg 2019).

Latvijas apstaklos, modeléjot staditu selekcionéta ara bérza audzu (pirmas
kartas séklu plantaciju brivapputes pécnacégji) proporcijas meza masiva liment un
izmantoto gimenu skaita (5 lidz 30 gimenes) stadmateriala razosana ietekmi uz ge-
nétisko daudzveidzibu, novértéts, ka genétiskas daudzveidibas indikatori (Sanona-
Vinera daudzveidibas indekss un sagaidama heterozigotitate) ir visaugstakie, kad
50-55% audzu ir staditas un tiek izmantotas vismaz 20 gimenes ( att.). Savukart,
izmantojot atlasitas piecas labakas gimenes, genétiska daudzveidiba ir salidzinama
ar dabiskaja atjaunos$ana sastopamo, ja staditu audzu proporcija ainava neparsniedz
55% (Baders et al. 2024).

Secinams, ka pétijumi atbalsta ierobeZota skaita (5) labako genotipu izman-
tosanu intensiva meZsaimnieciba, ja $adu staditu audzu Tpatsvars starp dabiski at-
jaunotajam meZaudzém ainava neparsniedz aptuveni 55%. Si pieeja nodrosina Iidz-
svaru starp produktivitati un genétiskas daudzveidibas saglabasanu apsaimniekotas
meza ekosistémas.
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3.2. attéls. Gimenu skaita un to stadijumu Ipatsvara meza masiva ietekme
uz genétisko daudzveidibu
(Baders et al. 2024)

Kopsavilkums

Latvija, lidzigi ka citas Baltijas jlras regiona valstis, ir iertkotas plasa apjoma
pécnacéju parbaudes, kas ir sasniegusas vecumu, lai tiktu veikts Iidz Sim trikstoss
detalizéts to vertéjums un analize pamatotu secinajumu ieguvei. Vértéjama no
saimnieciska viedokla svarigo pazimju genétiska determinacija, ka ari savstarpéjas
genotipiskas korelacijas, kas var dazadas populacijas atskirties.

Balstoties uz pécnacéju parbaudém, atlasami kloni ne tikai séklu plantaciju
iertkoSanai, bet arT potenciali vegetativajai pavairoSanai atbilstosi genotipi stadu ra-
ZoSanai, veicot turpmakas parbaudes in vitro. Genotips ir bitisks faktors veiksmigai
bérza mikropavairosanai, tade| tas pielietoSanai praksé ir svarigi izstradat tehnolo-
giju ar kloniem specifisku, pielagotu barotnu sastavu. Savukart pamatotai vegetativi
pavairota stadmateriala izmantoSanai praksé (ar ko praktiska pieredze ir, pieméram,
Somija) ir nepiecieSams [idz Sim trikstoSs vértéjums visam aprites ciklam, kas batu
ieglistams mérka caurmeéru sasniegusa plantacija.

Selekcijas finansialo efektu nosaka ieglistama papildu produktivitate (nemot
VEéra ari uzlabotu izturibu pret dazadiem vides riskiem) un augstaka stumbra kva-
litate augstvertigaku sortimentu Tpatsvara paaugstinasanai galvenaja cirté, ka arl
aprites cikla saisinasanas pozitiva ietekme. Tacu lidz Sim ir maz véertéts finansialais
ieguvums krajas kopsanas cirtés.
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4. MATERIALI UN METODES

4.1. Selekcijas stadijumu novértéjums (1, Il un lll publikacija)

Promocijas darba atseviskas nodalas analizétas dalas no kopuma 122 bérza se-
lekcijas stadijumiem, kuru kopéja platiba kops to ierikoSanas uzsaksanas 1975. gada
sasniegusi 274, ha ( tab.). Stadijumu vietas klimatiskie apstakli nedaudz atski-
ras, kontinentalitatei palielinoties no Baltijas jaras krasta uz iekSzemi (Laivins & Me-
lecis 2003). Saskana ar Latvijas Vides, geologijas un meteorologijas centra datiem
pédejas desmitgadés vidéja gada gaisa temperatlra Latvija ir +6,4°C. Ta svarstas
no +5,2...+5,3°C iekSzemes augstienés lidz +6,8...+7,4°C Baltijas jaras piekrasté. Sil-
takais gada meénesis ir jalijs ar vidéjo gaisa temperatiru +17,4°C un vidéjo maksi-
malo temperatiiru +22,3°C. Aukstakaja ménesi februari videja gaisa temperatira ir
—3,7°C, un vidéja minimala temperatdra ir —6,6°C. Vidéjais gada nokriSnu daudzums
Latvija ir 692 mm. Lietainakie ménesi ir jalijs un augusts: 76—77 mm nokrisSnu, bet
sausakais — aprilis: 34 mm.

4.1.1. Datu ievaksanas metodika

Proveniencu stadijums ierikots Latvijas centralaja dala ar sakotnéjo biezumu
4200 koki ha™ (stadiSanas shéma 2 x 1,2 m), platiba ar mezotrofu augsni un norma-
lu mitruma reZimu. Taja ieklautas 16 proveniences — 8 no Latvijas, 4 no Somijas un 4
no Polijas (izcelsmes vietas geografiska platuma intervala 51°-61° Z pl.). Izmégina-
jums ierikots pilnigi randomizétos blokos ar 24 koku bloku parceléem, sesos atkar-
tojumos. Uzmeérits 37 gadu vecuma, pirms mérijjumiem retinasana netika veikta.
Katram kokam uzmeérits augstums (h) un krGsaugstuma caurmeérs (d). Tika novértéta
arT padélu un vairaku galotnu veidosanas. Paraugkopa ar 10 kokiem, kas parstavéja
d diapazonu, tika nozagéta, un dati par zaru un stumbra biomasu tika ieguti, sadalot
stumbru 1 m garas sekcijas. Sie dati tika izmantoti, lai aprékinatu koku masas cen-
tra augstumu.

Apjomigakajiem darba analizétajiem brivapputes pécnacéju parbauzu stadi-
jumiem séklas tika ievaktas no 1995. lidz 1998. gadam no pluskokiem 26 meZau-
dzés visa Latvija. Stadijumi iertkoti Taurené (57°06’ Z, 25°38’ A), Ukros (56°22’ Z,
23°07’ A) un Rembaté (56°46’Z, 24°8’ A) neizmantota lauksaimniecibas zemé
platibas ar mezotrofu augsni un normalu mitruma rezimu. Ukros un Taurené eks-
perimentalais dizains bija randomizéti izvietoti bloki ar vienkoku parcelém, attiecigi
10-93 un 10-77 atkartojumos, ar 2 x 2,5 m stadiSanas attalumu. Rembates stadi-
jums ierikots ar pilnigi randomizétu bloku dizainu, kur katrai gimenei bija 32 koku
bloku parceles tris lidz piecos atkartojumos un ar 2 x 2 m stadiSanas attalumu.
Rembates izméginajums tika izveidots 1999. gada pavasari, bet Ukru un Taurenes
izméginajumi — 2000. gada pavasari, izmantojot viengadigus konteinerstadus.
Eksperimenta iertkoSanas laika atSkirtbas nemtas véra uzmérisana, nodrosinot, ka
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Sie darbi norit vienada koku vecuma, tadéjadi visu tris stadijumu dati izmantojami
kopéja analizé.

Stadijumos uzmeérijumi veikti 10 un 14 gadu vecuma. Pirmaja vértésana
analizei bija pieejami mérijumi no 68 256 kokiem (9643 koki Ukros, 11 917 koki Tau-
rené un 46 696 koki Rembaté), otraja 82 367 koki (18 371 koks Ukros, 10 964 koki
Taurené un 53 032 koki Rembaté). Pirmaja vértésanas reizé katram kokam tika mé-
rits: a) koka augstums (h), b) lielaka zara diametrs lildz 2 m stumbra augstumam
(zd), un c) vidgjais zaru lenkis (zI). Tapat tika atziméta padélu (pad), dubultgalot-
nu (dg) un zaudétas galotnes (zg) esamiba (1 — ir, 0 — nav), ka arT tika noveértéts
stumbra taisnums (izliekts, nedaudz izliekts, taisns) un kopéja stumbra kvalitate
(slikta, vidéja, laba) tris ballu skala. Otraja — h un d (iznemot Rembati, kur h netika
meérits). Péc tam tika aprékinats stumbra tilpums (V) saskana ar I. Liepas formulu
(1996). Rembates izméginajuma tika mérits zI, bet Ukros un Taurené tas tika no-
vértéts, izmantojot tris ballu skalu (1 — no 65° lidz 90°; 2 — no 45° Iidz 60°; 3 — no 0°
lidz 40°). pad, dg, zg esamiba un stumbra taisnums un kvalitate tika novértéti, ka
aprakstits ieprieks.

4.1.2. Datu statistiska apstrade

Provenien€u parbauzu stadijuma aprékinati koku produktivitates raditaji
(stumbra tilpums, skérslaukums un kraja ha™), to atskirtbu bitiskums, ka ari sa-
gaidamas So raditaju vértibas laika, kad koki sasniegtu mérka caurméru (25 cm).
Sis laiks noteikts, izmantojot LVMI “Silava” izstradatu aug$anas modeli (Donis et
al. 2024).

Pécnacéju parbauzu stadijumu nepartraukto datu (uzméritas pazimes) dis-
persijas un kovariacijas komponentes tika novértétas, izmantojot SAS MIXED pro-
cediru ar ierobezotas maksimalas iespéjamibas pieeju (REML; Littel et al. 2006).
Diagnostikas diagrammas tika izmantotas, lai parbauditu atlikumu normalo sadali-
jumu. Binarajam pazimém tika pielagots visparéjais linearais jaukta tipa modelis ar
binomalo atlikumu sadalijumu un logit saistibas funkciju. Ordinalajam pazimém tika
izmantota ordinala logistiska regresija. Binaras/kategoriskas pazimes tika analizé-
tas, izmantojot visparinatu linearu jaukta tipa modeli (GLIMMIX; Littell et al. 2006).
Standarta k|Gdas tika aprékinatas, izmantojot Dikersona aproksimacijas metodi
(Dickerson 1969). Analizéjot kopa Ukru un Taurenes stadijumus ar lidzigu eksperi-
mentalo dizainu un gimenu komplektu, tika izmantots sekojoss modelis:

Yijkt = I+ S; + Bj + Fie + SFye + €t » (4.1.)
kur:
yix — I-ta koka no k-tas gimenes novérojums j-taja atkartojuma i-taja stadijuma;
U — vidéjais raditajs;
S; un B; — attiecigi fiksétie j-tas vietas un j-ta atkartojuma i-taja stadijuma efekti;
F. un SF, — attiecigi k-tas gimenes un i-ta stadijuma un k-tas gimenes mijiedarbibas
randoma efekti, un g, ir randoma atlikuma efekts.
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Individualu stadijumu analizei Ukros un Taurené tika izmantots modelis:
yjkl =u + Bj + Fk + gjkl , (42)
kur:
Y — I-ta koka no k-tas gimenes novérojums j-taja atkartojuma.
Individualai Rembates stadijuma analizei modelis tika papildinats ar atkarto-
juma un gimenes mijiedarbibas efektu (bloku parceles efektu):
YViki =,Ll+B]+Fk +BF}k+sjkl , (43)
kur:
BFj—randoma j-ta atkartojuma un k-tas gimenes mijiedarbibas efekts.

Individualais koka iedzimstamibas koeficients Saura nozimé (h?) katrai pazi-
mei tika aprékinats, izmantojot dispersijas komponentes no ieprieks aprakstitajiem
analitiskajiem modeliem (Falconer & Mackay 1996). ledzimstamibas koeficients ap-
vienotaja Ukru un Taurenes stadijumu analizé tika aprekinats ka:

4.5
2 = m , (4.4.)
kur:
h? — iedzimstamibas koeficients Saura nozimeé;
6,3, 6]35 un 62 — attiecigi gimenes, gimenes un stadijuma mijiedarbibas un atlikuma
dispersijas komponentes.
Individualai Ukru vai Taurenes stadijumu analizei tika izmantota formula:

487

2 _
h = (4.5.)
Bloku parcelu dizainam Rembateé tika izmantota formula:
2 _ 45 (4.6.)

67+67,+6%
kur:
6f2b-— gimenes x atkartojuma mijiedarbibas dispersijas komponente.

Aditivo genétisko variacijas koeficientu (CV,) aprékinaja ka (Falconer & Mac-

kay 1996):
CV, = /4&} = (4.7.)
kur:

X — vidéjais fenotipiskais raditajs.

Genétiskas korelacijas (A-tipa) starp pazimém vai dazadiem vecumiem vienai

pazimei tika aprekinatas, izmantojot formulu:
COV(xy)

e =T, (4.8.)
) N
ur:

~2 ~2 s = . . — . = v -
Ox) un.g(y)— a_) genotipiskas dispersijas x un y pazimém, vai b) tas pasas pazimes
dispersijas dazados vecumos;

Cbv,,, — genotipiska kovariacija starp x un y pazimém vai starp diviem vienas un tas
pasas pazimes méerijjumiem.
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Genotipa x vides mijiedarbiba (G x E) pazimém tika novértéta, aprékinot B-
tipa genétiskas korelacijas (r;) starp diviem stadijumiem (Burdon 1977). Nemot véra
lidzigu eksperimentalo dizainu un to pasu gimenu kopu, korelacija starp Ukru un
Taurenes stadijumiem tika aprékinata ka (Lu & Charrette 2008):

_ C/‘;"(alaz)
g = ﬁ , (49)
%a1) " %(a2)
kur:

CbV(s147 — genotipisko efektu kovariacija vienam un tam pasam pazimém daza-
dos stadijumos;
81y un 6(,2) — genotipiskas dispersijas tim pasam pazimém katra stadijuma.

Gan rg, gan rz un to standartk|Gdas tika novértétas, izmantojot daudzdimen-
siju REML ar SAS MIXED procediru (Piepho & Méhring 2011), paplasinot ieprieks
aprakstitos jaukta tipa mode]us.

Selekcijas vértibas (BV) tika aprékinatas katrai pazimei, lai noteiktu selekcijas
efektu labako gimenu atlasei. legitas visparéjas kombinativas spéjas (GCA) vértibas,
izmantojot labako linearo nenobidito prognozi (BLUP), iegitu ar ieprieks definéta-
jiem analitiskajiem modeliem. Ta ka vecaks var nodot tikai pusi no saviem géniem
pécnacéjiem, gimenu selekcijas vértibas tika aprékinatas ka divkarsi BLUP (Falco-
ner & Mackay 1996). Ta ka linearie mainigie binarajam pazimém no visparinatajiem
jauktajiem modeliem tika aprékinati /ogit skala, stumbra defektu prognozétas var-
batibas gimeném tika novértétas, pielietojot apgriezto funkciju (Littell et al. 1996).
Selekcijas efekts, pienemot selekcijas intensitati 10% (ka tas parasti tiek izmantots
koku selekcijas praksé Latvija), tika aprékinats no BV ka procenti virs izméginajuma
vidéjiem radttajiem.

Galveno komponensu analize (PCA) tika veikta kopa Ukru un Taurenes sta-
dijuma, lai novértétu bérzu izcelsmes vietu (proveniencu; att.) standartizéto
fenotipisko pazimju variaciju un lai to sasaistitu ar izcelsmes vietu. Novértétie pro-
veniencu vid€&jie raditaji tika ieguti no jauktajiem efektu modeliem:

Yijkim =+ Py + Fj + Sy + by + sfji + €ijiam (4.10.)
kur:
Yiiim — NOVErojums;
U — vid€jais raditajs;
P, F;un S, — fiksetie proveniences, gimenes un stadijuma vietas efekti;
b, un sf,— randoma, attiecigi, bloka un stadijuma vietas x gimenes mijiedarbi-
bas efekti;
€;m — randoma atlikuma efekts.

Galveno komponensu (PC) nozimigums tika noteikts, izmantojot Montekarlo
(randomizacijas) testu, veicot 1000 iteracijas. Pétito pazimju un geografiska platu-
ma/garuma attiecibas ar pirmajam divam galvenajam komponentém tika novérté-
tas, izmantojot Pirsona korelacijas analizi. Katram ar PCA analizi noteiktajam pro-
veniencu regionam vértétajam pazimém tika aprékinatas dispersijas komponentes
péc vienadojuma un tika aprékinats h? un CV,.
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4.2. Ara bérza vegetativa pavairo$ana un tas plasakas izmanto3anas potencials
(IV un V publikacija)

4.2.1. Datu ievaksanas metodika

Pétamais materials ara bérza in vitro kultiiras uzsakSanai un genotipiski
noteikto atskiritbu parbaudei mikropavairoSana tika ievakts 15 gadu vecuma péc-
nacéju parbauzu stadijuma Rembaté (aprakstits apaksnodala). Lai novértétu
mates koka vecuma ietekmi uz dzinumu iniciésanu in vitro, klona 54-95 eksplanti
Rembaté tika salidzinati ar vienu gadu veciem ta pasa klona potéjumiem (gadu veci
potzari uz divus gadus veca potcelma) Kalsnava (56°40’ N, 25°58’ E); visi paraugi tika
ievakti marta. Klona 54-95 jaunie dzinumi Rembaté tika ievakti no vainaga apak-
$éjas dalas Cetros dazados laikos: marta un aprili (pavasari), ka ari janija (vasaras
vid) un septembri (ruden), lai novértétu eksplantu ievaksanas laika ietekmi. Kopa
katram variantam (ontogenézes vecumam un ievaksanas laikam) in vitro kultdru
iniciacija uzsakta no 100 eksplantiem. Kultdru iniciacija veikta, sagriezot dzinumus
~ 1,5 cm garos segmentos ta, lai uz katra butu viens pumpurs. Pumpurus sakotné-
ji mehaniski notirija ar zobu birsti un ziepjideni, péc tam kartigi noskalojot zem
tekosa Gdens. Mehaniski attiritus pumpurus talak dezinficéja, 10 mindtes mércéjot
0,1% (w/v) HgCl, skiduma, kam pievienoti daZi pilieni Tween 20 deteregenta, un
tris reizes skaloja dejonizéta Gdenl. Péc tam dezinficétos segmentus ar pumpuriem
izpreparéja un novietoja uz 3 mL iniciacijas barotnes, kas iepildita stikla méegenées
(18 x 180 mm garas, ar aluminija korki). Iniciacijai izmantota Woody Plant Medium
(WPM; Lloyd & McCown 1980) tipa barotne, kas papildinata ar 1,0 mg L™? 6-benzila-
minopurinu (BAP), 0,05 mg L™ naftiletikskabi (NAA), 20 g L™t saharozi un 6 g L™ aga-
ru. Gatavas barotnes pH noreguléts uz 5,8 pirms autoklavésanas (15 minates 121°C
temperatiira zem 110 kPa spiediena). Mégenes ar pumpuriem novietotas audzésa-
nas telpa, kur tika uzturéta 23+1°C temperatlira un apgaismojumam izmantotas
fluorescentas (cool-white) spuldzes, nodrosinot apgaismojuma intensitati fotosin-
tézes aktivaja regiona (PAR; 400— 750 nm) 40+10 umol m2s™, ar 16/8 h (diena/
nakts) fotoperiodu. Péc 30 dienu ilga inkubacijas perioda veikts kultlru iniciacijas
novértéjums (cik daudzi no pumpuriem ir izplaukusi un veido dzinumus).

Pavairosanas un dzinumu augSanas spéju novértésanai izmantotas jau ieva-
dttas un nostabilizétas in vitro kultirras, kuras iniciétas no 50 genotipiem, kas ievak-
ti Rembates stadijuma. PavairoSanu veica, sagriezot regenerétus mikrospraude-
nus ~ 1,5 cm garos eksplantos un novietojot uz 3 mL svaigas barotnes mégeneés.
Pavairosanai izmantota Murashige & Skoog (MS) tipa barotne (Murashige & Skoog
1962), kas papildinata ar 0,2 mg L™* zeatinu, 20 g L™* saharozi un 6 g L* agaru. Gata-
vas barotnes pH noreguléts uz 5,8 pirms autoklavésanas (15 minGtes 121°C tempe-
ratlira zem 110 kPa spiediena). Mikrospraudenus kultivéja tados pasos apstaklos,
ka aprakstits iniciacijas etapa. Péc 30 dienu ilgas kultivéSanas veikti mérjjumi —
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noteikts galvena dzinuma garums, saskaititi sandzinumi (visi, kas garaki par 0,5 cm).
KultGram noteikts pavairosanas koeficients — cik 1,5 cm garus, jaunus mikrosprau-
denus var ieglt no viena regeneréta auga (vitrificétie dzinumi netika nemti véra).
Kopuma nomériti 500 regeneréti mikrospraudeni (10 mikrospraudeni no katra klo-
na). Nemot véra veiktos mérijjumus, noteikti pavairosanas koeficienti un vitrificéto
dzinumu proporcija katram klonam, un atbilstosi Siem raditajiem talakai analizei tie
iedaliti grupas.

Lai parbauditu pavairosanai izmantotas barotnes un dazada veida citokininu
ietekmi dazadas kombinacijas, no katras grupas nejausi izveléti tris kloni, kas kultive-
ti mégenés uz dazadam barotném: (1) WPM barotne ar zeatinu 0,1 mg L%, (2) WPM
barotne ar zeatinu 0,5 mg L™, (3) MS barotne ar zeatinu 0,1 mg L™, (4) MS barotne
ar zeatinu 0,5 mg L%, (5) MS barotne ar zeatinu 1,0 mg L™, (6) MS barotne ar BAP
0,5 mg L%, un (7) MS barotne ar BAP 1,0 mg L™%. Barotne sagatavota un autokla-
véta péc iniciacijas etapa aprakstitas procediras un katra klona katram variantam
izmantoti 24 mikrospraudeni. Péc 30 dienu ilgas kultivéSanas katram regenerétam
augam noteikts galvena dzinuma un sandzinumu garums, sandzinumu skaits (garaki
par 0,5 cm), ka arT pavairoSanas koeficients. Kopuma nomériti 2016 augi, péc ku-
riem aprékinats kopéjais pavairosanas koeficients katram klonam, ka arf vitrificéto
augu proporcija.

Genétiskie parametri ara bérza vegetativi pavairotu klonu augSanas un
stumbra kvalitates pazimeém tika vértéti zema sakotnéja biezuma plantacija, kas
atrodas Latvijas centralaja dala (57°32' N, 24°44’ E); ierikota 1972. gada bijusaja
lauksaimniecibas zemé ar mezotrofu smilSmala augsni (atbilst vérim). Gadu péc
potésanas 22 bérza pluskoku kloni no Latvijas centralas dalas (56°37-57°28’ N,
24°50'-26°24’ E) tika iestaditi 5 x5 m attaluma (400 koki ha™); 13-56 rameti no
klona. Sakotnéji plantacija tika paredzéta ka seklu plantacija, bet driz péc tam tika
pamesta, tapéc nekada apsaimniekoSana, iznemot agrotehnisko kopsanu, netika
veikta. Plantacijas platiba bija 1,8 ha (720 stadvietas). 40 gadu vecuma katram ko-
kam tika mérits: (1) d, (2) h, (3) zemaka zala zara augstums (h,,, m), (4) zI, (5) vaina-
ga vidéja projekcija (vvp, m), novértéta (6) pad, (7) dg un (8) stumbra plaisu sasto-
pamiba (ir/nav), ka ari 6 ballu skala vértéts (9) stumbra taisnums un (10) zarainiba.

4.2.2. Datu statistiska apstrade

Ara bérza in vitro pétijuma tika izmantots Hi kvadrata (x?) tests, lai novértétu
inicieto dzinumu skaita atskiribas atkariba no eksplanta ievak$anas laika un donor-
koka vecuma. Lai novértétu meérito pazimju (galvena dzinuma garuma, sandzinumu
garuma un skaita, pavairoSanas koeficientu un vitrificéto augu proporcijas) atskiri-
bas starp kloniem un klonu grupam, veikta dispersijas analize (ANOVA) un Tjikija
(Tukey’s HSD) tests. Saistibu starp galvena dzinuma garumu un sanu dzinumu skaitu
noteikSanai, ka ari, lai novértétu galvena dzinuma garuma, sanu dzinumu skaita,
sanu dzinumu garuma un kopéja pavairoSanas koeficienta ietekmi uz vitrificéto
dzinumu skaitu, tika izmantoti visparéjie linearie modeli ar Puasona sadalijumu.
Attiecibu starp galvena dzinuma garumu un sanu dzinumu garumu novértésanai



tika izmantots linearais modelis. Visi aprékini veikti R 3.5.1 (R Core Team 2018) ar
butiskuma [Tmeni a = 0,05.

Zemas biezibas ara bérza klonu plantacija katram kokam tika aprékinats V,
izmantojot I. Liepas formulu (Liepa 1996). Katram kokam iegitais sortimentu re-
zultats tika aprékinats, izmantojot R. Ozolina izstradato modeli (Ozolins 2002) ar
J. Dona modifikacijam (Donis et al. 2024). Koksnes defekti un stumbra kvalitates
raditaji tika nemti véra, nosakot stumbra sortimentu struktdru (saskana ar mez-
saimniecibas praksi Latvija). Pamatojoties uz aprékinato sortimentu apjomu, katra
paraugkoka stumbra koksnes monetara vértiba (MV) tika aprékinata ka integréjoss
parametrs. Sortimentu cenas péc tievgala diametra, kuras izmantotas MV apreékina,
bija 20, 26, 45, 60 un 70 EUR m™ attiecigi malkai (< 13 cm), papirmalkai (< 13 cm),
zagbalkiem 14-18 cm, zagbalkiem 19—-25 cm un zagbalkiem > 26 cm.

Vértétajam pazimém tika aprékinati individualie iedzimstamibas koeficienti
H? plasa nozimé (Falconer & Mackay 1996):

H? =% (4.11.)
kur:
o¢ — genotipiska dispersija;
o — fenotipiska dispersija, kas sastav no genotipiskas un vides dispersijas kompo-
nentém.

Selekcijas efekts tika novértéts péc formulas (Falconer & Mackay 1996):

R=5-H?, (4.12.)
kur:
S — selekcijas starpiba, kas ir izvéléto klonu vid€&jais fenotipiskais vértéjums, izteikts
ka novirze no izméginajuma videja.

Katram mainigajam tika novértéta tris labako klonu parakuma pakape pret iz-
méginajuma vidéjo. Pétamajam pazimém tika aprékinatas fenotipiskas klonu vide-
jo vertibu Pirsona korelacijas un genétiskas korelacijas (Falconer & Mackay 1996).
Genétiskas korelacijas starp pazimém tika aprékinatas, izmantojot formulu, un
to standartk|Gdas tika iegltas ar delta metodi (Lynch & Walsh 1998). Genotipiskais
variacijas koeficients (CV,) tika apréekinats péec formulas:

100
v, = /Ug' = (4.13.)

kur:
X —fenotipiska videja vertiba.
Genotipiskas un vides dispersijas attiecigas komponentes tika iegltas, iz-
mantojot modeli:
Yij=utete;, (4.14))
kur:
y; — katras pazimes novérojums j-jam kokam;
U — vidéja vertiba;
¢;— randoma klona efekts.
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Kvantitativajiem mainigajiem (d, h) tika izmantots linears jaukta tipa mode-
lis. Binomialajiem mainigajiem (saglabasanas, stumbra plaisas) tika pielagots vis-
parinats linears jaukta tipa modelis, izmantojot binomialo atlikuma sadalijumu un
logit saistibas funkciju. Abiem modeliem tika izmantota R pakotne “Ime4” (Bates
et al. 2014). Stumbra taisnumam un zarojumam tika pielietota ordinala logistiska
regresija (Long 1997), izmantojot R pakotni “ordinal” (Christensen 2015). Saistibas
funkcijas vides dispersija tika noteikta ka m?/3 jeb 3,29. Genétiska kovariacija g,
starp jebkuram divam pazimem x un y tika novértéta, izmantojot funkciju varcomp
pakotné “Ime4”. Datu analize tika veikta programma R, v. 3.3. (R Development Core
Team 2016).

4.3. Finansialais ieguvums no selekcionéta ara bérza izmantosanas
(VI un VII publikacija)

4.3.1. Datu ievaksanas metodika

Finansialais ieguvums no ara bérza selekcijas Latvija tika vertéts, nemot véera
visu selekcijas populaciju, kuras materials iedalits divas grupas:

1) 921 atlasits koks, kam ir uzmeriti brivapputes pécnacéju parbauzu stadijumi

( apaksnodala);

2) pécnacéji, kas Iidz analizes veikSanai vél nebija sasniegusi uzmérisanai un
novértésanai piemérotu vecumu, no 360 kontrolétiem krustojumiem no

100 neparbauditiem (fenotipiski atlasitiem) kloniem.

Lielakajai dalai materiala (pirmajai grupai) planots izveidot divas selekci-
jas populacijas, balstoties uz noteiktajiem proveniencu regioniem (Austrumu un
Rietumu), izmantojot kopuma 150 kokus — fenotipiski atlasitus pécnacéjus no
produktivakajam un kvalitativakajam brivapputes gimeném, jo mates koki vairs nav
pieejami. Starp selekcijas populacijas individiem veicama dubultparu krustosana.
Turpmakajam darbibam tika salidzinatas tris dazadas alternativas: (1) fenotipiska
(FEN) atlase labako individu atlasiSanai gimenes ietvaros, (2)klonala (VEG —
vegetativa) testésSana, kur tiek veikta kandidatu atlase gimenes ietvaros un to
vegetativa pavairoSana, kam seko klonalo pécnacéju izméginajumu izveide un divu
labako kandidatu atlase katrai gimenei, (3) pécnacéju (GEN — generativa) testésana,
kur tiek veikta kandidatu fenotipiska atlase gimenes ietvaros un to ziedésanas
stimulésana, lai iegutu séklas, kam seko brivapputes pécnacéju izméginajumu
iertkoSana un divu labako kandidatu atlase katrai gimenei.

Ara bérza selekcijas ietekme uz ienakumiem pirmaja krajas kop3anas cir-
té tika vértéta izméginajuma Rembaté (stadijums aprakstits apaksnodala).
Tika novértétas tikai tas gimenes, kas bija parstavétas vismaz tris atkartojumos
(kopa 524). 2014. gada, kad kokiem bija 14 gadi, katram dzivajam kokam pirms cir-
Sanas tika uzmeérits d un h, un péc cirSanas tika atziméti iznemtie koki. Kopuma
lidz cirSanai bija saglabajusies 84% sakotngji stadito koku; katra atkartojuma bija
no 24 lidz 32 kokiem. KopSana tika veikta ar motorzagiem, lai mazinatu bojajumus
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atlikusajiem kokiem; koksne tika transportéta ar forvarderu. Tika veikta retinasana
no apaksas, samazinot Skérslaukumu no 14,62 lidz 7,52 m? ha™.

4.3.2. Datu statistiska apstrade

Finansiala ieguvuma no ara bérza selekcijas analizei planotas darbibas, kas
pétljuma nav tiesi analizétas, bet kuru izmaksas ir ieklautas katrai no alternativam:
1) pirmajai selekcijas materiala grupai pirms otra selekcijas cikla sakuma:

dalas parbauzu stadijumu atkartota meérisana, individualo koku atlase izcilas

gimenés;
2) otrajai selekcijas materiala grupai: pécnacéju parbauzu stadijumu kopsanas
darbi, mérijumi, individualo koku atlase izcilas gimeneés.

Alternativu salidzinajums ir balstits uz diferencialu pieeju, t.i., tiek nemti véra
tikai tie ienakumu un izmaksu posteni, kas atSkiras starp divam atjauno$anas meto-
dém — dabisko atjaunosanu un selekcionéta materiala stadiSanu (Ahtikoski 2000).
Analzé diferencialas izmaksas ir balstitas uz 2010. gada cenam un ietver:

1) koku selekcijas darbibu izmaksas, iegltas no praktiskas pieredzes LVMI “Si-
lava” atbilstosi darbibam, kas nepiecieSamas katras alternativas (FEN, VEG,

GEN) Tstenosanai;

2) séklu plantaciju izveides un uzturéSanas izmaksas, iegltas no AS “Latvijas
valsts meZi”, kam pieder bérza séklu plantacijas Latvija;

3) atjaunoSanas izmaksas: stadi, augsnes sagatavosana, stadiSana un divas pa-
pildu agrotehniskas kopSanas reizes, informacija no AS “Latvijas valsts mezi”
iepirkumu rezultatiem.

Diferencialais ieguvums tika attélots ka papildu pieaugums un 1saks rotaci-
jas laiks (cirSana péc mérka caurmeéra, ja iespéjams) mezaudzeém, kas atjaunotas ar
selekcionétu reproduktivo materialu. Selekcijas efekta vértibas katrai no alternati-
vam, selekcijas darbu apjoms un laiks dal€ji tika novérteti, izmantojot programmu
“Breeding Cycle Analyser” (Danusevicius & Lindgren 2002a,b), ar mérki maksimizét
selekcijas efektu viena laika vieniba ( tab.). Selekcionétas mezaudzes selekcijas
efekts, izteikts salidzinajuma ar neselekcionétas meZaudzes caurméra un augstuma
pieaugumu, tika aprékinats, izmantojot nemainiga proporcionala uzlabojuma pie-
eju (Ahtikoski 2000).

Pamatojoties uz P. Zalisa un J. Jansona (2009) ieteikumiem, tika izvéléti aug-
Sanas modeli tradicionalajam (liela sakotnéja biezuma, ar novélotam, zemas inten-
sitates kopsanam) un mérktiecigam (maksimala vidéja caurméra un kopégjas krajas
sasniegSana galvenas cirtes vecuma; raksturojamas ar zemu sakotnéjo biezumu)
mezkopibas sistemam un kopsanas rezimiem, kas ir vienadi gan dabiski atjaunotai,
gan staditai (selekcionétai) mezaudzei. Tika aprékinata sortimentu struktdra krajas
kopsana un galvenaja cirté; sortimentu cenas par 2006.—2010. gadu tika ieglitas no
Centralas statistikas parvaldes un AS “Latvijas valsts mezi”. Sortimenti tika noteikti
sadi: pirmas skiras zagbalki (tievgala diametrs parsniedz 25,9 cm, garums 4,9 m),
otras Skiras zagbalki (18-25,9 cm, 4,9 m), tresas Skiras zagbalki (14-17,9 cm, 4,9 m),
papirmalka (6—13,9 cm, 3 m), malka (3,0-5,9 cm, 2 m).
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Séklu plantacijas platiba tika noteikta, balstoties uz minimalo klonu skaitu,
lai nodrosSinatu genétisko daudzveidibu, ka arT prognozéto séklu nepiecieSamibu,
pienemot, ka visi bérzu mezi augligas augsnés tiks nocirsti atjaunosanas cirté un
atjaunoti ar uzlabotu materialu. Izvélétais klonu komplekts paredzéts 24 gadu iz-
mantosanai, jo neviena no alternativam nevar atrak pariet uz jaunu augstakas ge-
nétiskas kvalitates klonu komplektu.

4.1. tabula

Koku selekcijas darbu apjoms un laiks, balstoties uz analizé izmantotajam
dazadajam alternativam

. - . - . Selekcijas alternativa
Selekcijas materiala apjoms un dazadu posmu ilgums

FEN VEG GEN

Aktivitates Rekombinacija 6 6 6

ilgums, gadi Stadu audzésana 2 4 2
Pécnacéju parbaudes 25 12 14

Ziedésanas stimulésana, séklu ieguve - - 5

Stadu audzésana - - 2

Kandidatu parbaudes - - 12

Kopéjais laiks 33 22 41
Selekcijas Gimenu skaits 150 150 150
materiala Koku skaits gimené 300 100 120
apjoms, gab. Kandidatu skaits - 40 25
Kandidata pécnacéju/rametu skaits - 40 35

Lai nodroSinatu objektivu salidzinajumu starp atjaunoSanas metodém un
selekcijas alternativam, tika aprékinata tira tagadnes vértiba (TTV) ar procentu lik-
mi 3%. Lai novértétu selekcijas ietekmi uz ienakumiem pirmaja krajas kopsana ara
bérza plantacija, tika aprékinats stumbra tilpums un sortimentu iznakums no katra
nocirsta koka. Lai paradttu tirgus svarstibu ietekmi uz ienakumiem, tika izmantotas
zemas (2014. gada) un augstas (2018. gada) koksnes cenas ( tab.).

4.2. tabula

Sortimentu klases péc tievgala diametra un monetara vértiba pie zemam un
augstam koksnes cenam

Cena, EURm

Apa},lkoku Garums, ' Tievgala Jema augsta Nocirsta a.pjo:na
sortiments m diametrs, cm (2014. g (2018, 2.) proporcija, %
Zagbalki 3,0 12,0 47 56 1,3
Taras kluci 3,0 10,0 37 50 14,3
Papirmalka 3,0 6,0 35 54 59,3
Malka 3,0 3,0 22,5 30 25,1
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Genétiskie parametri tika aprékinati, izmantojot tris lielakos (péc d) kokus
katrai gimenei un atkartojumam. Lai novértétu pazimju (d, stumbra vértiba un
sortimentu Tpatsvars) iedzimstamibu, dispersijas un kovariances komponentes (o)
tika noteiktas, izmantojot jaukta tipa modela analizi ar ierobezotas maksimalas
iespéjamibas pieeju programma SAS (Versija 9, SAS Institute, Cary, NC, USA; Littel
etal. 2006) saskana ar formulu. Nemot véra izméginajuma izlases bloku dizainu,
iedzimstamibas koeficients (h?) tika novertets péc formulas. Aditivas genétiskas
variacijas koeficients (CV,), kas raksturo kvantitativo 1pasibu genétisko mainibu (Fal-
coner & Mackay 1996), tika aprékinats péc formulas. Selekcijas efekts (GG) tika
aprékinats, izmantojot 10% atlases intensitati (i; Falconer & Mackay 1996). Neto
koksnes vértiba (NWV), tira tagadnes vértiba (TTV) un iekséja atdeves likme (IRR)
tika aprékinatas ka ekonomiskie raditaji nocirstajai koksnei. Lai novértétu selekcijas
ekonomisko efektu, raditaji tika aprékinati gan izméginajuma vidéjam vértibam, gan
labakajam un sliktakajam 10% gimeném, kas ranZétas péc d selekcijas efekta.

Katram kokam ienakumi no zagbalkiem tika aprekinati ka:

NWV = lincome — Heosts » (4.15.)
kur:
Lincome — i€NAkumi no cirsanas;
H..s:s — cirSanas izmaksas (Centrala statistikas parvalde 2016).

lenakumi un izmaksas tika ieklauti analizé, aprékinot tiro tagadnes vértibu ka
nakotnes sagaidamo neto naudas plismas diskontéto vertibu:

NPV = % , (4.16.)

kur:
E..ts —ierikoSanas izmaksas (zemas un augstas cenas);
r — diskonta likme (3% un 5%);
n — gadu skaits (14).

lerikoSanas izmaksas tika iegltas no Centralas statistikas parvaldes.

Lai novértétu potencialas investicijas rentabilitati, iekSéja atdeves likme (IRR)
tika aprékinata, izmantojot formulu:

NPV = % , (4.17.)
kur:
r,—zemaka diskonta likme (3%);
r, — augstaka diskonta likme (5%);
NPV,— NPV pier,;
NPV, — NPV pie r, diskonta likmes.
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5. REZULTATI UN DISKUSIJA

5.1. Selekcijas stadijumu noveértéjums (1, Il un Il publikacija)

Proveniencu parbaudeés izcelsme bija nozimigs faktors, kas ietekméja koku
saglabasanos. Noteiktam proveniencém saglabajusos koku Tpatsvars bija robezas
no 11% lidz 63%; viszemaka saglabasanas bija Somijas izcelsmei (vidéji 16%), augs-
taka — bérziem no Polijas (42%), bet augstaka — vietéjas izcelsmes bérziem (50%).
Provenience arT bija nozimigs faktors, kas ietekméja h ( att.),dunlidzartoartV,
tomeér padélu sastopamiba neuzradija butiskas atskirtbas starp proveniencém. Ko-
relacija starp proveniencu vidéjo augstumu piecu gadu vecuma (agrakie mérijumi)
un 37 gadu vecuma bija statistiski nozimiga (r = 0,78).

Proveniencu vidéja kraja svarstijas no 24 m* ha™ lidz 405 m® ha™ un bija vidgji
204 m® ha™. Lielaka audzes kraja bija vietéjam (Latvijas) bérzam, mazaka bérzam no
Polijas un vismazaka — no Somijas. Proveniences ar vislabakajiem raditajiem, vadoties
péchund ( tab., att.), bija no Latvijas, tomér tam bija sastopama augsta pa-
zZimju variacija, un atsevisku Polijas proveniencu bérzu atlase varétu sasniegt lidzigus
rezultatus ka vietéjas proveniences. Tadéjadi materialu, kas atrodas lidziga selekcijas
cikla posma (séklu plantaciju pécnacéji vai kloni), varétu papildus parbaudit, lai no-
skaidrotu genotipus ar augstakiem rezultatiem esosajos (Latvija) un nedaudz siltakos
(Sobrid Polija) apstaklos. Rezultati bérziem no Somijas bija ievérojami zemaki, un tikai
parako genotipu (pieméram, |oti atraudzigo klonu) parbaudes varétu bit pamatotas.
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5.1. attéls. Augstums proveniencu grupam izméginajumos salidzinajuma ar
vidéjiem raditajiem bérzu audzés Latvija
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5.1. tabula

Dazadu valstu proveniencu grupu meza inventarizacijas parametri

Vidéjie — uzmeéritie meza inventarizacijas parametri; augstakie — parametri augstakajiem
kokiem, kas atbilst noteiktajam mezaudzes biezumam (521 koks uz hektaru)

. Vidgjie Augstakie
Proveniencu - - N _
grupa biezums, | augstums, | caurmérs, | biezums, | augstums, | caurmers,
koki ha m cm koki ha™ m cm
Latvija (LV) 2064 17,9 13,0 521 22,2 17,0
Somija (FIN) 669 14,2 9,5 521 15,1 10,0
Polija (PL) 1691 15,4 10,0 521 20,7 15,0

Lai gan uzmérisanas vecuma konstatétas h un d atskiribas skietami bija ne-
lielas, tomeér tas ievérojami ietekmé prognozéjamo mérka caurmeéra sasniegSanas
vecumu ( tab.). Zemaka biezuma audzé (521 koks ha™), pienemot labako aug-
Sanu un labus apstaklus ara bérzam Latvija (27 gadi, augstakie), So caurméru var
sashiegt jau 48 gadu vecuma. Sadi rezultati ir tuvu uzméritajam zema biezuma bér-
zu klonu stadijuma Latvija (IV), kur vidéjais caurmérs 40 gadu vecuma parsniedza
28 cm, tomér biezums bija mazaks (sakotnéji: 400 koki ha™). Polijas proveniences
mérka caurmeéru sasniegtu 57 gadu vecuma, un tam bdtu lidziga kraja, ka Latvijas
proveniencém 10 gadus agrak (attiecigi 272 m3 ha™ un 263 m? ha™), izmantojot Ii-
dzigus modela ievades parametrus. Bérzi no Somijas neviena no analizéto paramet-
ru kombinacijam nevar sasniegt mérka caurméru agrak neka 100 gadu vecuma, kas
ir ievérojami vélak par likuma noteikto cirSanas vecumu Latvija (71 gads). Esosajos
apstaklos mérka caurméru nevar sasniegt pirms cirSanas vecuma. Pienemot, ka ir
labaki augSanas apstakli, ar uzméritajiem ievades datiem prognozéjams, ka 67 gadu
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5.2. attéls. Proveniencu vidéjais augstums izméginajuma

Latvijas proveniences Nr. atbilst attéla minéetajiem numuriem
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vecuma paredzéto mérka caurmeéru var sasniegt tikai vietéjas proveniences, ja tiek
veikta kopsanas cirte.

Modelétajai krajas kopsanas cirtei bija butiska ietekme, palielinot caurméra
pieaugumu ( att.). Tomer ietekme varétu bt parvertéta augstas biezibas dél,
kas samazina zala vainaga garumu audzé. Proveniences no Polijas un Somijas nesa-
sniedza minimalo Skérslaukumu, kas nepiecieSams, lai veiktu krajas kopsanas cirti,
tapéc ta netika planota.

5.2. tabula

Vecums, kad tiks sasniegts mérka caurmeérs (25 cm) dazadam
proveniencu grupam

- . Vecums
Proveniencu grupas Dati

27 37
Latvija (LV) Visi koki 91 127
Latvija (LV) Visi koki * 67 94
Somija (FIN) Visi koki 111 157
Polija (PL) Visi koki 127 167
Latvija (LV) Augstakie koki 48 67
Somija (FIN) Augstakie koki 100 143
Polija (PL) Augstakie koki 57 81
* veikta krajas kopSanas cirte; citi saisinajumi saskana ar tabulu.

StraujakaskokuaugSanasdé|masascentrs Latvijas proveniencémbijaaugstaks,
jo ta relativais augstums attieciba pret koku augstumu bija diezgan stabils. Tas var ra-
dit lielaku véja postijumu risku Latvijas izcelsmes bérzam, nemot véra lidzigus rotaci-
jas periodus proveniencém no dazadam valstim (iznemot modelétu augsanu bérzam
labos augSanas apstaklos). Lai stkak novértétu So ietekmi, javeic papildu pétijumi.
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Vecums, gadi

5.3. attéls. Modeléta kriiSaugstuma caurméra attistiba dazadam proveniencém

Partraukta linija — veikta krajas kopSanas cirte (KKC); citi saisinajumi saskana ar tabulu
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Vértétajas brivapputes ara bérza pécnacéju parbaudés saglabasanas bija
augsta abas uzmérisanas reizés stadijuma Rembaté (>80%) un Ukros (>90%), bet
zemaka —Taurené (> 60%), ko, visticamak, ietekméja nepietiekamais mitrums sausa-
ja vasara péc iestadiSanas, jo stadijuma vieta Taurené bija smalkas teksttras augsne
(Sutinen et al. 2002). Pirmos gadus péc stadisanas tika veikta nepiecieSama agro-
tehniska kopsana, lai novérstu turpmaku koku mirstibu, ko izraisa apauguma konku-
rence (Ferm et al. 1994, Hynynen et al. 2010). Desmit gadu vecuma vidéjais h Tau-
rené un Ukros bija vienads (6,7 m), un citas uzmeéritas pazimes, ka ari koku Tpatsvars
ar stumbra defektiem bija lidzigi. Rembaté h bija zemaks (5,5 m), un koku Tpatsvars
ar pad bija apmeéram tris reizes zemaks neka abos paréjos stadijumos. Videjais h
14 gadu vecuma bija nedaudz augstaks Ukros, salidzinot ar Taureni (attiecigi 12,3 m
un 11,5 m), tomeér citas pazimes bija lidzigas. Rembaté koku Tpatsvars ar pad bija
palielinajies un bija augsts (aptuveni 60%), lidzigi ka abos paréjos stadijumos. Visos
stadijumos koku Tpatsvars ar pad un zg bija diezgan augsts (>50%), bet tikai 6-12%
kokiem bija dg, ko Skietami neietekméja pétito stadijumu atskiriga kontinentalitate
(Laivins & Melecis 2003). A. Viherd-Aarnio un P. Velling (1999) zinoja par 13% koku
ar pad. Lidzigi ka A. Viherd-Aarnio un P. Velling (1999) pétijuma, lielakajai daai koku
bija vismaz viegla stumbra likumainiba.

Baltijas jaras regiona bieZi sastopamo meZza koku sugu — parastas priedes un
parastas egles — augsSanas un kvalitates iedzimstamibas raditaji svarstas no 0,05 lidz
0,25 (Velling 1982, Haapanen et al. 1997, Hannrup et al. 1998, Olsson & Ericsson
2002, Jansons et al. 2006). Saja pétijuma novértéta iedzimstamiba $aurd nozimé
(h?) bija atskiriga vertétajam ara bérza pazimém, esot augstakai augsanas pazimém
neka stumbra kvalitatei ( tab.), I'dzigi ka agraka pétijuma Latvija (Zeltins et al.
2018). Augstaka h? vertiba novértéta h, d, V (0,30-0,64), iznemot zemo vértibu
caurméram (0,12) Rembaté. Tapat augsta h? bija StStr (0,35-0,45), bet stumbra kva-
litatei zd un dg bija kopuma zemakas vértibas (0,04-0,35). zI iedzimstamiba ieveé-
rojami svarstijas (0,25-0,83) atkariba no stadijuma vietas un gada, bet zg uzradija
kopuma zemakas vértibas (0,02-0,12). Salidzinosi augsts CV, bija aprékinats V, kas
svarstijas no 25,3% Rembaté idz 40,3% Ukros. Visos izméginajumos zaru lenkis uz-
radija zemu genétiskas variacijas pakapi (3,7-6,4%; tab.). Aprékinatais rg starp
augsanas pazimém visos stadijumos bija lidzigs un augsts (0,90-0,99; tab.), tacu
bija galvenokart zems lidz viduvéjs starp augsanas un stumbra kvalitates pazimem
(—0,10 < r5 < 0,40). Zaru lenkim bija vidéja Iidz augsta negativa korelacija ar stumbra
taisnumu un kvalitati (0,67 < r; < —0,45), kas savstarpéji ciesi koreléja (0,83-0,84).
Tika konstatétas diezgan augstas pozitivas korelacijas starp pad un dg (0,60-0,74).
Tomér stumbra kvalitates raditaji parasti bija ar zemu lidz vidéju genétisko korelaciju
sava starpa ( tab.).
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5.3. tabula

ledzimstamibas koeficienti Saura nozimé (h?) un B-tipa genétiskas korelacijas (r;) ar standartklGdam (SE)
(visi rg ir batiski p < 0,01)

. h? + SE | rexSE
Stadijums - - -
Taurene Ukri Rembate Ukri un Taurene kopa
Vecums, gadi 10 14 10 14 10 14 10 14 14
h 0,37+0,03 | 0,45+0,04 | 0,47+£0,04 | 0,64 +£0,04 | 0,30 £0,07 na 0,37+0,03 | 0,52+0,03 | 0,94 £0,02
d na 0,45+ 0,04 na 0,52 +0,03 na 0,12 £ 0,02 na 0,42 +£0,03 | 0,89+0,03
Vv na 0,41 +£0,03 na 0,53+0,03 na na na 0,41+0,03 | 0,97+£0,03
zd 0,24 £ 0,03 na 0,20+ 0,03 na 0,10+ 0,03 na 0,17 £ 0,02 na na
zl 0,33+0,03|0,83+0,19 | 0,27+0,03 | 0,61+0,07 | 0,30+0,03 | 0,31+0,03 | 0,25+0,02 | 0,37+0,1 | 0,78+0,12
pad 0,07 +£0,02 | 0,08+0,02 | 0,06 +0,02 | 0,05+0,01 | 0,04+0,03|0,07+0,02 | 0,07+tna | 0,06+0,02 na
dg 0,29+0,07 | 0,05+0,06 | 0,04+0,03 | 0,19+0,04 | 0,08+0,04 | 0,27+0,05| 0,1tna na na
zg 0,09+0,03 | 0,04+0,02 | 0,06 £0,03|0,05+0,01|0,12+0,03 | 0,06+0,02 | 0,05+0,04 | 0,02+0,01 na
Stumbra taisnums | 0,45+0,05 | 0,35+0,05 | 0,41+0,05|0,45+0,05| 0,32+0,05| 0,39+0,05| 0,40+0,06 | 0,4+0,05 | 0,97 +0,05
Stumbra kvalitate | 0,15+0,03 | 0,35+0,05| 0,11+0,03 | 0,21+0,03 | 0,14+0,03 | 0,26+0,04 | 0,10+0,03 | 0,23 +0,03 | 0,89 + 0,08

Saisinajumi: h —augstums, d — krisaugstuma caurmérs, V — stumbra tilpums, pad — padéli, dg — dubultgalotnes, zg — zaudétas galotnes,
zd — zara diametrs, z| — zara lenkis, na — nav datu.




5.4. tabula

Kvantitativo pazimju aditivas genétiskas variacijas koeficients (CV,) pétitajos
brivapputes ara bérza pécnacéju parbauzu stadijumos 10 un 14 gadu vecuma

Stadijums

Vecums (gadi) Taurene Ukri Rembate

10 14 10 14 10 14
h 10,4 8,5 11,4 5,5 7,5 na
d na 18,7 na 10,3 na 4,7
\ na 32,5 na 20,1 na na
zd 16,2 na 12,6 na 4,3 na
zIl 4,4 na 4,7 na 3,2 1,9

Saisinajumi: h —augstums, d — kriSaugstuma caurmérs, V — stumbra tilpums,
zd — zaru diametrs, zI — zaru lenkis, na — nav datu.

