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ANOTACIJA

Parasta egle ir ekonomiski nozimigaka koku suga Ziemeleiropa, tadé| tas
raZzibai un vitalitatei ir nozimiga loma regiona mezsaimnieciba. Koka augstums ir
tieSi saistits ar meZaudzes raZibu, un to ietekmé gan augsanas apstakli, gan koku
genétika. Augstuma pieaugums jaunaudzes vecuma liela méra nosaka audzes talako
attistibu, tadé) svarigi vértét dazadu faktoru ietekmi uz koku augSanu $aja perioda
un iespéjas to veicinat ar mezsaimniecibas un meza selekcijas panémieniem.
Promocijas darba meérkis ir raksturot lokalo apstaklu un iedzimtibas ietekmi uz
juvenila vecuma parastas egles (Picea abies (L.) H. Karst.) augstuma pieaugumu
stadot atjaunotos hemiborealajos mezos Latvija.

Promocijas darbs sastav no septinam tematiski vienotam zinatniskajam
publikacijam, un to rezultati liecina par iesp&jam ievérojami uzlabot egles augSanu
jaunaudzes vecuma. Koku augstumu ievérojami un bdtiski ietekmé augsnes
sagatavosSanas veids un augsnesielaboSana ar koksnes pelniem gadu pirms stadijuma
iertkoSanas vai papildus baribas vielu pievienoSana reizé ar stadisanu, turklat So
mezsaimniecibas darbibu ietekme saglabajas vismaz 10 gadus ilga laika posma.
Labvéligu lokalo apstaklu kombinacijas nodrosinasana ievérojami paaugstina eglu
ar apikalajiem augusta dzinumiem Tpatsvaru jaunaudzeés, kas savukart palielina
kopéjo koku augstuma pieaugumu. Starp apikalajiem augusta dzinumiem un
koku augstumu pastav pozitiva atgriezeniska saite, palielinot koku augstumu
jaunaudzes vecuma. Gan augusta dzinumu, gan augstuma pieauguma veidoSanas
ir genétiski determinéta, un egles pluskoku brivapputes pécnacéju gimeném ar
lielaku augstuma pieaugumu augsanas intensitate kulminé vélak, aktivaja augSanas
perioda ir augstaka un saglabajas augsta ilgak.



ABSTRACT

Norway spruce is economically the most important tree species in
Northern Europe; therefore, its productivity and vitality have key role in the forest
management of this region. Tree height is directly linked to the productivity of the
stand and is affected by growing conditions and tree genetics. Height increment
in young stands determines the further development of the stand therefore, it is
important to evaluate the effect of various factors on tree height growth during
this stage and assess the possibilities to improve it with silvicultural measures and
tree breeding. This doctoral thesis aims to assess the effect of microenvironmental
conditions and genetics on the height increment of Norway spruce at a juvenile
age in planted hemiboreal forests in Latvia. The doctoral thesis summarizes seven
thematically linked scientific publications, and their results indicate the possibilities
for substantial improvement of the growth of Norway spruce at a juvenile age. Tree
height is considerably and significantly affected by the type of soil preparation and
soil fertilization with wood ash a year before planting or by applying additional
fertilizer during the planting process. Furthermore, the effect of these forest
management measures lasts for at least the next 10 years. Providing favorable
microenvironmental conditions considerably increases the proportion of spruces
with lammas shoots, which in turn, increases the total height increment of these
trees. A positive feedback loop exists between the presence of apical lammas
shoots and the tree height increment, leading to increased tree height in young
stands. The occurrence of lammas shoots and the intra-annual development of
the height increment is genetically determined. Growth intensity (mm per day) for
progenies from open-pollinated families of plus-trees with larger height increment
culminated later in the season, had higher growth intensity at the active growth
phase and remained high for a longer period.
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1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Temas aktualitate

Parasta egle (Picea abies (L.) H. Karst.) ir ekonomiski nozimigaka koku suga
Ziemeleiropa, sastadot aptuveni treSdalu no regiona koksnes resursiem — vairak
neka 18 miljonus hektaru platibas, ar koksnes kraju 2700 milj. m3 (Rytter et al.,
2013). Egles koksne galvenokart izmantota zagmaterialu raZzosanai, un to razoSanas
atlikumi arvien vairak tiek izmantoti bioenergijas ieguvei (Rytter et al., 2013). Latvija
eglesaudzesaiznem 19% mezu platibas, visbiezak teritorijas augligas mineralaugsnés
ar normalu augsnes mitrumu vért un damaksni, un nosusinatas mineralaugsnés
Saurlapju areni, attiecigi veidojot 27%, 22% un 18% no egles mezaudzem (MSI dati,
2015-2019). Egles vid&jais tekosais krajas pieaugums visas mezaudzés ir 9,7 m? ha™,
bet augstakas bonitates (la) audzés tas sasniedz 14,6 m3ha™ (MSI dati, 2015-2019).
Augstuma pieaugums jaunaudzes vecuma liela méra nosaka audzes talako attistibu,
tadel svarigi vértét dazadu faktoru ietekmi uz koku augsanu $aja perioda un iespéjas
to veicinat ar meZsaimniecibas un meZza selekcijas panémieniem.

Klimata parmainas var ievérojami ietekmét meZaudzu augSanu (Kenina et
al., 2018). Ziemeleiropa siltaka klimata apstaklos prognozéta lielaka mezu raziba
garaka vegetacijas perioda un lielakas fotosintétiskas efektivitates dé| (Menzel &
Fabian, 1999; Stockli & Vidale, 2004; Kolari et al., 2007). Si gadsimta vidi vegetacijas
perioda ilgums, kas Sobrid ir 180-200 dienas, Latvija var bit par 35-60 dienam
garaks, salidzinot ar ta vidéjo garumu perioda no 1961. Iidz 1990. gadam (Klavins &
Briede, 2011), bet So apstaklu labvéligas ietekmes izmantosSanas iespéjas var kavét
pieaugosa sausuma un pavasara/rudens salnu ietekme (Gu et al., 2008; Lindner et
al., 2010; Zeps et al., 2017).

Uzlaboti augSanas apstakli veicina augusta dzinumu veidoSanos, un ta tiek
novérota arvien biezak (Kvaalen et al., 2010; Sggaard et al., 2011). Augusta dzinumi
eglei var bat ka sanzariem (retak), ta (art) galotnes dzinumam. Turklat galotnes
dzinumam var bat uzplaukusi viens, daZzi vai pat visi sanu pumpuri, bet ne centralais
pumpurs (1.1. att.), vai ari centralais un/vai kadi sanu pumpuri (visbiezak). Si
darba ietvaros analizéti apikalie augusta dzinumi, kas palielina kopé&jo kartéja gada
augstuma pieaugumu.

Lai vertétu apikala augusta dzinuma nozimi (vélama vai nevélama),
nepiecieSama informacija par ta veidoSanos veicinoSiem apstakliem, ka art ietekmi
uz aug$anu un stumbra/koksnes kvalitati. Apstiprinoties pluskoku gimenu atskiribu
(iedzimstosai) ietekmei uz apikala augusta dzinuma attistibu, rastos iesp&ja zinama
meéra samazinat vai, gluzi pret€ji, veicinat ta veidosanos.

Zinams, ka piemérota stadmateriala izmantoSana var mazinat klimata
(parmainu) ietekmi uz mezsaimniecibu (Lindner, 2000; Bolte et al., 2009). Lidz sim
selekcija galvenokart veikta augSanas un stumbra kvalitates uzlaboSanai (Hannerz,
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1.1. att. Augusta dzinumi parastajai eglei

1993; Kroon et al., 2011), arvien vairak pievérsoties pazimém, kas ietekmé koku
adaptaciju klimata parmainam (Ekberg et al., 1985; Namkoong et al., 2012; Zeltins
et al., 2019; Isabel et al., 2020).

Adaptaciju raksturojosas pazimes, ka plaukSanas laiks, sausuma izturiba,
salcietiba u.c., ir genétiski determinétas (Hannerz, 1998, 1999; Hannerz et al.,
1999; Chen et al.,, 2017; Trujillo-Moya et al., 2018), bet konkrétu populaciju
ietvaros So pazimju genétiska variacija var blt ierobeZota. Straujakai adaptacijai un
audZu raZibas nodrosinasanai tiek mekléti risinajumi, kombingjot séklu materiala
parvietoSanu uz klimatiski piemérotakiem regioniem un selekciju (O’Neill et al.,
2014; Klisz et al., 2019; Zeltins et al., 2019). Tomér So risinajumu efektivitate ir
tieSi atkariga no izpratnes par pieauguma veidoSanos ietekméjosajiem faktoriem
un to genétiski noteikto variaciju, ka arT no stadot atjaunotas platibas un
tas Ipatsvara.

Latvija aptuveni 90% no egles jaunaudZu platibas meZa tipos ar augligu
augsni tiek atjaunota stadot (VMD dati, 2016—2018), un lielaka dala stadmateriala
(ap 70%) ieglta no seéklu plantaciju séklam. StadiSanai ir augstas izmaksas
(augsnes sagatavoSana, stadi, stadisSana), tomér, veicot atjaunoSanas veidu
(passéja vai stadisana) kopéjo (salidzinoso) finansialo izvértéjumu, véra janem
arl jaunaudzes attistiba, ieklaujot agrotehniskas kopSanas nepiecieSamibu un
izmaksas (Uotila et al., 2010). Sadu izvértéjumu apgritina gan daudzi iesp&jamie
katras darbibas un materiala varianti, pieméram, dazadi stadmateriala un
augsnes sagatavoSanas veidi, atSkirigas augsnes auglibas ietekme uz aizzelSanu,
un kombinacijas, gan informacijas trikums par So dazado alternativu ietekmi uz
koku augsanu.
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Koku augSanu iespéjams veicinat ar papildus baribas vielu pievienosanu.
Papildus baroSanas elementu ienesana stadisanas bridi ir viens no efektivakajiem
augsanas veicinasanas panémieniem (Sutton, 1995; Hedwall et al., 2014). Meza
augsnes ielaboSana ar pelniem palielina augsnes mikroorganismu aktivitati
(Perkiomaki & Fritze, 2005), ka ari stimulé celulozi saturosu organisko savienojumu
mineralizaciju (Moilanen et al., 2002; Perkiomaki & Fritze, 2002; Perkiomaki et al.,
2004), bet tas ilgtermina ietekme uz koku augSanu pétita reti (Moilanen et al., 2002;
Perkiomaki et al., 2004; Saarsalmi et al., 2012). Papildus barosanas elementu ienese
var ietekmet ari koksnes fizikalos raditajus, tai skaita spéju nodrosinat baribas vielu
transportésanas funkciju pa traheidam. Egle ir jutiga pret sausumu (Lévesque et
al., 2013), turklat mainiga klimata apstaklos sausuma periodu bieZzums var pieaugt
(Allen et al., 2010; Seidl et al., 2017). Lidz ar to nepiecieSams izvértét, vai straujaka
augsSana, kad pieejamas papildus ienestas baribas vielas, nerada potencialu negativu
ietekmi uz koku vitalitati.

1.2. Augstuma pieaugums

Augsana augstuma ir svariga koku izdzivoSanas stratégija, lai nodrosinatu
piekluvi gaismai un fotosintézes procesa spétu razot augSanai nepiecieSamas
organiskas vielas (Moles et al., 2009; Poorter et al., 2012). Atseviski augosi koki
pietiekoSas gaismas apstakjos veido nemainigu augstuma un caurméra attiecibu
(Makela & Sievdnen, 1992), kamér koki meza konkurences par gaismu ietekmé
relativi lielaku resursu dalu izmanto augstuma, nevis caurméra veidoSanai (Makela
& Vanninen, 1998; llomaki et al., 2003).

Sezonas ietvaros augstuma pieaugumu raksturo sigmoidala likne, ar straujako
augsanas intensitati (mm diena; growth intensity) vegetacijas sezonas vidusdala
(Chuine et al., 2006; Lanner, 2017). Augsanas uzsaksanu (onset) un partraukSanu
(cessation) nosaka gan iekSéji (iedzimtiba), gan aréji (vide) faktori (Hanninen
& Kramer, 2007; Salminen & Jalkanen, 2007; Schiestl-Aalto et al., 2013; Gull et
al., 2018), un hemiborealajos un borealajos meZos So augSanas posmu norisei
atbilstosa laika perioda ir nozimiga loma sala bojajumu novérsana (Neimane at al.,
2015). Optimalos apstak|os augosi koki spéj nodrosinat efektivu Gdens transporta
funkciju no sakném uz zalo vainagu (Sellin, 2001), tadé) tie var izaugt garaki neka
stresa apstaklos augosi koki. Koka hidrauliska kapacitate kontrolé art kopéjo koka
augstumu, samazinot augSanu augstuma, kad Gdens vadisana no sakném lidz
lapotnei klGst apgratinata (Ryan & Yoder, 1997; Ryan et al., 2006).

Augstuma pieaugums var veidoties divos atskirigos procesos, no kuriem
lielako dalu koka dzives laika aiznem galvenais pieaugums (predetermined growth).
Galvenais pieaugums veidojas, pagarinoties stumbra posmu aizmetniem (stem
units), kas izveidojusies pumpura iepriekséja augSanas sezona (von Wihlisch &
Mubhs, 1986; Zhang et al., 1992), tadél kokiem, kas vecaki par vienu gadu, galveno
pieaugumu ietekmé divu sezonu augSanas apstakli. Stumbra aizmetnu skaitu
ietekme iepriekseja augSanas sezona, bet katra posma iespéjamo garumu ietekmé
tekosas sezonas apstakli un resursu pieejamiba (Lanner, 1976; Junttila & Heide,

13



1981; Junttila, 1986; Méakinen, 1998; Salminen & Jalkanen, 2005; Lindholm et al.,
2009; Schiestl-Aalto et al., 2013; Makinen et al., 2018). ArT vecumam ir butiska
ietekme uz koku aug$anu (Cermak et al., 2019). Izpétits, ka viens no galvenajiem
meteorologiskajiem faktoriem, kas ietekmé egles augSanu reproduktivaja vecuma,
ir iepriekséjas vasaras gaisa temperatiira (Gallego Zamorano et al., 2018), kas
saistita ar resursu novirziSanu séklu razosanai (Miina, 2000; Selas et al., 2002), bet
nav noskaidrots, kadi ir galvenie faktori juvenila vecuma.

Pirmaja dzives gada kokiem augstums veidojas atskiriga procesa, ko sauc par
brivo augsanu (free growth), t.i., stumbra posmu aizmetni gan veidojas, gan aug
(enlonging) vienas sezonas ietvaros (Zhang et al., 1992). Tipiski eglei veidojas viens
augstuma pieaugums (galvenais pieaugums) viena augsanas sezona, bet labvéligu
apstaklu ietekmeé juvenila vecuma péc galvena pieauguma partrauksanas novérota
briva augsana, t.i., pumpura atkartota plaukSana un augSana péc iepriekSnoteikta
augstuma pieauguma partraukSanas augSanas sezonas beigas (Ehrenberg, 1963;
Dormling et al., 1968; Aldén, 1971; Rone, 1985; Cline & Harrington, 2007; Sggaard
et al., 2011). Brivajai augSanai tiek izskirti divi veidi (von Wihlisch & Muhs, 1986),
atkariba no pumpuru kopas (bud cluster) veidoSanas. Péc galvena pieauguma
partraukSanas briva augSana var sakties no jau izveidotas pumpuru kopas (sylleptic
shoots, veidojas divi mieturi), vai galvenajam dzinumam turpinot augt bez pumpuru
kopas veidosanas (proleptic shoots, starp galvenas un brivas augSanas pieaugumu
mieturis neveidojas). Briva augSana iespéjama ierobezota laika posma starp galvena
pieauguma partraukSanu un endogéno miera periodu (Lang et al., 1987). Visbiezak
briva augSana vérojama augusta, tadél izveidotais pieaugums tiek dévéts par
augusta dzinumu (lammas shoot, 1.1., 1.2. att.).

Augusta dzinumu veidos$anas fiziologiskie mehanismi (saistiba ar oglhidratu
uzkrasanas potencialu, fitohormoniem, fotoperiodu u.tml.) joprojam nav
skaidri (Cline & Harrington, 2007), bet novérojumi liecina gan par augSanas un
meteorologisko apstaklu (Dormling et al., 1968; Aldén, 1971; von Wihlisch &
Muhs, 1986; Hallgren & Helms, 1988; Kushida, 2005), gan par genétikas (Rone,
1975; Ununger et al., 1988; DanuseviCius & Persson, 1998; Danusevicius, 1999;
Skrgppa & Steffenrem, 2016) ietekmi. Proveniencu parbauzu stadijumos piecu
gadu vecuma Zviedrijas centralaja dala egles ar augusta dzinumiem Tpatsvars bija no
4% t 2% proveniencém ar Zviedrijas ziemelu izcelsmi lildz 17% £ 3% proveniencém
no Austrijas (DanuseviCius & Persson, 1998). Vel izteiktaks proveniences efekts
konstatéts piecu gadu vecuma Norvégija, kur egles ar augusta dzinumiem Tpatsvars
bija 18% Skandinavijas izcelsmes proveniencém, 28% Latvijas un 54% Slovakijas
un Cehijas izcelsmes proveniencém (Sggaard et al., 2011). Ari devinam vietéjam
Norvégijas populacijam devinu gadu vecuma bija batiski atskirigs (12% lidz 34%)
koku ar augusta dzinumiem Tpatsvars (Skr@ppa & Steffenrem, 2019). Atskiribas starp
gimeném bija bltiskas un ievérojamas, tris proveniencés ar lielakajam atskirtbam
starp gimeném koku ar augusta dzinumiem ipatsvars bija 11%-52%, 18%—64% un
0%—39% (Skrgppa & Steffenrem, 2019). Vecakiem kokiem briva augSana ir mazak
raksturiga (Ehrenberg, 1963; Rone, 1985; S@gaard et al., 2011), un egles brivapputes
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pécnacéju parbauzu stadijumos kokiem 20 lidz 25 gadu vecuma konstatéta neliela
(4% no pazimes variacijas), bet joprojam butiska gimenes ietekme uz augusta
dzinumu veidosanos (Steffenrem et al., 2008).

Kopuma labak augosiem kokiem apikalais augusta dzinums veidojas
biezak, tadejadi vel vairak veicinot to augSanu un meZaudzes raZzibu (Hoffmann,
1965; Rone, 1975; DanusevicCius & Persson, 1998). Biezaka augusta dzinumu
sastopamiba un [1dz ar to straujaka koku augSana jaunaudzes vecuma paaugstinatas
temperatiras apstaklos ir pieradita laboratorijas eksperimentos (Johnsen, 1989;
Kvaalen & Johnsen, 2008), un arvien biezaka augusta dzinumu sastopamiba
jaunaudzeés vértéta ka klimata parmainu sekas (Kvaalen et al., 2010; S@gaard et
al., 2011). Augusta dzinumu sastopamiba var bt saistita ar sala bojajumiem to
nepietiekamas salcietibas dé] un ar stumbra defektu (dubultas galotnes vai padélu)
veidosanos (Gabrilavicius & Danusevicius, 2003; Pallardy, 2008; Sggaard et al., 2011,
Granhus et al., 2019).

1.3. Lokalo apstaklu ietekme

Skujkoku mezZaudZu pass€jas atjaunosanas augligos hemiborealajos meZos ir
apgritinata (Holgén & Hanell, 2000). Lai gan sekmiga egles mezaudZu atjaunosanas
iespéjama gan ar paaugas kokiem pieaugusa meza (Luguza et al., 2020), gan
jaunaudzés péc atjaunosanas cirtes veikSanas augligajos meza tipos (Luguza et al.,
2019), abos gadijumos ta ir laikietilpiga un atkariga no seklu pieejamibas. Staditas
egles spéj labak konkuréet ar zemsedzes vegetaciju (Holgén & Hanell, 2000). Turklat
Sadas jaunaudzes ir ar raZzigakas neka dabiski ieaugusas (Gradeckas & Malinauskas,
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2005). Tas saistits gan ar selekcionéta stadmateriala izmantoSanu (Jansons et al.,
2015), gan ar augsnes sagatavosanas labveéligo ietekmi uz augSanu (Nordborg et al.,
2003; Heiskanen et al., 2013).

Augsnes sagatavoSanu var veikt, izmantojot dazadas metodes (Mangalis,
2004; Gradeckas & Malinauskas, 2005), no kuram Baltijas valstis visbieZak pielietota
augsnes sagatavoSana vagas ar disku arklu. Augsnes mitrums péc tas apstrades ne
vienmeér ir piemérots stadu augsanai. Teritorijas ar normalu (noregulétu) mitrumu
vagas un pacilas stadrtu koku saglabasanas ir lidzvértiga, bet paaugstinata mitruma
apstaklos saglabasanas vagas ir ievérojami un bdtiski zemaka neka uz pacilam
(Orlander et al., 1990, 1998). Pacilas nodrosina egles aug$anai piemérotu augsnes
mitrumu, kas ir Tpasi svarigi to izdzivosanai pirmajos gados péc stadisanas (Schlyter
et al., 2006).

Lidzigi ka citas augsnes sagatavoSanas metodes, arl pacilas samazina
zemsedzes vegetacijas konkurenci, bet Sis efekts saglabajas ilgaku laika periodu
(Lehtosalo et al., 2010). Pieméram, Somija ar pacilam gatavota augsné agrotehnisko
kopsanu bija nepiecieSams veikt tikai otraja [ldz ceturtaja gada péc stadiSanas
relativi augliga augsné, un ceturtaja lidz sestaja gada péc stadiSanas zemas auglibas
augsné (Saksa, 2008; Uotila et al., 2010). Pacilas arT veicina augsnes temperatdras
paaugstinadanos vairak neka citas augsnes gatavo3anas metodes (Orlander et
al., 1990; Sutton, 1993), un uzlabo lokalos apstaklus. Koki uz pacilam mazak cie$
no sala (Langvall et al., 2001; Heiskanen et al., 2013) un liela prieZzu smecernieka
(Hylobius abietis (L.)) raditajiem bojajumiem (Orlander et al., 1990; Heiskanen &
Viiri, 2005; Saksa, 2008; Heiskanen et al., 2013). Turklat pacilu virziena no augsas
uz leju veido apgriezta mineralaugsne un humusa slanis, neskarts humusa slanis
un mineralaugsne, un izveidotais dubultais augsnes organiskais slanis labvélgi
ietekmé sakotnéjo koku augsanu (Nordborg et al., 2003; Saksa et al., 2005; Hallsby
& Orlander, 2013; Heiskanen et al., 2013).

Baribas vielu pieejamibai ir bltiska ietekme uz koku augsanu, un augsnes
ielabosana ir efektivakais veids, ka paaugstinat egles mezaudzu raZibu (Nohrstedt,
2001; Saarsalmi & Malkonen, 2001; Sicard et al., 2006). Pelni satur augiem
nepiecieSamas baribas vielas, pieméram, kaliju, kalciju, magniju, fosforu, natriju
(Levula et al., 2000; Demeyer et al., 2001). Augsnes ielabosana ar pelniem samazina
augsnes skabumu (pH) un bagatina augsni ar fosforu, kaliju un mikroelementiem
(Ingerslev et al., 2014), un platibas, kur slapeklis nav augSanu limitéjoss faktors
(Tpasi, kidras augsnés), ta ievérojami uzlabo koku augSanu (Huotari et al., 2015).
Turklat pelnu izmantoSana papildus barosanas elementu ienesei lauj ilgtspéjigi
izmantot koksnes parstrades blakusproduktus (baribas vielas, kas izvaktas ar koksni,
daléji tiek atgrieztas meza), kas citadi tiek deponéti ka rdpnieciskie atkritumi
poligonos (Knapp & Insam, 2011; Vaatainen et al., 2011; Huotari et al., 2015).

Papildus baroSanas elementu ieneses veicinata strauja augsana skujkokiem
var atstat iespaidu arm uz koksnes uzblvi (pieméram, SGnu sieninu biezumu),
tadejadi ietekméjot koksnes blivumu un kvalitati (Makinen et al., 2002; Lundgren,
2004; Cao et al., 2008). letekme uz augsanu atkariga no augsnes ielabosanas lidzekla
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izkliedésanas laika un kimiska sastava (konteksta ar augsnes kimisko sastavu) un
devas (Ingerslev, 1997; Nohrstedt, 2001). Kopuma papildus baribas vielu lokala
pievienoSana stadisanas bridi veicina stadu augSanu un konkurétspéju ar zemsedzes
vegetaciju (Sicard et al., 2006), kam ir nozimiga loma meZaudzes talakaja attistiba
(Sutton, 1995; Hytonen & Jylha, 2008).

1.4. ledzimtiba

Koka augstums ir tiesi saistits ar meZaudzes razibu, un tas tiek lietots ka viens
no galvenajiem kritérijiem genotipu atlasei selekcijas procesa (Ekberg et al., 1985;
Hannerz, 1993; Danusevicius & Gabrilavicius, 2001; Kroon et al., 2011). Selekcijas
efekts konkrétai pazimei atkarigs no tas variacijas (iespéjas atlasit vélamo) un
Kopuma lielaks selekcijas efekts ieglistams, atlasot pazimes ar augstu iedzimstamibas
koeficienta vértibu apstaklos (stadijumos), kur konkrétas pazimes genétiski
noteiktas atskiribas ir skaidri izteiktas (Kroon et al., 2011). Koka augstums parasti
raksturojams ar augstaku iedzimstamibas koeficientu neka caurmérs. Pé&tijjumu
apkopojuma Jansson et al. (2013) analizéjis egles selekcijas aditiva genétiska efekta
noteikta iedzimstamibas koeficienta h? (narrow sense heritability) vértibas, kas
augstumam ir 0,05-0,36, augstuma pieaugumam 0,04-0,47, caurméram 0,09-0,27.
AtseviSkos gadijumos visa genétiska efekta noteiktais iedzimstamibas koeficients
H? (broad sense heritability) sasniedzis 0,54 un augstaku raditaju (Hannrup et al.,
2004; Kowalczyk, 2005). Salidzinot ar caurméru, augstumu mazak ietekmé audzes
biezums (konkurences apstakli) un citi ar mezkopibas panémieniem mainami raditaji.
Dazadas pazimes ir savstarpéji genétiski saistitas, un to geneétiska korelacija nosaka,
ka un cik liela méra, atlasot kokus péc vienas pazimes, ietekmétas citas pazimes
(Kroon et al., 2011). Augstuma pozitiva genétiska korelacija ar vairumu stumbra
kvalitati raksturojoSo raditaju (Haapanen, 1997) lauj to izmantot par nozimigako
pazimi labako gimenu atlasé pécnacéju parbaudeés.

Labako genotipu atlase sniedz ievérojamu mezZaudzes krajas un kvalitates
uzlabojumu. Norvégija atlasitu egles gimenu pécnacejiem 21 gada vecuma konstatéts
par 14% lielaks augstums (p <0,001) neka vietéjas izcelsmes proveniencém
(Skrgppa et al., 2007). Egles selekcija Norvégija |avusi samazinat aprites ciklu
par 5 lidz 10 gadiem un palielinajusi tiro tagadnes vértibu (net prestent value)
no 30% lidz 400% (Kvaalen (2010) citéts péc Jansson et al. (2017)), bet Zviedrija
iekséjas atmaksasanas likme (internal rate of return) palielindjusies lidz 5,3%—8,3%
(Simonsen et al., 2010).

Fenologijai ir nozimiga loma koku izdzivoSanas un adaptacijas nodrosinasana.
Gan augsSanas uzsakSana, gan partrauksana ir dal€ji genétiski determinéta (Hannerz,
1998, 1999), un ari augsanas laiks un ilgums atskiras starp dazadam proveniencém,
gimeném un kloniem (Skrgppa et al., 1999). Ari meteorologiskie faktori ietekmé
koku fiziologisko aktivitati, pieméram, temperatira nosaka pumpuru plauksanas un
augstuma pieauguma saksanas laiku (Hannerz, 1999) un intensitati (Sarvas, 1973;
Danusevicius et al., 1999). Genotipa un vides mijiedarbiba nosaka to, ka viena
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un ta pati pazime, pieméram, augSanas uzsakSanas laiks konkrétam genotipam
dazados apstaklos var izpausties atskirigi (Kroon et al., 2011). Ja Sada mijiedarbiba
pastav un ir sasaistama ar augSanas vai klimatiskajiem apstakliem vai geografisko
novietojumu, So informaciju iespéjams izmantot regionaliem apstakliem piemérotu
populaciju atlasei, tadéjadi paaugstinot selekcijas ieguvumu.

Viena no svarigakajam genotipa un vides mijiedarbtbam saistita ar sala
bojajumu risku (Granhus et al., 2009; Sggaard et al., 2009). Borealajos un ari
hemiborealajos mezos nozimiga loma koku izdzivo$ana un vitalitaté ir augSanas ritma
(growth rythm) saskanotibai ar klimatiskajiem apstakliem, Tpasi agrina vecuma. Tas,
savukart, ietekme koku atraudzibu. Pieméram, genotipi, kas uzrada labu augsanu
vietas ar augstu pavasara salnu risku, var nebat starp labak augosajiem kokiem
vietas ar zemu salnu risku (Berlin et al., 2014). Klimatam klGstot siltakam, koki
augsSanu var uzsakt agrak (Danusevicius et al., 1999), bet tie tiek paklauti lielakam
sala bojajumu riskam (Polle et al., 1996), jo Iidz ar temperatiras paaugstinasanos
biezakas un izteiktakas kllst arT temperatlras novirzes (ekstrémi) no ilgtermina
novérojumu vidéjas vértibas (Avotniece et al., 2012). Sis parmainas visizteiktak skar
jaunus, brivi augosus kokus, Tpasi jaunaudzés péc atjaunoSanas cirtes (Langvall &
Lofvenius, 2002). Mazinat genotipa un vides mijiedarbibas negativo ietekmi var
divéjadi — gan atlasot katriem konkrétiem vides apstakliem piemérotus klonus,
gan atlasot genotipus, kas uzrada atbilstoSus rezultatus dazados apstaklos (St
Clair & Kleinschmit, 1986). Turklat eglem piemit epigenétiska atmina (epigenetic
memory), t.i., pumpuru plauksanas fenologiju, sala noturibu (frost hardiness) un
augSanas uzsakSanas laiku Tstermina ietekmé rudens temperatlra (Granhus et
al., 2009; Sggaard et al., 2008), bet ilgtermina — temperatira embrija veidoSanas
laika (Yakovlev et al., 2010; Solvin & Steffenrem, 2019), kas lauj atrak pielagoties
klimata parmainam.

1.5. Promocijas darba mérkis

Promocijas darba merkis ir raksturot lokalo apstaklu un iedzimtibas ietekmi
uz juvenila vecuma parastas egles (Picea abies (L.) H. Karst.) augstuma pieaugumu
stadot atjaunotos hemiborealajos mezos Latvija.

1.6. Promocijas darba uzdevumi

Promocijas darba izvirziti tris uzdevumi:

1. raksturot lokalo apstaklu (zemsedzes vegetacijas konkurence un augsnes
mitrums) un iedzimtibas ietekmi uz egles apikalajiem augusta dzinumiem
(Tun 11);

2. raksturot baribas vielu nodrosinajuma uzlabosanas ietekmi uz egles augstuma
pieaugumu (lIl, IV un V);

3. raksturot egles pluskoku brivapputes pécnacéju gimenu ikgadéja augstuma

pieauguma veidosanas atskiribas (VI un VII).
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1.7. Promocijas darba izvirzitas tezes

Promocijas darba izvirzitas divas tézes:

1. lokalo apstaklu uzlaboSana jaunaudzés veicina egles apikalo augusta
dzinumu veidosSanos;
2. iedzimtiba ietekmé gan iepriekSnoteikta augstuma pieauguma veidosanas

dinamiku sezonas ietvaros, gan apikalo augusta dzinumu veidosanos.

1.8. Zinatniska novitate

Pirmo reizi vértéta lokalo apstak|u ietekme uz parastas egles apikalo augusta
dzinumu veidoSanos hemiborealajos mezos. Tapat pirmo reizi hemiborealajos
mezos raksturota egles apikalo augusta dzinumu kumulativa ietekme uz pirmas
vecumklases egles augstumu.

Pirmo reizi Latvija raksturota stadvietas un augsnes ielaboSanas ar koksnes
pelniem pirms stadisanas ietekme uz egles augstumu 10 gadu laika posma.
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2. MATERIALI UN METODES

Egles augstuma pieaugums (iepriekSnoteiktais pieaugums un apikalais
augusta dzinums) atkariba no lokalajiem apstakliem un citiem faktoriem (I, Il un VII),
stadvietas sagatavosanas veida un papildus baribas vielu nodrosinajuma (lll, IV un
V) un iedzimtibas (VI un VII) vértéts galvenokart Latvijas centralaja dala (2.1. att.),
hemiborealo mezu zona (Barbati et al., 2007).

2.1. Augusta dzinumi

2.1.1. Datu ievaksanas metodika

Egles apikala augusta dzinuma sastopamiba, ta veidoSanas saikne ar koku
augsanas apstakliem un to izmainam, ka ari saistiba ar koku augstumu noveértéta
staditas mezaudzeés (1) un brivapputes pécnacéju parbauzu stadijumos (Il un VII).

Kopuma nejausi izvélétas 102 mezaudzes (l) tris lidz septinu gadu vecuma
astonos mezZa tipos: damaksni (Dm, Hylocomiosa), véri (Vr, Oxalidosa), slapjaja
damaksnt (Dms, Myrtilloso-sphagnosa), slapjaja véri (Vrs, Myrtilloso-polytrichosa),
Saurlapju arent (As, Myrtillosa mel.), platlapju arent (Ap, Mercurialiosa mel.),
Saurlapju kaddrent (Ks, Myrtillosa turf. mel.), platlapju kadrent (Kp, Oxalidosa

58°N |

56° N+

2.1. att. Pétijuma objektu izvietojums
Pelékie trijstlri ( A ) — meZaudzes (1), melnais aplis (®) — Rembate (Il un VII),
melnais kvadrats (m) — Jelgava (VI un VII), melnais trijstaris (A ) — Vilkene (lll),
melnais rombs (¢) — Kalsnava (IV un V)
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turf. mel.). Dati ievakti 2011. gada nogalé. Atkartota datu ievakSana veikta dala sSo
audzu (21 audze) 2012. gada nogalé. Visas mezaudzes atjaunotas stadot, mezaudzu
platiba 20,5 ha.

Katra meZaudzé uz tas garakas diagonales izveidoti 20 aplveida parauglaukumi
(platiba 25 m?). Katra parauglaukuma noteikts eglu skaits ar un bez augusta
dzinumiem. Par augusta dzinumu 3aja promocijas darba uzskatits tikai apikalais
augusta dzinums, t.i., galvena dzinuma galotnes pumpura atkartota plauksana un
augsana péc iepriekSnoteikta augstuma pieauguma partrauksanas. Uzskaititi tikai
tie augusta dzinumi, kuru garums sasniedzis vismaz vienu centimetru. Atseviski
70 mezaudzés no ieprieks minétajam (2011.gada 56 meZaudzés, 2012. gada
14 mezaudzés) vértéta lokalo apstaklu piemérotiba egles augSanai (t.sk., tris
faktori — konkuréjosa vegetacija, augsnes mitrums un briezu dzimtas dzivnieku radrti
bojajumi), Sos parametrus nosakot katra parauglaukuma. Katrs faktors vértéts tris
ballu skala: a) egles augstuma attieciba pret konkuréjosas vegetacijas (t.i., lakstaugi,
avenes, kriimi, koki) augstumu 0,5 m radiusa (1 balle: <0,75; 2 balles: 0,75-1,25;
3 balles: >1,25); b) augsnes mitrums (1 balle: sugai piemérots (atbilstoss) mitruma
[Tmenis; 2 balles: periodiski paaugstinats mitruma limenis; 3 balles: pastavigi
paaugstinats mitruma limenis); c) parauglaukuma bojato (t.i., bojajumi galvenajam
un/vai vairak neka 50% sanu dzinumu) koku Tpatsvars (1 balle: <1%; 2 balles: 1%—
10%; 3 balles >10%). Kopé€jas lokalo augSanas apstak|u un dzivnieku radito bojajumu
ietekmes vértéSanai katram parauglaukumam visu iepriek§ minéto faktoru
balles summeétas, iegistot no trim (egles augSanai visatbilstosaka) lidz devinam
(visneatbilstosaka) ballem. MeZaudZu limen1 koku ar augusta dzinumiem Tpatsvars
aprékinats ka parauglaukumu vidéja vértiba (£ 95% ticamibas intervals); tapat
aprékinats artkoku ar dzivnieku radttiem bojajumiem Tpatsvars. Meteorologiskie dati
ieglti no trim tuvakajam meteorologiskajam stacijam (Riga, Dobelé un Skriveros).

Egles pluskoku pécnacéju gimenu atskirtbas apikalo augusta dzinumu
veidoSana, ka arl So dzinumu attistibas saikne ar koku augstumu, augstuma
pieaugumu, pumpuru plauksanas laiku un sala raditiem bojajumiem vértéta
brivapputes pécnacéju parbauzu stadijumos Keguma novada lauku teritorija,
turpmak teksta — Rembaté (Il un VII). Rembaté dati ievakti 2 stadijumos:
Rembate-A (lI) un Rembate-B (Il un VII) (2.2. att.). Stadijums Rembate-A ierikots
augliga lauksaimniecibas zemé (atbilst Vr meZa tipam) 2010. gada pavasari ar
trisgadigiem kailsaknu stadiem. Parstavétas 60 gimenes 4—8 atkartojumos, 12 koki
parcelé (viena rinda), stadisanas attalums 2,5x2,5m. Rembate-B stadijums
izvietots Cetros savstarpéji netalu esosSos laukos (turpmak teksta “Lauks 1-4”)
augliga lauksaimniecibas zemé (atbilst Vr meZa tipam) ar nedaudz atskirigu augsni
un mikroreljefu. Stadijums ierikots 2005. gada pavasari ar trisgadigiem kailsaknu
stadiem, kopuma parstavétas 140 gimenes 3—4 atkartojumos (attiecigi pa Laukiem
1-4: 138, 77, 95 un 16 gimenes) 24 koku parcelés (Cetras seSu koku rindas),
stadisanas attalums 2 x 2,5 m. Datu analizei (ll) no stadijuma Rembate-B izmantoti
meérijumi, kas iegiti Laukos 1, 3, 4 (publikacija Il apziméti attiecigi ka 1, 2, 3).
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2.2. att. Rembates brivapputes pécnacéju stadijumu izvietojuma shéma:
Rembate-A (A), un Rembate-B Lauki (1-4)

Koku augstums, augstuma pieaugums un augusta dzinumu sastopamiba
stadijuma Rembate-A vértéta astotas augSanas sezonas beigas (2014. gada oktobris)
3887 kokiem no 60 gimeném, un stadijuma Rembate-B—10. (2011. gada novembris),
11. (2012. gada oktobris) un 13. (2014. gada novembris) augSanas sezonas beigas,
vértéjumam atlasot 3412 kokus no 112 gimeném. Pumpuru plaukSana vértéta
stadijuma Rembate-B 11. augSanas sezonas sakuma cetru ballu skala: 1 balle — |oti
vélu plaukstosi (teko3ais pieaugums <3 cm); 2 balles — vélu plaukstosi (3 lldz 6 cm);
3 balles — agri plaukstosi (7 Iidz 10 cm); 4 balles — loti agri plaukstosi (210 cm).
Noteikta salnu bojajumu sastopamiba.

Genétiski determinétas augusta dzinumu veidosanas atskiribas (VII) vértétas
stadijuma Rembate-B.

2.1.2. Datu statistiska apstrade

MezZaudzu (l) koku ar augusta dzimumiem Tpatsvara saistiba ar audzes
biezumu novértéta ar Spirmena korelacijas analizi. Lokalo apstaklu (konkuréjosa
vegetacija, augsnes mitrums) un dzivnieku radito bojajumu ietekme uz koku ar
augusta dzinumiem Tpatsvaru vértéta ar binaro logistisko visparéjo jaukta efekta
linearo modeli (GLMM) programma R (versija 3.4.3; R Core Team, 2017), izmantojot
paketi “Ime4” (Bates et al., 2015). Izveidoti tris modeli, kuros attiecibu starp kokiem
ar un kokiem bez augusta dzinumiem parauglaukuma liment izmantoja ka atbildes
mainigo. Katra modell mezaudzes identifikacijas numurs nemts véra ka nejausais
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efekts, lai ieklautu iespéjamu korelaciju (atkartoti mérijumi) starp parauglaukumiem
no vienas un tas pasas mezaudzes. Pirmaja modeli vértéta audzes vecuma un meza
tipa ietekme, izmantojot datu kopu par 102 meZaudzém (dati ievakti 2011. gada).
Otraja modeli vertéeta lokalo apstaklu, dzivnieku radito bojajumu un novérojumu
veikSanas gada ietekme, izmantojot datu kopu par 70 meZaudzém (dati ievakti 2011.
un 2012. gada). Balstoties uz so pasu datu kopu, vértéta kopéja lokalo apstakiu
(atseviSku faktoru vertéjumu summa) piemérotibas ietekme. Visparinato linearo
hipotéZzu tests (pakete “multcomp” (Hothorn et al., 2008)) izmantots gradacijas
klasu savstarpéjai salidzinasanai, ja GLMM analizé faktoru mijiedarbiba vai faktors
ar vairak neka divam gradacijas klasém uzradija butisku rezultatu.

Parastas egles brivapputes pécnacéju koku datu statistiska apstrade veikta,
izmantojot vienfaktora dispersijas analizi (Il un VII), Pirsona korelacijas analizi (Il un
VII) un Hi-kvadrata (x2) testu (1l).

2.2. Stadvietas sagatavosanas veids un baribas vielu nodrosinajums

2.2.1. Datu ievaksanas metodika

Izmantota stadvietas sagatavosanas veida (lll) un baribas vielu nodrosinajuma
(IV un V) ietekme uz augstuma pieaugumu vértéta vairakos atseviskos
eksperimentos (2.1. att.).

Augsnes sagatavosSanas veida ietekme uz koku augsanu (lll) vértéta divas
platibas (izdaltti Cetri meza tipi: Dm, Vr, Vrs un Ks), katra divos atkartojumos. Péc
atjaunosanas cirtes veikSanas viena platiba (Dm un Ks) dala augsnes sagatavota
ar rotéjoso pacilotaju un dala sagatavota vagas ar disku arklu, bet otra platiba
(Vr un Vrs) dala augsnes sagatavota ar rotéjoSo pacilotaju un dala atstata bez
augsnes apstrades. PEc augsnes sagatavosanas (2008. gada rudent) staditi divgadigi
konteinerstadi (augstums no 16 ldz 36 cm (vidéji 23 +0,5cm), saknu kakla
caurmérs no 1,5 Iidz 4,5 mm). Turpmakas Cetras augSanas sezonas abas platibas
veikta agrotehniska kopsana.

Koku kopéjais augstums un tris pédéjo gadu augstuma pieaugumi uzmeériti
(galotnes bojajumi, padéli) konstatéti nelielam koku Tpatsvaram (<2%) bez saistibas
ar augsnes sagatavoSanas veidu vai platibu, un Sie koki talakaja datu analizé
nav ieklauti.

Baribas vielu nodroSinajuma uzlaboSanas ar pelniem ietekme uz parastas
egles augSanu (IV) vértéta platiba ar nosusinatu mineralaugsni (As). Stadijuma
ietvertas 18 egles parceles ar 15 m buferjoslam starp tam. Péc nejausas izvéles kata
no tam gadu pirms stadisanas izkaisita viena no koksnes pelnu devam: 0 (kontrole),
5un 10 t ha™, katra deva lietota se$as parcelés. Pelnu kimiskais saturs (2.1. tabula)
bija Iidzigs literatira aprakstitajam (Campbell, 1990; Ozolinlius et al., 2011), pH
fmenis 12,4. Stadijums ierikots augsné ar augstu slapek|a saturu (Bardule et al.,
2009), tadé| papildus slapekla méslojums nav pievienots.
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2.1. tabula
Eksperimenta izmantoto un literatura aprakstito pelnu kimiskais sastavs

Kimiskais Kimiska elementa saturs Literatdra aprakstitais kimiska
elements izmantotajos pelnos, % * elementa saturs pelnos, % 23
P 0.92 0.30-1.40
K 2.30 1.40-4.20
Ca 22.00 7.40-33.10
Mg 1.50 0.70-2.20
S 0.38 0.40-0.70
Fe 0.39 0.30-2.10
Mn 0.67 0.30-1.30
Zn 0.11 0.0004-0.0820
Cu 0.0054 0.0052—-0.0289
Mo 0.0001 -
B 0.0158 0.0022-0.0225
Na 0.09 -

! Brlvelis (2005); 2 Campbell (1990); 3 Ozolincius et al. (2011).

Divgadigi egles stadi staditi gadu péc pelnu izkaisiSanas (2004. gada pavasari).
Divpadsmit méneSus péc stadijuma ierikoSanas aptuveni puse stadu izrakti,
un tiem noteikta saknu un stumbra biomasa. Palikusajiem kokiem 10 gadus péc
stadijuma ierikoSanas (2014. gada pirms vegetacijas sezonas) meérits augstums un
caurmérs krdSaugstuma. Katra parcelé ievakti augsnes paraugi atkartotai augiem
pieejamo baribas vielu satura un augsnes vides reakcijas noteikSanai. Paraugi
sagatavoti atbilstosi LVS ISO 11464 (2005) standartam. Noteikts kopéjais slapekla
(N) saturs (LVSISO 11261 (2002)), augiem pieejama fosfora (P-PO,3") saturs
(LVS 398 (2002)) un kalija (K) saturs (ekstrahéts ar amonija acetatu un noteikts ar
atomu spektroskopiju).

Augsnes ielabosSanas ar komplekso mineralméslojumu ietekme (V) uz
egles augstuma pieaugumu vertéta egles stadijuma damaksni. Stadijums ierikots
1982. gada ar vieteéjas proveniences Cetrgadigiem kailsaknu stadiem, presétas
kQdras briketés “Brika” (Rubtsow, 1979), ieprieks sagatavota augsné ar biezumu
4000 koki ha™, ¢etros 200 koku blokos. Péc stadisanas katram kokam visapkart
10 cm attaluma apbérts mineralméslojums, nodroSinot devu 14g N (NH4NO3),
6 g P (superfosfats) un 11 g K (KNOs) vienam kokam, kas atbilst attiecigi 56, 24 un
44 kg ha™. Pirmaja augSanas sezona divreiz veikta kimiska vegetacijas ierobeZo3ana
ap koku, izmantojot simazinu koncentracija 3 kg ha™.

Koku augstums un caurmérs krasaugstuma meérits 2012. gada februari
586 kokiem, kuriem veikta augsnes ielaboSana stadisanas bridi, un 592 kontroles
kokiem. Augsnes ielaboSanas ilgtermina ietekmes vértésanai 2013. gada oktobri
(mezaudzes vecums 34 gadi) 30 kokiem, ap kuriem ta veikta, un 30 kontroles
valdaudzes kokiem bez redzamiem bojajumiem kriasaugstuma veikti 5 mm urbumi
ar Preslera pieauguma svarpstu. lzurbtie koksnes paraugi laboratorija apstradati
koksnes analizes sistéma LignoStation (RinnTECH Inc., Heidelberg, Germany),
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katram paraugam iegistot datus par katras gadskartas kopéjo platumu un vélinas
koksnes platumu (Schinker et al., 2003).

2.2.2. Datu statistiska apstrade

Meza tipa un augsnes sagatavosSanas veida ietekme uz koku augstumu, ka
arl konkuréjosas vegetacijas projektiva seguma un augstuma atskirtbas pirms
un péc agrotehniskas kopsanas, un augsnes sagatavoSanas veida ietekme uz
agrotehniskajai kopSanai nepiecieSamo laiku (lll) vértéta ar vienfaktora dispersijas
analizi, starpibu batiskuma vértéSanai izmantots Tukey kritérijs. Augsnes
sagatavosSanas veida, meZa tipa un abu So faktoru mijiedarbibas ietekme vértéta
ar divfaktoru dispersijas analizi. Augsnes sagatavo$anas veida ietekme uz koku
augsanu vértéta ari 100 mezaudzes augstakajiem kokiem ha™" (Donis, 2014). Augsnes
sagatavo3anas veida ietekme uz koku augstumu vértéta ar Hi-kvadrata (x?) testu,
salidzinot koku sadalijumu augstuma gradacijas klasés (h<1,5m; 1,5<h<2m;
2<h<2,5m; h>2,5m) katra meza tipa. Aprékini veikti programma SPSS ar 95%
ticamibas limeni.

Dazadas mineralmeéslojuma devas ietekme (IV) uz NPK sastavu augsné un uz
koku biomasu un dimensijam salidzinata, izmantojot visparinatos linearos modelus.
Devas ietekme vértéta ar jaukta efekta modeliem, parceles numuru pienemot par
nejausu faktoru.

Papildus baribas vielas sanémuso un kontroles koku gadskartu platumu
mérijumu sérijas (V) periodam no 1985. gada lidz 2013. gadam $kérsdatétas un to
kvalitate vizuali un statistiski parbaudita programma COFECHA (Grissino-Mayer,
2001; Speer, 2010). Sérijas, kas uzradija nesaderibu ar paréjo sériju kopu, tika
noraiditas, atstajot talakai datu analizei 24 koku no platibas ar ielabotu augsni un
24 kontroles koku paraugus.

2.3. Pluskoku brivapputes gimenu atskiribas

2.3.1. Datu ievaksanas metodika

Genétiski determinéto atskirtbu (gimenu un proveniencu limeni) ietekme uz
augstuma pieauguma veidosanos (VI un VII) vértéta divos brivapputes pécnacéju
parbauzu stadijumos Latvijas centralaja dala (2.1. un 2.2. att.).

Stadmateriala izcelsmes regiona ietekme wuz augstuma pieauguma
veidoSanos (VI) vertéta stadijuma Ozolnieku novada teritorija, MPS Jelgavas
mezu novada, turpmak teksta — Jelgava. Jelgavas stadijums iertkots 2006. gada
meZa zemé (As) ar divgadigiem kailsaknu stadiem, stadiSanas attalums
3 x 2 m. Parstavétas divas proveniences no rietumu un cetras proveniences
no austrumu meZa reproduktiva materiala ieguves apgabala (Gailis, 1993).
Katra provenience parstavéta ar 10 pussibu gimeném. Katra gimene parstavéta
piecos (atseviskos gadijumos — Cetros) atkartojumos, 12 koku parcelés (tris cetru
koku rindas).
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Koku pieauguma meérijumi veikti 2010. gad3a, septitaja augSanas sezona.
Izveleti 1273 koki bez dubultam galotném un redzamiem bojajumiem: 843 koki
no apvienota centrala un austrumu un 430 koki no rietumu proveniencu regiona
(meZa reproduktiva materiala ieguves apgabala). Mérijums veikts garakajam
dzinumam katru sesto l1dz astoto dienu laika posma no 25. maija lidz 20. jalijam
viena un taja pasa diena. Koku kopé€jais augstums péc pieauguma partrauksanas
meérits 10. septembri.