Nemot véra, ka géni, kas kontrolé katru augSanas pazimi, var bat ciesi sav-
starpéji saistiti (Searle 1961), atlase var tikt balstita uz koku augstumu, kas uzradija
visaugstako h?. Agrakos pétijumos noraditas h? un iedzimstamibas plasa nozime (H?)
vértibas atbilstoSajam ara bérza pazimém ir Joti atSkirigas — no zemam lidz augstam
(Nepveu & Velling 1983, Malcolm & Worrell 2001, Stener & Jansson 2005, Zeltins
et al. 2018). Norvégija h? seSus gadu vecam brivapputes gimeném ir diezgan zems,
t.i., 0,09 un 0,17 attiecigi h un d (Skrgppa & Solvin 2019). Saja pétijuma augstas
iedzimstamibas koeficientu vértibas un zema variacija augSanas pazimém starp
stadijumiem varéetu noradit uz relativi homogéniem augsanas apstakliem bijusajas
lauksaimniecibas zemés, ka art uz pietiekamu stadijuma kopSanu péc ieritkoSanas.
Tadejadi genétiski noteiktas atskiribas izpaudas labak, salidzinot ar meZa zemém
(Haapanen 1996, Hannrup et al. 2004). Lai gan h? vertibas, kas iegttas individualu
stadijuma vietu analize, parasti ir parvértétas un augstakas salidzinajuma ar kopa
vértétu stadijumu vietu aprékiniem (Hodge & White 1992, Haapanen 2001, Wu et
al. 2008), genétiskie parametri Ukros un Taurené kopa bija lidzigi raditajiem, anali-
z€jot eksperimentus atseviski. Turpretim nepietiekama kopsSana, nevienmériga sa-
glabasanas un heterogéni augSanas apstakli samazina iedzimstamibas koeficientu
un ta precizitati, samazinot ieguvumus no koku selekcijas (Haapanen 1996, Maki-
nen 1996, Talbot 1997, Nummi 1999, Olsson & Ericsson 2002, Koski & Rousi 2005).
Tomér galvenokart zems h? tadiem stumbra defektiem ka pad, dg un zg sakrit ar
agrakiem pétijumu rezultatiem (Stener & Hedenberg 2003, Zeltins et al. 2018), kas
liecina par relativi vaju genétisko kontroli un tadu vides faktoru ka sausumes, sals vai
biotiskie bojajumi dominéjoso ietekmi (Malcolm & Worrell 2001, Stener & Heden-
berg 2003). Zviedru pétijuma (Stener & Jansson 2005) zinots par zemam h? un H?
vértibam (0,09-0,27) stumbra taisnumam vairakos Iidz 10 gadus vecu ara bérza klo-
nu un pécnacéju izmeéginajumos. Stadijumos Latvija kopéjai stumbra kvalitatei bija
zemas h? vértibas (0,10-0,15), tomér atseviskam ar sortimentu iznakumu saistitam
kvalitates pazimém — vidéjas un augstas (0,21-0,45). Sie rezultati kombinacija ar
diezgan vaju genétisko korelaciju starp kvalitati un atraudzibu raksturojosam pazi-
mém ( tab.) liecina par batisku stumbra kvalitates uzlaboSanas iespéju.
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5.5. tabula

Geneétiskas korelacijas (iekavas standartkliidas) kopa analizétajos Ukru un Taurenes (augséja diagonala dala) un Rembates

(apakséja diagonala dala) brivapputes ara bérza pécnacéju parbauzu stadijumos 14 gadu vecuma

Pazime d v pad dg zg tSat il;nmubnrqas zl if/:mg{:

0,92 (0,01) | 0,94(0,01) | 0,43(0,07) | 0,23(0,07) | 0,05(0,09) | —0,10(0,05) | 0,26 (0,06) | 0,16 (0,06)

- 0,99 (0,00) | 0,39(0,07) | 0,20(0,07) | 0,10(0,09) | —0,06 (0,05) | 0,22 (0,06) | 0,17 (0,06)

na - 0,39 (0,07) | 0,23(0,07) | 0,06 (0,09) | -0,06 (0,05) | 0,23(0,06) | 0,17 (0,06)

pad 0,13 (0,13) na - 0,60 (0,11) | 0,08 (0,20) | —0,29(0,08) | —0,02 (0,09) | —0,51 (0,07)

dg -0,10(0,11) na 0,74 (0,11) - -0,51(0,11) | 0,03 (0,08) | —-0,12(0,09) | 0,16 (0,08)

zg 0,10 (0,13) na —-0,06 (0,14) | —0,49 (0,11) - -0,69 (0,09) | 0,52(0,11) | —0,58 (0,09)

Stumbra taisnums 0,02 (0,09) na -0,39 (0,10) | —0,08 (0,09) | —0,71 (0,09) - -0,67 (0,05) | 0,83 (0,03)

z| 0,00 (0,25) na -0,01 (0,10) | 0,09 (0,09) | 0,28(0,10) | —0,57 (0,06) - —-0,45 (0,07)
Stumbra kvalitate 0,40 (0,24) na -0,67 (0,09) | —0,28 (0,08) | —0,62 (0,08) | 0,84 (0,04) | —0,48 (0,07) -

Satsinajumi: h —augstums, d — kriiSaugstuma caurmérs, V — stumbra tilpums, pad — padéli, dg — dubultgalotnes,

zl — zara lenkis, na — nav datu.

zg — zaudétas galotnes,




Turklat vid€ji stipra negativa korelacija starp stumbra kvalitati un stumbra de-
fektiem liecina, ka atlase, kuras pamata ir vispusigs stumbra kvalitates vertéjums,
var samazinat stumbra defektu sastopamibu, neraugoties uz to zemo iedzimstami-
bu, tadéjadi uzlabojot kokmaterialu kvalitati un palielinot lietkoksnes apjomu (Ag-
estam et al. 1998, Motténen 2005). Galvenokart vajas genétiskas korelacijas, kas
novérotas starp kvalitates pazimém, ka ari starp augSanas un kvalitates pazimém,
varétu bt saistitas ar diezgan zemu kvalitates pazimju genotipisko dispersiju (Kos-
ki & Rousi 2005, Stener & Jansson 2005). Skotija taisni stumbri bérzam bija saistiti
ar lielaku stumbra tilpumu (Malcolm & Worrell 2001), tomér misu pétijuma Sada
saistiba netika novérota. Lidzigi ka iepriekS€jos pétijumos Zviedrija un Latvija (Ste-
ner & Jansson 2005, Zeltins et al. 2018), zd un zl uzradija augstu iedzimstamibu.
Tomér ieverojamas negativas korelacijas starp zI un stumbra taisnumu rezultata
var palielinaties zaru resnums taisnakiem stumbriem, tadéjadi samazinot kokma-
terialu kvalitati (Niemistd 1995a). Atraudzigiem bérziem raksturigi nevélami lielaki
zd (Niemistd 1995b, Stener & Jansson 2005), ko rekomendé mazinat ar stadiSanas
biezumu ar vismaz 1600 kokiem ha™, lai veidotos mazaka izméra zari un uzlabotos
koksnes stipriba (Niemistd 1995a, Dunham et al. 1999). Tomér 40 gadus veca zema
biezuma ara bérza klonu plantacija Latvija konstatéts, ka ieglistami augstas kvalita-
tes finierkludi, pielietojot lielus (5 x 5 m) sakotnéjos stadisanas attalumus (Zelting
et al. 2018). Papildus iedzimstamibai, ievérojamais CV, (20,1-32,5%) liecinaja par
selekcijas potencialu uzlabot V. Zemakas CV, vértibas stumbra kvalitates pazimém
salidzinajuma ar augsanas pazimés saskan ar rezultatiem Lietuva, kur CV_ stumbra
taisnumam un zl bija apméram 13% (Baliuckiené & Baliuckas 2006). Nesena zema
sakotnéja biezuma klonu plantacijas pétijuma (Zeltins et al. 2018) aprekinatais CV,
augstumam bija gandriz tris reizes zemaks (3,2%) neka CV, pasreizéja pétijuma (vi-
déji apmeéram 8%). To daléji varétu izskaidrot ar ievérojami atskirigajiem sakotnéjas
stadisanas attalumiem (5 x5 m klonu plantacija un 2 x 2,5 m Si pétijuma stadiju-
mos), jo genotipiska dispersija var bat lielaka pie mazakiem attalumiem (Franklin
1979, Euler et al. 1992). Tomér lidzigs CV, augstumam konstatéts Zviedrijas zieme-
los (Stener & Jansson 2005). Kopuma augstakas aprékinatas CV, vértibas d un h
bija I'dzigas Zviedrijas pécnacéju parbaudés iegitajiem rezultatiem (attiecigi 14%
un 8%; Stener & Jansson 2005).

Attieciba uz augsSanas raditajiem, augstvertigako 10% gimenu izlases GG %
vértibas h un d bija 9,6-26,6%, bet V sasniedza 25,3—61,6%. Lidzigi h? vertibam,
GG % vairuma gadijumu bija zemaks stumbra kvalitates pazimém: 8,6-21,2%
stumbra taisnumam, 5,5-10,3% stumbra kvalitatei, 6,9-18,2% zd, 1,6-9,1% zI.
Aprékinatie GG % stumbra defektiem (pad un zg ievérojami atskiras starp izmégi-
najumiem un gadiem, svarstoties no 5,2 lidz 58,3%. Aprekinatie GG % apstiprinaja
galvenas tendences, ko ieprieks uzradija h* un CV,, sasniedzot augstakas vértibas V
(25,3-61,6%), kamér viszemakas vértibas uzradija stumbra kvalitate (1,6-21,2%).
Sis selekcijas efekts noteikts pret eksperimenta vidéjo vértibu, nevis kopéjo popula-
ciju, jo trakst kontrolparauglaukumu ar neselekcionétu materialu, un tadéjadi iegu-
vumi, salidzinot ar mezaudzém, varétu bt lielaki (Malcolm & Worrel 2001). Tomér
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genotipu atlasei bltu japanak balanss starp uzlabotu produktivitati un pietiekamu
stumbra kvalitati, ka arT uzlabotu sniegumu dazados augSanas apstaklos (Mathe-
son & Cotterill 1990), jo Tpasi, ja mérkis ir razot augstas kvalitates ara bérza kok-
materialus finiera rlpniecibai (Hynynen et al. 2010). Ka norada atsevisku pazimju
selekcijas efekts, CV, vértibas ( tab.) un galvenokart vaja r; starp augsanas un
kvalitates pazimém ( tab.), turpmaka indeksa izstrade vienlaicigai augSanas un
stumbra kvalitates pazimju atlasei var bit iesp&jama.

Petitas pazimes uzradija zemu G x E mijiedarbibu, par ko liecinaja spéciga B-ti-
pa korelacija visam pétitajam pazimém (r;20,78) starp Ukru un Taurenes izmégina-
jumiem ( tab.). leprieks publicéti pretrunigi rezultati: sakot ar spécigu korelaciju
starp izméginajumiem pat diezgan atskirigos augSanas apstak|os (Stener & Heden-
berg 2003, Stener & Jansson 2005) lidz ievérojamai genotipa un stadijuma vietas
mijiedarbibai (Baliuckiené 2009). Tomér r, precizitate var nebdt augsta (Burdon
1977, Haapanen 1996), bieZi ir saistita ar nepiemérotu pécnacéju parbauzu ekspe-
rimentalo dizainu, kam ir nepietiekams atkartojumu skaits, neievérojot augSanas
apstaklu dazadibu (Haapanen 1996). Augstas B-tipa korelacijas ar diezgan zemam
standartklGdam un attiecigo pazimju nelielu h? variaciju Saja pétijuma liecinaja par
snieguma stabilitati dazadas vidés, ka ar1 par atbilstosu eksperimenta dizainu.

VEl viens butisks jautajums attieciba uz eksperimenta dizainu ir vienkoku vai
vairaku koku (bloku) parcelu izmantosana. Galvenokart vienkoku parcelém Ukros
un Taurené bija augstakas aprekinatas augSanas pazimju un zl iedzimstamibas neka
bloku parcelém Rembaté ( tab.). Vienkoka parceles daudzos atkartojumos lauj
statistiski efektivi novértét genotipiskas atskiribas (White et al. 2007), jo pluskoku
pécnacéji ir parstavéti iespéjami dazados konkurences un augsanas apstaklos vie-
na izmeéginajuma ietvaros (Haapenen 1992, 1995). Tomér koku konkurence starp
dazadiem genotipiem var parspilét noteikto genétisko dispersiju augSanas pazi-
meém, izcelot sakotnéji atraudzigas gimenes (Malcolm & Worrell 2001, Vergara et al.
2004, Gould & Marshall 2010). Saja pétijuma augsanas pazimes zindma méra varétu
ietekmét konkurence vienkoku parcelu izméginajumos Ukros un Taurené, jo apreé-
kini no bloku parcelém Rembaté bija nedaudz zemaki. Tomér visparigiem secinaju-
miem bUtu vajadzigi aprékini no vairak izméginajumiem.

L.-G. Stener un O. Hedenberg (2003) uzsvéra visparigu informacijas trikumu
par ara bérza genétiskajam korelacijam dazados vecumos. Saja pétijuma genétiskas
korelacijas 10 un 14 gadu vecuma visos stadijumos galvenokart bija ciesas (>0,78),
noradot uz precizu atlasi ka pirmaja, ta otraja uzmeérisanas reize, lai gan augsta ko-
relacija starp tik tuviem vecumiem nav 1pasi informativa par ilgtermina tendencém.
Tomér spécigas genétiskas korelacijas V ir novérotas l1dz pat trim desmitgadém So-
mijas dienvidos (Hagqgvist & Hahl 1998). Augstumam ir zinots par korelaciju, kas
svarstas no 0,75 idz 0,86 starp vecumu 9 un 26 gadi, korelaciju 0,94 starp vecumu
5 un 10 gadi un 0,84 starp vecumu 11 un 18 gadi (Stener & Hedenberg 2003). L.-
G. Stener un G. Jansson (2005) konstatéja vid€jas lidz ciesas genétiskas korelacijas
(0,60—0,99) starp dazadiem vecumiem h un kvalitates pazimém.
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Fenotipiskais plastiskums un vietéja (genétiska) specializacija ir galvenie fak-
tori, kas ietekmé koku pielagosanas spéjas mainigajam klimatam, un lidz ar to tie
ir batiski klimata parmainam pielagotas meZa apsaimniekoSanas stratégijas ele-
menti (Aitken & Bemmels 2016, Moran et al. 2017). Analizéjot Ukros un Taurené
parstavétas gimenes izcelsmju limeni, tika novérota izteikta vietéja specializacija,
Tpasi augsanas pazimém. lekSzemes regiona bérzi uzradija labaku augSanu. Skaidri
izteiktais piekrastes-iekSzemes gradients un atskiriga genétiskas kontroles intensi-
tate atbilda regiona klimatiskajam zonéjumam (Laivin$ & Melecis 2003, Reitalu et
al. 2013). Vertéjot provenieniencu fenotipisko pazimju grupésanos ar PCA analizi,
pirmie divi galvenie komponenti (PC) bija nozimigi (p < 0,001) un aptvéra 57,6% no
kopé€jas pétito pazimju variacijas. Pirmais PC bija cieSi saistits ar augSanas pazimém,
noradot uz regionalajam atskirtbam produktivitaté. Otrais PC bija saistits ar kvali-
tates pazimém un liecina par dazadiem augsSanas un kvalitates variaciju avotiem.
TreSais PC aptvéra 19,8% no variacijas un bija saistits ar stumbra defektiem. Ordi-
nacijas telpa proveniences veidoja vienu grupu, noradot uz nepartrauktu pazimju
variacijas gradientu. Tomér pirmais PC ievérojami korel€ja ar izcelsmes geografis-
ko garumu (r =0,46, p = 0,01), kas liecina par augsSanas atskirtbam starp piekras-
tes un valsts iekSzemes dalam, savukart otrais PC neuzradija korelaciju (r=0,02,
p=0,92).

Korelacijas starp PC un izcelsmes platuma gradiem bija vajas (|r| <0,22,
p > 0,24), noradot uz ziemelu—dienvidu gradienta neesamibu. Pamatojoties uz pro-
veniencu pirma PC saistibu ar to geografisko izvietojumu, iesp&jams Latvija izdalit
divus regionus ( att.). Piekrastes regions ietvéra valsts rietumu un ziemelu dalu,
savukart iekSzemes regions aptvéra centralo un austrumu daju ( att.). lekSzemes
regiona bija ievérojami (p < 0,01) lielaki h, d un V. Vidéjais stumbra taisnums, vispa-
réja stumbra kvalitate un zl starp regioniem neatskiras.

Vidéja lidz augsta iedzimstamiba (h? > 0,20) tika noteikta pétitajam pazimem
abos regionos, iznemot stumbra defektus (h* < 0,15). Tika novérota geografiski mai-
niga pazimju genétiskas kontroles intensitate: h iedzimstamiba iekSzemes regio-
na bija vairak neka divas reizes augstaka neka piekrasté (attiecigi 0,61 + 0,061 un
0,28 + 0,037), savukart V un d iedzimstamiba atSkiribas sasniedza 31,3-41,4%. Pie-
krastes regiona augsta iedzimstamiba (h? > 0,45) tika novértéta stumbra taisnumam
un zaru lenkim, savukart Sim pazimém iekSzemé tika konstatéta vidéja iedzimstami-
ba (0,26 < h? < 0,30). Turklat aprekinatais aditivais genétiskas variacijas koeficients
(CV,) bija nedaudz augstaks (par 0,97-4,06%) iekSzemé, salidzinot ar piekrasti, kas
norada uz nelielam atskiribam plastiskuma. Spéja reagét uz dabisko atlasi, ko rak-
sturo CV,, bija aptuveni tris reizes augstaka V, salidzinot ar h abos regionos.

Genétiska specializacija bija izteiktaka kontinentalaja klimata iekSzemes re-
giona, izraisot augstaku heterogenitati un izskaidrojot augstaku augsanas pazimju
h? un CV,, salidzinot ar piekrastes regionu. Augsta iedzimstamiba, visticamak, no-
radija uz lielakam atSkirtbam starp dazadu proveniencu genotipiem, salidzinot ar
vides apstaklu izraisttu variaciju genotipa ietvaros (Griffiths et al. 2000). Aprékinata
h? augSanas pazimém bija augstaka iekSzemé un zemaka piekrastes proveniences,
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5.4. attéls. Vértéto bérza pécnacéju fenotipisko pazimju izcelsmju (proveniencu)
l[imena pirma galvena komponenta (PC1) vértibas

Partraukta linija norada divu izdalito ara bérza proveniencu regionu robezu — piekrastes
(rietumu) un iekSzemes (austrumu) regionu

salidzinot ar visu selekcijas populaciju (h? = 0,41-0,52), noradot uz labaku atlases
efektivitati iekSzemes regiona.

5.2. Ara bérza vegetativa pavairo3ana un tas plasakas izmantosanas potencials
(IV un V publikacija)

Iniciacijas faze ir viens no batiskakajiem klonalas mikropavairo$anas etapiem,
kas batiski ietekmé talako procesu norisi. Vienlaicigi daudzgadigajiem augiem ta ir
ari viena no problematiskakajam fazém. Viens no galvenajiem limitéjoSajiem fakto-
riem ir eksplantu inertums jeb nereagésana uz mehaniskajam un kimiskajam ma-
nipulacijam in vitro vidé (Benson 2000). Eksplantu jutitbu pret manipulacijam var
ietekmét tadi faktori ka materiala ievakSanas periods, donorauga vecums, pozici-
ja, no kuras ievakti pumpuri (vainaga augsa, vidus u.c.), genotips, uzglabasana un
priekSapstrade, ka arT iniciacijai izmantotas barotnes sastavs (Welander 1988, 1993,
McCown 2000, Vai¢iukyné et al. 2017). Saja pétijuma (IV) in vitro kultiru inicia-
ciju batiski (p < 0,01) ietekméja donorauga vecums un pumpuru ievaksanas laiks
( att.).
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5.5. attéls. Iniciéto kultiiru ipatsvars atkariba no donorauga vecuma un
eksplantu ievakSanas laika

Statistiski bltiskas atskiribas starp vecuma grupam un eksplantu ievaksanas laika grupam
attélotas ar atskirigiem burtiem (abiem mainigajiem p < 0,001)

Augiem ir sarezgits dzives cikls, raksturojams ar reproduktivo un vegetativo
attistibas fazi, morfogeneézi. Turklat mérenas klimata joslas sugam raksturigi miera
periodu cikli, kas nosaka sekojoso aktivas augSanas fazu un Sinu daliSanas norisi.
Attiecigi, augi uzrada sezonalas in vitro kultiru iniciacijas sekmju variacijas atkariba
no perioda, kad ievakts augu materials (Benson 2000). Eksplantiem, kas ievakti no
viengadiga donorauga, novérota iniciacija 66% gadijumu, kamér eksplantiem, kas
ievakti no 15-gadiga donorauga, inicieéto kultlru proporcija bija 39%. Augstaka ini-
ciéto kultlru proporcija novérota eksplantiem, kas ievakti pavasart (64% marta un
67% aprili), kamér jinija un septembri ievaktiem eksplantiem iniciéto kultlru pro-
porcija bija batiski zemaka (attiecigi, 31% un 29%; att.). Sie rezultati atbilst bieZi
novérotai tendencei, ka visaugstakas kultdru iniciacijas sekmes var panakt, augu
materialu ievacot péc miera perioda beigam pavasari lidz vasaras sakumam (George
et al. 2008a).

Lidzigas tendences novérotas ari citam mérenas klimata joslas kokaugu su-
gam. Parastajai apsei Populus tremula L. augstaka iniciacija novérota pumpuriem,
kas ievakti februara beigas/marta sakuma, kameér agrak ievakti pumpuri attistijas
batiski Iénak, ar mazakiem kallusiem, savukart no vélak ievaktiem pumpuriem
vairums aizgaja boja infekciju rezultata (Peternel et al. 2009). Parastajam ozolam
Quercus robur L. augstaka pumpuru iniciacija novérota eksplantiem, kas ievakti no
maija lidz jalijam (Civinova & Sladsky 1990), kas, iesp&jams, saistits ar vélaku pum-
puru plauksanu salidzinajuma ar parasto apsi un ara bérzu (Linkosalo 2000, Lange
et al. 2016). Taja pasa laika citos pétijumos novérots, ka ara bérza kultlru sekmiga
iniciacija panakama, ievacot augu materialu rudent un ziema (Jokinen & Tormala
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1991), un pumpuru apstrade ar miera periodu ierosinosam procediram rezultéjas
ar augstaku plaukstosu pumpuru proporciju un dzinumu attistibu (Welander 1993),
noradot, ka ne tikai eksplantu ievakSanas periods, bet arf citi faktori ietekmé kultdru
iniciacijas sekmes.

Augsanas regulatori jeb fitohormoni, kas pievienoti iniciacijas barotnei, ietek-
mé pumpuru plaukSanu un dzinumu attistibu (Magnusson et al. 2009). Pieméram,
Q. robur eksplantiem, kas ievakti februari un marta, visaugstaka iniciacija un dzinu-
mu attistiba novérota, izmantojot zemu BAP koncentraciju (0,2 mg L), kamér maija
un jalija ievaktiem pumpuriem sekmigaka iniciacija norisinajas pie augstakam BAP
koncentracijam (1 un 2 mg L'%; Civinova & Sladsky 1990). Maija un jilija ievaktiem
pumpuriem novérotas ari augstakas regeneracijas spéjas neka februari un aprili
ievakto pumpuru kultGram, tomér meristemu stimuléSanai bija nepiecieSamas
augstakas BAP koncentracijas (Civinova & Sladsky 1990).

Sterilitates konteksta augstakas iniciacijas sekmes pavasari ievaktiem eks-
plantiem varétu bat attiecinamas uz mikroorganismu sezonalo dinamiku. Miera pe-
rioda ievakti pieaugusu B. lenta L. koku eksplanti uzradija zemaku inficéto paraugu
proporciju neka eksplanti, kas ievakti pavasari (Rathwell et al. 2016). Lidzigi rezultati
novéroti ar Platanus occidentalis L., kam infekciju attistiba pieauga no 14% janvari
vaktiem eksplantiem lidz 48% jlija vaktiem eksplantiem (Tao et al. 2007). Infekciju
attistibas novérSanai Ulmus americana L. vispiemérotakais laiks kultdru iniciacijai
bija pavasaris (Shukla et al. 2012), kamér miera perioda ievaktiem eksplantiem in-
fekciju attistiba bija visaugstaka. Preté€ji, tiras Pinus sylvestris L. kultlras attistijas no
maija lidz oktobrim ievaktiem eksplantiem, kamér no decembra lidz aprilim ievak-
tiem eksplaniem attistijas batiski vairak infekciju, kas, visticamak, skaidrojams ar
labaku audu noturibu aktivas augSanas fazé (Hohtola 1988).

Dabiskas attistibas gaita kokaugiem parejot no vegetativas augsanas (juveni-
Ias) fazes uz generativo jeb nobrieduso fazi, batiski samazinas eksplantu iniciacijas
un kultiru mikropavairosanas spéjas (von Aderkas & Bonga 2000). Juvenili audi no
séjeniem parasti iniciacijai paklaujas vieglak neka audi no nobriedusiem/pieaugu-
Siem kokiem (George et al. 2008a). Turklat kultlru uzsaksana ar materialu no nobrie-
duSiem kokiem parasti ir problematiska, jo tiem raksturigs augstaks infekciju risks,
audu brinésana (oksidacija) un inertums (George et al. 2008a). Viens no veidiem,
ka panakt donorauga daléju juvenilizaciju, ir potésana (Benson 2000). Lai gan $aja
pétijuma netika veikts izmantoto potzaru juvenilizacijas novértéjums, eksplanti, kas
ievakti no vienu gadu veca potéta auga, uzradija butiski augstakas iniciacijas sekmes
neka eksplanti, kas ievakti no 15 gadus veca, nepotéta donorauga ( att.). Lidzigi,
augstakas pumpuru iniciacijas sekmes (80%) iegltas, ka donoraugu izmantojot tris
gadus vecus B. lenta L. stadus, kamér eksplanti, kas ieglti no pieaugusiem kokiem,
neizplauka un neveidoja dzinumus (Rathwell et al. 2016). Jaatzimé, ka lielakajai dalai
Betula dzimtas sugu in vitro kultlras bez lielam grutibam var tikt iniciétas neatkarigi
no izejmaterialu vecuma (Welander 1993), un vairakos pétijumos veiksmiga iniciaci-
ja ir panakta, izmantojot pumpurus no veciem, nobriedusiem bérza donoraugiem
(Ryyndnen & Ryynanen 1986, Jones et al. 1996, Aubakirova & Kalashnikova 2011).
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Saja pétijuma datu interpretacijas iespéjas ierobeio fakts, ka izmantots ti-
kai viens genotips (klons 54-95), kas nelauj pilniba novértét eksplantu ievaksanas
laika un donorauga vecuma ietekmi. Genotips kultiru iniciacijas sekmes biezi ie-
tekmé vairak neka iepriekSminétie faktori (Jokinen & Tormala 1991), savukart geno-
tipa izpausmes nosaka konkréta klona heterogenitate jeb fenotipiskais plastiskums
(Civinova & Sladsky 1990). Tomér Sie limitéjosie faktori var tikt parvaréti, ja konkrétais
klons kopuma izrada jutibu pret in vitro manipulacijam (Jokinen & Tormala 1991).

Kad kultlira ir inicieéta un nostabilizéta, sezonalitate un attistibas fazu nomai-
na to vairs neietekmé (McCown 2000). Saja momenta kultiiru aug$anu lield méra
ietekmé klonu ipasibas, kas var ievérojami atskirties. Saja pétijuma pavairo$anas
koeficienti svarstijas no 1,0 (nepavairojas) lidz 6,8 ( att.), un galvena dzinuma
garums svarstijas no 1,3 idz 7,8 cm ( att.). Katra mikrospraudena sandzinumu
skaits novérots robezas no 0 lidz 3,8. Lidzigas pavairosanas sekmes (koeficienti no
1,6 Iidz 7,4) konstatétas 10 genotipiem no Zviedrijas, Somijas un Vacijas (Ewald et
al. 2002). Augstakus pavairosanas koeficientus (2 lidz 20), bet ar lielaku rezultatu
izkliedi, novéroja Jokinen and Térmdld (1991), analizéjot 100 genotipus.

Saja pétijuma kloni uzradija daZadas augsanas tendences; vairakiem geno-
tipiem veidojas izteikti spécigs galvenais dzinums ar vaji attistitiem sandzinumiem
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5.6. attéls. Pavairosanas koeficienti (stabini; + standartklida) un
vitrificéto dzinumu proporcija (apli) kloniem: (a) 1. grupa, (b) 2. grupa,
(c) 3. grupa un (d) 4. grupa
Ar tumsi peléku krasu atziméti kloni, kas izvéléti dazadu apstrades veidu
ietekmes novértésanai
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5.7. attéls. Galvena dzinuma garums (stabini; * standartkltida) un sandzinumu
skaits (aplisi) kloniem: (a) 1. grupa, (b) 2. grup3, (c) 3. grupa un (d) 4. grupa
Ar tumsi peléku krasu atziméti kloni, kas izvéléti dazadu apstrades veidu
ietekmes novértésanai

(pieméram, klons L 29; (a) att.), kamér citiem veidojas Tss galvenais dzinums un
liels skaits sandzinumu (pieméram, klons Bau 40-13; (a) att.). Pavairosanas sek-
mes nebija atkarigas no Sim augSanas tendencém — ka viena, ta otra augsanas stra-
tégija varéja rezultéties ar augstu pavairosanas koeficientu. Neskatoties uz augstu
variaciju, sandzinumu skaits uzradija negativu sakaribu ar galvena dzinuma garumu
(p < 0,01, regresijas koeficients -0,11 + 0,04). Gandriz ceturtdalai klonu konstaté-
tas zemas pavairosanas spéjas: 12 kloniem pavairo$anas koeficienti bija < 2, kamér
7 kloni nepavairojas (pavairosanas koeficients < 1). Rezultati varétu bt skaidrojami
ar ierobeZoto pétijuma periodu. Parasti bérza kultliru iniciacijai nepiecieSamas 4 lidz
10 nedélas atkariba no eksplanta veida, donorauga fiziologiska stavokla un vecuma,
un genotipa (Welander 1993), tapéc izvélétais iniciacijas etapa ilgums varétu bat
bijis parisu, lai panaktu pilnigu kulttru uzsaksanu.

Genotipu pavairoSanas spéjas atkarigas ari no barotnes sastava un pievie-
notajiem augSanas regulatoriem. Optimalais barotnes sastavs atkarigs no pavairo-
jamas sugas un konkréta genotipa, un, lai gan dala augu aug vienlidz labi uz da-
7adam barotném, dalai var bit ievérojamas atskiribas (McCown & Sellmer 1987).
PavairoSanai pieméroto klonu skaitu var palielinat, modificéjot kultiru barotni
un pievienojot dazada veida augSanas regulatorus, pieméram, citokininus (Joki-
nen & Toérmala 1991). Lai kultlras optimali attistitos, barotnei janodrosSina augi ar
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nepiecieSamajam baribas vielam, mineralelementiem. Bérza pavairo$anai visbiezak
izmanto MS vai WPM tipa barotnes, tomér var tikt izmantotas ari citas mineralvie-
lu kombinacijas (Ewald et al. 2000, lliev et al. 2003). Pavairosanas spé&jas uz miné-
tajam barotném audzétam kultlram Saja pétijuma svarstijas no 1,8 lidz 6,7 (vidgji
3,9). Visas klonu grupas augstaki pavairosanas koeficienti konstatéti uz MS barotnes
audzétiem augiem ( att.), kameér garaki dzinumi veidojas kultiram, kas audzé-
tas uz WPM barotnes. lzteiktakas atsSkirtbas Siem diviem parametriem novérotas
1. grupai (5.2.(a) att.), un pakapeniski samazinajas Iidz 4. grupai (5.2.(d) att.). Uz
WPM barotnes audzétam kultGram novérota zemaka vitrificéto augu proporcija no
0 Iidz 6,3 (vidgji 2,9), kamér uz MS barotnes audzeétam kultlram ta bija 0 lidz 38,0
(videji 13,2). Sandzinumu skaits un garums neuzradija izteiktu sakaribu ar izmanto-
tas barotnes tipu.

Lidzigi, vajaka attistiba uz WPM barotnes novérota B. lenta L. kultGram.
Augiem, kas kultiveti uz WPM barotnes, paradijas sarkana pigmentacija, tie bija 1sa-
ki un veidoja mazak posmu neka uz MS barotnes kultivéti augi, tomér pavairosanas
koeficients netika bitiski ietekméts (Rathwell et al. 2016). Sie rezultati tiek saistiti
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5.8. attéls. Pavairosanas koeficienti (tumsi peléks; + standartkliida) un vitrificéto
dzinumu skaits (gaisi peléks), un vitrificéto dzinumu proporcija (aplisi) atkariba
no barotnu sastava: (a) 1. grupa, (b) 2. grupa, (c) 3. grupa, and (d) 4. grupa
WPM — Woody Plant medium tipa barotne, MS — Murashige & Skoog tipa barotne,
BAP — 6-benzilaminopurins
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ar salu koncentracijam dazados bazalo salu barotnu veidos, jo, pieméram, amonija
nitrata (NH,NOs) koncentracija WPM barotné ir par apméram % zemaka neka MS
barotné. Zemas slapekla koncentracijas limitéjosa ietekme konstatéta konkrétam
Populus hibrida genotipam. Sakotnéji uz WPM barotnes audzétas kultiras uzradija
zemu dzivotspéju, bet péc parstadiSanas uz MS tipa barotnes varéja tikt uzturétas
ilgstosi. AugSana uz WPM barotnes batiski uzlabojas un kluva pielidzinama kultive-
Sanai uz MS barotnes, kad NH,NO; koncentracija tika paaugstinata lidz MS barotnes
[fmenim (McCown & Sellmer 1987). Pretéji, Cetriem Betula platyphylla Sukatchev
var. japonica (Miq.) Hara x B. pendula genotipiem ilgstosi vislabaka augSana kon-
statéta, kultivéjot uz WPM barotnes pretstata MS, ieglstot vidéjos pavairoSanas
koeficientus attiecigi 3,7 un 2,8 (Meier-Dinkel 1992).

Augsanas regulatoriem ir biitiska loma bérza in vitro kultiiru iniciacija un tala-
ka kultivésana. Visbiezak tiek lietoti citokinini, kas stimulé Sinu daliSanos, sekméjot
morfogenézi (George et al. 2008b). Pavairo$anas spéju uzlabosanai barotnei visbie-
Zak tiek pievienots BAP vai zeatins koncentracijas, attiecigi, 0,2 Iidz 5,0 mg L un 1,0
lidz 5,0 mg L™, vai BAP koncentracija no 0,7 Iidz 2,0 mg L™t kombinacija ar auksiniem
zemas koncentracijas (Meier-Dinkel 1992). Dazados pétijumos viens un tas pats ci-
tokinins tiek aprakstits ar diviem dazadiem nosaukumiem — BA (6-benziladenins) un
BAP (6-benzilaminopurins; Teixeira da Silva 2012), tapéc vieglakai uztveramibai Seit
un turpmak tiks izmantots apziméjums BAP, neatkarigi no apziméjuma, kads lietots
originalaja avota.

Konkréta citokinina ietekmi janovérté eksperimentali un janem véra, ka at-
bildes reakcijas vienlaikus nosaka izmantotais savienojums, kultlras veids, geno-
tips un audu ontogenétiska attistibas stadija (George et al. 2008b). Pieméram, divi
B. pendula genotipi uzradija atskirigas atbildes reakcijas uz citokinina pievienosanu
barotnei. Viens no kloniem veidoja daudz, bet isus dzinumus, ievérojami palielinot
pavairoSanas koeficientu, kameér otru klonu citokinina pievienoSana batiski neietek-
méja. Vienlaicigi otrais klons uzradija augstako dzinumu skaitu gan uz kontroles ba-
rotnes, gan ari barotnes ar pievienotu BAP (Vaiciukyné et al. 2017). Vairakam Betula
sugam citokininu neieklausana barotnes sastava rezultéjas ar vaju augsanu (Cheng
et al. 2000) vai ari — ekstreémos gadijumos — augSana apstajas un eksplanti aizga-
ja boja (Magnusson et al. 2009, Rathwell et al. 2016, Girgzde & Samsone 2017).
Visbiezak augstakas pavairoSanas sekmes var ieglt, izmantojot citokininus relativi
aura koncentracijas diapazona. Saja pétijuma (IV) citokininu ietekme uz augsanas
parametriem pétita, audzejot kulttras gan uz WPM, gan MS bazalajiem saliem vei-
dotas barotnes. Uz MS tipa barotnes, neatkarigi no koncentracijas, kulttras visas
klonu grupas uzradija augstakos pavairoSanas koeficientus un galvena dzinuma ga-
rumu, ja tika izmantots zeatins ( att.). Grupu ietvaros vidéja pavairosanas koefi-
cientu atskiriba starp apstradi ar zeatinu un BAP bija 11% lidz 29%, kamér atskiriba
galvena dzinuma garumiem bija 21% lidz 29%. No apstrades variantiem, kur zeatins
pievienots MS tipa barotnei, augstakais pavairoSanas koeficients konstatéts pie kon-
centracijas 0,5 mg L™ visam klonu grupam, iznemot pirmo ( att.). Sadas zeati-
na koncentracijas izmantoSana ari rezultéjas ar garakajiem galvenajiem dzinumiem
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visas grupas. Variantos, kur pievienots BAP, relativi augstaki pavairosanas koeficienti
novéroti, izmantojot salidzinoSi augstakas citokinina koncentracijas, tomér tenden-
ces nebija statistiski batiskas augstas rezultatu variacijas dé|.

Uz WPM bazalo salu barotnes zeatina koncentracijas 0,5 mg L™ ietekmé kul-
tiram bija Iidzigi vai nedaudz augstaki pavairosanas koeficienti un garaki galvenie
dzinumi neka audz€éjot ar zeatinu koncentracija 0,1 mg L™, tomér Sis atskirtbas nebi-
ja tik izteiktas ka tad, ja izmantota MS barotne. Vid€&jais sandzinumu skaits vienam
augam bija no 0,1 Iidz 1,2 (vidéji 0,6), un netika novérota specifiska sakariba starp
sandzinumu garumu un skaitu, un izmantota citokinina veidu.

Vairakos pétijumos parbaudttas dazadas citokininu koncentracijas Betula ge-
notipu pavairoSanai. BAP ietekme parbaudita uz B. platyphylla skirném. Izmantojot
2,2 UM BAP (apméram 0,5 mg L™), ieglts Cetras reizes augstaks pavairosanas koe-
ficients neka izmantojot 1,1 uM BAP (apméram 0,25 mg L™), un divas reizes aug-
staks pavairoSanas koeficients neka audzéjot uz barotnes ar 4,4 uM BAP (apméram
1,0 mg L'%; Cheng et al. 2000). Konkrétam B. pendula genotipam, audzé&jot kultlru
uz barotnes ar 1,0 mg L™ BAP, iegiti dzinumi, kas bija vienlidz gari ka uz zeatina da-
Zadas koncentracijas (0,5-1,0 mg L) audzétam kultdram. Tomér uz 1,0 mg L™* BAP
audzetam kultlram attistijas divreiz vairak sandzinumu, rezultéjoties ar augstaku
pavairosanas koeficientu, salidzinot ar citam apstradem (Girgzde & Samsone 2017).
Pétljuma ar B. lenta visaugstakas dzinumu augSanas sekmes novérotas BAP apstra-
dei, salidzinajuma ar 2-izopentiladenina (2-iP) un tidiziaurona (TDZ) apstradém,
un visaugstakais pavairoSanas koeficients ieglts, audzéjot uz BAP koncentracijas
5,0 uM (apméram 1,1 mg L%; Rathwell et al. 2016). B. platyphylla and B. papyrife-
ra Marsh kultiram augstakas pavairoSanas sekmes noveérotas, barotnei pievieno-
jot BAP 10 idz 20 uM koncentracija (apméram 2,3-4,5 mg L™!) un TDZ 4 lidz 8 uM
koncentracija (Magnusson et al. 2009). Dazadas atbildes reakciju izpausmes inten-
sitates varétu but saistitas ar endogéno augsanas regulatoru sezonalo dinamiku,
attiecigi, saistamas ar iniciacijai paredzéto eksplantu ievaksanas laiku. B. Civinovd
un Z. Sladsky (1990) konstatéja, ka Q. robur kultdru iniciéSanai no eksplantiem, kas
ievakti no maija lidz jdlijam, nepiecieSamas augstakas BAP koncentracijas (2 mg L™)
neka tad, ja eksplanti ievakti perioda no februara lidz aprilim (0,5 mg L™?).

Galvena dzinuma garums uzradija batisku sakaribu ar sandzinumu garu-
mu (p < 0,001, regresijas koeficients 1,68 + 0,24) un sandzinumu skaitu (p < 0,01,
regresijas koeficients 0,23 £ 0,06), ka art konsekventu ranZéjumu starp klonu gru-
pam (5.9.(a) att.). Tomér sandzinumu skaits starp variantiem bija izteikti svarstigs
(5.9.(b) att.), ietekméjot pavairoSanas koeficienta ranzéjumu (5.9.(c) att.). Neat-
karigi no barotnes sastava vai izmantota citokininu veida gan augstakie pavairo-
Sanas koeficienti, gan garakie galvenie dzinumi konstatéti 3. grupai, kam sekoja
2. grupa un 1. grupa. Ka sagaidams, 4. grupa, kas sastavéja no vissliktak augosajiem
genotipiem, uzradija vajakos rezultatus visam méritajam pazimém ( un att.).
Lai gan parasti pavairoSanas koeficienti kloniem saglabajas stabili vairakas parstadi-
Sanas péc kartas (Jokinen & Tormala 1991), saja pétijuma konstatétas klonu grupu
ranga apgrieztas izmainas, salidzinot pirmo un pédéjo parstadisanas reizi. Sis klonu
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5.9. attéls. Grupu vidéjie (a) galvena dzinuma garumi, (b) sandzinumu skaiti, un
(c) pavairosanas koeficienti atkariba no barotnu sastava

WPM — Woody Plant Medium tipa barotne, MS — Murashige & Skoog tipa barotne,
BAP — 6-benzilaminopurins

grupu pavairoSanas spéju atskiribas starp parstadiSanas reizém skaidri demonstré
vajadzibu rlpigi izvéléties pareizo barotnes sastavu.

Augstakam citokininu koncentracijam ir stimuléjoss efekts, lidz tiek sasniegts
taksonam specifiskais slieksnis, péc kura parsniegsanas citokininu koncentracijas
talaka palielinasanas izraisa attistibas anomalijas. Eksplantam var sakt veidoties
daudzi mazi neattistiti dzinumi, kas nestiepjas garuma, vai ari veidojas nestandar-
ta formas lapas (George et al. 2008b). Pieméram, augstas zeatina koncentracijas
izraisija anormalu dzinumu veidosanos B. pendula kultiram. Zeatina lietoSana kon-
centracija 5 mg L™ rezultéjas ar 3,4% fasciétu dzinumu veidoSanos, kamér dzinumi
attistljas normali, ja izmantotas zemas zeatina koncentracijas (2 mg L™) vai ar1 tas
netika pievienots barotnei vispar (lliev et al. 2003). Cita pétijjuma BAP izmantosa-
na augsta koncentracija (5,3 uM; apméram 1,2 mg L) rezultéjas ar dazada garu-
ma, vitrificétu un hlorotisku dzinumu veido$anos (Cheng et al. 2000). Vitrifikacija ir
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biezi novérota deformacija in vitro pavairoSanas procesa, kam raksturiga caurspidi-
gu, tdenainu (stiklam lidzigu), hipolignificétu augu veidoSanas (Gaspar 1991, De-
bergh et al. 1992). Dzinumi veidojas resni, ar 1siem posmiem, savukart lapas biezas,
pagarinatas, sarullétas un trauslas (Franck et al. 1995).

Saja pétijuma ap 34% klonu veidoja vitrificétus dzinumus ( att.), robezas
no 0% lidz 50% no dzinumu skaita. Skatoties klonu limeni, diviem kloniem novérota
augsta (50%) vitrificeéto dzinumu proporcija. Viens no kloniem ietilpa grupa ar aug-
stu pavairoSanas koeficientu (klons 54-616-783; (a) att.), savukart otrs — grupa
ar zemu pavairoSanas koeficientu (klons 55-875; att.). Videji izteikta vitrifikacija
(14-25% no kopéja dzinumu skaita) bija raksturiga 15 no 20 kloniem. Klonu liment
netika novérotas bdtiskas (p > 0,05) sakaribas starp vitrificeto dzinumu skaitu un
galvena dzinuma garumu vai sandzinumu skaitu. Tomér pastavéja batiska poziti-
va sakariba (p < 0,001, regresijas koeficients 0,56 + 0,04) starp vitrificéto dzinumu
skaitu un kopéjo pavairoSanas koeficientu. Dazados barotnes sastavos vitrificéto
dzinumu skaitam novérotas pozitivas sakaribas ar visiem dzinumu augSanu rakstu-
rojoSajiem parametriem: galvena dzinuma garumu (p < 0,001, regresijas koeficients
0,77 £ 0,07), sandzinumu skaitu (p < 0,001, regresijas koeficients 3,11 + 0,07) un
garumu (p < 0,001, regresijas koeficients 0,98 + 0,21). Attiecigi, pastav batiska saka-
riba (p < 0,001, regresijas koeficients 0,44 + 0,02) starp pavairosanas koeficientiem
un vitrificéto dzinumu Tpatsvaru. Sie rezultati saskan ar Gaspar (1991) novéroto,
ka pastiprinata dzinumu vitrifikacija saistita ar intensivu pavairosanu (biezam par-
stadisanam, uzturot augstus pavairosanas koeficientus). Taja pasa laika donorauga
fiziologiskais stavoklis eksplantu ievaksanas laika vitrifikaciju neietekméja.

Vitrifikacija tiek saistita ar specifiskiem in vitro kultiveSanas apstakliem un
rodas eksplantu nespéjas pielagoties stresa faktoriem (ievainojums, parak augstas
jonu koncentracijas, nepietiekams apgaismojums, temperatira) dé| (Kevers et al.
2004). Visam pétitajam grupam zemaks vitrificéto dzinumu Tpatsvars konstatéts ze-
atina apstrades variantiem (2,4% lidz 23,4% no dzinumu skaita), kamér BAP apstra-
des variantiem 11,1% Iidz 31,8% dzinumu bija vitrificéjusies. Jaatzime, ka augsts
vitrificeto dzinumu Tpatsvars konstatéts art variantam, kur apstrade veikta ar zea-
tinu koncentracija 0,5 mg L™ (variants, kam konstatéts visaugstakais pavairoSanas
koeficients).

Vertétaja zema biezuma ara bérza klonu plantacija saglabasanas 40 gadu ve-
cuma bija 84,4%. Koku vidéjais h (+ standartnovirze) un d bija attiecigi 26,2+ 2,2 m
un 27,7 £5,6 cm. Kopéja kraja stadijuma bija 210 m® ha™, un vidé&jais ikgadéjais
stumbra koksnes pieaugums bija 5,25 m® ha™ gads™. Novértéta MV bija aptuveni
9600 EUR ha™, ko galvenokart nodrosina mazaka, vidéja un liela izméra balki (attie-
cigi 44%, 25% un 21%).

Aprekinatais H* un CV, vértétajam pazimem atskiras ( tab.). Visaugstaka
iedzimstamiba tika aprékinata zaru lenkim, vidéjai vainaga projekcijai, zarainumam
un stumbra taisnumam (0,40 < H?> £ 0,29), bet viszemakas iedzimstamibas bija sa-
glabasanas, padélu un plaisu iesp&jamibai (< 0,08). Vidéji augsts H* = 0,16 MV bija
lidzigs h, h,, un d (attiecigi 0,14, 0,14 un 0,21). Kvantitativo raditaju CV, vari€ja no
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3,2% Iidz 21,8% attiecigi koku augstumam un MV caurméram un zemaka zala zara
augstumam CV,, bija ~ 9%, bet zl un vvp tas bija attiecigi 14,8% un 19,2%.

Aprékinatais H? ( tab.) norada, ka iesp&jams butiski uzlabot augsanu un
stumbra kvalitati, dz ar to bérzu plantaciju razibu ar meza selekcijas metodém
(Stener & Hedenberg 2003). Tomér H? pazimém bija atskirigs ( tab.), kas no-
rada uz nevienlidzigu Tpasibu uzlabosanas potencialu (Falconer 1996). Zaru lenkis,
zarainums, vainaga projekcija un stumbra taisnums, kas liela méra ietekmé kokma-
terialu kvalitati (Savill et al. 1997), bija liela méra genétiski noteikti un tiem bija
vidéji CV, ( tab.), kas noradija uz ievérojamu uzlabojumu potencialu (Falconer
1996). Augsts CV, MV (21,8%) noradija uz iesp&jamiem finansialiem ieguvumiem
no koku selekcijas.

Noteiktas genétiskas korelacijas starp vértétajam pazimém bija lidzigas feno-
tipiskajam klonu vidéjam Pirsona korelacijam ( tab.). Korelacija starp h, d un MV
bija augsta (r > 0,63); tomér d un MV (r > 0,66) korel€&ja ar vvp. Zarainums pozitivi ko-
reléjaard (r=0,79), tomérne arh (p =0,41). Vidéjas lidz augstas (0,30 < |r| < 0,78)
negativas korelacijas tika novérotas zemaka zala zara augstumam ar vairakam citam
pazimém — d, pad, stumbra taisnumu, zarainumu un vvp. Dubultgalotnu sastopa-
miba uzradija vidéju vai cieSu korelaciju ar stumbra taisnumu, zarainumu un vvp
(r = attiecigi 0,70, 0,67 un 0,56), bet negativu korelaciju (r=—0,68) ar padéliem.
Galvenokart tika novérotas vajas un nenozimigas korelacijas starp stumbra plaisam
un zaru lenki, ka ar1 citiem mainigajiem lielumiem.

Spéciga korelacija starp zarainumu un d, vvp un stumbra taisnumu liecinaja
par iespéjamu negativu ietekmi uz stumbra kvalitati, izvéloties atraudzigus kokus ar
taisniem stumbriem ( tab.). Turklat h,, bija ievérojamas negativas korelacijas ar
tiem pasiem mainigajiem lielumiem, pamatojot iepriek$ minéto apsvérumu. Agraki
pétljumi zinoja par vid&ji augstu korelaciju starp d un zaru skaitu (Stener & Heden-
berg 2003, Stener & Jansson 2005). Bitiska negativa genétiska korelacija starp pro-
duktivitates pazimém un stumbra taisnumu (r; no —0,45 lidz —0,72) tika novérota
Zviedrija (Stener & Jansson 2005). Tomér citas stumbra kvalitates pazimes, piemé-
ram, pad, stumbra plaisas un dg, neliecinaja par batisku saistibu ar produktivitates
pazimém un MV, kas liecina par iespéjamu vienlaicigu pazimju uzlabojumu (Vihera-
Aarnio & Velling 1999, Stener & Jansson 2005).
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5.6. tabula

Statistiskie raditaji, iedzimstamibas koeficienti (H?) un genotipiskas variacijas koeficienti (CV,, %) vértétajam pazimém un
koksnes monetarajai vértibai (MV) 40 gadus veciem potétiem bérza pluskoku pécnacéjiem zema biezuma plantacija
Stumbra koksnes vértiba aprékinata, nemot véra stumbra kvalitati

ledzimstamibas

Genotipiskas

Pazime Vidéjais Min Max Standartnovirze koeficients variacijas koeficients
H? £ standartk|tda | CV, + standartk|Gda, %

Kvantitativie mainigie

Stumbra krGsaugstuma caurmeérs, cm 27,7 14,2 45,8 5,6 0,21 +0,06 95+1,5

Koka augstums, m 26,2 15,3 31,6 2,2 0,14 £ 0,05 3,2+0,5

Zemaka zala zara augstums, m 11,2 1,8 18,0 2,7 0,14 + 0,05 9,3+1,4

Zaru lenkis, ° 43,2 15,0 80,0 10,4 0,40 + 0,08 14,8+2,3

Vidéja vainaga projekcija, m 2,9 1,1 6,3 0,8 0,39 £ 0,08 19,2 +£3,0

Stumbra koksnes vértiba, EUR 28,2 3,7 95,4 14,6 0,16 £ 0,05 21,8+3,4
Kvalitativie mainigie

Saglabasanas, % koku * 84,4 59,6 100,0 - 0,08 + 0,03 -

Padeéli, % koku * 23,2 5,2 42,8 - 0,02 £ 0,02 -

Dubultgalotnes, % koku * 34,9 6,0 75,1 - 0,14 £ 0,05 -

Stumbra taisnums, balles * 3,2 2,5 4,7 - 0,29 £+ 0,07 -

Zarainums, balles * 3,3 2,5 5,3 - 0,33 +0,08 -

Stumbra plaisas, % koku * 24,9 0,0 50,3 - 0,08 £ 0,03 -

* vidéjas klonu vértibas.




5.7. tabula

Genotipiskas korelacijas (standartkludas iekavas) augséja diagonalaja dala un fenotipiskas klona vidéjas Pirsona korelacijas
(statistiski batiskas korelacijas ar p < 0,05 treknraksta) apakséja diagonalaja dala

) © g © a © $

£ o Ewnl 2 R ) IS o " @ i

5 |s22 = | 5| © 2 5 SE g 59 S8

Pazime X EY £ © o B 2 En T £ 2 £ > 7;1 e

s 288 £ %% F | 3 & | 25| & g% | St

é .; o g E) © I\ _§ + ~N E o §
Koka augstums 1 0,65 0,02 0,14 0,43 10,03 (0,27) |0,17 (0,45) | -0,16 |0,16 (0,25) |0,35 (0,22) |0,79 (0,11)

(0,16) | (0,30) | (0,27) | (0,21) (0,25)
Stumbra krgg- 0,63 1 0,11 | -0,56 | 0,23 |0,35(0,23)| -0,23 |0,44(0,20)|0,79 (0,10) | 0,86 (0,07) | 0,93 (0,03)
augstuma caurmeérs (0,29) | (0,19) | (0,23) (0,43)
Stumbra plaisas 0,03 0,10 1 -0,11 0,08 -0,68 0,38 (0,44) -0,60 -0,30 -0,20 0,47 (*)
(*) (0,02) (0,20) (0,21) (0,27) (0,27)
Zemaka zala zara 0,17 -0,51 0,07 1 0,29 -0,75 0,90 (0,37) -0,76 -0,85 -0,77 -0,32
augstums (0,23) (0,13) (0,12) (0,24) (0,11) (0,25)
Zaru lenkis 0,36 | 022 | 0,15 | 0,25 1 |-0,37(0,22) 0,67 (0,31) I-0,09 (0,23)-0,25 (0,07) 0,27 (0,22) | 0,29 (0,23)
Dubultgalotnes 0,05 | 0,35 | -0,51 | -0,69 | -0,34 1 -1,19 |0,78(0,12)|0,74 (0,13)|0,60 (0,17)| -0,10 (*)
(0,35)
Padéli 0,06 -0,07 0,29 0,40 0,46 -0,68 1 -0,47 -0,64 -0,35 0,06 (0,48)
(0,43) (0,40) (0,22)

Stumbra taisnums -0,15 0,42 -0,41 | -0,71 | -0,08 0,70 -0,15 1 0,87 (0,07) | 0,60 (0,14) | 0,12 (0,25)
Zarainums 0,19 0,79 | -0,22 | -0,78 | -0,05 0,67 -0,26 0,82 1 0,93 (0,03) | 0,28 (0,28)
Vidéja vainaga 0,36 0,86 -0,15 | -0,71 0,26 0,56 -0,16 0,70 0,93 1 0,65 (0,14)
projekcija
Stumbra koksnes 0,74 0,93 0,32 -0,30 0,28 0,14 0,03 0,14 0,54 0,66 1

vértiba

* aprekinasana partraukta bezgaligas iespéjamibas dél.




Saglabasanas H? bija zema ( tab.), kas liecina par mikrovides domingjoso
ietekmi, ka to norada L.-G. Stener un G. Jansson (2005) bérzam Zviedrija. Vides fak-
tori var spécigi ietekmét sugas augSanu, maskéjot genétisko efektu un rezultéjoties
zemos iedzimstamibas raditajos (Koski & Rousi 2005). Aprékinatie genétiskie para-
metri ( tab.) varétu bat ietekméti jau ar stadmateriala ar uzlabotam zaroSanas
un stumbra Tpasibam prieksatlasi (pluskoku), jo stadijums sakotnéji bija planots ka
seéklu plantacija. Lai gan potéta ara bérza izmantosSana praktiskaja meznieciba nav
izplatita prakse, stadijums sniedza ieprieks trikstosu informaciju par genétiskajiem
parametriem vidéja vecuma. Neprecizitates genétiskajos parametros var bit izraisi-
tas nekontroléta potcelma x potzara mijiedarbibas efekta dél. Lai gan Sis jautajums
ir maz pétits attieciba uz meza koku sugam (Jayawickrama et al. 1991), tomeér Pi-
nus taeda potcelma x potzara efekts ir bijis niecigs salidzinajuma ar klona un vides
faktoru ietekmi (Jayawickrama et al. 1997). Misu pétijuma laba potéjumu sagla-
basanas liecinaja par saderibu starp potcelmiem un potzariem. Ciklofizes negativa
ietekme, ko var izraisit dazadi potcelmu un potzaru biologiskie vecumi (Olesen
1978, Greenwood & Hutchison 1993, Viherd-Aarnio & Ryynanen 1994, Wendling
et al. 2014), netika novérota, par ko liecinaja plantacijas produktivitate. Lidzigi vaja
ciklofizes ietekme uz vegetativi pavairota ara bérza augsSanu un saglabasanos kon-
statéta borealajos apstaklos (Jones et al. 1996, Vihera-Aarnio & Velling 2001). To-
meér potéjumiem varétu bt zemaks zarainums un zaru resnums (Viherad-Aarnio &
Ryyndnen 1995).

Vienkoka parcelu dizains plantacija, iespéjams, ir ietekméjis art pazimju gené-
tiskos parametrus, jo $adu parcelu mérijumus ietekmé konkurence starp dazadiem
genotipiem (Vergara et al. 2004). Tomér zemais stadijuma biezums, iespéjams, vei-
cinajis vélaku starpkoku konkurences sakumu, tadéjadi samazinot augSanas pazimju
genotipiskas dispersijas parvertésanu aprékinos (Malcolm & Worrell 2001, Stener &
Hedenberg 2003, Stener & Jansson 2005). Tadéjadi aprékinatais H* un CV, bija ne-
daudz zemaki neka zinots iepriekséjos pétijumos, kur H? bija 0,07-0,56 koku aug-
stumam un 0,11-0,59 d, bet CV, §im pazimém bija attiecigi 5-14% un 9-21% (Mal-
colm & Worrell 2001, Stener & Hedenberg 2003, Stener & Jansson 2005). Tomér
augstuma un d iedzimstamiba dazados pétijumos ir |oti atskiriga (Stener & Jansson
2005). Nemot véra pétamo pazimju atskirigo genétisko kontroli, MV H?* un CV, bija
vidéji (0,16 un 21,8), lidzigi ka tas novérots Zviedrija (Stener & Hedenberg 2003).

Ara bérzam tiek zinots par ~10% selekcijas efektu augstumam un 20% d
augstvértigakajiem 10% kloniem 7-11 gadu vecuma (Stener & Hedenberg 2003,
Stener & Jansson 2005), bet atbilstoss realizétais selekcijas efekts ST pétijuma stadi-
juma iespéjamas galvenas cirtes bridi bija attiecigi aptuveni 17 un 5 reizes mazaks.
Katram mainigajam lielumam tris labako klonu atlase deva attiecigi 3,8%, 0,6% un
2,7% selekcijas efektu d, h un MV. Tas var liecinat par vajam korelacijam starp da-
Zadiem vecumiem, ka ari atspogulo zemaku iedzimstamibu un augstu mainibu, ko
rada spéciga vides ietekme. Tomér nebija pieejami agraki mérijumi pétitaja stadiju-
ma3, lai veiktu salidzinasanu.
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VErtéta plantacija bija sasniegusi galvenas cirtes kritérijus péc caurméra jau
40 gadu vecuma. Augstaks razigums (lidz 8,90 m?® ha™ gads™ (Oikarinen 1983), sa-
lidzinot ar 5,25 m3 ha™ gads™ pétitaja stadijuma) un laba stumbra kvalitate varétu
tikt sasniegta tradicionalajas plantacijas ar augstaku stadisanas biezumu (Niemisto
1995a), lai gan stadiSanas attaluma palielinasana neietekmé augstuma pieaugu-
mu (Niemisté 1995b). Tomér samazinata konkurence un ieprieks atlasita stadama
materiala izmantoSana acimredzami uzlaboja vértéta bérza sortimentu struktd-
ru, nobidot ta sadalijumu uz augstvertigakiem sortimentiem, tadéjadi noradot uz
zemas biezibas klonu plantacijas efektivitati apalkoksnes razosanai un iespé&jamu
turpmaku ekonomisku uzlabojumu zemas biezibas Tscirtmeta plantacijas. Zemakas
iertkoSanas izmaksas lielaka stadiSanas attaluma dé] kopa ar atlasitu stadmaterialu
varétu bat faktors, lai izvélétos zemaka biezuma stadijumus. Lielaku vértibu rada ne
tikai koksnes apjoma pieaugums, bet art uzlabota stumbru kvalitate, kas rezultéjas
ar vértigakiem sortimentiem (Moore et al. 2018). Selekcijas efekts produktivitatei
varétu nebut pilntba izteikts biezas audzes, jo bérzs saglaba spécigu augsanu, ja tam
ir zema konkurence audzé (Hynynen et al. 2010).

Latvija nav 1pasa reguléjuma izcilo koku vegetativi pavairotu klonu praktiskai
izmantoSanai. Klonu vai klonu maisijumu stadisana atlauta bez Tpasiem ierobeZoju-
miem. Vegetativa pavairoSana tiek reguléta, lidzigi ka lielakaja dala ES valstu. Vegeta-
tivi pavairot drikst tikai meza reproduktivo materialu no kategorijam “atlasits”, “uzla-
bots” un “paraks”. Kloniem un klonu maistijumam kategorija “uzlabots” maksimalais
pavairoSanas apjoms (pécnacéju vai rametu skaits) ir viens miljons pieaugusu augu.
Materialam no “paraks” kategorijas nav pavairoSanas daudzuma ierobeZojumu.

5.3. Finansialais ieguvums no selekcionéta ara bérza izmantoSanas
(VI un VII publikacija)

Ara bérza selekcijas finansiala ieguvuma analizes rezultati liecina, ka vis-
augstaka koku selekcijas izmaksu NPV ir VEG alternativai, kam seko GEN (60% no
VEG izmaksam) un FEN (40%). FEN alternativas selekcijas efekts ir aptuveni 79%
no paréjam alternativam, kas ir saskana ar teoriju (Falconer & Mackay 1996) un at-
spogulo palielinatu atlases precizitati, pamatojoties uz pécnacéju parbaudém. Veér-
tétaja situacija (2010. gada cenas un izmaksas, bérza stadisana vid€ji nedaudz zem
500 ha gada, paredzamais selekcijas efekts augstumam un caurméram 14% (FEN)
un 18% (VEG un GEN), mérktieciga un tradicionala mezkopiba pielietota vienadas
platibu proporcijas) vislielakais diferencialais ieguvums tiek panakts VEG alternati-
va, kam seko GEN un FEN ( att.).

Rezultati parada, ka selekcijas parakums, pamatojoties uz klonu testésanu
(VEG), saglabajas visa selekcijas efekta limenu amplitlida, kas parsniedz 10%, un
pieaug absollta vertiba, jo augstaks ir selekcijas efekts. Tas saskan ar L.-G. Stener
un G. Jansson (2005) secinajumiem, kuros ari tika atziméts vegetativas (klonu) par-
baudes parakums.

Saja pétijuma izmantotie selekcijas efekta raditaji atbilst citiem publicétiem
aprékiniem: 10 gadu vecuma ara bérzam konstatéts 10% ieguvums augstumam un
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5.10. attéls. Diferenciala ieguvuma salidzinajums selekcijas alternativam,
EUR atbilstosi 2023. gada cenu limena indeksam
Stabini norada vértibu pie vidéjas apalkoku sortimentu cenas; izkliedes raditaji — minimala
un maksimala apalkoku sortimentu cena vértétaja perioda (2006.—2010. gads). Selekcijas
efekts augstumam un caurméram 14% FEN, un 18% VEG un GEN alternativam, pienemot,
ka mérktieciga un tradicionala mezkopiba pielietota vienadas platibu proporcijas

18% caurméram (Stener & Jansson 2005). Citi pétijumi liecina, ka selekcijas efek-
tam nav véra nemamu atskirtbu 10 un 20—-36 gadu vecuma, absolGta vértiba krajai
ir 29% (Hagqvist & Hahl 1998), kas aptuveni atbilstu 14% augstuma un caurméra
pieaugumam. Parastajai priedei aprékinats 10-25% selekcijas efekts 21-32 gadu
vecuma (augstumam) un prognozéts 20% krajai pieaugusa vecuma (Stahl & Jansson
2002, Andersson et al. 2006, Jansson 2007) pirmaja selekcijas cikla. Ir konstatéta
ievérojama genetiskas variacijas samazinasanas starp savvalas populaciju un atlasi-
tiem pluskokiem, bet nakamajos selekcijas ciklos verojamas tikai nelielas izmainas,
pamatojoties uz pécnacéju parbaudém (Bouffier et al. 2008). Tapéc var pienemt, ka
nakamaja selekcijas cikla turpmakas uzlabosanas iespéja paliek tada pati ka pirmaja.
Diferenciala ieguvuma vértibas ietekmé ne tikai selekcijas efekts, bet arf ik-
gadéja iestadita platiba un sortimenta cenu svarstibas ( un att.). Ikgadéja
iestadita platiba batiski ietekmé diferenciala ieguvuma vértibu: tai palielinoties no
500 ha gads™, kas vidéji iestadits desmitgades laika, [idz 5000 ha gads™, diferenci-
alais ieguvums vidéji palielinas par 60%, svarstoties no 25% lidz vairak neka 200%.
Tas saistits ar nemainigam izmaksam, kas ieklautas vienadojuma — jo platiba klust
lielaka, jo zemakas ir séklu plantacijas iertkoSanas un uzturésanas izmaksas uz vienu
hektaru, ja materialu audze no selekcionétam seklam. Spécigo saikni starp koku se-
lekcijas procesa ekonomisko vértibu un platibas lielumu, kura izmanto selekcionétu
meZza reproduktivo materialu, atzimé ari citi autori (Ledig & Porterfield 1982).
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5.11. attéls. Mezkopibas sistémas izmantosSanas ietekme uz diferencialo
ieguvumu no mezsaimniecibas gada ar augstam (2007. g.) un zemam (2009. g.)
koksnes cenam, EUR atbilstosi 2023. gada cenu limena indeksam:

2007 tradicionala 2007 mérktieciga - 2009 tradicionala - 2009 mérktieciga
Selekcijas efekts augstumam un caurméram 14% FEN, un 18% VEG un GEN alternativam
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zemas cenas (2014) augstas cenas (2018)
5.12. attéls. KopSanas cirtes koksnes vértiba (atskaitot meZistrades izmaksas) 14 gadu
vecuma, balstoties uz zemam un augstam koksnes cenam un 10% augstvertigako vai

sliktako (-S) gimenu tieSas (péc pazimes) vai netieSas (péc caurméra vai augstuma
10 gadu vecuma) atlases
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Koksnes cenu svarstibas batiski ietekmé diferencialo ieguvumu vértibu: star-
piba starp zemako un augstako cenu aprékinu vienai un tai pasai alternativai un
ikgadéjai iestaditajai platibai svarstas 2,4-5,0 reizes. Tas norada, ka svarigi ir izvée-
Ieties pareizu galvenas cirtes laiku, pamatojoties uz tirgus apstakliem, lai gtu vis-
augstakos ienakumus no selekcionéta materiala izmantoSanas meza atjaunosana.
Rezultati arT pierada, ka diezgan konservativs selekcijas efekta aprékins nodrosina
pozitivu diferencialo ieguvumu no koku selekcijas un selekcionéta materiala izman-
tosanas, pat ar vismazak izdevigo alternativu un gados ar viszemakajam koksnes
cenam.

Mezkopibas sistéma butiski ietekmé audzes parametrus. Rezultati liecina,
ka audzes ar “mérktiecigu” apsaimniekosanas rezimu, kas ietver tikai vienu krajas
kopsSanas cirti, nodrosina ieverojami augstaku diferencialo ieguvumu neka audzes
ar “tradicionalo” apsaimniekoSanas rezimu, neatkarigi no selekcijas alternativam
vai koksnes cenu apstakliem ( att.). Galvenais iemesls tam ir lielaks caurméra
pieaugums “mérktieciga” apsaimniekoSana, sniedzot iespéju saisinat rotacijas pe-
riodu, ka art iegut lielaku vertigako sortimentu Tpatsvaru. Pétijjuma nevaréja apli-
kot genotipa x meZkopibas sistémas mijiedarbibas aspektus (pieméram, sakotnéjo
stadidanas attalumu, jaunaudiu kop3anas cirdu intensitati utt.). Saja regiona veikti
tikai dazi 81 aspekta pétijumi, izmantojot |oti ierobezotu parastas priedes materialu.
Tie norada, ka genotipa-sakotnéjas stadiSanas attaluma mijiedarbibai var bit prak-
tiska nozime (Persson 1994, Roth et al. 2007). Sortimentu izvéle misu pétijuma
balstas tikai uz dimensijam, un kvalitate netiek nemta véra. Tomér pétijumi liecina,
ka finierklu¢u Tpatsvaru lidz pat 90% nosaka zaru kvalitate (Hagqvist 2001). Gené-
tika ir pat svarigaka neka mezkopiba, nosakot bérza kvalitates pazimes, pieméram,
dabisko atzaroSanos (Zalitis & Zalitis 2002), zara diametru un lenki (Hagqgvist & Hahl
1998), koksnes kvalitati (Koski & Rousi 2005). Genétikai ir batiska ietekme ari uz
koku slaidumu (Kroon et al. 2008). Tapéc lielaka vértigako sortimentu kvalitate un
Tpatsvars varétu bidt nozimiga diferenciala ieguvuma dala no selekcionéta materia-
la izmantoSanas un varétu tikt apskatita talakos pétijumos, tiklidz bus pietiekami
daudz datu no Nacionala meza monitoringa un vecakiem bérzu izméginajumiem.
Augstakas klases apalkoku vidéjo Tpatsvaru varétu noteikt ari, izmantojot vienado-
jumus, ko izstradajis P. Zalttis un kolégi (Zalttis et al. 2002), tacu tas nelauj nemt
véra papildu ieguvumu no kvalitates uzlaboSanas. Misu pétijuma tiek izmantota
nemainiga proporcionala uzlabojuma pieeja, kas pienem vienadu selekcijas efek-
tu jebkura vecuma. Tomér selekcijas efekts dazados vecumos var bt atskirigs, un
kopSanas reZimu varétu optimizét, lai iegltu vislielakos ieguvumus no selekcionéta
materiala izmantoSanas.

Nemot véra ieprieks minéto — kopsSanas reZims nav optimizéts, kvalitates pa-
zZimes nav aprékinatas un augstakas klases finiera sortiments nav vértéts —, ka ari
varbitibu, ka nebis nepiecieSama papildu kopsana staditajam audzém salidzina-
juma ar dabigi atjaunotajam, var teikt, ka ST pétijuma rezultati ir tuvu zemakajai
diferencialo ieguvumu aprékina robezai no selekcionéta materiala izmantosanas.
Saja pétijuma izmantota procentu likme (3%) var $kist diezgan zema, tacu ta atbilst
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vértibai, ko parasti izmanto mezZsaimniecibas ekonomiskaja analizé (Pesonen & Hir-
veld 1992, Pentinten 1999).

Stadijuma, kura tika pétita selekcijas ietekme uz ienakumiem pirmaja krajas
kopsSanas cirté, vidéjais d un h (£ ticamibas intervals) 14 gadu vecuma bija attiecigi
9,1+0,2cmun 13,4 +0,2 m; audzes kraja bija 91 + 1,9 m® ha™'. ledzimstamiba kok-
materialu vértibai un ierastajai atlases pazimei d bija |oti Iidziga ( tab.). Tomér
lietkoksnes Tpatsvaram bija mazaka iedzimstamiba. Selekcijas efekta vértibam bija
lldziga tendence ka CV,. Selekcijas efektam no tiesas atlases vai no atlases péc d bija
nelielas atskiribas.

Aprékinata iedzimstamiba ( tab.) nozimé augstu potencialu d un kokma-
terialu vértibas palielinasanai ar selekcijas metozu palidzibu (Stener & Hedenberg
2003). Ta bija augstaka neka novérots berziem Norvégija (0,23; Skrgppa & Solvin
2019) un Zviedrija (0,32; Stenner & Jansson 2005). Augstakas selekcijas efekta vér-
tibas, iespéjams, saistitas ar daudzveidigu bérza populaciju struktiru Latvija (Gailis
et al. 2012), kas ir vegetacijas postglaciala perioda rekolonizacijas rezultats Zieme)-
eiropa. Attiecigi augstaka genétiska daudzveidiba |ava ieglt plasaku fenotipu
spektru, tadél materiala intensiva atlase bija efektiva (Palmé et al. 2003).

5.8. tabula

ledzimstamibas koeficients (h?), aditivas genétiska variacijas koeficients
(CV,) un selekcijas efekts (GG_10%) ara bérza pluskoku pécnacéju plantacija
14 gadu vecuma

ledzimstamibas Aditivas Selekcijas Selekcijas
Pazime koeficients genétiskas efekts efekts GG_10%
h? + standart- variacijas GG_10% tiesa atlasé péc
novirzes koeficients CV,, % atlasée caurmera
Caurmeérs 0,49 £ 0,08 8,4 8,9 8,9
Lietkoksnes 0,18 £ 0,07 3,7 1,7 1,6
1patsvars
Koksnes vértiba 0,49 £ 0,08 22,7 26,9 26,3
(zemas cenas)
Koksnes vértiba 0,50+ 0,075 20,0 22,9 22,5
(augstas cenas)

Aditivas genétiskas variacijas koeficienti (CV,) svarstijas attiecigi no 3,7% lidz
22,7% lietkoksnes Tpatsvaram un koksnes vértibai (

tab.). CV, caurméram bija

salidzinoSi zems, ko varétu izskaidrot ar audzes konkurences ietekmi (Stenner &
Jansson 2005, Egbéck et al. 2018, Zeltins et al. 2018), bet augstaks koeficients kok-
snes vértibai varétu tikt skaidrots ar d un h kumulativo efektu. Tomér aprékinata
selekcijas efekta tendence augstvértigakajam 10% gimeném bija lidziga CV, tenden-
cei un bija dziga rezultatiem citos pétijjumos. Pieméram, L.-G. Stener un G. Jansson
(2005), un R. Hagqvist un J. Hahl (1998) konstatéja 18% un 11% uzlabojumu d, sali-
dzinot pirmas kartas plantaciju pécnacéjus ar mezaudzu pécnacéjiem 7 lidz 12 gadu
vecuma. Sads selekcijas efekts pamato genotipu atlases efektivitati (Zelting et
al. 2018).
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KopSanas cirté izzagéto koku d un h bija attiecigi 8,0 £ 0,3 cmun 13,0 £ 0,4 m.
Atstato koku vidéjais d un h bija attiecigi 10,0 £ 0,3 cm un 10,0 £ 0,4 m. leglto apal-
koku sortimentu apjoms vidéji bija 28,0 + 0,8 m* ha™.

lenakuminokrajaskopsSanascirtesievérojamiatskirasatkariba nokokmaterialu
tirgus svarstibam: pie zemam kokmaterialu cenam tie vidéji bija 1275 + 29 EUR ha™?,
pie augstam cenam — 1863 + 33 EUR ha™ ( tab.). Lidzigas atSkiribas novéroja ar
NWV ( att.): augstvértigakas gimenes sasniedza 1424 + 86 EUR ha™ pie augs-
tam kokmaterialu cenam un 616 + 39 EUR ha™ pie zemam cenam; atbilstosie vidé-
jie raditaji brivapputes pluskoku pécnacéju stadijuma bija statistiski ievérojami ma-
zaki: attiecigi 1030 + 25 EUR ha™ un 426 £ 11 EUR ha™. Atlasitajam gimeném bija
pozitiva NPV (ar 3% diskonta likmi) no 370 lidz 741 EUR ha™. Turklat augstvértiga-
kajam gimeném NPV pie augstam kokmaterialu cenam un zemu diskonta likmi bija
par 50% augstaka salidzinajuma ar izméginajuma vidéjo raditaju; pie zemam kok-
materialu cenam uzlabojums bija 35%. Vismaz dal€ji to varétu skaidrot ar zemam
iertkoSanas izmaksam: augstas kvalitates stadmaterials nodrosinaja nepiecieSamibu
tikai péc vienas agrotehniskas kopsanas. Salidzinot ar neselekcionétas parastas prie-
des audzém Zviedrija (Ahtikoski et al. 2018), aprékinata NPV augstvértigakajam ara
bérza gimeneém 14 gadu vecuma bija augsta: 2305 un 1488 EUR ha™, attiecigi pie
augstam un zemam kokmaterialu cenam. Tas liecina par lielu potencialu uzlabota
bérza reproduktiva materiala izmantoSanai meZsaimnieciba, radot iespé&ju gut arl
agrus ienakumus no ieguldijumiem. R. Simonsen et al. (2010) un G. Jansson et al.
(2017) norada, ka genétiski uzlabots materials ievérojami palielina koku augSanu ar
zemakam investicijuizmaksam. Tomér G. Jansson etal. (2017) noradija, kaarIRR 5,3%
ienakumi joprojam ir zemi, jo pieaug ierikoSanas un meiZistrades izmaksas, ko,
iespéjams, nevar kompensét ar uzlabotu augsanu.

5.9. tabula

Selekcionéta ara bérza finansu raditaji pirmaja krajas kopsanas cirté

14 gadu vecuma

|zméginajuma vidéjais Augstvertigakas Mazvértigakas

- 10% gimenes 10% gimenes
oksnes cenas WY, NPV IRR, NPV IRR, NPV IRR,
EURha™ | 3% | 5% | % | 3% | 5% | % | 3% | 5% | %
Augstas 1863+33 | 741 | 451 | 8,1 |1484|1018| 9,4 | 106 | -33 | 4,5
(2018. g.)

Zemas (2014.g.) | 1275+29| 370 | 171 | 6,7 | 780 | 484 | 83 | -7 |-117| 2,9
Saisinajumi: WV — kopéja iegltas koksnes vértiba.

Tomeér Latvija iertkoSanas un apsaimniekoSanas izmaksas nepalielinatos tik
strauji ka Zviedrija. Aprékinatais IRR vidéjiem un atlasito gimenu raditajiem uzra-
dija labu rentabilitati pat pie zemam koksnes cenam, svarstoties no 6,7% lidz 8,3%
( tab.), tadéjadi parsniedzot dabiski atjaunojusos audzu vértibas (Jansson et al.
2017). Sliktako gimenu IRR sasniedza 2,9% nelabvéliga kokmaterialu tirgus situacija
un 4,5% labvéliga tirgus situacija. Kopuma Sie raditaji var bt mazaki zemakas krajas
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dé|, ja tiek izmantots lielaks stadisanas attalums. Tapat vértiba samazinatos ar vél
agraku krajas kopsanas cirti, tiecoties uzlabot paliekoSo bérzu augSanu. Tadé| batu
lietderigi veikt papildu aprékinus, izmantojot augSanas modelus, lai optimizétu sta-
disanas attalumu. ST pétijuma galvena vértiba ir paradit praktisko ieguvumu, kas
ieglts no lielas (23,1 ha) krajas kopsanas cirtes platibas agra vecuma, un faktisko
pievienoto vértibu, ko dod meza selekcija.
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1)

2)

3)

4)

5)

6)

SECINAJUMI UN REKOMENDACIJAS

Secinajumi

Augstvértigu un mainigam klimatam piemérotu bérza genotipu efektivaka
atlase veicama izdalttaja Austrumu proveniencu regiona, kas raksturojams ar
augstaku genétisko mainibu (iedzimstamibu) vértétajam bérza fenotipiskajam
pazimém, ka arT augstaku produktivitati. Ir lietderigi saglabat izdalitos bérza
proveniencu regionus, jo pécnacéju parbauzu analizes rezultati apliecina ar
atraudzibu saistito pazimju vértibu atskiribas starp Siem regioniem.

Selekcija var nodrosinat nozimigu bérza atraudzibas un stumbra kvalitates
pieaugumu, par ko liecina augstas iedzimstamibas koeficienta vértibas koku
augstumam, caurmeéram, stumbra tilpumam (vidéji h? = 0,43), ka ari zarojumu
un stumbra taisnumu raksturojosam pazimém (vidéji h*> = 0,32) jaunaudzes
vecuma. Lidzigi rezultati ieglti arm galvenas cirtes kritérijiem atbilstosa
stadijuma (attiecigi vidéji H*=0,18 un H*=0,31). Zema genotipa x vides
mijiedarbibas ietekme un augsta genétiska korelacija starp stadijumiem
vairakumam analizéto pazimju liecina par iegito rezultatu visparinamibu.
lespéjams vienlaikus nodrosSinat augstu selekcijas efektu gan atraudzibu,
gan stumbra kvalitati (zarojumu) raksturojosajam pazimém, ko apliecina
relativi augsta genétiska variacija (vidéji attiecigi CV, =13,0% un CV, = 6,8%
jaunaudzes, un CV,=6,4% un CV,=14,3% vecaka stadijuma) un vaja
savstarpéja genétiska korelacija starp $im pazimju grupam.

Augstvértigako (10%) gimenu atlase péc dazadiem selekcijas indeksiem
pirmaja retinasana nodrosSina par 27%—60% augtaku ieglstamas koksnes
vértibu un, atkariba no koksnes cenas, par 16—23 procentpunktiem augstaku
iekSéjas atmaksasanas likmi investicijam stadijuma iertkoSana un kopsana.
Bérza genétiskajam Tpasibam ir batiska ietekme uz bérza audzes finansialo
vértibu ka pirmas retinasanas, ta galvenas cirtes kritérijiem atbilstosa
stadijuma.

Noskaidrots, ka atsevisku klonu pavairoSanas sekmes ietekmé barotnes
sastavs.

Diferencialais ieguvums no bérza selekcijas otra cikla realizacijas ir pozitivs, ja
selekcija, séklu plantaciju apsaimnieko$ana un meza stadisana iegulditajiem
lidzekliem tiek piemérota 3% reala intereSu likme. Ta vértiba palielinas
proporcionali selekcijas darba rezultatu realizacijai prakse, t.i., ikgadéejai
iestaditajai platibai.
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Rekomendacijas

Rekomendéjams palielinat mérktiecigi atjaunoto ara bérza audzu Tpatsvaru,
Tpasi platibas, kur augSanas apstakli ir piemérotakie augstrazigam mezaudzém,
tadejadi nodrosinot gan augstaku finansialo atdevi no investicijam meza selekcij3,
gan efektivaku meZa zemes izmantosanu. Papildus audZu razibas paaugstinasanai
rekomendéjams izmantot meza reproduktiva materiala kategorijas “paraks”
vegetativi pavairotu stadmaterialu.

Otra selekcijas cikla realizaciju rekomendéjams veikt saskana ar gimenu-
klonu atlases shemu, pécnacéju parbauzu gal€jo novértéjumu paredzot jau 10 gadu
vecuma un, lai bitu iespéjams veikt precizu stumbra kvalitati ietekméjosSo pazimju
novértésanu, nodrosinot stadijuma ietvaros iespéjami homogénus apstak]us.

Rekomendéjams selekcijas populacija ieklaut lielaku genotipu Tpatsvaru no
Austrumu proveniencu regiona, ka ariadaptacijas pazimju uzlaboSanaiietvert bérzus
no Polijas ziemelu dalas (53-54° Z pl.). Nav pielaujama bérza reproduktiva materiala
ar izcelsmi uz ziemeliem no Latvijas vai uz dienvidiem no 53° Z pl. izmantoSana meza
atjaunos$ana bez specialu konkréta materiala augSanas un kvalitates novértéjuma
stadijumu iertkoSanas masu valsti.

Rekomendéjams izmantot promocijas darba ietvaros pécnacéju parbauzu
stadijumos atlasitos pluskokus (61), ka klonus séklu ieguves plantaciju iertkosanai
kategorijas “paraks” meza reproduktiva materiala razosanai.

Rekomendéjams izmantot promocijas darba ietvaros izstradato tehnologiju
un atlasitos ara bérza klonus vegetativai pavairoSanai stadmateriala razosanai.
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BREEDING OF SILVER BIRCH (Betula pendula Roth) IN LATVIA

Analysis of the knowledge of the theme / literature review

Birch species (Betula L.) is an important component of Europe’s temperate
and boreal forests, accounting for around 11% of the total forest area in Europe
(Forest Europe 2020). In Latvia, birch covers almost a third of the total forest area
(MSI 2023) and is the most common genus with two economically important spe-
cies: silver birch (Betula pendula Roth) and downy birch (Betula pubescens Ehrh.).
The two species are characterised by a similar shape and a white stem, which can
reach a height of 20-30 m, as well as a similar anatomy of wood, so there is no
distinction between them in forest inventory, logging and woodworking. The silver
birch is characterised by a pronounced rugged bark at the bottom of the stem, with
warts on the young shoots and pointed leaves. For the downy birch, the bottom
part of the stem is much smoother, leaves are oval with downy stalks. Silver birch is
a diploid species with 28 chromosomes (2n = 28), while downy birch is a tetraploid
(2n = 56; Helms & Jgrgensen 1925). Although hybrids between the two species are
rare due to biochemical incompatibility (Hagman 1971), they can sometimes occur
(Jonsell & Karlsson 2000). Morphological differences between species are often
not pronounced, which makes it difficult to distinguish them in nature, so a che-
mical method of identifying species has been developed for their safe separation
based on the chemical characteristics of the bark (Lundgren et al. 1995, Liepins et
al. 2024).

Both birch species regenerate abundantly with seeds that are small and light,
spread efficiently with wind, can cover long distances, contributing to the species’
wide spread, gene flow and high genetic diversity (Jonsell & Karlsson 2000, Wagner
et al. 2004). Birches are monoecious trees with male and female flowers. Seeds are
usually formed by cross-pollination of trees due to a biochemical mechanism of
self-incompatibility (Hagman 1971). Birch blooms at the same time as leaves appe-
ar in spring, while in northern Europe the seeds ripen from July to August (Sarvas
1952). Birch trees vary widely in the volume and quality of the annual seed crop;
in northern Europe rich seed crop every 2-3 years (Koski & Tallqvist 1978). Both
species are also able to regenerate vegetatively by forming coppice shoots. This
ability is particularly distinct in young trees (under 20-30 years) and for downy birch
(Ferm, Kauppi 1990). Birch, as a pioneering species, naturally regenerates abun-
dantly when seed sources are available. However, planting is preferable if the aim
is to improve the quality of the tree branching or stems of the next generation, to
ensure greater fast-growth. This applies equally to regeneration and afforestation
(Hynynen et al. 2010).
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Birch standing volume (yield) in Latvia is on average 261 m3 ha™, but varies
regionally (224-301 m3 ha™'). More productive stands are found in the Eastvidzeme
and Zemgale; the populations of Limbazi, Ogre and Jékabpils stand out with high
yields. The average quality of the stands is higher on fresh mineral soils, given that
on wet mineral soils the trees are smaller and with a higher admixture of poor-
quality downy birch. The populations of Nauk3éni, Svirlauka, Abele, Kuprava and
Kandava are of the highest quality (Zalttis 2006).

Birch wood is prized for its fine fibre, light colour and durability, which makes
it suitable for a wide range of applications, from furniture and floors to plywood
and veneer (Luostarinen & Verkasalo 2000, Verkasalo et al. 2017). The high-value
birch assortments are mainly used in the production of plywood and sawn timber,
further processed into carpentry products, panels and parquets. Silver birch pre-
vails in timber production because it is more fast-growing, with better stem shape
and higher wood density compared to downy birch (Herdjarvi 2004). Comparing
silver and downy birch, it has been found that the average height and diameter of
the two species are 25 and 22 m, and 35 and 32 cm, respectively (Zalitis 2006). It is
therefore the silver birch that has been the focus of breeding programmes in order
to improve these forestry-relevant characteristics (Viherd-Aarnio & Velling 1999).
Smaller birch assortments are mainly used in the pulp industry, but high-quality
roundwood assortments are the main goal of forest management, taking into ac-
count their value (Hynynen et al. 2010).

As climate change affects forest ecosystems, the adaptability and fast-growth
of birches, especially silver birch, stimulates interest in its wider use in forestry in
the Baltic Sea region. These species are well suited for use in an adaptive forest ma-
nagement approach aimed at improving forest resilience to changing environmen-
tal conditions, for example by replacing more unstable coniferous tree pure stands.
Afforestation can contribute to climate neutrality by accumulating atmospheric
carbon in newly created stands, as well as producing raw material with a high sub-
stitution effect (Lutter et al. 2021). The results of silver birch breeding programmes
reflect the potential of the species in the production of large-scale high-quality tim-
ber, making it one of the main species in future forestry practices. In Latvia, com-
prehensive silver birch breeding was started in the mid-1990s. As basic breeding
material, 921 plus trees and superior stand trees have been phenotypically selected
in 26 natural stands across the country, and progeny trials have been established
in 1999 and 2000. Although breeding of coniferous species (Scots pine Pinus syl-
vestris L. and Norway spruce Picea abies (L.) H. Karst.) in Latvia has a longer history,
silver birch as a commercially important tree species is included in a long-term bre-
eding programme aimed at developing seed production and increasing the financial
value of forests (Jansons 2008). Targeted regeneration with such improved material
is important to mitigate the negative impacts of climate change: both directly, by
ensuring the use of suitable genotypes with high phenotypic plasticity, and indirect-
ly, in combination with forestry methods, by increasing radial growth and reducing
the risk of major abiotic factors (wind).
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The objective of the doctoral thesis is to describe the results of the breeding
of silver birch so far and the possibilities for its effective use. The research tasks of
the doctoral thesis are:

1) Characterise the genetic parameters of economically significant traits of the
birch breeding population;

2) To evaluate the effect of genetics on the success of vegetative propagation of
silver birch;

3) To evaluate the impact of breeding on the financial value of birch plantations
and the profitability of the second breeding cycle.
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1 BREEDING OF SILVER BIRCH IN LATVIA AND
NEIGHBOURING COUNTRIES

1.1 Evaluation of stands and selection of plus trees for breeding and
seed production

The beginning of breeding is based on the selection of superior individuals
for certain phenotypic traits. In forest breeding, the search for such trees takes pla-
ce in pre-selected stands, increasing the probability that the phenotypically detec-
table superiority is hereditary. Initially, birch stands were selected on the basis of
their inventory parameters — site index = |, pure or mixed stands with other species
<20%, area 22 ha, age 230 years — using the State Forest Service database (at
the time of selection: ‘Forest Fund’). The next step was evaluating the stands by
the relative branch thickness, branch angle, stem straightness, visible presence of
diseases (Table 1.1). Plots for this assessment were placed in subjectively defined
characteristic locations. The number of plots varied depending on the area of the
stand or group of stands (considered as such and evaluated together, if adjacent to
each other) and ranged from 2 to 6. A circular plot was formed by all trees within
sight of the plot center.

First, the proportion of minus trees is estimated. Minus trees are the least
valuable part of the stand. These are usually trees lagging in growth that are felled
in thinnings. Minus trees also include those with thick branches, wide crowns, mul-
tiple tops and crooked stems. All trees with signs of disease — dead tops, rot, bird
cavities, etc. are also included in this group. Stands with more than 50% of trees
with thick branches, crooked stems and signs of disease are called minus stands,
and no selection of plus trees is allowed in them.

The stand is not further evaluated if the number of minus trees exceeds 20%
within the visibility of a circular plot. The selected circular plot lists all the trees
to be evaluated. By applying the defected trees to the total number of evaluated
trees, gives the percentage of “minus trees”, which reduces the score of the stand
accordingly: if the number of minus trees is 0-4% — 0.0 points — the score does
not decrease; if 5-8% — a reduction in the score by 0.2 points, and then every 4%
more — the score of the stand decreases by 0.2 points. For birches, minus trees are
considered: trees with dichotomy branching, “funnel shape”, “broom shape”, trees
with spike knots and thick branches.

Characterisation of the stand is carried out on the basis of the ideal stand
with a score of five points. The ideal traits of a birch stand: thin branches; branch
angle of 60° to 90°; straight stems; there are no minus trees in the stand. In the
evaluation of the stands, the notes shall indicate different features, management
regime and other information of interest.
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Table 1.1
Stand characterisation and evaluated traits

Evaluation, points
Trait reduces the reduces the
1 2 score of 3 score of

stand stand
Branch thickness thin average -0.5 thick -1
Stem straightness straight 1 bend -0.5 > 2 bends -1
Branch angle * if the angle of branches is less than 60°, the score of the stand is

reduced by 0.5 units for each 15°

* Determined in each sample plot, measuring it in the middle of crowns.

In the selected stands plus trees were identified — the tallest and thickest
trees of the dominant storey of stand, which, among the adjacent growing trees of
the same age, stand out for fast-growth and high stem quality. Plus trees are rare
in stands, they are with straight, well self-pruned stems, no signs of disease, with
narrow to medium-width crown and with thin to medium-thick branches. Branches
must be perpendicular (or close to that) to the stem.

The main fundamentals of the selection of plus trees are similar for all tree
species, but each has its own particularities in the assessment of traits and breeding
objectives. The resources of the different tree species regulate the intensity of the
selection. For the selection of plus trees, the best naturally formed stands should
be selected, taking into account the forest seed production districts. The selection
of plus trees may also be allowed in planted stands, indicating it in the descrip-
tion of the trees. After reassessment (attestation) of the plus tree, it is defined as
a superior tree.

Birch plus trees are sought in 30—70-year-old birch stands of the highest site
index. The tallest and thickest trees of the stand are chosen as plus trees, with
straight, smooth and well-pruned stems, with occluded branches at the bottom
part. Stems with epicormic shoots are not suitable, their branch-free smooth bot-
tom part must be as long as possible relative to the crown part of the stem. The
crown must be as narrow, oval or pyramidal as possible, with short, thin branches
forming the widest possible angle against the stem. Plus trees must produce lots
of seeds, have healthy foliage and a healthy stem. When choosing plus trees, the
position of adjacent trees should be taken into account and their potential impact
on self-pruning.

The first 25 silver birch plus trees included in the establishment of the first
birch seed orchard were selected from 1969 to 1971 in the Forest Research Station
“Kalsnava” (1), in Liepupe, Vitrupe and Augstroze forestries of the LimbaZi forest
district (23), and in the RGjupe forestry of Mazsalaca forest district (1). The infor-
mation regarding the plus trees selected in the 70s is stored in the register of plus
tree in the Latvian State Forest Research Institute ‘Silava’ (LSFRI ‘Silava’). Covering
virtually all regions of Latvia, in the 90s following the established criteria for the
evaluation of the stands, the best trees were selected in the selected best birch
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stands (not all of them are considered classic plus trees, but as the best trees of the
respective stand (Fig. 1.2), from which seeds were harvested and seedlings produ-
ced for progeny trials). The trees selected in the stands no longer exist in nature.

1.2 Progeny trials of silver birch

Progeny trials are used for the evaluation of breeding material and selection
of candidates for propagation and next selection cycle. For the comparison of pro-
venances — the geographical regions of origin of tree seeds — the first progeny trial
plantation of silver birch was established in 1975 in Vecumnieki Parish with 16 pro-
venances of different origins. However, until now, there is a lack of a full evaluation
of provenances in order to determine the suitability of birch reproductive material
of different origins for Latvian conditions.

In evaluation of the overall geographical relationships in provenance trials,
the survival, stem quality and growth rate of birch progenies originating in Finland,
the Baltic States and Russia have been studied in trials in southern Finland (60° N)
and central Finland (63° N), including 21 stands and individual trees originating
from 54° to 63° N. In both trials tree height, diameter, standing volume ha™, relative
stem taper, proportion of trees with stem defects (spike knots, double leaders) and
survival were determined and compared at the age of 22. Significant differences
have been identified between the provenances for all the traits assessed. As the
geographical latitude of the seed provenance increases, the proportion of trees
with stem defects decreases linearly and statistically significantly (in the trial in cen-
tral Finland p < 0.001; in the southern part p = 0.002); as the geographical latitude
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Figure 1.1 Average percentage of trees with stem defects (a) and produtivity,
characterised by relative height (b) of the various provenances, depending on

the transfer distance in degrees of latitude
(Vihera-Aarnio & Velling 2008, Vihera-Aarnio et al. 2013)

101



of the seed provenance decreased by 1 degree, the proportion of trees with stem
defects increased by 3% (Fig. 1.1; Vihera-Aarnio & Velling 2008). A similar relations-
hip has been observed with elk damage in birch stands: as the geographical latitude
of the seed provenance and the height of the trees increase, the proportion of da-
mage decreases (Viherad-Aarnio & Heikkild 2006).

The evaluation of a wider range of latitude (54—67° N) showed that the lowest
incidence of stem defects were for local or slightly more northern provenance trees,
but increased as the distance from the south increased (Vihera-Aarnio et al. 2013).
On the other hand, the relationship between the geographical latitude of origin and
the wood density was not observed (Viherd-Aarnio & Velling 2017). There is a com-
mon relationship between Finnish provenance trials (Fig. 1.7) and provenance trials
aged 8-11 in Great Britain and Ireland that transfering provenance north by two
degrees of latitude improves productivity (higher tree height, diameter, higher yield
than for local provenance) due to longer photoperiod without negative effect on
survival (Viherd-Aarnio et al. 2013, Lee et al. 2015, Vihera-Aarnio & Velling 2017).
It should be noted that transfer south or north beyond 2° reduces productivity (Vi-
hera-Aarnio et al. 2013).

In the Nordic countries, the first birch progeny trials were established in Swe-
den in the 1940s, and H. Johnsson was the first to carry out comparative studies of
the growth of birch families in geographically remote regions of origin and also be-
gan studies of birch provenances, establishing extensive plantations in 1973-1974
(Viherd-Aarnio & Velling 2008). On the basis of these trials, L.-G. Stener (1997),
when studying differences in yield, stem quality and wood density among progenies
of different origins, developed rules for the transfer of birch seeds, dividing Swedish
territory into 4 breeding zones. However, the establishment of larger-scale progeny
tests was started as part of the silver birch breeding programme in 1988—-1990,
selecting around 1,300 plus trees whose open-pollinated progeny (half-sib families)
tests were established between 1992 and 1998 (Stener & Hedenberg 2003, Ste-
ner & Jansson 2005).

In Finland, silver birch breeding began with the selection of plus tree in the
late 1940s, but developed more intensively in the late 60s when the method of
mass production of seeds in polyethylene greenhouses (Lepistd 1973) was deve-
loped. The basic breeding material consisted of about 1,000 phenotypically selec-
ted plus trees. The first seed orchard was established in 1970 (Haapanen 2024).
Extensive provenance progeny trials began in the 1960s in southern and central
Finland and based on the results obtained, principles for seed transfer (Raulo &
Koski 1977) were developed.
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Figure 1.2
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Figure 1.2 Place of origin of the selected birch plus trees and best trees of
forest stands
Explanation: the number at the spot mark corresponds to the origin number in Table

In Lithuania, the long-term breeding programme for silver birch was launc-
hed in the 1990s, choosing forest stands for genetic resources, selecting seed stands
and plus trees. The first series of progeny tests was established in 1999 and the first
seed orchard was established in 2003, separating seed production for two prove-
nance regions (Baliuckiené 2009).

In Latvia, with growing interest in the selection of deciduous trees, including
silver birch, in the 90s the best trees and plus trees of forest stands were selected,
they were felled to harvest seeds and begin growing seedlings, obtaining material
for the establishment of very large and extensive progeny tests in Ogre municipality
in Rembate parish (No. 54), Auce municipality in Ukri parish (No. 55), Vecpiebalga
municipality in Taurene parish (No. 589), in area > 55 ha, covering > 900 open-pol-
linated families (origin of families in Fig. and Table 1.3), which served as a base
for future birch breeding.

Table 1.2

Provenance trials of silver birch established in 2004

Name of v Total number of plants in
provenance Skede MN Auce MN |Kalsnava MN| MeZole MN | Svente par.
No. 310 No. 315 * No. 236 No. 333 No. 752
Radjupe 400 400 400 400 400
Skéde 400 400 400 400 400
Saikava 400 400 400 400 400
Viesite 400 - 400 240 400
Kalsnava 400 400 400 400 400
Naukséni 400 400 400 400 400
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Name of _ Total number of plants in
provenance Skéde MN Auce MN |Kalsnava MN| MeZole MN | Svente par.
No. 310 No. 315 * No. 236 No. 333 No. 752
Aizpute 400 400 400 400 400
Dalini 400 - 275 - -
Ziemeri 400 400 400 400 400
Kuldiga 400 200 400 200 400
Malupe 400 120 400 400
Gaigalava 400 200 400 200 400
Medni 400 200 150 200
Jaungulbene 400 150 200 200
Strendi 400 295 400 400 400
Gauja 400 200 400 300 400
Mérdzene 400 200 400 200 400
Total 6,800 4,165 6,275 4,490 6,000
Rdjupe ** 400 - 400 - 400
Nauk$éni ** 200 - 200 - -
Gaigalava ** 200 - 200 - -
Total 7,600 4,165 7,075 4,490 6,400
Trial net area, ha 3.8 2.1 3.5 2.2 3.2

* plantation has not survived; ** downy birch (for comparison).

In 1998, a provenance progeny trial was established in Rembate parish with
an area of 3 ha (No. 53) with progenies of 15 different provenances, but in 2004,
using plants grown in the experimental tree nurseries of Forest Research Station
in 5 geographically different areas — provenance progeny trials were established in
Forest Research Stations in the forest districts of Kalsnava, MeZole, Auce and Skéde,
and JSC ‘Latvia’s State Forests’ unit ‘Seeds and Seedlings’ managed areas of Latgale
seed nursery in Svente parish, with 4 replications in each site with block design with
100 or 50 seedlings, including 17 silver birch and 3 downy birch provenances, with
the total area of 15 ha (Table 1.2).

The establishment of silver birch progeny trials in forest districts of Forest Re-
search Station continues on a regular basis. From 2014, in vitro propagated proge-
nies of clones have been included alongside progenies of open-pollinated families
and controlled crossings. Currently 122 progeny trials with a total area of 274.3 ha
have been established in Latvia for the assessment of birch breeding material in
geographically different places. Planted in single-tree, block or row designs, marked
in nature. Summary of the establishment of birch progeny trials in Table 1.4, their
layout in Figure 1.2. The plantations have been registered in the Register of long-
term trials of LSFRI ‘Silava’.
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Origin of birch open-pollinated families in progeny trials

Table 1.3

Number of families

* ioin X%

" e Nosa | UkiNo.ss | e
1 | Aizpute VVM Aizpute VM (1998) - 17 10
2 | Aizpute VVM Kalvene VM - 2 2
3 | Aliksne VVM Malupe VM (1998) - 6 6
4 | Aliksne VVM Ziemeri VM (1998) - 5 5
5 |Bauska VVM Bauska VM 24 24 24
6 |Bauska VVM Ceraukste VM 21 23 13
7 | Cesvaine VVM Cesvaine VM 46 46 14
8 | Cesvaine VVM Saikava VM (1998) - 12 12
9 | Daugavpils VVM Svente VM (1995) 9 10 10

Daugavpils VVM Svente VM 34 4 10
10 |Dobele VVM Tle VM 23 - -
11 |GNP Gauja VM 43 50 50
12 | GNP Medni VM 46 46 44
13 | Gulbene VVM Dauksti VM 29 29 20
14 |Jelgava VVM Garoza VM 21 21 8
15 |Jékabpils VVM Abeles VM 35 35 13
16 |Jekabpils VVM Viesite VM (1998) - - 8
17 |Koknese VVM Koknese VM 13 13 12
18 |Kraslava VVM Dagda VM 8 8 6
19 | Kuldiga VVM Kuldiga VM - - 43
20 |Liepaja VVM Grobina VM 25 25 -
21 |Liepaja VVM Priekule VM 60 60 45
22 | LimbaZui VVM Limbazi s. pl. 8 8 -
23 | LLU MPMS Skéde VM 20 20 13
LLU MPMS Skéde VM (1998) - 20 20
24 | Ludza VVM Zilupe VM 9 9 9
25 | MPS Kalsnava VM (1998) - 18 13
26 | Ogre VVM Suntazi VM (1995) 10 11 9
Ogre VVM Suntazi VM 22 23 17
27 |Rézekne VVM Gaigalava VM - 46 41
28 | Rézekne VVM Vilani VM 25 7 7
29 |Saldus VVM Blidene VM 3 3 -
30 |Strenci VVM Strenci VM 23 24 9
31 |Talsi VVM Andumi VM (1995) 42 44 12
Talsi VWM Andumi VM 8 10 8
32 |Valmiera VVM Dalini VM (1998) - 27 24
33 |Valmiera VVM Naukséni VM 30 31 31
Valmiera VVM Naukséni VM (1998) - 36 32
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Number of families
No. * Origin ** Rembate . Taurene
No.5a | YKMNO.55 1\ sgg
34 |Valmiera VVM Rijupe VM (1998) - 24 24
Total 637 826 621

* The serial number in the table corresponds to the marks on the map in Fig. 1.7;
** Names of regional forestries (VVM) and districts within (VM) according to the division in
the year of harvesting.
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Figure 1.3 Locations of silver birch progeny trials

Research data on progeny trials of silver birch established in other countries
are available. Until now, the amount of progeny trials established in Latvia for birch
is wide enough and the age of trees is sufficient for obtaining valid conclusions,
therefore a detailed analysis and evaluation of the data obtained over the years
is necessary.
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The established progeny trials of silver birch

Table 1.4

Number of
- +— ~ T
g o g 39
2 £ © = Qv
@ @ 5 © g 5 ©
s = > c »n
° o] K] < @ w | 0T | 9
S s 5 o & | 2| 3=2@| @ | No.ofexperiment
£ 3 2 Z E | 8]akg ¢
o s E S © |l <~ao| ©
le) > v o
- © z © L o
o ] =0
> > E5
e 3
Auce MN 2007 28 74.514 - 101 - 633,634,876
2010 - - 2 96 | 736,737
2011 2023 - 99 145 | 754,755
2016 2020 | 16 - - |928*
2019 - 17 72 31 | 1374, 1375, 1376*
2020 - 44 - - 11437 *;1438 *
2021 - 34 4 - |1471%, 1472, 1473*
2022 - 20 129 69 | 1689; 1690; 1694;
1695; 1696; 1697,
1698*
2023 - 19 61 29 | 1750 *; 1751 *; 1752;
1753; 1754
Jelgava MN 2010 22 33.684 | 2013; | - 3 189 | 738; 739
2022
2011 2023 3 108 147 (761,762
2014 2020 5 - - |872*
2016 2020 | 23 - - 1931%;932%;933%;
934 *
2017 2020 | 45 - - 1967 *,978 *
2018 2020 | 89 - - 1962 *,963 *
2019 - 40 73 34 | 1409; 1410; 1411 %;
1412 *
2020 - 56 - - 11434 *; 1435 %;
1436 *
2021 - 25 - - 11474 *
2022 - - 40 - 11708
Kalsnava 2004 37 47946 | 2012 | - 20 - 1236 **
MN 2007 2012; | - 139 - | 629; 630; 807
2013
2010. 2013; | - 2 169 | 727;733
2022
2011 2022 3 69 124 1757, 758; 759; 760
2014 2020 5 - - 1892*
2016 2020 | 20 - - 1929*,930*
2017 2020 | 51 - - 1974%*,975*
2018 2020 | 90 - - 1964 *,965 *
2019 - 31 72 27 |1386 *;1387; 1388;
1389
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2020 53 - - 11439 *; 1440 *;
1441 *; 1442 *
2021 - 35 1 - | 1523 *; 1524 *; 1525
2022 - 43 129 69 |1667 *; 1668; 1673;
1675 *; 1676 *;
1677 *; 1678 *
2023 - 19 - - 1762 *;1763 *
Mezole MN 2004 26 52.51 - - 14 - | 333**
2007 - - 85 - 1631;632,877,878
2011 - - 4 35 | 756
2019 - - 60 34 |1382; 1383
2020 - 51 - - 1432 %;1433 *
2021 - 24 - - 1533 *
2022 - 36 129 69 |[1719;1720; 1721,
1722; 1727; 1728;
1732; 1733; 1734 *;
1735 *; 1736
2023 - 9 61 29 |1758; 1759; 1760;
1761 *
§kéde MN 2004 ) 419 2013 - 20 - |310 **
2019 ) - 25 - - [1378*
Rembate 1998 2007 - 15 - |53
parish 1999 2007; - 637 - |54
2008;
2 355 | 501 1
2012;
2019
Ukri parish 2000 1 10.5 2008; - 826 - |55
2013;
2021
Taurene 2000 1 9.3 2008; | - 621 - |589
parish 2012;
2021
Svente 2004 1 3.2 - - 17 - | 752 **
parish
Vecumnieki 1975 1 0.5 - - 16 - | 769 **
parish
Andrupene 1998 1 2.5 2011 - 15 - 1792
parish
Total - 122 274.344 - - - - |-

* Vegetatively propagated;
** Provenance trial, MN — district of the Forest Research Station.
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1.3 Evaluation of silver birch progeny trials

The evaluation of progeny trials and ranking of families are carried out ac-
cording to the selection index. For traits to be included in the index such aspects
are essential:

a) the economic value;

b) high genetic determination (greater chances of altering it through breeding
than through silviculture);

) a sufficient genetically determined variation;

d) low (and/or negative from a practical point of view) correlation with other

traits already present in the selection index (Burdon 1989).

The evaluation of stem diameter, tree height and stem quality is decisive for
the selection of genotypes for the establishment of breeding populations and seed
orchards. Moreover, selection on such basis also indirectly affects the traits of wood
and fibres which are essential for chemical processing. For the implementation of
selection work in practise it is important, also in greenhouse seed orchards, for
trees to flower at an early age, often and abundantly, and that the juvenile growth
of the selected clones is rapid and the clones can be vegetatively propagated (Ste-
ner & Jansson 2005). Stem straightness, apical dominance and desirable branching
traits are the most important traits of stem quality which, together with dry matter
(DM), are included in the selection index (Stener & Hedenberg 2003, Stener & Jans-
son 2005). The traits of the stem quality — straightness and apical dominance — are
the most important from an economic point of view. The stem quality defects — for-
king and the formation of spike knots — are caused by frost, insects or fungi damage,
or by a drought-induced replacement of the leading shoot (Stener & Jansson 2005).

For example, the relationship between growth rate, traits of stem and wood
quality has been evaluated for 11-year-old micropropagated progenies of 30 clones
in an experimental plantation in southern Sweden (Stener & Hedenberg 2003). The
mean values of the evaluated traits and genetic parameters are shown in Table
Due to the fact that the genetic variation for stem straightness was near zero, then
this trait was excluded from further analysis.

Table 1.5

Mean values, standard errors and genetic parameters for 30 micropropagated
clones in southern Sweden
(Stener & Hedenberg 2003)

No. Trait Unit H? SE(H?Y) | CVe %
1 Tree height dm 0.43 0.12 5.5
2 Diameter mm 0.46 0.11 11.1
3 Stem volume dm? 0.43 0.12 22.7
4 Dry matter kg 0.39 0.12 21.1
5 Stem taper % 0.40 0.12 5.8
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No. Trait Unit H? SE(H?) | CVe %
6 Apical dominance points (1-5) 0.17 0.12 -

7 Branch thickness points (1-5) 0.18 0.12 -

8 Branch number points (1-5) 0.63 0.09 -

9 Branch angle points (1-5) | 0.10 0.12 -
10 Wood density kg m= 0.73 0.08 4.7
11 Fibre length mm 0.68 0.08 4.5
12 Fibre width pm 0.66 0.09 3.5
13 Fibre roughness mg m™? 0.45 0.11 6.2

Abbreviations: H?> — broad-sense heritability coefficient; SE (H?) — Standard error of
heritability coefficient; CV; — genotypic coefficient of variation.

High values of broad-sense heritability coefficient (H> = 0.43-0.73) have been
found for growth, wood and fibre traits, while low for stem and branch traits, except
for the branch number. The highest genotypic coefficient of variation (CV;) was for
stem volume (22.7%) and DM (21.1%), high for stem diameter (11.1%), while for
wood density, fibre length and roughness (4.5—6.2%), it was similar to tree height
(5.5%). Compared to other studies, the CV;; of tree height in this study was lower. In
the three clone trials in southern Sweden, where 78 clones were evaluated, inclu-
ding the 30 mentioned above, the CV; of tree height ranged from 6.3% to 7.9%
(Stener & Hedenberg 2003). On the other hand, the additive coefficient of variation
(CV,) determined by the additive genetic effect was 9.5% (Stener & Wennstrom
2000) when evaluating the progenies of 398 plus trees in a plantation in northern
Sweden. As stem diameter has a more sensitive reaction to the increase in com-
petition than tree height, then the significant difference found in this study (Ste-
ner & Hedenberg 2003) between the CV; of tree height and stem diameter could be
explained by the competition between the trees.

The genotypic correlation (r,) between the wood density and growth traits,
a significant correlation was found only for diameter (r, = —0.53), other evaluated
traits were negative (Table 1.6). The genetic correlations found between growth
and wood fibre traits were close to zero. Predominantly negative and statistically
irrelevant genetic correlations were between growth and stem quality traits. The
correlation between the branch number and fibre length, as well as the correla-
tion between fibre width and roughness, was positive and statistically significant;
genetic correlations between fibre traits and wood density, between fibre traits
and stem quality traits, between different wood fibre traits, have been identified
as weak and insignificant. Other than growth traits, the phenotypic correlation
between the traits was also weak.

It is common that in studies with tree species with diffusely dispersed wood
vessels do not reveal a correlation between wood density and growth traits, as the
most commonly evaluated traits are determined phenotypically. A weak pheno-
typic correlation (r, =—0.23) between wood density and stem diameter was also
found in this study.
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Table 1.6

Genetic correlation (top right of table) and phenotypic correlation (bottom left) between traits
(Stener & Jansson 2005)

Trait 1 2 3 4 5 6 7 8 9 10 11 12 13
1. Height - 0.57*|0.71*|0.75* | 065*| -0.36 | -0.13 | 0.30 | 0.83 | -0.07 | 0.38 | 0.19 | -0.11
2. Diameter at breast height | 0.58 - 0.99*|0.96 * | -0.08 | -0.61 | -0.58 | —0.48 | -0.01 |-0.53 *| -0.14 | —-0.01 | -0.13
3. Stem volume 0.69 | 0.97* - 0.98*| 0.09 | -0.60 | -0.43 | -0.34 | 0.27 | -0.48 | -0.08 | 0.04 | -0.15
4. Dry matter 0.69 | 0.95*|0.98* - 0.18 | -0.64 | -0.42 | -0.30 | 0.37 | -0.30 | -0.05 | 0.00 | -0.17
5. Stem taper 0.23 | -0.10 | -0.05 | -0.01 - 0.10 | 042 |046*| 157 | 040 | 0.37 | 0.28 | 0.08
6. Apical dominance -0.12 |-0.28 *|-0.27 *|-0.27 *| 0.22 - 039 | 0.63 | 0.71 | -0.05 | 0.18 | -0.21 | -0.07
7. Branch thickness -0.10 |-0.33 *|-0.28 *|-0.30 *| —0.06 | 0.03 - 0.89*| 0.88 | 0.12 | —0.05 | —0.04 | -0.28
8. Branch number 0.02 |-0.40 *|-0.33 *|-0.31*| 0.29* | 0.18 | 0.34 * - 1.16*| 030 | 041*| 0.04 | -0.08
9. Branch angle -0.05 | -0.23 | -0.19 | -0.18 | 0.21 | 0.03 | 0.36* | 0.51 * - 033 | 031 | 017 | 0.25
10. Wood density 0.01 | -0.23 | -0.20 | -0.04 | 0.22 | 0.02 | -0.04 | 0.14 | 0.11 - 0.14 | -0.11 | -0.05
11. Fibfe length 0.34 | -0.05 | -0.03 | -0.01 | 0.25 | 0.06 | -0.06 | 0.26 | 0.06 | 0.11 - 0.33 | 0.13
12. Fibre width 0.16 | 0.10 | 0.08 | 0.05 | 0.13 | -0.10 | 0.03 | -0.05 | —0.06 | —0.14 | 0.32 * - 0.74 *
13. Fibre roughness 0.14 | 0.15 | 0.14 | 0.14 | 0.02 | -0.09 | -0.04 | -0.05 | —0.07 | 0.03 | 0.02 | 0.43 * -

* p < 0.05.
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Figure 1.4 Genetic gain for three traits, depending on the intensity of selection

following the same traits
(Stener & Hedenberg 2003), DBH — diameter at breast height

The observed genetic gain was similar when selection is made based on tree
height or wood density, but approximately half as small as when selection is made
based on stem diameter (Fig. 1.4).

In the selection carried out based on stem diameter, the stem volume and
the dry wood mass were significantly increased, while reducing the wood density
slightly — by 2.5% (12 kg m™). When selection is made by tree height, the decrease
in wood density is insignificant, but the genetic gain for stem volume is less than
when selected by stem diameter.