Gimenes ietekme uz augstuma pieauguma veidosanos (VII) vértéta egles
brivapputes pécnacéju parbauzu stadijuma Rembate-B, Lauka-1 (aprakstu sk. 2.1.1.)
un Jelgava (aprakstu un meérijumu veikS8anas metodiku sk. 2.3.1.-VI). Stadijuma
Rembate-B mérijumi veikti devitaja augSanas sezona. Stadijums sakotnéji apsekots
katru otro dienu, lai noteiktu pumpuru plauksanas laiku (bud burst), t.i., kad
aptuveni pusei no kokiem plauka pumpuri. Augstuma pieauguma mérijumi turpmak
veikti reizi nedéla kokiem bez redzamiem dzivnieku, kukainu raditiem bojajumiem
vai lauztu galotni. Kopuma stadijuma Rembate-B mérijumi veikti 88 gimeném,
1766 kokiem (vidé&ji 20 koki no gimenes). No Jelgavas stadijuma ievaktajiem datiem
gimenes ietekmes vértésanai izmantoti dati par 59 gimeném, 1239 kokiem (vidéji
21 koks no gimenes).

2.3.2. Datu statistiska apstrade

Proveniencu regiona ietekme uz augstuma pieauguma saksanu (binomials
mainigais lielums), nedélas vidéjo augsanas intensitati (mm, diena), kopéjo
augstuma pieaugumu un koka augstumu novérojumu perioda sakuma un
beigas vértéta (VI), izmantojot linearos jauktos modelus (Zuur et al., 2009).
Augstuma pieauguma uzsakSanas un partraukSanas laika atSkirtbas vértétas
ar visparigajiem modeliem, ar atlikumu binomialu sadalijumu un “logit link”
funkciju. Proveniences ietekmes uz augSanu vértésanai Sie modeli salidzinati ar
dispersijas analizi.

Augstuma pieauguma liknes raksturoSanai un salidzinasanai (VII), katram
kokam augstuma mérijumi aproksiméti ar Gompertz vienadojumu (2.1):

flA) = o exp(~Bexp(~kA), (2.1)
kur:
o — asimptota (asymptote parameter) — maksimalas vértibas koeficients pieauguma
izlidzinasanas laika jeb stacionaraja faze;
B — parliekuma punkts (displacement parameter) — horizontalas nobides koeficients,
kas raksturo pieauguma tempa izmainu uzsaksanas laiku;
k — pieauguma temps — koeficients, kas raksturo attiecibu starp maksimalas vértibas
koeficientu jeb asimptotu un parliekuma punktu;
A — novérojuma diena.
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Katra stadijuma gimenes kartotas dilstosa seciba péc to augstuma pieauguma,
un péc gimenes vidéjam vértibam atlasiti 10% “labako” un 10% “sliktako” gimenu.
Izdalitajam gimenu grupam no individualu koku datiem aprékinati vidgjie
pieauguma likniraksturojosie koeficienti, vidéjais augstuma pieaugums, kumulativais
augstuma pieaugums un kumulativais augstuma pieauguma Ipatsvars un to 95%
ticamibas intervali. Gimenes ietekme uz Siem raditajiem noteikta ar vienfaktora
dispersijas analizi, bet saistibas starp augSanu raksturojoSiem parametriem
noteiktas ar Pirsona korelacijas analizi.
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3. REZULTATI UN DISKUSIJA

3.1. Augusta dzinumi

Parastas egles (Picea abies (L.) Karst.) jaunaudzes vecuma novértétajas
mezaudzés un pécnacéju parbauzu stadijumos datu ievaksanas perioda (4 gadi)
konstatétais koku ar augusta dzinumiem Tpatsvars bija robezas no 0% lidz 27%.
Brivapputes pécnacéju parbauzu stadijumos konstatétais koku ar augusta
dzinumiem Tpatsvars bija 6% stadjjuma Rembate-A astonu gadu vecuma un
8,7%, 26,9% un 8,1% stadijjuma Rembate-B attiecigi 10, 11 un 13 gadu vecuma
(). Koku Tpatsvars ar augusta dzinumiem vismaz viena no novérojumu gadiem
stadijuma Rembate-B bija 32,3% (ll). Apsekotajas mezaudzés koku ar augusta
dzinumiem Tpatsvars vidéji 6,5%, variéjot no 0% lidz 25% (l). Lidzigs koku ar augusta
dzinumiem Tpatsvars (7%) konstatéts Baltijas valstu proveniencém piecu gadu
vecuma stadijuma Zviedrija (Danusevicius & Persson, 1998), un tada pasa vecuma
Latvijas proveniencém Norvégija (Sggaard et al., 2011), bet atseviskos gadijumos
Norvégija mezaudzés koku ar augusta dzinumiem Tpatsvars bijis pat lidz 80%
(Kvaalen et al., 2010).

Gan peécnacéju parbauzu stadijumos, gan mezaudzés koku ar augusta
dzinumiem Tpatsvaram konstatéta nozimiga starpgadu mainiba. Egles mezaudzés
koku ar augusta dzinumiem Tpatsvars 2011. gada bija nedaudz (p > 0,05) zemaks
neka 2012. gada: attiecigi — 9,1% un 12,9% (l). Savukart pécnacéju parbauzu
stadijuma Rembate-B (visi lauki kopa) atSkiribas starp novérojumu gadiem bija
bdtiskas (p <0,05) un nozimigas: attiecigi 6,8% un 20,1% (3.1.att.). Augusta
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3.1. att. Vidéjais eglu ar augusta dzinumiem ipatsvars (+ 95% ticamibas intervals)
stadijuma Rembate-B divos uzmérisanas gados
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dzinumu sastopamibas mainiba tiek saistita ar meteorologisko apstaklu ietekmi,
Tpasi — gaisa temperatliru to veidoSanas laika (Skrgppa & Steffenrem, 2016).
Konstatéts, ka novérojumu veikSanas teritorija 2011. gada augusta temperatra bija
nedaudz (vidéji par 3°C) zemaka neka nakamaja gada. Analizéjot jalija un augusta
temperatiru 1sakos laika posmos, 2012. gada (atskiriba no 2011. gada) redzams
strauj$ tas pieaugums starp jdlija treSo un ceturto nedélu (l). lespéjams, ka Sis
relativas meteorologisko faktoru izmainas atbilstosa augsanas cikla bridi (ne faktoru
vidéjas vértibas) ir veicinajusas augusta dzinumu veidoSanos. Lidzigi $ada Tstermina
izmainu ietekme palielinatam nokriSnu daudzumam vegetacijas sezonas beigas
ir viens no literatdra biezak minétajiem augusta dzinumu attistibu stimuléjoSiem
faktoriem (Carvell, 1956; McCabe & Labisky, 1959; Hallgren & Helms, 1988).

Mezaudzu radrtajiem — biezumam, meza tipam un meza tipa-mezZaudzes
vecuma mijiedarbibai — nebija btiskas ietekmes uz koku ar augusta dzinumiem
Tpatsvaru (visos gadijumos p > 0,05; 1), tomér sada ietekme ieprieks konstatéta
gan vecumam (Ehrenberg, 1963; Aldén, 1971; Rone, 1985; von Wihlisch &
Muhs, 1986; Ununger et al., 1988; Sggaard et al., 2011), gan augsnes auglibai
(Spgaard et al., 2011). Savukart stadijuma Rembate-B, kas izvietots savstarpgji
netalu esoSos laukos augliga lauksaimniecibas zemé (visi atbilst Vr meZa tipam) ar
nelielam augsnes un mikroreljefa atSkirtbam, koku ar augusta dzinumiem ipatsvars
atskiras batiski. Tas bija no 1,2% lidz 15,2% desmit gadu vecuma un no 13,1%
lidz 29,0% 11 gadu vecuma, paradot lokalo apstaklu ietekmi uz apikalo augusta
dzinumu sastopamibu.

Egles mezaudzés koku ar augusta dzinumiem Tpatsvaru ievérojami ietekméjusi
gan lokalie apstakli (zemsedzes vegetacijas konkurence, augsnes mitrums), gan
dzivnieku raditi bojajumi (I). Konkuréjosas zemsedzes vegetacijas un augsnes
mitruma ietekme uz augusta dzinumu veido$anos bija statistiski batiska (x* = 45,0,
p < 0,001). MeZaudzés bez zemsedzes vegetacijas konkurences (vértéjums 1 balle)
bija batiski lielaks koku ar augusta dzinumiem Tpatsvars neka mezaudz€s ar vidéju un
lielu konkurenci (2 un 3 balles): attiecigi — 14,5%, 6,0% un 2,2%. Lidzigi art audzés ar
eglei piemérotu augsnes mitrumu koku ar augusta dzinumiem Tpatsvars bija lielaks
neka audzés ar periodiski vai pastavigi paaugstinatu augsnes mitrumu: attiecigi
11,7%, 4,8% un 1,7%. Abos gadijumos statistiski batiski (p <0,05) no paréjam
vértéjuma grupam atskiras tikai vislabvéligakajos lokalajos apstaklos augosie koki,
bet starp paréjam grupam atskirtbas nebija batiskas (). Koku ar augusta dzinumiem
Tpatsvars bija mazaks dzivnieku vairak bojatas audzés (11,3%, 8,2% un 7,7%, attiecigi
pieaugot vértéjuma ballei), bet atskiribas starp vértéjuma grupam nebija statistiski
batiskas (p > 0,05).

Faktoru mijiedarbibas analizes rezultati liecina, ka katram no Siem faktoriem
bija atseviska loma augusta dzinumu veidosanas veicinasana (l). Lidz ar to lokalo
apstaklu savstarpéjai kombinacijai, t.i., zemsedzes vegetacijas konkurences,
augsnes mitruma un dzivnieku radito bojajumu summaram vértéjumam, bija
izteikta bltiska ietekme uz augusta dzinumu veidosanos (3.2. att., ). Kokiem, kas
auga vislabveéligakajos lokalajos apstak|os (vismazaka ballu summa) bija vislielakais
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3.2. att. Vidéjais eglu ar augusta dzinumiem ipatsvars (+ 95% ticamibas intervals)
mezaudzés atkariba no lokalo apstaklu (zemsedzes vegetacijas konkurences,
augsnes mitruma) un briezu dzimtas dzivnieku radito bojajumu

vértéjumu summas
Katrs faktors vértéts tris ballu skala, kur (1) faktora negativa ietekme uz egles
augsanu nav novérota, (2) faktors nedaudz negativi ietekméja egles augSanu un
(3) faktors ievérojami negativi ietekméja egles augsanu.

augusta dzinumu Tpatsvars. Savukart, ja vismaz viens no faktoriem kada audzé
noveértéts ar tris ballém (ievérojama negativa ietekme), augusta dzinumu Tpatsvars
neparsniedza 10% (l). Pieméram, piecus gadus veca jaunaudzé (Dm) ar izteiktu
vegetacijas konkurenci un 22% koku ar redzamiem dzivnieku raditiem bojajumiem
koku ar augusta dzinumiem Tpatsvars bija tikai 1,8%, kamér tada pasa vecuma
jaunaudzé taja pasa meZa tipa ar redzamam regularas zemsedzes vegetacijas
ierobezosanas pazimém un bez dzivnieku raditiem bojajumiem koku ar augusta
dzinumiem Tpatsvars bija 25,5%.

Atkartoto novérojumu rezultati liecina, ka augusta dzinumu sastopamibas
pieaugums varétu bt saistits ar agrotehnisko kopSanu, kas veikta 2011. gada (I).
Pieméram, péc agrotehniskas kopSanas augSanas sezonas beigas tris gadus veca
jaunaudzé (Kp) koku ar augusta dzinumiem Tpatsvars pieauga no 10% 2011. gada
lidz 26% 2012. gad3, bet piecus gadus veca jaunaudzé (Dm)—no 18% 2011. gada lidz
33% 2012. gada. Lidzigi, ievérojami lielaka augusta dzinumu sastopamiba novérota
duglazijasaudzés péckonkuréjosasvegetacijasierobezosanas(Roth & Newton, 1996).

Konstatéta batiska (p < 0,05) gimenes ietekme uz koku ar augusta dzinumiem
Tpatsvaru, un $adu koku Tpatsvars gimenés stadijuma Rembate-B bija no 0% lidz 42%.
Labvéligos apstaklos, ka tas bija 2012. gada stadijuma Rembate-B Lauka-3 (augliga
augsné, vasara ar izteiktu gaisa temperatliras paaugstinasanos iepriekSnoteikta
pieauguma veidosanas beigas), apikalo augusta dzinumu veidoja ne tikai lielaks
koku Tpatsvars gimeng, bet art lielaks gimenu Tpatsvars (3.3. att.).

Pumpuru plauksanas laiks ir liela méra genétiski noteikts (Hannerz et al.,
1999; Skrgppa & Steffenrem, 2019), un tam konstatéta saikne ar augusta dzinumu
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3.3. att. Gimenu Tpatsvars ar noteiktu koku ar augusta dzinumiem ipatsvaru
stadijuma Rembate-B 11 gadu vecuma

veidosanos (Il). Starp agrak plaukstosajiem kokiem bija proporcionali vairak tadu, kas
veidoja augusta dzinumus, neka starp vélak plaukstosajiem. Pieméram, otraja lauka
loti agri plaukstoSo koku grupa (4. plaukSanas balle) 56% veidoja augusta dzinumus,
savukart loti vélu plaukstoso koku grupa (1. plauksanas balle) — tikai 22%. Katra no
plauksanas vértéjuma ballém vidéjais augstuma pieaugums bija batiski (p < 0,001)
lielaks kokiem ar augusta dzinumiem neka kokiem bez tiem (ll). Zviedrijas centralaja
dala, pretéji Siem rezultatiem, lielaks augusta dzinumu Tpatsvars novérots kokiem
no vélu plaukstosam proveniencém (Danusevicius & Persson, 1998).

Kopuma agraka plauksana nodrosinaja kokiem prieksrocibas, un to augstuma
pieaugums bija lielaks neka vélak plaukstosiem kokiem. Tomér agri plaukstoSiem
kokiem ari salnu bojajumu risks bija lielaks: bojajumu Tpatsvars loti agri un agri
plaukstosiem kokiem (4. un 3. balle) bija attiecigi 87% un 2%, kamér vélu un |oti vélu
plaukstosiem kokiem (2. un 1. balle) bojajumi netika konstatéti (1l). Salnu bojajumiem
bija batiska negativa ietekme uz augstuma pieaugumu: visagrak plaukstoso koku
(4. balle) augstuma pieaugums kokiem bez salnu bojajumiem bija vislielakais, bet ar
sala bojajumiem — vismazakais, atpaliekot pat no visvélak plaukstoso koku (1. balle)
vidéja pieauguma (ll). Augusta dzinumu veidoSana liela méra spéja kompensét
salnu bojajuma negativo ietekmi, un kokiem ar augusta dzinumiem salnu raditais
augstuma samazinajums bija mazaks neka kokiem bez augusta dzinumiem (Il).

Augusta dzinumu veidosanas saistita ar koku augstumu. Stadijuma Rembate-A
batiski (p < 0,001) lielaks koku ar augusta dzinumiem Tpatsvars bija kokiem ar lielaku
augstumu, ka ari kokiem ar lielaku pédeja gada augstuma pieaugumu (3.4. att.),
grupas ar augstakam produktivitati raksturojoSo pazimju vértibam sasniedzot
aptuveni 20%, bet grupas ar zemakajam So pazimju vértibam — tikai aptuveni 1%.
Ar1 stadijuma Rembate-B visos laukos konstatéta Ilidziga sakariba — koku grupas
ar lielako augstumu un augstuma pieaugumu augusta dzinumi bija vidéji 47-68%
koku, bet Iéni augosu koku grupas tie bija tikai 5-18% koku; atskiribas starp grupam
bija statistiski batiskas (p < 0,001).
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3.4. att. Koku ar augusta dzinumiem Tpatsvars atkariba no to augstuma un
iepriek$éja gada augstuma pieauguma

Augstuma pieaugums astotaja augsanas sezona stadijuma Rembate-A bija
ievérojami (par 68%) un batiski (p < 0,001) lielaks kokiem ar augusta dzinumiem
neka kokiem bez tiem — attiecigi 44 + 2,4 cm un 26 + 1,7 cm (ll). Lidzigi ari stadijuma
Rembate-B kokiem ar augusta dzinumiem tris pédéjo gadu augstuma pieaugums
bija statistiski batiski (p <0,001) lielaks neka kokiem bez augusta dzinumiem,
sasniedzot starpibu 10-14 cm. Kumulativais efekts Sim augstuma pieauguma
atskiribam bija batisks (p <0,001): koku augstums 13. augSanas sezonas beigas
kokiem ar augusta dzinumiem un kokiem bez tiem stadijuma Rembate-B atseviskos
laukos bija attiecigi 450+ 11,8 cm un 374+ 7,8cm (Lauks 1), 490+ 8,1 cm un
416 + 7,4 cm (Lauks 3, Trial 2), un 481 + 16,0 cm un 420 + 12,2 cm (Lauks 4, Trial 3;
3.5. att., Il). Koki ar augusta dzinumiem tatad bija par 14-20% augstaki neka koki
bez Siem dzinumiem. Ari stadijuma Rembate-A rezultati bija lidzigi: astonu
gadu vecuma koku ar augusta dzinumiem vidéjais augstums par 29% (p < 0,001)
parsniedza koku bez augusta dzinumiem augstumu (attiecigi 148 +5,8 cm un
115+ 1,4 cm).

Gimenu Ilimeni, stadijuma Rembate-A (ll) koku Tpatsvars ar augusta
dzinumiem bija batiski saistits ar augstuma pieaugumu (r = 0,44; p <0,001), bet
ar augstumu korelacija nebija statistiski batiska (r=0,22; p=0,09). Stadijuma
Rembate-B koku Tpatsvars ar augusta dzinumiem bija batiski (p < 0,01) saistits ar
augstuma pieaugumu un kopéjo augstumu gan stadijuma kopuma (attiecigi r = 0,49
un r=0,51), gan katra lauka atseviski (attiecigi r =0,41...0,71 un r=0,48...0,70).
Sakariba starp koka augstumu un augusta dzinumu veidoSanos konstatéta ari
iepriek$ koku selekcijas stadijumos Latvija (Rone, 1975) un proveniencu parbauzu
stadijumos Zviedrija (Danusevicius & Persson, 1998).
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3.5. att. Koku augstums desmit gadu vecuma un tris pédéjo gadu (11.-13. gada)
augstuma pieaugums eglém ar augusta dzinumiem un bez tiem
stadijuma Rembate-B

3.2. Stadvietas sagatavosanas veids

3.2.1. Augsnes sagatavosanas ietekme uz augsanu

Koka augstumu astonu gadu vecuma butiski ietekméja meza tips, augsnes
sagatavosSanas veids un abu So faktoru mijiedarbiba (visi p < 0,001, ll1), bet stadijuma
atkartojumam nebija batiskas ietekmes (p >0,05). Vislielakais koku augstums
(neatkarigi no augsnes sagatavoSanas veida) konstatéts kokiem véri (198 + 3,8 cm).
Lidzigi art Lietuva $ada vecuma koki Saja meza tipa (Oxalidosa) sasniedz lielako
augstumu (Gradeckas & Malinauskas, 2005), apliecinot meZa tipa piemérotibu
razigu parastas egles mezaudzu veidosSanai.

Kokiem, kas staditi uz pacilam, augstums bija ieverojami un batiski lielaks
neka kokiem, kas staditi ieprieks neapstradata augsné (augstuma starpiba 27 cm jeb
17,8%) vai vagas (augstuma starpiba 55 cm jeb 35,7%). Vértéjot koku Tpatsvaru Cetras
augstuma grupas, visos meza tipos pacilas sagatavotajas platibas konstatéts lielaks
augstako koku Tpatsvars salidzinajuma ar vagas sagatavotajam vai neapstradatajam
platibam (3.6. att.). Koku augstuma atskiribas ar dazadam metodém gatavota augsné
bija statistiski bGtiskas (p < 0,05) véri un slapjaja véri, un $ada tendence konstatéta
arT damaksnr (p = 0,05) un Saurlapju kadrenl. Lidziga augsnes sagatavoSanas veida
ietekme uz egles augstumu konstatéta Somija (Uotila et al., 2010).

Koku augstuma atsSkirtbas ar pacilotaju gatavota augsné, salidzinot ar
citiem augsnes sagatavoSanas veidiem, bija butiskas (p < 0,05, Ill) meZa tipos
mineralaugsnés ar normalu mitruma rezimu (Dm, Vr), ka ari slapjas mineralaugsnés
(Vrs). Mazak izteiktas (p=0,09) atskiritbas konstatétas Saurlapju kaddrent.
lespéjams, tas saistits ar sala izcilasanas (frost have) ietekmi, kas Latvija visbiezak

33



100 1 — — — — — —

80

X

. L
5 60

>

w

2 -

S 40 Bl

g I
o

M

N l I
0 4
EAPSTR

PAC | DISK | PAC | DISK | PAC |NEAPSTR PAC N
Dm ‘ Ks ‘ Vr Vrs ‘

Bh>25m BE2m<h<25m 0O15m<h<20m Oh<l5m

3.6. att. Koku 1patsvara sadalijums augstuma grupas astonu gadu vecuma ar
pacilotaju (PAC) un disku arklu (DISK) sagatavota augsné un
ieprieks neapstradata (NEAPSTR) augsné damaksni (Dm),
Saurlapju kadrent (Ks), véri (Vr) un slapjaja vert (Vrs)

vérojama tiesi susinatas kddras augsnés (Mangalis, 2004). Somijas centralaja dala
novérots, ka sala izcilasana visbiezak rodas platibas, kur augsne gatavota vagas
(Heiskanen et al., 2013). Lidzigi rezultati par augstuma parakumu kokiem, kas
staditi uz pacilam, ieglti vairakos Zviedrija un Somija veiktos pétijumos (Saarinen,
2007; Lehtosalo et al., 2010; Uotila et al., 2010; Hallsby & Orlander, 2013). Saja
regiona konstatétas koku augstuma atskiribas ar dazadam metodém sagatavotas
augsnés bija mazakas (Orlander et al., 1990, 1998) neka misu pétijuma iegitajos
rezultatos (lll), kas, iespéjams, saistits ar koku Iénaku augsanu izteiktaka ziemelu
klimata apstaklos.

Pacilu pozitiva ietekme uz koku augsanu (lll) saistita ar paaugstinatu slapek|a
pieejamibu (straujaku mineralizaciju) otraja un tresaja augsanas sezona (Smolander
& Heiskanen, 2007; Nieminen et al., 2012), kas veicina koku virszemes biomasas
palielinasanos un saknu augSanu (Nordborg et al., 2003). Augsnes gatavoSana
samazina ari liela priezu smecernieka raditos bojajumus, turklat Sis efekts
novérots art gadijumos, ja stadiem kokaudzétava veikta apstrade ar insekticidu
(Heiskanen et al., 2013). Pieméram, pétijuma Somija pirmaja augsanas sezona
ieprieks neapstradata augsné mizas bojajumi konstatéti 76% egles stadu, savukart
ar pacilam gatavota augsné — tikai 1% stadu (Heiskanen & Viiri, 2005). Stadi ar
smecernieka raditajiem bojajumiem ir novajinati un veido mazaku augstuma
pieaugumu (Heiskanen & Viiri, 2005; Heiskanen et al., 2013). Nemot vér3, ka pétitas
platibas (lll) iertkotas péc skujkoku atjaunoSanas cirtes veikSanas (t.i., platibas
ar vislielako smecernieka bojajumu risku), augsnes sagatavosSana, iesp&jams,
ierobezojusi smecernieka izplatibu, tadejadi ietekméjot koku augstuma atskiribas
(11). Pacilu veidosana labveéligi ietekmé art augsnes temperatiru (Kankaanhuhta et
al., 2009; Heiskanen et al., 2016), un kopa ar uzlabotu baribas vielu pieejamibu
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un aizsardzibu pret smecernieka raditiem bojajumiem veicina stadu labaku
ieaugSanu un straujaku sakotnéjo augSanu, salidzinot ar laukumos vai vagas
gatavotu augsni.

Audzes dominéjoso koku pédéjo tris sezonu augstuma pieaugums ar
pacilam sagatavota augsné bija lielaks neka vagas sagatavota augsné (lll). Statistiski
biatiskas atSkirtbas konstatétas damaksni astotaja augSanas sezona. Savukart
sestaja augsanas sezona bitiskas atskiribas nav konstatétas. Astotaja un septitaja
sezona platibas ar pacilas sagatavotu augsni augstuma pieaugums bija lielaks
neka platibas, kur augsnes sagatavoSana netika veikta, bet sestaja sezona butiskas
atskiribas konstatétas tikai slapjaja vérl (p < 0,05, lll). Kopuma iegitie rezultati
saskan ar konstatéto Somija: vid€jais augstuma pieaugums eglém, kas staditas uz
pacilam, bija nedaudz lielaks neka tam, kas staditas vagas (attiecigi 23,7 + 17,4 un
20,6 + 13,6 cm), un, veidojot kumulativu efektu, devitas augSanas sezonas beigas
augstuma atskiribas bija batiskas (Saksa et al., 2005).

3.2.2. Augsnes sagatavosanas ietekme uz konkuréjoso vegetaciju

Aizzelums platibas dala, kur to tieSi nav ietekmeéjis augsnes sagatavoSanas
agregats (starp vagam un pacilam), abos augsnes sagatavosSanas veidos bija
lidzigs (ll1). Savukart, vidéjais projektivais vegetacijas segums pirms agrotehniskas
kopSanas bija lielaks ar pacilam sagatavota augsné, salidzinot ar vagas sagatavotu
augsni: attiecigi 78% un 54% (lll). Lidzigos klimatiskajos apstak|os Lietuva konstatéts,
ka augsnes sagatavoSanas veids ietekmé stadu noénojumu, un lidz ar to arl
agrotehniskas kopsanas nepiecieSamibu. Vismazak noénoti ir stadi platas (100 cm)
vagas un uz augstam (30 cm) pacilam (Suchockas et al., 2014).