The growth of micropropagated birch plus tree clones (~55%) and open-pol-
linated progenies (~ 45%) under 10 years of age in 10 plantations (number of plus
trees 39-83) in southern Sweden has been analysed by L.-G. Stener & G. Jansson
(2005). Growth traits have been found to have high genetic control and significant
genetic variation in most cases, as well as high genetic gain. The values of the he-
ritability coefficient varied broadly, both between the types of experiments (pro-
genies of clones or open-pollinated progenies) and between the experiments: in
plantations, the H? of tree height varied from 0.07 to 0.56 for the progenies of clo-
nes and h? from 0.08 to 0.54 for the open-pollinated progenies. The values of he-
ritability coefficient for tree branching traits were medium or high, while for stem
straightness and apical dominance — generally low.

The wide variation of heritability coefficient for height and diameter can be
largely attributed to the success of establishment of plantations. Birch, as a prono-
unced pioneer species, is particularly characterised by the environmental impact
on the coefficient values and its growth is strongly influenced by the intensity of
tending of the plantation during the first years after establishment. For example, in
areas with strong competition and low survival, the values of heritability coefficient
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for growth traits were also very low, while in a plantation with regular tending du-
ring the first two years after establishment, a very high narrow-sense habitability
coefficient was found. Areas rated as homogeneous, in a sense of environmental
conditions, also have higher heritability coefficients. This leads to a conclusion that
the values of habitability coefficient reflect the efficacy of the experiment and also
the genetic determination of a trait. The values of broad-sense habitability coeffi-
cient H? should be higher than in the values of narrow-sense heritability coefficient
h?, which has not been found in this study — differences between H? and h? were
not significant for any of the traits, it was expected because of the initially different
height of micropropagated material and the low number of observations. On the
other hand, the coefficients of genotypic variation CV;; and CV, for height (7% and
9% respectively) were lower than for diameter (12% and 15% respectively); no sig-
nificant differences were observed between progenies of clones and open-pollina-
ted progenies. For comparison, the CV, for height of open-pollinated progenies at
the age of 9 in northern Sweden was 9.5% (Stener & Wennstrém 2000).

The age at which selection can be made is decisive for the effectiveness of
selection. High genetic correlation of the traits of interest at the age of evaluation
and target age enables successful early selection. Genetic correlation between the
value of a trait at age 10 and 4 for tree height in the L.-G. Stener & G. Jansson (2005)
study was 0.60, but at age 10 and 5 or 6 was 0.94. This suggests that it is possible
to select clones with the best height as early as around the age of 6, when the ap-
proximate height is 4 m. It can be concluded that a short evaluation period may be
applied for heritability trials in the selection of birch; however, it should be noted
that if selection is performed at the age 4-6 instead of 10 years, the breeding effi-
ciency (genetic gain per year) was 20-40% lower.

The estimated correlations between quality traits (r, or r,) were mostly weak
and not significant. Straightness and apical dominance are mutually correlating
traits, but the genetic determination of these traits is low due to relatively low va-
lues of heritability coefficient for both traits. Therefore, improving these traits with
selection methods is more difficult than those characterized by moderate or high
values of heritability coefficient, such as branch traits. The traits of growth and stem
quality are genetically relatively independent because r, values between them are
low, as their genetic correlation analysis shows. However, there has been unwanted
medium to strong correlation, from an economic point of view, between stem dia-
meter and branch number, and in some plantations a desirable correlation between
growth and branch angle. The study has shown mixed results on the relationship
between growth and quality traits, so it is recommended that a general evaluation
of stem quality (e.g. 5-point scale) is used to evaluate clones alongside the evalua-
tion of growth traits (Stener & Jansson 2005).

Although there is currently no risk of autumn frost damage to birch in sou-
thern Sweden, if height is used as the sole selection criterion for selection, this
risk could increase in the long term. For example, a positive correlation (rs = 0.38)
was found between height and additional increment (after August 8). Therefore, in
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addition, a criterion related to the cessation of the increment growth should be
necessary if the breeding results are to be used in areas with frost risk. However,
the genetic correlation between growth and growth cessation time in autumn was
weak, from which it can be concluded that it is possible to select clones characte-
rized by both growth superiority and early growth cessation. The results of the
study show that the effect of genotype x environmental interaction is weak, as in-
dicated by close genetic correlation for both growth and stem quality traits. Such
relationship was found even in plantations with very different environmental con-
ditions, such as forest and agricultural land, and in plantations with different clima-
tic conditions. A stable clone ranking has maintained for micropropagated material
(Stener & Jansson 2005).

Overall, the results show that traits of silver birch growth are characterised
by high genetic conditionality, significant genetic variation, mostly low unwanted
genetic relationship between growth and quality traits, and therefore high potenti-
al effect of breeding work. The development of birch breeding in Latvia is conside-
red similar to other Baltic Sea region countries and has a significant base — a basic
breeding population with 929 selected trees, as well as 34 provenances with a wide
range of origin — for a complex analysis and obtaining results from the analysis.
This base is used both for the development and updating of the selection index
and for phenotypic delination of provenance regions and/or for the clarification of
their boundaries.
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2 PROPAGATION OF SILVER BIRCH

2.1 Birch seed orchards

First generation birch seed orchards have been established using grafts from
phenotypically selected plus trees. In Latvia, the first silver birch (Betula pendula
Roth) plantation with 22 plus tree clones was established in 1972 in Katvari, in Lim-
bazi municipality, the clones were planted with 5 x 5 m spacing. Without a timely
shape pruning, the canopy closure occurred already at the age of 15-20 years and
the lower branches died, so it was not possible to harvest seeds in the plantation.
The seed orchard is currently used as a clone plantation for evaluation of their
growth rate.

The establishment of the next first-generation plantations was started in
1997 at the Forest Research Station, Kalsnava district (Table 2.1). Using the pre-
pared material, in 2001 two birch seed orchards were established in greenhouses
(each 0.08 ha) in Jaunkalsnava by JSC ‘Latvia’s State Forests’ unit ‘Seeds and plants’.
Separate plantation blocks have been established for the northern (Kalsnava 1A)
and western (Kalsnava 2R) seed production areas defined at the time. The first har-
vest was in 2003.

In 2007, silver birch seed orchards — clone archives “VéZinieki R” and “Vézi-
nieki A” were established in Viesite municipality, basing on the selection of clones
selected in 1996—-1998. In addition to this work, a set of clones “Kalsnava 3” was
created in 2007 — 50 clones of the producing seed orchards “Kalsnava 1A” and “Ve-
Zinieki A” were selected and reproduced. The set of clones created has been used
in the “Kalsnava 3A” seed orchard, which was established in 2016, with ramets of
clones being grown in containers.

Norupe is the first seed plantation to use the information and material from
progeny trials (the best trees from the superior families), established in autumn
2009 in the Daugava forestry territory. After evaluating the 921 open-pollinated
families in the progeny trials (No. 54, 55, 589), the best families were selected and
phenotypically best trees were selected within them for the establishment of seed
orchards suitable for the western (25 clones) and eastern (36 clones; Table 2.2,
Fig. 7.1) provenance regions. After grafting in 2014, the new 3™ generation seed
orchards “Kalsnava —4R” and “Kalsnava — 5A” were established in 2016 and the
first significant seed crop was already in 2019. Simultaneously with the selection of
clones for seed orchards, eligible clones for a potential production of vegetatively
propagated seedlings have also been selected for further in vitro testing.

In 2016, the tree nursery of Forest Research Station in Jaunkalsnava started
setting up a clonal archive, where silver birch breeding material of 607 ramets from
188 clones (2019) are grown in pots (50 litres), grafted and propagated in vitro in
2013-2018, for the stimulation of flowering for controlled crossing. Flowering in
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Seed orchards of silver birch

Table 2.1

Year of . Genera- Region of
Location Manager Plantation establish- In!tlal Area, ha Number tion of Category use for Seed
ment spacing, m of clones seed of FRM FRM har-vest
orchard
Limbazu LVM Katvari 1972 5x5 5.0 22 1 - - not
county harvested
Kalsnava LVM Kalsnava — 1A 2001 3.4x3.7 0.08 55 1 qualified |N 2003-
parish VM Kalsnava — 2R 2001 3.4x3.7 0.08 55 w 2014
Viesite LVM Vézinieki A 2007 4x5 0.7 88 1 qualified |E; W from
county LVM Vézinieki R 2007 4x5 0.5 58 w 2012
Ogre RM Norupe 2009 7x7 1.1 48 2 tested E; W from
county 2018
Kalsnava LVM Kalsnava —3A* 2016 - 0.015 50 1 qualified |E from
parish LVM Kalsnava — 4R 2016 | 3.4x3.7 0.08 25 3 tested W 2017
LVM Kalsnava — 5A 2016 3.4x%x3.7 0.08 36 tested E
MPS Klonu arhivs * 2016 - - 97 3 tested E; W from
2018
LVM Kalsnava — 6A 2024 3.6 x3.75 0.25 32 3 tested w -

Notes: * ramets of clones are grown in containers; LVM — JSC ‘Latvia’s State Forests’ RM — ‘Riga Forests’ Ltd., MPS — Forest Research Station.




Place of origin of clones included in the silver birch seed orchards

Table 2.2

Seed orchard

No. of S - T T S O - O - R -
place of Place of origin ** S e g © ° e o ° ° S =
origin * 3 z s e S Z e S i S 2

T © 2 © T 2 © Q S

A4 p4 NS h4 A4 NG p4
1 Aizpute VVM Aizpute VM - - - - - - - - - - 1
2 Aizpute VVM Kalvene VM - - - - - - - - - -
3 AllGksne VVM Malupe VM -
5 Bauska VVM Bauska VM 4
6 Bauska VVM Ceraukste VM 2
7 Cesvaine VVM Cesvaine VM 9
9 Daugavpils VVM Svente VM 5
10 Dobele VVM lle VM 1
11 GNP Gauja VM 9
12 GNP Medni VM 9
13 Gulbene VVM Dauksti VM 6
14 Jelgava VVM Garoza VM 2
15 Jékabpils VWM Abeles VM 5
17 Koknese VVM Koknese VM 1
19 Kuldiga VVM Kuldiga VM 2
21 Liepaja VVM Priekule VM 6
22 Limbazi VVM Limbazi séklu plant. 1
23 LLU MPMS Skéde VM 5
24 Ludza VVM Zilupe VM 1




Seed orchard

No. of S I S - R -
place of Place of origin ** § % % © % % © ﬁ ; g- =
origin * 5 5 5 g g 5 g fé % s g

c | ¢ | s | | || * % ~
25 | MPS Kalsnava VM N - - - - - - - - - -
26 Ogre VVM Suntazi VM - - - - I
27 Rézekne VVM Gaigalava VM - - - - - - 2
28 Rézekne VVM Vilani VM - - - - - - 2
30 Strenci VVM Strenci VM - - - - - - -
31 Talsi VWM Andumi VM - - - - - - 4
32 Valmiera VVM Dalini VM - - - - - - - - - - -
33 Valmiera VVM Nauk3éni VM - - - - - - - - - - 7
34 Valmiera VVM Rujupe VM - - - - - - - - - - 1
35 Aluksne VVM Liepna VM - -;- - - - 22 - - i,
36 Tukums VVM Kaive VM - - - - - - - 58 - -
Other - - - - - - - - - - 5
Clones in total 22 55 55 50 36 25 32 88 58 47 97
o kK

Notes: * the number in the table corresponds to the marks on the map in Figure
districts within (VM) according to the division in the year of harvesting.
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Figure 2.1 Locations of silver birch seed orchards, clone archives and
origin of clones, included in them

The number corresponds to the place of origin as listed in Table and colour
corresponds to the origin of the clones for the respective seed orchard (s.pl.) or
clone archive (klonu arhivs)

2018, 2019, 2020 provided the opportunity for controlled crossing for the next bre-
eding cycle. After it, part of the clone collection is no longer maintained, currently
containing 344 ramets from 97 clones.

The number of clones is changing because plants are periodically restored,
some of the original clones are no longer maintained.

In June 2024, the newest 3™ generation greenhouse-type birch seed orchard
“Kalsnava 6A” (Fig. 2.2) with 32 clones (65% propagated in vitro, 35% grafted) has
been put into service in the tree nursery ‘Mezvidi’ of JSC ‘Latvia’s State Forests’ in
Jaunkalsnava. These clones, phenotypically selected best trees from the best fa-
milies in the progeny trials, currently are considered the most suitable for eastern
provenance region.
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Figure 2.2 3" generation birch seed orchard “Kalsnava 6A”
(Photo: A. Jansons)

Establishment of birch seed orchards ensures that the results of forest selec-
tion can be used in practice by using the category “qualified” and “tested” plants in
forest regeneration and afforestation.
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2.2 Vegetative propagation of silver birch

Vegetative propagation gives an opportunity to implement in practice all of
the genetic gain achieved by using only a small number of best genotypes. This
approach also makes it possible to shorten the time between the acquisition of
results of the breeding work (selected sets of genotypes with the desired traits)
and the practical use of these results for forest regeneration, as there is no need to
wait until the start of production of seed orchard. However, this benefit is small for
birch compared to spruce, for example, because the first seed crops in a purpose-
fully managed plantation can be obtained from significantly younger ramets. The
most significant benefit of vegetative propagation for forest tree breeding is higher
accuracy of progeny tests (reducing the impact of local variations and evaluation of
genetic parameters) and shorter time of implementation. The highest genetic gain
can be achieved by using a larger number of candidates after controlled crossing
from each sib family and testing each with a small (6—10) number of ramets at each
of the 3-4 sites (Danusevicius & Lindgren 2002a, b, 2004, Isik et al. 2003, 2004,
2005, Dieters et al. 2004, Stener & Jansson 2005).

The large-scale production of seedlings from vegetatively propagated crosses
of superior families or individuals characterized by a set of economically desirab-
le traits (ideotypes) has been compelling since the creation of micropropagation
technology (Naujoks et al. 2002). The main methods of mass vegetative propaga-
tion of birches are organogenesis and somatic embryogenesis. In the organogenesis
process, the induction of new plants comes from organs of a plant — buds, shoots,
leaves, parts of the flower. The process requires two different hormonal signals to
trigger the development of shoot organs and roots. The somatic embryogenesis is
the development of plant embryos by differentiation of somatic cells. Somatic em-
bryo contains both shoot and root meristems, so initiation requires one hormonal
signal. With the use of somatic embryogenesis, it is possible to obtain a large num-
ber of genetically identical embryos and to create artificial seeds the cost of which
would be comparable to natural seeds. Growth-enhancing rhizobacteria, minerals
and pesticides could be incorporated into the artificial seed coatings. The method
has potential, but has so far not been developed so far as to be applicable in the
practical production of forest seedlings (Rihan et al. 2017).

The micropropagation process consists of organogenesis of plants in artifi-
cial medium under sterile conditions. The research on micropropagation of woo-
dy plants has been taking place since the 20™ century. Birch trees are among the
first micropropagated trees (Jacquiot 1955 cited by McCown 1989). In Scandina-
vian countries and elsewhere in Europe, studies of birch micropropagation be-
gan in the 1980-ies with the aim to learn methods for propagating the selected
genotype for afforestation purposes and accelerating the breeding process (We-
lander 1988). The acquisition of birch micropropagation possibilities was star-
ted in 2006 in the Laboratory of plant physiology of LSFRI ‘Silava’. There are
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currently more than 150 specially selected birch genotypes in the in vitro collection
of birch.

Micropropagation begins by harvesting material from the selected tre-
es (genotypes) and initiation it into an artificial (laboratory) environment — in
a medium that contains all the minerals, carbohydrates, vitamins, amino acids,
phytohormones needed for the plant. As juvenile parts of plants as possible are
collected for the genotypes selected for the initiation of tissue culture. An im-
portant factor for initiation of culture is the time of extraction of the explants,
the age and the physiological state of the mother plant. The initial development
of culture depends on the choice of an appropriate medium. Growth regula-
tors, mainly cytokinins and auxins, are the most important. Cytokinins contribu-
te to cell division and slows down their aging, but auxins promote cell develop-
ment. Growth regulators also perform specific regulatory functions. They can
affect enzyme function, gene expression and alter even the characteristics of
cell membranes.

After the stabilisation of in vitro culture, the next stage of micropropaga-
tion — micropropagation itself — can be initiated. For its purposes, the plants are
placed in proliferation media that stimulates plant’s lateral bud burst and dormant
buds to form, as well as provides the optimal temperature and light regimes. In
order to ensure the efficiency of this method in the production of seedlings, maxi-
mum length growth of the main and lateral shoots of the plants and an increase in
the number of lateral shoots should be achieved (Fig. 2.2). This ensures that seve-
ral plants are produced after a certain period of time (4-5 weeks for birch), divi-
ding plant by shoots and planting each shoot separately. For the breeding process
to be effective, the number of new plants to be extracted should be at least five.

Side branches

Figure 2.3 Micropropagated silver birch
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The defined minimum number (propagation coefficient) will depend on the cost of
production and the market value of the plants.

Clone (genotype) is an important factor influencing multiplication rate (Kos-
ki & Rousi 2005), so not all genotypes with desired properties will be able to be
efficiently propagated vegetatively. It has also been found that for different clones
better results can be achieved in different proliferation media — therefore, an expe-
rimental work is needed and carried out to find the most suitable media for the
specific most productive and qualitative clones.

The final phase of this vegetative propagation method is the acclimatisation
of plants for growth in non-sterile environments. They are planted in a peat substra-
te, initially in a greenhouse with a fogging system, ensuring high (> 80%) humidity
and precisely controlling the plant cultivation regime, later the plants are transplan-
ted in larger size containers and moved to an outdoor environment.

The micropropagation method also has its flaws. It is expensive because it
takes a long manual work in sterile conditions and qualified staff. In some cases,
growth regulators added to the media may cause somaclonal mutations. However,
this can be avoided by limiting the duration of culture in vitro conditions, as changes
accumulate over time.

The growth of vegetatively propagated trees in forest is not different from
generatively propagated individuals with corresponding genetic gain, as demons-
trated by extensive and long-term studies (Meier-Dinkel 1992, Vihera-Aarnio 1994).
The result to be obtained is more predictable — with less variation — and with the
possibility of achieving a higher genetic gain in practice. The widest practical use
of micropropagated seedlings has taken place in Finland, as part of cooperation
between several companies, starting in 1989, when 30,000 seedlings were produ-
ced from 30 different clones (Vihera-Aarnio & Ryynanen 1994). In early 1990, more
than one million seedlings were produced, but larger-scale micropropagation was
stopped in 1994 (Viherd-Aarnio & Velling 2001). There were several reasons for such
a decision. Labour costs increased relatively rapidly, increasing the cost of planting
material; similarly, the browsing damage by ungulates in young birch stands in-
creased rapidly, reducing interest (and meaning) in planting this tree species. But the
most important reason was the propagated material —the clones used in the project
were not characterized by positive genetic gain. Finnish researchers point out that
the selection of clones for the propagation programme did not result in a correct
selection in the progeny trials; often the work was carried out by persons without
adequate knowledge (Viherd-Aarnio & Velling 2001). In ten progeny trials with total
area of 17 ha in southern Finland, a total of 29,000 trees were compared between
6—7-year-old micropropagated progenies of 11 clones and seedlings of 10 families. It
was concluded that the type of planting material does not have a significant impact
on survival, height increment and biotic risk factors (damages by rodents and ungu-
lates, cancer, etc.), but significant differences for these traits were found between
clones. Selection of carefully tested best clones for large scale micropropagation
is recommended (Vihera-Aarnio & Ryyndnen 1994, Vihera-Aarnio & Velling 2001).
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In Sweden, micropropagation is not yet used to produce seedlings. The bree-
ding programme has carried out the propagation of plus trees in plant tissue cul-
tures, but it has not been possible to propagate a large part of the clones in this
way. An example of individual private company initiatives is the research and tech-
nological development company ‘SweTree technologies’, which develops automa-
ted vegetative propagation technologies. A study by this company evaluated the
cultivation of Betula pendula explants in a new temporary immersion bioreactor
system, demonstrating the potential to expand and automate micropropagation for
commercial use (Businge et al. 2017).

Studies are also being carried out in Russia for the production of high-quality
birch container seedlings with the micropropagation of clones, developing methods
for ensuring acclimatisation of seedlings. This would avoid the costs associated with
artificial fogging equipment and at the same time ensure the survival of 90-95%
of the seedlings from in vitro cultures when transplanting them ex vitro. Planting
and evaluation are carried out in high density (660-900 seedlings m™) mini cells
(20 ml), which reduces costs (Lebedev et al. 2017). In Lithuania, the initiation and
maintenance of cultures of explant in vitro has been evaluated in order to prepare
practical recommendations for further use of micropropagation in the production
of seedlings (Vaiciukyné et al. 2017).

Member States of the European Union are allowed to regulate the production
and application of vegetatively propagated forest reproductive material in forest
regeneration or afforestation. As such material in the Baltic and Fennoscandian re-
gions is generally produced and used a little, detailed restrictions are rarely applied.
In Latvia, the only restriction —for clones registered to produce FRM “qualified”, the
maximum number of progenies (ramets) obtained by vegetative propagation met-
hod is one million grown saplings. For clones registered to produce category “tes-
ted”, the maximum number of progenies (ramets) to be obtained is not restricted
(Regulation of the Cabinet of Ministers No. 159 “On forest reproductive material”).

Overall, it can be concluded that micropropagation of birch for forest regene-
ration is currently not practised in Latvia or in neighbouring countries, however, its
principles are clear. The development of technology, including clone-specific, tailo-
red nutrient media, is important for practical application.

2.3 Regeneration and afforestation of birch stands

Breeding provides a practical contribution to the economy only if the results
of it are used for forest regeneration and afforestation. On average, 15.3 thou-
sand ha of birch stands are felled per year in final fellings (statistics of State Forest
Service from 2013-2023), most of which (74— 100%) are regenerated with birch.
However, in both state and the rest of the forests, regeneration of birch stands is
dominated by natural regeneration (Fig. 2.4). This situation is linked both to lower
regeneration costs and to the lack of birch seedlings.

In the Register of basic material (sources of forest reproductive material —
FRM) of State Forest Service, from registered 134 silver birch sources, 100 are in
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Figure 2.4 Final felling of birch and forest regeneration
with birch in all forests in total
(Data: State Forest Service)

the lowest category “place of provenance known”, one — in category “selected”, 30
in category “qualified” (5 seed orchards, 7 clones and parents of 18 families) and
3 seed orchards in category “tested” (data of State Forest Service until 2023). Bet-
ween 2013 and 2023, birch is dominated by the production of FRM of the lowest
category — growing seedlings from seeds collected in forest stands (Fig. 2.5), the
production of FRM category “qualified” has halved, while seed material of the
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Figure 2.5 Production of forest reproductive material of silver birch by categories
(Data: State Forest Service)
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category “tested” has become available in recent years and the amount of produ-
ced FRM is small.

As with all tree species, for silver birch as well, seed crop varies year after
year both in forest stands and seed orchards (Fig. 2.6). Greenhouse-type orchards
have the potential to stimulate flowering, for example, by using CO,, which can
increase seed yields and therefore make birch seeds of the highest category more
accessible in the production of seedlings.

In recent years (2019, 2020 and 2023) newly producing 3™ generation silver
birch seed orchards “Kalsnava —4” and “Kalsnava — 5” of the JSC ‘Latvia’s State Fo-
rests’ have the potential to increase production and provide nurseries with high-
quality category “tested” seeds (Fig. 2.6).

The transfer of breeding results to forest regeneration is highly restricted,
mainly due to challenges of seed production, but not to the availability of the bree-
ding results themselves (clones with specific tested traits).
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3 FINANCIAL BENEFIT OF BREEDING AND ITS EFFECT ON
GENETIC DIVERSITY

3.1 Financial benefit

Comparing the material from seed orchards and using unimproved progenies
of forest stands as control, the impact of genetic factors on stem quality and growth
traits in birch aged 8-12 has been studied in progeny trials established on former
agricultural land in southern Finland. The superiority of progenies of seed orchards
has been established in terms of both productivity and stem quality. The realised
genetic gain at age 8-12 for progenies of seed orchards reached 26.3-29.3% for
stem volume, 9.7-13.6% for stem taper and 6.1-10.1% for relative branch diame-
ter; relative differences are projected to persist until at least the age of 30 years
(Hagqvist & Hahl 1998). The evaluation of progenies of open-pollinated families at
the age of 13 in southern Finland showed 20-30% better growth and stem quality
for the best genotypes compared to the mean values of plantations (Raulo & Koski
1977, Koski & Rousi 2005). The range of growth differences between the same fami-
lies remained at the age of 32, with the stem volume and yield of the best families
being above the mean values of plantations by 13—-28 and 24-28%, respectively.
Whereas, the yield of open-pollinated families per ha at 32 was 12—16% higher than
that of the progenies of forest stands (Vihera-Aarnio & Velling 1999). It should be
noted that in Finland, where birch breeding was started already in 1961, the impro-
ved birch has the highest proportion in the production of planting material (almost
100%,; Jansson et al. 2017). In Finland, the profitability of seed orchards has also
been analysed using the net present value (NPV; Ahtikoski 2000) as an indicator. The
calculated NPV was positive at the discount rate of 4% and the predicted genetic
gain of 20% in southern Finland and 14% in central Finland.

The realised genetic gain has been evaluated for 19 progenies of seed orc-
hards in 34 progeny trials in southern and central Finland at the age of 9-24. Proge-
nies of seed orchards showed an improvement in all the traits evaluated compared
to control material from naturally regenerated forest stands, but the results varied
significantly by seed orchards, with the younger ones showing better performance.
The realised genetic gain for height, diameter and stem volume was 1.6-12.1%,
0.6-9.4% and 1.0-31.1%, respectively. The improved trees had 6.8% (up to 26.7%)
less spike knots on average and 16.2% (up to 57.6%) fewer double leaders than
controls (Haapanen 2024).

In southern Sweden, the realised genetic gain for clones aged 9 compared to
the slowest growing genotype was on average 22% for height and 16% for diame-
ter; at the age of 26, the gain reached 32% for basal area and 56% for yield (Lizi-
niewicz et al. 2022).
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The best birch families from Finnish and Swedish breeding programmes in
Norway showed a 10% superiority in height over material of local provenances (Koh-
mann 1998). In Norway, in trials of diallel crosses of nine open-pollinated families
on agricultural land at the age of 37 (after two thinnings), the standing volume was
308 m3 ha™, and at the family level a very different proportion of the total standing
volume was assessed — the standing volume of progenies of the most productive
family was three times higher than for the crosses representing the slowest growing
family (Skrgppa & Solvin 2019). In this progeny trial, the high correlations between
the height and diameter measurements of families at the age of six and 37 also
confirm that selection of the best families is possible at an early age when the trees
have reached a height of 2.5 mto 3 m.

Six-year-old progenies of 100 open-pollinated families of local origin have
been analysed in Lithuania and their genetic gain has been evaluated by selecting
30% of the best families by survival, height, diameter, stem straightness and branch
thickness (a coefficient of 1.5 applied to height; Baliuckiené 2009). The genetic gain
of tree survival reached close to 60%; for height and diameter it ranged from 20%
to 40%; the improvement for stem straightness reached 10%. The genetic gain of
branch thickness was small (up to 5%) or non-significantly negative, depending on
the breeding zone.

Silver birch is included in forest tree breeding programmes in Lithuania, Swe-
den and Finland, and as an additional species of lesser importance in Norway.

It should be noted that the realised genetic gain is determined not only by
the selection process itself, but also by the way in which this genetic gain is carried
forward in practice. For example, a greenhouse-type birch seed orchard is more
effective than an open-pollinated seed orchard, where the background pollen can
reduce the gain by two times (Ruotsalainen 2014).

It is generally assumed that the genetic gain is realised over a longer period
of time after planting — during thinnings and final felling. However, there is an im-
mediate benefit from the use of improved planting material as it allows the initial
planting density to be reduced due to higher stem quality, thus reducing the initial
investments (Ruotsalainen 2014).

Along with the breeding goal to increase productivity and improve the result
of high-quality assortments, an increase in carbon sequestration of about 10-20%
(Ameray et al. 2021) can also be achieved. Selection, intensive management and an
appropriate rotation period for production of long-lasting wood products — toget-
her are important tools for increasing carbon removals. For example, Pinus taeda
plantations in the south of the United States estimate that improved pine trees of
this species can be characterised by 17% higher standing volume and 13% higher
carbon removals than unimproved trees (Aspinwall et al. 2012). By sequestring car-
bon, planted stands will play a major role in the carbon market, boosting the forest
owner’s income. A study in Finland estimates that if the aim of forest management
is both wood production and carbon storage then the financial benefits in improved
stands are higher than if the only goal is wood production (Ahtikoski et al. 2020).
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Forest management for carbon sequestration requires adaptation actions
(adaptive forestry) in the changing climate. The changing climate threatens forests’
ability to sequestrate carbon as temperatures rise and rainfall seasonality chan-
ges, as well as natural disturbances such as drought, wind or forest pest damage
increases in frequency and severity (Seidl et al. 2017, Ontl et al. 2020). The cessa-
tion of forest management with an aim to maximising the amount of carbon in the
ecosystem is considered unrealistic in regions such as the Baltic and Nordic coun-
tries, where forestry plays an important role in the economy, and adaptive forestry
such as productive planted stands with improved reproductive material and with
lower initial stand density to enhance their stability can therefore increase resistan-
ce to, for example, the risk of wind damage and thus reduce the risk of carbon loss
in the long term (Jandl et al. 2015). Given that the improved planting material is
usually used on the most suitable soils for the species (highest site index), where its
additional growth benefits are best reflected (Zeltins et al. 2024), the interaction of
the genetic gain with other forestry activities is important in risk mitigation. Namely,
the use of improved seedlings, lower initial stand density and timely thinning both
increase the stability of the stand and reduce the duration of rotation to the target
diameter, thus reducing the time when trees are subjected to the risks of wind and
other damages while improving the financial benefit (Donis et al. 2020, Samariks et
al. 2020).

So far, there is a lack of evaluation of the financial benefit from birch breeding
in commercial thinnings, which allows the forest owner to determine the benefits
even before the age of the final felling. Similarly, there is relatively little evaluation
of the benefits of breeding at the age of the final felling, as well as for the entire
breeding cycle as a whole.

3.2 Genetic diversity

In the context of a wider use of breeding population and vegetatively propa-
gated material, it is essential to take into account the genetic diversity (GD), which
is the basis for biodiversity at both species and ecosystem level (Koskela et al. 2007,
de Vries et al. 2015). The GD ensures the conservation and evolution of living orga-
nisms, including trees, in a changing environment.

GD in the breeding population is important as it:

a) provides possibilities for changing the breeding objectives in the future;

b) prevents (reduce) gene drift and inbreeding and the adverse effects related
to them;

c) improves the adaptive potential of the improved material, which is particu-
larly significant in a rapidly changing environment.

GD is also variable in tree populations (parts of populations) not altered by
humans, making it difficult to define any numerical indicator values that would
characterise high or sufficient size. A comparison with not improved autochthonous
material provides the most accurate picture of GD conservation in the breeding
population. Several authors indicate at least 95% of the number of alleles found in
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populations unaffected by forest management (in parts of them, such as old stands
that have not been planted or sown with improved materials) as a target for GD
conservation in breeding population, spending the lowest possible resources on it
(Thomas et al. 2014).

Only a small proportion of the breeding population is used for propagation —
for the production and planting of seedlings in forest: genotypes selected based on
a specific set of traits in the selection index. It is important for GD to be sufficient
to maintain the diversity of a particular species in the forest landscape in the long
term. Seed orchards often use an effective number of clones (N,) to characterise
this level of GD — the number of individuals in an ideal population (at Hardy-Wein-
berg Equilibrium), which has the same inbreeding coefficient (or variance) as the
given population (Falconer & Mackay 1996). N, affects both the number of clones
and their relatedness to each other and their different representation in the pro-
geny cluster of seed orchard due to differences in flowering phenology, differences
in flowering intensity and sex ratio, differences in total seed crop and its quality
(Charlesworth 2009). Together with mutation frequency, N, determinates the level
of genetic diversity (mostly neutral diversity which has little or no impact on natural
selection). It is customary that the effects of gene drift (accidental loss of any allele
or alleles from the population through change of generations and death of an indi-
vidual who alone has a particular allele or alleles) are not significant, if N, > 25. This
value, or even a significantly lower value (N, = 10-16), is recommended for use in
a seed orchard (review: Jansons 2008). Lower value is largely attributed to the fact
that seed orchards are producing for a relatively short period of time (after which
the clones are replaced) and the progenies of the plantations are not expected to
cross only with each other in future generations. Crossing with adjacent stand trees
will increase the number of effective clones and prevent GD loss. The same argu-
ments are also valid when assessing the use of vegetatively propagated material
(clones) for forest regeneration.

Vegetative propagation and the use of clones is relatively low in the Baltic Sea
region (Hogberg & Varis 2016), so the link between clones and genetic diversity can
be analysed in theory or using examples from other regions where it is used more
widely. For example, about half of the eucalyptus groves in Brazil are clone plantati-
ons (Wu 2019). It is also possible to evaluate stands that regenerate with root and/
or stump suckers. Such naturally regenerated stands show significant phenotypic
differences in trees determined by heterogeneous environmental conditions, even
if they are only 3-5 clone ramets (Bradshaw et al. 2019), so external environmental
factors that negatively affect a clone ramet will not have such effect on another.
Thus, stands with a small number of clones can exist for a very long time. Paleoeco-
logical studies have concluded that part of Europe has had a long period with such
stands of clones of black alder and small-leaved lime established in early Holocene
(Giesecke et al. 2017). This period has been interrupted by anthropogenic effects
with significant livestock damage, which limited further regeneration with coppice
and destroyed clones that may have been several thousand years old. The age of
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such clones is also indicated by Cook (1985). The oldest known Norway spruce (Old

Tjikko, > 9,000 years) found in Sweden has also existed as a clone, with its surface

part periodically regenerating (Oberg & Kullman 2011).

When evaluating information on the distribution of genetic diversity of
45 plant species, including woody plants, it has been found that many of their geno-
types are apparently restricted to only one population in which more than 25 geno-
types are rarely found (Widén et al. 1994). For Eurasian aspen (Populus tremula L.),
the average number of clones per ha calculated in a study in Latvia ranged from 6.1
to 26.8, the average distance between ramets was 48 £+ 9.5 m, and the maximum
mean distance was 85.6 m (Zeps et al. 2017). Finland has similar results (Suvan-
to & Latva-Karjanmaa 2005). Intense competition between each other as well as ex-
ternal factors (e.g. browsing damage) significantly reduce the number of genotypes
in the stand during the first years of growth (Krasny & Johnson 1992, Watkinson &
Powell 1993, Edenius & Ericsson 2007).

In nature, the loss of genetic diversity is often associated with some regional
and/or historical impact of major environmental changes. For example, an ice age
in which conifers survived only in very small areas in Scandinavia (Parducci et al.
2012). At the same time, research shows that these ancient populations have con-
tributed very little to the genetic diversity of modern spruce trees in Fennoscandia
(Tollefsrud et al. 2008, Oberg & Kullman 2011, Parducci et al. 2012), with the spe-
cies mostly coming from other areas after the ice age. Natural spruce populations
in Sweden and Norway are with the lowest genetic variability in Europe, but with
high phenotypic plasticity (Bradshaw et al. 2019) and with an ability to survive un-
der both harsh and changing environmental conditions. This reaffirms that genetic
diversity and adaptability are not the same thing.

The prevalence of clones in natural populations indicates that under harsh
conditions it is a natural survival strategy, so that the use of suitable clones in the
context of climate change should be considered to be a kind of imitation of natural
processes. Whereas, the limited number of genotypes in natural populations cha-
racterised by vegetative reproduction indicates that a large number of clones may
not be required at stand level.

The effect of use of clones on genetic diversity is determined by (Ing-
varsson & Dahlberg 2019):

1) the extent to which a given breeding population represents the existing ge-
netic diversity of the species in a given area (i.e. from which group the most
suitable genotypes are selected);

2) how many clones and how many ramets of these clones will be used;

3) total area planted with (specific) clonal material.

Risks associated with potential degradation of diversity can be managed
by:

1) the selection index for the selection of clones includes resilience-defining
traits (the determination of which may require more extensive testing under
more varied conditions and/or longer-term testing);

131



2) ensuring against unknown (potential) future risks, preserving the species
gene pool for long-term breeding, for example in clone archives and forest
stands of genetic resources (Hoban & Schlarbaum 2014, Hoban et al. 2018,
Rosvall et al. 2019, Proschowsky et al. 2020).

The impact of clones on genetic diversity (and other levels of diversity) is
assessed at two spatial levels: individual stands (plantations) and landscapes
(forest landscape).

The impact of the use of clones at stand level will depend on:

1) the number of clones used;
2) the specific characteristics of these clones;
3) forestry practices in these stands.

When evaluating the number of clones used and expressing the loss of he-
terozygosity or adaptive genetic variability, as a function of the effective number of
population specimens, the N, = 10 in the first generation provides approximately
95% of the initial genetic variability in the population (Roberds et al. 1990). A study
of a third-generation tea tree breeding population in Australia found no differences
in heterozygosity between sets of different numbers of clones (10, 15 and 20 indi-
viduals were re-selected (10 times) from 114 tree breeding populations). However,
a set of 10 clones found reduced heterozygosity compared to a set of 20 individuals
and a breeding population. The inbreeding coefficient for a set of 20 clones is sub-
stantially less than for 10 clones. As expected, the size of the set greatly influences
the number of alleles included, with the smaller sample size containing fewer rare
alleles. However, the diversity of alleles for all sets is the equivalent by selecting
7 individuals from all populations (Voelker & Shepherd 2020).

In the context of genetic variability, it is also important to distinguish bet-
ween genetic diversity and genotypic diversity. Genetic diversity refers to genetic
variability in the population and depends on the number and frequency of diffe-
rent alleles. Genotypic diversity refers to the unique genotypes that are present.
For example, 10 unique clones provide equivalent genetic diversity to all of their
potential progenies that come from using these trees as parents. However, the ge-
netic diversity of these 10 clones is lower than planting the progenies resulted from
randomly crossing among them. In this case, the repeated combination associated
with meiosis ensures that all progenies will have unique genotypes, even if they are
coming from such a limited number of parents. Once a sufficient number of clones
are used in forest regeneration, the loss of genetic diversity will be minimal. Howe-
ver, genotypic diversity is significantly reduced even when a large number of unique
clones are used (Ingvarsson & Dahlberg 2019).

Lindgren (2009) recommends for Norway spruce, under Swedish conditions,
the use of a mix of 25 clones with minimum gene diversity, expressed as a sta-
tus number N, = 4. This equates to gene diversity in two infinitely large sib fami-
lies with four unrelated parents or one large semi-sib family, i.e. one mother tree
and an infinitely large number of father trees. In the long run, such clonal mixture
with N, = 4 provides 87.5% of the original gene diversity (Wu 2019). In eucalyptus
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plantations 5-14 clones are used, which is a sufficient efficient number to provide
the required GD (Rosvall et al. 2019). In Europe, 10-20 clones are often used for
species (Lelu-Walter et al. 2013). When assessing the probability of loss of clone
plantation, differences between risk levels are very small when 13-25 clones are
used (Roberds et al. 1990, Roberds & Bishir 1997). When modelling the situation
with complex resistance (defined by many genes) to known and unknown pests in
the future, the results largely confirm this trend — around 18 genotypes are an opti-
mum to reduce future unknown risks, although the differences between 6, 18 and
30 genotypes are very small (Yanchuk et al. 2006). These results can be generalised
and attributed to boreal forest’s tree species with a long lifecycle (Wu 2019).

All approaches to determining the minimum number of clones indicate the
same trend: increasing the number of genotypes above a certain threshold has little
impact on the probability of GD decline: 5-30 clones provide as high “safety” ag-
ainst expected future risks as an infinitely large population, and the optimum level
of diversity exists in a population of 18 genotypes (Wu 2019). In practice, little more
clones are worth using in the clonal mixture, incorporating more clones from the
superior (by selection index) families (Weng et al. 2012). Regulating the proportion
of clones in a mixture can improve both productivity and stability in space and time,
thereby mitigating risks (Weng et al. 2013). When planting a clonal mixture, it is
recommended to mix all clones together to reduce the spatial association of ramets
of one clone (Prospero & Cleary 2017). When assessing objections to a modified
(reduced) GD, which is argued for increased effects of pathogens and dendropha-
gous insects (Aitken et al. 2008), it should be recalled that these factors can also
have a significant impact on areas with high genetic diversity and genetic variability
between the stands (Jump et al. 2009, Prospero & Cleary 2017), with a cardinally
reduced number of individuals not only at a stands level of the species concerned
(e.g. single spruce stand) but also at a forest landscape level or even at a regional
level (examples: elm and ash in Europe). The relative risk changes should therefore
be analysed.

Clones are not only used in intensive forestry. It can be part of a combined re-
generation, in line with a close-to-nature forestry approach. For example, selected
genotypes with small branches can be planted in lower initial density, reaching the
desired dimensions without thinnings and creating more open conditions for richer
undergrowth vegetation and greater diversity of its species.

Criticism of the use of clones, like any other genetically improved forest re-
productive material, is also linked to “genetic contamination” in surrounding forest
stands with the pollen or seeds of the plantation. However, there is no real impact
in this respect as long as the reproductive material used in the plantation is not
genetically modified and is derived from a breeding population sustaining extensive
genetic diversity of tree species that are suitable for local conditions and/or are of
local origin (Bradshaw et al. 2019).

The actions to be taken to ensure structures relevant to the diversity of
species (such as dead wood, legacy trees, etc.) are independent of the type of

133



propagation of the planting material or the number of clones (Ratcliffe & Peterken

1995, Felton et al. 2010). However, usually in studies of species diversity or the

occurrence of individual species, a “plantation” — understood as clonal plantation,

usually in a large, homogenous area — is analysed as a single set without distin-
guishing between the effects of genetics (clones) and forestry. Such “plantations”
usually show reduced or the same diversity and density of species (in general or

of a particular group) as in naturally regenerated stands (Peterken & Game 1984,

Humphrey et al. 2002, Plue et al. 2017).

Homogeneous growth conditions and intensive, standardized forestry are
factors that lead to uniformity in clone plantations and therefore to a small number
of habitats and species diversity associated with these habitats (Bradshaw et al.
2019). However, the negative impact on diversity can be mitigated or completely
eliminated by a formation of small (2-20 ha) plantations located in the forest land-
scape between different tree species and stands of different forestry purposes.
Such approach would be very appropriate in Latvia, where larger homogeneous
(pure, singe species and age) managed forest patches are very rare anyway.

In general, there are two approaches to the location of plantation in forest
landscape:

1) concentration in a large, homogeneous area. This approach ensures high
forestry efficiency, job mechanisation and even automation. Moreover, it is
possible to obtain all the required amount of wood in a relatively small part
of the total forest area. For example, in New Zealand, which is a regional
producer and exporter of wood and its products, the absolute majority of
wood (> 99%) comes from plantations covering around 7% of its area (New
Zealand Forest ... 2023). The rest of the forest area can therefore be used for
other purposes and forestry objectives have no significant impact on forest
biodiversity in the country. Similarly, in the southern United States, which
is a region with the world’s largest areas of forest plantations, large part of
wood comes from stands naturally regenerated (Bettinger et al. 2009): so
there are very large areas of such forests as well. This approach is appropriate
and applied in areas where large continuous areas suitable for the creation
of plantation forests are available and where the climate is characteristic for
a short rotation cycle (6—26 years);

2) dispersed placement in a wider territory. Heterogeneity at landscape level
is maintained by genetic variability between the stands, i.e. different clone
mixes are used in different stands at landscape level (Lindgren 1993), as well
as adjacent naturally regenerated stands and clone plantations. Even a small
number of clones per plantation, if the proportion of such plantations re-
mains low (2 clones up to ~ 10%, 10 clones up to ~ 35%), makes it possible to
maintain the same genetic diversity at the forest landscape level as if there
were no such plantations (Fig. 2.1). As can also be seen from this approach
(dispersed placement of plantations), the ecological impact depends heavily
on the area (proportion) devoted to intensive or clonal forestry (Bettinger et
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al. 2009, Bradshaw et al. 2019). Studies in Sweden have estimated that even
under the most intensive management scenario, half of the spruce popula-
tion will regenerate by self-seeding (Rosvall 2019) and provide opportunities
to apply clone plantations in the rest of the territory while maintaining GD
(Ingvarsson & Dahlberg 2019). It should also be noted that in the landscape
the same clone mixes are not used for a long period of time — new, better
(according to the value of the selection index) clones replacing previous ones
are selected in each breeding cycle or even more often. The overall genetic
diversity of the species is also maintained by forest stands of genetic resour-
ces involved in the conservation of rare alleles and the transfer of such alleles
to the breeding population, providing potential for selection of suitable (pro-
ductive) genotypes also under very variable or harsh conditions (Maxted et
al. 2007, Trethowan & Mujeeb-Kazi 2008, Khoury et al. 2010, Hanso & Drenk-
han 2012, McCouch et al. 2012). Analysis shows that the conservation of self-
seeded stands or planted (progenies of seed orchards) forest stands in the
forest landscape is important for the expansion of large-scale clonal forestry

(Wu 2019).
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Figure 3.1 Relative genetic diversity versus a situation where clones are not used

It is assumed that there are 2,000 trees in the stand and 125, 25, 10 and 2 clones
were used to regenerate it. It is assumed that different stands are planted using
different sets of clones from a breeding population large and constant in time
(by Ingvarsson & Dahlberg 2019)
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The results of the analysis show that in boreal conditions characterised by
abundant natural regeneration of birch, spruce and other tree species and the free
outcrossing of these species also between remote stands, clone plantations have
relatively little impact on the overall gene pool, until these plantations do not form
the majority of the stands in the landscape and as long as they contain diverse sets
of genotypes (Rosvall 2019). Most of the alleles found in the population in other
forest stands will also be in the mix of clones, only in varying frequencies. The mix
of clones can include a vast gene pool even with a limited number of genotypes
(Ingvarsson & Dahlberg 2019).

Under Latvian conditions, modelling the proportions of planted improved sil-
ver birch stands (open-pollinated progenies of first generation seed orchard) at the
forestlandscape level and the impact of the number of families used (5 to 30 families)
in the production of planting material on genetic diversity, it has been assessed that
indicators of genetic diversity (Shannon-Wiener Diversity Index and the expected he-
terozygosity) are highest when 50 to 55% of the stands are regenerated by planting
and using at least 20 families (Fig. 2.2). Whereas, using selected top 5 families, the
genetic diversity is comparable to that found in natural regeneration when the pro-
portion of planted stands in the landscape does not exceed 55% (Baders et al. 2024).

It can be concluded that studies support the use of a limited number (5) of
best genotypes in intensive forestry, provided that the proportion of such planted
stands between naturally regenerated forest stands in the landscape do not exceed
approximately 55%. This approach ensures a balance between productivity and ma-
intaining genetic diversity in managed forest ecosystems.
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Figure 3.2 The effect of the proportion of planted stands and the
number of families used for producing planting stock within them
on genetic diversity at landscape level
(Baders et al. 2024)
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Summary

In Latvia, as in other Baltic Sea region countries, extensive progeny trials have
been established, reaching an age where a previously lacking detailed evaluation
and analysis can now be conducted to derive well-grounded conclusions. It is essen-
tial to assess the genetic determination of economically important traits and their
genotypic correlations, which may vary across different populations.

Progeny trials serve as a basis for selecting clones not only for seed orchard
establishment but also for vegetative propagation. Genotypes suitable for sapling
production can be identified through further in vitro testing. Genotype plays a cru-
cial role in the successful micropropagation of birch, making it essential to deve-
lop technology with media compositions tailored to specific clones for practical
application. For the justified use of vegetatively propagated planting stock in
practice — where practical experience already exists, for example, in Finland —
a comprehensive evaluation of the entire growth cycle is necessary. This assess-
ment should include plantations that have reached target diameters.

The profitability of breeding is determined by the additional productivity ac-
hieved (including improved resilience to various environmental risks), higher stem
quality to increase the proportion of high-quality assortments in final harvesting,
and the positive impact of shortening the rotation cycle. However, the financial
gains from commercial thinning operations remain under-evaluated.
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4 MATERIALS AND METHODS

4.1 Evaluation of progeny trials (1, Il and Il publication)

The dissertation analyses data from a total of 122 birch breeding trials, cove-
ring an area of 274.3 hectares since their establishment began in 1975 (Table 1.4).
The climatic conditions at the trial sites vary slightly, with continentality increasing
from the Baltic Sea coast toward inland areas (Laivins & Melecis 2003). According
to the Latvian Environment, Geology, and Meteorology Centre, the average an-
nual air temperature in Latvia over recent decades has been +6.4°C, ranging from
+5.2—+5.3°C in inland highlands to +6.8—+7.4°C along the Baltic Sea coast. July is
the warmest month, with an average air temperature of +17.4°C and an average
maximum temperature of +22.3°C. February is the coldest month, with an average
air temperature of —3.7°C and an average minimum temperature of —6.6°C. The
average annual precipitation in Latvia is 692 mm. The rainiest months are July and
August, with 76—77 mm of precipitation, while April is the driest month, receiving
only 34 mm.

4.1.1 Data collection

A provenance trial was established in central Latvia on mesotrophic soil with
a normal moisture regime and an initial planting density of 4,200 trees ha™ (plan-
ting scheme 2 x 1.2 m). The trial included 16 provenances: 8 from Latvia, 4 from
Finland, and 4 from Poland, spanning a latitude range of 51°-61° N. The experiment
was set up as a completely randomized block design with 24-tree block plots in six
replicates. Measurements were conducted at the age of 37 years, with no thinning
performed before the assessment. Height (H) and diameter at breast height (DBH)
were measured for each tree, and occurrences of spike knots and double leaders
were recorded. A subsample of 10 trees, representing the range of DBH, was felled,
and data on branch and stem biomass were obtained by sectioning the stem into
1-meter segments. These data were used to calculate the height of the tree’s center
of mass.

The seeds for the largest open-pollinated progeny trials analyzed in this study
were collected during 1995-1998 from plus trees in 26 forest stands across Latvia.
The trials were established on abandoned agricultural land in Taurene (57°06’ N,
25°38’ E), Ukri (56°22’ N, 23°07’ E), and Rembate (56°46’ N, 24°48’ E), on mesotrop-
hic soils with normal moisture regimes. The experimental design in Ukri and Taure-
ne consisted of randomized block layouts with single-tree plots, replicated 10-93
and 10-77 times, respectively, and a planting distance of 2 x 2.5 m. In Rembate,
a completely randomized block design was used, with 32-tree block plots per family
replicated three to five times and a planting distance of 2 x 2 m. The Rembate trial
was established in the spring of 1999, while the trials in Ukri and Taurene were
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established in the spring of 2000, using one-year-old container seedlings. Differen-
ces in the establishment year were accounted for during measurements to ensure
that all trials were assessed at the same tree age, allowing data from all three sites
to be included in a unified analysis.

In all three open-pollinated progeny trials, evaluation was done at the age
of 10 and 14 years. For the first evaluation, measurements from 68,256 trees were
available for analysis (9,643, 11,917, and 46,696 trees in Ukri, Taurene and Remba-
te, respectively). For the second evaluation, 82,367 trees were measured (18,371,
10,964, and 53,032 trees in Ukri, Taurene and Rembate respectively). During the
first evaluation, for each individual (a) tree height (H), (b) diameter of the largest
branch until the stem height of 2 m (BrD), and (c) mean branch angle (BrA) was
measured. Occurrence of spike knots (SpKn), double leaders (Doubl) and lost top
(LostTop) were recorded as binary variables (1 — present, 0 — absent), and ordinal
scores using 3-point-scale of stem straightness (StStr; bent, slightly bent, and
straight) and overall stem quality (StQual; poor, intermediate, and good) were as-
sessed. At the age of 14 years, H and diameter at breast height (DBH) were measu-
red (except for Rembate, where H was not measured). Afterwards, stem volume (V)
was calculated according to Liepa (1996). In trial Rembate, BrA was measured, but
in Ukri and Taurene it was assessed using 3-point ordinal score (1 — from 65° to 90°;
2 — from 45° to 60°; 3 — from 0° to 40°). Occurrence of SpKn, Doubl, LostTop, and
ordinal scores of StStr and StQual were assessed as described above.

4.1.2 Statistical analysis

In the provenance trial, characteristics such as stem volume, basal area, and
stand volume per hectare were calculated, along with the significance of their dif-
ferences and the expected values at the time when they reach the target diameter
(25 cm). This time was determined using the growth model developed by LSFRI ‘Si-
lava’ (Donis et al. 2024).

For the open-pollinated families in the studied progeny trials, variance and
covariance components for continuous traits were estimated using SAS MIXED pro-
cedure with the restricted maximum likelihood approach (REML; Littell et al. 2006).
Diagnostic plots were used to verify for normal distribution of residuals. For the
binomial variables, a generalised linear mixed model applying binomial residual
distribution and a logit link function was fitted. For the ordinal variables, ordinal
logistic regression was fitted. The binary/categorical traits were analysed using the
Generalized Linear Mixed (GLIMMIX) procedure (Littell et al. 2006). Standard errors
were calculated using Dickerson’s approximation (Dickerson 1969). For a combined-
site analysis of Ukri and Taurene, which had similar experimental design and set of
families, the following mixed model was used:

Yijkl =,U.+Si+B]'+Fk+SFik +€ijkl ’ (41)
where:
yix — the observation on the /th tree from the kth family in the jth block within the
ith site;
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U — the overall mean;
S and B;— the fixed effects of the ith site and the jth block within the ith site,
respectively.

The F, and SF; are the random effects of the kth family and interaction of the
ith site and the kth family, respectively, and €, is the random residual effect. Preli-
minary analyses indicated significant effect for the provenance-by-site interaction
for studied traits.

For an individual site analysis of Ukri and Taurene, following model was used:

Yirw = U+ Bj + F + €y, (4.2)
where:
Y — the observation on the /th tree from the kth family in the jth block.

For individual site analysis of Rembate, the model was complemented with
an effect of the block and family interaction (a multiple-tree plot effect):
YVikt = H + B] + Fk + BF}k + Ejkl » (43)
where:
BF; —a random interactive effect of the jth block and the kth family.

The estimates of narrow-sense individual-tree heritability (h?) were obtai-
ned for each trait using the variance components from the individual and joint-site
analysis described above (Falconer & Mackay 1996). The individual-tree narrow-
sense heritability in the joint-site analysis of Ukri and Taurene was calculated as:

A2
=2 (4.4)

where:

h? — narrow-sense heritability;

67, 67, and 67 — the estimated variance components of family, family x site inte-
raction and residual, respectively.

For an individual single-tree plot site, following formula was used:

2 _ 4°0f
= 5702 (4.5)
For a multiple-tree-plot design in Rembate, following formula was used:
h2 — 4-6} (46)

67+67,+6%
where:
67, - —the estimated variance component of site x block interaction.

Additive genetic coefficient of variation (CV,) describing the extent of genetic
variability for the quantitative traits in each site (Falconer & Mackay 1996), was

calculated as:
CV, = /4&; = (4.7)
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Genetic correlations (type-A) between traits and age-age genetic correlations

for each trait were estimated using formula:
COV(xy)

C=T 5, (4.8)
\ ‘T(zx)'a(zy)
where:

6(2x) un 6(2y) — a) the estimated genotypic variances for traits x and y, or b) the same
trait variances at two different ages;

Cbv,,, — the estimated genotypic covariance between traits x and y or between two
measurements of the same trait.

The genotype x environment interaction (G x E) for studied traits was eva-
luated by estimating type-B genetic correlations (r;) between two experiments
(Bourdon 1977). Considering similar experimental design and set of the same fa-
milies, the type-B genetic correlation between Ukri and Taurene was calculated as
(Lu & Charrette 2008):

_ CE"(alaz)
T e (4.9)
%(a1) " %a2)
where:

CbV(s147 — the covariance between genotypic effects of the same traits in diffe-
rent sites;

5(2a1) and 5(2a2)— genotypic variances for the same traits in each of the trails,
respectively.

Both r;and ry with their standard errors were estimated by multivariate REML
using the MIXED procedure of SAS (Piepho & Md&hring 2011) extending univariate
mixed models described above.

Breeding values were estimated for each trait to evaluate gain from selection
of the best families. We obtain general combining ability (GCA) values of parents
by a Best Linear Unbiased Predictors (BLUP) procedure in SAS using the analytical
models defined above. Since parent can only transmit half of its genes to its pro-
geny (Falconer & Mackay 1996), breeding values (BV) of families were calculated as
double BLUPs. Since the linear predictors for the binary traits from the generalized
mixed models were calculated on a logit scale, predicted probabilities of stem de-
fects for families were estimated by applying the inverse of the link function (Littell
et al. 1996). Genetic gains, assuming the selection intensity of 10% (as commonly
used in tree breeding practice in Latvia), were estimated from BV as the percentage
over the trial means.

Principal Component Analysis (PCA) was conducted for the combined Ukri
and Taurene trials to evaluate the variation in standardized phenotypic traits of
birch provenances (Fig. 1.2) and to link this variation to their geographic origin. The
evaluated mean values for provenances were obtained using mixed-effects models:

Yijim = M+ Py + F; + S + by + sfjie + €ijiam (4.10)
where:
Yium — the observation;
U — the overall mean;
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P, F;and S, — the fixed effects of provenance, family, and site, respectively;
b, and sf — random effects of the block and the site x family interaction;
&jum — the random residual effect.

The significance of the principal components (PCs) was determined using
a Monte Carlo (randomization) test with 1,000 iterations. Pearson correlation analy-
sis was used to assess the relationships between the studied traits and latitude/
longitude with the first two principal components. For each provenance region
identified by PCA, variance components for the evaluated traits were calculated
using Equation and heritability (h?) and additive coefficient of variation (CV,)
were estimated.

4.2 Vegetative propagation of silver birch and its potential for mass propagation
(IV and V publication)

4.2.1 Data collection

The studied material for silver birch culture initiation in vitro and testing ge-
notype determined differences in micropropagation was collected from a 15-year-
old progeny trial in Rembate, described in the section ). To assess the effect
of the mother-tree age on shoot initiation in vitro, the explants from clone 54-95
in Rembate were compared with the explants from one-year-old grafted scions
(one year after grafting on two-year-old rootstock) of the same clone in Kalsnava
(56°40° N, 25°58’ E), and all samples were collected in March. To assess the effect
of the time of the explant collection, twigs of clone 54—95 from Rembate were col-
lected from the lowest part of the canopy four times per year: in March and Ap-
ril (spring), and in June (mid-summer) and September (autumn). In total, 100 twig
segments per each ontogenetic age and collection time were initiated in vitro. In
laboratory, stem segments containing one bud were excised and gently washed
with a toothbrush and dish soap under running tap water, and rinsed toughly. Stem
segments were sterilised for 10 min in 0.1% HgCl, with a few drops of Tween 20,
and rinsed three times with distilled water. The stem segments were inserted into
glass test tubes (18 x 180 mm, with a metal cap) containing 3 mL of woody plant
medium (WPM; Lloyd, McCown 1980) supplemented with WPM micronutrients,
WPM vitamins, 1.0 mg L™ of 6-benzylaminopurine (BAP), 0.05 mg L* of naphtha-
leneacetic acid, 20 g L™? of sucrose, and 6 g L™* of agar. The pH of the medium was
adjusted to 5.8, and the tubes were autoclaved for 15 min (110 kPa, 121°C). The
culture was incubated at 25 + 3°C under a 16-hour photoperiod of cool-white fluo-
rescent light (photosynthetically active radiation with photon flux density at 140 to
160 umol m=s71). After 30 days, the proportion of initiated shoots was evaluated.

The multiplication rate and the growth of shoots between 50 genotypes in
Rembate were assessed using a stabilised in vitro culture. Ten shoots per each clo-
ne were inserted into test tubes (one explant per tube) containing 3 mL of Muras-
hige and Skoog (MS) basal media (Murashige & Skoog 1962), supplemented with
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MS micronutrients, 0.2 mg L™ of zeatin, MS vitamins, 20 g L™ of sucrose, and 6 g L'
of agar. The pH of the medium and the cultivation conditions were set as described
for the culture initiation. After 30 days, 500 shoots were assessed. The main shoot
was measured. The lateral shoots > 0.5 cm were counted, and the multiplication
rate of each shoot was determined by the number of 1.5-cm-long shoot fragments
(hyperhydrated shoots were not counted) that could be obtained from one plant.
The total multiplication rate and occurrence of hyperhydrated shoots were noted.
According to the growth parameters, the clones were divided into four groups to
assess the effect of the macronutrient media and plant growth regulators. Group
divisions were based on the multiplication rate and ability to proliferate. Group 1
has a multiplication rate of 3.4 to 6.8. Group 2 has a multiplication rate of 1.7 to 3.3.
Group 3 has a multiplication rate of 0 to 1.6 with proliferation, and Group 4 has a
multiplication rate of 0 to 1.6 without proliferation.

Three clones from each group (24 shoots per clone in each treatment) were
randomly selected to test the effect of the multiplication medium and cytokinin
type and concentration in the following combinations: (1) WPM, zeatin 0.1 mg L'};
(2) WPM, zeatin 0.5 mg L% (3) MS, zeatin 0.1 mgL™?; (4) MS, zeatin 0.5 mg L%,
(5) MS, zeatin 1.0 mg L'%; (6) MS, BAP 0.5 mg L™; and (7) MS, BAP 1.0 mg L. The pH
of the medium and the cultivation conditions were set as described for the culture
initiation. After 30 days, 2,016 shoots were assessed. The main and lateral shoots
were measured. The lateral shoots 2 0.5 cm were counted. The multiplication rate
of each shoot was determined by the number of 1.5-cm-long shoot fragments
(hyperhydrated shoots were not counted) that could be obtained from one plant.
Finally, the total multiplication rate and occurrence of the hyperhydrated shoots
were noted.

Genetic parameters of growth traits and stem quality of vegetatively pro-
pagated silver birch clones were examined in a low-density plantation located in
the central part of Latvia (57°32’ N, 24°44’ E). The topography was flat (elevation
< 100 m above sea level). The mean annual temperature was 6.2°C; the mean mon-
thly temperature ranged from 4.6°C to 17.5°C in February and July, respectively. The
mean annual precipitation was ca. 690 mm.

The trial was established in 1972 on agricultural land, equivalent to Oxalidosa
stand type with mesotrophic loamy soil. One year after grafting, clones of 22 birch
plus-trees from the central part of Latvia (56°37-57°28’ N, 24°50’-26°24’ E) were
planted in a 5x5m grid (400 trees ha™?) as single-tree plots in 13-56 random-
ly distributed replications. Clones were randomized spatially all over the planting
site. Initially, the plantation was intended as a seed orchard, but abandoned soon
thereafter; hence no management, except some initial cleaning, was performed.
The area of the plantation was 1.8 ha (720 planting spots). At the age of 40 years
in 2012, for each tree (1) DBH, (2) H, (3) height of the lowest living branch (m),
(4) BrA, (5) mean projection of crown (MPC, m), (6) occurrence of SpKn, (7) Doubl,
and (8) stem cracks (present/absent), and arbitrary scores using 6-point-scales of
(9) StStr, and (10) branchiness were measured.
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4.2.2 Data analysis

For silver birch in vitro study, the chi-square (x?) test was used to assess the
distribution of the initiated shoots between the time of explant collection and the
age of the mother-tree. The analysis of variance and Tukey’s honestly significant
difference test were used to assess the differences in the length of the main shoots,
the length and number of lateral shoots, the multiplication rate, and proportion
of the hyperhydrated shoots between the clones and groups of clones. Generali-
sed linear models with a Poisson distribution were used to assess the relationship
between the length of the main shoot and the number of the lateral shoots, as
well as to evaluate the effect that the length of the main shoot, number of lateral
shoots, length of lateral shoots, and total multiplication rate had on the number of
hyperhydrated shoots. Linear model was used to assess relationship between the
length of the main shoot and the length of the lateral shoots. The regression coef-
ficients + standard errors are shown. All calculations were done in R 3.5.1. (R Core
Team 2018). In addition, all tests were performed at a = 0.05.

For each tree in the low-density clonal silver birch plantation, stemwood
volume was calculated according to the local model (Liepa 1996). The assortment
outcome from each harvested tree was calculated using the model developed by
R. Ozolin$ (Ozolins 2002) and modified by J. Donis (Donis et al. 2024). Wood de-
fects and stem quality traits were considered when determining the structure of
stemwood assortment (according to the practices of commercial forestry in Latvia).
According to the estimated volume of assortments, the monetary value of stem
wood (MV) of each sampled tree was calculated as an integrative parameter. Prices
of different assortments according to top diameter, as used in the calculation of MV,
were 20, 26, 45, 60, and 70 EUR m™ for firewood (< 13 cm), pulpwood (< 13 cm),
logs 14-18 cm, logs 19-25 cm, and logs > 26 cm, respectively.

Heritability coefficients H? (broad-sense individual-tree heritability) for the
studied variables were calculated (Falconer & Mackay 1996):

2

=%, (4.11)
9p

where:

0% - genotypic variance;

op — phenotypic variance constituted of genotypic and environmental variance.
Genetic gain was estimated according to formula (Falconer & Mackay 1996):
R=S-H?, (4.12)
where:

S —selection differential, which is the mean phenotypic value of the selected clones
expressed as a deviation from the trial mean.

For each variable, superiority of the top three clones against trial mean
was assessed.
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Genotypic and phenotypic clone mean Pearson correlations were estimated
for the studied variables (Falconer & Mackay 1996). Genotypic correlations between
the traits were calculated using the Equation 4.5. Standard errors for the genotypic
correlation estimates were obtained with the delta method (Lynch, Walsh 1998).

Genotypic coefficients of variation (CV,), describing the extent of genetic va-
riability of a variable in relation to the mean of trial, were calculated as:

100
v, = /ag. = (4.13)

where:
X — the phenotypic mean.

The corresponding components of genotypic and environmental variance
were extracted using a random model:
Yij=utcteE;, (4.14)
where:
y; — observation of each trait of the jjth tree;
U — the overall mean;
¢;— the random clone effect.

For the quantitative variables (e.g., DBH, H), a linear mixed model was used.
For the binomial variables (e.g., survival, probability of cracks, etc.), a generalized
linear mixed model applying binomial residual distribution and /ogit link function
was fitted. For both models, R package Ime4 was used (Bates et al. 2014). For StStr
and branchiness, ordinal logistic regression was applied (Long 1997) using R pac-
kage ordinal (Christensen 2015). The environmental variance of the link functions
was determined as /3, or 3.29. Genetic covariance o, between any two traits x
and y was estimated using function varcomp in package “Ime4”. Data analysis was
conducted in program R, v. 3.3. (R Development Core Team 2016).

4.3 Profitability of utilizing genetically improved silver birch
(VI and VII publication)

4.3.1 Data collection

Profitability of silver birch breeding in Latvia was examined, considering
whole breading population. All available breeding material of silver birch in Latvia
can be divided in 2 groups:

1) open-pollinated progenies of 921 phenotypically selected plus tree or supe-
rior stand tree (Section );

2) progenies of 360 controlled crosses of 100 untested (phenotypically selec-
ted) clones in seed orchard that have not reached the age for evaluation.

Both groups of available material can be integrated at the end of the se-
cond breeding cycle of the first group; therefore, it is chosen as a time horizon for
the analysis.

For the bulk of material (first group) it is planned to establish two breeding
populations, based on delineated provenance regions (eastern and western), and
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using altogether 150 trees — phenotypically selected progenies from the most pro-
ductive and qualitative open-pollinated families, since the mother trees are not
available any more. Among the members of the breeding population, double-pair
mating are performed. For further activities 3 different alternatives are compared:
(1) phenotypic (FEN) selection of the best individuals within a family, (2) clonally
(VEG — vegetative) testing, where the selection of candidates within a family and
their vegetative propagation is performed, followed by the establishment of clonal
progeny trials and backward selection of the two best candidates from each family,
(3) progeny (GEN — generative) testing, where phenotypic selection of candidates
within a family and their flowering stimulation to obtain seeds is done, followed by
the establishment of open-pollinated progeny trials and backward selection of the
two best candidates from each family.

Effect of breeding on income at first commercial thinning in silver birch was
studied in the trial Rembate (characterized in Section ). For the particular stu-
dy, only families represented in at least 3 replications (524 in total) were assessed.
In 2014, at the age of 14 years, DBH and H were measured for each living tree before
the harvest and removed trees noted after the harvest. In total, 84% of the initially
planted trees had survived until harvesting; each replication (block-plot) contained
from 24 to 32 trees. The harvesting was performed by chain saws (motor-manual) to
reduce damage to the remaining trees; timber was transported by a forwarder. Thin-
ning from below was performed; basal area was reduced from 14.62 to 7.52 m? ha™.

4.3.2 Data analysis

For profitability analysis of silver birch breeding, planned activities, that are
not explicitly analysed in the study, but costs are added to each of the alternatives:
1) for the first group of material, before the beginning of the second breeding

cycle: repeated measuring of part of the trials, selection of individual trees

within superior families;
2) for the second group of material: tending work in progeny trials, measure-
ments, selection of individual trees within superior families.

The comparison of alternatives is based and differential approach is used, i.e.,
only positions of benefits and costs, which differ between 2 regeneration methods —
natural and planting of selected material — are considered (Ahtikoski 2000). In the
analysis, differential costs are based on prices of the year 2010 and represented by:
1) costs of tree breeding activities, obtained from practical experience in the

Latvian State Forest Research Institute ‘Silava’ according to activities needed

to carry out each of the alternatives (FEN, VEG, GEN);

2) costs of seed orchard establishment and maintenance, obtained from the
JSC ‘Latvia’s State Forests’, that owns the productive birch seed orchards
in Latvia;

3) costs of regeneration: plants, soil preparation, planting, and two extra
cleanings, information from the results of the tenders of the JSC ‘Latvia’s
State Forests’.
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The differential benefit is represented by additional yield and shorter rota-
tion time (cutting by target diameter, if possible) of the stands regenerated by the
selected reproductive material. Values of genetic gain for each of alternatives, scale
and timing of tree breeding works were partly assessed using the ‘Breeding Cycle
Analyser’ (Danusevicius & Lindgren 2002a, b) with genetic gain per unit of time as
the target to be maximized (Table 4.1). Genetic gain of an improved stand expres-
sed relative to diameter and height growth of an unimproved stand was calculated
based on constant proportional advantage approach (Ahtikoski 2000).

Growth models for traditional (high initial density, delayed, low intensity
thinnings) and targeted (aimed to maximize the mean diameter and total volu-
me of trees at the final felling age, and characterized by low initial stand density)
silvicultural systems and thinning regimes, the same for naturally regenerated and
planted (improved) stand were chosen, based on recommendation of P. Zalitis and
J. Jansons (2009). The assortment structure in thinning and final felling was cal-
culated; the assortment prices for the years 2006—2010 were obtained from Cen-
tral Statistical Bureau and JSC ‘Latvia’s State Forests’. Assortments were set as fol-
lows: first grade logs (top diameter exceeds 25.9 cm, length 4.9 m), second grade
(18—25.9 cm, 4.9 m), third grade (14-17.9 cm, 4.9 m), pulpwood (6-13.9 cm, 3 m),
firewood (3.0-5.9 cm, 2 m).

Area of seed orchard was based on minimal number of clones to ensure ge-
netic diversity as well as predicted seed needs, assuming that all birch stands on fer-
tile soils would be clear-felled and replanted with improved material. Selected set
of clones is set to be used for 24 years, since none of the alternatives could switch
to new set of clones of higher genetic quality faster than that.

Table 4.1

Scale and timing of tree breeding works based on different alternatives
used in analysis

Size of breeding material and duration of different phases Tree breeding alternative
FEN VEG GEN
Duration of Recombination 6 6 6
activity, years | Time before 2 4 2
Testing of progenies 25 12 14
Time after - - 5
Time before - - 2
Testing of candidates - - 12
Total time 33 22 41
Size of breeding | Number of families 150 150 150
material Number of trees per family 300 100 120
Number of candidates - 40 25
Number of progenies/ramets per - 40 35
candidate
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To ensure unbiased comparison between regeneration methods and bree-
ding alternatives, net present value (NPV) was calculated with the interest rate 3%.

For evaluating effect of breeding on income at first commercial thinning in
silver birch plantation, stemwood volume and assortment outcome from each har-
vested tree was calculated). To demonstrate the influence of market fluctuations
on the income, low (in 2014) and high (2018) timber prices were used (Table 4.2).

Table 4.2

Assortment classes by diameter at the top end and monetary value
with low and high timber prices

- = .
Assortment Length, | Diameter at the |owP(ri:e, EURr:?gh (in hParrgva)ez'zte-lgr:/:Ifutmhg
m top end, cm o !
2014) 2018) %
Sawlogs 3.0 12.0 47 56 1.3
Firewood 3.0 10.0 37 50 14.3
Pulpwood 3.0 6.0 35 54 59.3
Energy-wood 3.0 3.0 22.5 30 25.1

Genetic parameters were calculated using three largest (by DBH) trees per
family and replication. To assess the heritability of the traits (DBH, stemwood value,
and proportion of industrial timber), variance and covariance components (o) were
estimated using the mixed model analysis with the restricted maximum likelihood
approach in SAS (Version 9, SAS Institute, Cary, NC, USA; Littell et al. 2006) according
to Equation 4.2. Considering the randomized block design of the trial, heritability
(h?) was estimated as in Equation 4.6. The coefficient of additive genetic variation
(CV,) describing the extent of genetic variability for the quantitative traits (Falco-
ner & Mackay 1996), was calculated as in Equation 4.7. Genetic gain (GG) was cal-
culated using a 10% selection intensity (i; Falconer & Mackay 1996). The net wood
value (NWV), net present value (NPV) and internal rate of return (IRR) were calcu-
lated as the economic indicators for the harvested timber. To assess the economic
effect of breeding, the indicators were calculated for the trial mean, as well as for
the top and bottom 10% of the families, ranked by the GG of DBH.

For each tree, sawlog income was calculated as:

NWV = lincome — Heosts » (4.15)
where
lincome — iNcOMe from harvesting, and
H.,«:s — is the harvesting costs (Central Statistical Bureau of Latvia 2016).

Income and costs were included in the analysis by calculating NPV, which was
calculated as the discounted value of the future expected net cash flow.

Npy = M Beosts (4.16)
(a+r)n
where
E...:s — the establishment costs (low and high prices),
r — the discount rate (3% and 5%), and

n —the number of years (14).
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The establishment costs were acquired from the Central Statistical Bureau
of Latvia.

To estimate the profitability of the potential investment, the IRR was calcula-
ted using the following equation:

NPV = YWV=Ecosts , (4.17)
a+r)n

where
r,— the lower discount rate (3%),
r, — the higher discount rate (5%),
NPV,— NPV atr,, and

NPV, — NPV at r, discount rate.
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5 RESULTS AND DISCUSSION

5.1 Evaluation of progeny trials (1, Il and Ill publication)

In the provenance tests, origin was a significant factor affecting survival; for
specific provenances survival ranged from 11% to 63% and it was lowest for birched
from Finland (on average 16%), higher for birches from Poland (42%) and highest
from local birches (50%). Provenance was also a significant factor, affecting height
(Fig. 5.1), breast height diameter and, consequently, stem volume of birches, yet
the occurrence of spike knots did not show significant differences among origins.

Correlation between mean height of the provenances at the age of 5 years
(earlier measurements) and 37 years was statistically significant (r = 0.78).

Provenance specific standing volume ranged from 24 m3 ha™ to 405 m® ha™!
and was on average 204 m?® ha™. Calculations estimating even survival for all prove-
nances reveal similar trend than based on actual survival — largest standing volume
was for local (Latvian) birch, lower — for birch from Poland, and lowest — from Fin-
land. Top-ranking provenances based both on H (Table 5.1, Fig. 5.2) and DBH were
from Latvia; however, there was large variation in the traits and potential to select
some birches from Poland, that could reach similar growth than the local prove-
nances. Thus, the material from similar stage of breeding (seed orchard progenies
or clones) could be further tested to find genotypes with superior performance in
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current (in Latvia) and slightly warmer (as currently in Poland) conditions. Birches
from Finland were heavily outperformed and testing only for superior genotypes
(e.g. very fast-growing clone) could be justified.

Table 5.1
Forest inventory parameters of provenance groups from different countries
Mean Highest
Provenance densit diameter | . diameter
group y’,l height, m | at breast y’,l height, m | at breast
trees ha . trees ha .

height, cm height, cm
Latvia (LV) 2,064 17.9 13.0 521 22.2 17.0
Finland (FIN) 669 14.2 9.5 521 15.1 10.0
Poland (PL) 1,691 15.4 10.0 521 20.7 15.0

Abbreviations: Mean — measured forest inventory parameters; highest — parameters for
the tallest trees corresponding to the specified stand density (521 trees per hectare).

Rather small differences in the H and DBH at the measurement age cor-
responds to large differences in time, when the target diameter can be reached
(Table 5.2). In sparser stand (521 trees ha™) assuming the best growth and good
conditions for silver birch in Latvia (age 27, highest), this diameter can be reached
as early as at the age of 48 years. It is close to the values actually found in Lat-
via in sparse clonal plantation of birch (IV), where the mean diameter exceeded
28 cm at the age of 40 years, yet the density was lower (initial: 400 trees ha™). Po-
lish birch provenances would reach the target diameter at the age of 57 years and
have a similar yield than the Latvian provenances 10 years earlier (272 m?® ha™ and
263 m3 ha™, respectively) under similar input parameters in the model. Thus, the
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Figure 5.2 Mean height of the provenances in trial
Provenance No. corresponds to the number in the Figure
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potential growth for birches from Poland is slightly lower than that of local prove-
nances. Birches from Finland in any of the analysed combination of the parameters
cannot reach the target diameter earlier than at the age of 100 years that is signi-
ficantly later than the cutting age set in legislation in Latvia (71 year). In the actual
conditions, target diameter cannot be reached before the cutting age; assuming
better growing conditions and actual stand data — only local provenance, where
in case thinning is carried out, can reach the intended target diameter at the age
of 67 years.

Table 5.2
Age when target diameter (25 cm) is reached for different groups of provenances
Group of provenances Age

° ffom Data 27 i 37
Latvia (LV) actual 91 127
Latvia (LV) actual * 67 94
Finland (FIN) actual 111 157
Poland (PL) actual 127 167
Latvia (LV) highest 48 67
Finland (FIN) highest 100 143
Poland (PL) highest 57 81

* commercial thinning carried out; other abbreviations in accordance to Table

Commercial thinning had significant impact, boosting diameter increment in
the provenance trial in accordance to the model (Fig. 5.2). However, it might be
overestimated due to high density and thus reduced length of green crown in the
stand. Birch provenances from Poland and Finland did not reach the basal area
required for commercial thinning, thus it was not planned.

Mass centre was higher for provenances from Latvia due to faster tree growth,
since its relative height in relation to tree height was quite stable. It can lead to higher
wind damage risk for Latvian birch due to similar rotation periods for provenances
from different countries (except for modelled growth on good growing conditions
for birch). Further studies need to be carried out for detailed evaluate this effect.

In the studied open-pollinated silver birch progeny tests, the survival was
high at both measurement times in Rembate (> 80%) and Ukri (> 90%), yet lower in
Taurene (> 60%), which was most likely affected by the insufficient moisture in dry
summer after the establishment due to the fine textured soil in the trial (Sutinen et
al. 2002). However, first years after planting, necessary weed control was applied
sufficiently to eliminate further mortality induced by weed competition (Ferm et
al. 1994, Hynynen et al. 2010). At the age of 10 years, the means for H in Taurene
and Ukri were the same (6.7 m), and other measured traits and proportion of trees
with stem defects were similar. In Rembate, H was lower (5.5 m), and proportion of
trees with SpKn was ca. three times lower than in the both other trials. At the age
of 14 years, mean H was somewhat advanced ahead for Ukri comparing to Taurene
(12.3 m and 11.5 m, respectively), yet other traits were stably alike. In Rembate,
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proportion of trees with SpKn had increased and was high (ca. 60%) and similar to
both other trials. In all trials, proportion of trees with SpKn and LostTop was rather
high (> 50%), while only 6—12% of trees had Doubl, seemingly not affected by diffe-
rent continentality of the studied trials (Laivin$ & Melecis 2003). Vihera-Aarnio and
Velling (1999) reported 13% of trees with SpKn. Similar to Vihera-Aarnio and Velling
(1999), most of the trees had at least a light stem sweep.

In the Baltic Sea region, heritability for growth and stem quality of common
forest tree species Scots pine and Norway spruce reported to vary from 0.05 to
0.25 (Velling 1982, Haapanen et al. 1997, Hannrup et al. 1998, Olsson & Ericsson
2002, Jansons et al. 2006). In our study, the estimated narrow-sense heritability
(h?) varied among the variables, generally being higher for growth traits than stem
quality (Table 5.2), supported by earlier findings in Latvia (Zeltins et al. 2018). The
highest h? was estimated for H, DBH, V (0.30-0.64), except low value (0.12) for DBH
in Rembate. Similarly, high h? had StStr (0.35-0.45), while StQual, BrD, and Doubl
had generally lower values (0.04—0.35). Heritability for BrA varied considerably
(0.25-0.83) depending on site and year, but LostTop showed the overall lowest va-
lues (0.02—-0.12). Rather high CV, was estimated for V, ranging from 25.3 to 40.3%
in Rembate and Ukri, respectively. Branch angle showed low degree of genetic va-
riation in all trials (3.7—-6.4%; Table 5.4). The estimates of r; among growth traits
were similar and high in all studied trials (0.90—0.99; Table 5.5), yet having mainly
low to moderate genetic correlations with stem quality traits (—0.10 < r; < 0.40).
Branch angle had moderate to strong negative correlations with StStr and StQual
(—0.67 < r; <—0.45), which both strongly correlated with each other (0.83-0.84).
Rather high positive correlations between SpKn and Doubl (0.60-0.74) were found.
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Narrow sense heritabilities (h?) and type-B genetic correlations (rg) with standard errors (SE)
(all rg are significant p < 0.01)

Table 5.3

. h? + SE | rexSE
Trial - i
Taurene Ukri Rembate Ukri & Taurene together

Age, years 10 14 10 14 10 14 10 14 14
H 0.37+0.03 | 0.45+0.04 | 0.47+0.04 | 0.64+£0.04 | 0.30+0.07 na 0.37+0.03 | 0.52+£0.03 | 0.94 £0.02
DBH nd 0.45 +£0.04 nd 0.52£0.03 nd 0.12 £0.02 nd 0.42 £0.03 | 0.89 £0.03
Y nd 0.41+£0.03 nd 0.53+0.03 nd nd nd 0.41+£0.03 | 0.97 £0.03
BrD 0.24 £0.03 nd 0.20+£0.03 nd 0.10+£0.03 nd 0.17 £0.02 nd nd
BrA 0.33+0.03|0.83+0.19 | 0.27+0.03 | 0.61+0.07 | 0.30£0.03 | 0.31+0.03 | 0.25+0.02 | 0.37+0.1 | 0.78£0.12
SpKn 0.07+£0.02 | 0.08 £0.02 | 0.06 +0.02 | 0.05+0.01 | 0.04 £0.03 | 0.07£0.02 | 0.07+nd | 0.06+0.02 nd
Doubl 0.29+0.07 | 0.05+0.06 | 0.04+£0.03 | 0.19+0.04 | 0.08 £0.04 | 0.27 £ 0.05 0.1+nd nd nd
LostTop 0.09+0.03 | 0.04+0.02 | 0.06+0.03 | 0.05+0.01 | 0.12+0.03 | 0.06 £0.02 | 0.05+0.04 | 0.02 +0.01 nd
StStr 0.45+0.05 | 0.35+0.05 | 0.41+0.05 | 0.45+0.05| 0.32+0.05 | 0.39+0.05 | 0.40+0.06 | 0.4+0.05 | 0.97 +0.05
StQual 0.15£0.03 | 0.35+0.05| 0.11£0.03 | 0.21+0.03 | 0.14£0.03 | 0.26+0.04 | 0.10£0.03 | 0.23+0.03 | 0.89£0.08

Abbreviations: H — height, DBH — diameter at breast height, V — stem volume, SpKn — spike knots, Doubl — double leaders, LostTop — lost top,
StStr — stem straightness, BrD — branch diameter, BrA — branch angle, StQual — stem quality, nd — no data.



Still, stem quality traits generally had low to moderate genetic correlations with
each other (Table 5.5).

Table 5.4

Genetic coefficients of variation for quantitative traits (CV,) in the studied
open-pollinated Betula pendula progeny trials at the age of 10 and 14 years

Trial Taurene Ukri Rembate
Age, years 10 14 10 14 10 14
H 104 8.5 114 5.5 7.5 nd
DBH nd 18.7 nd 10.3 nd 4.7
\Y nd 325 nd 20.1 nd nd
BrD 16.2 nd 12.6 nd 4.3 nd
BrA 4.4 nd 4.7 nd 3.2 1.9

Abbreviations: H —height, DBH — diameter at breast height, V — stem volume, BrD — branch
diameter, BrA — branch angle, nd — no data.

Considering that the genes controlling each of growth traits might be strongly
correlated (Searle 1961), selection may be based on tree height, which possessed
the highest h% In earlier studies, estimated h? and broad-sense heritability H*> of
corresponding traits for silver birch reported to vary widely from low to high (Nep-
veu & Velling 1983, Malcolm & Worrell 2001, Stener & Jansson 2005, Zeltins et al.
2018). In Norway, h?of six-years-old open-pollinated families estimated to be rather
low, i.e. 0.09 and 0.17 for H and DBH, respectively (Skrgppa & Solvin 2019). In the
present study, high heritability values and low variety among trails for growth traits
might correspond to relatively homogenous growing conditions on agricultural land
sufficiently maintained after establishment. Thus, genetically determined differen-
ces were better revealed comparing to forestland (Haapanen 1996, Hannrup et al.
2004). Although h? values from individual-site analysis are commonly overestima-
ted and higher comparing to joint-site estimates (Hodge & White 1992, Haapanen
2001, Wu et al. 2008), our estimates of Ukri and Taurene together were close to he-
ritability in separate sites. In contrast, insufficient maintenance, subsequent uneven
survival and heterogeneous growth conditions commonly reported to result in low
heritability indices with low accuracy, reducing benefits from tree breeding (Haapa-
nen 1996, Makinen 1996, Talbot 1997, Nummi 1999, Olsson & Ericsson 2002, Kos-
ki & Rousi 2005). Nevertheless, mainly low h? for such stem defects as SpKn, Doubl
and LostTop coincides with earlier findings (Stener & Hedenberg 2003, Zeltins et
al. 2018), suggesting relatively weak genetic control and strong prevailing effect of
such environmental factors as drought, frost or biotic damage (Malcolm & Worrell
2001, Stener & Hedenberg 2003). Stener and Jansson (2005) reported low h? and H?
values (0.09-0.27) for StStr in a series of up to 10 years old silver birch clonal and
progeny trials. Although StQual had low h? values (0.10-0.15) at the age of 10 ye-
ars, moderate to high heritability (0.21-0.45) and rather weak genetic correlations
(Table 5.5) with growth traits for both StStr and StQual implied substantial improve-
ment for wood quality in our study.
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Table 5.5

Genetic correlations (standard errors in brackets) in combined Ukri and Taurene (the upper diagonal part) and in Rembate

(the lower diagonal part) open-pollinated Betula pendula progeny trials at the age of 14 years

Trial DBH \" SpKn Doubl LostTop StStr BrA StQual

H 0.92 (0.01) | 0.94(0.01) | 0.43(0.07) | 0.23(0.07) | 0.05(0.09) | —0.10(0.05) | 0.26 (0.06) | 0.16 (0.06)
DBH - 0.99 (0.00) | 0.39(0.07) | 0.20(0.07) | 0.10(0.09) | —0.06 (0.05) | 0.22(0.06) | 0.17 (0.06)
Vv nd - 0.39(0.07) | 0.23(0.07) | 0.06(0.09) | —0.06 (0.05) | 0.23(0.06) | 0.17 (0.06)
SpKn 0.13 (0.13) nd - 0.60(0.11) | 0.08 (0.20) | —0.29(0.08) | —0.02 (0.09) | —0.51 (0.07)
Doubl —0.10 (0.11) nd 0.74 (0.11) - -0.51(0.11) | 0.03(0.08) | —0.12(0.09) | —0.16 (0.08)
LostTop 0.10 (0.13) nd —-0.06 (0.14) | —0.49 (0.11) - —-0.69 (0.09) | 0.52(0.11) | —0.58 (0.09)
StStr 0.02 (0.09) nd -0.39 (0.10) | —0.08 (0.09) | —0.71 (0.09) - -0.67 (0.05) | 0.83(0.03)
BrA 0.00 (0.25) nd —0.01 (0.10) | 0.09 (0.09) | 0.28(0.10) | —0.57 (0.06) - —0.45 (0.07)
StQual 0.40 (0.24) nd —0.67 (0.09) | —0.28 (0.08) | —0.62 (0.08) | 0.84 (0.04) | —0.48 (0.07) -

Abbreviations: H —height, DBH — diameter at breast height, V — stem volume, SpKn — spike knots, Doubl — double leaders, LostTop — lost top,

StStr — stem straightness, BrA — branch angle, StQual — stem quality, nd — no data.




In addition, generally moderate negative correlations between StQual and
stem defects suggests that selection based on inclusive ordinal score of stem quali-
ty traits might reduce occurrence of stem defects despite low heritability of them,
thus improving timber quality and increasing amount of merchantable wood (Ages-
tam et al. 1998, Mottonen 2005). Mainly weak genetic correlations reported among
quality traits as well as between growth and quality traits, likely related to rather
low genetic variance of the latter ones (Koski & Rousi 2005, Stener & Jansson 2005).
In Scotland, straight stems found to be associated with superior volume growth
(Malcolm & Worrell 2001), yet not observed in our study. Similar to previous fin-
dings in Sweden and Latvia (Stener & Jansson 2005, Zeltins et al. 2018), BrD and BrA
possessed high heritability. However, the substantial negative correlations between
BrA and StStr might result in enlarged knot size for straighter logs, thus reducing
technical quality (Niemisto 1995a). Larger BrD had been commonly reported as ne-
gative effect for fast growing silver birch (Niemisté 1995b, Stener & Jansson 2005),
suggested to be mitigated with sufficient planting density of at least 1,600 trees ha™
for smaller knot size and improved wood strength (Niemistdé 1995a, Dunham et
al. 1999). Nevertheless, study in 40-years old low-density clonal silver birch plan-
tation in Latvia showed possibility to obtain high-quality plywood applying wide
(5 x 5 m) initial spacing (Zeltin$ et al. 2018). Besides heritability, considerable CV,
(20.1-32.5%) suggested potential of breeding to improve V. Lower CV, values for
stem quality traits comparing to growth traits coincide with results in Lithuania,
where CV, for StStr and BrA was ca. 13% (Baliuckiené & Baliuckas 2006). In a recent
study of low-density clonal plantation, estimated CV, for H was almost three times
lower (3.2%) than CV, in the present study (on average, ca. 8%,; Zeltins et al. 2018).
It might be partly explained with remarkable differences in initial spacing (5 x 5 and
2 x 2.5 m in clonal plantation and our study sites, respectively), since genetic vari-
ance can be higher in closer spacing (Franklin 1979, Euler et al. 1992). Nevertheless,
similar CV, for H reported in north Sweden (Stener & Jansson 2005). Generally hig-
her estimated CV, values for DBH as for H were similar to results in Swedish progeny
tests (14 and 8% for DBH and height, respectively; Stener & Jansson 2005).

For growth traits, selection of top 10% families resulted in GG% of 9.6-26.6%
for H and DBH, while reaching 25.3-61.6% for V. Similar to h? values, GG% were
generally lower for stem quality traits: 8.6—21.2% for StStr, 5.5-10.3% for StQual,
6.9-18.2% for BrD, 1.6—9.1% for BrA. Estimated GG% for the stem defects (Doubl
and LostTop) varied notably among the trials and years, ranging from 5.2 to 58.3%.
Estimated GG% confirmed general trends for h? and CV, discussed above, reaching
the highest values for V (25.3—61.6%), while being overall lower for stem quality
(1.6—21.2%). Such estimates are over the means of trials instead of general popu-
lation due to the lack of control plots, and thereby gains over forest stands might
be higher (Malcolm & Worrel 2001). Nevertheless, selection of genotypes should
compromise improved productivity with sufficient quality as well as improved
performance in different growth conditions (Matheson & Cotterill 1990), especially
when the aim is to produce high-quality silver birch timber for plywood industry

157



(Hynynen et al. 2010). As indicated by single-trait gains, CV, values (Table 5.4) and
mainly weak r; between growth and quality traits (Table 5.5), further development
of index for simultaneous selection of both growth and stem quality traits may
be possible.

The studied traits showed low G x E interaction, indicated by strong type-B
correlations for all studied traits (r; = 0.78) between trials Ukri and Taurene (Tab-
le 5.2). Contradictory results have been reported previously: from strong and signi-
ficant correlations between trials even in rather different environments (Stener &
Hedenberg 2003, Stener & Jansson 2005) to substantial genotype by site interaction
(Baliuckiené 2009). However, the accuracy of r; might not be high (Bourdon 1977,
Haapanen 1996), often related to inappropriate design of progeny trials, which has
insufficient number of replications not following natural patterns of growing con-
ditions (Haapanen 1996). Still, high type-B correlations with rather low standard
errors for growth traits and low variation of h? for the same trait among trails discus-
sed above indicated stability of performance over different environments, as well as
appropriate experimental design.

Another relevant question regarding experimental design is the use of sing-
le-tree- or multiple-tree (block) plots. In general, single-tree plots in Ukri and Tau-
rene had higher estimated heritabilities for growth traits and BrA than block-plots
in Rembate (Table 5.2). Single-tree plots in many replications allow assessing ge-
netic differences in statistically effective way (White et al. 2007), since progenies
of plus-trees are represented in possibly wide range of competition and growing
conditions within a trial (Haapenen 1992, 1995). However, inter-tree competition
among different genotypes may exaggerate estimated genetic variance for growth
traits promoting initially fast-growing families (Malcolm & Worrell 2001, Vergara
et al. 2004, Gould & Marshall 2010). In the present study, growth traits might be
somewhat affected by competition in the single-tree-plot trials Ukri and Taurene,
since estimates from the block plots in Rembate were slightly lower. Still, estimates
from more trials would be needed for generalized conclusions.

L-G. Stener and O. Hedenberg (2003) stressed general lack of information
about age-age correlations for silver birch. In our study, the genetic age-age corre-
lations for traits measured at the age of 10 and 14 years were mainly strong (> 0.78)
in all trials, implying as accurate selection for the respective traits at the first measu-
rement time as at the second inventory. Nevertheless, strong correlations between
so close ages are not very informative about long-term trends. Still, strong age-age
correlations have been indicated for V for up to three decades in southern Finland
(Hagqvist & Hahl 1998). There have been reported correlations ranging from 0.75
to 0.86 between the ages of 9 and 26 years; correlation of 0.94 between the ages
of 5 and 10 years, and 0.84 between the age of 11 and 18 years for tree height
(Stener & Hedenberg 2003). L.-G. Stener and G. Jansson (2005) found moderate to
strong age-age correlations (0.60-0.99) for H and quality traits.

Phenotypic plasticity and local (genetic) specialization are key factors influen-
cing trees’ adaptability to a changing climate and are therefore critical elements of
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climate-adapted forest management strategies (Aitken & Bemmels 2016, Moran et
al. 2017). An analysis of families at the provenance level in Ukri and Taurene revea-
led pronounced local specialization, particularly in growth traits. Birch from inland
regions demonstrated superior growth. The distinct coastal-inland gradient and
varying intensity of genetic control aligned with the climatic zoning of the region
(Laivins, Melecis 2003, Reitalu et al. 2013). Using PCA (Principal Component Analy-
sis) to group phenotypic traits of provenances, the first two principal components
(PCs) were statistically significant (p < 0.001), capturing 57.6% of the total variation
in the studied traits. The first PC was strongly associated with growth traits, indica-
ting regional differences in productivity. The second PC was linked to quality traits,
suggesting separate sources of variation for growth and quality. The third PC ac-
counted for 19.8% of the variation and was associated with stem defects. Provenan-
ces formed a single group in the ordination space, indicating a continuous gradient
of trait variation. However, the first PC significantly correlated with geographic lon-
gitude (r = 0.46, p = 0.01), reflecting growth differences between coastal and inland
areas, while the second PC showed no correlation (r =0.02, p = 0.92).

Correlations between the PCs and latitude were weak (|r| <0.22, p >0.24),
indicating an absence of a north-south gradient. Based on the relationship between
the first PC and geographic origin, two regions can be delineated in Latvia (Fig. 5.4).
The coastal region includes the western and northern parts of the country, while
the inland region covers the central and eastern areas (Fig. 5.4). The inland region
exhibited significantly higher (p < 0.01) values for height (h), diameter at breast
height (d), and stem volume (V). However, average stem straightness, overall stem
quality, and live crown ratio (BrA) did not differ between the regions.

Moderate to high heritability (h* > 0.20) was observed for the studied traits
in both regions, except for stem defects (h? < 0.15). The intensity of genetic control
for traits varied geographically: the heritability of height (H) in the inland region
was more than twice as high as in the coastal region (0.61 + 0.061 vs. 0.28 + 0.037,
respectively), while heritability differences for volume (StVol) and diameter at
breast height (DBH) reached 31.3-41.4%. In the coastal region, high heritability
(h? 2 0.45) was observed for stem straightness and branch angle, whereas these
traits showed moderate heritability in the inland region (0.26 < h? < 0.30). Further-
more, the calculated additive genetic coefficient of variation (CV,) was slightly hig-
her (by 0.97—-4.06%) in the inland region compared to the coastal region, indicating
minor differences in plasticity. The capacity to respond to natural selection, as cha-
racterized by CV,, was approximately three times higher for StVol compared to h in
both regions.

Genetic specialization was more pronounced in the continental climate of
the inland region, resulting in higher heterogeneity and explaining the greater h?
and CV, values for growth traits compared to the coastal region. High heritability
likely indicated greater differences among genotypes from different provenances
relative to within-genotype variation caused by environmental conditions (Grif-
fiths et al. 2000). The calculated h? for growth traits was higher in the inland
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Figure 5.4
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Figure 5.4 The PC1 values of phenotypic traits for the assessed birch progeny
at the provenance level

The dashed line indicates the boundary between the two identified regions of silver birch
provenances: the coastal (western) region and the inland (eastern)

region and lower for coastal provenances compared to the entire breeding popu-
lation (h? = 0.41-0.52), suggesting greater selection efficiency in the inland region.

5.2 Vegetative propagation of silver birch and its potential for mass propagation
(IV and V publication)

Culture initiation in vitro is the most important stage in micropropagation
because the outcome determines further operation possibilities. However, it is also
the most problematic stage in the micropropagation of perennial plants. Recalcit-
rance (i.e. the inability of plant cells, tissues, and organs to respond to in vitro mani-
pulations) could be a major limiting factor in the application of in vitro propagation
(Benson 2000). Several factors, such as the collection time, age of the stock plant,
bud position in the mother-tree crown, genotype, pre-treatment storage time, con-
ditions, and medium content (Welander 1988, 1993, McCown 2000, Vaiciukyneé
et al. 2017), affect the responsiveness of the plant material. In our study (IV), the
age of the mother-tree and explant collection time had a significant effect (both
p < 0.001) on the shoot initiation in vitro (Fig. 5.5).

Plants have complex life cycles, associated with reproduction, vegetative
development, and morphogenesis. Temperate species undergo cycles of dorman-
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Figure 5.5 The proportion of initiated shoots according to the age of
the mother-tree and explant collection time

Statistically significant differences between groups of age and between groups of
collection time are denoted with different letters (both p < 0.001)

cy that determine periods of active shoot growth and cell division. Consequently,
plants exhibit seasonal differences in their responses to tissue culture, depending
on the time of the year when the explants are procured (Benson 2000). The explant
collected from the one-year-old trees had 66% initiated shoots, and the explant
collected from the 15-year-old trees had 39% of initiated shoots. The explants col-
lected in spring developed a higher proportion of initiated shoots (64% in March
and 67% in April) than explants collected in June and September (31% and 29% of
shoots initiated, respectively; Fig. 5.5). This result corresponds well with the ge-
neral pattern that cultures are most easily initiated from the explants collected in
spring to early summer after a break of dormancy (George et al. 2008a).

A similar trend had been observed for other temperate tree species. Populus
tremula L. had the highest survival rates of buds collected in late February and early
March, while buds collected earlier had less intensive callus formation and plantlet
development, and buds collected later had intense decay and infections (Peternel
et al. 2009). For Quercus robur L., the most responsive explants were collected later,
from May to July (Civinova & Sladsky 1990), which is probably related to their later
bud burst in comparison to the aspen and birch (Linkosalo 2000, Lange et al. 2016).
In contrast, others have found that the initiation of the silver birch culture was more
successful from explants collected in autumn and winter (Jokinen & Tormala 1991),
and bud treatment that induces dormancy resulted in a higher proportion of buds
developed into shoots (Welander 1993), suggesting that factors other than the
growing season might be more significant for culture initiation.

Plant growth regulators applied during the initiation affect the induction of
the shoot formation (Magnusson et al. 2009). Seasonal cycles of perennial plants
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determine the dynamics of the endogenous levels of growth regulators, which are
responsible for the induction of dormancy or inhibit growth and further develop-
ment. For instance, a low concentration of applied BAP (0.2 mg L) resulted in a hig-
her shoot number in Q. robur explants collected in February and March but with an
increased BAP concentration (1 and 2 mg L™?) better results were obtained from
buds collected from May to July (Civinova, Sladsky 1990). Moreover, buds collected
from May to July had a higher regeneration capacity than those from February to
April, but higher BAP concentrations were needed to stimulate their meristematic
activity (Civinova & Sladsky 1990).

Higher initiation success in spring might be related to the seasonally determi-
ned occurrence of microbes within the buds. For mature B. lenta L., dormant buds
demonstrated lower contamination than buds collected in spring (Rathwell et al.
2016). Similar results were obtained for Platanus occidentalis L., and the contami-
nation rate gradually increased from 14% in January to 48% in July (Tao et al. 2007).
Spring was the most appropriate time for bud collection to reduce contamination in
Ulmus americana L., whereas almost all were contaminated among dormant buds
(Shukla et al. 2012). In contrast, low contamination from May to October and sig-
nificantly higher contamination from December to April were found for Pinus syl-
vestris L., which is assumed to be related to better resistance of the tissue against
pathogens during the active period (Hohtola 1988).

Trees exhibit developmental changes as plants progress from the juvenile to
adult phases leading to a decline in their potential for micropropagation (von Ader-
kas & Bonga 2000). Juvenile seedling tissue is generally more responsive to culture
initiation in vitro than that of mature trees. Juvenile seedlings are more easily initi-
ated and grow and proliferate at a more rapid rate than adult material (George et al.
2008a). Cultures from mature trees are more problematic due to higher contami-
nation rates, the browning of tissues, and recalcitrance (George et al. 2008a). One
of the methods to obtain juvenile material is grafting, which can lead to a partial
rejuvenation of the donor plant and can overcome recalcitrance in mature trees
(Benson 2000). No assessment of true rejuvenation or reinvigoration of the scion
(Wendling et al. 2014) was done in our study, yet, explants from the grafted one-ye-
ar-old tree had a significantly higher proportion of initiated shoots than the explants
from the 15-year-old tree (Fig. 5.5). Similarly, a high bud initiation (80%) was achie-
ved using three-year-old plants of B. lenta, whereas the explants from mature trees
did not develop into shoots (Rathwell et al. 2016). However, most Betula species
can be propagated from adult material without major difficulties (Welander 1993),
and several studies found success using buds from mature birch trees (Ryynanen &
Ryyndnen 1986, Jones et al. 1996, Aubakirova & Kalashnikova 2011).

Our results are limited by using only one genotype (clone 54-95) to assess
the effect of the explant collection time and age of the mother-tree. The initia-
tion success is more affected by the genotype than the aforementioned factors
(Jokinen & Tormala 1991), but the genotype response is affected by the physiolo-
gical heterogeneity of the ramets and buds of the same ramet (Civinova & Sladsky
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1990). However, these limiting factors could be overcome if the genotype is gene-
rally competent for growing in vitro (Jokinen & Tormala 1991).

Once the culture is fully stabilised, biologically responsive tissues show little
seasonality and progression through phase states (McCown 2000). In the stabilised
culture, the growth parameters greatly differed between the clones. The multipli-
cation rate varied from 1.0 (no multiplication) to 6.8 shoots per explant (Fig. 5.6),
and the lengths of the main shoots varied from 1.3 to 7.8 cm (Fig. 5.7). The number
of lateral shoots varied from 0 to 3.8 per explant. Close results (a multiplication
rate between 1.6 and 7.4) were found among 10 genotypes selected in Sweden,
Finland, and Germany (Ewald et al. 2002). Large variations but higher multiplica-
tion rates (from 2 to 20) were observed between 100 genotypes by K. Jokinen and
T. Tormala (1991).

Clones exhibited different growth patterns. Several genotypes had a large
main shoot but a low number of lateral shoots (e.g. clone L 29, Fig. 5.7(a)), whe-
reas others had a short main stem but a high number of lateral shoots (e.g. clone
Bau 40-13, Fig. 5.7/(a)). A high multiplication rate was achieved by both of these
patterns and by the intermedium between them. Regardless of the large variation,
the number of lateral shoots showed a negative relationship to the length of the
main stem (p < 0.01, regression coefficient -0.11 + 0.04). Almost a quarter of the

g 10 (a) Group 1 . 50 10 (b) Group 2 50
2 3 40 8 40
s
S 6 30 6 30 X
S R g
s 4 I [ 2 oE
% 2 10 I IIII 10
= 2 0
0 e ° . e o 0
0 e ° e oo
T OIITILRSIIIII TR IR IIIIZTAING
© © o o
o <
wn
50
) 10 (c) Group 3 ° 50 10 (d) Group 4 40
o 8 °
c 8 “0 RN
hel 6 o
=} 6 30 >
S 4 20 2
g_ 4 I ; I N 20 X 10
3 2 | IIII 10 Il g-ma--c-m-
= i II 0 ° oio'o ° o' 0
0 o e oo e 0 00 N 00 1N N NN O 0 M
D EAH NN AN O AT O O N I O O™~ N N OV 0
gREEEBIERIRRIE 32323829379
IRITSIIRITASII nono;n o 30 oo
o Y=}
< ~
< <
wn [Ta}

Figure 5.6 The multiplication rate (bars; t standard error) and proportion
of hyperhydrated shoots (Hyp%; bullets) among the clones in (a) Group 1,
(b) Group 2, (c) Group 3, and (d) Group 4
Clones that were selected to test the effect of different treatments are dark grey
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Figure 5.7 Length of the main shoot (bars; + standard error) and the number
of lateral shoots (bullets) among the clones in (a) Group 1, (b) Group 2,
(c) Group 3, and (d) Group 4
Clones that were selected to test the effect of different treatments are dark grey

clones had a low multiplication rate; 12 clones had a mean multiplication rate lower
than two, and seven clones did not multiply. This might be related to the limited
time of the study because four to ten weeks are required for bud induction in birch,
depending on the explant type, age, and physiological conditions of the mother-
tree and genotype (Welander 1993).

Moreover, the applied medium and plant growth regulators affect genotype
performance. The optimal media composition is species — and genotype-specific,
and while a number of plants exhibit decent growth in the range of media, others
may have considerable differences in their performance (McCown & Sellmer 1987).
Therefore, the number of genotypes that are possible to micropropagate could be
increased by modifying the composition of the medium and applying different ty-
pes and concentrations of cytokinins (Jokinen & Tormala 1991). For optimal shoot
growth in vitro, the optimal amount of minerals should be provided. The most com-
monly used basal media in micropropagation of birch are the MS and WPM basal
media, although others are also used (Ewald et al. 2000, lliev et al. 2003). The mean
multiplication rate between the treatments varied from 1.8 to 6.7 (mean 3.9). Wi-
thin all groups, the culture on the MS medium exhibited a higher multiplication
rate (Fig. 5.2) and a longer length of the main stem than the culture on the WPM.
For these two parameters, the difference between the media type was most pro-
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nounced for Group 1 (Fig. 5.%(a)) and gradually decreased for Group 4 (Fig. 5.3(d)).
However, the culture on the WPM had a substantially lower proportion of hyper-
hydrated shoots than the culture on the MS medium, and it ranged from 0 to 6.3
(mean 2.9) for WPM and from 0 to 38.0 (mean 13.2) for the MS medium. The num-
ber and length of the lateral shoots had no clear relation to the media type.
Similarly, poorer growth on the WPM was shown for B. lenta. The shoots on
WPM cultures had red pigmentation, were significantly shorter, and had fewer no-
des compared to the MS cultures, although the multiplication rate was not signifi-
cantly lower (Rathwell et al. 2016). They associated this response to ionic strength
(i.e. salt concentration) in the basal salt mixture, as the amount of ammonium nit-
rate is about a quarter lower in the WPM than in the MS medium. A limiting effect
of low nitrogen was revealed for a given genotype of Populus hybrid. At first, the
cultures on the WPM had poor growth, whereas these cultures on the MS medium
were maintainable indefinitely. However, after an increase in NH,NO; on the WPM
to the level of MS, growth improved substantially, and was similar to that observed
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Figure 5.8 Stacked multiplication rate (dark grey; + standard error) and number
of hyperhydrated shoots (light grey), and proportion of hyperhydrated shoots
(Hyp%, bullets) according to the media content in (a) Group 1, (b) Group 2,
(c) Group 3, and (d) Group 4
WPM — woody plat medium, MS — Murashige and Skoog basal media,

BAP — 6-benzylaminopurine
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for the MS medium (McCown & Sellmer 1987). In contrast, four genotypes of Betula
platyphylla Sukatchev var. japonica (Mig.) Hara x B. pendula had a constantly higher
multiplication rate on the WPM than on the MS medium, with the mean long-term
multiplication rate on these media at 3.7 and 2.8, respectively (Meier-Dinkel 1992).

Plant growth regulators have the most important role in birch in vitro shoot
initiation and cultivation. Among them, cytokinins are highly effective in stimula-
ting cell division and the control of morphogenesis (George et al. 2008b). For shoot
multiplication, the most commonly used cytokinins are single BAP or zeatin at
concentrations of 0.2 to 5.0 mg L'* and 1.0 to 5.0 mg L™}, respectively, or BAP con-
centrations of 0.7 to 2.0 mg L™ in combination with a low concentration of auxin
(Meier-Dinkel 1992). Within the studies, the same cytokinin is used under two na-
mes — BA (6-benzyladenine) and BAP (6-benzylaminopurine; Teixeira da Silva 2012),
and for more clarity, we consistently use BAP throughout study even if the authors
in the original papers used BA.

The effect of the particular cytokinin should be assessed experimentally, and
the response is determined by the particular compound used, type of culture, ge-
notype, and ontogenetic stage of the tissue (George et al. 2008b). For instance, two
B. pendula genotypes demonstrated a distinct response to supplementation with
cytokinin. One of them had a significant decrease in the shoot length and an in-
crease in the number of shoots per explant, whereas the other did not affect these
parameters. Simultaneously, the latter genotype had a higher number of shoots
per explant in both the control medium and the medium supplemented with BAP
(Vaiciukyné et al. 2017). For several Betula species, the absence of cytokinins resul-
ted in the poor growth of new shoots (Cheng et al. 2000) or no shoot development
and explant death (Magnusson et al. 2009, Rathwell et al. 2016, Girgzde & Samso-
ne 2017). Yet, typically, a narrow range of concentration achieves the best results.
The effect of the cytokinin type and concentration on the growth parameters was
assessed separately on the WPM and MS medium. On the MS medium, regardless
of the concentration, zeatin exhibited better results on the multiplication rate and
length of the main stem than BAP for all groups (Fig. 5.2). Within the groups, the
mean difference between the zeatin and BAP treatments was 11% to 29% for the
multiplication rate and 21% to 29% for the length of the main stem. Among the MS
and zeatin treatments, the highest multiplication rate was obtained with a con-
centration of 0.5 mg L™ in total, and for all groups except Group 1 (Fig. 5.2). This
concentration also resulted in the highest mean length of the main stem within all
groups. On treatments supplemented with BAP, a higher concentration of cytokinin
resulted in a somewhat higher multiplication rate than a lower concentration. The
observed tendencies remained non-significant due to the large variation, although
these tendencies were nearly constant between the groups of clones.

On the WPM, the zeatin at a concentration of 0.5 mg L™ had an equal or
slightly higher multiplication rate and a longer length of shoots than zeatin at
a concentration of 0.1 mg L™, but these differences were more negligible than on
the MS medium. The number of lateral shoots between the different treatments
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varied from 0.1 to 1.2 (mean 0.6). No specific relation between the length and num-
ber of lateral shoots and cytokinin type was observed.