Augsnes sagatavo$ana palielina konkuréjosas vegetacijas sugu daudzveidibu
(Balandier et al., 2006), bet ne vienmér augsnes gatavosana izmaina konkuréjosas
vegetacijas ietekmi uz stadu augSanu. Tas nelabvéliga ietekme saistita tieSi ar
attalumu Iidz stadam, un So ietekmi var samazinat, palielinot apstradatas vietas
laukumu un apstrades dzilumu (Suchockas et al., 2014). Platibas, kur augsne
sagatavota pacilas un vagas, konkuréjosas vegetacijas grupu Tpatsvars bija lidzigs
(3.7. att.), un koku/krimu atvases, avenes (Rubus ideaeus L.), graudzales un grisli
(Graminae un Cyperaceae dz.) veidoja lielako aizzéluma daju (85% lidz 89%). Ari
vidéjais svértais (péc projektiva seguma) konkuréjosas vegetacijas augstums bija
lidzigs (p > 0,05). Pacilas sagatavota augsné graudzalu un gris|u grupas bija augstakas
neka citas vegetacijas grupas, savukart, vagas sagatavota augsné augstakas
vegetacijas grupas bija graudzales un grisli, ka arT avenes (lll). Graudzales un grisli
tiek uzskatiti par nozimigako konkuréjosas vegetacijas dalu. Straujas saknu augSanas
dé| tie intensivi patéré ddeni, tadejadi ietekméjot passéjas koku augsanu (Coll et
al., 2003). NepiecieSamiba ierobeZot vegetacijas konkurenci pacilas sagatavota un
vagas sagatavota augsné bija lidziga (Il).

Vegetacijas projektivais segums péc agrotehniskas kopsSanas pacilas
sagatavota augsné bija batiski zemaks (5%) neka vagas sagatavota augsné (13%),
bet tas augstums bija lidzigs (p > 0,05, lll). Gan plausanai nepiecieSamais laiks, gan
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Vegetacijas grupas
3.7. att. Konkuréjosas vegetacijas projektivais segums un augstums
(abiem £ 95% ticamibas intervals) pirms agrotehniskas kopsanas
Saurlapju arent pacilas (attiecigi, pelékie stabini un punkti) un vagas
(attiecigi, baltie stabini un rombi) sagatavota augsné

ta Tpatsvars no kopéja darbu izpildei nepiecieSama laika bija Iidzigs abiem augsnes
sagatavosanas veidiem: 478 min ha™ (67 +9,7%) jaunaudzei pacilas sagatavota
augsné un 462 min ha™ (68 * 8,3%) jaunaudzei vagas sagatavota augsné (lll).

3.2.3. Augsnes ielabosSanas ietekme uz koku augstumu

Koksnes sadegSanas procesa vairums augu baroSanas elementu saglabajas
pelnos, un tie var tikt izmantoti augsnes baribas vielu nodrosinajuma uzlabosanai.

Desmit gadus péc augsnes ielabosanas kalija saturs palielinajas proporcionali
pievienotajai pelnu devai (3.8.att.): kontroles parcelés kalija saturs bija
270,9 £ 70,3 mg kg™, bet parcelés, kas ielabotas ar pelnu devu 5t ha un 10t ha™,
kalija saturs bija attiecigi 286,0 + 60,2 mg kg™ un 313,3 + 70,5 mg kg™ (IV). Lidzigi
ielaboSanas ar pelniem pozitiva ietekme uz kalija deficita samazinasanu augsné
jau péc viena gada konstatéta Somija (Moilanen et al., 2005), turklat, atkariba no
izmantotas pelnu devas, uzlabota mineralvielu pieejamiba augsné var saglabaties
pat [idz 20-30 gadiem (Moilanen et al., 2002, 2004, 2005). Fosfora satura pieaugums
ielabotajas parcelés bija redzams jau péc viena gada, tomeér Sis kimiskais elements
Skist Iéni (Nieminen et al., 2005; Callesen et al., 2007), un nepieciesami 3 lidz 4 gadi,
lai fosfors augsné bitu pieejams augiem izmantojama forma (Moilanen et al., 2002;
Nieminen et al., 2005). Desmit gadus péc augsnes ielabosanasar5tha”'un 10t ha™
koksnes pelniem, fosfora saturs augsné bija attiecigi 2,24 £ 0,40un 2,19 £+ 0,28 g kg™,
kamér kontroles parcelés 1,85 + 0,27 g kg™" (3.9. att., IV). Citos pétijumos konstatéts,
ka palielinata fosfora pieejamiba augsné péc ielabosanas ar pelniem var saglabaties
pat Iidz 50 gadiem (Moilanen et al., 2002, 2004, 2005). Slapekla vértibas parcelés
ar atskirigu pelnu devu bija lidzigas (p > 0,05), no 26,79 + 3,42 g kg™ kontroles
parcelés lidz 27,42 + 2,84 g kg™' parcelés, kuras ielabotas ar 5t ha™ pelnu devu
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3.8. att. Kalija saturs augsné (+ 95% ticamibas intervals) parcelés,
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3.9. att. Fosfora saturs augsné (£ 95% ticamibas intervals) parcelés,
kas ielabotas ar atskirigu pelnu devu (0 (kontrole), 5 un 10 t ha™),
10 gadus péc stadijuma iertkoSanas

(3.10. att., IV). Koksnes sadegsanas procesa slapeklis tiek atbrivots atmosféra, tadél
pelnos Sis makroelements nav pieejams. Pelnu izmantoS$anai var bit netiesa ietekme
uz slapekla saturu augsné — ta veicina paatrinatu organiskas vielas sadaliSanos un
organiska slapekla atbrivoSanu augiem pieejama forma (Moilanen et al., 2002;
Genenger et al., 2003; Jaggi et al., 2004). Atseviski pétijumi liecina, ka ielabosana
ar pelniem var pakapeniski paaugstinat augsnes organiska slana biezumu (slapekla
rezervi) palielinata nobiru apjoma dél (Omil et al., 2013), bet desmit gadu perioda
péc augsnes ielaboSanas $ads efekts nebija redzams (IV). Vienlaikus janem veéra,

37



35 4

20

15 -

Slapekla saturs, g kg™

kontrole (0) 5 10
3.10. att. Slapekla saturs augsné (+ 95% ticamibas intervals) parcelés,
kas ielabotas ar atskirigu pelnu devu (0 (kontrole), 5 un 10 t ha™),
10 gadus péc stadijuma ieritkosanas

ka papildus atbrivotais slapeklis var izskaloties, nonakt atmosféra slapekla oksidu
forma, ka ari to patéré koki un zemsedzes vegetacija. Augsnes ielaboSanas mérkis
nav slapekla satura palielinasana, bet ta pieejamibas uzlaboSana, un lidz ar to
labakas koku augSanas nodrosinasana.

Papildus augu baribas vielas veicina stadu sakotnéjo augSanu turpmakos
paris gadus, uzlabojot konkurétspéju ar zemsedzes vegetacijas radito aizzélumu
(Nilsson & Orlander, 1999; Hytdnen & Jylh3, 2008). lelabo%ana ar pelniem
ietekméja koku biomasas veidoSanu jau vienu gadu péc stadisanas. Stadu
virszemes dalas masas lielakas vértibas konstatétas parcelés ar pelnu devu 5 t ha™,
salidzindjuma ar kontroli un 10t ha™ pelnu devu (3.11. att., IV), turklat atskiribas
bija statistiski butiskas (p < 0,05). Novérots, ka ari saknu masa parcelés ar 5t ha™
pelnu devu bija batiski lielaka (p <0,05) neka kontroles parcelés vai parcelés
ar pelnu devu 10t ha™. Savukart saknu masas ipatsvars parcelés ar 5t ha™ bija
salidzinosi lielaks, bet batiski neatskiras no saknu masas ipatsvara abos paréjos
variantos (IV).

Desmit gadus péc stadijuma ierikoSanas pelnu izkliedéSanas ietekme
saglabajas, turklat pieauga lidz ar pelnu devu (3.12. att., IV). Caurmérs krisaugstuma
kontroles parcelés bija 21,9 +1,3 mm, bet parcelés, kas ielabotas ar pelniem
5tha™un 10t ha™, caurmérs bija attiecigi 26,3 + 1,8 un 26,5 + 1,7 mm. Augstums
kontroles parcelés bija 289 + 11 cm, bet parcelés, kas ielabotas ar pelniem 5t ha™
un 10t ha™, augstums bija attiecigi 331+ 14 cm un 348 + 12 cm. Parcelés, kur
izkliedéti pelni, koku augstums bija par 15% un 21% (attiecigi, pelnu deva 5 t ha™
un 10t ha™) lielaks neka kontroles parcelés. lelabotajas (abas pelnu devas) parcelés
gan augstums, gan caurmérs bija batiski lielaks (visi p < 0,05) neka kontrolei, bet
atSkiribas starp parcelém, kas sanéma pelnu devu 5 un 10 t ha™, bija nelielas un
nebija statistiski bdtiskas (p > 0,05; IV).
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3.12. att. Koku augstums (A) un caurmers krasaugstuma (B) (£ 95% ticamibas
intervals) parcelés, kas ielabotas ar atskirigu pelnu devu (0 (kontrole),
5un 10t ha™), 10 gadus péc stadijuma ierikoSanas

Batiska (p <0,01) ilgtermina augsnes ielaboSanas ietekme konstatéta ari
kompleksa mineralméslojuma pievienosanai stadisanas bridi (V). Papildus baribas
vielu ienese tikai ap stadu (V) radija lidzigu efektu, kads novérots vienlaidus
platibas ielabosanai (Nohrstedt, 2001; Saarsalmi & Malkonen, 2001; Cao et al.,
2008), bet kopuma bija nepiecieSams mazaks mineralméslojuma daudzums uz
platibas vienibu. Agrinas augsnes ielabosanas ilgtermina efekts uz koku augSanu
konstatéts arlT Somijas austrumu dala pirms stadiSanas ielabotajas priezu
jaunaudzes ar mineralaugsni, kur koku augstums 15 gadus péc augsnes ielaboSanas
bija par 24% lidz 27% lielaks (pelnu deva attiecigi 2,5 un 5t ha™") neka kontroles
parauglaukumos bez ielaboSanas (Saarsalmi & Levula, 2007). Straujaka koku
augsana jau vienu gadu péc ielaboSanas ar pelniem (2,5 t ha™) konstatéta ari vidéja
vecuma (pelni ienesti 36 lidz 47 gadu vecuma) egles audzés (As un Ks meza tipi).
Cetrus gadus péc koksnes pelnu izkliedésanas kumulativais papildus
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krajas pieaugums bija no 8,5 lidz 19,2 m3*ha” (Okmanis et al., 2016).
Savukart 64 un 69 gadus vecas priezu audzés ar mineralaugsni 5 Iidz
10 gadus péc ielabosanas ar pelniem (3tha™) krajas pieaugums bija par
7% hdz 9% lielaks neka kontroles audzés, bet Sis atsSkiribas nebija batiskas
(Saarsalmi et al., 2004).

Salidzinot konkréta gada veidojusas gadskartas papildus baribas vielas
sanémusajiem un kontroles kokiem, vislielakas atskirtbas bija redzamas novérojumu
perioda pirmaja puseé (3.13. att.).

Pirmos tris gadus péc papildus baribas vielu ieneses gadskartas platums
bija lielaks kontroles kokiem, savukart nakoSos astonus gadus gadskartas
platums bija batiski lielaks papildus baribas vielas sanémusiem kokiem (V).
Aizkavéta koku reakcija, iespéjams, saistita ar parak lielu baribas vielu devu
vai arl pakapenisku to pareju augiem viegli pieejama forma (Nohrstedt, 2001;
Saarsalmi & Malkonen, 2001), bet ta var bt saistita arl ar atskirigu oglekla
uzkrasanas stratégiju kokiem no platibas ar ielabotu augsni (Axelsson &
Axelsson, 1986).

Kopuma 34 gadu vecuma papildus baribas vielas sanémusiem kokiem
Skérslaukums bija par 14% lielaks neka kontroles kokiem (V). VElinas koksnes
Ipatsvars kontroles kokiem bija lielaks gandriz visa analizétaja laika posma, butiski
atskiroties 1989., 1994. lidz 1997. un 2001. gada (10 Iidz 20 gadu vecuma). Lidzigi
rezultati par mazaku vélinas koksnes 1patsvaru papildus baribas vielas sanémusiem
kokiem ieglti ari citos pétijumos (Mékinen et al., 2002; Zhang, 1995). Kopuma 3ie
rezultati liecina, ka papildus baribas vielu ienese stadiSanas bridi ietekméja kokus
turpmakos aptuveni 15 gadus (V).
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3.13. att. Vidéejie gadskartu platumu mérijumu sérijas parametri
kokiem no platibas, kur veikta augsnes ielabosana (melna likne),

un kontroles (peleka likne) kokiem
(A) gadskartas platums, (B) vélinas koksnes Tpatsvars gadskartas platuma;
batiskas (p < 0,05) atskiribas noraditas ar*.
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3.3. Pluskoku brivapputes gimenu pieauguma veidoSanas dinamika

Augstuma pieauguma veidoSanas intensitates novértéjums ir nozimigs, lai
prognozétu klimata parmainu ietekmi uz ta summaro garumu un precizak atlasitu
tadus genotipus, kas Sim parmainam piemérotaki. Sezonas ietvaros augstuma
pieaugums nav vienmérigs, bet tipiski sastav no trim nosacitiem posmiem: relativi
Iénakas augsSanas uzsaksanas un partraukSanas, un intensivas augSanas starp Siem
abiem posmiem (Chuine et al., 2006; Lanner, 2017). Izvértéjot katra posma ietekmi
uz kopéjo augstuma pieaugumu un gimenu augSanas atSkirtbas Sajos posmos,
iespéjams noteikt to laika posmu sezonas ietvaros, kad veértéjumi jaunos stadijumos
var sniegt precizaku prieksstatu par genétiski noteiktajam (gimenu) atskirtbam.

Kokiem no atSkirigiem izcelsmes regioniem (austrumu un rietumu
proveniences, kopa seSas audzes) augstums un augstuma pieaugums septinu
gadu vecuma bija Iidzigs (atSkirtba 1%, p > 0,05), bet sezonas ietvaros konstatéta
pieauguma veidoSanas intensitates mainiba laika, ko bdtiski ietekméja genétika
(proveniences un gimenes). Rietumu proveniences augstuma pieaugumu uzsaka
veidot bitiski (p < 0,01) agrak neka austrumu proveniences, un attiecigi 68,7% un
51,7% koku bija uzsakusi augSanu pirms pirma mérijuma veiksanas 25. maija (VI).

Augstuma pieauguma veidoSanas dinamika abu proveniencu regionu
kokiem bija dziga. AugSanas intensitate bija straujaka augSanas sezonas sakuma
t.i., 25 dienas kops augsSanas uzsakSanas. Agrakos pétijumos straujaka augsSana
konstatéta eglém no austrumu proveniencém (Gailis, 1993). Sadu atskiribu starp
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3.14. att. Videja augSanas intensitate (x 95% ticamibas intervals) eglém
no austrumu (pelékie stabini) un rietumu (baltie stabini) proveniencém
septitaja augSanas sezona
Noraditais datums atbilst aprékinam izmantota perioda pédgjai dienai.
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proveniencém trikumu Jelgavas stadijuma veicinaja gan lidzigs augSanas perioda
ilgums un augsanas intensitates atSkiribu izlidzinasanas sezonas garuma, gan
atskiribas parvietoSanas attalumos un stadijuma augSanas (augsnes) apstak|os (VI).
Rietumu proveniencém bija batiski lielaka augsanas intensitate sezonas sakuma un
batiski zemaka augSanas intensitate sezonas beigas.

Péc 8.jlnija augSanas intensitate samazinajas (3.14. att., VI). Tam sekoja
krass aug$anas intensitates pieaugums (neatkarigi no proveniences) (3.14. att., VI),
ko visdrizak veicinajusas meteorologisko apstaklu izmainas (Odin, 1972; Cannell &
Johnstone, 1978). Augsanas partrauksanas laiks proveniencém butiski atskiras, un
pédéja mérijjuma veikSanas diena (20. jalija) izmainas augstuma pieauguma nebija
vérojamas 36,6% koku no rietumu proveniencém un 28,2% koku no austrumu
proveniencém (VI).

Kopé€jais augstuma pieauguma veidoSanas periods bija aptuveni 60 dienas ar
vidéjo augSanas intensitati 9,2 £ 0,2 mm diena, un tas notika laika perioda ar dienas
garumu vismaz 16,5 stundas (3.14. att., VI). Rietumu proveniences gan uzsaka, gan
partrauca veidot augstuma pieaugumu aptuveni divas dienas agrak neka austrumu
proveniences, noradot uz koku adaptacijas ietekmi uz augstuma veidosanu. Egléem
no izcelsmes vietam ar dazadu geografisko garumu augsanas fenologiju ietekmé ar
gaisa temperatiru saistiti kontroles mehanismi (Heide, 1974; Hannerz, 1998), ari
nelielu (mazaku par 300 km) geografiska garuma izmainu gadijuma (Danusevicius
& Persson, 1998). Egles no austrumu proveniencém augsanu uzsaka vélak, noradot
uz piemeérosanos izvairities no pavasara salnam (Dietrichson, 1969; Polle et al.,
1996; Langvall & Lofvenius, 2002). Proveniences regionam bija lielaka ietekme
uz augsanas uzsaksanas laiku (VI), pretéji novérotajam Zviedrijas centralaja
dala, kur proveniencei bija lielaka ietekme uz augSanas partrauk$anas laiku
(Ekberg et al., 1985).

Proveniences ietekme uz augSanas intensitati sezonas laika mainijas (VI).
Ta bija izteiktaka (p <0,05) pieauguma veidoSanas sakuma (pirms 3. jdnija) un
beigas (péc 6. jilija), bet starp Siem posmiem proveniences efekts nebija bitisks
(p >0,21). Sisizmainas saistitas ar koku pieméroganos iespéjamiem sala bojajumiem
pavasari un rudeni (Avotniece et al., 2012). Savukart laika posma ar straujako
augsSanas intensitati (no 8. lidz 22. janijam) augSanu galvenokart noteica aréji faktori
(Danusevicius et al., 1999), un atskiribas starp proveniencém bija nelielas (VI).

Augstuma pieauguma veidosanas dinamika sezonas ietvaros (VII) sekmigi
aproksiméta ar Gompertz vienadojumu (3.15. att.), iegistot individualu koku
augsanas Iikni raksturojoSus koeficientus un to gimenu vid€jas véertibas. Gimene
batiski (p <0,05) ietekméja gan augstuma pieauguma garumu, gan Gompertz
vienadojuma koeficientus, kas raksturo augsanas uzsakSanu, pieauguma tempu un
augsSanas partraukSanu. Iznémums bija gimenes ietekme uz augSanas uzsaksanu
Jelgavas stadijuma (p > 0,05), kur koki saka augt nedaudz vélak neka Rembate-B
stadijuma.

Kopé€jais augstuma pieaugums labak augosam gimeném bija batiski un
nozimigi lielaks neka sliktak augosam gimeném (VII): stadijuma Rembate-B attiecigi
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3.15. att. Aproksimétas Gompertz vienadojuma liknes vidéjam augstuma
pieaugumam (t 95% ticamibas intervals) Rembates (R) un
Jelgavas (J) stadijuma péc pieauguma labakajam (max. pieaug. 10%) un
sliktakajam (min. pieaug. 10%) gimeném

624 £ 26 un 362 £20 mm un Jelgava attiecigi 664 + 25 un 462 + 33 mm. Labak
augoSo gimenu vidéja augstuma pieauguma parakums par sliktak augosajam
gimeném saglabajas visu novérojumu periodu.

Labak augosas gimenes augstuma pieauguma kulminaciju sasniedza nedaudz
vélak neka sliktak augosas gimenes (3.16. att.), turklat péc ta sasniegsanas labak
augosas gimenes ari ilgak saglabaja lielaku pieauguma intensitati, savukart sliktak
augosajam gimeném pieauguma intensitate samazinajas straujak. Kopuma labak
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Noveérojumu diena
3.16. att. Videjais augstuma pieaugums (+ 95% ticamibas intervals) Rembates (R)
un Jelgavas (J) stadijuma péc pieauguma labakajam (max. pieaug. 10%) un
sliktakajam (min. pieaug. 10%) gimeném
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3.17. att. Kumulativais relativais augstuma pieaugums (+ 95% ticamibas
intervals) Rembates (R) un Jelgavas (J) stadijuma péc pieauguma labakajam
(max. pieaug. 10%) un sliktakajam (min. pieaug. 10%) gimeném

augosas gimenes raksturoja vienmeérigaka un augstaka augsSanas intensitate un
ilgaks pieauguma veidosanas periods (VIl). Nozimigaka gimenes ietekme uz
augsSanas intensitati konstatéta augstuma pieauguma veidoSanas otraja puseé.

Individualu koku ITmenT kop&jam augstuma pieaugumam konstatéta ciesa,
biatiska korelacija ar pieauguma tempu (Gompertz vienadojuma k parametrs;
attiecigi Rembaté r = -0,66, Jelgava -0,62, abi p < 0,001). Si tendence saglab3jas
arT gimenu limeni, un gimenes ar mazaku pieaugumu sasniedza lielaku relativo
pieauguma intensitati. Si sakariba rada, ka labak augo$am gimeném augstuma
pieauguma veidoSanas ir vienmérigak sadalita kopéja augSanas perioda
(3.17. att.), savukart, sliktak augosas gimenes relativi lielaku pieauguma
Tpatsvaru veido intensivas augSanas posma (starp uzsakSanas un partrauksanas
posmiem).

Augstuma pieaugumu ietekméja art koku augstums. Augstuma pieaugums
cieSi koreléja ar koka augstumu sezonas beigas (p <0,05), bet korelacija ar
augstumu sezonas sakuma bija ievérojami vajaka. Lidzigi arT pieauguma temps
(Gompertz vienadojuma k parametrs) pozitivi korel€ja ar koka augstumu sezonas
beigas (r=0,35), bet korelacijas ar koka augstumu sezonas sakuma lielakoties
nebija bitiskas (r = 0,07, VII).
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Vil

SECINAJUMI

Koku ar apikalajiem augusta dzinumiem Tpatsvars egles audzés tris lidz
septinu gadu vecuma varié no 0% lidz 25%, neatkarigi no meZa tipa (eitrofie
un mezotrofie) un audzes vecuma.

Labveliga lokalo apstaklu kombinacija — novérsta zemsedzes vegetacijas
konkurence un noreguléts augsnes mitrums — ievérojami un statistiski
batiski (p < 0,001) palielina eglu ar apikalajiem augusta dzinumiem Tpatsvaru
jaunaudzés.

ledzimtibai ir nozimiga ietekme uz apikalo augusta dzinumu sastopamibu:
koku ar tiem Tpatsvars viena un taja pasa uzmeériSsanas gada un stadijuma
egles pluskoku brivapputes pécnacéju gimeném bija no 0% lidz 91%, gimenes
ietekme statistiski batiska (p < 0,05).

Apikalie augusta dzinumi biezak veidojas atraudzigiem un agri plaukstoSiem
kokiem. Koku ar Siem dzinumiem augstums vidéji par 14—29% lielaks neka
kokiem bez augusta dzinumiem. Nav konstatéta saikne starp apikalajiem
augusta dzinumiem un salnu bojajumu varbatibu, turklat apikalie augusta
dzinumi daléji kompensé pavasara salnu ietekmi uz kopé&jo pieauguma
garumu.

Mezotrofajos un eitrofajos meza tipos augsnes sagatavosSanas veids butiski
ietekmé jaunaudzes koku augstumu. Vidéjais koku augstums un augstako
koku Tpatsvars ir batiski (p < 0,05) lielaks stadijumos, kur augsne sagatavota
pacilas, nevis vagas vai negatavota augsné. Dominéjoso koku augstuma
pieauguma atskiribas pacilas un vagas sagatavota augsné staditam eglém
palielinajas no 14% seSu gadu vecuma lidz 20% astonu gadu vecuma.

Divpadsmit ménesus pirms stadiSanas veikta augsnes ielabosana ar koksnes
pelniem atstaja pozitivu ietekmi uz augiem pieejamo makroelementu saturu
augsné (kalija un fosfora pievienosana), ka art veicinaja organiska slapekla
atbrivosanos. Uzlabotai makroelementu pieejamibai bija batiska ietekme
uz koku augSanu: desmit gadu vecuma papildus baribas vielas sanémusiem
kokiem augstums bija par 15% un 21% (attiecigi pelnu deva 5 un 10t ha™)
lielaks neka kontroles kokiem. NPK mineralméslojums reizé ar stadisanu
lidzigi ietekméja koku pieaugumu Iidz 15 gadu vecumam.

Egles pluskoku brivapputes pécnacéju gimeném pieauguma veidoSanas
dinamika ir geneétiski noteikta. Gimeném ar salidzinosi lielaku augstuma
pieaugumu augsanas intensitate (mm diennakti) kulminé vélak un saglabajas
augsta ilgak.
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PRIEKSLIKUMI

Darba rezultati par lokalo apstaklu uzlaboSanas ietekmi uz egles apikalajiem
augusta dzinumiem un kumulativi uz koku augstumu jaietver augSanas gaitas
modeléSanas sistema, lai precizak atspogulotu meérktiecigas $is koku sugas
jaunaudzu apsaimniekoSanas sagaidamo pozitivo efektu.

Sakotnéja augsnes ielabosSanas lidzeklu — mineralméslojuma un koksnes
vai koku mizas pelnu — izmantoSana rekomendéjama egles audZu pieauguma
uzlabosanai, jo to iedarbiba saglabajas vismaz 10 gadu ilga laika perioda.

Rekomendéjama genotipu ar apikalajiem augusta dzinumiem atlase selekcija,
jo ta nepalielina salnu vai sala bojajumu risku, bet nodrosina iespéjas ieglt lielaku
augstuma pieaugumu, meérktiecigi veicot ar selekcionétu materialu atjaunotu
jaunaudZu agrotehnisko kopSanu un lokalo apstakju uzlaboSanu. Sagaidams, ka
So efektu pastiprinas klimata parmainas: biezaki gadi ar augstu gaisa temperatiru
iepriekSnoteikta augstuma pieauguma veidoSanas nosléguma un garaku
vegetacijas periodu.
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PATEICIBAS

Autore pateicas Latvijas Valsts meZzinatnes institlta “Silava” MeZa selekcijas
un adaptacijas rado$as grupas kolégiem, jo Tpasi Unai Neimanei un Silvai $énhofai,
ka art visiem kopigi sagatavoto zinatnisko publikaciju autoriem par padomiem,
lldzdalibu, iedvesmu, pacietibu un konstruktivam diskusijam pétijumu veikSanas
laika, ka arTizteiktajiem komentariem un iebildumiem, kas palidz&ja nozimigi uzlabot
sagatavota darba kvalitati.

Tapat autore pateicas LLU Meza fakultates kolégiem par piezimém, atbalstu
un labu vardu doktorantiras studiju un darba tapSanas ietvaros. Paldies darba
vaditajiem un visiem, kas atrada par iespéjamu iepazities ar darba sakotnéjam
versijam un izteikt savus iebildumus un priekslikumus uzlabojumiem! Tpa3s paldies
Kasparam Liepinam par atvéléto laiku un kritiku, kas radija iesp€&ju savlaicigi novérst
daudzas neprecizitates.

Pétijumu, kuru ietvaros ievakts datu materials, finansétajs ir a/s “Latvijas
valsts mezi”, un tie realizéti Latvijas Valsts meZzinatnes institita “Silava”.
Autore pateicas par pétijumu iniciéSanu un rezultativu sadarbibu to realizacija
a/s “Latvijas valsts mezi” lzpétes vaditajam Dr.silv. Indulim Brauneram. Darba
izstrade atbalstita ERAF projekta “LLU akadémiska personala pilnveidosana
(Nr. 8.2.2.0/18/A/014)” ietvaros. Atseviski darbi veikti MeZa nozares kompetences
centra pétijuma “Metodes un tehnologijas mezZa kapitalvértibas paaugstinasanai”
(ERAF, Nr.L-KC-11-0004) un “Vitalu eglu audZu izaudzésanas ekologiskie un
tehnologiskie aspekti” (ESF, Nr. 1DP/1.1.1.2/13/APIA/VIAA/052) ietvaros.
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1. SCOPE OF THE THESIS

Norway spruce (Picea abies (L.) Karst.) is economically the most important
tree species in Northern Europe, representing approximately one third of region’s
wood resources — more than 18 million ha area, with wood volume 2700 million
m? (Rytter et al., 2013). Spruce wood mainly is used for producing sawn timber,
and the residues of production increasingly more are used for bio-energy products
(Rytter et al., 2013). In Latvia spruce stands cover 19% of forest area, mostly in
territories on fertile mineral soils with normal soil moisture regime (Oxalidosa and
Hylocomiosa) and on drained mineral soils (Myrtillosa mel.), representing 27%, 22%
and 18%, respectively, from spruce stands (National Forest Inventory (NFI) data,
2015-2019). Mean annual increment of spruce in all forest stands is 9.7 m3 ha™,
but in the highest site index stands it reaches 14.6 m3 ha™ (NFI data, 2015-2019).
Height increment in young stands to a large extent determines further development
of stand, therefore it is important to evaluate the impact of various factors on tree
growth during this stage and the possibilities to improve it with forest management
measures and forest selection.

Climate change can significantly impact the growth of forest stands (Kenina et
al., 2018). In Northern Europe, in conditions of warmer climate, forest productivity
is predicted to increase due to longer vegetation period and larger efficiency of
photosynthesis (Menzel & Fabian, 1999; Stockli & Vidale, 2004; Kolari et al., 2007).
In the middle of this century the length of vegetation period in Latvia could be two
to three weeks longer comparing it with the mean length of vegetation period from
1961 to 1990 (Klavins & Briede, 2011), but the favourable effects of these conditions
can be hindered by increasing impact of drought and spring/autumn frosts (Gu et
al., 2008; Lindner et al., 2010; Zeps et al., 2017).

Improved growing conditions favours lammas shoots, and it has been observed
more often (Kvaalen et al., 2010; Sggaard et al., 2011). Lammas shoots of spruce
can be both on lateral branches (rarer) and (also) on top shoot. Furthermore, the
top shoot can have one, several or even all lateral buds flushed, but not the central
(apical) bud (Fig. 1.1.), or the central and/or some of lateral buds (more often). In
this thesis the term ‘lammas shoots’ is used to describe the second flushing of top
(apical) shoot in late summer, which may increase the height increment of current
year, unless otherwise specified.

Information about favourable conditions for development of lammas shoots
is necessary to evaluate the importance of apical lammas shoot (desirable or
undesirable), and also their impact on growth and quality of stem/wood. If the
influence of plus-tree family differences (heritable) on the development of lammas
shoots would be confirmed, then it would help to reduce or, on the contrary, favour
the development of them.

Use of suitable planting material can decrease the impact of climate (change)
impact on forestry (Lindner, 2000; Bolte et al., 2009). Up until now selection has
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Fig. 1.1. Lammas shoots of Norway spruce

mainly been used to improve growth and stem quality (Hannerz, 1993; Kroon
et al., 2011), increasingly focusing on traits which influence tree adaptability to
climate change (Ekberg et al., 1985; Namkoong et al., 2012; Zeltins et al., 2019;
Isabel et al., 2020).

Traits that characterise adaptation (such as time of flushing, drought tolerance,
frost hardiness, etc.) are genetically determined (Hannerz, 1998, 1999; Hannerz
et al., 1999; Chen et al., 2017; Trujillo-Moya et al., 2018), but genetic variation of
these traits within specific population can be limited. A search for new solutions
to promote a faster adaptation and stand productivity is in process, combining
seed material transfer (to climatically more suitable regions) and selection (O’Neill
et al., 2014; Klisz et al., 2019; Zeltins et al., 2019). However, the effectiveness of
these solutions depends directly on the understanding about factors that impact
increment development and their genetically determined variation, and also on the
area reforested by planting and its proportion.

Approximately 90% young spruce stands of Latvia in forest types on fertile
soil have been reforested by planting (State Forest Service data, 2016—-2018), and
the largest proportion of planting materials (around 70%) come from seeds of seed
orchards. Planting is costly (soil preparation, planting material, planting), however,
when performing the total (comparable) financial evaluation of reforestation type
(self-seeding or planting) the development of young stand has to be taken into
account as well by including the need and costs of tending (Uotila et al., 2010).
Such evaluation is difficult due to both various possible options and combinations
of each measure and material (for example, different types of planting material
and soil preparation, differences in the weed competition in different fertility
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soils), and the lack of information about the impact of these different alternatives
on tree growth.

Tree growth can be improved with additional fertilisation. Applying additional
fertilisers during the process of planting is one of the most effective measures to
improve growth (Sutton, 1995; Hedwall et al., 2014). Soil fertilisation with wood
ash increases the activity of soil micro-organisms (Perkiomaki & Fritze, 2005),
and also stimulates decomposition of litter and cellulose and decomposition of
organic matter — mineralisation (Moilanen et al., 2002; Perkiomaki & Fritze, 2002;
Perkiomadki et al., 2004), but its long-term impact on tree growth has been minimally
studied (Moilanen et al., 2002; Perkiomaki et al., 2004; Saarsalmi et al., 2012).
Supplementation with additional fertilisers can also improve physical indicators of
wood, including the ability of nutrients transfer function through tracheas. Spruce
is sensitive to drought (Lévesque et al., 2013), furthermore in the conditions of a
changing climate the frequency of drought periods can increase (Allen et al., 2010;
Seidl et al., 2017). Thereby, it is necessary to evaluate whether a faster growth,
when additional fertiliser is applied, does not create a potentially negative effect
on tree vitality.

1.1. Height increment

Height growth is an important tree survival strategy to provide access
to light and with photosynthesis produce the organic matter needed for growth
(Moles et al., 2009; Poorter et al., 2012). Trees growing separately in sufficient light
conditions produce a constant height and diameter proportion (Makela & Sievédnen,
1992), while trees in forest with the impact of light competition use a relatively
larger portion of the resources to increase height rather than diameter (Makeld &
Vanninen, 1998; llomaki et al., 2003).

Within a season the height increment can be described as sigmoid curve with
the highest growth intensity (mm per day) in the middle of growing season (Chuine
et al., 2006; Lanner, 2017). The onset and cessation of growth are determined both
by internal (heritability) and external (environmental) factors (Hanninen & Kramer,
2007; Salminen & Jalkanen, 2007; Schiestl-Aalto et al., 2013; Gull et al., 2018), and
in the northern latitude a specific time period of the process in this growth stage
has an important role to avert the frost damage (Neimane at al., 2015). Trees in
optimal growing conditions can provide effective water transportation function
from seeds to foliage (Sellin, 2001), therefore they can grow taller than trees
growing in stress conditions. The hydraulic capacity of a tree controls also the total
tree height, reducing the height growth when water transportation from roots to
foliage becomes difficult (Ryan & Yoder, 1997; Ryan et al., 2006).

Height increment can be formed in two different processes, from which the
predetermined growth takes place in the largest part of tree life. Predetermined
growth is formed by lengthening of stem units that have been formed in the buds
of previous growth season (von Wiihlisch & Muhs, 1986; Zhang et al., 1992),
therefore for trees older than one year the predetermined growth is influenced by
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growing conditions of two seasons. The number of stem units in buds is influenced
by previous growth season, but the possible length of each unit is influenced by
the conditions of current season and the availability of resources (Lanner, 1976;
Junttila & Heide, 1981; Junttila, 1986; Makinen, 1998; Salminen & Jalkanen, 2005;
Lindholm et al., 2009; Schiestl-Aalto et al., 2013; Mé&kinen et al., 2018). Age also
has a significant impact on tree growth (Cermak et al., 2019). It has been studied
that one of the main meteorological factors, which influences the growth of spruce
in the reproductive age is air temperature of previous summer (Gallego Zamorano
et al., 2018), which is linked to allocating resources to produce seeds (Miina, 2000;
Sel3s et al., 2002), but it has not been clarified which are the main factors during
juvenile age.

In the first year of tree life height is formed in a different process, which
is called free growth, when both formation and elongation of stem units in buds
happen within the same season (Zhang et al., 1992). Typically one height increment
(predetermined growth) is formed in one growing season, but in favourable
conditions at juvenile age, after the cessation of the predetermined growth, a free
growth has been observed, when a repeated bud flush and growth happens at
the end of growing season (Ehrenberg, 1963; Dormling et al., 1968; Aldén, 1971,
Rone, 1985; Cline & Harrington, 2007; Segaard et al., 2011). Free growth has two
types (von Wiihlisch & Muhs, 1986) depending on the development of bud clusters.
After cessation of predetermined growth the free growth can begin from sylleptic
shoots (two whorls are formed), or predetermined growth continuing to grow
without forming proleptic shoots (whorl is not formed in between predetermined
growth and free growth). Free growth is possible in a limited time period between
the predetermined growth cessation and the endogenous dormant period (Lang
et al.,, 1987). Mostly free growth has been observed in august (lammas shoot,
Fig. 1.1.,1.2.).

The physiologic mechanisms (relation with accumulation potential of
carbohydrates, phytohormones, photoperiods, etc.) of lammas shoots are still not
clear (Cline & Harrington, 2007), but observations point to impact of growing and
meteorological conditions (Dormling et al., 1968; Aldén, 1971; von Wihlisch &
Mubhs, 1986; Hallgren & Helms, 1988; Kushida, 2005), and also genetics (Rone, 1975;
Ununger et al., 1988; Danusevicius & Persson, 1998; Danusevicius, 1999; Skrgppa &
Steffenrem, 2016). In plantations of provenance trails at the age of five years in the
central part of Swedenthe proportion of spruces withlammas shootswerein4% + 2%
provenances with northern Sweden origin, 17% + 3% for provenances from Austria
(Danusevicius & Persson, 1998). More pronounced effect of provenance was found
for five-year-old spruces in Norway, where the proportion of spruces with lammas
shoots was 18% for provenances of Scandinavian origin, but 28% for Latvian and 54%
for Slovakian and Czech origin (Sggaard et al., 2011). Also, nine of local Norwegian
populations at the age of nine years had significant differences (12% to 34%) in
proportion of trees with lammas shoots (Skrgppa & Steffenrem, 2019). Differences
between families were significant and substantial, three provenances with the
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Fig. 1.2. Apical lammas shoot of Norway spruce

largest differences between families with large proportion of trees with lammas
shoots were 11%—52%, 18%—64% and 0%—39% (Skrgppa & Steffenrem, 2019). Free
growth for older trees is less common (Ehrenberg, 1963; Rone, 1985; S@ggaard et
al., 2011), and in field trials with open-pollination of progenies of Norway spruce
trees at the age 20 to 25 years had little (4% from trait variation), but still significant
effect of family on development of lammas shoots (Steffenrem et al., 2008).

In total, better growing trees form lammas shoots more often, therefore
advancing their growth and stand productivity even more (Hoffmann, 1965; Rone,
1975; Danusevicius & Persson, 1998). More frequent lammas shoots occurrence,
thereby also more rapid tree growth at young stand age, in conditions with
increased temperature has been proven in laboratory experiments (Johnsen, 1989;
Kvaalen & Johnsen, 2008), and more frequent occurrence of lammas shots in young
stands is assessed as a result of climate change (Kvaalen et al., 2010; Sggaard et
al., 2011). Occurrence of lammas shoots could be linked to frost damage due to
low frost hardiness and with formation of stem defects (double tops or ramicorn
branch) (Gabrilavi¢ius & Danusevicius, 2003; Pallardy, 2008; Sggaard et al., 2011;
Granhus et al., 2019).

1.2. Impact of micro-environment

Regeneration by self-seeding of coniferous stands in the fertile hemiboreal
forests is difficult (Holgén & Hanell, 2000). Even though successful Norway spruce
stand regeneration is possible both with undergrowth trees in mature forests
(Luguza et al.,, 2020), and in young stands after clear-cut performed in fertile
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forest types (Luguza et al., 2019), in both cases it is time-consuming and depends
on seed availability. Planted spruces can compete better with ground vegetation
(Holgén & Hanell, 2000). Moreover, such young stands are also more productive
than naturally regenerated (Gradeckas & Malinauskas, 2005), which is linked to
the use of genetically improved planting material (Jansons et al., 2015), and also
with the positive effect of soil preparation on growth (Nordborg et al., 2003;
Heiskanen et al., 2013).

Soil preparation can be performed using different methods (Mangalis,
2004; Gradeckas & Malinauskas, 2005), one used more often in Baltic States is soil
preparation with disc trenching. Soil moisture after soil preparation not always is
suitable for seedling growth. Survival of trees planted in territories with normal
moisture in trenches and in spot mounds are equal, but in conditions of increased
moisture survival in trenches is significantly lower than in mounds (Orlander et al.,
1990, 1998). Mounds provide suitable soil moisture for spruce growth, which is
essential for their survival in the first years after planting (Schlyter et al., 2006).

Similar to other soil preparation methods, mounds are also decreasing
ground vegetation competition, but this effect lasts for a longer period of time
(Lehtosalo et al., 2010). For example, in Finland in soils prepared with mounding,
cleanings (tendings) was needed only in the second to fourth year after planting in
relatively fertile soil, and in the fourth to sixth year after planting in low fertility soil
(Saksa, 2008; Uotila et al., 2010). Mounds also helps to increase soil temperature
more than in other soil preparation methods (Orlander et al., 1990; Sutton, 1993),
and improves micro-environment. Trees on mounds less frequently suffer from
frost (Langvall et al., 2001; Heiskanen et al., 2013) and from damages by large pine
weevil (Hylobius abietis (L.)) (Orlander et al., 1990; Heiskanen & Viiri, 2005; Saksa,
2008; Heiskanen et al., 2013). Furthermore, mounds in direction from top down
are made from turned over mineral soil, turned humus layer, untouched humus
layer and untouched mineral soil, and the created double organic layer of soil has a
positive effect on the initial tree growth (Nordborg et al., 2003; Saksa et al., 2005;
Hallsby & Orlander, 2013; Heiskanen et al., 2013).

Availability of nutrients has a considerable impact on tree growth, and
initial soil fertilisation is the most effective way to improve the productiveness
of Norway spruce stands (Nohrstedt, 2001; Saarsalmi & Malkénen, 2001; Sicard
et al., 2006). Ash contain nutrients needed by plants, for example, potassium,
calcium, magnesium, phosphorus, sodium (Levula et al., 2000; Demeyer et al.,
2001). Initial soil fertilisation with ash decreases soil acidity (pH) and enriches soil
with phosphorus, potassium and micro-elements (Ingerslev et al., 2014), and in
territories where nitrogen is not growth limiting factor (especially on peat soils) it is
increasing tree growth considerably (Huotari et al., 2015). Furthermore, ash as an
initial fertiliser allows sustainable use of wood processing by-products (nutrients
that have been removed from forest with wood are partially brought back to forest),
which otherwise would be deposited in landfills as industrial waste (Knapp & Insam,
2011; Vaatainen et al., 2011; Huotari et al., 2015).
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The rapid growth of conifers favoured by initial fertilisation can also influence
the structure of wood (for example, the thickness of cell walls), thus impacting the
density and quality of wood (Makinen et al., 2002; Lundgren, 2004; Cao et al., 2008).
The impact of fertiliser on growth depends on the time of application and chemical
composition (in relation to chemical composition of soil) and the doses (Ingerslev,
1997; Nohrstedt, 2001), however, in general a local application of fertiliser during
planting favours growth and competitiveness with ground vegetation (Sicard et
al., 2006), which has an important role in the further development of forest stand
(Sutton, 1995; Hyténen & Jylha, 2008).

1.3. Heritability

Tree height is closely linked to productivity of forest stand, and it has been
used as one of the main parameters in selecting genotypes in selection process
(Ekberg et al., 1985; Hannerz, 1993; Danusevicius & Gabrilavicius, 2001; Kroon et al.,
2011). Selection effect of a specific parameter depends on its variation (possibility
to select the desirable) and the genetically determined part in this variation, which
is expressed as heritability coefficient. In general, larger selection effect can be
gained by selecting parameters with high heritability coefficient value in conditions
(plantations) where genetically determined differences of specific parameters are
clearly marked (Kroon et al., 2011). Tree height generally is characterised with
higher heritability coefficient than diameter. In the extensive literature review
about Norway spruce selection Jansson et al. (2013) has summarised the values of
narrow sense heritability (h?), which for height is 0.05-0.36, for height increment
0.04-0.47, for diameter 0.09-0.27. In some cases the broad sense heritability (H?)
values have even been 0.54 and higher (Hannrup et al., 2004; Kowalczyk, 2005).
When compared to diameter, height is less affected by stand density (conditions of
competition) and other parameters that can be changed with forest management
measures. Different parameters are genetically linked and their genetic correlations
determine how and to what extent other parameters are affected by selecting trees
by one parameter (Kroon et al., 2011). The positive genetic correlation of height
with most of parameters characterising stem quality (Haapanen, 1997) allows to
use it as the main parameter to select best families in progeny tests.

Selection of best genotypes provide notable improvement in standing volume
and quality of forest stand. Norway spruce progenies of families selected in Norway
at the age of 21 years had 14% higher height (p < 0.001) than provenances of local
origin (Skrgppa et al., 2007). Selection of Norway spruce in Norway has allowed to
shorten the rotation period by 5 to 10 years and has increased net present value by
more than 30% (Kvaalen (2010) cited by Jansson et al. (2017)), but in Sweden the
internal rate of return has increased by 5.3%—8.3% (Simonsen et al., 2010).

Phenology has an important role in providing tree survival and adaptation.
Both onset and cessation of growth is partially genetically determined (Hannerz,
1998, 1999; Hannerz et al.,, 1999), and also time and length of growth differs
between different provenances, families and clones (Skrgppa et al., 1999). Also,
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meteorological factors influence physiological activity of trees, for example,
temperature determines the time of bud burst and onset of growth increment
(Hannerz,1999)andintensity(Sarvas, 1973; Danuseviciusetal.,1999). Theinteraction
between genotype and environment determines that one single parameter, for
example, onset of growth for a specific genotype in different conditions may differ
(Kroon et al., 2011). If such interaction exists and can be linked to growing or climatic
conditions or geographical location, then this information can be used to select
populations suited for aimed conditions, thus increasing the gain from selection.

One of the most important interactions between genotype and environment
is linked to the risk of frost damage (Granhus et al., 2009; Sggaard et al., 2009).
In northern latitude an important role in tree survival and vitality is the growth
rhythm synchronisation with climatic conditions, especial at juvenile stage. That
also influences tree productivity. For example, genotypes that show good growth in
locations with high risk of spring frosts might not be between best growing trees in
locations with low risk of frost (Berlin et al., 2014). With the climate getting warmer,
trees can start their growth earlier (Danusevicius et al., 1999), but they are exposed
to a larger risk of frost damages (Polle et al., 1996), because with the increase of
temperature comes more frequent and distinct temperature deviations (extremes)
from the average value of long-term observations (Avotniece et al., 2012). These
changes have the largest impact on young, free growing trees, as they are in young
stands after clear-cuts (Langvall & Lofvenius, 2002). The negative effect of interaction
between genotype and environment can be decreased in two ways — both selecting
clones suitable for specific environmental conditions, and selecting genotypes that
show acceptable results in such conditions (St Clair & Kleinschmit, 1986). Moreover,
Norway spruce has epigenetic memory, when bud burst phenology, frost hardiness
and onset of growth in short-term are influenced by autumn temperatures (Granhus
et al., 2009; Sggaard et al., 2008), but in long-term — temperatures during the stage
of embryo (Yakovlev et al., 2010; Solvin & Steffenrem, 2019), and that allows to
adapt to climate change faster.

1.4. Aim of the thesis

The doctoral thesis aims to assess the effect of microenvironmental conditions
and genetics on the height increment of Norway spruce at a juvenile age in planted
hemiboreal forests in Latvia.

1.5. Thesis objectives

The following three objectives have been set in the thesis:

1. to characterize the effect of the microenvironment (competition of ground
vegetation and soil moisture regime) and genetics on lammas shoots of
Norway spruce (I and Il);

2. to characterize the effect of an improved nutrient supply on the height
growth of Norway spruce (lll, IV, and V);
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3. to characterize the intra-annual differences in shoot elongation between
open-pollinated families of Norway spruce plus-trees (VI and VII).

1.6. Thesis statements

1. The improvement of microenvironmental conditions in young stands favors
the development of lammas shoots.
2. The occurrence of lammas shoots and intra-annual shoot elongation is

genetically determined.

1.7. Scientific novelty

For the first time, the effect of microenvironmental conditions on the
development of lammas shoots of the Norway spruce is evaluated in hemiboreal
forests. In addition, for the first time in these forests, the cumulative effect of
lammas shoots on the height of the Norway spruce at a juvenile age is characterized.
For the first time in Latvia, the effect of the planting location and soil fertilization
with wood ash before planting on the height of the Norway spruce in a 10-year
period is characterized.
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2. MATERIALS AND METHODS

Height increment of Norway spruce (intra-annual height growth and
occurrence of apical lammas shoots) depending on the micro-environmental
conditions and other factors (I, Il and VII), type of soil preparation and additional
nutrients supply (lll, IV and V) and genetics (VI and VII) was assessed mainly in the
central part of Latvia (Fig. 2.1.) in hemiboreal forests (Barbati et al., 2007).

58° N1+

56°N

Fig. 2.1. Location of research sites
Grey triangles ( A ) — forest stands (1), black circle (®) — Rembate (Il and VII),
black square (m) —Jelgava (I, VI and V), black triangle (A ) — Vilkene (111),
black rhombus (¢) — Kalsnava (IV and V)

2.1. Lammas shoots

2.1.1. Data collection

The presence of apical lammas shoots, the relation of its development with
growing conditions and their changes, and also the relation with tree height has
been assessed in planted forest stands () and in experimental plantations of open-
pollinated progenies (Il and VII). In this thesis, lammas shoots is used to describe
the second flushing of apical (central) bud in late summer after the cessation of
intra-annual height growth. Only lammas shoots longer than one centimetre
were assessed.
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Altogether 102 forest stands (l) at the age of three to seven years were
randomly selected in eight forest types, where most of Norway spruce stands
are: Hylocomiosa (Dm), Oxalidosa (Vr), Myrtilloso-sphagnosa (Dms), Myrtilloso-
polytrichosa (Vrs), Myrtillosa mel. (As), Mercurialiosa mel. (Ap), Myrtillosa turf.
mel. (Ks), Oxalidosa turf. mel. (Kp). Data was collected at the end of year 2011.
A repeated data collection was performed in some (21) of these stands at the
end of year 2012. All forest stands have been reforested with planting, area of
stands 20.5 ha.

In each stand, on its longest diagonal, 20 circular sample plots (area 25 m?)
were placed. In each sample plot the number of spruces with and without lammas
shoots were recorded. In 70 from previously mentioned stands, the local suitability
for spruce growth was assessed (using three factors — competition by surrounding
vegetation, soil moisture regime and browsing damages by ungulates) (in 56 stands
in year 2011, in 14 stands in 2012). Each factor had a three-grade scale: a) the
ratio between the mean height of spruce and that of the surrounding vegetation
within a radius of 0.5 m (Grade 1: <0.75; Grade 2: 0.75-1.25; Grade 3: >1.25);
b) soil moisture regime (Grade 1: to sample plots with suitable moisture conditions
for spruce; Grade 2: sample plots with periodic excessive moisture; Grade 3: to
sample plots with permanent excessive moisture); c) proportion of damaged trees
in sample plot (damaged tops and/or more than 50% of lateral shoots) (Grade 1:
<1%; Grade 2: 1%—10%; Grade 3: >10%). The total impact of micro-environmental
factors and browsing damages was evaluated for each sample plot by calculating
the sum of scores (grades) for all three previously mentioned factors, ranging from
3 (best) to 9 (worst). The proportion of trees with lammas shoots at stand level was
calculated as the mean value (+x 95% confidence interval) of sample plots; the same
was done with the proportion of trees with browsing damages. The meteorological
data were collected from the three nearest meteorological stations (Riga, Dobele,
and Skriveri).