Several studies have tested optimal concentrations of cytokinins on Be-
tula genotypes. The effect of the BAP concentration was tested on a cultivar of
B. platyphylla. The concentration at 2.2 uM of BAP (rounded 0.5 mg L) resulted in
about a four-times higher number of new shoots than a concentration at 1.1 uM,
and in a twice higher number of new shoots than the concentration at 4.4 uM
(Cheng et al. 2000). For the B. pendula genotype, the main shoots on 1.0 mg L™ of
BAP had a similar length to those on treatments containing zeatin (0.5-1.0 mg L%).
Yet, 1.0 mg L of BAP had more than a two-fold higher number of lateral shoots and
hence achieved a significantly higher multiplication rate than the other treatments
(Girgzde & Samsone 2017). In addition, a study of B. lenta revealed a significantly
higher result of shoot growth with BAP treatment compared to the supplementa-
tion of 2-isopentenyladenine (2-IP) and thidiazuron (TDZ), and the highest multipli-
cation rate was achieved at a BAP concentration of 5.0 uM (rounded to 1.1 mg L%,
Rathwell et al. 2016). For B. platyphylla and B. papyrifera Marsh, the BAP at a con-
centration of 10 to 20 uM (rounded to 2.3-4.5 mg L™*) and TDZ at a concentration of
4 to 8 uM proliferated more shoots than other treatments (Magnusson et al. 2009).
Different intensities of response to cytokinins might be related to the dynamics
of the endogenous levels of growth regulators over the seasons, and thus could
be related to the explant collection time. B. Civinova and Z. Sladsky (1990) found
that Q. robur explants collected from May to July needed a higher concentration
(2 mg L) of BAP than those collected from February to April (0.5 mg L™) to achieve
the highest regeneration capacity.

The length of the main shoot showed a significant relation to the length of
the lateral shoots (p < 0.001, regression coefficient 1.68 + 0.24) and the number of
lateral shoots (p < 0.01, regression coefficient 0.23 + 0.06). The length of the main
shoot had a consistent ranking between the groups of clones (Fig. 5.9(a)). However,
the number of lateral shoots highly fluctuated between treatments (Fig. 5.9(b)),
affecting the ranking of the multiplication rate (Fig. 5.9(c)). Regardless of the me-
dia and cytokinin type, both the multiplication rate and length of the main stem
were the highest in Group 3, followed by Group 2 and then Group 1. As expected,
Group 4 contained clones with the poorest growth among the genotypes and had
the poorest results for all growth parameters (Figs. and 5.9). Groups of clones
had reversed ranking in the multiplication rate in comparison to the first subculture
(assessment of different genotypes, Figs. and 5.9), although, typically, the mul-
tiplication rate remains stable during several subcultures (Jokinen & Térmala 1991).
The difference in the performance of the groups between subcultures indicates the
importance of the careful selection of the media content.

A higher cytokinin concentration is beneficial until a certain study-specific
threshold is reached, and afterwards, shoot abnormalities appear. The explant
might form many small shoots that fail to elongate, and the leaves might have an
unusual shape (George et al. 2008b). For instance, a high concentration of zeatin
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Figure 5.9 Group mean (a) length of the main shoot, (b) number of lateral
shoots, and (c) multiplication rate according to the media content

WPM — woody plat medium, MS — Murashige and Skoog basal media,
BAP — 6- benzylaminopurine

induced the spontaneous appearance of abnormal shoots in B. pendula. A concen-
tration of 5 mg L™ resulted in 3.4% fasciated shoots, and 10 mg L™ resulted in 4.2%
fasciated shoots, whereas all shoots appeared anatomically normal in the absen-
ce of or at a low concentration (2 mg L%; lliev et al. 2003). In another study, at
the highest tested BAP concentration (5.3 uM; rounded to 1.2 mg L), the shoots
had variable sizes and appeared hyperhydrated and chlorotic (Cheng et al. 2000).
Hyperhydricity (previously called “vitrification”) characterises frequently observed
malformations during vegetative propagation in vitro, where the plants appear tur-
gid and watery at their surface and are hypolignified (Gaspar 1991, Debergh et al.
1992). Their shoots have broad and thick stems; short internodes; and thick, frequ-
ently very elongated, wrinkled, curled, and brittle leaves (Franck et al. 1995).

In the present study, 34% of the clones had hyperhydrated shoots (Fig. 5.6),
ranging from none to 50% of the shoots. On clonal level, high proportion (50%)
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of hyperhydrated shoots was present for two clones, one among the clones with
a high multiplication rate (clone 54-616-783; Fig. 5.6(a)) and the other with a low
multiplication rate (clone 55-875; Fig. 5.7). A moderate proportion (14%—25%) of
the hyperhydrated shoots was present for 15 out of 50 clones. At clonal level, the
number of hyperhydrated shoots demonstrated no relationship (both p > 0.05) to
the length of the main stem and number of lateral shoots. However, a positive rela-
tionship (p < 0.001, regression coefficient 0.56 + 0.04) exists between the number
of hyperhydrated shoots and the total multiplication rate. When examining diffe-
rent media contents, the number of hyperhydrated shoots showed a positive re-
lation with all shoot growth parameters: the length of the main stem (p < 0.001,
regression coefficient 0.77 £ 0.07), the number (p < 0.001, regression coefficient
3.11 £ 0.07), and length of the lateral shoots (p < 0.001, regression coefficient
0.98 £ 0.21). Consequently, a significant relation (p < 0.001, regression coefficient
0.44 + 0.02) between the number of hyperhydrated shoots and the total multipli-
cation rate exists. These results agree with the study conducted by Gaspar (1991),
who reported that hyperhydricity is related to intensive multiplication, i.e. frequent
subcultures with a high rate of regeneration, but is not affected by the physiological
conditions of the mother-tree at the time of the explant collection.

Hyperhydricity is related to the particular conditions of the in vitro culture
and results from the inability of the shoots to adapt normally to the reactions cau-
sed by stress factors, e.g. wounding, high ionic strength, and inappropriate lighting
and temperature (Kevers et al. 2004). Within all studied groups, the treatments
with zeatin had a lower mean proportion of hyperhydrated shoots (ranging from
2.4%—-23.4%) than the treatment with BAP (ranging from 11.1%—-31.8%). Still, a high
proportion of hyperhydrated shoots was also present for zeatin at a concentration
of 0.5 mg L}, i.e. for treatment that resulted in the highest multiplication rate.

The studied low-density silver birch clonal plantation had 84.4% survival at
the age of 40 years. The mean (+ standard deviation) height and DBH of trees was
26.2+2.2m and 27.7 £ 5.6 cm, respectively. The total standing stemwood volu-
me of the plantation was 210 m?® ha™, and the mean annual stemwood increment
was 5.25 m3 ha™ year™. Accordingly, MV was estimated ca. 9,600 EUR ha™, mainly
contributed by the logs of smaller, medium, and large dimensions (44%, 25%, and
21%, respectively).

The estimated H? and CV, differed among the variables (Table 5.6). The hig-
hest heritability was estimated for branch angle, mean projection of crown (MPC),
branchiness, and stem straightness (0.40 < H* £ 0.29, respectively), while the lowest
heritability was estimated for survival, probability of spike knots and cracks (< 0.08).
Intermediate H? = 0.16 for MV was similar to commonly reported tree height, height
of the lowest living branch, and DBH (0.14, 0.14, and 0.21. respectively). The CV, of
the quantitative variables ranged from 3.2% to 21.8% for tree height and MV, res-
pectively (Table 5.6). For DBH and height of the lowest living branch, intermediate
genotypic variation (ca. 9%) around the phenotypic mean was estimated, while it
was higher for branch angle and MPC at 14.8% and 19.2%, respectively.
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Table 5.6

Statistics, coefficients of heritability (H?), and genotypic variation (CV,, %) of the morphometric variables (traits),
and monetary value of 40-year-old grafted birch plus-trees from the low-density plantation
The monetary value of stemwood was calculated considering stem quality

Genotypic coefficient

Indicator Mean Min Max Zfaav?:t?g: H;Z'iaggmgc;sf:::g?t of variation
- CV, * Standard error, %
Quantitative variables
Stem diameter at breast height, cm 27.7 14.2 45.8 5.6 0.21 £0.06 95+1.5
Tree height, m 26.2 15.3 31.6 2.2 0.14 £ 0.05 3.2+05
Height of the lowest living branch, m 11.2 1.8 18.0 2.7 0.14 £ 0.05 93114
Branch angle, ° 43.2 15.0 80.0 10.4 0.40 £0.08 14.8+2.3
Mean projection of crown, m 2.9 1.1 6.3 0.8 0.39£0.08 19.2+3.0
Monetary value of stemwood, Euro 28.2 3.7 95.4 14.6 0.16 £ 0.05 21.8+3.4
Qualitative variables
Survival, % of trees * 84.4 59.6 100.0 - 0.08 £0.03 -
Spike knot, % of trees * 23.2 5.2 42.8 - 0.02 £0.02 -
Double tops, % of trees * 34.9 6.0 75.1 - 0.14 + 0.05 -
Stem straightness, score * 3.2 2.5 4.7 - 0.29 £ 0.07 -
Branchiness, score * 3.3 2.5 5.3 - 0.33+0.08 -
Stem cracks, % of trees * 24.9 0.0 50.3 - 0.08 +0.03 -

* Mean values for clones.



Table 5.7

Genotypic correlations (standard errors by delta method in brackets) in the upper diagonal part and phenotypic clone mean
Pearson correlations (significant correlations with p < 0.05 in bold) in the lower diagonal part

5 ] e ° . g . 5 S5
£ 8% £ 55, @ & 5 £ 4 < g8
: T | gl C |5=¢g| = i~ < o £ 53 >3
Indicator -qC) % - c £ E o 5 5 P < S 55 8 g
0 c o g | ¥3z=0 & 3 S 4 g =) cB
= g8 Z T2 =3 a » k5 @ g 2%
w (Vp]
Tree height 1 0.65 0.02 0.14 0.43 0.03 |0.17(0.45) |-0.16 (0.25)/0.16 (0.25) |0.35(0.22) |0.79 (0.11)
(0.16) | (0.30) | (0.27) | (0.21) | (0.27)
Stem diameter at 0.63 1 0.11 | -0.56 | 0.23 0.35 -0.23(0.43) 0.44 (0.20)|0.79 (0.10) | 0.86 (0.07) | 0.93 (0.03)
breast height (0.29) | (0.19) | (0.23) | (0.23)
Stem cracks 0.03 | 0.10 1 |-0.11(*)| 0.08 | -0.68 |0.38(0.44)-0.60 (0.21)~0.30 (0.27)~0.20 (0.27) 0.47 (*)
(0.02) (0.20)
Height of the lowest | 0.17 | -0.51 0.07 1 0.29 -0.75 |0.90(0.37) |-0.76 (0.12)-0.85 (0.24)-0.77 (0.11)-0.32 (0.25)
living branch (0.23) | (0.13)
Branch angle 036 | 022 0.15 0.25 1 -0.37 |0.67 (0.31) -0.09 (0.23)~0.25 (0.07) 0.27 (0.22) | 0.29 (0.23)
(0.22)
Double tops 005 | 035 | -0.51 | -0.69 | -0.34 1 |-1.19(0.35) 0.78 (0.12) | 0.74 (0.13) | 0.60 (0.17) | -0.10 (*)
Spike knot 0.06 | -0.07 | 0.29 0.40 0.46 | -0.68 1 -0.47 (0.43)-0.64 (0.40)-0.35 (0.22)| 0.06 (0.48)
Stem straightness | -0.15 | 0.42 | -0.41 | -0.71 | -0.08 | 0.70 -0.15 1 0.87 (0.07) | 0.60 (0.14) | 0.12 (0.25)
Branchiness 0.19 0.79 -0.22 -0.78 -0.05 0.67 -0.26 0.82 1 0.93 (0.03) | 0.28 (0.28)
Mean projection of | 0.36 0.86 -0.15 | -0.71 0.26 0.56 -0.16 0.70 0.93 1 0.65 (0.14)
crown
Monetary value of 0.74 0.93 0.32 -0.30 0.28 0.14 0.03 0.14 0.54 0.66 1

stemwood

* Calculation stopped due to infinite likelihood.



The calculated H? (Table 5.6) implied potential for substantial improvement
of productivity and stem quality, hence yields of birch plantations by tree breeding
(Stener & Hedenberg 2003). Nevertheless, H? of the variables differed (Table 5.6),
implying unequal potential for the improvement of the traits (Falconer 1996). Branch
angle, branchiness, projection of crown, and stem straightness, which largely influ-
ence timber quality (Savill et al. 1997), were highly heritable and had intermediate
CV, (Table 5.6), implying potential for considerable improvement (Falconer 1996).
High CV, for MV (21.8%), indicated potential financial benefits from breeding.

The estimated genotypic correlations among the studied variables were
similar to phenotypic clone mean Pearson correlations (Table 5.7); the latter are
described. Correlations among tree height, DBH, and MV were high (r > 0.63); ne-
vertheless, DBH and MV (r > 0.66) correlated with MPC. Branchiness correlated
with DBH (r = 0.79), yet not with tree height (p- value = 0.41). Moderate to strong
(0.30< |r] <0.78) negative correlations were observed between height of the
lowest living branch and DBH, double tops, stem straightness, branchiness, and
MPC. Occurrence of double tops showed moderate to strong correlations with stem
straightness, branchiness, and MPC (r= 0.70, 0.67, and 0.56, respectively), but a
negative correlation (r = -0.68) with occurrence of spike knots. Mostly, weak and
non-significant correlations were observed between the occurrence of stem cracks
as well as branch angle and other variables.

The strong correlation between branchiness and DBH, MPC, and stem
straightness indicated possible negative effects on stem quality when selecting
fast growing trees with straight stems (Table 5.7). Additionally, height of the lowest
living branch had significant negative correlations with the same variables, sup-
porting the abovementioned consideration. Earlier studies reported a significant
moderate correlation between DBH and number of branches (Stener & Hedenberg
2003, Stener & Jansson 2005). Significant negative genotypic correlation between
productivity traits and stem straightness (r; ranging from —0.45 to -0.72) was noti-
ced in Sweden (Stener & Jansson 2005). However, other stem quality traits such as
spike knots, stem cracks, and double tops did not show significant relation to pro-
ductivity traits and MV, suggesting the possibility for simultaneous improvement
(Vihera-Aarnio & Velling 1999, Stener & Jansson 2005).

The heritability of survival was low (Table 5.6), suggesting the prevailing
effect of the micro-site conditions, as shown by L.-G. Stener and G.Jansson (2005)
for birch in Sweden. Environmental factors can strongly affect performance of the
species, masking the genetic effect and resulting in low heritability parameters
(Koski & Rousi 2005). The estimated genetic parameters (Table 5.6) might have
been already affected by the pre-selection of planting material (plus-trees) with
improved branching and stem properties, as a seed orchard was initially inten-
ded. Although the utilization of grafted silver birch is not a common practice in
commercial forestry, the trial provided information about genetic parameters at
middle age that has not been previously published. This might have caused some
imprecisions in genetic parameters due to uncontrolled rootstock x scion effect.
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Although the issue has been scarcely studied for forest trees (Jayawickrama et al.
1991), for loblolly pine, the rootstock x scion effect has been negligible compared
to the effects of clone and site factors (Jayawickrama et al. 1997). This was also
supported by good survival of grafts indicating compatibility between rootstock
and scions. The negative effect of cyclophysis due to different biological ages of
rootstock and scion (Olesen 1978, Greenwood & Hutchison 1993, Vihera-Aarnio &
Ryyndnen 1994, Wendling et al. 2014) appeared insubstantial, as indicated by the
productivity of the plantation. Similarly, a weak effect of cyclophysis on growth and
survival of vegetatively propagated silver birch has been shown in boreal conditi-
ons (Jones et al. 1996, Vihera-Aarnio & Velling 2001). Still, grafts might have lower
branchiness and branch thickness (Vihera-Aarnio & Ryynanen 1995).

The single-tree-plot design of the plantation might have also affected genetic
parameters of the traits, as the measurements from such plots are influenced by
competition among different genotypes (Vergara et al. 2004). However, low planting
density likely had postponed the onset of inter-tree competition, therefore reducing
exaggeration of the genotypic variance of growth traits (Malcolm & Worrell 2001,
Stener & Hedenberg 2003, Stener & Jansson 2005). Hence, the estimated H> and CV,
were somewhat lower than reported in earlier studies, in which H? ranged 0.07-0.56
for tree height, and 0.11-0.59 for DBH, while CV,, for the respective traits has been
reported to range between 5 and 14, and between 9 and 21, respectively (Malcolm &
Worrell 2001, Stener & Hedenberg 2003, Stener & Jansson 2005). Still, heritability of
height and DBH varies widely among different trials (Stener & Jansson 2005). Consi-
dering varying genetic control of the studied traits, H* and CV, of MV were interme-
diate (0.16 and 21.8), as similarly observed in Sweden (Stener & Hedenberg 2003).

For silver birch, genetic gains of around 10% for height and 20% for DBH of
the top 10% clones at the age of 7-11 years are reported (Stener & Hedenberg
2003, Stener & Jansson 2005), while corresponding realized gains in our study site
at the moment of possible final-harvest was around 17 and 5 times lower, respec-
tively. For each variable, selection of top three clones resulted in 3.8%, 0.6%, and
2.7% genetic gain for DBH, tree height, and MV, respectively. This may imply weak
age-age correlations, as well as reflect lower heritability and high variability due
to strong environmental effects. However, earlier measurements from the studied
trial were not available for comparison.

The studied plantation appeared ready for the final harvest already at the
age of 40 years. Higher productivity (up to 8.90 m® ha™* year™ (Oikarinen 1983) vs.
5.25 m® ha year?in studied trial) and good stem quality might be achieved in con-
ventional plantations with higher planting densities (Niemisté 1995a), although inc-
reasing planting distance does not influence the height growth (Niemisté 1995b).
Nevertheless, decreased competition and application of the pre-selected plan-
ting material apparently improved the assortment structure of the studied birch,
shifting its distribution towards the higher value, thus suggesting efficiency of the
low-density clonal plantation for the production of solid wood and possible further
economic improvement in a low-density short-rotation plantation. Together with
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selected planting material, reduced establishment costs with wider spacing might
be a strong driving factor for choosing lower planting densities. Increased value
does not only result from increases in volume production, but also from improved
stem quality leading to more valuable logs (Moore et al. 2018). Besides, breeding
effect on productivity might not fully express in dense stands, since birch maintain
vigorous growth when presented with low within-stand competition (Hynynen et
al. 2010).

For practical application of using superior vegetatively propagated clones,
there is no specific regulation in Latvia. Planting of clones or mixtures of clones is
allowed without specific restrictions. Vegetative propagation is regulated, similar
to most EU countries. Only forest reproductive material from categories “selected”,
“gualified” and “tested” shall be allowed to be vegetatively propagated. For clones
and mixture of clones in the category “qualified”, the maximum amount of propa-
gation (number of offspring or ramets) is 1 million grown plants. Material of the
category “tested” has no restrictions on the amount of propagation.

5.3 Profitability of utilizing genetically improved silver birch
(VI and VII publication)

Results of silver birch breeding profitability analysis reveal that NPV of tree
breeding costs are highest in VEG alternative, followed by GEN (60% of VEG costs)
and FEN (40%). Genetic gain of FEN alternative is approximately 79% of the other
alternatives that is according to theory (Falconer & Mackay 2004) and reflects incre-
ased precision of selection, based on progeny testing. In the current situation (pri-
ces and costs of the year 2010, on average a bit below 500 ha year™ birch planting
used, predictions of genetic gain for height and diameter 14% for FEN and 18% for
VEG and GEN, targeted and traditional silviculture applied in equal proportions of
area) highest differential benefit is achieved with VEG alternative, followed by GEN
and FEN (Fig. ).

Results reveal that superiority of selection based on clonal testing (VEG) re-
mains across the range of genetic gain levels, that exceed 10%, and is increasing in
absolute value, as higher the genetic gain is. It is in line with conclusions of Stener
and Jansson (2005) that also noted superiority of vegetative (clonal) testing.

Figures of genetic gain used in this study are in line with other published
estimates: at the age of 10 years, 10% gain in height and 18% in diameter has been
found for silver birch (Stener & Jansson 2005). Other studies report no notable di-
fference in genetic gain at the age of 10 and 20-36 years, the absolute value being
29% for yield (Hagqvist & Hahl 1998) that would roughly correspond with 14% inc-
rease in height and diameter. Genetic gain 10-25% at age 21-32 years are estima-
ted (for height) and 20% predicted for yield at mature age for Scots pine (Stahl &
Jansson 2002, Andersson et al. 2006, Jansson 2007) for the first breeding cycle. Con-
siderable decrease in genetic variation have been found between wild population
and selected plus trees, but the next steps of selection, based on progeny testing
corresponds to only marginal changes in genetic variation (Bouffier et al. 2008).
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Figure 5.10 Comparison of differential benefits for breeding alternatives in EUR,
adjusted to the 2023 price index

Bars indicate values based on the average roundwood assortment price; whiskers
represent the minimum and maximum roundwood assortment prices during the
evaluated period (2006— 2010). Breeding effects for height and diameter were 14% for
the FEN alternative and 18% for the VEG and GEN alternatives, assuming targeted and
traditional forestry were applied in equal proportions of the area

Therefore, it can be assumed that the possibility of further improvement in next
breeding cycle remains the same as in the first one.

Value of differential benefits is influenced not only by genetic gain, but also
by annual planting area and fluctuation in assortment prices (Figs. and ).

Annual planting area has a profound effect on value of differential benefits:
as it increases from 500 ha year™, planted during the last decade on average, up to
5,000 ha year™ the differential benefits increases by 60% on average, ranging from
25% to more than doubling. It is related to constant costs involved in equation —the
more the area increases, the lower are the costs of seed orchard establishment and
maintenance per one hectare planted with material grown from selected seeds.
Tight link between economic value of tree breeding process and the size of the
area, where selected forest reproductive material is utilized, is also noted by other
authors (Ledig & Porterfield 1982).

Fluctuation of wood prices has remarkable influence on the value of diffe-
rential benefits: difference between the lowest and highest estimate for the same
alternative and annual area of planting varies 2.4-5.0 times. That indicates the
importance of selection of proper final harvest time, based on market conditions
in order to reap highest benefits from the use of selected material in forest re-
generation. Results also demonstrate that rather conservative genetic gain esti-
mate ensures positive differential benefits from tree breeding and use of selected
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Figure 5.11 Influence of silvicultural system applied on the differential benefits
from forestry in the year of high (2007) and low (2009) wood prices, in EUR,
adjusted to the 2023 price index:

2007 traditional 2007 targeted - 2009 traditional - 2009 targeted
Genetic gain for height and diameter 14% for FEN and 18% for VEG and GEN alternatives

1,800
1,600 I
1,400 I
1,200 I
1,000
800
600 - I Z I

400

Net wood value, EUR ha™!

200 =

0
direct DHB H DBH-L H-L direct DHB H DBH-L H-L

low (2014) high (2018)

Figure 5.12 Net wood value of the thinning at the age of 14 years, based on low or high
timber prices and selection of 10% best or worst (-L) families either directly (by value) or
indirectly (by DBH or by height at the age of 10 years)
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material, even with the least beneficial alternative and in years with the lowest wood
prices.

Silvicultural system has a notable influence on stand parameters. Results
demonstrate that stands with “targeted” management regime, involving only
one commercial thinning ensures notably higher differential benefits than stands
with “traditional” one regardless of selection alternative or wood price conditions
(Fig. ). Main cause of it is faster diameter increment in “targeted” manage-
ment, providing opportunity to shorten rotation period as well as to obtain higher
proportion of most valuable assortments. In the study we were not able to address
aspects of genotype-silvicultural system (like initial spacing, intensity of pre-com-
mercial thinning etc.). Only few studies of this aspect have been carried out in the
region based on very limited Scots pine material. They indicate that genotype — ini-
tial spacing interaction might have a practical importance (Persson 1994, Roth et al.
2007). Selection of assortments in our study is based only on dimensions, and quali-
ty is not considered. However, studies demonstrate that up to 90% of proportion of
veneer logs from tree is determined by branch quality (Hagqvist 2001). Genetics is
even more important than the silviculture in determining quality traits of birch, like
natural pruning (Zalitis & Zalitis 2002), branch diameter and angle (Hagqvist & Hahl
1998), wood quality (Koski & Rousi 2005). Genetics has significant effect even on
slenderness of trees (Kroon et al. 2008). Therefore, increased quality and proportion
of the most valuable assortments could be an important part of differential benefit
from use of selected material and shall be addressed in further studies, as soon as
there is sufficient data from National Forest Inventory and older birch trials. Avera-
ge proportion of elite-grade logs could be determined also by equations, developed
by P. Zalitis and colleagues (Zalttis et al. 2002), but it does not allow to consider the
additional gain from quality improvement. Constant proportional advantage, ad-
ding the genetic gain to parameters of unimproved stand at any age, is used in our
study. However, genetic gain could be different at different age, and thinning regi-
me could be optimized to reap highest benefits from the use of selected material.

Considering the above mentioned — thinning regime not optimized, quality
traits not estimated and elite veneer assortment not assessed — as well as proba-
bility, that no extra cleanings might be needed for planted stand in comparison to
naturally regenerated. It can be stated that the results of our study are close to the
lowest limit of estimates of differential benefits from the use of selected material.

Interest rate used in the study — 3% — might seem rather low, but it is in line
with values usually used in economic analysis in forestry (Pesonen & Hirveld 1992,
Pentinten 1999).

In the trial, studied for effect of breeding on income at first commercial thin-
ning, the mean DBH and tree height (+ confidence interval) at the age of 14 years
was 9.1+0.2cm and 13.4+0.2m, respectively; standing volume (yield) was
91 £ 1.9 m® ha™*. Heritability for timber value and for the usual trait of selection
(DBH) was very similar (Table 5.2). However, the proportion of industrial timber
(sawlogs and pulpwood) was less heritable. Genetic gain values had a similar trend
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as the CV,. There were negligible differences in genetic gain from direct selection or
selection by DBH.

The estimated heritability (Table 5.2) implies a high potential for improve-
ment of DBH and timber value (Stener & Hedenberg 2003) by breeding. It was hig-
her than observed for birch in Norway (0.23; Skrgppa & Solvin, 2019) and in Sweden
(0.32; Stenner & Jansson 2005). The increased values of higher genetic gain might be
related to diverse population structures of birch in Latvia (Gailis et al. 2012), which
is a result of the post-glacial recolonization of vegetation in northern Europe. Accor-
dingly, a higher genetic diversity allowed obtaining a broader spectrum of phenoty-
pes, hence the intensive selection of the material was efficient (Palmé et al. 2002).

Table 5.8

Coefficients of heritability (h?), genetic variation (CV,) and genetic gain (GG_10%)
of progenies of plus-trees of silver birch plantation at the age of 14 years

Heritability Coefficients of | Genetic gain Genetic gain
Trait coefficients additive genetic GG_10% GG 10% DBH
h? + Standard errors| variation CV,, % direct -

DBH 0.49 £ 0.08 8.4 8.9 8.9
Proportion of 0.18 £0.07 3.7 1.7 1.6
industrial timber
Timber value 0.49 £ 0.08 22.7 26.9 26.3
(low prices)
Timber value 0.50 £ 0.075 20.0 22.9 22.5

(high prices)

The coefficients of additive genetic variation (CV,) ranged from 3.7% to 22.7%
for the proportion of industrial timber and timber value, respectively (Table 5.2).
The CV, for DBH was relatively low, which might be explained by the effect of stand
competition (Stenner & Jansson 2005, Egback et al. 2018, Zeltins et al. 2018), but
the higher coefficients for the timber value might be explained by the cumulative
effect of DBH and tree height. Nevertheless, the estimated genetic gain from the
10% top-performing families had a similar trend as the CV, and was similar to ot-
her studies. For instance, Stener and Jansson (2005) and Hagqvist and Hahl (1988)
found 18% and 11% gains for DBH when first-generation seeds were compared with
ordinary seed material at the age of 7 to 12 years. Such genetic gains from improved
material supports the reliability of genotypic selection and the effect of breeding
(zeltins et al. 2018).

For the trees subjected to thinning, the DBH and height were 8.0 + 0.3 cm and
13.0 £ 0.4 m, respectively. The remaining trees had a mean DBH of 10.0 £ 0.3 cm
and height of 10.0 £ 0.4 m. The volume of harvested industrial timber on average
was 28.0 £ 0.8 m* ha™.

Income from the thinning differed greatly with fluctuations of timber mar-
ket: with low timber prices, it was 1,275+ 29 EUR ha™ on average; with high,
1,863 + 33 EUR ha (Table 5.9). Similar differences were observed with NWV
(Fig. ): the top-performing families reached 1,424 + 86 EUR ha™ with high tim-
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ber prices, and 616 + 39 EUR ha™ with low prices; corresponding mean figures in
an open-pollinated plus-tree progeny trial were statistically significantly lower:
1,030 + 25 EUR ha*and 426 + 11 EUR ha™, respectively. Selected (best performing)
families had a positive NPVs (with a 3% discount rate) from 370 to 741 EUR ha™.
Moreover, for the best-performing families, NPVs at a high timber price and low
discount rate were 50% higher compared with the trial mean; at a low timber price,
the improvements were 35%. This could, at least in part, be attributed to low estab-
lishment costs: good quality planting material ensured a need for only one tending.
Compared to conventional stands of Scots pine in Sweden (Ahtikoski et al. 2018),
the estimated NPV of the top-performing families of silver birch at the age of 14
was high: 2,305 and 1,488 EUR ha™, with high and low timber prices, respectively.
It indicates high potential for the application of improved reproductive material
of birch in commercial forestry with the possibility of early return on investments.
Simonsen et al. (2010) and Jansson et al. (2017) indicates that genetically improved
material significantly increases tree growth with lower investment costs. However,
Jansson et al. (2017) indicated that, with 5.3% IRR, the income is still low due to
increasing establishment and harvesting costs, which might not be met by the im-
proved growth rates.

Table 5.9

The economic indicators of the selected trees of the silver birch trial
at the first thinning at the age of 14 years

Bottom 10%
families

WYy, NPV IRR, NPV IRR, NPV IRR,
EURha™ | 3% | 5% | % | 3% | 5% | % | 3% | 5% | %
High (2018) 1,863+33| 741 | 451 | 8.1 |1,484|1,018| 9.4 | 106 | —=33 | 45
Low (2014) 1,275+29| 370 | 171 | 6.7 780 | 484 8.3 -7 |-117| 2.9
Abbreviations: WV — total value of the harvested timber.

Trial mean Top 10% families

Timber price

In Latvia, the establishment and management costs would not increase as
fast as in Sweden, due to the parity of the costs. Estimated IRR for the mean and
top-performing families resulted in good profitability even when timber price is
low; the values ranged from 6.7% to 8.3% (Table 5.9), thus exceeding those of na-
turally regenerating stands (Jansson et al. 2017). IRR for the worst-performing fa-
milies reached 2.9% in an unfavourable timber market, and 4.5% in a favourable
one. Overall, these values might be lower if lower planting density is used, due to
smaller harvested volume. Similarly, the value would be reduced with an even ear-
lier thinning, aiming to improve the growth of the remaining birch. Thus, additional
calculations using growth models would be useful to optimize the planting density.
The main value of this study is to demonstrate the practical gain obtained from an
actual, large (23.1 ha) thinning area at an early age, and the actual value added by
the tree breeding.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The efficient selection of high-value and climate-adapted birch genotypes
can be achieved in the designated Eastern provenance region, characterized
by higher genetic variability (heritability) for evaluated phenotypic traits and
higher productivity. Maintaining the delineated birch provenance regions is
advisable, as progeny test analysis confirms differences in growth-related
traits between these regions.

Birch breeding can significantly enhance growth rate and stem quality, as
evidenced by high heritability coefficients for tree height, diameter, and
stem volume (mean h?=0.43), as well as for traits characterizing branching
and stem straightness (mean h? = 0.32) in young stands. Similar results were
observed for traits corresponding to final harvest criteria (mean H>=0.18
and H?=0.31, respectively). Low genotype x environment interaction
effects and high genetic correlations among trials for most traits indicate the
generalizability of these results.

It is possible to achieve high breeding efficiency for both growth and stem
guality (branching) traits simultaneously, supported by relatively high genetic
variation (mean CV, = 13.0% and CV, = 6.8% in young stands and CV, = 6.4%
and CV, = 14.3% in older stands, respectively) and weak genetic correlation
between these trait groups.

Selecting the top 10% of families using various breeding indices at the first
thinning stage results in a 27%—60% higher value of obtainable timber and,
depending on wood price, an increase in the internal rate of return on
investments in stand establishment and management by 16—23 percentage
points. Birch genetic traits significantly influence the financial value of birch
stands, both at the first thinning and final harvest stages.

The success of propagating specific clones is influenced by the composition
of the growth medium.

The differential benefit of implementing the second cycle of birch breeding
is positive if a 3% real interest rate is applied to investments in breeding,
seed orchard management, and forest planting. This benefit increases
proportionally with the practical implementation of breeding outcomes, i.e.,
the annual area planted.
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Recommendations

It is recommended to increase the proportion of purposefully regenerated
silver birch stands, particularly in areas with growth conditions suitable for high-
yielding forest stands. This approach ensures higher financial returns on invest-
ments in forest breeding and more efficient use of forest land. In addition to en-
hancing stand productivity, it is advisable to use vegetatively propagated planting
material from the forest reproductive material category “tested”.

The implementation of the second breeding cycle should follow a family-
clonal selection scheme, with the final evaluation of progeny tests conducted at
the age of 10 years. To enable accurate assessment of traits affecting stem quality,
the trials should be established under the most homogeneous conditions possible.

It is recommended to include a higher proportion of genotypes from the
Eastern provenance region in the breeding population and to incorporate birch
genotypes from northern Poland (53-54° N latitude) to improve adaptive traits.
The use of birch reproductive material originating north of Latvia or south of 53° N
latitude for forest regeneration is not permissible without specific trials evaluating
the growth and quality of the material under local conditions.

The plus trees (61) selected from progeny trials within this doctoral thesis
are recommended for use as clones in seed orchards to produce “tested” forest
reproductive material.

It is further recommended to utilize the vegetative propagation technology
developed in this doctoral thesis, along with the selected silver birch clones, for
producing planting material.
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ABSTRACT

Plant production and planting of silver birch is gradually increasing in Latvia. It comes
with the recognition on the potential to improve the growth and quality of next
generation of birch stands while using the improved (selected) material (seeds for plant
production mainly from seed orchard). In very fertile sites with fast over-growth of
clear-cut with dense vegetation, planting also helps to ensure successful and fast forest
regeneration. Planting is a significant investment, thus forest owners are interested to
maximize the profit from it. It includes both ensuring the highest possible productivity
as well as minimizing the risks, mainly — wind damage probability. Therefore aim of
our study is to assess the transferred silver birch provenances for potential use in tree
breeding.

Trial, established in central part of Latvia (56°N), includes provenances from region
north and south of our country: Finland and Poland, respectively, latitudes 51°to 61°N.
Initial spacing 2x1.2m, no thinning carried out before the measurement at the age of 37
years. Material from altogether 16 provenances planted in 24 tree block plots in 6
replications.

Statistically significant influence of provenance on tree height, yield and height of the
mass point were detected. Largest height was reached by birch provenances from Latvia
(18.2+£0.5m), slightly lower- from Poland (15.840.7m) and lowest — from Finland
(14.7£1.4m). Differences in yield between provenances from these countries followed
the same trend both when the actual survival was considered as well as when 90%
survival was assumed. Mass centre was higher for provenances from Latvia, however,
the actual wind damage risk might be lower, since faster growth ensured shorter period
until the final harvest, set by target diameter.

Key words: productivity, growth model, mass point, risk

INTRODUCTION

Birch (mostly silver birch) is increasingly more common in forests of northern Europe,
mainly due to is natural regeneration after the clear-cuts with absence other
management and/or changes in agricultural practice, leading to abandonment of
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marginal farmlands and following afforestation. This afforestation had happened in
rather large scale, e.g. in Latvia alone during the last two decades forest land area had
increase by c.a. 1% [1]. Birch is used for pulp and energy production, however, the
assortment generating high income forest owner is plywood. If logs of such quality are
ensured, owner generate higher profit from its birch stand than from other broadleaved
tree stands in comparable situation or than from birch stands with management targeted
for lower quality, but higher volume birch wood production [12]. Share of saw-logs can
be increased to 17-25% already at the second commercial thinning, if stands are planted
with selected (improved) plants [6]. Notable, genetically determined differences in stem
monetary value has been found also at the stage of final harvest (set by target diameter
at the age of 40 years) in clonal birch trial in Latvia. It demonstrates in practice the
opportunity for the owner to minimize risks (due to shorter rotation period) as well as
increase the income while applying tree breeding results [14]. In turn, breeding of birch
had been proven as income generating activity (both from the owner and at the state
perspective) if its results are sufficiently used: 30-40% of the annual clearcut areas in
birch stands regenerated by planting of selected material [5]. Currently, this is not the
case in Latvia or other neighbouring countries, thus information (like publications) in
the genetically determined differences between provenances, families or clones are
important to educate the forest owners. Provenance level differences might be of
importance in consideration of regeneration (or afforestation) method. The greatest (or
most visible) of them are in quality traits: most common defect of birch being crooked
stems (11%-14% of trees, as reported in the study in Finland) and forking (13%- 23% of
trees) [11]. Large within-stand genetic variation, commonly found in the studies of
wind-pollinated forest trees [15], does not exclude the pronounced stem quality
differences even within so comparatively small area as Latvia. Genetically determined
differences were also found in the occurrence of damages, caused by biotic factors at
young age [13]. Repeated browsing damages of top-shoot can substantially reduce tree
growth [10]. Such impact is becoming present also in birch stands in areas with notably
increasing browsing pressure and can’t be reduced with selection of provenances.
Similarly, impact of forest fires that are linked to management activities even in rather
remote sites [7] depends on meteorology and trees age, rather than genetics. Other traits,
like drought resistance, have shown a notable differences among far distant
provenances, thus the improvement is possible. Altered precipitation regime, as
predicted in Baltic States due to climate change in future, might have a negative impact
on growth of birch on fertile mineral soils [8]. Effect is not so pronounced, however,
would not allow birch stands to achieve highest possible productivity, unless the proper
genotypes are selected. Selection needs to be combined with the appropriate
silviculture. In Finland, in order to achieve high outcome of sawlogs, comparably low
initial density of the stands are recommended (ensuring long green crown) and rather
intensive thinnings: first, when dominant height reaches 13-15m, leaving 700-
800 trees ha! and second c.a. 15 years later, leaving 350-400 trees ha™! [4, 2]. Such
approach would also higher individual tree wind stability, important, when the stands
exceed roughly 10 m height [9]. However, even higher stability can be achieved with
sparser initial density and no commercial thinning, minimizing the time to achieve
target diameter of trees for final harvest [14, 3]. High productivity of birch stands are
important also to ensure steady flow of timber supply for the wood processing industry.
According to data of National forest inventory, there is a notable gap in areas of birch
stand after 30-40 years in Latvia. This impact can be minimized with intensive
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silviculture, leading to fast-growing stands, that includes also selection and use of
appropriate reproductive material. Therefore aim of our study is to assess the transferred
silver birch provenances for potential use in tree breeding.

MATERIAL AND METHODS

Provenance trial had been established in central part of Latvia with initial spacing
2x1.2m and measured at the age of 37 years. Altogether 16 provenances (Fig.1) from
the neighbouring areas (latitude 51°-61°) were used, experimental design — 24 tree
block plots in 6 replications. No thinning carried out before the measurements. Height
and DBH was measured for every tree and used to calculate stem volume, basal area
and yield. Presence of spike knots or double tops (counted as one stem defect) was
assessed. The growth in trial overall was rather poor due to unfertile mineral soil, with
low site index for birch. It corresponded to that at the age of 27 years on average in
birch stands in Latvia in accordance to National forest inventory data. Due to this and
lack of thinning, growth model, developed at LSFRI Silava by J. Donis and G Snepsts
was used to assess the development of the stands, formed by groups of provenances
from different countries (input data — Table 1). Age to reach a target diameter (25 cm)
was assessed.

Figure 1. Provenances (dots) represented in the trial in central part of Latvia (open
circle)
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Table 1. Forest inventory parameters of the groups of birch provenances from different
countries

Group of Actual Highest (max)
provenances | density, | height, | diameter, | density, height, diameter,
from trees ha! | m cm treesha! | m cm
Latvia (LV) 2064 17.9 13.0 521 222 17.0
Finland (FIN) 669 14.2 9.5 521 15.1 10.0
Poland (PL) 1691 15.4 10.0 521 20.7 15.0

Actual — measured forest inventory parameters; highest — parameters of the highest
trees, corresponding to given stand density (521 trees ha'). Diameter — diameter at
breast height.

Ten sample trees, representing the range of breast height diameters in the site, were cut,
and data on branch and stem biomass obtained by 1m section. These data were used to
calculate the height of the mass centre of the trees.

RESULTS AND DISSCUSION

Provenance was a significant factor affecting survival; for specific provenances survival
ranged from 11% to 63% and it was lowest for birched from Finland (on average 16%),
higher for birches from Poland (42%) and highest from local birches (50%). Provenance
was also a significant factor, affecting height (Fig. 2), breast height diameter and,
consequently, stem volume of birches. Correlation between mean height of the
provenances at the age of 5 years (earlier measurements) and 37 years was statistically
significant (r=0.78).

Figure 2. Height for the groups of provenances in trial in comparison to the parameters
in birch stands in Latvia on average (National forest inventory — NFI — data)
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Standing volume ranged from 24 m>ha! to 405 m*ha! and was on average 204 m>ha™'.
Calculations estimating even survival for all provenances reveal similar trend, than
based on actual survival — largest standing volume was for local (Latvian) birch, lower —
for birch from Poland, and lowest — from Finland. Top-ranking provenances based both
on height (Fig. 3) and breast height diameter were from Latvia, however, there was
large variation in the traits and potential to select some birches from Poland, that could
reach similar growth, than the local provenances. Thus the material from similar stage
of breeding (seed orchard progenies or clones) could be further tested to find genotypes
with superior performance in current (in Latvia) and slightly warmer (as currently in
Poland) conditions. Birches from Finland were heavily outperformed and testing only
for superior genotypes (e.g. very fast growing clone) could be justified.

Provenance No corresponds to the number in the Figure 1

Figure 3. Mean height of the provenances in trial

Rather small differences in the height and diameter at the measurement age corresponds
to large differences in time, when the target diameter can be reached (Tab. 2). In sparser
stand (521 trees ha'') assuming the best growth and good conditions for silver birch in
Latvia (age 27, highest), this diameter can be reached as early as at the age of 48 years.
It is close to the values actually found in Latvia in sparse clonal plantation of birch [14],
where the mean diameter exceeded 28 cm at the age of 40 years, but also the density
was lower (initial: 400 trees ha'). Under similar input parameters in the model Polish
birch provenances would reach the target diameter at the age of 57 years and have a
similar yield than the Latvian provenances 10 years earlier (272 m*ha™! and 263 m>ha™!,
respectively). Thus, the potential growth for birches from Poland is slightly lower than
that of local provenances. Birches from Finland in any of the analysed combination of
the parameters cannot reach the target diameter earlier than at the age of 100 years that
is significantly later than the cutting age set in legislation in Latvia (71 year). In the
actual conditions target diameter cannot be reached before the cutting age; assuming
better growing conditions and actual stand data — only local provenance, where in case
thinning is carried out, can reach the intended target diameter at the age of 67 years.
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Commercial thinning had significant impact, boosting diameter increment in the trial in
accordance to the model (Fig. 1). However it might be overestimated due to high
density and thus reduced length of green crown in the stand. Birch provenances from
Poland and Finland did not reach the basal area required for commercial thinning, thus
it was not planned.

Table 2. Age when target diameter (25 cm) will reached for different groups of
provenances

Group of Age
provenances from | Data 27 37
Latvia (LV) actual 91| 127
Latvia (LV) actual*® 67 94
Finland (FIN) actual 111 | 157
Poland (PL) actual 127 | 167
Latvia (LV) highest 48 67
Finland (FIN) highest 100 | 143
Poland (PL) highest 57 81

*commercial thinning carried out; other abbreviations in accordance to Table 1

Dotted line — of commercial thinning implemented; other abbreviations in accordance to
Table 1

Figure 3. Modelled development of breast height diameter for different provenances

Mass centre was higher for provenances from Latvia due to faster tree growth, since its
relative height in relation to tree height was quite stable. It can lead to higher wind
damage risk for Latvian birch due to similar rotation periods for provenances from
different countries (except for modelled growth on good growing conditions for birch).
Further studies needs to be carried out for detailed evaluate this effect.

Provenance was not a significant factor affecting the occurrence of spike knots.
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CONCLUSION

Provenance trials are important source of information on long-term performance of
transferred forest reproductive material. Ongoing climate change increases the
importance to evaluate growth of the genotypes form conditions wormer than currently
in the location of interest to assess, if material, growing well in the current and predicted
future conditions could be selected. Such selection can be for direct use or inclusion in
controlled crossings in tree breeding program.

Provenances from Finland demonstrated inferior growth and thus could not be
recommended for further evaluation and potential use in Latvia. Provenances from
Northern part of Poland (latitude 53-54°N) demonstrated slower growth than the best
performing Latvian provenances but exceeded worst local provenances; thus material
from this region can be used in further testing and potential inclusion in tree breeding
program, if better adaptation to the climatic conditions predicted in Latvia in future can
be found.

Target diameter of 25 cm can be reached as early as at the age of 48 years in sparser
stand assuming the best growth and good conditions for silver birch in Latvia. Under
similar scenario Polish birch provenances would reach the target diameter at the age of
57 years and have a similar yield than the Latvian provenances 10 years earlier
(272 m*ha! and 263 m’ha’!, respectively). Thus, the potential growth for birches from
Poland is slightly lower than that of local provenances. Birches from Finland in any of
the analysed combination of the parameters cannot reach the target diameter earlier than
at the age of 100 years that is significantly later than the cutting age set in legislation in
Latvia (71 year). In the actual conditions target diameter cannot be reached before the
cutting age; this prolongs the time, when relative faster growing trees (local
provenances) can be affected by the wind-storm.
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*  Growth and stem quality traits were under strong genetic control.

*  Weak genetic correlations between tree growth and stem quality were found.

»  Strong age-age and type-B correlations suggest robust improvement over time and different
environments.

*  Simultaneous improvement of growth and stem quality might be applicable.

Genetic parameters of growth and stem quality traits were estimated for open-pollinated silver
birch Betula pendula Roth progenies in Latvia at the age of 10 and 14 years. Tree height and
stem volume were found to be under strong genetic control at both inventories (narrow-sense
heritabilities varied from 0.41 to 0.66). Mainly low heritabilities were found for stem defects,
yet genetic control of branch diameter, stem straightness and overall stem quality varied from
low to high depending on study site. High additive genetic coefficient of variation was found for
stem volume (25.3-32.5%). Genetic correlations among growth traits were strong and positive
(0.90-0.99). Mainly weak genetic correlations between growth and quality traits implied simultane-
ous improvement. Still, strong negative correlations between branch angle and stem straightness
might result in enlarged knot size for straighter logs. The genetic age-age correlations were strong.
Weak genotype by environment interaction and stability of best genotypes over different sites was
indicated by strong genetic correlations between trials. Each growth or quality trait alone showed
substantial improvement in terms of estimated genetic gain (up to 62% over trial mean for stem
volume). Therefore, selection index combining both growth and stem quality may be developed.
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1 Introduction

In Latvia, comprehensive breeding of silver birch Betula pendula Roth was initiated in the middle
of 1990s. For basic breeding material, 921 plus-trees and superior stand trees were phenotypically
selected in 26 natural stands thorough the country, and their progeny tests were established in 1999
and 2000. Although breeding of coniferous species (Scots pine Pinus sylvestris L. and Norway
spruce Picea abies (L.) H. Karst.) has longer history in Latvia, silver birch as a commercially
important tree species is yet included in the long-term breeding program, aiming to develop seed
production and raise the financial value of forests (Jansons 2008).

In the Eastern Baltic region, breeding activities in combination with appropriate silviculture
(e.g. planting density) can result in highly productive silver birch stands for valuable plywood
production (Stener and Hedenberg 2003), as confirmed by a clonal birch plantation in Central
Latvia ready for harvest at the age of 40 years (Zeltins et al. 2018). The selection of genotypes must
be based on the growth traits and stem quality traits such as stem straightness, desirable branch
properties, and apical dominance (Stener and Hedenberg 2003). As indicated by mainly negligi-
ble genetic correlations between both types of traits (Koski and Rousi 2005; Stener and Jansson
2005), such simultaneous selection may be applicable. For plywood production, logs with no stem
defects such as crooks, forking, and with knots as few as possible are required (Donaldson and
Turner 2001; Herdjérvi 2001). For silver birch, growth traits have been reported to be mostly under
strong genetic control (Stener and Hedenberg 2003; Stener and Jansson 2005), yet rapid growth
not having strong negative effect on wood and stem properties (Dunham et al. 1999; Heréjérvi
2001; Herdjérvi 2004a and 2004b; Baliuckiené and Baliuckas 2006). In Scandinavia, heritability
for growth traits found to vary considerably from 0.07 to 0.56 up to the age of 10 years, largely
depending on planting site (Stener and Jansson 2005; Skreppa and Solvin 2019). Moderate /4°
(cf. Falconer and Mackay 1996) for growth traits (0.20-0.39) reported in Scottish and Lithuanian
studies (Malcolm and Worrell 2001; Baliuckiené and Baliuckas 2006). Genetic coefficients of vari-
ation (CV, and CV), indicating level of genetic variability, reported to range from 4.6 to 20.5% for
growth and from 9.8 to 15.1% for stem quality traits (Stener and Jansson 2005; Baliuckiené and
Baliuckas 2006). Early selection has been justified by moderate to strong age-age genetic correla-
tions for periods up to 17 years (Hagqvist and Hahl 1998; Stener and Hedenberg 2003; Stener and
Jansson 2005), yet general information about long-term time trends for genetic control is limited
(Stener and Hedenberg 2003).

In Fennoscandia, the silver birch breeding programs have resulted in substantial improve-
ments of productivity and stem quality, genetic gains reaching 5-30% (Hagqvist and Hahl 1998;
Rosvall et al. 2001; Jansson et al. 2017). In Latvia, the use of silver birch in plywood production,
accounting for ca. 9% of total forest sector export value (Central Statistical Bureau of Latvia 2016)
and being one of the leading branches of the wood processing industry (Liepins and Rieksts-Riek-
stins 2013) indicates the importance of birch breeding for the production of fast growing planting
stock with desirable quality traits. However, comprehensive analysis of silver birch quantitative
genetic parameters and potential genetic gains in the Eastern Baltic region is still lacking. There-
fore, the aim of the study was to estimate genetic parameters for growth and stem quality traits in
open-pollinated silver birch progeny trials at the age of 10 and 14 years.
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Table 1. Description of the studied open-pollinated Betula pendula progeny trails.

Name Latitude  Longitude  Altitude Planting No. of open-pollinated ~ No. of measured trees No. of
(m) year families assessed replications
age 10 age 14 age 10 age 14
Rembate 56°46'N  24°48'E 50 1999 637 637 46696 53032 3-5
Ukri 56°22'N 23°07°E 75 2000 639 657 9643 18371 10-93
Taurene 57°06'N  25°38'E 215 2000 612 621 11917 10964 10-77

2 Material and methods

For the progeny testing, the seeds were collected in years 1995-1998 from the plus-trees in 26
forest stands thorough the country (55°40°-58°05'N, 20°58'—-28°14E). Data were collected from
three extensive silver birch open-pollinated progeny trials Taurene (57°06'N, 25°38°E), Ukri
(56°22'N, 23°07°E), and Rembate (56°46'N, 24°48°E) (Table 1). In Ukri and Taurene, the field
design was randomized blocks with single-tree plots in 10-93 and 1077 replications, respectively,
with spacing 2 x 2.5 m. Rembate was planted in a randomized complete block design with 32-tree
four-row plots for each family in three to five replications with 2 x 2 m spacing (Table 1). The
trial Rembate was established in spring 1999, but the trails Ukri and Taurene — in spring 2000 on
former agricultural land with one-year-old containerized seedlings. All trials were characterized
with dry silty soils and mesotrophic conditions comparable to Oxalidosa according to the Latvian
forest typology (Buss 1981).

The mildest climate was in Ukri, where the mean annual temperature (MAT) was 6.4 °C,
the mean monthly temperature ranged from —4.4 °C to +17.4 °C in January and July, respectively;
the mean annual precipitation (PRECIP) was ca. 630 mm (Harris et al. 2014). In Rembate, the
MAT was 6.1 °C, the mean monthly temperature ranged from —5.0 °C to +17.4 °C; the PRECIP
was 618 mm. Taurene trial was located in more continental climate of eastern Latvia (Laivins
and Melecis 2003), where MAT was 5.1 °C, mean monthly temperature ranged from —6.3 °C to
+16.9 °C; PRECIP was 670 mm (Harris et al. 2014).

2.1 Data collection

In all trials, evaluation was done at the age of 10 and 14 years. For the first evaluation, measurements
from 68256 trees were available for analysis (9643, 11917, and 46 696 trees in Ukri, Taurene and
Rembate, respectively). For the second evaluation, 82367 trees were measured (18371, 10964,
and 53032 trees in Ukri, Taurene and Rembate respectively) (Table 1). During the first evalua-
tion, for each individual a) tree height (H), b) diameter of the largest branch until the stem height
of 2 m (BrD), and ¢) mean branch angle (BrA) was measured. Occurrence of spike knots (SpKn),
double leaders (Doubl) and lost top (LostTop) were recorded as binary variables (1 — present, 0 —
absent), and ordinal scores using 3-point-scale of stem straightness (StStr; bent, slightly bent, and
straight) and overall stem quality (StQual; poor, intermediate, and good) were assessed. At the age
of 14 years, H and diameter at breast height (DBH) were measured (except for Rembate, where
H was not measured). Afterwards, stem volume (V) was calculated according to Liepa (1996). In
trial Rembate, BrA was measured, but in Ukri and Taurene it was assessed using 3-point ordinal
score (1 — from 65° to 90°; 2 — from 45° to 60°; 3 — from 0° to 40°). Occurrence of SpKn, Doubl,
LostTop, and ordinal scores of StStr and StQual were assessed as described above.
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2.2 Statistical analysis

Variance and covariance components for continuous traits were estimated using SAS MIXED
procedure with the restricted maximum likelihood approach (REML) (Littel et al. 2006). Diag-
nostic plots were used to verify for normal distribution of residuals. For the binomial variables, a
generalised linear mixed models applying binomial residual distribution and a “logit” link function
were fitted. For the ordinal variables, ordinal logistic regression was fitted. The binary/categori-
cal traits were analysed using the Generalized Linear Mixed (GLIMMIX) procedure (Littell et al.
2006). Standard errors were calculated using Dickerson’s approximation (Dickerson 1969). For
a combined-site analysis of Ukri and Taurene, which had similar experimental design and set of
families, the following mixed model was used:

Yijkt = 1+ S; + B + Fi + SFjj + &jua , M

where yj; is the observation on the /th tree from the kth family in the jth block within the ith site;
w is the overall mean; S; and B; are the fixed effects of the ith site and the jth block within the ith
site, respectively. The Fj and SFy; are the random effects of the Ath family and interaction of the
ith site and the kth family, respectively, and & is the random residual effect. Preliminary analyses
indicated significant effect for the family-by-site interaction for studied traits.

For an individual site analysis of Ukri and Taurene, following model was used:

Ykt =u+B;+Fy+eju, 2)

where yj is the observation on the /th tree from the kth family in the jth block. For individual site
analysis of Rembate, the model was complemented with an effect of the block and family interac-
tion (a multiple-tree plot effect):

Yikl =+ B+ Fp + BFj + € 3)

where BFj; is a random interactive effect of the jth block and the kth family.

The estimates of narrow-sense individual-tree heritability (h?) were obtained for each trait
using the variance components from the individual and joint-site analysis described above (Falconer
and Mackay 1996). The individual-tree narrow-sense heritability in the joint-site analysis of Ukri
and Taurene was calculated as:

4><o”'%
W= (C))
6} +6% +62

where /2 is narrow-sense heritability, and oA'jzr ,6‘% and 62 are the estimated variance components
of family, family x site interaction and residual, respectively.
For an individual single-tree plot site, following formula was used:

4x 62
W= S )

&} +62

For a multiple-tree-plot design in Rembate, following formula was used:
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4x o"'}
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T52162 16
6% +6% +6%

where &;b is the estimated variance component of site x block interaction.
Additive genetic coefficient of variation (CV,) describing the extent of genetic variability
for the quantitative traits in each site (Falconer and Mackay 1996), was calculated as:

100

X

v, = 4&}

, (N
where X is the phenotypic mean.

Genetic correlations (type-A) between traits and age-age genetic correlations for each trait
were estimated using formula:

o =) ®
%0 %)

where oA'(Qx) and &(zy) are a) the estimated genotypic variances for traits x and y, or b) the same trait
variances at two different ages; and Cov(xy) is the estimated genotypic covariance between traits
x and y or between two measurements of the same trait.

The genotype X environment interaction (G x E) for studied traits was evaluated by estimat-
ing type-B genetic correlations (1) between two experiments (Bourdon 1977). Considering similar
experimental design and set of the same families, the type-B genetic correlation between Ukri and
Taurene was calculated as (Lu and Charrette 2008):

Cov(ala2)
BT sy
V(a1 * Ola2)

where Cov(ala2) is the covariance between genotypic effects of the same traits in different sites,
and &(Zal) and &(2“2) are genotypic variances for the same traits in each of the trails, respectively.
Both r and rg with their standard errors were estimated by multivariate REML using the MIXED
procedure of SAS (Piepho and Mohring 2011) extending univariate mixed models described above.

Breeding values were estimated for each trait to evaluate gain from selection of the best
families. We obtained general combining ability (GCA) values of parents by a Best Linear Unbiased
Predictors (BLUP) procedure in SAS using the analytical models defined above. Since parent can
only transmit half of its genes to its progeny (Falconer and Mackay 1996), breeding values (BV)
of families were calculated as double BLUPs. Since the linear predictors for the binary traits from
the generalized mixed models were calculated on a logit scale, predicted probabilities of stem
defects for families were estimated by applying the inverse of the link function (Littell et al. 1996).
Genetic gains, assuming the selection intensity of 10% (as commonly used in tree breeding practice
in Latvia), were estimated from BV as the percentage over the trial means.

©)
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3 Results

The survival was high at both measurement times in Rembate (>80%) and Ukri (>90%), yet
lower in Taurene (>60%). At the age of 10 years, the means for H in Taurene and Ukri were the
same (6.7 m), and other measured traits and proportion of trees with stem defects were similar.
In Rembate, H was lower (5.5 m), and proportion of trees with SpKn was ca. three times lower
than in the both other trials. At the age of 14 years, mean H was somewhat advanced ahead for
Ukri comparing to Taurene (12.3 m and 11.5 m, respectively), yet other traits were stably alike.
In Rembate, proportion of trees with SpKn had increased and was high (ca. 60%) and similar to
both other trials. In all trials, proportion of trees with SpKn and LostTop was rather high (>50%),
while only 6-12% of trees had Doubl.

The estimated narrow-sense heritability (%) varied among the variables, generally being
higher for growth traits than stem quality (Table 2). The highest 4? was estimated for H, DBH, V
(0.30-0.64), except low value (0.12) for DBH in Rembate. Similarly high 42 had StStr (0.35-0.45),
while StQual, BrD, and Doubl had generally lower values (0.04-0.35). Heritability for BrA varied
considerably (0.25-0.83) depending on site and year, but LostTop showed the overall lowest values
(0.02-0.12). The genetic coefficient of variation CV, for H ranged between 8.5 and 15.0% at age
of 10 years, while DBH showed ca. two times higher genetic variation in Ukri and Taurene (20.6
and 18.7%, respectively), yet being around the same in Rembate (9.3%) (Table 3). Rather high
CV, was estimated for V, ranging from 25.3 to 40.3% in Rembate and Ukri, respectively. Branch
angle showed low degree of genetic variation in all trials (3.7-6.4%) (Table 3).

The estimates of 7 among growth traits were similar and high in all studied trials (0.90-0.99)
(Table 4), yet having mainly low to moderate genetic correlations with stem quality traits (—0.10 <
r6 < 0.40). Branch angle had moderate to strong negative correlations with StStr and StQual (—0.67
< rg <—-0.45), which both strongly correlated with each other (0.83—0.84). Rather high positive
correlations between SpKn and Doubl (0.60-0.74) were found. Still, stem quality traits generally
had low to moderate genetic correlations with each other (Table 4). Genetic age-age correlations
for traits measured at both inventories were mostly strong (>0.78) in all trials. Estimated type-B
genetic correlations between Ukri and Taurene were high (0.78-0.97) for both growth and stem
quality traits (Table 2). Considering low /? values, age-age and type-B correlations for SpKn,
Doubl, and LostTop were not estimated.

For growth traits, selection of top 10% families resulted in GG% of 9.6-26.6% for H and
DBH, while reaching 25.3-61.6% for V. Similar to /° values, GG% were generally lower for stem
quality traits: 8.6-21.2% for StStr, 5.5-10.3% for StQual, 6.9-18.2% for BrD, 1.6-9.1% for BrA.
Estimated GG% for the stem defects (Doubl and LostTop) varied notably among the trials and
years, ranging from 5.2 to 58.3%.

Table 3. Genetic coefficients of variation for quantitative traits (C7}) in the stud-
ied open-pollinated Betula pendula progeny trials at the age of 10 and 14 years.

Trial Taurene Ukri Rembate

Age (years) 10 14 10 14 10 14
H 10.4 8.5 11.4 55 7.5 na
DBH na 18.7 na 103 na 4.7
v na 325 na 20.1 na na
BrD 16.2 na 12.6 na 43 na
BrA 4.4 na 4.7 na 32 1.9

H — height, DBH — diameter at breast height, V — stem volume, BrD — branch diameter,
BrA — branch angle.
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Table 4. Genetic correlations (standard errors in brackets) in combined Ukri and Taurene (the upper diagonal part) and

in Rembate (the lower diagonal part) open-pollinated Betula pendula progeny trials at the age of 14 years.

DBH \% SpKn Doubl LostTop StStr BrA StQual

H 0.92 (0.01) 0.94(0.01) 0.43(0.07) 0.23(0.07) 0.05(0.09) —0.10(0.05) 0.26 (0.06) 0.16 (0.06)
DBH 0.99 (0.00) 0.39(0.07) 0.20 (0.07) 0.10(0.09) -0.06 (0.05) 0.22(0.06) 0.17 (0.06)
A\ na 0.39(0.07) 0.23(0.07) 0.06 (0.09) —0.06 (0.05) 0.23 (0.06) 0.17 (0.06)
SpKn 0.13 (0.13) na 0.60 (0.11) 0.08 (0.20) —0.29 (0.08) —0.02 (0.09) —0.51 (0.07)
Doubl  —0.10 (0.11) na 0.74 (0.11) —0.51(0.11)  0.03 (0.08) —0.12 (0.09) —0.16 (0.08)
LostTop 0.10 (0.13) na —0.06 (0.14) -0.49 (0.11) —0.69 (0.09) 0.52(0.11) —0.58 (0.09)
StStr 0.02 (0.09) na —0.39 (0.10) —0.08 (0.09) —0.71 (0.09) —0.67 (0.05) 0.83 (0.03)
BrA 0.00 (0.25) na —0.01 (0.10)  0.09 (0.09) 0.28 (0.10) —0.57 (0.06) —0.45 (0.07)
StQual  0.40 (0.24) na —0.67 (0.09) —0.28 (0.08) —0.62 (0.08)  0.84 (0.04) —0.48 (0.07)

H — height, DBH — diameter at breast height, V — stem volume, SpKn — spike knots, Doubl — double leaders, LostTop — lost top, StStr
— stem straightness, BrA — branch angle, StQual — stem quality.

4 Discussion

The survival was high in Rembate and Ukri (>80%), yet lower in Taurene (>60%), which was
most likely affected by the insufficient moisture in dry summer after the establishment due to the
fine textured soil in the trial (Sutinen et al. 2002). However, first years after planting, necessary
weed control was applied sufficiently to eliminate further mortality induced by weed competition
(Ferm et al. 1994; Hynynen et al. 2010). In all trials, proportion of trees with SpKn and LostTop
was rather high (>50%), while only 6—-12% of trees had Doubl, seemingly not affected by different
continentality of the studied trials (Laivin$ and Melecis 2003). Viherd-Aarnio and Velling (1999)
reported 13% of trees with SpKn. Similar to Viherd-Aarnio and Velling (1999), most of the trees
had at least a light stem sweep.

4.1 Genetic parameters

In the Baltic sea region, heritabilities for growth and stem quality of common forest tree species
Scots pine and Norway spruce reported to vary from 0.05 to 0.25 (Velling 1982; Haapanen et al.
1997; Hannrup et al. 1998; Olsson and Ericsson 2002; Jansons et al. 2006). In our study, 42 for
growth traits were mainly moderate to high, and genetic correlation among them were strong,
supported by earlier findings in Latvia (Zeltins et al. 2018). Considering that the genes controlling
each of growth traits might be strongly correlated (Searle 1961), selection may be based on tree
height, which possessed the highest /2. In earlier studies, estimated 42 and broad-sense heritability
H? of corresponding traits for silver birch reported to vary widely from low to high (Nepveu and
Velling 1983; Malcolm and Worrell 2001; Stener and Jansson 2005; Zeltins et al. 2018). In Norway,
narrow-sense heritability /47 of six-years-old open-pollinated families estimated to be rather low, i.e.
0.09 and 0.17 for H and DBH, respectively (Skroppa and Solvin 2019). In the present study, high
heritability values and low variety among trails for growth traits might correspond to relatively
homogenous growing conditions on agricultural land sufficiently maintained after establishment.
Thus, genetically determined differences were better revealed comparing to forestland (Haapanen
1996; Hannrup et al. 2004). Although 42 values from individual-site analysis are commonly over-
estimated and higher comparing to joint-site estimates (Hodge and White 1992; Haapanen 2001;
Wau et al. 2008), our estimates of Ukri and Taurene together were close to heritabilities in separate
sites. In contrast, insufficient maintenance, subsequent uneven survival and heterogeneous growth
conditions commonly reported to result in low heritability indices with low accuracy, reducing
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benefits from tree breeding (Haapanen 1996; Makinen 1996; Talbot 1997; Nummi 1999; Olsson
and Ericsson 2002; Koski and Rousi 2005). Nevertheless, mainly low 42 for such stem defects
as SpKn, Doubl and LostTop (0.04-0.29) coincides with earlier findings (Stener and Hedenberg
2003; Zeltins et al. 2018), suggesting relatively weak genetic control and strong prevailing effect
of such environmental factors as drought, frost or biotic damage (Malcolm and Worrell 2001;
Stener and Hedenberg 2003).

Stener and Jansson (2005) reported low /42 and H? values (0.09-0.27) for StStr in a series
of up to 10 years old silver birch clonal and progeny trials. Although StQual had low %7 values
(0.10-0.15) at the age of 10 years (Table 2), moderate to high heritabilities (0.21-0.45) and rather
weak genetic correlations (Table 4) with growth traits for both StStr and StQual implied substantial
improvement for wood quality in our study. In addition, generally moderate negative correlations
between StQual and stem defects suggests that selection based on inclusive ordinal score of stem
quality traits might reduce occurrence of stem defects despite low heritabilities of them, thus improv-
ing timber quality and increasing amount of merchantable wood (Agestam et al. 1998; Méttonen
2005). Mainly weak genetic correlations reported among quality traits as well as between growth
and quality traits, likely related to rather low genetic variance of the latter ones (Koski and Rousi
2005; Stener and Jansson 2005). In Scotland, straight stems found to be associated with superior
volume growth (Malcolm and Worrell 2001), yet not observed in our study. Similar to previous
findings in Sweden and Latvia (Stener and Jansson 2005; Zeltins et al. 2018), BrD and BrA pos-
sessed high heritabilities. However, the substantial negative correlations between BrA and StStr
might result in enlarged knot size for straighter logs, thus reducing technical quality (Niemisto
1995a). Larger BrD had been commonly reported as negative effect for fast growing silver birch
(Niemistd 1995b, Stener and Jansson 2005), suggested to be mitigated with sufficient planting
density of at least 1600 trees ha™! for smaller knot size and improved wood strength (Niemistd
1995a; Dunham et al. 1999). Nevertheless, study in 40-years old low-density clonal silver birch
plantation in Latvia showed possibility to obtain high-quality plywood applying wide (5 x 5 m)
initial spacing (Zeltins et al. 2018).

Besides heritability, considerable CV, (20.1-32.5%) suggested potential of breeding to
improve V (Table 3). Lower CV, values for stem quality traits comparing to growth traits coincide
with results in Lithuania, where CV, for StStr and BrA was ca. 13% (Baliuckiené and Baliuckas
2006). In a recent study of low-density clonal plantation, estimated CV, for H was almost three
times lower (3.2%) than CV, in the present study (on average, ca. 8%) (Zeltins et al. 2018). It might
be partly explained with remarkable differences in initial spacing (5 x 5 and 2 x 2.5 m in clonal
plantation and our study sites, respectively), since genetic variance can be higher in closer spacing
(Franklin 1979; Euler et al. 1992). Nevertheless, similar C¥, for H reported in north Sweden (Stener
and Jansson 2005). Generally higher estimated CV,, values for DBH as for H were similar to results
in Swedish progeny tests (14 and 8% for DBH and height, respectively) (Stener and Jansson 2005).

Estimated GG% confirmed general trends for 42 and CV, discussed above, reaching the
highest values for V (25.3-61.6%), while being overall lower for stem quality (1.6-21.2%). Such
estimates are over the means of trials instead of general population due to the lack of control plots,
and thereby gains over forest stands might be higher (Malcolm and Worrel 2001). Nevertheless,
selection of genotypes should compromise improved productivity with sufficient quality as well
as improved performance in different growth conditions (Matheson and Cotterill 1990), especially
when the aim is to produce high-quality silver birch timber for plywood industry (Hynynen et al.
2010). As indicated by single-trait gains, CV,, values (Table 3) and mainly weak r; between growth
and quality traits (Table 4), further development of index for simultaneous selection of both growth
and stem quality traits may be possible.
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4.2 Genotype by environment interaction

The studied traits showed low G x E interaction, indicated by strong type-B correlations for all
studied traits (75> 0.78) between trials Ukri and Taurene (Table 2). Contradictory results have been
reported previously: from strong and significant correlations between trials even in rather different
environments (Stener and Hedenberg 2003; Stener and Jansson 2005) to substantial genotype by
site interaction (Baliuckiené 2009). However, the accuracy of 73 might not be high (Bourdon 1977;
Haapanen 1996), often related to inappropriate design of progeny trials, which has insufficient
number of replications not following natural patterns of growing conditions (Haapanen 1996). Still,
high type-B correlations with rather low standard errors for growth traits and low variation of h?
for the same trait among trails discussed above indicated stability of performance over different
environments, as well as appropriate experimental design.

Another relevant question regarding experimental design is the use of single-tree- or
multiple-tree (block) plots. In general, single-tree plots in Ukri and Taurene had higher estimated
heritabilities for growth traits and BrA than block-plots in Rembate (Table 2). Single-tree plots
in many replications allow assessing genetic differences in statistically effective way (White et
al. 2007), since progenies of plus-trees are represented in possibly wide range of competition and
growing conditions within a trial (Haapenen 1992; Haapanen 1995). However, inter-tree com-
petition among different genotypes may exaggerate estimated genetic variance for growth traits
promoting initially fast growing families (Malcolm and Worrell 2001; Vergara et al. 2004; Gould
and Marshall 2010). In the present study, growth traits might be somewhat affected by competition
in the single-tree-plot trials Ukri and Taurene, since estimates from the block plots in Rembate
were lightly lower. Still, estimates from more trials would be needed for generalized conclusions.

Stener and Hedenberg (2003) stressed general lack of information about age-age correla-
tions for silver birch. In our study, the genetic age-age correlations for traits measured at the age
of 10 and 14 years were mainly strong, implying as accurate selection for the respective traits at
the first measurement time as at the second inventory. Nevertheless, strong correlations between
so close ages are not very informative about long-term trends. Still, strong age-age correlations
have been indicated for V for up to three decades in southern Finland (Hagqvist and Hahl 1998).
There have been reported correlations ranging from 0.75 to 0.86 between the ages of 9 and 26
years; correlation of 0.94 between the ages of 5 and 10 years, and 0.84 between the age of 11 and
18 years for tree height (Stener and Hedenberg 2003). Stener and Jansson (2005) found moderate
to strong age-age correlations (0.60-0.99) for H and quality traits.

5 Conclusions

Growth and stem quality traits were mostly under strong genetic control, yet occurrence of stem
defects — spike knots, double tops and lost top — were more affected by environmental factors.
Weak positive genetic correlations between growth traits and inclusive stem quality score indicated
potential for improved productivity and wood quality simultaneously. Still, improvement for stem
straightness might increase stem knottiness. Strong genetic correlations between different study
trials, as well as strong age-age correlations indicated stability for improvements of silver birch
planted on former agricultural land. Considerable single-trait gains, additive genetic coefficient of
variation values, and mainly weak genetic correlations between growth and quality traits suggest
further development of selection index for simultaneous improvement of both growth and stem
quality.
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»  Two provenance subregions in Latvia — coastal and inland — were distinguished.

»  Silver birch populations in inland region possessed better growth, higher heritability, and
phenotypic plasticity.

*  Moderate to high heritability for stem quality was estimated in both regions.

»  Silver birch from inland region possesses higher potential for improvement of adaptability.

Populations of tree species with a wide geographic range, such as silver birch (Betula pendula
Roth), show genetic specialization to native environments, while maintaining high phenotypical
plasticity. Accordingly, assessment of local specialization is essential for adaptive management.
The aim of the study was to detect geographic patterns of local adaptation of growth and stem qual-
ity based on two open-pollinated progeny trials in Latvia testing local material. Two provenance
regions differing by continentality were distinguished, which also differed in genetic control of
growth traits, likely originating from the post-glacial recolonization of vegetation and subsequent
natural adaptation. Heritability of the traits was estimated for each of the distinguished regions,
indicating differing patterns of genetic adaptation and potential for future selection. Trees from
the more continental inland showed superior growth and possessed higher heritability. The coastal
provenance region showed slower growth and intermediate heritability of the respective traits.
Moderate to high heritability for stem quality traits was estimated irrespectively of region. Overall,
better growth and higher heritability suggests that anthropogenic selection within the best inland
provenances may constitute better performing and adaptable breeding population compared to
the coastal one. Still, overlapping phenotypical variation and heritability of quality traits implies
improved stemwood quality for plywood regardless of the provenance region. High adaptive
capacity of silver birch genotypes suggests ability to cope with climatic changes, highlighting its
potential for climate-smart forestry.
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1 Introduction

Populations of tree species with wide geographic range, such as silver birch (Betula pendula
Roth), show genetic specialization to native environments, while maintaining high phenotypi-
cal plasticity (Sultan 1987; Gapare et al. 2008). Silver birch has high genetic diversity, yet low
population genetic differentiation (Hamrick et al. 1992; Palmé et al. 2003; Wesselink et al.
2018); e.g., 97% variation within the populations, and only up to 3% among them in the Eastern
Baltic region (Zhuk et al. 2009). Nonetheless, explicit differentiation in phenotypic traits might
be present due to strong local adaptation, and such genetic specialization is the precondition
for successful breeding (Savolainen et al. 2007; Sork et al. 2013). In the Eastern Baltic region,
silver birch is a highly important forest resource, especially for plywood industry (Hynynen et
al. 2010; Liepins and Rieksts-Riekstins 2013). Accordingly, breeding programs are implemented
throughout the region (Donaldson and Turner 2001; Heréjarvi 2001; Stener and Hedenberg 2003;
Gailis et al. 2020).

Phenotypic traits have shown considerable genotypic variation in the Latvian silver birch
breeding population (Gailis et al. 2020), yet the potential sub-regional differences have not been
accounted. The species shows substantial ecological plasticity shaped by environmental contrasts
(Koski and Rousi 2005; Savolainen et al. 2007), hence assessment of regional and sub-regional
phenotypic differences (Falconer and Mackay 1996; Griffiths et al. 2000) is essential to improve
efficiency of breeding (Malcolm and Worrell 2001). Bio-climatic zonation is commonly used
to distinguish regional differences in tree growth, for example in classification of seed zones
(Laivin$ and Melecis 2003; Hamann et al. 2011; Stakenas et al. 2012; Ge et al. 2013; Reitalu et
al. 2013). However, the climatic zones might be different from the actual distribution of meta-
populations of tree species. Different environmental conditions and the post-glacial history of
vegetation interactively can result in spatially varying selection pressure, hence distinct pheno-
typic differences and genetic variance (Palmé et al. 2003; Viliranta et al. 2011; Tenkanen et al.
2020). Thus, assessment of the differences in phenotypes and specialization among forest prov-
enances are still essential for clarification of provenance regions, which might not be detected by
molecular markers (Karhu et al. 1996; Reed and Frankham 2001; O’brien et al. 2007; Wesselink
et al. 2018).

Furthermore, the rapid pace of climate change rises concerns about the adaptative capacity
of tree populations in the future (Aitken et al. 2008; Fady et al. 2020). Improved forest repro-
ductive material enhances forest adaptation (Lefevre et al. 2014) as a component of pro-active
adaptive forest management (Bolte et al. 2009; Nabuurs et al. 2018). Considering the opportun-
istic (ruderal) nature of silver birch (Brzeziecki and Kienast 1994), fast growth and tolerance
to weather fluctuation in the Eastern Baltic region (Liepins 2011; Jansons et al. 2016), a con-
servative climate-smart management approach may utilize improved local genotypes to enhance
adaptability (Ahrens et al. 2020). Therefore, information about genetic variation and phenotypic
plasticity reflecting adaptability of local seed sources (Lamy et al. 2011), is advantageous for
more efficient breeding. The aim of the study was to distinguish sub-regional differences in
strength of local adaptation in terms of growth and stem quality traits. We hypothesized that local
bio-climate had an explicit effect on local adaptation, and two silver birch provenance regions
could be delineated.



Silva Fennica vol. 55 no. 2 article id 10524 - Gailis et al. - Local adaptation of phenotypic stem traits ...

2 Material and methods
2.1 Trials and measurements

The study material consisted of the open-pollinated progenies of silver birch plus-trees from 31
forest provenances across Latvia (55°40°—58°05'N, 20°58'—28°14'E). The studied two parallel
silver birch trials Taurene (57°06°N, 25°38E) and Ukri (56°22°N, 23°07E) contained progenies
of the same sets of provenances and 533 half-sib families within them. The trials were established
in 2000 on agricultural land with one-year-old containerized seedlings. The experimental design
was complete randomized blocks of single-tree plots in 10 to 93 replications with 2 x 2.5 m initial
spacing. Both trials were growing in mesotrophic conditions on dry silty soils. Climate was milder
in the Ukri trial; the mean annual temperature was 6.4 °C, and the mean monthly temperature
ranged from —4.4 °C to +17.4 °C in January and July, respectively; the mean annual precipitation
was ca. 630 mm (Harris et al. 2020). In Taurene, the mean annual temperature was 5.1 °C, and the
mean monthly temperature ranged from —6.3°C to +16.9 °C. The mean annual precipitation was
ca. 670 mm (Harris et al. 2020).

At the age of 14 years, measurements of height (H) and diameter at breast height (DBH)
were available for 11657 and 18 804 trees in Taurene and Ukri trails, respectively. The occurrence
of spike knots (SpKn), double leaders (Doubl), and lost top (LostTop) was recorded as binary
variables. Stem straightness (StStr), overall stem quality (StQual), and branch angle (BrA) were
assessed visually, using a 3-point ordinal scale (Gailis et al. 2020). Stem volume (StVol) was cal-
culated according to a local equation (Liepa 1996).

2.2 Statistical analysis

We performed Principal Component Analysis to assess the main patterns in variation of scaled
phenotypic traits of the studied silver birch provenances, and to associate them with the location
of origin. Estimated marginal provenance means were obtained from mixed effects models:

Yijkim = H+ B+ Fj + Si + by + 5f i + Eijm )

, where yjj is the response variable, u is the overall mean; P;, F; and Sj are the fixed effects of the
provenance, the family, and the site, respectively. The b; and sfj are the random effects of block
and site x family interaction, respectively, and &, is the random residual effect. The significance
of principal components (PC) was determined by the Monte Carlo (randomization) test perform-
ing 1000 iterations. Relationships of the studied traits and latitude/longitude with the first two PC
were assessed by Pearson correlation analysis.

The phenotypic differences in the studied traits among the distinguished provenance regions
were assessed using mixed models:

Yijkim = H+ Ri + 8 + b + &jjp 2)

, Where yj; is the response variable, R; is the fixed effect of the provenance region, s; is the fixed
effect of site, by is the random effect of a block within a site, and & is the error.

To estimate the extent of genetic adaptation and genetically determined plasticity for each of
the determined provenance regions, the variance components were estimated from the combined
data from both trials, and narrow-sense heritability (42) and additive genetic coefficient of variation
(CV,) were calculated according to Falconer and Mackay (1996).
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For the continuous quantitative variables (H, DBH, StVol), linear mixed effects models
were used. For the binomial variables (SpKn, Doubl, LostTop), generalised linear mixed models
applying binomial residual distribution and a “logit” link function were fitted. For the ordinal
variables (StStr, StQual, BrA), ordinal logistic regression was applied (Long 1997). Data analysis
was conducted in SAS v. 9.3 using the procedures PROC MIXED, PROC GLIMMIX, and PROC
CORR (Littel et al. 2006; Piepho and Mohring 2011).

3 Results

Distinct clustering of phenotypic traits was observed. The first two PCs were significant
(p-value<0.001) and corresponded for 57.6% of the total variance of the studied traits (Fig. 1). The
third PC covered 19.8% of the variance and was related to stem defects — Lost and Doubl. The first
PC was strongly related to the growth traits indicating regional differences in productivity (Fig. 1).
The second PC was related to the quality traits, suggesting diverse sources of variation for growth
and quality. In the ordination space, the provenances formed single group indicating continuous
gradient in variation of the studied traits. Nevertheless, the first PC was significantly correlated
with the longitude of origin of the provenances (»=0.46, p=0.01), suggesting growth differences
between the coastal and inland parts of the country, while the second PC did not (»=0.02, p=0.92).

Correlations of the PCs with latitude of origin were weak (|r{<0.22, p-value>0.24), indi-
cating absence of north-south gradient. Based on the scores of the first PC of provenances, which
were overlain on their geographic locations, two regions of Latvia were arbitrarily distinguished
(Fig. 2). The coastal region included the western and the very northern part of the country, while
the inland region covered the central and eastern parts (Fig. 2). The inland region showed sig-
nificantly (p-value<0.01) higher H, DBH, and StVol (Table 1). The mean StStr, StQual, and BrA
had no differences between regions. High occurrence of SpKn and LostTop was observed in both
regions (49.2-59.1%), while trees with Doubl were less frequent, lacking practically meaningful
differences between regions (Table 1).

The studied silver birch populations possessed substantial additive genetic variance in growth
and stem quality (Supplementary file S1, available at https://doi.org/10.14214/sf.10524). Moderate
to high heritability (%> 0.20) was estimated for the studied traits in both regions except for stem
defects (h2<0.15) (Table 1). Geographically varying strength of genetic control of the traits was
observed: 42 of H was more than twice higher in the inland than in the coastal region (0.61+0.061
and 0.28+0.037, respectively), while for StVol and DBH differences in /2 reached 31.3-41.4%. In
the coastal region, high (h%>0.45) heritability was estimated for StStr and BrA, while these traits
showed intermediate heritability (0.26 <42<0.30) in the inland. Also, the estimated C¥, was slightly
(0.97-4.06%) higher for the inland comparing to the coastal region implying slight differences in
plasticity. The ability to respond to natural selection, indicated by CV,, was ca. three times higher
for StVol comparing to H in both regions (Table 1).
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Fig. 1. Ordination of the studied provenances (A) and studied traits (B) of 14-years-old silver birch in Latvia
according to the first two principal components (PC) of their variation. In A, axes are rescaled for clarity;
and arrows indicate correlation with latitude (lat) and longitude (lon) of origin of the provenances. Numbers
in brackets indicate the amount of explained variation. Abbreviations: H — height, DBH — diameter at breast
height, StVol — stem volume, Doubl —probability of double leaders, SpKn — spike knots, StQual — overall stem
quality, StStr — stem straightness, LostTop — lost top, BrA — branch angle.
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Fig. 2. The scores of the first principal component (PC1) of studied phenotypic traits of 14-years-old silver birch prog-
enies overlain on their geographic locations in Latvia. The dotted line indicates border of two arbitrarily distinguished
silver birch provenance regions — the coastal (western) and the inland (eastern) region.

Table 1. Regional means, minimum and maximum provenance means, narrow sense individual tree heritability and
additive genetic coefficient of variation of the studied traits in the phenotypically distinguished provenance regions of
silver birch in Latvia. Letters in uppercase denote significant differences (p < 0.05) between provenance regions for

each trait.

Trait Regional mean+standard Minimum Maximum Individual tree heritability
deviation provenance provenance h?+standard error
mean mean (additive genetic coefficient
of variation CV,, %)
Coastal Inland Coastal Inland Coastal Inland Coastal Inland
Height (m) 11.84+£1.90 123B+1.89 112 117 120 125 0.28+0.037 0.61+0.061
(7.16) (10.11)
Diameter at breast ~ 9.064+2.81 9.88+2.84 8.5 8.7 10.0  10.7 0.32+0.037 0.424+0.048
height (cm) (16.56) (17.53)
Stem volume (dm?) 45.24+26.56 53.2B+29.87 393 432 492 621 0.29+0.035 0.4140.048
(29.35) (33.41)
Spike knots 57.34 59.18 42.1 536 608 654 0.05+0.017 0.07+0.020
(% of trees)
Double leaders 9.74 11.48 2.8 500 104 139 0.15+£0.041 0.16+0.014
(% of trees)
Lost top 5234 49.2B 50.7 462 656 624 0.03+0.017 0.01+0.017
(% of trees)
Stem straightness 224 224 2.1 2.1 22 22 0.45+0.060 0.26+0.060
score
Overall stem quality 2.84 2.84 2.7 2.7 2.8 29 0.24+0.040 0.28+0.061
score
Branch angle score 2.0 2.0 2.0 2.0 2.0 2.0 0.51+0.110 0.30+0.118
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4 Discussion

Phenotypic plasticity and local (genetic) specialization are key factors affecting adaptability of
trees to changing climate, hence crucial for climate-smart forest management (Aitken and Bemmels
2016; Moran et al. 2017). Distinct local specialization of silver birch was observed, particularly
for the growth traits (Table 1). Silver birch of the inland region possessed better growth (Table 1,
Fig. 1). The explicit coastal-inland gradient (Fig. 1) and differing strength of genetic control
(Table 1) followed general spatial pattern of the climatic zonation within the region (Laivin$ and
Melecis 2003; Reitalu et al. 2013).

The distribution of silver birch provenance regions showed some specifics in growth traits
and their genotypic variation (Fig. 2, Table 1), which might be explained by the post-glacial
recolonization routes from different refugees (Palmé et al. 2003; Kapeller et al. 2017; Tsuda et al.
2017; Tenkanen et al. 2020). Also, this might be due to continentality of climate (White et al. 2007;
Hoffmann and Sgro 2011), as determined by westerlies and proximity of the Baltic Sea (Laivins
and Melecis 2003); hence differing strength of environmental forcing of adaptation (Suppl. file S2).

Population genetic studies have shown persistence of silver birch in relatively high latitudes
during last glacial maximum, as a scattered dispersal nuclei enabling rapid post-glacial recoloni-
zation in different directions (Stewart and Lister 2001; Binney et al. 2009; Viliranta et al. 2011;
Kapeller et al. 2017; Tsuda et al. 2017). The inland region appeared to be westwards extension of a
source population located east from Latvia. Still, such dispersal nuclei are difficult to locate (Amon
et al. 2014), and wider regional scale study would be necessary to clarify this issue. However,
natural selection after the post-glacial recolonization has likely been the main driver determining
geographic variation of studied traits (Fig. 2) as observed in the region (Collignon et al. 2002;
Kremer et al. 2002; Savolainen et al. 2007; Viliranta et al. 2011).

Although high within- and low between-population genetic diversity has been observed for
silver birch in Northern and Eastern Europe (Hamrick et al. 1992; Palmé et al. 2003; Rusanen et
al. 2003; Maliouchenko et al. 2007; Zhuk et al. 2009), the former has apparently favoured strong
specialization to local conditions, hence explicit phenotypical differences (White et al. 2007; Hoft-
mann and Sgro 2011). Considerably higher CV, for StVol (29.35-33.41%) comparing to H and DBH
(7.16-17.43%) corresponded to a common trend in forest trees (Cornelius 1994). The heritability
is affected by the history of the region (Falconer and Mackay 1996; Griffiths et al. 2000), and can
vary greatly for phenotypic traits of forest tree species (Cornelius 1994). Higher genetic speciali-
zation was more evident under more continental climate in the inland region (Fig. 2), resulting
in higher heterogeneity of field performance (Fig. 1), and explained higher 42 and CV, of growth
traits, compared to the coastal region (Table 1). High heritability likely indicated larger differences
between genotypes from different forest provenances comparing to the environmental variation
within genotypes (Griffiths et al. 2000). Estimated /42 for growth traits was higher in the inland
and lower in the coastal provenances comparing to the whole breeding population (42=0.41-0.52)
(Gailis et al. 2020), indicating better response to selection in the first. One commonly acknowl-
edged risk of intensive breeding within certain populations can be reduced genetic diversity, yet
threats to silver birch are unlikely, considering the highly-connected populations with extensive
gene flow (Hoban and Schlarbaum 2014).

Indistinct phenotypic differences and similar moderate to high heritability for stem qual-
ity (Table 1) might have been set by uniform natural selection in both regions despite climatic
differences (Lamy et al. 2011). Still, moderate genetic control of StStr, previously reported for
various trees species (Cornelius 1994), indicated potential improvement of selection. Meanwhile
weak genetic control of stem defects (Table 1) correspond to the earlier findings, likely shaped by
prevailing environmental factors, such as frost, insect damage or browsing (Malcolm and Worrell
2001; Stener and Jansson 2005; Zeltins et al. 2018).
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Heritability and CV, reflect pre-existing standing genetic variation, which is essential to
adapt to a broad spectrum of future climate via natural selection (Alberto et al. 2013; Ahrens et
al. 2020). Although low genetic variance not necessarily means poor selection response (Walsh
and Blows 2009; Hoffmann and Sgro 2011), lower 42 of growth traits in coastal region (Table 1)
could indicate weaker adaptability to ongoing climate change (Hoffmann and Sgro 2011). Still,
it is unclear, whether populations currently possessing weaker local adaptation could show better
fitness in the future (Fady et al. 2020). Coastal provenances could benefit from projected milder
winters and increased precipitation intensity thorough the country, yet more frequent extreme
events (e.g. summer drought) may suppress positive effect (Avotniece et al. 2010). Use of robust
superior seed sources from more continental inland climate may imply potentially higher capacity
to adapt to changing conditions (Sork et al. 2013), facilitating resilience of future stands (Aitken
and Bemmels 2016). Still, the indistinct phenotypical and genetic variation for stem quality traits
suggested potential for improvement of breeding for plywood production also combining material,
with higher preference from the inland region.

5 Conclusions

Delineation of two provenance regions — coastal and inland — for silver birch in Latvia with respect
to growth performance and genotypic variation, justified earlier climatic zonation. Overall, better
growth and higher heritability suggests that selection and breeding within the best provenances
in more continental inland region possessing higher genotypic variation may constitute better
performing and adaptable breeding population for climate-smart management comparing to the
coastal region. Still, uniformity and estimated heritability of quality traits implies improved stem-
wood quality for plywood production regardless of the distinguished region. A wider regional scale
study, however, would be necessary to clarify differences in phenotypic and genotypic variation
as a proxy for adaptation capacity to changing climate.

Supplementary files

S1.pdf; Variance components from mixed-models for estimating heritability of phenotypic traits
in the two delineated silver birch provenance regions according to local adaptation to bio-climate
in Latvia,

S2.pdf; Mean annual precipitation sum and mean annual temperature in Latvia for the period
1901-2018. The extrapolation is based on the CRU TS monthly high-resolution gridded multivariate
climate dataset (available at https://crudata.uea.ac.uk/cru/data/hrg/cru_ts 4.05/),

available at https://doi.org/10.14214/sf.10524.
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Abstract

Micropropagation has several advantages over conventional vegetative propagation meth-
ods, but it is limited by genotype responsiveness. We assessed the effect of age of the
mother-tree and the time of explant collection on culture initiation, as well as the multi-
plication ability and effect of different nutrient media and plant growth regulators on sil-
ver birch genotypes. Explants collected from 1-year-old trees (66%) and explants collected
in spring (64—67%) developed a significantly (both p <0.001) higher proportion of shoots
than those from 15-year-old trees (39%) and those collected in mid-summer (31%) and
autumn (29%), respectively. In a stabilised culture, the length of the main shoot varied from
1.3 to 7.8 cm between genotypes, and the multiplication rate ranged from 1.0 to 6.8 shoots
per explant. Hyperhydrated shoots were present in 17 out of 50 clones, and, among the
clones, ranged from 14 to 50%. Cultures on the Murashige and Skoog basal medium had a
higher multiplication rate than cultures on a Woody Plant Medium, and the application of
zeatin provided better results than 6-benzylaminopurine. The difference between cytokinin
types was 11-29% for the multiplication rate and 21-29% for the length of the main stem.
The highest multiplication rate was obtained using a zeatin concentration of 0.5 mg L.
However, better shoot growth and proliferation had a significant positive relation to shoot
hyperhydration (all p <0.001). Therefore, a medium with an optimal balance between the
multiplication rate and the number of hyperhydrated shoots should be carefully selected.

Keywords Betula pendula - Genotype - Micropropagation - Culture initiation - Cytokinin

Introduction

Wood is the most versatile renewable material that is used to substitute for fossil resources
from construction wood and packaging boards to textiles and biochemical production. The
growth of population and middle-class income, as well as bioeconomic development have
steadily increased the global demand for wood and wood-based products: wood demand is
forecasted to increase more than twice from 2010 to 2030, and more than thrice from 2010
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to 2050 (WWF 2012), while roundwood production under the continuous trend is fore-
casted to increase by 16% from 2018 to 2050 (Heteméki et al. 2020). The increase in the
productivity of native species and the establishment of fast-growing species and genotypes
plantations are strategies to ensure a sufficient wood supply (Mola-Yudego et al. 2017). In
both respects, silver birch (Betula pendula Roth) has potential in the Northern European
and Baltic states (Rytter et al. 2013). Here, birch is one of the most abundant tree species
(Brus et al. 2012) and is highly productive both in forest sites and on abandoned agricul-
tural land (Uri et al. 2012; Lutter et al. 2015). It has several advantages over other fast-
growing species that are suitable for the region, especially concerning environmental risks,
due to its high tolerance and adaptation capacity to a large variety of climates and soils
(Dubois et al. 2020). In contrast, spruce (Picea abies (L.) Karst.) is prone to wind, drought,
and bark beetles (Mezei et al. 2017). Moreover, these disturbances are increasing in fre-
quency (Seidl et al. 2017). Populus species and their hybrids are preferred by herbivores.
In addition, due to their non-native origin (except for P. tremula), these species might be
damaged by abiotic factors, such as early autumn frost (Lazdina et al. 2016; Senhofa et al.
2016). The Salix species or genotypes may suffer from frost- and bacteria-induced dieback
(Cambours et al. 2005). Moreover, this species has limited wood-processing possibilities
due to stem size.

Size and external quality traits, including the absence of defects (cracks) in the stem,
have a substantial effect on the financial return for birch (Kilpeldinen et al. 2011; Vihera-
Aarnio and Velling 2017). High-quality timber is a valuable resource for plywood, sawn-
wood, and wood-based panel production, whereas lower-grade timber is used as pulpwood,
and the residue is utilised for bioenergy. Planting is the preferred stand establishment
method for the intended management of a high-quality plantation (Hynynen et al. 2010).
However, birch is primarily established via natural regeneration. For instance, in Lat-
via, only 11% of the area regenerated with birch is planted (Valsts meza dienests 2019).
Although planting requires a higher initial investment, artificial seedlings have more vigor-
ous growth in comparison to naturally regenerated seedlings; thus, they are more competi-
tive with ground vegetation and require less intensive management, i.e. less frequent tend-
ing, in young stands (Hynynen et al. 2010). Moreover, planting allows the use of genotypes
with enhanced desired characteristics because the seedlings originate from improved mate-
rial, i.e. seeds collected from seed orchards (Gailis et al. 2012).

Silver birch has considerable ecological adaptability and climatic differentiation, which
are related to its wide distribution (Koski and Rousi 2005; Rousi et al. 2011), thus provid-
ing a good basis for breeding. To improve the stem quality, the phenotypic selection of
plus-trees is based on stem straightness, apical dominance, and desirable branch proper-
ties, including good natural pruning (Koski and Rousi 2005; Stener and Jansson 2005),
yet breeding aims to balance between increased growth, timber quality, and resistance to
biotic and abiotic factors. Several studies have affirmed the economic gain from the use
of improved regeneration material (Jansson et al. 2017). In Latvia, the breeding of birch
trees started in 1995 and has substantially improved the yield and stem quality (Jansons
et al. 2011; Zeltins et al. 2018). The selection of the top 10% of families in the progeny
trials at the age of 14 years resulted in a genetic gain of 10-27% for height and diam-
eter at breast height, accounting for 26-62% of the stem volume. The gain in the overall
stem quality was 6-10%, with improved straightness by 9-21% and branch diameter and
angle by 2-18% (Gailis et al. 2020a). Furthermore, the occurrence of stem defects, such as
spike knots, double tops, and lost tops, were more affected by environmental factors than
genetic control, and low-to-moderate genetic correlations between growth and stem quality
traits indicated the potential to improve productivity and wood quality simultaneously. As
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a result, the use of improved planting material significantly increased the economic gain
from commercial thinning (Gailis et al. 2020b).

Breeding is performed in repeated cycles of selection of the best-performing genotypes
and their recombination using controlled pollination and progeny testing (Ruotsalainen
2014). The establishment of clonal collections and seed orchards can be accelerated when
vegetative propagation is used. Moreover, vegetative propagation allows the maintenance
of all inherent traits of the mother-tree (Ryyninen and Aronen 2005) and produces uni-
form-sized plantlets (Jones et al. 1996). Such trees reach the target diameter for final felling
sooner (Zeltin$ et al. 2018), and any time-related damage is lower (Donis et al. 2020): as
the vegetative propagation ensures a way to propagate the best-growing genotypes, time
(and, consequently, the probability of damages) to reach similar dimensions of convention-
ally propagated trees can be reduced. However, using conventional vegetative propaga-
tion methods on mature birch has not been successful. Cuttings can be rooted only up to
the age of five years, and grafting is limited by the incompatibility of rootstock and scion
and delayed graft failure (Ryynédnen and Ryynénen 1986; Welander 1993; Mikola 2009).
Therefore, micropropagation can be used as an alternative method with several advantages:
numerous pathogen-free plantlets can be obtained in a short period and propagation can
be done throughout the year regardless of the season (Jones et al. 1996; McCown 2000;
Ryynénen and Aronen 2005).

Yet, micropropagation per se does not infer a general advantage over seed-born plants,
and careful selection of clones to be multiplied has crucial importance on breeding gain
(Viheri-Aarnio and Velling 2001). Micropropagation is a laborious process that involves
skilful manual work in an aseptic laboratory and therefore results in higher costs than
conventional nursery practice (Koski and Rousi 2005). The success of culture initiation
depends on the explant type and its position on the stock plant, the age of the stock plant,
the tree species, and variations among trees of the same species (Welander 1993). Not
all genotypes multiply with equal success (Koski and Rousi, 2005), but multiplication is
largely dependent on the applied nutrient media and plant growth regulators (Jokinen and
Tormaéld 1991), which must be determined experimentally.

This study aimed to assess the effect of the mother-tree age and the time of the explant
collection on the culture initiation in vitro. This is followed by an assessment of the repro-
duction capacity of different genotypes and the optimal medium content.

Materials and methods

The study material was collected from a 15-year-old progeny trial in Rembate (56°44'
N, 24°49" E) that was established using open-pollinated (half-sib) families of silver
birch (Betula pendula Roth) plus-trees phenotypically selected across forests in Latvia
(55°40"-58°05" N, 20°58'-28°14" E). The trial was established on former agricultural land
with mesotrophic, mesic, and silty soil, corresponding to the forest site type Oxalidosa
(according to the classification by Buss (1997)). One-year-old containerised seedlings were
planted in a randomised complete block design with four-row plots of 32 trees per row for
each family in three to five replications at initial density of 2500 trees ha™! (2x 2 m).

To assess the effect of the mother-tree age on shoot initiation in vitro, the explants from
clone 54-95 in Rembate were compared with the explants from one-year-old grafted scions
(one year after grafting on two-year-old rootstock) of the same clone in Kalsnava (56°40’
N, 25°58" E), and all samples were collected in March. To assess the effect of the time of
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the explant collection, twigs of clone 54-95 from Rembate were collected from the lowest
part of the canopy four times per year: in March and April (spring), and in June (mid-
summer) and September (autumn). In total, 100 stem segments per each ontogenetic age
and collection time were initiated in vitro.

In laboratory, stem segments containing one bud were excised and gently washed with a
toothbrush and dish soap under running tap water, and rinsed toughly. Stem segments were
sterilised for 10 min in 0.1% HgCl, with a few drops of Tween 20, and rinsed three times
with distilled water. The stem segments were inserted into glass test tubes (18 x 180 mm,
with a metal cap) containing 3 mL of woody plant medium (WPM; Lloyd and McCown
1980) supplemented with WPM micronutrients, WPM vitamins, 1.0 mg L™ of 6-ben-
zylaminopurine (BAP), 0.05 mg L=! of naphthaleneacetic acid, 20 g L™! of sucrose, and
6 g L™! of agar. The pH of the medium was adjusted to 5.8, and the tubes were autoclaved
for 15 min (110 kPa, 121 °C). The culture was incubated at 25+3 °C under a 16-h photo-
period of cool-white fluorescent light (photosynthetically active radiation with photon flux
density at 140-160 pmol m~2 s~!). After 30 days, the proportion of initiated shoots was
evaluated.

The multiplication rate and the growth of shoots between 50 genotypes in Rembate were
assessed using a stabilised in vitro culture. Ten shoots per each clone were inserted into test
tubes (one explant per tube) containing 3 mL of Murashige and Skoog (MS) basal media
(Murashige and Skoog 1962), supplemented with MS micronutrients, 0.2 mg L' of zeatin,
MS vitamins, 20 g L™! of sucrose, and 6 g L~! of agar. The pH of the medium and the culti-
vation conditions were set as described for the culture initiation. After 30 days, 500 shoots
were assessed. The main shoot was measured. The lateral shoots>0.5 cm were counted,
and the multiplication rate of each shoot was determined by the number of 1.5-cm-long
shoot fragments (hyperhydrated shoots were not counted) that could be obtained from one
plant. The total multiplication rate and occurrence of hyperhydrated shoots were noted.
According to the growth parameters, the clones were divided into four groups to assess
the effect of the macronutrient media and plant growth regulators. Group divisions were
based on the multiplication rate and ability to proliferate. Group 1 has a multiplication
rate of 3.4-6.8. Group 2 has a multiplication rate of 1.7-3.3. Group 3 has a multiplication
rate of 0-1.6 with proliferation, and Group 4 has a multiplication rate of 0-1.6 without
proliferation.

Three clones from each group (24 shoots per clone in each treatment) were randomly
selected to test the effect of the multiplication medium and cytokinin type and concen-
tration in the following combinations: (1) WPM, zeatin 0.1 mg LY, (2) WPM, zea-
tin 0.5 mg L™!, (3) MS, zeatin 0.1 mg L~!, (4) MS, zeatin 0.5 mg L™, (5) MS, zeatin
1.0 mg L7, (6) MS, BAP 0.5 mg L', and (7) MS, BAP 1.0 mg L™!. The pH of the
medium and the cultivation conditions were set as described for the culture initiation. After
30 days, 2016 shoots were assessed. The main and lateral shoots were measured. The lat-
eral shoots > 0.5 cm were counted. The multiplication rate of each shoot was determined by
the number of 1.5-cm-long shoot fragments (hyperhydrated shoots were not counted) that
could be obtained from one plant. Finally, the total multiplication rate and occurrence of
the hyperhydrated shoots were noted.

We used the chi-square ()?) test to assess the distribution of the initiated shoots between
the time of explant collection and the age of the mother-tree. The analysis of variance and
Tukey’s honestly significant difference test were used to assess the differences in the length
of the main shoots, the length and number of lateral shoots, the multiplication rate, and
proportion of the hyperhydrated shoots between the clones and groups of clones. We used
generalised linear models with a Poisson distribution to assess the relationship between
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the length of the main shoot and the number of the lateral shoots, as well as to evaluate the
effect that the length of the main shoot, number of lateral shoots, length of lateral shoots,
and total multiplication rate had on the number of hyperhydrated shoots. Linear model was
used to assess relationship between the length of the main shoot and the length of the lat-
eral shoots. The regression coefficients + standard error are shown. All calculations were
done in R 3.5.1. (R core team 2018). In addition, all tests were performed at @=0.05.

Results

The age of the mother-tree and explant collection time had a significant effect (both
p<0.001) on the shoot initiation in vitro (Fig. 1). The explant collected from the one-year-
old trees had 66% initiated shoots, and the explant collected from the 15-year-old trees had
39% of initiated shoots. The explants collected in spring developed a higher proportion of
initiated shoots (64% in March and 67% in April) than explants collected in June and Sep-
tember (31% and 29% of shoots initiated, respectively).

In the stabilised culture, the growth parameters greatly differed between the clones. The
multiplication rate varied from 1.0 (no multiplication) to 6.8 shoots per explant (Fig. 2),
and the lengths of the main shoots varied from 1.3 to 7.8 cm (Fig. 3). Moreover, the num-
ber of lateral shoots varied from 0 to 3.8 per explant.

Clones exhibited different growth patterns. Several genotypes had a large main shoot
but a low number of lateral shoots (e.g. clone L 29, Fig. 3a), whereas others had a short
main stem but a high number of lateral shoots (e.g. clone Bau 40-13, Fig. 3a). A high
multiplication rate was achieved by both of these patterns and by the intermedium between
them. Regardless of the large variation, the number of lateral shoots showed a negative
relationship to the length of the main stem (p <0.01, regression coefficient—0.11+0.04).
Almost a quarter of the clones had a low multiplication rate; 12 clones had a mean multi-
plication rate lower than two, and seven clones did not multiply.

A high proportion (50%) of hyperhydrated shoots was present for two clones, one
among the clones with a high multiplication rate (clone 54-616-783, Fig. 2a) and the other
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Fig. 1 The proportion of initiated shoots according to the age of the mother-tree and explant collection
time. Statistically significant differences between groups of age and between groups of collection time are
denoted with different letters (both p <0.001)
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Fig.2 The multiplication rate (bars; + standard error) and proportion of hyperhydrated shoots (Hyp%; bul-
lets) among the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected
to test the effect of different treatments are dark grey

with a low multiplication rate (clone 55-875, Fig. 3). A moderate proportion (14-25%)
of the hyperhydrated shoots was present for 15 out of 50 clones. The number of hyperhy-
drated shoots demonstrated no relationship (both p>0.05) to the length of the main stem
and number of lateral shoots. However, a positive relationship (p <0.001, regression coef-
ficient 0.56 +0.04) exists between the number of hyperhydrated shoots and the total multi-
plication rate.

The mean multiplication rate between the treatments varied from 1.8 to 6.7 (mean 3.9).
Within all groups, the culture on the MS medium exhibited a higher multiplication rate
(Fig. 4) and a longer length of the main stem than the culture on the WPM. For these
two parameters, the difference between the media type was most pronounced for Group 1
(Fig. 4a) and gradually decreased for Group 4 (Fig. 4d). However, the culture on the WPM
had a substantially lower proportion of hyperhydrated shoots than the culture on the MS
medium, and it ranged from O to 6.3 (mean 2.9) for WPM and from 0 to 38.0 (mean 13.2)
for the MS medium. The number and length of the lateral shoots had no clear relation to
the media type.

The length of the main shoot showed a significant relation to the length of the lat-
eral shoots (p<0.001, regression coefficient 1.68+0.24) and the number of lateral
shoots (p <0.01, regression coefficient 0.23 +£0.06). The length of the main shoot had
a consistent ranking between the groups of clones (Fig. 5a). However, the number of
lateral shoots highly fluctuated between treatments (Fig. 5b), affecting the ranking of
the multiplication rate (Fig. 5c). Regardless of the media and cytokinin type, both the
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Fig.3 Length of the main shoot (bars; + standard error) and the number of lateral shoots (bullets) among
the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected to test the
effect of different treatments are dark grey

multiplication rate and length of the main stem were the highest in Group 3, followed
by Group 2 and then Group 1. As expected, Group 4 contained clones with the poor-
est growth among the genotypes and had the poorest results for all growth parameters
(Figs. 4 and 5). The number of hyperhydrated shoots showed a positive relation with all
shoot growth parameters: the length of the main stem (p <0.001, regression coefficient
0.77+0.07), the number (p <0.001, regression coefficient 3.11 +0.07), and length of
the lateral shoots (p <0.001, regression coefficient 0.98 +0.21). Consequently, a signifi-
cant relation (p <0.001, regression coefficient 0.44 +0.02) between the number of hype-
rhydrated shoots and the total multiplication rate exists.

The effect of the cytokinin type and concentration on the growth parameters was
assessed separately on the WPM and MS medium. On the MS medium, regardless of
the concentration, zeatin exhibited better results on the multiplication rate and length
of the main stem than BAP for all groups (Fig. 4). Within the groups, the mean differ-
ence between the zeatin and BAP treatments was 11-29% for the multiplication rate and
21-29% for the length of the main stem. Moreover, within all groups, the treatments
with zeatin had a lower mean proportion of hyperhydrated shoots (ranging from 2.4 to
23.4%) than the treatment with BAP (ranging from 11.1 to 31.8%). Among the MS and
zeatin treatments, the highest multiplication rate was obtained with a concentration of
0.5 mg L™! in total, and for all groups except Group 1 (Fig. 4). This concentration also
resulted in the highest mean length of the main stem within all groups.
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Fig.4 Stacked multiplication rate (dark grey;+standard error) and number of hyperhydrated shoots (light
grey), and proportion of hyperhydrated shoots (Hyp%, bullets) according to the media content in (a) Group
1, (b) Group 2, (¢) Group 3, and (d) Group 4. WPM, woody plat medium; MS, Murashige and Skoog basal
media; BAP, 6-benzylaminopurine

On the WPM, the zeatin at a concentration of 0.5 mg L™' had an equal or slightly
higher multiplication rate and a longer length of shoots than zeatin at a concentration of
0.1 mg L™, but these differences were more negligible than on the MS medium. The num-
ber of lateral shoots between the different treatments varied from 0.1 to 1.2 (mean 0.6). No
specific relation between the length and number of lateral shoots and cytokinin type was
observed.

Discussion

Culture initiation in vitro is the most important stage in micropropagation because the out-
come determines further operation possibilities. However, it is also the most problematic
stage in the micropropagation of perennial plants. Recalcitrance (i.e. the inability of plant
cells, tissues, and organs to respond to in vitro manipulations) could be a major limiting
factor in the application of in vitro propagation (Benson 2000). Several factors, such as
the collection time, age of the stock plant, bud position in the mother-tree crown, geno-
type, pre-treatment storage time, conditions, and medium content (Welander 1993, 1988;
McCown 2000; Vaiciukyne et al. 2017), affect the responsiveness of the plant material.
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Plants have complex life cycles, associated with reproduction, vegetative development,
and morphogenesis. Temperate species undergo cycles of dormancy that determine periods
of active shoot growth and cell division. Consequently, plants exhibit seasonal differences
in their responses to tissue culture, depending on the time of the year when the explants
are procured (Benson 2000). We obtained the highest proportion (about 65%) of initiated
shoots from the explants collected in spring (Fig. 1). About one-third of the explants col-
lected in mid-summer and autumn developed shoots, although the initiation rate was sig-
nificantly lower than that in spring. This result corresponds well with the general pattern
that cultures are most easily initiated from the explants collected in spring to early summer
after a break of dormancy (George et al. 2008a).

A similar trend had been observed for other temperate tree species. Populus tremula
L. had the highest survival rates of buds collected in late February and early March,
while buds collected earlier had less intensive callus formation and plantlet develop-
ment, and buds collected later had intense decay and infections (Peternel et al. 2009).
For Quercus robur L., the most responsive explants were collected later, from May to
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July (Civinova and Sladsky 1990), which is probably related to their later bud burst in
comparison to the aspen and birch (Linkosalo 2000; Lange et al. 2016). In contrast, oth-
ers have found that the initiation of the silver birch culture was more successful from
explants collected in autumn and winter (Jokinen and Térmaéla 1991), and bud treatment
that induces dormancy resulted in a higher proportion of buds developed into shoots
(Welander 1993), suggesting that factors other than the growing season might be more
significant for culture initiation.

Plant growth regulators applied during the initiation affect the induction of the shoot for-
mation (Magnusson et al. 2009). Seasonal cycles of perennial plants determine the dynam-
ics of the endogenous levels of growth regulators, which are responsible for the induction
of dormancy or inhibit growth and further development. For instance, a low concentration
of applied BAP (0.2 mg L") resulted in a higher shoot number in Q. robur explants col-
lected in February and March but with an increased BAP concentration (1 and 2 mg L™")
better results were obtained from buds collected from May to July (Civinova and Sladsky
1990). Moreover, buds collected from May to July had a higher regeneration capacity than
those from February to April, but higher BAP concentrations were needed to stimulate
their meristematic activity (Civinova and Sladsky 1990).