The differences in development of apical lammas shoots of progenies of
Norway spruce plus-tree families, and also the relation between lammas shoot
development with tree height, height increment, bud burst time and frost damages
has been assessed in trials of open-pollinated progenies in Kegums region, further
in text —in Rembate (Il un VII). Data in Rembate were collected in two experimental
plantations: Rembate-A (ll) and Rembate-B (Il and VII) (Fig. 2.2.). Experiment
Rembate-A was planted on fertile abandoned agricultural land (corresponding
to forest type Vr) in year 2010 using three-year old bare-rooted seedlings.
Altogether 60 families in 4-8 replications, 12 trees in block plots, planted with
initial spacing spacing 2.5x2.5m were assessed. Experiment Rembate-B was
established in four nearby parcels (hereinafter, Field 1-4) on fertile abandoned
agricultural land (corresponding to forest type Vr) with slightly different soil and
micro-relief conditions. Experiment was established in spring of 2005 using three-
year old bare-rooted seedlings, 140 families were represented in 3—4 replications
(accordingly, for fields 1-4: 138, 77, 95 and 16 families) 24 trees per block plot (four
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Fig. 2.2. Location scheme of experiments of open-pollinated progenies:
Rembate-A (A), and Rembate-B (Fields 1-4)

rows of six trees), with spacing 2 x 2.5 m. For data analysis (ll) from experiment
Rembate-B the measurements were made in Fields 1, 3, 4 (in publication Il used as
1, 2, 3, respectively).

Tree height, height increment and presence of lammas shoots in experiment
Rembate-A was assessed at the end of eight growing season (October of 2014) for
3887 trees from 60 families, and in experiment Rembate-B — at the end of 10"
(November of 2011), 11t (October of 2012) and 13* (November of 2014) growing
seasons, assessing 3412 trees from 112 families. Bud flushing in experiment
Rembate-B was assessed at the end of 11* growing season in a four-grade scale:
Grade 1 — very late flushing (length of current increment <3 cm); Grade 2 — late
flushing (3—6 cm); Grade 3 — early flushing 7-10 cm); Grade 4 — very early flushing
(>10 cm). The presence of frost damage was also recorded.

The genetically determined development differences of lammas shoots (VII)
were assessed in Rembate-B plantation.

2.1.2. Data analysis

The relation between proportions of trees with lammas shoots and stand
density (1) was assessed with Spearman’s correlation analysis. The impact of micro-
environmental factors (competition by surrounding vegetation, soil moisture regime)
and browsing damages by ungulates on proportion of trees with lammas shoots
was assessed with binary logistic generalised linear mixed-effects model (GLMM)
in software R (version 3.4.3.; R Core Team, 2017) using the library ‘ime4’ (Bates et
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al., 2015). Three models were developed using the relation between trees with and
trees without lammas shoots at the sample plot level as a response variable. In each
model, the stand ID was set as the random effect to account for possible correlation
(repeated measures) among sample plots within the same stand. The first model
assessed the impact of stand age and forest type, using the data set of 102 stands
(data collected in 2011). The second model assessed the impact of the micro-
environmental factors, browsing damages and the impact of year of observation,
using data set of 70 stands (data collected in 2011 and 2012). The same data set
was used in the third model where the impact of suitability of growing conditions
was assessed (calculated as the sum of scores of the three micro-environmental
factors). The generalised linear hypothesis tests (in library ‘multcomp’ of R (Hothorn
et al. 2008)) were used as post hoc tests after GLMM analysis, when the interaction
of factors or factor showed a significant result by more than two levels.

The statistical data analysis of open-pollinated progenies of Norway spruce
trees was carried out using one-factor analysis of variance (Il and VII), Pearson’s
correlation analysis (Il and VII) and Chi-squared (x?) test (Il).

2.2. Soil preparation type and additional nutrient supply

2.2.1. Data collection

The impact of soil preparation type (lll) and additional nutrients supply (IV
and V) on height increment has been assessed in several separate experiments
(Fig. 2.1.).

The impact of soil preparation type on tree growth (lll) has been assessed
in two locations (representing four forest types: Dm, Vr, Vrs and Ks), each in two
replications. After a clear-cut in one of the sites (Dm and Ks) part of land was
prepared with spot mounding and the other part with disc trenching, while in other
site (Vr and Vrs) part of land was prepared with spot mounding and in part of land
no soil preparation was performed. After the soil preparation (in autumn of 2008)
two-year old containerized Norway spruce seedlings (height from 16 to 36 cm
(average 23 + 0.5 cm), root collar diameter from 1.5 to 4.5 mm) were planted.
Tending (cleaning from competing vegetation) in both locations was performed in
the following four growing seasons.

Tree height and annual height increment of the last three years were
measured in winter of 2014/2015, with the accuracy of 1 cm. Tree defects (broken
tops, ramicorn branches) were recorded in small proportion of trees (<2%) without
any relation to soil preparation method or site, thus these trees were excluded from
further data analysis.

The effect of additional nutrient supply with wood ash on growth of Norway
spruce (IV) was assessed in a location on drained mineral soil (As). Plantation
contains 18 spruce block plots with 15 m buffer zones between them. Randomly
selecting each of them, a year before planting, one of wood ash doses was applied:
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0 (control), 5 and 10t ha™, each dose was used in six block plots. The chemical
composition of ash (Table 2.1.) was similar to the ones mentioned in literature
(Campbell, 1990; Ozolincius et al., 2011), pH level 12.4. Plantation was established
on a soil with high nitrogen content (Bardule et al.,, 2009), thus no additional
nitrogen fertiliser was used.

Table 2.1
Chemical composition of ash used in experiment and published
in other literature sources

Chemical | Level of chemical elementin the ash | Level of chemical element in ash of
element used, %! published literature, % %3
P 0.92 0.30-1.40
K 2.30 1.40-4.20
Ca 22.00 7.40-33.10
Mg 1.50 0.70-2.20
S 0.38 0.40-0.70
Fe 0.39 0.30-2.10
Mn 0.67 0.30-1.30
Zn 0.11 0.0004-0.0820
Cu 0.0054 0.0052-0.0289
Mo 0.0001 -
B 0.0158 0.0022-0.0225
Na 0.09 -

! Bravelis (2005), 2 Campbell (1990); 3 Ozolincius et al. (2011).

Two-year old spruce seedlings were planted year after ash application (spring
of 2004). Twelve months after establishing the plantation, approximately half of
the seedlings were dug out and their root and stem biomass was evaluated. For
the remaining trees ten years after the establishment of plantation (in year 2014,
before the beginning of growing season) height and diameter at breast height was
measured. Soil samples were collected in each block plot for a repeated evaluation
of the composition of nutrients available to plants and the soil reaction. Samples
have been prepared according to LVS ISO 11464 Standard (year 2005). The total
nitrogen (N) content (LVS ISO 11261 (2002)), the phosphorus available to plants
(P-PO437) content (LVS 398 (2002)) and potassium (K) content (extracted with
ammonium acetate and determined with atom spectroscopy) was determined.

The effect of initial soil fertilisation (V) on spruce height increment was
assessed in spruce plantation in Hylocomiosa (Dm) forest type. Experimental
plantation was established in year 1982 by planting four-year old bare-rooted
saplings of local provenance, enclosed in pressed peat capsules “Brika” (Rubtsow,
1979), in a prepared soil with planting density of 4000 trees per ha™, with 200 trees
in four blocks. After planting, each sapling received ring fertilization at 10 cm
distance, providing a dose of 14 g N (NH4NO3), 6 g P (superphosphate) and 11 g K
(KNO3) for each sapling, which is equal to 56, 24 and 44 kg ha™, respectively. Twice

61



during the first growing season, chemical weed control, by sprinkling simazine
(3 kg ha™) solution around the saplings, was applied.

In February of 2012, measurement of tree height and diameter at breast
height was performed to 586 trees that received initial soil fertilisation and to 592
control trees. To determine the long-term effect of soil fertilisation in October of
2013 (stand age 34) samples were collected from 30 fertilised trees and 30 control
dominant trees without visible damages, by using Pressler borer to extractincrement
cores (5 mm) at breast height. The increment cores were processed in laboratory
using the LignoStation wood analysis system (RinnTECH Inc., Heidelberg, Germany),
receiving data on total width and latewood width of each tree ring of each sample
(Schinker et al., 2003).

2.2.2. Data analysis

Impact of forest type and soil preparation type on tree height, and also the
projective covering of surrounding vegetation and height differences before and
after tending, and the impact of soil preparation type on the time when tending
is needed (lll) was assessed with ANOVA, Tukey’s HSD test was used to assess the
differences. The impact of soil preparation type, forest type and the interaction of
these factors were assessed with two-factor ANOVA. The impact of soil preparation
type on tree growth has also been evaluated for the 100 tallest trees of stand ha™
(Donis, 2014). The impact of soil preparation type on tree growth was assessed
with Chi-squared (x?) test by comparing the distribution of trees in height classes
(h<1.5m;1.5<h<2m;2<h<2.5m; h>2.5m)in each forest type. Calculations
were carried out in SPSS programme with 95% confidence interval.

The impact of different fertiliser doses (IV) on the content of NPK in soil and
on tree biomass and dimensions was compared using general linear models. The
impact of dose was assessed with mixed-effects models, taking the number of block
plot as the random factor. Time series from 1985 until 2013 of tree rings’ widths of
trees that received additional nutrients and the control trees (V) were crossdated
and their quality was verified by a graphical inspection and also statistically
evaluated by using the program COFECHA (Grissino-Mayer, 2001; Speer, 2010). The
time series, which did not match with the rest of the series were excluded from
analysis, leaving samples of 24 trees from fertilised soil and 24 control trees for
further data analysis.

2.3. Differences of plus-tree open-pollinated families

2.3.1. Data collection

The impact of genetically determined differences (on the level of families
and provenances) on the development of height increment (VI and VII) has been
assessed in two experimental plantations of open-pollinated progenies in the
central part of Latvia (Fig. 2.1. and 2.2.).
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The impact of planting material’s origin on the development of height
growth (VI) was assessed in a plantation in Jelgava region, in Forest Research
Station forests, further in text — Jelgava. The experimental plantation in Jelgava was
established in 2006 on forest land (As) with two-year-old bare-rooted seedlings,
initial spacing 3 x 2 m. Representing forest reproductive material areas of two
provenances from western and four provenances from eastern regions (Gailis,
1993). Each provenance was represented by 10 half-sib families. Each family was
represented in five (in some cases — four) replications, in block plots of 12 trees
(three rows of four trees).

Measurements of increments were performed in 2010, in the seventh
growth season. For measurements 1273 trees without double tops and visible
damages were selected: 843 trees from joined central and eastern regions,
and 430 trees from western region (provenance regions of forest reproductive
material). The length of the main shoots was measured every six to eight
days during the period from May 25 to July 20 (nine times) with a precision
of 1 mm. The measurements for all trees in each survey were performed at the
same day. Tree height after the cessation of height growth was measured on
September 10.

The impact of families on development of height increment (VII) was assessed
in experimental plantations of open-pollinated progenies of Norway spruce in
Rembate-B, Field-1 (see description in 2.1.1.) and in Jelgava (description and
measurement methods in 2.3.1.-VI). Measurements in plantation Rembate-B were
carried out in the ninth growing season. At the beginning plantation was surveyed
every second day to determine the time of bud burst (when approximately half of
trees were flushing). Following measurements of height increment were carried out
once a week for trees without animal, insect damages and broken tops. Altogether,
in plantation Rembate-B measurements were carried out for 88 families, 1766 trees
(20 trees from family on average). From the data measured in Jelgava, data about
59 families, 1239 trees (21 trees from family on average) were used in the analysis
of family effect.

2.3.2. Data analysis

The impact of provenance region on the onset of height increment (binomial
variable), the diurnal mean growth intensity (mm per day), total height increment
and tree height at the beginning and end of observation period (VI) was evaluated
using linear mixed-effect models (Zuur et al., 2009). Differences in growth onset and
cessation were evaluated with general linear model with binomial distribution of
residuals and ‘logit’ link function. To evaluate the effect of provenance on growth,
these models were compared with analysis of variance.

To characterise and compare height increment curves (VII), the
height measurements of each tree were approximated with Gompertz
equation (2.1.):
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f(A) = a exp(—-Bexp(-kA)) , (2.1)
where:
o — asymptote parameter;
B— displacement parameter;
k — maximum relative intensity;
A — day of measurements.

Families of each plantation were ranked in a decreasing order according
to height increment, and 10% of the ‘best’ and 10% of the ‘worst’ families were
selected according to the mean values of family effect.

Individual tree measurements were used to calculate mean coefficients of the
fitted Gompertz model, mean height increment, mean shoot elongation, cumulative
shoot elongation and their 95% confidence level. Relations among shoot elongation
parameters was assessed by Pearson correlation. The one-way analysis of variance
was used to determine statistically significant differences of shoot elongation
parameters among distinguished groups of families. All calculations were done in R
(version 3.5.3), at significance level 0.05.
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3. RESULTS AND DISCUSSION

3.1. Lammas shoots

The proportion of trees with lammas shoots in the assessed young Norway
spruce (Picea abies (L.) Karst.) forest stands and experimental plantations of
progenies during the data collection period (4 years) ranged from 0% to 27%. The
proportions of trees with lammas shoots in experimental plantations of open-
pollinated progenies were 6% in the experimental Rembate-A plantation at the age
of eight and 8.7%, 26.9%, and 8.1% in the experimental Rembate-B plantation at
the ages of 10, 11, and 13, respectively (ll). The proportion of trees with lammas
shoots in at least one of the assessment years at Rembate-B was 32.3% (ll). In the
sampled forest stands, the proportion of trees with lammas shoots on average was
6.5%, ranging from 0% to 25% (1). A similar proportion of trees with lammas shoots
(7%) was found for provenances from the Baltic States at the age of five years in
an experiment in Sweden (Danusevicius & Persson, 1998), and at the same age for
provenances from Latvia in an experiment in Norway (Sggaard et al., 2011), but in
some cases, in forest stands in Norway, the proportion of trees with lammas shoots
reached up to 80% (Kvaalen et al., 2010).

Significant intra-annual variability was found for the proportion of trees
with lammas shoots both in experimental plantations of progenies and forest
stands. The proportion of trees with lammas shoots in the sampled Norway spruce
stands in 2011 was slightly (p > 0.05) lower than in 2012, at 9.1% and 12.9%,
respectively (I). However, in the experimental plantation of progenies Rembate-B
(all fields together), the differences between assessment years were significant
(p>0.05) and notable: 6.8% and 20.1%, respectively. The presence of variability
of lammas shoots is linked to the effect of meteorological conditions, especially
the air temperature during development (Skrgppa & Steffenrem, 2016). In the
territory of assessment, the air temperature in August of 2011 was slightly (3°C on
average) lower than in the next year. Analyzing the temperature in July and August
in shorter periods in 2012, in comparison with 2011, a sharp temperature increase
was observed between the third and fourth weeks of July (I). This relative change
in meteorological factors during a specific period of development (not the average
values of the factors) may have triggered the development of lammas shoots.
A similar effect of short-term changes for increased precipitation at the end of the
growing season, which stimulates the development of lammas shoots, is one of the
most mentioned factors in the literature (Carvell, 1956; McCabe & Labisky, 1959;
Hallgren & Helms, 1988).

Stand parameters, which include density, forest type, and interaction between
forest type and stand age, did not have a significant effect on the proportion of trees
with lammas shoots (in all cases, p > 0.05; 1); however, such an effect has previously
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been observed for age (Ehrenberg, 1963; Aldén, 1971; Rone, 1985; von Wiihlisch &
Mubhs, 1986; Ununger et al., 1988; Sggaard et al., 2011) and soil fertility (Sggaard
et al., 2011). Nevertheless, in the experiment Rembate-B, which was established
on four nearby fertile abandoned agricultural lands (all corresponding to the forest
type Vr) with slight differences in soil and micro-relief, the proportion of trees with
lammas shoots was significantly different. The proportion was from 1.2% to 15.2%
at the age of 10 and from 13.1% to 29.0% at the age of 11, showing the effect of the
microenvironment on the presence of apical lammas shoots.

The proportion of trees with lammas shoots in Norway spruce stands has
been significantly affected by microenvironmental conditions (competition by
surrounding vegetation and the soil moisture regime) and browsing damage
(Fig. 3.1, 1). The effect of competition by the surrounding vegetation and soil
moisture regime on the development of lammas shoots was statistically significant
(x*=45.0, p<0.001). Forest stands without competition by the surrounding
vegetation (Grade 1) had a significantly higher number of trees with lammas
shoots than forest stands with average and high competition (Grades 2 and 3):
14.5%, 6.0%, and 2.2%, respectively. Similarly, in stands where the soil moisture
regime was suitable for the Norway spruce, the proportion of trees with lammas
shoots was higher than stands with periodic or permanent excessive soil moisture:
11.7%, 4.8%, and 1.7%, respectively. In both cases, only the trees growing in the
most suitable microenvironmental conditions had statistically significant (p < 0.05)
differences from the rest of the evaluation groups, and the differences between
the rest of the groups were not significant (I). The proportion of trees with lammas
shoots was lower in stands with greater browsing damage (11.3% in Grade 1, 8.2%
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Fig. 3.1. Proportion of trees with apical lammas shoots (+ 95% confidence
interval) in Rembate-B for 2011 and 2012
Each factor was assessed at three grade scales, where (1) the negative effect of the
factor on tree growth was not observed, (2) the minimal negative effect of the factor was
observed, and (3) the notable negative effect of the factor was observed.
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in Grade 2, and 7.7% in Grade 3), but the differences between evaluation groups
were not significant (p < 0.05).

The results of the interaction analysis revealed that each of these factors had
a separate role in favoring the development of lammas shoots (l). With that, the
combination of all microenvironmental conditions (competition by surrounding
vegetation, soil moisture regime, and browsing damage) has a significant effect
on the development of lammas shoots (Fig. 3.2, I). Trees that grew in the most
favorable conditions (the lowest score) had the highest proportion of lammas
shoots, whereas, if one of the factors in some stand was evaluated at Grade 3
(a notably negative effect), the proportion of lammas shoots did not exceed 10% (I).
For example, in a five-year-old stand (Dm) with particularly high competition by
surrounding vegetation and with 22% visible browsing damage, the proportion of
trees with lammas shoots was only 1.8%, whereas, in a stand of the same age in
the same forest type with signs of regular ground vegetation tending and without
browsing damage, the proportion of trees with lammas shoots was 25.5%.

The results of repeated assessments demonstrate that the increase in the
presence of lammas shoots can be linked to tending (cleaning), which was performed
in 2011 (1). For example, after tending at the end of the growing season in the three-
year-old stand (Kp), the proportion of trees with lammas shoots increased from 10%
in 2011 to 26% in 2012, but in a five-year-old stand (Dm), the increase was from 18%
in 2011 to 33% in 2012. Similarly, a substantially higher presence of lammas shoots
was observed in Douglas fir stands after weed control (Roth & Newton, 1996).

A significant (p < 0.05) family effect on the proportion of trees with lammas
shoots was determined, and the proportion of such trees in families in the
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Fig. 3.2. Proportion of trees with apical lammas shoots (+ 95% confidence
interval) according to the summed grades of the microenvironment (surrounding

vegetation and soil moisture) and browsing damage assessment
Each factor was assessed at three grade scales, where (1) the negative effect of the
factor on tree growth was not observed, (2) the minimal negative effect of the factor was
observed, and (3) the notable negative effect of the factor was observed.
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experimental plantation Rembate-B was from 0% to 42%. In favorable conditions,
which occurred in 2012 at Rembate-B Field 3 (fertile soil during summer with a
distinct air temperature increase at the end of the development of the intra-annual
height growth), apical lammas shoots formed not only in a larger proportion of
trees in the family but also in a larger proportion of families (Fig. 3.3).

The time of bud burst is genetically determined to a large extent (Hannerz et
al., 1999; Skrgppa & Steffenrem, 2019), and a link between it and the development of
lammas shoots has been observed (ll). Early-flushing trees had a higher presence of
lammas shoots than late-flushing trees. For example, in Field 3, in the group of very
early-flushing trees (Grade 4), 56% developed lammas shoots; however, in the group
of very late-flushing trees (Grade 1), only 22% developed lammas shoots. In each of
the flushing grades, the mean height increment was significantly (p < 0.001) higher
for trees with lammas shoots than for trees without them (ll). In the central part
of Sweden, in contrast to these results, a higher proportion of lammas shoots was
observed for provenances with late-flushing trees (Danusevicius & Persson, 1998).

Altogether, early flushing provided trees with advantages, and their height
increment was higher than for later-flushing trees. However, for early-flushing trees,
the risk of frost damage was also higher: the proportion of frost damage for very
early or early-flushing trees (Grade 4 and 3) was 87% and 2%, respectively, whereas
frost damage was not observed for late- or very late-flushing trees (Grade 2 and
1) (). Frost damage had a significant negative effect on height increment: the
highest height increment was for very early-flushing trees (Grade 4) without frost
damage, but those with frost damage had the lowest increment, even lower than
the mean increment of very late flushing trees (Grade 1) (ll). The development of
lammas shoots was able to compensate for the negative effect of frost damage to a
large extent, and the decrease in height due to frost damage for trees with lammas
shoots was lower than that for trees without lammas shoots (lI).
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Fig. 3.4. Proportion of trees with apical lammas shoots according to height and
height increment at the previous growing season

The development of lammasshootsis linked to tree height. Inthe experimental
plantation Rembate-A, a significantly (p < 0.001) higher proportion of trees with
lammas shoots was found for trees with higher height and higher height increment
(Fig. 3.4) and for groups with higher values of productivity parameters reaching
approximately 20%. However, in groups of trees with the lowest productivity values,
only 1% were found. In addition, in all fields of the plantation Rembate-B, a similar
trend was found: trees in groups with the highest height and height increment
had, on average, 47% to 68% of trees with lammas shoots, but 5% to 18% were
found in groups of slowly growing trees. The differences between the groups were
statistically significant (p < 0.001).

Height increment in the eighth growing season in the plantation Rembate-A
was notably (by 68%) and significantly (p < 0.001) higher for trees with lammas
shoots than for trees without them at 44 + 2.4 cm and 26 £ 1.7 cm, respectively
(). Similarly, in plantation Rembate-B, the height increment of the last three
years for trees with lammas shoots was statistically significantly (p < 0.001) higher
than for trees without lammas shoots, reaching a difference of 10 to 14 cm.
The cumulative effect of such seemingly small quantitative differences on tree
height is notable.

The cumulative effect of these height increment differences is significant
(p <0.001). The tree height at the end of the thirteenth growing season for trees
with and without lammas shoots at the plantation Rembate-B in separate fields
were 450+ 11.8cm and 374+7.8cm (Field 1), 490+ 8.1cm and 416+ 7.4 cm
(Fields 3 and 2) and 481 + 16.0 cm and 420 + 12.2 cm (Fields 4 and 3; Fig. 3.5, 1),
respectively. Trees with lammas shoots were 14% to 20% taller than trees without
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Fig. 3.5. Tree height at the age of 10 years and height increment of the last three
growing seasons (eleventh to thirteenth growing season) for trees with and
without apical lammas shoots in Rembate-B

lammas shoots. In addition, in the plantation Rembate-A, the results were similar.
At the age of eight years, the mean height of trees with lammas shoots was
29% (p <0.001) higher than for trees without lammas shoots (148 + 5.8 cm and
115 + 1.4 cm, respectively).

On the family level, the proportion of trees with lammas shoots in the
plantation Rembate-A (ll) was significantly related to the height increment (r = 0.44;
p < 0.001), butthecorrelationwith the height was not statistically significant (r = 0.22;
p = 0.09). In the plantation Rembate-B, the proportion of trees with lammas shoots
had a significant (p < 0.001) correlation with the height increment and with the total
height in the plantation in total (r = 0.49 and r = 0.51, respectively) and each field,
separately (r=0.41...0.71 and r=0.48...0.70, respectively). Correlation between
the tree height and development of lammas shoots has also been reported in
previous tree breeding trials in Latvia (Rone, 1975) and provenance trials in Sweden
(Danusevicius & Persson, 1998).

3.2. Soil preparation

3.2.1. Soil preparation effect on height increment

Tree height at the age of eight years was significantly affected (all p < 0.001, Ill)
by site type, soil preparation type, and interaction between these two factors, but
the effect of planting replication was insignificant (p > 0.05). Trees on the Oxalidosa
site type had the largest height (198 + 3.8 cm), regardless of soil preparation type.
Similarly, the largest height was reached for spruce trees growing in the same
site type (Oxalidosa) at the same age in Lithuania (Gradeckas & Malinauskas,
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2005), indicating the suitability of the particular site type for the establishment of
productive spruce stands.

Trees that were planted on mounds were notably and significantly higher
than trees that were planted on unprepared soil (difference in height of 27 cm or
17.8%) or furrows (difference in height of 55 cm or 35.7%). The assessment of four
distinguished groups (by tree height) revealed a larger proportion of the highest
trees on mounds at all site types, in comparison to furrows and unprepared soil
(Fig. 3.6). Among the studied site preparation methods, differences in height were
statistically significant (p < 0.05) in Oxalidosa and Myrtilloso-polytrichosa site types,
and the same trend persisted in Hylocomiosa (p = 0.05) and Myrtillosa turf. mel.
site types. A similar effect of site preparation type was observed in Finland (Uotila
etal., 2010).