Higher initiation success in spring might be related to the seasonally determined occur-
rence of microbes within the buds. For mature B. lenta L., dormant buds demonstrated
lower contamination than buds collected in spring (Rathwell et al. 2016). Similar results
were obtained for Platanus occidentalis L., and the contamination rate gradually increased
from 14% in January to 48% in July (Tao et al. 2007). Spring was the most appropriate
time for bud collection to reduce contamination in Ulmus americana L., whereas almost all
were contaminated among dormant buds (Shukla et al. 2012). In contrast, low contamina-
tion from May to October and significantly higher contamination from December to April
were found for Pinus sylvestris L., which is assumed to be related to better resistance of the
tissue against pathogens during the active period (Hohtola 1988).

Trees exhibit developmental changes as plants progress from the juvenile to adult
phases leading to a decline in their potential for micropropagation (von Aderkas and Bonga
2000). Juvenile seedling tissue is generally more responsive to culture initiation in vitro
than that of mature trees. Juvenile seedlings are more easily initiated and grow and prolif-
erate at a more rapid rate than adult material (George et al. 2008a). Cultures from mature
trees are more problematic due to higher contamination rates, the browning of tissues, and
recalcitrance (George et al. 2008a). One of the methods to obtain juvenile material is graft-
ing, which can lead to a partial rejuvenation of the donor plant and can overcome recalci-
trance in mature trees (Benson 2000). No assessment of true rejuvenation or reinvigoration
of the scion (Wendling et al. 2014) was done in our study, yet, explants from the grafted
one-year-old tree had a significantly higher proportion of initiated shoots than the explants
from the 15-year-old tree (Fig. 1). Similarly, a high bud initiation (80%) was achieved
using 3-year-old plants of B. lenta, whereas the explants from mature trees did not develop
into shoots (Rathwell et al. 2016). However, most Betula species can be propagated from
adult material without major difficulties (Welander 1993), and several studies found suc-
cess using buds from mature birch trees (Ryyninen and Ryyndnen 1986; Jones et al. 1996;
Aubakirova and Kalashnikova 2011).

Our results are limited by using only one genotype (clone 54-95) to assess the effect
of the explant collection time and age of the mother-tree. The initiation success is more
affected by the genotype than the aforementioned factors (Jokinen and Tormild 1991), but
the genotype response is affected by the physiological heterogeneity of the ramets and buds
of the same ramet (Civinova and Sladsky 1990). However, these limiting factors could be
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overcome if the genotype is generally competent for growing in vitro (Jokinen and Tormala
1991).

Once the culture is fully stabilised, biologically responsive tissues show little seasonal-
ity and progression through phase states (McCown 2000). We observed large variations
in the multiplication rate between and within genotypes (Fig. 3), ranging from 1.0 to 6.8
among the clones. Close results (a multiplication rate between 1.6 and 7.4) were found
among 10 genotypes selected in Sweden, Finland, and Germany (Ewald et al. 2002). Large
variations but higher multiplication rates (from 2 to 20) were observed between 100 geno-
types by Jokinen and Térmaild (1991). Among our tested genotypes, 12 clones had a mean
multiplication rate lower than two, and seven clones did not multiply. This might be related
to the limited time of the study because four to ten weeks are required for bud induction in
birch, depending on the explant type, age, and physiological conditions of the mother-tree
and genotype (Welander 1993). Moreover, the applied medium and plant growth regulators
affect genotype performance.

The optimal media composition is species- and genotype-specific, and while a number
of plants exhibit decent growth in the range of media, others may have considerable differ-
ences in their performance (McCown and Sellmer 1987). Therefore, the number of geno-
types that are possible to micropropagate could be increased by modifying the composi-
tion of the medium and applying different types and concentrations of cytokinins (Jokinen
and Tormaild 1991). For optimal shoot growth in vitro, the optimal amount of minerals
should be provided. The most commonly used basal media in micropropagation of birch
are the MS and WPM basal media, although others are also used (Ewald et al. 2000; Iliev
et al. 2003). We observed a slightly higher multiplication rate (Fig. 4) and longer length of
the main stem for cultures on the MS medium than those on the WPM. Similarly, poorer
growth on the WPM was shown for B. lenta. The shoots on WPM cultures had red pig-
mentation, were significantly shorter, and had fewer nodes compared to the MS cultures,
although the multiplication rate was not significantly lower (Rathwell et al. 2016). They
associated this response to ionic strength (i.e. salt concentration) in the basal salt mixture,
as the amount of ammonium nitrate is about a quarter lower in the WPM than in the MS
medium. A limiting effect of low nitrogen was revealed for a given genotype of Populus
hybrid. At first, the cultures on the WPM had poor growth, whereas these cultures on the
MS medium were maintainable indefinitely. However, after an increase in NH,NO, on the
WPM to the level of MS, growth improved substantially, and was similar to that observed
for the MS medium (McCown and Sellmer 1987). In contrast, four genotypes of Betula
platyphylla Sukatchev var. japonica (Miq.) Hara X B. pendula had a constantly higher mul-
tiplication rate on the WPM than on the MS medium, with the mean long-term multiplica-
tion rate on these media at 3.7 and 2.8, respectively (Meier-Dinkel 1992).

Plant growth regulators have the most important role in birch in vitro shoot initiation
and cultivation. Among them, cytokinins are highly effective in stimulating cell division
and the control of morphogenesis (George et al. 2008b). For shoot multiplication, the most
commonly used cytokinins are single BAP or zeatin at concentrations of 0.2-5.0 mg L™
and 1.0-5.0 mg L™, respectively, or BAP concentrations of 0.7-2.0 mg L~! in combination
with a low concentration of auxin (Meier-Dinkel 1992).

The effect of the particular cytokinin should be assessed experimentally, and the
response is determined by the particular compound used, type of culture, genotype, and
ontogenetic stage of the tissue (George et al. 2008b). For instance, two B. pendula geno-
types demonstrated a distinct response to supplementation with cytokinin. One of them
had a significant decrease in the shoot length and an increase in the number of shoots
per explant, whereas the other did not affect these parameters. Simultaneously, the latter
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genotype had a higher number of shoots per explant in both the control medium and the
medium supplemented with BAP (Vaiciukyné et al. 2017). For several Betula species, the
absence of cytokinins resulted in the poor growth of new shoots (Cheng et al. 2000) or
no shoot development and explant death (Magnusson et al. 2009; Rathwell et al. 2016;
GirgZzde and Samsone 2017). Yet, typically, a narrow range of concentration achieves the
best results. We observed slightly better results for the multiplication rate and length of
the main stem on the media supplemented with zeatin instead of BAP. On the MS medium
supplemented with zeatin, a concentration of 0.5 mg L~ resulted in the highest mean
length of the main stem within all groups and in the highest multiplication rate for three out
of four groups (Fig. 4). On treatments supplemented with BAP, a higher concentration of
cytokinin resulted in a somewhat higher multiplication rate than a lower concentration. The
observed tendencies remained non-significant due to the large variation, although these
tendencies were nearly constant between the groups of clones.

Several studies have tested optimal concentrations of cytokinins on Betula genotypes.
The effect of the BAP concentration was tested on a cultivar of B. platyphylla. The con-
centration at 2.2 uM of BAP (rounded 0.5 mg L™!) resulted in about a four-times higher
number of new shoots than a concentration at 1.1 pM, and in a twice higher number of
new shoots than the concentration at 4.4 uM (Cheng et al. 2000). For the B. pendula geno-
type, the main shoots on 1.0 mg L™ of BAP had a similar length to those on treatments
containing zeatin (0.5-1.0 mg L™'). Yet, 1.0 mg L™! of BAP had more than a two-fold
higher number of lateral shoots and hence achieved a significantly higher multiplication
rate than the other treatments (Girgzde and Samsone 2017). In addition, a study of B. lenta
revealed a significantly higher result of shoot growth with BAP treatment compared to the
supplementation of 2-isopentenyladenine (2-IP) and thidiazuron (TDZ), and the highest
multiplication rate was achieved at a BAP concentration of 5.0 uM (rounded to 1.1 mg L™%;
Rathwell et al. 2016). For B. platyphylla and B. papyrifera Marsh, the BAP at a concen-
tration of 10-20 uM (rounded to 2.3-4.5 mg L™!) and TDZ at a concentration of 4-8 uM
proliferated more shoots than other treatments (Magnusson et al. 2009). Different intensi-
ties of response to cytokinins might be related to the dynamics of the endogenous levels
of growth regulators over the seasons, and thus could be related to the explant collection
time. Civinova and Sladsky (1990) found that Q. robur explants collected from May to July
needed a higher concentration (2 mg L™!) of BAP than those collected from February to
April (0.5 mg L") to achieve the highest regeneration capacity.

Within the tested media composition, groups of clones had a generally consistent rank-
ing for the length of the main shoots (Fig. 5), but the number of lateral shoots fluctuated
with the treatments, hence affecting the ranking of the multiplication rate. Moreover,
groups of clones had reversed ranking in the multiplication rate in comparison to the first
subculture (assessment of different genotypes, Figs. 2 and 3), although, typically, the mul-
tiplication rate remains stable during several subcultures (Jokinen and Tormald 1991). The
difference in the performance of the groups between subcultures indicates the importance
of the careful selection of the media content.

A higher cytokinin concentration is beneficial until a certain study-specific threshold is
reached, and afterwards, shoot abnormalities appear. The explant might form many small
shoots that fail to elongate, and the leaves might have an unusual shape (George et al.
2008b). For instance, a high concentration of zeatin induced the spontaneous appearance
of abnormal shoots in B. pendula. A concentration of 5 mg L™! resulted in 3.4% fasciated
shoots, and 10 mg L™! resulted in 4.2% fasciated shoots, whereas all shoots appeared ana-
tomically normal in the absence of or at a low concentration (2 mg L™; Iliev et al. 2003).
In another study, at the highest tested BAP concentration (5.3 pM; rounded to 1.2 mg LY,
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the shoots had variable sizes and appeared hyperhydrated and chlorotic (Cheng et al.
2000). Hyperhydricity (previously called ‘vitrification’) characterises frequently observed
malformations during vegetative propagation in vitro, where the plants appear turgid and
watery at their surface and are hypolignified (Gaspar 1991; Debergh et al. 1992). Their
shoots have broad and thick stems; short internodes; and thick, frequently very elongated,
wrinkled, curled, and brittle leaves (Franck et al. 1995).

In our study, 34% of the clones had hyperhydrated shoots (Fig. 3), ranging from none to
50% of the shoots. Hyperhydricity is related to the particular conditions of the in vitro cul-
ture and results from the inability of the shoots to adapt normally to the reactions caused by
stress factors, e.g. wounding, high ionic strength, and inappropriate lighting and tempera-
ture (Kevers et al. 2004). In our study, BAP promoted more hyperhydration. A high propor-
tion of hyperhydrated shoots was also present for zeatin at a concentration of 0.5 mg L%,
i.e. for treatment that resulted in the highest multiplication rate. Overall, the number of
hyperhydrated shoots was positively related to better shoot growth and proliferation. These
results agree with the study conducted by Gaspar (1991), who reported that hyperhydricity
is related to intensive multiplication, i.e. frequent subcultures with a high rate of regenera-
tion, but is not affected by the physiological conditions of the mother-tree at the time of the
explant collection.

Conclusions

We aimed to assess the effect of the mother-tree age and explant collection time on the
culture initiation in vitro, as well as to assess the multiplication capacity of different geno-
types and the optimal media content on stabilised cultures. For initiation, explants from
ontogenetic younger trees, and explants collected in spring had a substantially higher pro-
portion of developed shoots. The genotype performance on the stabilised culture had sub-
stantial variation with several growth patterns. Clones had a consistent response in terms
of the length of the main shoot among different media content. Our results suggest hype-
rhydration as a key limiting factor for the in vitro propagation of silver birch genotypes.
The media with an optimal balance between multiplication and hyperhydration should be
carefully selected to reduce the waste of resources. Yet, economic implications should be
addressed with caution because even small differences in the multiplication rate between
genotypes within a subculture result in the expansion in the number of produced seedlings
per genotype in a year. Moreover, the multiplication capability should be viewed in the
context of the rooting and acclimatisation of the seedlings and the field performance of the
given genotypes.
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Abstract: Silver birch (Betula pendula Roth) is productive on abandoned agriculture land, and thus
might be considered as an option for profitable plantation forestry. Application of the most productive
genotypes is essential. However, information about genetic gains in low-density plantations is still
lacking. A 40-year-old low-density (400 trees ha~!) plantation of 22 grafted silver birch plus-tree
clones growing on former agricultural land in the central Latvia was studied. Although grafted
plantations are not common in commercial forestry, the trial provided an opportunity to assess
genetic parameters of middle-aged birch. The plantation that had reached the target diameter for final
harvest (DBH (diameter at breast height) = 27.7 £ 5.5 cm) had an 85% survival rate, and stemwood
productivity was 5.25 m® ha~lyear~!. Still, rootstock x scion interaction and cyclophysis might
have caused some biases. Broad-sense heritability (H?) ranged from 0.02 for probability of spike
knots to 0.40 for branch angle. Estimated H? for monetary value of stemwood was 0.16. In general,
the correlations between growth and stem quality traits were weak, implying independent genetic
control, though branchiness strongly correlated with diameter at breast height. The monetary value
of stemwood strongly correlated with productivity traits. The observed correlations suggested that
productivity and stem quality of birch might be improved simultaneously by genetic selection.

Keywords: mature Betula pendula; clonal forestry; tree breeding; target diameter

1. Introduction

The economic importance of plantation forestry on abandoned agricultural land is increasing [1].
Application of the most productive genotypes is essential for profitability of such plantations [2].
In the Baltics, hybrids of Populus L. are highly productive, yet they are strongly damaged by
wildlife and require continuous protection [3]. Silver birch (Betula pendula Roth) has substantially
lower environmental risks, yet is productive on agricultural land [4], and might be considered as
an alternative. When appropriately cultivated (e.g., in a low-density plantation), birch can rapidly
reach target diameter, reducing rotation time and increasing profitability of a plantation [4]. However,
information about very low-density plantations is lacking.

Many traits including productivity and branchiness are highly heritable, emphasizing the potential
to improve growth and stem quality [5,6]. Nevertheless, some traits can have common genetic
control [7], which might differ regionally [4,6]. Furthermore, genetic parameters, such as heritability or
genotypic coefficients of variation at final-harvest age, are unknown for silver birch. Genetic gains can
be estimated theoretically from young trials, but the information about actual realization of these gains
at mature age is available for tropical tree species [8,9], although is still lacking for silver birch.

The aim of this study was to estimate genetic parameters at the final-harvest age for stem quality
and growth traits of silver birch clones planted in a low-density (400 trees ha~!) plantation on former
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agricultural land. We hypothesized that the gain of productivity and stem quality of silver birch in
a low-density plantation can be substantially improved by tree breeding.

2. Materials and Methods

The study site was located in the central part of Latvia (57°32' N, 24°44’ E). The topography
was flat (elevation < 100 m above sea level). The mean annual temperature was 6.2 °C; the mean
monthly temperature ranged from 4.6 °C to 17.5 °C in February and July, respectively. The mean
annual precipitation was ca. 690 mm.

The trial was established in 1972 on agricultural land, equivalent to Oxalidosa stand type with
mesotrophic loamy soil. One year after grafting, clones of 22 birch plus-trees from the central part of
Latvia (56°37'-57°28' N; 24°50'-26°24 E) were planted in a 5 x 5 m grid (400 trees ha~') as single-tree
plots in 13-56 randomly distributed replications. Clones were randomized spatially all over the
planting site. Initially, the plantation was intended as a seed orchard, but abandoned soon thereafter;
hence no management, except some initial cleaning, was performed. The area of the plantation was
1.8 ha (720 planting spots).

At the age of 40 years in 2012, for each tree (1) diameter at breast height (DBH; cm); (2) height
(m); (3) height of the lowest living branch (m); (4) mean branch angle (°); (5) mean projection of
crown (MPC; m); (6) occurrence of spike knots; (7) double tops; and (8) stem cracks (present/absent),
and arbitrary scores using 6-point-scales of (9) stem straightness and (10) branchiness were measured.

Data analysis was conducted in program R, v. 3.3. [10]. For each tree, the volume of stemwood
assortments was calculated according to the model by Ozolins [11]. Wood defects and stem quality
traits were considered when determining the structure of stemwood assortment (according to the
practices of commercial forestry in Latvia). According to the estimated volume of assortments,
the monetary value of stemwood (MV) of each sampled tree was calculated as an integrative parameter.
Prices of different assortments according to top diameter, as used in the calculation of MV, were 20,
26, 45, 60, and 70 euro m > for firewood (<13 cm), pulpwood (<13 cm), logs 14-18 cm, logs 19-25 cm,
and logs >26 cm, respectively.

Heritability coefficients H> (broad-sense individual-tree heritability) for the studied variables
were calculated [7]:

H* = 0%/ 03, €y

where 02 is genotypic variance and 03 is phenotypic variance constituted of genotypic and

environmental variance.
Genetic gain was estimated according to formula [7]:

R=5-H? 2

where § is selection differential, which is the mean phenotypic value of the selected clones expressed
as a deviation from the trial mean. For each variable, superiority of the top three clones against trial
mean was assessed.

Genotypic and phenotypic clone mean Pearson correlations were estimated for the studied
variables [7]. Genotypic correlations between the traits were calculated using the formula:

ro=—oit )

where 0g(, ) is the genetic covariance between traits x and y; 0'(2;<x) and U'é(y) are the genotypic
components of variance estimated for the traits. Standard errors for the genotypic correlation estimates
were obtained with the delta method [12].
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Genotypic coefficients of variation (CVg), describing the extent of genetic variability of a variable
in relation to the mean of trial, were calculated as:

CVg = 4/02-100/%, 4)

where ¥ is the phenotypic mean.
The corresponding components of genotypic and environmental variance were extracted using
a random model:
Yij = p+cit e, ®)

where Yij is observation of each trait of the ijth tree, y is the overall mean, and ¢; isthe random clone
effect. For the quantitative variables (e.g., DBH, tree height), a linear mixed model was used. For the
binomial variables (e.g., survival, probability of cracks, etc.), a generalized linear mixed model applying
binomial residual distribution and “logit” link function was fitted. For both models, R package Ime4
was used [13]. For stem straightness and branchiness, ordinal logistic regression was applied [14]
using R package ordinal [15]. The environmental variance of the link functions was determined as
72 /3, or 3.29. Genetic covariance UG(x,y) between any two traits x and y was estimated using function
varcomp in package lme4.

3. Results

The studied planation had 84.4% survival at the age of 40 years. The mean (fstandard deviation)
height and DBH of trees was 26.2 + 2.2 m and 27.7 & 5.6 cm, respectively. The total standing stemwood
volume of the plantation was 210 m® ha~!, and the mean annual stemwood increment was 5.25 m?
ha~! year~!. Accordingly, MV was estimated ca. 9600 euro ha—!, mainly contributed by the logs of
smaller, medium, and large dimensions (44%, 25%, and 21%, respectively).

The estimated H? and CVg differed among the variables (Table 1). The highest heritability was estimated
for branch angle, mean projection of crown (MPC), branchiness, and stem straightness (0.40 < H? <029,
respectively), while the lowest heritability was estimated for survival, probability of spike knots and cracks
(<0.08). Intermediate H? = 0.16 for MV was similar to commonly reported tree height, height of the lowest
living branch, and DBH (0.14, 0.14, and 0.21. respectively). The CVg of the quantitative variables ranged
from 3.2% to 21.8% for tree height and MV, respectively (Table 1). For DBH and height of the lowest living
branch, intermediate genotypic variation (ca. 9%) around the phenotypic mean was estimated, while it was
higher for branch angle and MPC at —14.8% and 19.2%, respectively. For each variable, selection of top three
clones resulted in 3.8%, 0.6%, and 2.7% genetic gain for DBH, tree height, and MV, respectively (Table 2).

The estimated genotypic correlations among the studied variables were similar to phenotypic
clone mean Pearson correlations (Table 3); the latter are described. Correlations among tree height,
DBH, and MV were high (r > 0.63); nevertheless, DBH and MV (r > 0.66) correlated with MPC.
Branchiness correlated with DBH (r = 0.79), yet not with tree height (p-value = 0.41). Moderate to
strong (0.30 < |7l < 0.78) negative correlations were observed between height of the lowest living
branch and DBH, double tops, stem straightness, branchiness, and MPC. Occurrence of double tops
showed moderate to strong correlations with stem straightness, branchiness, and MPC (r = 0.70, 0.67,
and 0.56, respectively), but a negative correlation (r = —0.68) with occurrence of spike knots. Mostly,
weak and non-significant correlations were observed between the occurrence of stem cracks as well as
branch angle and other variables.
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4. Discussion

The calculated H? (Table 1) implied potential for substantial improvement of productivity and
stem quality, hence yields of birch plantations by tree breeding [5]. Nevertheless, H? of the variables
differed (Table 1), implying unequal potential for the improvement of the traits [7]. Branch angle,
branchiness, projection of crown, and stem straightness, which largely influence timber quality [2],
were highly heritable and had intermediate CVg (Table 1), implying potential for considerable
improvement [7]. High CVg was also observed for MV (21.8), indicating potential financial benefits
from breeding. Nevertheless, strong correlation between branchiness and DBH, MPC, and stem
straightness indicated possible negative effects on stem quality when selecting fast growing trees
with straight stems (Table 3). Additionally, height of the lowest living branch had significant negative
correlations with the same variables, supporting the abovementioned consideration. Earlier studies
reported a significant moderate correlation between DBH and number of branches [5,16]. Significant
negative genotypic correlation between productivity traits and stem straightness (r; ranging from
—0.45 to —0.72) was noticed in Sweden [16]. However, other stem quality traits such as spike knots,
stem cracks, and double tops did not show significant relation to productivity traits and MV, suggesting
the possibility for simultaneous improvement [16,17].

The heritability of survival was low (Table 1), suggesting the prevailing effect of the micro-site
conditions, as shown by Stener and Jansson [16] for birch in Sweden. Environmental factors can
strongly affect performance of the species, masking the genetic effect and resulting in low heritability
parameters [6]. The estimated genetic parameters (Table 1) might have been already affected by the
pre-selection of planting material (plus-trees) with improved branching and stem properties, as a seed
orchard was initially intended. Although the utilization of grafted silver birch is not a common practice
in commercial forestry, the trial provided information about genetic parameters at middle age that
has not been previously published. This might have caused some imprecisions in genetic parameters
due to uncontrolled rootstock x scion effect. Although the issue has been scarcely studied for forest
trees [18], for loblolly pine, the rootstock x scion effect has been negligible compared to the effects of
clone and site factors [19]. This was also supported by good survival of grafts indicating compatibility
between rootstock and scions. The negative effect of cyclophysis due to different biological ages of
rootstock and scion [20-23] appeared insubstantial, as indicated by the productivity of the plantation.
Similarly, a weak effect of cyclophysis on growth and survival of vegetatively propagated silver birch
has been shown in boreal conditions [24,25]. Still, grafts might have lower branchiness and branch
thickness [26].

The single-tree-plot design of the plantation might have also affected genetic parameters of
the traits, as the measurements from such plots are influenced by competition among different
genotypes [27]. However, low planting density likely had postponed the onset of inter-tree competition,
therefore reducing exaggeration of the genotypic variance of growth traits [5,16,28]. Hence, the
estimated H? and CVg were somewhat lower than reported in earlier studies, in which H? ranged
0.07-0.56 for tree height, and 0.11-0.59 for DBH, while CVg for the respective traits has been reported
to range between 5 and 14, and between 9 and 21, respectively [5,16,28]. Still, heritability of height
and DBH varies widely among different trials [16]. Considering varying genetic control of the studied
traits, H? and CVg of MV were intermediate (0.16 and 21.8), as similarly observed in Sweden [5].

For silver birch, genetic gains of around 10% for height and 20% for DBH of the top 10% clones
at the age of 7-11 years are reported [5,16], while corresponding realized gains in our study site
at the moment of possible final-harvest was around 17 and 5 times lower, respectively. This may
imply weak age-age correlations, as well as reflect lower heritability and high variability due to
strong environmental effects (Table 2). However, earlier measurements from the studied trial were not
available for comparison.

The studied plantation appeared ready for the final harvest already at the age of 40 years. Higher
productivity (up to 8.90 m® ha~! year—! [29] vs. 525 m® ha~! year~! in studied trial) and good stem
quality might be achieved in conventional plantations with higher planting densities [30,31], although
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increasing planting distance does not influence the height growth [31]. Nevertheless, decreased
competition and application of the pre-selected planting material apparently improved the assortment
structure of the studied birch, shifting its distribution towards the higher value, thus suggesting
efficiency of the low-density clonal plantation for the production of solid wood and possible further
economic improvement in a low-density short-rotation plantation. Together with selected planting
material, reduced establishment costs with wider spacing might be a strong driving factor for choosing
lower planting densities. Increased value does not only result from increases in volume production,
but also from improved stem quality leading to more valuable logs [9]. Besides, breeding effect on
productivity might not fully express in dense stands, since birch maintain vigorous growth when
presented with low within-stand competition [4].

5. Conclusions

Although the utilization of grafted silver birch is not a common practice in commercial forestry,
the studied forty-year-old, low-density grafted clonal plantation appeared efficient for the production
of solid wood. Considering heritability and genetic gains of the studied traits, the gain of birch
plantations might be substantially improved by breeding. The non-significant correlations between
stem quality and dimensions of trees suggested that the traits could be improved simultaneously.
However, the strong correlation between branchiness and DBH implied that stem quality would be
reduced when selecting for productivity. Still, rootstock x scion interaction and cyclophysis effects are
uncertain and might be potentially significant. Considering the potential for strong environmental
effects on the performance of birch, verification of the results in diverse growing conditions is required.
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Abstract

Economic importance of Silver birch in Latvia has been increasing in last decade, triggering scientific research, dedicated to
improvement of this species, including tree breeding. Bulk of progeny trials will reach the evaluation time in next few years; therefore,
decisions for further tree breeding activities have to be made. The aim of our study is to evaluate profitability of silver birch breeding,
based on current situation in the year 2010 and circumstances in Latvia and assess the factors that might notably influence the result.
Analysis considers all available breeding material and links between tree breeding, seed orchards and end product — forest stand,
regenerated with improved plants in order to evaluate profitability of different alternatives based on differential approach. Results
reveal that differential benefits from forest regeneration with selected birch material in comparison to natural regeneration, in areas with
highest site indexes (Ia-II) with 3% interest rate and at least part of the stands managed in order to maximize yield of large diameter
trees at age of final felling, are positive. The highest profitability can be reached if selection of best individuals is done based on clonal
testing, genetic gain is maximized and combined with proper silvicultural praxis and annual planting area (utilization of seeds from

selected trees) are maximized.
Key words: differential benefits, birch improvement, selection.

Introduction

Silver birch is one of the birch species (Betula pendula
Roth. and Betula pubescens Ehrh.) that in forest inventories
are not distinguished from each other and together occupy
28.2% of forest area, being the second most widespread
after Scots pine (Anonymous, 2008). During the 20"
century birch in most of the forest areas was treated as a
species of secondary importance that needs to be removed
in thinnings in favor of coniferous trees. Economic value of
birch has not been fully recognized until few decades ago.
Birch is used now in plywood production that accounts
for more than 10% of total export value of forest sector
products (Anonymous, 2008) and also plays an important
role in furniture production. Birch wood is used also in
production of sown goods, ship boards.

After the collapse of the Soviet Union, large areas of
agricultural lands are abandoned. Natural afforestation
of these lands mainly is with birch. Birch is used also as
one of the main species (38% of area) for afforestation
of former agricultural lands. That has triggered plant
production (nursery industry): in recent years on average
around 4 million birch seedlings are produced annually and
only minor portion of it (30%) used in forest regeneration
on forest lands.

The advancement in recognition of birch value and use
has triggered significant research activity in fields of plant
production and afforestation technique (Liepins, 2003,
2004), thinning of birch stands (Zalitis and Zalitis, 2002)
and tree breeding activities of this species. A large number of
forest stands has been inventoried across Latvia, plus trees
and phenotypically valuable trees selected altogether in 37
stands. Seeds from trees of theses stands have been used
to establish open-pollinated progeny trials in 3 contracting
sites in Latvia, altogether occupying 60 ha. This material
forms a basis for further tree breeding activities.

As the demand for birch plants was growing, plus-trees
were phenotypically selected and joint-stock company
(JSC) ‘Latvia’s State Forests’ established birch seed orchard
in plastic greenhouse for production of improved seed
material. That, in turn, triggered further interest in selection
of new set of clones with even higher genetic value that
would serve as a parent trees for new generation of planted
forest stands. Bulk of the birch progeny tests is close to
the evaluation and selection age i.e. close to the point of
beginning of the second breeding cycle. Therefore, it is
important to analyze the alternatives for further breeding
activities in order to select the most economically efficient
one.

Numerous theoretical studies have addressed the issue
of the efficiency of and comparison among the breeding
strategies (Danusevicius and Lindgren, 2002a, b, 2005)
recently. Excel-based calculation tools have been developed
to optimize the necessary amount of breeding material
at different stages, scale the genetic diversity vs. genetic
gain and compare breeding strategies (Danusevicius and
Lindgren, 2002a, b). However, the studies have not been
used for practical analysis in Latvia and have a number
of limitations (like — no considerations of genotype-
environment interaction, very limited available knowledge
in values of some of the parameters etc.) for stand-alone
practical application. Theoretical approaches of economic
evaluation of profitability of tree breeding have been
analysed by A. Ahtikoski (2000). It also included practical
analysis of Scots pine and Silver birch seed orchards
in Finland; however, the basis for optimization of tree
breeding activities was not presented.

In order to maximize the gain from use of selected
material, a detailed economic analysis for relative weights
of different traits in selection index has been carried out
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mainly with species used in short rotation plantations (Lowe
et al., 1999; Dinus and Welt, 1995), but recently also for
Scots pine in Sweden (Berlin et al., 2009). This approach,
however, requires detailed data on genetic parameters of
traits and their importance in particular production process
that are not available in our case.

The aim of the study is to evaluate profitability of silver
birch breeding based on current situation and circumstances
in Latvia and assess the factors that might notably influence
the result.

Materials and Methods

All available breeding material of silver birch in Latvia
can be divided in 2 groups:

1) open-pollinated progenies of 921 phenotypically
selected plus tree or superior stand tree that have
reached the age of 10 years in 2010 when this study
was done;

2) progenies of 360 controlled crosses of 100 untested
(phenotypically selected) clones in seed orchard that
have reached the age of 4 years.

Both groups of available material can be integrated
at the end of the second breeding cycle of the first group;
therefore, it is chosen as a time horizon for the analysis.

For the bulk of material (first group) it is planned to
establish 2 breeding populations, based on delineated
provenance regions (eastern and western), and using
altogether 150 trees — phenotypically selected progenies
from the most productive and qualitative open-pollinated
families, since the mother trees are not available any more.
Among the members of the breeding population, double-pair
mating will be performed. For further activities 3 different
alternatives are compared: 1) phenotypic (FEN) selection
of the best individuals within a family; 2) clonally (VEG -
vegetative) testing, where the selection of candidates within
a family and their vegetative propagation is performed,
followed by the establishment of clonal progeny trials and
backward selection of the two best candidates from each
family; 3) progeny (GEN - generative) testing, where
phenotypic selection of candidates within a family and their
flowering stimulation to obtain seeds is done, followed by
the establishment of open-pollinated progeny trials and
backward selection of the two best candidates from each
family. Planned activities, that are not explicitly analyzed
in the study, but costs are added to each of the alternatives:
1) for the first group of material, before the beginning

of the second breeding cycle: repeated measuring of
part of the trials, selection of individual trees within
superior families;

2) for the second group of material: tending work in
progeny trials, measurements, selection of individual
trees within superior families.
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The comparison of alternatives is based and differential
approach is used, i.e., only positions of benefits and costs,
which differ between 2 regeneration methods — natural and
planting of selected material — are considered (Ahtikoski,
2000). In the analysis differential costs are based on prices
of the year 2010 and represented by:

1) costsof tree breeding activities, obtained from practical
experience in the Latvian State Forest Research
Institute ‘Silava’ according to activities needed to
carry out each of the alternatives (FEN, VEG, GEN);

2) costs of seed orchard establishment and maintenance,
obtained from the JSC ‘Latvia’s State Forests’, that
owns the productive birch seed orchards in Latvia;

3) costs of regeneration: plants, soil preparation, planting,
and two extra cleanings, information from the results
of the tenders of the JSC ‘Latvia’s State Forests’.

The differential benefit is represented by additional
yield and shorter rotation time (cutting by target diameter,
if possible) of the stands regenerated by the selected
reproductive material. Values of genetic gain for each
of alternatives, scale and timing of tree breeding works
were partly assessed using the ‘Breeding Cycle Analyser’
(Danusevicius and Lindgren, 2002a, b) with genetic gain
per unit of time as the target to be maximized (Table 1).

Genetic gain of an improved stand expressed relative
to diameter and height growth of an unimproved stand
was calculated based on constant proportional advantage
approach (Ahtikoski, 2000).

Growth models for traditional (high initial density,
delayed, low intensity thinnings) and targeted (aimed to
maximize the mean diameter and total volume of trees at
the final felling age, and characterized by low initial stand
density) silvicultural systems and thinning regimes, the
same for naturally regenerated and planted (improved)
stand were chosen, based on recommendation of P.
Zalitis and J. Jansons (2009). The assortment structure in
thinning and final felling was calculated according to the
algorithm developed by R. Ozolins (Ozolips, 2002). The
assortment prices for the years 2006 - 2010 were obtained
from Central Statistical Bureau and JSC ‘Latvia’s State
Forest’. Assortments were set as follows: first grade logs
(top diameter exceeds 25.9 cm, length 4.9 m), second grade
(18 - 25.9 cm, 4.9 m), third grade (14 - 17.9 cm, 4.9 m),
pulpwood (6 - 13.9 cm, 3 m), firewood (3.0 - 5.9 cm, 2 m).

Area of seed orchard was based on minimal number of
clones to ensure genetic diversity as well as predicted seed
needs, assuming that all birch stands on fertile soils would
be clear-felled and replanted with improved material.
Selected set of clones is set to be used for 24 years, since
none of the alternatives could switch to new set of clones
of higher genetic quality faster than that.
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Table 1

Scale and timing of tree breeding works based on different alternatives used in analysis

Tree breeding alternati
Size of breeding material and duration of different phases fee preeding afternative
FEN VEG | GEN
[Recombination 6 6 6
[Time before 2 4 2
Duration egting of progenies 25 12 14
of -
.. [Time after - - 5
activity,
years [Time before - - 2
[Testing of candidates - - 12
[Total time 33 22 41
. Number of families 150 150 150
b?échii(r)lf Number of trees per family 300 100 120
"€ Number of candidates - 40 25
material - -
Number of progenies/ramets per candidate - 40 35

To ensure unbiased comparison between regeneration
methods and breeding alternatives, net present value (NPV)
was calculated with the interest rate 3%.

Results and Discussion

Results reveal that NPV of tree breeding costs are
highest in VEG alternative, followed by GEN (60% of VEG
costs) and FEN (40%). Genetic gain of FEN alternative
is approximately 79% of the other alternatives that is
according to theory (Falconer and Mackay, 2004) and

120

reflects increased precision of selection, based on progeny
testing. In the current situation (prices and costs of the year
2010, on average a bit below 500 ha y*! birch planting used,
predictions of genetic gain for height and diameter 14% for
FEN and 18% for VEG and GEN, targeted and traditional
silviculture applied in equal proportions of area) highest
differential benefit is achieved with VEG alternative
(88 LVL ha''), followed by GEN (51 LVL ha') and FEN
(34 LVL ha™). Influence of amplitude of different genetic
gains is presented in Figure 1.

100

80

60

40

20

Differential benefits, LVL ha

12%

14% 16%

Genetic gain for height and diameter for FEN alernative

Figure 1. Comrarison of differential benefits from selection alternatives:

FEN

VEG GEN

Genetic gain for other alternatives calculated proportionally to that of FEN selection alternative
Assumed, that birch planting will be carried out 500 ha y!' and targeted and traditional silviculture applied in equal
proportions of area.
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Results reveal that superiority of selection based on
clonal testing (VEG) remains across the range of genetic
gain levels, that exceed 10%, and is increasing in absolute
value, as higher the genetic gain is. It is in line with
conclusions of L.-G. Stener and G. Jansson (2005) that also
noted superiority of vegetative (clonal) testing.

Figures of genetic gain used in this study are in line with
other published estimates: at the age of 10 years, 10% gain
in height and 18% in diameter has been found for silver
birch (Stener and Jansson, 2005). Other studies report no
notable difference in genetic gain at the age of 10 and 20 -
36 years, the absolute value being 29% for yield (Hagqvist
and Hahl, 1998) that would roughly correspond with 14%
increase in height and diameter. Genetic gain 10% - 25%

ARIS JANSONS, ARNIS GAILIS, JANIS DONIS

at age 21 - 32 years are estimated (for height) and 20%
predicted for yield at mature age for Scots pine (Jansson,
2007; Andersson et al., 2006; Stahl and Jansson, 2002) for
the first breeding cycle. Considerable decrease in genetic
variation have been found between wild population and
selected plus trees, but the next steps of selection, based
on progeny testing corresponds to only marginal changes
in genetic variation (Bouffier et al., 2008). Therefore, it can
be assumed that the possibility of further improvement in
next breeding cycle remains the same as in the first one.

Value of differential benefits is influenced not only
by genetic gain, but also by annual planting area and
fluctuation in assortment prices (Table 2).

Table 2

Differential benefits from selection alternatives, LVL ha™'

Annual planting area and selection alternative

Assortment
prices as in 500 ha y! 5000 ha y*! 7500 ha y!
year IFEN |VEG |GEN |[FEN |VEG |GEN [FEN |VEG |GEN

20100 34 88 51 71 162 95 72 165 97
2009 24 73 42 62 147 86 63 150 88
2008 143 280 164 181 354 208 182 357 210
2007, 169 327 191 206 401 235 208 404 237
2006 85 181 105 122 255 150 124 258 151

Genetic gain for height and diameter 14% for FEN and 18% for VEG and GEN alternatives
Assumed that and targeted and traditional silviculture applied in equal proportions of area

Annual planting area has a profound effect on value
of differential benefits: as it increases from 500 ha year”,
planted during the last decade on average, up to 5000 ha year!
the differential benefits increases by 60% on average,
ranging from 25% to more than doubling. It is related
to constant costs involved in equation — the more the
area increases, the lower are the costs of seed orchard
establishment and maintenance per one hectare planted with
material grown from selected seeds. Tight link between
economic value of tree breeding process and the size of the
area, where selected forest reproductive material is utilized,
is also noted by other authors (Ledig and Porterfield, 1982).

Fluctuation of wood prices has remarkable influence
on the value of differential benefits: difference between the
lowest and highest estimate for the same alternative and
annual area of planting varies 2.4 — 5.0 times. That indicates
the importance of selection of proper final harvest time,
based on market conditions in order to reap highest benefits
from the use of selected material in forest regeneration.
Results also demonstrate that rather conservative genetic
gain estimate ensures positive differential benefits from
tree breeding and use of selected material, even with the
least beneficial alternative and in years with the lowest
wood prices.

Silvicultural system has a notable influence on stand
parameters. Results demonstrate that stands with ‘targeted’
management regime, involving only one commercial
thinning ensures notably higher differential benefits

36

than stands with ‘traditional’ one regardless of selection
alternative or wood price conditions (Figure 2). Main cause
of it is faster diameter increment in ‘targeted’ management,
providing opportunity to shorten rotation period as well as
to obtain higher proportion of most valuable assortments. In
the study we were not able to address aspects of genotype-
silvicultural system (like initial spacing, intensity of pre-
commercial thinning etc.). Only few studies of this aspect
have been carried out in the region based on very limited
Scots pine material. They indicate that genotype — initial
spacing interaction might have a practical importance
(Roth et al., 2007; Persson, 1994). Selection of assortments
in our study is based only on dimensions, and quality is
not considered. However, studies demonstrate that up to
90% of proportion of veneer logs from tree is determined
by branch quality (Hagqvist, 2001). Genetics is even more
important than the silviculture in determining quality traits
of birch, like natural pruning (Zalitis and Zalitis, 2002),
branch diameter and angle (Hagqvist and Hahl, 1998),
wood quality (Koski and Rousi, 2005). Genetics has
significant effect even on slenderness of trees (Kroon et
al., 2008). Therefore, increased quality and proportion of
the most valuable assortments could be an important part
of differential benefit from use of selected material and
shall be addressed in further studies, as soon as there is
sufficient data from National forest inventory and older
birch trials. Average proportion of elite-grade logs could
be determined also by equations, developed by P. Zalitis
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and colleagues (Zalitis et al., 2002), but it does not allow
to consider the additional gain from quality improvement.
Constant proportional advantage, adding the genetic gain
to parameters of unimproved stand at any age, is used in
our study. However, genetic gain could be different at
different age, and thinning regime could be optimized to
reap highest benefits from the use of selected material.

Considering the above mentioned — thinning regime
not optimized, quality traits not estimated and elite veneer
assortment not assessed — as well as probability, that no
extra cleanings might be needed for planted stand in
comparison to naturally regenerated. It can be stated that
the results of our study are close to the lowest limit of
estimates of differential benefits from the use of selected
material.

600 —
500
—< 400
=
=
> —
-
= 300 —
o
=
L
=]
£ 200
5
b5}
=
8 100 -
0
F VEG GEN FEN VEG GEN
100 500 hay! 000-ha

Alternative and annual planting area

Figure 2. Influence of silvicultural system applied on the differential benefits from forestry in the year of high
(2007) and low (2009) wood prices:

2007 traditional

I:|2007 targeted

2009 traditional

-2009 targeted

Genetic gain for height and diameter 14% for FEN and 18% for VEG and GEN alternatives.

Interest rate used in the study — 3% — might seem rather
low, but it is in line with values usually used in economic
analysis in forestry (Pentinten, 1999; Pesonen and Hirveld,
1992).

Conclusions

1. Differential benefits from forest regeneration with
selected birch material in comparison to natural
regeneration, in areas with the highest site indexes (la-
IT) with 3% interest rate and at least part of the stands
managed in order to maximize radial increment, is
positive

2. Selection of best individuals based on clonal testing is
the most expensive, least time consuming alternative
that ensures highest differential benefits across the
range of genetic gain levels, that exceed 10%, and is
increasing in absolute value, as higher the genetic gain
becomes

3. Factors like annual planting area, silvicultural system
used for management of planted stand, and fluctuation
of wood prices have a profound effect on value of
differential benefits, therefore need to be considered in
order to maximize it.
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Abstract: The economic importance of fast-growing tree species like silver birch (Betula pendula Roth.)
is increasing due to growing demand for timber. Tree breeding provides the opportunity to increase
the timber supply and thus ensure the most efficient use of forest land. Application of the results of
a breeding program—the planting of young stands—is costly, and information on (potential) early
income for the landowner from this investment is scarce. Therefore, the aim of this study was to
characterize the gain from the use of improved silver birch material at the first commercial thinning.
Material was collected from an open-pollinated progeny trial of 524 silver birch plus-trees at the age of
14 years in the central part of Latvia. Incomes from the first thinning were calculated at low and high
timber prices. Heritability of growth traits (assessed as diameter at breast height) and timber value at
first thinning were similar. Both timber market fluctuations and genetics had a notable impact on
economic outcome: the internal rate of return for the selected best-performing families was 9.4% and
8.3% in the case of high and low timber prices, respectively; on average, for all families in the trial the
figures were 8.1% and 6.7%, respectively. Results indicate profitability for investments in planting of
improved regeneration material, even at a young age, in hemiboreal forests.

Keywords: Betula pendula; genetic gain; revenue; forest regeneration

1. Introduction

The economic importance of fast-growing pioneer tree species is increasing due to the growing
demand for timber both for solid wood products and chemical processing [1,2]. Silver birch
(Betula pendula Roth), with its high productivity on agricultural land, is suitable for such purposes
and less affected by biotic factors (browsing, insect and fungus damages) than conifers [3]. Therefore,
it has been included in tree breeding programs to select the most productive genotypes [4]. However,
tree-breeding programs are costly; therefore, the assessment of practical economic gain is essential [5].
Moreover, silver birch usually has abundant natural regeneration and most clear-cuts of the species are
regenerated this way, rather than by replanting [6]. Solid information on the economic gains realized
from the rather high establishment costs of planting is needed to encourage this practice (and the use of
germplasm from tree breeding). In northern Europe, the internal rate of return for improved Norway
spruce was 5.3%, but for Scots pine from a third round of seed orchards was 7% [7,8]. Such rates were
notably higher than in stands regenerated from unimproved material [9]. It demonstrates the economic
gains possible for forest owners and the potential to reduce the rotation period, thus ensuring higher
wood supply for processing [10,11]. However, the values were estimated (calculated) based on the
genetic gain, not actual harvests, and did not include information on silver birch.
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Improved birch ensures the opportunity to achieve tree dimensions suitable for sawlogs and
plywood in a reduced period of time [3,12]. For example, use of improved Scots pine resulted in a
20-year shorter rotation cycle and a substantial financial benefit: an increase of net present value (at a
2% interest rate) by up to 32%—60% [13]. However, profitability from the use of improved material
depends not only on the predicted income but also a reduction of expenses such as establishment
and management costs, e.g., less tending necessary [8]. Furthermore, improved material might be
more resistant to several environmental factors, which reduces risks [14]. The gain from improved
material can be achieved even at a young age [2], but economic evaluations of effect on income from
early thinning are still quite rare [14]. The aim of the study is to characterize the gain from improved
silver birch material from the first commercial thinning at the age of 14 years.

2. Materials and Methods

2.1. Trial and Measurements

The studied trial of silver birch was located in the central part of Latvia (56°44" N, 24°49” E).
The elevation was ca. 220 and 75 m a.s.1., and the topography was flat. The mean annual temperature
was 6.4 °C; the mean monthly temperature ranged from —4.4 °C in February to +17.4 °C in July.
The mean annual precipitation was ca. 630 mm.

The trial was established in 1999 on former agricultural land, corresponding to the Oxalidosa forest
type with mesotrophic, dry, silty soil. It consisted of open-pollinated (half-sib) families of plus-trees
of silver birch, selected across the whole territory of Latvia (55°40'-58°05" N, 20°58’-28°14" E).
One-year-old containerized seedlings with an initial density of 2500 trees ha™! (2 x 2 m) were planted.
No management except weed control during the first year was done prior to thinning. The experimental
design was complete randomized blocks. Each family was represented in one to five replications
(32-tree blocks); only families represented in at least 3 replications (524 in total) were assessed. In 2014,
at the age of 14 years, stem diameter at breast height (DBH) and tree height were measured for each
living tree before the harvest and removed trees noted after the harvest. In total, 84% of the initially
planted trees had survived until harvesting; each replication (block-plot) contained from 24 to 32 trees.
The harvesting was performed by chain saws (motor-manual) to reduce damage to the remaining trees;
timber was transported by a forwarder. Thinning from below was performed; basal area was reduced
from 14.62 to 7.52 m? ha™!.

2.2. Data Analysis
For each tree, stemwood volume was calculated according to the local model [15] as:

V = 0.909-10~4H%717 DBHY-16718(H)+1.757 )

where, H is height of the tree (in m) and DBH is stem diameter at breast height (in cm).

The assortment outcome from each harvested tree was calculated using the model developed by
Ozolins [16] and modified by J. Donis (unpublished). The parameters used in the calculation for each
assortment are shown in Table 1. To demonstrate the influence of market fluctuations on the income,
low (in 2014) and high (2018) timber prices were used (Table 1).

Table 1. Assortment classes by diameter at the top end and monetary value with low and high

timber prices.
Di ter at th i -3 P i f th
Asorment Lengtnm Dpmee P e,
p End, Low (in2014)  High (in 2018) .
Sawlogs 3.0 12.0 47 56 13
Firewood 3.0 10.0 37 50 14.3
Pulpwood 3.0 6.0 35 54 59.3

Energy-wood 3.0 3.0 225 30 25.1
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Genetic parameters were calculated using three largest (by DBH) trees per family and replication.
To assess the heritability of the traits (DBH, stemwood value, and proportion of industrial timber), variance
and covariance components (o) were estimated using the mixed model analysis with the restricted
maximum likelihood approach in SAS (Version 9, SAS Institute, Cary, NC, USA) [17] as follows:

Yju = p+Bj+Fx+BFj+¢eju 2)

where yjy is the observation of the /th tree from the kth family in the jth replication; p is the overall

mean; Bj is the fixed effects of the jth replication; Fy is the random effect of the kth family, and BFj is a

random interaction effect of the jth replication and the kth family, respectively; ¢y is the residual error.
Considering the randomized block design of the trial, heritability (4%) was estimated as:

4><sz

n? ®)

- 02f+02bf+02g

where azf, o2 b, and 02, are the estimated variance components of the family, family X replication interaction,
and the residual, respectively. Standard errors of 1?2 were calculated using Dickerson’s approximation [18].

The coefficient of additive genetic variation (CVa) describing the extent of genetic variability for
the quantitative traits [19], was calculated as:

CVa = Vi5} x w “)
X

where X is the phenotypic mean and 42 is the additive genetic variance.

Genetic gain (GG) was calculated using a 10% selection intensity (i) [19]. The net wood value
(NWYV), net present value (NPV) and internal rate of return (IRR) were calculated as the economic
indicators for the harvested timber. To assess the economic effect of breeding, the indicators were
calculated for the trial mean, as well as for the top and bottom 10% of the families, ranked by the GG
of DBH.

For each tree, sawlog income was calculated as:

(1.013%0.958 + (~0.112) x DBH*2%%)

I= 5
(0.958 -+ DBH-203) ©)

where DBH is the stem diameter at the breast height (cm).
To calculate NWYV, the following equation was used:

NWYV = Lijcome — Heosts ©)

where Iincome is income from harvesting and Heosts is the harvesting costs (Central Statistical Bureau
of Latvia).

Income and costs were included in the analysis by calculating NPV, which was calculated as the
discounted value of the future expected net cash flow.

(NWV - Ecasts)

NPV =
(140"

@)
where Eosts is the establishment costs (low and high prices), r is the discount rate (3% and 5%), and n
is the number of years (14). The establishment costs were acquired from the Central Statistical Bureau
of Latvia.
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To estimate the profitability of the potential investment, the IRR was calculated using the

following equation:

B NPV,
IRR = Ta + m(rh 1’“) (8)

where 1, is the lower discount rate (3%); rp, is the higher discount rate (5%); NPV, is NPV at r,;
and NPV, is NPV at rp, discount rate.

3. Results

3.1. Heritability of Traits

The mean DBH and tree height (+ confidence interval) in the silver birch trial at the age of
14 years was 9.1 + 0.2 cm and 13.4 + 0.2 m, respectively; standing volume (yield) was 91 + 1.9 m?ha~l,
Heritability for timber value and for the usual trait of selection (DBH) was very similar. However,
the proportion of industrial timber (sawlogs and pulpwood) was less heritable. The coefficients of
additive genetic variation (CV,) ranged from 3.7% to 22.7% for the proportion of industrial timber and
timber value, respectively (Table 2). Genetic gain values had a similar trend as the CVa. There were
negligible differences in genetic gain from direct selection or selection by DBH.

Table 2. Coefficients of heritability (%), genetic variation (CV,) and genetic gain (GG) of progenies of
plus-trees of silver birch plantation at the age of 14 years.

Heritability Coefficients of

Trait Coefficients %+ Additive Genetic Genetic G.ain Genetic Gain

Standard Errors Variation CV,, % GG_10% direct GG_10% DBH
DBH 0.49 +0.08 8.4 8.9 8.9

Proportion of industrial
timber (sawlogs 0.18 + 0.07 3.7 17 1.6
and pulpwood)

Timber value (low prices) 0.49 + 0.08 22.7 26.9 26.3
Timber value (high prices) 0.50 + 0.075 20.0 229 225

3.2. Monetary Value of the Selected Trees

For the trees subjected to thinning, the DBH and height were 8.0+0.3 cm and 13.0 + 0.4 m,
respectively. The remaining trees had a mean DBH of 10.0 + 0.3 cm and height of 10.0 + 0.4 m (Figure 1).
The volume of harvested industrial timber on average was 28.0 + 0.8 m® ha™!.

Income from the thinning differed greatly with fluctuations of timber market: with low timber
prices, it was 1275 + 29 EUR ha~!on average; with high, 1863+33 EUR ha™! (Table 3). Similar differences
were observed with NWV (Figure 1): the top-performing families reached 1424 + 86 EUR ha~! with
high timber prices, and 616 + 39 EUR ha~! with low prices; corresponding mean figures in an
open-pollinated plus-tree progeny trial were statistically significantly lower: 1030 + 25 EUR ha~! and
426+11 EUR ha™l, respectively. Selected (best performing) families had NPVs (with a 3% discount
rate) from 370 to 741 EUR ha~!. Moreover, for the best-performing families, NPVs at a high timber
price and low discount rate were 50% higher compared with the trial mean; at a low timber price,
the improvements were 35%. IRR for the worst-performing families reached 2.9% in an unfavorable
timber market, and 4.5% in a favorable one. These figures were very different for best-performing
families: 8.3% and 9.4%, respectively (Table 3).
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Figure 1. Net wood value of the thinning at the age of 14 years, based on low or high timber prices and
selection of 10% best or worst (-L) families either directly (by value) or indirectly (by DBH or by height
at the age of 10 years).

Table 3. The economic indicators of the selected trees of the silver birch trial at the first thinning at the

age of 14 years.
Trial Mean Top 10% Families Bottom 10% Families
Timber Price
W;" EUR NPV rg,% NPV IRR, % NPV IRR, %
a 3% 5% 3% 5% 3% 5%
High (2018) 1863 + 33 741 451 8.1 1484 1018 9.4 106 -33 45
Low (2014) 1275 + 29 370 171 6.7 780 484 8.3 -7 =117 29

WV—total value of the harvested timber.

4. Discussion

The estimated heritability (Table 2) implies a high potential for improvement of DBH and timber
value [20] by breeding. The estimated heritability was higher than observed for birch in Norway
(0.23; [21]) and in Sweden (0.32; [2]). The increased values of higher genetic gain might be related to
diverse population structures of birch in Latvia [22], which is a result of the post-glacial recolonization
of vegetation in northern Europe. Accordingly, a higher genetic diversity allowed obtaining a broader
spectrum of phenotypes, hence the intensive selection of the material was efficient [23]. The CV, for
DBH was relatively low, which might be explained by the effect of stand competition [2,3,24], but the
higher coefficients for the timber value might be explained by the cumulative effect of DBH and tree
height. Nevertheless, the estimated genetic gain from the 10% top-performing families was similar to
other studies. For instance, Stener and Jansson [2] and Hagqvist and Hahl [25] found 18% and 11%
gains for DBH when first-generation seeds were compared with ordinary seed material at the age of 7
to 12 years. Such genetic gains from improved material supports the reliability of genotypic selection
and the effect of breeding [3].

The calculated sales value of the timber from the trial roughly corresponded to the actual value
(obtained from the forest owner, pers. com.). NPV was positive for the mean and the top-performing
families at the age of 14 years. This could, at least in part, be attributed to low establishment costs:
good quality planting material ensured a need for only one tending. Compared to conventional stands
of Scots pine in Sweden [12], the estimated NPV of the top-performing families of silver birch at the
age of 14 was high: 2305 and 1488 EUR ha™!, with high and low timber prices, respectively. It indicates
high potential for the application of improved reproductive material of birch in commercial forestry
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with the possibility of early return on investments. Simonsen et al. [26] and Jansson et al. [7] indicates
that genetically improved material significantly increases tree growth with lower investment costs.
However, Jansson et al. [7] indicated that, with 5.3% IRR, the income is still low due to increasing
establishment and harvesting costs, which might not be met by the improved growth rates.

In Latvia, the establishment and management costs would not increase as fast as in Sweden,
due to the parity of the costs. Estimated IRR for the mean and top-performing families resulted in
good profitability even when timber price is low; the values ranged from 6.7% to 8.3%, thus exceeding
those of naturally regenerating stands [7]. These values might be lower if lower planting density is
used, due to smaller harvested volume. Similarly, the value would be reduced with an even earlier
thinning, aiming to improve the growth of the remaining birch. Thus, additional calculations using
growth models would be useful to optimize the planting density. The main value of this study is to
demonstrate the practical gain obtained from an actual, large (23.1 ha) thinning area at an early age,
and the actual value added by the tree breeding.

5. Conclusions

Breeding ensures substantial income for the landowner at the age of first commercial thinning.
Net wood value (timber value minus harvesting costs) of the top-performing families was significantly
higher than the mean in the trial in any of the assessed timber market condition. Investment in
regeneration with improved planting stock can ensure a positive net present value (at a 3% interest
rate) already at the age of 14 years in hemiboreal conditions.
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