Differences in the tree height for spot-mounded sites in comparison to other
soil preparation methods were significant (p < 0.05, Ill) in site types on dry mineral
soils (Hylocomiosa, Oxalidosa) and wet mineral soils (Myrtilloso-polytrichosa). Such
differences were less expressed (p = 0.09) on the Myrtillosa turf. mel. site type,
which was presumably related to the effect of frost heave that mostly occurs on
drained peat soil in Latvia (Mangalis, 2004). In the central part of Finland, disk-
trenched sites are most susceptible to the occurrence of frost heave (Heiskanen et
al., 2013). Superiority in height for trees planted on mounds is also noted in Sweden
and Finland (Saarinen, 2007; Lehtosalo et al., 2010; Uotila et al., 2010; Hallsby &
Orlander, 2013). The differences in height, however, are smaller (Orlander et al.,
1990, 1998) than those found in this study (lll), which are presumably related to the
slower tree growth under a more northern climate.

The positive effect of spot mounding on tree growth (lll) is associated with
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the increased availability of nitrogen (increased mineralization) during the second
and third growing seasons (Smolander & Heiskanen, 2007; Nieminen et al., 2012)
that promotes an increase in aboveground and root biomass (Nordborg et al.,
2003). Soil preparation prevents damage by the large pine weevil Hylobius abietis
(L.). Moreover, such an effect persists even if seedlings in the nursery are treated
with insecticide (Heiskanen et al., 2013). For instance, in Finland, during the first
growing season, 76% of spruce trees on unprepared soil had damaged bark,
whereas damaged bark was found for only 1% of seedlings in spot-mounded sites
(Heiskanen & Viiri, 2005). Trees that are damaged by the pine weevil are weakened
and have a smaller height increment (Heiskanen & Viiri, 2005; Heiskanen et al.,
2013). Considering that the studied stands (lll) are planted on areas after coniferous
clear cutting (i.e., sites with the highest risk of pine weevil damage), soil preparation
presumably resulted in a limited occurrence of the pine weevil, thus contributing
to the height differences among sites with different soil preparation methods (lll).
Moreover, spot mounding has a positive effect on soil temperature (Kankaanhuhta
et al., 2009; Heiskanen et al., 2016). Combined with increased nutrient availability
and the limiting effect on the pine weeuvil, this soil preparation type promotes better
seedling establishment and initial growth when compared to disk-trenched and
unprepared soil.

For dominant trees, the height increment of the last three growing seasons on
spot-mounded sites was higher than that on disk-trenched or unprepared soil (lll).
These differences were statistically significant on the Hylocomiosa site type in the
eighth growing season, whereas at the sixth growing season significant differences
were not found. In the seventh and eighth growing seasons, the height increment
on spot-mounded sites was higher than that on the unprepared soil, but in the
sixth growing season, significant differences were found only on the Myrtilloso-
polytrichosa site type (p < 0.05, lll). The obtained results are in agreement with the
findings in Finland: the mean height increment for spruce trees planted on mounds
is slightly larger than for trees planted in furrows (23.7 + 17.4 and 20.6 + 13.6 cm,
respectively), and the cumulative effect ensures significant differences at the end of
the ninth growing season (Saksa et al., 2005).

3.2.2. Soil preparation effect on competing vegetation

The competing vegetation cover in the area not disturbed by a soil preparation
machine (between furrows and mounds) was similar for the spot-mounded and disk-
trenched sites (lll). However, the mean projective cover of competing vegetation
before tending was 78% in spot-mounded sites and 54% in disk-trenched sites (llI).
The soil preparation method affects the shading of seedlings and, thus, the necessity
for tending. In similar climatic conditions in Lithuania, the least shaded seedlings
grow on wide furrows (100 cm) and high mounds (30 cm) (Suchockas et al., 2014).

Soil preparation increases the diversity of competing vegetation species
(Balandier et al., 2006) but does not necessarily change the effect of the competing
vegetation on the tree height growth. The negative effect of competing vegetation
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is associated with its distance to seedlings and could be reduced by an increased
area or depth of the disturbed soil (Suchockas et al., 2014). Spot-mounded and
disk-trenched sites had a similar proportion of the competing vegetation groups
(Fig. 3.7), and tree/bush sprouts, raspberry (Rubus ideaeus L.), grasses, and sedges
(families of Graminae and Cyperaceae) formed the majority of vegetation cover
(85% to 89%). In addition, the mean weighted (by projective cover) height of the
competing vegetation was similar (p > 0.05). In spot-mounded sites, grasses and
sedges were higher than the other groups of vegetation, whereas, in disk-trenched
sites, the highest vegetation was grasses, sedges, and raspberries (lll). The grasses
and sedges are considered the most important competitors because their rapid
root growth requires intensive use of water, thus negatively affecting the growth of
seedlings (Coll et al., 2003). In spot-mounded and disk-trenched sites, the necessity
for tending was similar (lll).

After tending, the projective cover of competing vegetation on spot-mounded
sites was significantly lower than on disk-trenched sites (5% and 13%, respectively),
but its height was similar (p > 0.05, lll). Both the time required for mowing and
its proportion of the total time required for tending were similar: 478 min ha™'
(67% +9.7%) for spot-mounded stands and 462 min ha™ (68% + 8.3%) for disk-
trenched stands (llI).

3.2.3. Effect of improvement in soil nutrient availability on tree height

After wood combustion, most nutrients are retained in ash and can be
used to improve the soil nutrient availability. Ten years after the ash dispersal, the
potassium content increased proportionally to the applied dose of ash (Fig. 3.8). In
the control parcels, the potassium content was 270.9 + 70.3 mg kg™, but in parcels
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wood ash dispersal (dose of 0 (control), 5, and 10 t ha™)

where 5 and 10 t ha™ of ash were applied, the potassium content was 286.0 + 60.2
and 313.3 £ 70.5 mg kg™ (IV). Similar results were observed in Finland, where the
potassium deficit in the soil diminished after one year of ash application (Moilanen
et al., 2005).

Moreover, depending on the applied dose of ash, the increased nutrient
availability in the soil remains for 20 to 30 years (Moilanen et al., 2002, 2004, 2005).
An increase in the phosphorus content was notable only one year after application;
however, phosphorus dissolves slowly (Nieminen et al., 2005; Callesen et al., 2007);
therefore, three to four years are necessary for this nutrient to be present in a
plant-available form (Moilanen et al., 2002; Nieminen et al., 2005). Ten years after
ash dispersal, the soil phosphorus content in parcels where the applied dose of ash
was 5 and 10t ha™ was 2.24 +0.40 and 2.19 +0.28 g kg™", respectively, whereas
it was 1.85+0.27 gkg™ in the control parcels (Fig. 3.9, IV). Other studies have
found that an increased phosphorus amount in the soil after ash application may
last for up to 30 to 50 years (Moilanen et al., 2002, 2004, 2005). The soil nitrogen
content was similar (p > 0.05), regardless of the applied dose of ash, and varied
from 26.79 +3.42 g kg™ in control parcels to 27.42 + 2.84 g kg™ in parcels where
5t ha™ of ash was applied (Fig. 3.10, IV).

During wood combustion, nitrogen is released into the atmosphere and,
thus, cannot be found in ash. The application of ash, however, has an indirect effect
on the soil nitrogen content: increased mineralization of the soil organic matter
promotes the release of organic nitrogen into a plant-available form (Moilanen et
al.,, 2002; Genenger et al., 2003; Jaggi et al., 2004). Some studies have indicated
that the application of ash might increase the depth of the soil organic layer
(nitrogen reserve) due to an increased amount of litter (Omil et al., 2013); however,
10 years after ash application, such an effect was not observed (IV). Yet, it should
be considered that the released nitrogen might not be found in the soil due to
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Fig. 3.10. Nitrogen content in soil (+ 95% confidence interval) 10 years after
wood ash dispersal (dose of 0 (control), 5, and 10 t ha™)

leaching and oxidizing into the atmosphere, and it might be used by the trees and
competing vegetation. Wood ash application aims to increase its availability for
plants to increase their growth, not to increase the nitrogen content in the soil.
The increased availability of nutrients promotes the growth of seedlings, thus
increasing their competitiveness with other vegetation for several years (Nilsson
& Orlander, 1999; Hytdnen & Jylh3, 2008). The positive effect of ash dispersal on
tree biomass was found after one year. The highest aboveground biomass was
found in the parcels where 5t ha™ of ash was applied in comparison to parcels
where no (control) or 10 t ha™ of ash was applied (Fig. 3.11, IV). These differences
were statistically significant (p < 0.05). Similarly, root biomass was also significantly
higher (p < 0.05) in parcels where 5 t ha™ of ash was applied in comparison to the

75



10 - 40

] X
8 ° T. ° 300
o6 ! 2
g = = 20 B
9 = 15
7 1 1 10§

0 0

0 5 10
Dose of ash, t ha™!

OAboveground biomass ~ ORoot biomass @ Proportion of roots
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parcels where no (control) or 10 t ha™ of ash was applied. The proportion of root
mass from total plant biomass in parcels where 5tha™ of ash was applied was
slightly statistically not significantly higher than in the other parcels (IV).

Ten years after planting, a positive effect of ash application on the tree
growth remained and was larger for parcels where a higher dose of ash was
applied (Fig. 3.12, IV). The diameter at breast height was 21.9 + 1.3 mm in control
parcels, and 26.3 + 1.8 and 26.5 + 1.7 mm in parcels where 5 and 10t ha™ of ash
was applied, respectively. Similarly, the tree height was 289 + 11 cm in the control
parcels, and 331 + 14 cm and 348 = 12 cm in the parcels where 5 and 10t ha™ of
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Fig. 3.12. Tree height (A) and diameter at breast height (B) (+ 95% confidence
interval) 10 years after wood ash dispersal (dose of 0 (control), 5, and 10 t ha™)
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ash was applied, respectively. In parcels where ash was dispersed, the tree height
was 15% and 21% larger (ash doses of 5 and 10t ha™") than in control parcels.
The tree diameter and height were significantly larger (all p < 0.05) in the parcels
where ash was dispersed (both ash doses) than in the control parcels. However, the
differences between the parcels where 5 and 10t ha™ of ash was dispersed were
small and not significant (p > 0.05; IV).

A significant (p < 0.01) long-term effect of increased soil nutrient availability
was found for initial (right after planting) NPK fertilization (V). The locally (around the
seedling) added nutrients had an effect similar to that of evenly applied fertilizer on
the entire stand (Nohrstedt, 2001; Saarsalmi & Malkdnen, 2001; Cao et al., 2008),
whereas less fertilizer was needed for the area unit. The long-term effect of the
initial fertilization on tree growth was exhibited in pine stands in Finland, where
15 years after wood ash dispersal (2.5 and 5 t ha™), the tree height was 24% and 27%
larger than in the control stands, respectively (Saarsalmi & Levula, 2007). Increased
tree growth as soon as one year after ash dispersal (2.5 t ha™") was found in middle-
aged (ash dispersal at the stand age of 36 and 47 years) spruce stands (Myrtillosa
mel. and Myrtillosa turf. mel. site types). Four years after the ash dispersal, the
additional volume increment varied from 8.5 to 19.2 m® ha™ (Okmanis et al., 2016).
In 64- and 69-year-old pine stands on mineral soil, however, the volume increment
5 to 10 years after the ash dispersal (3 t ha™") was 7% and 9% larger than in the
control stands, but these differences were not significant (Saarsalmi et al., 2004).

The comparison of the tree-ring series of fertilized and unfertilized trees
demonstrated the largest differences at the beginning of the observed period
(Fig. 3.13). For the first three years after fertilization, the tree-ring width was larger
for unfertilized trees, whereas, for the following eight years, the tree-ring width
was significantly larger for fertilized trees (V). The delayed effect, presumably, is
associated with the too-high applied dose of nutrients or the gradual release of
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nutrients in a plant-available form (Nohrstedt, 2001; Saarsalmi & Malkénen, 2001)
but might also be related to a different carbon allocation strategy for fertilized trees
(Axelsson & Axelsson, 1986).

At the age of 34 years, fertilized trees had a 14% larger basal area than
unfertilized trees (V). The proportion of latewood for unfertilized trees was larger
for almost all studied periods, with significant differences in 1989, 1994 to 1997,
and 2001 (10 to 20 years old). Similar findings of a smaller proportion of latewood
for fertilized trees have been reported (Zhang, 1995; Méakinen et al., 2002). The
observed results suggest that the initial (right after planting) fertilization has a long-
lasting effect for about 15 years (V).

3.3. Differences in shoot elongation dynamics for open-pollinated
plus-tree families

The assessment of shoot elongation dynamics is important to forecast the
effect of climate changes on the annual height increment and, more precisely, to
select genotypes that are suitable for these changes. Within the growing season,
shoot elongation is not uniform but typically consists of three distinct phases:
a) relatively slow growth onset and b) cessation and c) intense growth between
these two phases (Chuine et al., 2006; Lanner, 2017). The analysis of the effect
of each distinguished growth phase on the total shoot length and genetic (family)
differences for a particular growth phase allows us to determine the time within the
growing season when the assessment of young stands could reveal more precise
information on genetically determined differences.

Trees with different origins (eastern and western provenances, in total, six
stands) had similar heights and height increments (difference 1%, p > 0.05) at the
age of seven years. However, within the growing season, shoot elongation dynamics
between provenances and families varied significantly. Western provenances
started shoot elongation significantly earlier (p < 0.01) than eastern provenances,
and 68.7% and 51.7% of trees, respectively, had started growth before the first
measurement on May 25 (VI).

Trees from both provenances exhibited similar shoot elongation dynamics.
The growth intensity was highest at the beginning of the growing season (Fig. 3.14),
and about half of the total shoot length was formed on June 17 (i.e., 25 days after
the growth onset). Earlier studies have found more intense growth for eastern
provenances (Gailis, 1993), and the lack of such differences in the studied site
might be a result of the similar duration of the growing period and the leveling out
of the seasonal differences between provenances during the growing period, or it
could be related to differences in transfer distance and site (soil) conditions (VI).
Western provenances had a significantly higher growth intensity at the beginning
of the growing season and a significantly lower growth intensity at the end of the
growing season.

The growth intensity started to decline after June 8 (Fig.3.14, VI).
Regardless of provenance, a sharp increase in growth intensity occurred
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in the first week of June (Fig.3.14, VI), presumably caused by changes in
meteorological conditions (Odin, 1972; Cannell & Johnstone, 1978). The time
of growth cessation significantly differed between provenances, and at the last
measurement (July 20), no changes in shoot elongation were noted for 36.6%
of trees from the western provenances and for 28.8% of trees from the eastern
provenances (VI).

The growing period was 60 days, with a mean growth intensity of
9.2+ 0.2 mmday™, and it occurred during the period with a day length of at least
16.5 hours (Fig. 3.14, VI). Western provenances had an earlier growth onset and
cessation of about two days compared to the eastern provenances, indicating an
adaption of the height formation. The growth phenology for spruce originated from
different latitudes is controlled by temperature-related mechanics (Heide, 1974,
Hannerz, 1998), even in the case of small (less than 300 km) transfer distances
(Danusevicius & Persson, 1998).

Trees from eastern provenances started height growth later than those from
western provenances, indicating an adaption to early frost (Dietrichson, 1969; Polle
et al., 1996; Langvall & Lofvenius, 2002). The provenance had more effect on the
growth onset (VI), contrasting findings in central Sweden where provenance has
more effect on growth cessation (Ekberg et al., 1985).

The provenance effect on growth intensity varied throughout the growing
season (VI). The effect was stronger (p < 0.05) during the growth onset (before
June 3) and during the growth cessation (July 6), but between these growth phases,
the provenance effect was not significant (p >0.21). Provenance-determined
differences in growth onset and cessation are related to tree adaption to avoid
frost damage in spring and autumn (Avotniece et al., 2012), whereas, during the
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active growth phase (from June 8 to June 22), growth was determined by external
factors (DanusevicCius et al., 1999), and the differences between provenances
were negligible (VI).

The dynamics of shoot elongation within the growing season (VII) were
successfully fitted to the Gompertz model (Fig. 3.15), and the coefficients of the
individual tree growth dynamics and family means were obtained. The family was
a significant factor (p < 0.05) affecting the shoot length and model coefficients that
describe the growth onset, intensity, and cessation. The exception was the family
effect on the growth onset in Jelgava (p > 0.05), where the trees started shoot
elongation slightly earlier than in Rembate-B.

Shoot length for the selected top 10% (largest shoots) and bottom 10%
(shortest shoots) of families differed notably and significantly (VII): 624 + 26
and 362 £ 20 mm, respectively, in Rembate-B, and 664 + 25 and 462 + 33 mm,
respectively, in Jelgava. The superiority in shoot length for the top 10% of families
in comparison to the bottom 10% of families remained throughout the growing
season (Fig. 3.16).

Families with the largest shoots peaked in terms of shoot elongation slightly
later than families with the shortest shoots (Fig. 3.16). Additionally, families with
the largest shoots maintained a higher growth intensity for a longer period, whereas
families with the shortest shoots decreased in growth intensity more rapidly. Overall,
families with the largest shoots were characterized by a higher growth intensity that
fluctuated less throughout the growing season and by a longer shoot elongation
period than families with the smallest shoots (VIl). The family effect on the growth
intensity was stronger during the latter half of the growing season.

At the individual tree level, the shoot length was strongly and significantly
related to the growth intensity (Gompertz model coefficient k; r=-0.66 in
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Rembate-B, r = -0.62 in Jelgava, both p < 0.001). This trend remained at the family
mean level, and families with shorter shoots had a higher relative growth intensity,
indicating that families with larger shoots had a more uniformly distributed shoot
elongation within the growing season (Fig. 3.17), whereas families with the shortest
shoots formed a larger proportion of shoots during the active growth phase
(between the growth onset and cessation phases).
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Shoot elongation was also affected by the tree height. The shoot length has
a strong relation to the tree height at the end of the growing season (p < 0.05) but
a substantially weaker relation to the tree height at the beginning of the growing
season. Similarly, the growth intensity (Gompertz model coefficient k) is positively
correlated to the tree height at the end of the growing season (r=0.35), but the
correlation to the tree height at the beginning of the growing season was not
significant (r = 0.07, VII).
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CONCLUSIONS

The occurrence of trees with apical lammas shoots in spruce stands at the
age of three to seven years varies from 0% to 25%, regardless of site type
(eutrophic to mesotrophic) and stand age.

A favorable combination of microenvironmental factors, limited competition
from surrounding vegetation, and suitable soil moisture, substantially and
significantly (p < 0.001) increases the occurrence of trees with apical lammas
shoots in young stands.

Genetics (family) has a significant effect (p < 0.05) on the occurrence of apical
lammas shoots. In the same observation year and trial, the proportion of
trees with apical lammas shoots per family ranged from 0% to 91%.

Apical lammas shoots are more frequent on fast-growing and early-flushing
trees. Trees with apical lammas shoots are, on average, 14% to 29% higher
than trees without them. No link was found between the formation of apical
lammas shoots and the probability of frost damage. Moreover, apical lammas
shoots partly compensate for the negative effect of frost damage on the
shoot length.

In mesotrophic and eutrophic site types, the soil preparation method
significantly affects tree height in young stands. The mean tree height and
proportion of the highest trees are significantly (both p < 0.05) higher in spot-
mounded than disk-trenched stands. The difference in the dominant tree
height between trees in spot-mounded and disk-trenched sites increased
from 14% at the age of six years to 20% at the age of eight years.

Ash dispersal 12 months before planting had a positive effect on the
plant-available macronutrient content in the soil (adding potassium and
phosphorus) and facilitated the release of organic nitrogen. The increased
availability of macronutrients significantly affected tree growth. At the age of
10 years, trees that received additional nutrients exceeded the height of the
control trees by 15% and 21% (doses of ash at 5 and 10 t ha™, respectively).
Fertilization with NPK right after planting had a similar effect on tree growth
for up to 15 years.

Shoot elongation dynamics for open-pollinated Norway spruce plus-tree
families is genetically determined. Families with longer shoots had a peak
in growth intensity (mm per day) later in the growing season, had higher
growth intensity at the active growth phase and continued intense growth
for a longer period than families with shorter shoots.
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RECOMMENDATIONS

The effect of the improvement of the microenvironment on the occurrence
of apical lammas shoots and cumulative tree height at a juvenile age should be
included in the tree height growth modeling system to reflect the positive effect
of targeted management of young spruce stands. The initial (before or right after
planting) enrichment of the soil through the application of compound fertilizer or
wood ash is recommended to increase the productivity of spruce stands for at least
10 years from the treatment. The selection of genotypes with apical lammas shoots
is recommended because it is not related to an increased risk of frost damage,
whereas it contributes to a larger height increment, especially when tending occurs
and microenvironmental conditions are enhanced in stands planted with improved
planting material. This positive effect on growth is expected to be reinforced by
climate changes: more frequent years with high temperatures during the cessation
of the predetermined height increment and a longer vegetation season.
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Introduction

Norway spruce is the most economically
important tree species in the Baltic Sea re-
gion, due to its relatively large share in the
total forest coverage (Brus et al. 2011), high
value of coniferous tree saw logs, and no-
tably shorter rotation period and higher

7 Latvian State Forest Research Institute
“Silava”, Rigas Street 111, Salaspils, LV-2169
(Latvia)

@ Aris Jansons (aris.jansons@silava.lv)

Received: Jun 27, 2017 - Accepted: Oct 08,
2018

Citation: Katrevics J, Neimane U, Dzerina B,
Kitenberga M, Jansons J, Jansons A (2018).
Environmental factors affecting formation of
lammas shoots in young stands of Norway
spruce (Picea abies Karst.) in Latvia. iForest
11: 809-815. - doi: 10.3832/ifor2539-011
[online 2018-12-14]

Communicated by: Angelo Nolé

© SISEF http://iforest.sisef.org/

Norway spruce is a relatively fast-growing tree species that is primarily regen-
erated by planting, which requires significant investments. The formation of
lammas shoots (i.e., second flushing in late summer) have been proven to af-
fect the quality and productivity of Norway spruce stands. The aim of our
study was to assess the proportion of trees with lammas shoots in young stands
of Norway spruce and to investigate the factors affecting their formation. Data
have been collected at the end of 2011 in 102 three- to seven-year-old Nor-
way spruce plantations randomly selected across different forest types in the
central part of Latvia, and a subset of 21 stands were inventoried again at the
end of 2012. In each stand, 20 sample plots were systematically established
where trees with and without lammas shoots were counted and micro-environ-
mental factors (moisture, competition, and browsing) were assessed on a
three-grade scale. On average, the proportion of trees with lammas shoots was
6.5%. There was no significant effect of the stand age (from 3 to 7 years) on
the proportion of trees with lammas shoots nor was there any age-related
trend. The effect of forest type on the presence of lammas shoots was not sig-
nificant. Micro-environmental factors had an important influence on the pro-
portion of trees with lammas shoots. The proportion of lammas shoots in
stands with no competition was significantly higher (14.5%) compared to
stands with medium and high competition (6.0% and 2.2%, respectively). Simi-
larly, a significantly higher proportion of trees with lammas shoots (11.7%) was
observed in sites with normal moisture regime than in sites with slight or no-
table excess moisture, reaching 4.8% and 1.7%, respectively. Although the in-
fluence of browsing damage was not statistically significant, its trend was simi-
lar to that observed for competition and moisture regime. Overall, the propor-
tion of trees with lammas shoots was highest in stands showing the most suit-
able micro-environmental conditions for Norway spruce.

Keywords: Second Flushing, Vegetation Competition, Tending, Moisture Excess,
Browsing Damage

productivity compared to Scots pine (Eké
et al. 2008). In Latvia, Norway spruce is the
dominant tree species in 18% of the total
forest area (Gadskarta 2016). Most stands
(83%) are regenerated by planting, which
requires notable investments, starting
from tree breeding programs and seed or-
chard maintenance up to plant production,
soil preparation, and the planting itself
(Jansons et al. 2015). Norway spruce plan-
tations in Latvia are mainly established in
forest types with fertile mineral soils, with
normal moisture regime (Hylocomiosa and
Oxalidosa) and drained soil (Myrtillosa mel.)
accounting for 34%, 39%, and 9%, respec-
tively, of the total annual planted area by
this species (Buss 1976, Gadskarta 2016).
Changes in climatic conditions might se-
verely affect the survival and development
of forest stands (Kenina et al. 2018). Long-
term phenological observations across Eu-
rope have indicated a trend towards an
earlier and longer vegetation period (Sto-
ckli & Vidale 2004), which is predicted to
continue in the future. By the middle of
this century, the length of the vegetation
period in Latvia could increase by two to
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three weeks in comparison to the mean in
1961-1990 (Klavins & Briede 2012). The re-
sponse of trees to longer periods of fa-
vourable growing conditions might include
an increased frequency of formation of
lammas shoots (i.e., the second flushing in
late summer) after the end of the forma-
tion of the predetermined height incre-
ment. Formation of lammas shoots has
long been studied; however, the underly-
ing physiological mechanisms are not well
understood yet (Cline & Harrington 2007).
It has been previously reported that the
formation of lammas shoots is significantly
affected by both meteorological conditions
(Dormling et al. 1968, Aldén 1971, Von Wiih-
lisch & Muhs 1986) and genetic factors
(Hoffmann 1965, Rone 1975, Ununger et al.
1988, Danusevicius & Persson 1998, Danu-
sevicius 1999, Segaard et al. 2011).

Genetic determination of lammas shoot
formation has been established by analysis
of provenance trials. For example, Danuse-
vi¢ius & Persson (1998) reported that the
proportion of trees with lammas shoots
ranged from 4% + 2% for provenances from
northern Sweden to 17% * 3% for prove-
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nances from Austria at the age of five years
in an experiment in Sweden. Significant
provenance effects and similar trends (but
higher mean values) were reported based
on a trial at the same age in Norway. The
proportion of trees with lammas shoots
was lowest for Scandinavian provenances
(18%), followed by Latvian provenances
(28%) and Slovak and Czech provenances
(54% - Segaard et al. 2011). Eriksson (2010)
reported that, in Austria, the high-altitude
provenances do not form lammas shoots,
while such shoots are formed by valley-bot-
tom provenances. Provenance and family
were significant factors affecting the oc-
currence of lammas shoots, according to
Steffenrem et al. (2008), based on an anal-
ysis of open-pollinated progeny trials. How-
ever, the family (genetic) contribution to
the total variance was relatively low (4%).
Lammas growth is often among the traits
included in the selection index due to its di-
rect effect on or correlation with the stem
and wood quality traits (Jansson et al.
2013). For example, Skrgppa et al. (1999),
based on the evaluation of 15 provenances
from Finland, Denmark, Germany, and Po-
land, reported a significant association be-
tween the occurrence of lammas shoots at
juvenile age and the wood density at the
age of 29 years.

Meteorological conditions of the previ-
ous year influence the predetermined
growth, but conditions of the current year
may affect the second flushing (Dormling
et al. 1968, Junttila 1986, Von Wihlisch &
Muhs 1986). The increased frequency of
lammas shoots for Norway spruce due to
the rise in temperature has been proven in
laboratory conditions (Johnsen 1989, Kvaa-
len & Johnsen 2008). This increase has
been observed in the field in recent years
and has been attributed to changes in cli-
matic conditions (Kvaalen et al. 2010, Sg-
gaard et al. 2011).

The second flushing of Norway spruce
and other conifer species has been linked
to the increased frequency of trees with
double leaders and/or spike knots (Gabrila-
vi¢ius & Danusevicius 2003, Pallardy 2008,
Spgaard et al. 2011). In some cases, the oc-

currence of these stem defects might be
caused by several lammas shoots compet-
ing for dominance, as well as by insuffi-
cient frost hardiness of the apical shoot
(and consequently damage) due to lammas
growth, at least partly linked to maladapta-
tion of the studied material. Some studies
have indicated that most of the spike knots
formed in this way disappear in a few years
without causing permanent stem damage
(Jansons et al. 2016). Formation of lammas
shoots is linked to a faster tree growth,
thus contributing to increase the produc-
tivity of plantations. Indeed, correlations
between the mean tree height and the pro-
portion of trees with lammas shoots at five
to 13 years of age have been reported in
several countries: Germany (r = 0.93, p <
0.01), Sweden (r = 0.3, p < 0.01), and Latvia
(Hoffmann 1965, Rone 1975, Danusevicius
& Persson 1998).

A systematic inventory of the frequency
of second flushing in Norway spruce has
not previously been conducted in Latvia,
though lammas shoots are demonstrated
to have an increasing frequency and impor-
tance in the determination of the produc-
tivity and quality of spruce stands. There-
fore, the aim of the study is to assess the
proportion of trees with lammas growth in
young stands of Norway spruce and to
identify the environmental factors which
affect their formation. The following hy-
potheses are tested: (i) optimal growing
conditions have a positive effect on the
formation of lammas shoots in young Nor-
way spruce trees; (i) tree age has a nega-
tive effect on the formation of lammas
shoots. This knowledge could be further
used in the preparation of recommenda-
tions for forest management.

Materials and methods

Data have been collected at the end of
2011 from 102 Norway spruce plantations
located in the central part of Latvia (56°
37'-56° 57' N, 23° 3724° 49' E - Fig. 1).
Three- to 7-year-old stands (in 2011) were
randomly selected across different forest
types (Tab. 1). A subset of 21 stands was
further surveyed at the end of 2012. All the

Fig. 1- Location
of sampled Nor-
way spruce
stands (dots)
and meteoro-
logical stations
(triangles) in
Latvia.
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selected stands have been established us-
ing reproductive material from local seed
orchards. The area of each stand was at
least 0.5 ha and their elevation ranged
from10to 40 ma.s.l.

The climate in the study area is predomi-
nantly characterised by western winds
bringing warm and moist air masses from
the Baltic Sea and the Atlantic. According
to the Latvian Environment, Geology, and
Meteorology Centre (LEGMC 2012), the
mean annual temperature in the region is
+5.9°C. The average temperature of the
warmest month (July) is +17.0°C (mean
maximum temperature +21.5°C), and the
annual precipitation is 667 mm. Data from
the three nearest meteorological stations
(Riga, Dobele, and Skriveri) were used to
analyse the possible influence of meteoro-
logical conditions on lamma shoot forma-
tion (Fig. 1).

In each stand, 20 sample plots (radius
2.82 m, area 25 m®) were placed at regular
distance along its longest diagonal. The
number of trees with and without current
season lammas shoots was recorded in
each sample plot. A lammas shoot was de-
fined as the second flushing of the apical or
lateral buds of the top shoot, reaching at
least 1 cm in length.

The growing conditions of trees in the
plots were quite different and not always
favourable, due to recent changes in habi-
tat characteristics (e.g., the presence of a
beaver dam across the melioration ditch)
and browsing pressure (according to the
State Forest Service, the density of roe
deer, Capreolus capreolus L., was 30-40
inds. per 1,000 ha on average). Thus, for
each plot the suitability of micro-environ-
mental factors was assessed in a subset of
70 stands (56 in 2011, 14 in 2012) using a
three-grade scale which considered the fol-
lowing factors:

* competition by the surrounding vegeta-
tion (within a radius of 0.5 m from the
spruce tree), including herbaceous plants,
shrubs, and sprouts of other tree species;
a score (grade) was assigned to each plot
based on the ratio between the mean
height of trees and that of the surround-
ing vegetation (Grade 1: < 0.75; Grade 2:
0.75-1.25; Grade 3: > 1.25);

moisture regime: Grade 1 was assigned to
plots showing normal conditions, Grade 2
to plots with periodic excessive moisture,
and Grade 3 to those showing permanent
excessive moisture (e.g., due to clogging
of a drainage system);

browsing damage was recorded for trees
with damaged tops and/or more than 50%
of lateral shoots; a score was assigned to
each plot based on the proportion of
trees affected by browsing (Grade 1: < 1%;
Grade 2: 1%-10%; Grade 3: > 10%).

The proportion of trees with lammas
shoots (i.e., the number of trees with lam-
mas shoots out of the total number of
trees) at the stand level was calculated as
the mean value (* 95% confidence interval)
of sample plot proportions. The proportion
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Factors affecting lammas shoot formation in Norway spruce

Tab. 1- Number of plots sampled in the Norway spruce stands considered in this study, according to stand age and forest type.

Forest type Year Of. No. Age (years) Total
observation stands 3 4 5 6 7
Hylocomiosa 2011 26 118 153 208 18 - - 497
2012 - 20 20 59 - - 99
Oxalidosa 2011 9 20 74 54 17 - 165
2012 4 - 20 38 19 - 77
Myrtilloso-sphagnosa 2011 13 83 76 43 - 16 - 218
. . 2011 5 - 56 39 - - - 95
Myrtilloso-polytrichosa 2012 1 } i 19 ) A . 19
Myrtill . 2011 24 69 39 19 191 116 - 434
yrillosa mel. 2012 4 - 18 - - 37 20 75
Mercurialiosa mel. 2011 6 i ’ 57 » . 2
2012 1 - - - - 20 20
Myrtillosa turf. mel. 2011 15 39 72 106 10 37 264
2012 5 - 20 20 57 - - 97
. 2011 4 37 - - 39 - 76
Oxalidosa turf. mel. 2012 1 ) 2 . . i B 2
Stands of all 2011 102 346 416 546 328 225 - 1861
tands of all types 2012 2 - 78 79 154 76 20 407

of trees with browsing damage was calcu-
lated in the same way. Spearman’s correla-
tion analysis was used to assess the rela-
tion between the proportion of trees with
lammas shoots and stand density. To as-
sess the effect of the above factors on the
proportion of trees with lammas shoots, a
binary logistic generalised linear mixed-ef-
fects model (GLMM) was implemented in
software R ver. 3.4.3 (R Core Team 2017)
using the library “Ime4” (Bates et al. 2015).
Three models were developed using the re-
lation between trees with and without lam-
mas shoots at the plot level as the re-
sponse variable. In all models, the stand ID
was set as random effect to account for
possible correlation (repeated measures)
among sample plots within the same
stand. The first model included stand age
and forest type as predictors using the
whole set of 102 stands inspected in 2011.
The second model included the three mi-
cro-environmental factors (competition,
moisture and browsing damage) and the
year of observation as predictors, which
were tested on the subset of 70 stands de-
scribed above. Using the same data subset,
a third model was developed which in-
cluded the suitability of growing conditions
as predictor, which was calculated as the
sum of scores (grades) for all three micro-
environmental factors, ranging from 3
(best) to 9 (worst). Generalised linear hy-
pothesis tests, as implemented in the R li-
brary “multcomp” (Hothorn et al. 2008),
were used as post-hoc tests after GLMM
when the interaction of the factor or fac-
tors with more than two levels were signifi-
cant compared to the mean proportions
between levels.

Results

The proportion of trees with lammas
shoots across the sampled stands ranged
from 0% to 25% and was 6.5% on average. It
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was slightly higher in 2012 than in 2011 (in
stands sampled in both years, the propor-
tion was 12.9% and 9.1%, respectively), but
differences between years were not statis-
tically significant (x* = 0.5696, p = 0.450).
Initial spacing in all stands was similar, but
due to the differences in survival, the den-
sity at the age of assessment ranged from
800 to 3600 trees ha". The differences in
stand density had no statistically significant
relation to the proportion of trees with
lammas shoots.

There were no notable differences in air
temperature in the period of formation of
lammas shoots (end of July to the begin-
ning of August) between 2011 and 2012.
The mean diurnal temperature in the last
week of July and the first week of August

225

20.0

15.0

Mean daily temperature (moving average of 5 days), °C

at the Riga meteorological station was 20.4
and 20.7 °C, respectively. In Dobele, it was
18.6 and 19.3 °C, respectively, and in Skriv-
eri it was 19.4 and 19.4 °C, respectively.
However, a sharp temperature increase by
the end of July 2012 in comparison to the
slight decrease in the same period of 2011
was observed (Fig. 2). Temperature differ-
ences between the third and fourth weeks
of July were 5 to 5.8 °Ciin 2012, but only 0.3
t0 0.5°Cin 2011.

Minor changes in precipitation in the first
week of August were observed in 2012 as
compared to the last week of July (a slight
increase in Dobele and decreases in Skriveri
and Riga). In contrast, in 2011 (with a lower
frequency of trees with lammas shoots), a
sharp decrease in the amount of precipita-

Skriveri 2011
Skriveri 2012

— Dobele 2011 — Riga 2011
- - Dobele 2012 - - Riga 2012

July

August

Fig. 2 - Mean daily temperature (moving average of five days) at three meteorological
stations (Riga, Dobele, and Skriveri) in July-August 2011 and 2012 (data: LEGMC 2012).
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Fig. 3 - Weekly amount of precipitation in July-August 2011 and 2012 (average of three
meteorological stations - Riga, Dobele, and Skriveri; data: LEGMC 2012).

tion in the first week of August in compari-
son to the last week of July was observed
(from 29 mm to o mm in Skriveri, from 46
mm to 3 mm in Riga, and from 106 mm to
14 mm in Dobele). In the second and third
weeks of August, there was a lower
amount of precipitation in 2012 than in
2011: 0.3-5 mm and 31-80 mm per week, re-
spectively (Fig. 3).

There was no significant effect of stand
age on the proportion of lammas shoots

Fig. 4 - Mean
proportion of
trees with
lammas
shoots
(x95%Cl)in
spruce stands
of different
ages.

e
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=3
>

o
o
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Mean proportion of trees with lammas shoots

()¢ = 0.2175, p = 0.641) nor was there an
age-related trend. The highest mean pro-
portion of trees with lammas shoots was
reached in 7-year-old stands, while the low-
est value was observed in 6-year-old stands
(Fig. 4). Notable variation in the proportion
of trees with lammas shoots was detected
for stands at different ages within a partic-
ular forest type; for example, in Myrtillosa
mel. the proportions were 12.7%, 4.0%, and
10.8% at the ages of 4, 6, and 7 years, re-

Fig.5- Mean
proportion of
trees with
lammas
shoots
(x95%Cl)in
spruce stands
of different
forest types.
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spectively. The effect of the forest type on
the presence of lammas shoots was not
significant (* = 3.6892, p = 0.815). The high-
est and lowest proportion of trees with
lammas shoots was detected in Mercuri-
aliosa mel. and Oxalidosa turf.mel., respec-
tively (Fig. 5). Also, the nteraction between
forest type and stand age did not signifi-
cantly affect the frequency of lammas
shoots ()’ = 5.0154, p = 0.6581).

Micro-environmental factors had an im-
portant influence on the proportion of
trees with lammas shoots (Fig. 6). The ef-
fect of competition from the surrounding
vegetation and moisture regime was statis-
tically significant (x* = 45.0218, p < 0.001).
The proportion of trees showing lammas
shoots in stands with no competition
(Grade 1) was significantly higher (14.5%) in
comparison to stands with medium (Grade
2) and high (Grade 3) competition (6.0%
and 2.2%, respectively), being the differ-
ence between the two latter grades not
significant (p = 0.066). Similarly, there was
a significantly higher proportion of trees
with lammas shoots (11.7%) in sites with a
normal moisture regime (Grade 1) than in
sites with periodic (Grade 2: 4.8%) or per-
manent (Grade 3: 1.7%) excessive moisture.
Similar to that observed for competition,
the difference between Grade 2 and Grade
3 of moisture was not significant (p =
0.184). Although the influence of the
browsing damage was not statistically sig-
nificant (p = 0.094), the observed trend
was similar to that detected for competi-
tion and moisture regime. The proportion
of trees with lammas shoots was 11.3%,
8.2%, and 7.7% in Grade 1, Grade 2, and
Grade 3, respectively. The effect of the in-
teractions (of the second or third level)
was not significant, suggesting that each
factor had independent influence on the
formation of lammas shoots.

Finally, the combination of the scores for
all micro-environmental factors (moisture,
competition, and browsing pressure) re-
vealed a clear significant trend (Fig. 7). The
highest proportion of trees with lammas
shoots occurred in the most favourable
conditions (lower score). If at least one of
the factors scored 3 in any stand (a notable
negative influence), the proportion of
trees with lammas shoots in that stand did
not exceed 10%.

Discussion

The average proportion of trees with lam-
mas shoots in our study (7% * 1%) was simi-
lar to that found for Norway spruce prove-
nances from Baltic States at the age of five
years in an experiment in Sweden (Danuse-
vi¢ius & Persson 1998). An even higher pro-
portion of trees with lammas shoots was
found in Norway, based on the analysis of
the national forest inventory sample plots
(located at an elevation up to 200 m a.s.l.).
Moreover, Kvaalen et al. (2010) reported
that as many as 80% of trees had lammas
shoots in two of the 58 sample plots ana-
lyzed.
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Factors affecting lammas shoot formation in Norway spruce

Fig. 6 - Mean proportionof | A B [
trees with lammas shoots ‘g 0.18 0.18 0.18
+95% Cl) in spruce stands <
(with diff)erenF: micro-envi- 3 046 016 0:16
ronmental factors charac- E 0.14 0.14 0.14
terised by (A) competition &
of surrounding vegetation, ‘::_u 0.12 0.12 0.12
(B) excessive moisture, 3
and (C) browsing damage. ;, 0.10 0.10 0.10
Each factor was assessed  $
in a three-grade scale, ff 0.08 0.08 0.08 +
where (1) the negative  ©
effect of the factor on é 0.06 0.06 * 0.06
growth of the spruce was 5
not observed, (2) the mini- & 0.04 0.04 0.04
mal negative effect of the 50.02 + 0.02 + 0.02
factor was observed, and &
(3) the notable negative g 0.00 0.00 0.00
effect of the factor was T 3 3 7 5 3 1 ) 3

observed.

The formation of predetermined and ad-
ditional height increment is defined by me-
teorological conditions, such as tempera-
ture and precipitation, in combination with
the photoperiod (Dormling et al. 1968,
Aldén 1971, Von Wiihlisch & Muhs 1986, Ga-
brilavi¢ius & Danusevi¢ius 2003). Skreppa &
Steffenrem (2016) described the negative
relationship between the presence of lam-
mas shoots and the timing of shoot growth
for full-sib families in a provenance trial of
Norway spruce in the fifth growing season,
pointing out that the occurrence of lam-
mas shoots is generally positively associ-
ated with a favourable climate and soil fer-
tility. Analysis of different coniferous tree
species, such as red pine (Pinus resinosa
Ait.), white pine (Pinus strobus L.), Califor-
nia red fir (Abies magnifica A. Mur.), and
white fir (Abies concolor (Gord. and Glend.)
Lindl.), suggests that abundant precipita-
tion at the end of the vegetation period
can stimulate the formation of lammas
shoots (Biisgen 1929, Carvell 1956, McCabe
& Labisky 1959, Hallgren & Helms 1988).
This is in contrast to our results, where a
lower proportion of trees with lammas
shoots was observed in 2011 - a year with
higher amounts of precipitation in the mid-
dle part of August in comparison to 2012,
but only slightly higher than the long-term
average and with an increase of precipita-
tion only two weeks after the end of the
predetermined height growth. After the
completion of the predetermined height
growth (second part of July), a sharp tem-
perature increase was observed in the year
2012, along with the highest proportion of
trees with lammas shoots. The results sug-
gest that a relative change (not necessarily
the mean values of any of the meteorologi-
cal parameters temperature and precipita-
tion) at the right period of the annual cycle
of tree growth could trigger the formation
of lammas shoots. In addition, there might
be some indirect influence of spring tem-
peratures since previous studies have sug-
gested that earlier flushing trees are more
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Grades

likely to form lammas shoots (Neimane et
al. 2015, Skroppa & Steffenrem 2016), pre-
sumably due to the longer period between
the end of the predetermined growth and
the drop in temperature in autumn. How-
ever, the observations in the current study
were conducted in autumn, and the spring
phenology data were not available.

A decrease in the frequency of formation
of lammas shoots with tree age was ob-
served in a number of studies (Biisgen
1929, Ehrenberg 1963, Aldén 1971, Rone
1985, Von Wiihlisch & Muhs 1986, Ununger
et al. 1988, Sggaard et al. 2011). For exam-
ple, in a Norway spruce trial in Norway, 38%
of 5-year-old trees had lammas shoots, in
contrast to 22% at 6 years and 17% at 7
years. This trend was similar in almost all

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04

0.02

Mean proportion of trees with lammas shoots

represented provenances (Segaard et al.
2011). In contrast, no age-related trend was
observed in our study. Prolonging or ex-
panding the study (adding one more inven-
tory or older stands) could further improve
our understanding of this phenomenon. Af-
ter analysing the genetic and environmen-
tal variation of internodal and whorl
branch formation (including whorls formed
by lammas growth) for open-pollinated
families of Norway spruce at the age of 27
years, Steffenrem et al. (2008) pointed out
that, the effects at the juvenile stage might
be confounded with the year (meteorologi-
cal) effect. Retrospective study has also
demonstrated higher frequency of the oc-
currence of extra whorls formed by lam-
mas growth in sites with higher soil fertility

3 4 5

6 7 8

Microenvironmental conditions (sum of scores)

Fig. 7 - Mean proportion of trees with lammas shoots (shown by the black line) with
the 95% CI (grey band on both sides of the line) in the Norway spruce stands analyzed
in relation to the suitability of the growing conditions (x-axis), expressed as the sum
of grades (scores) for three micro-environmental factors (competition, moisture, and
browsing). For each factor, its negative effect on Norway spruce growth was quanti-
fied as: (1) not observed or negligible; (2) minimal; (3) notable.
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(assessed in terms of site indices). In other
studies carried out on Norway spruce in
south-eastern Norway, the forest type (i.e.,
availability of nutrients) was one of the ma-
jor factors determining the proportion of
trees with lammas shoots: by height index
Hgo=11and H,, = 23, the proportion of trees
with lammas shoots was 5%-25% and 30%-
90%, respectively (Segaard et al. 2011). We
did not find significant differences in the
proportion of trees with lammas shoots
between forest types representing grow-
ing conditions for more than 9o% of the
spruce-dominated stands in Latvia (data:
NFI 2010). However, the range of site in-
dexes included in our study (roughly corre-
sponding to H, = 8-22) was smaller than
that of the aforementioned study (H,, = 8-
26 - Spgaard et al. 2011).

Our results showed that differences in
the proportion of trees with lammas
shoots (even within forest types or stand
ages) were strongly linked to micro-envi-
ronmental factors like moisture, competi-
tion, and browsing pressure. For example,
in a 5-year-old stand belonging to the Hylo-
comiosa forest type with little evidence of
tending and therefore a high competition
of herbaceous plants and shrubs, as well as
visible browsing damage on 22% of trees,
only 1.8% of the individuals had lammas
shoots, while the proportion was 25.5% in
another s-year-old stand of the same for-
est type with visible signs of regular tend-
ing and no browsing damage. Similar to
our results, Roth & Newton (1996) found a
notable increase in the occurrence of lam-
mas shoots for the Douglas fir after weed
control.

Sporadic observations gathered during
our study (conducted in 2011 and 2012) also
suggest that an increase in frequency of
lammas shoots might be linked not only to
differences in weather conditions between
the years but also to the effect of tending
conducted in 2011. For example, in a 3-year-
old Oxalidosa turf. mel. forest type stand,
where vegetation control was done in the
second part of the vegetation period of
2011, the proportion of trees with lammas
shoots increased from 10% in 2011 to 26% in
2012. Similarly, in a 5-year-old Hylocomiosa
stand, it increased from 18% in 2011 to 33%
in2012.

Browsing damage could notably reduce
carbon accumulation capacity and growth
of Norway spruce trees. However, it did
not show as much pronounced effect on
the formation of lammas shoots as the
other two micro-environmental factors as-
sessed in this study. Low average browsing
pressure (average share of damaged trees
10.7%) and the intensity of damage - a no-
table effect on height increment was only
observed in a few cases - could be the pos-
sible reasons for the limited influence of
this factor.

For the preparation of recommendations
for forest regeneration and tree breeding,
further studies should address the issue of
actual risks (mainly the formation of long-
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lasting stem defects) and the long-term
positive relationship to growth which
could be associated with the formation of
lammas shoots.

Conclusions

The proportion of trees with lammas
shoots in juvenile (from 3 to 7 years) Nor-
way spruce stands ranged from 0% to 25%
and was 6.5% on average. Improvement of
micro-environmental conditions (intensive
forest management) increased the propor-
tion of trees with lammas shoots in juvenile
Norway spruce stands, but there was no
clear link between the occurrence of lam-
mas shoots and the age of stands or the
forest type.
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Abstract. The Norway spruce is widely spread in Eastern Europe and it is managed mainly for
the production of sawlogs, though its logging residues are now increasingly used for the
production of wood chips for bioenergy. The growth of the Norway spruce is and will be affected
by climatic changes; one of the possible effects might be an increase in the frequency of trees
with lammas shoots. Therefore, the aim of this study was to assess the influence of lammas shoots
on the length of height increment of young Norway spruce in Latvia. Tree height and height
increment was repeatedly measured and the presence of lammas shoots, bud flushing grades and
frost injuries were assessed in two young (8—13 years) open-pollinated progeny tests in the central
part of Latvia (56°46'N, 24°48°E). The mean portion of trees with lammas shoots in one
experiment was 6% at the end of 8" growing season. In another experiment, it was 8.7%, 26.9%
and 8.1% at the end of 10", 11" and 13" growing seasons, respectively; 32.3% of trees had
lammas shoots at least in one of three seasons. Faster growing and earlier flushing trees had a
significantly higher frequency of lammas shoots. Lammas shoots increased the length of annual
height increment by 10 to 14 cm, resulting in a 14-20% taller tree height at the age of 13 years.
The reduction of height increment as a result of frost damages for very early flushing trees was
less pronounced for trees with lammas shoots than without them.

Key words: height increment, tree height, open-pollinated family.
INTRODUCTION

The Norway spruce is the most important commercial tree species in Northern
European countries. It occupies 18 million ha of forest land, with a total growing stock
of 2,700 million m?® — which is a third of the wood resources in the region (Rytter et
al., 2013). The Norway spruce is grown mainly for sawlog production; however, its
sawdust and logging residues are increasingly used for bioenergy production. For
example, the amount of wood chips produced from logging residues in Latvia’s state
forests has increased from 3 thousand m* in 2006 to 380 thousand m* in 2013 (Latvijas
valsts mezi, 2012). Harvest residues from the Norway spruce, consisting of branches and
tops, are an important source of biomass energy in Finland and Sweden (Rytter et al.,
2013). In Latvia, it was found that the biomass of dead and living branches forms 6.4%
and 17.4% of the total above-ground biomass in 40-year old Norway spruce stand,
respectively (Libiete-Zalite & Jansons, 2011).
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Due to the economic importance of coniferous trees, a substantial amount of studies
have been carried out to understand the possible effects of climatic changes on their
vitality and growth (Gabrilavi¢ius & Danusevicius, 2003; Bergh et al., 2005; Jansons et
al., 2013a; Jansons et al., 2013b). Long term phenological observations in Latvia and
other European countries have indicated a trend towards an earlier start of the spring
(-0.54 days year!) and a longer (0.96 days year!) vegetation period (Stockli & Vidale,
2004). This trend is predicted to continue in the future and, in combination with
increasing temperatures, will lead to more frequent formation of lammas growth —
additional height increment in the second half of the vegetation period. Formation of
lammas shoots can lead to increased frequency of frost damages (Gabrilavicius &
Danusevicius, 2003; Segaard et al., 2011) and up to a 40% higher frequency of double
leaders (Segaard et al., 2011). In contrast, a significant correlation between the
proportion of trees with lammas shoots and stem quality at provenance mean level was
not found for young Norway spruce in Sweden (Danusevicius & Persson, 1998). It is
suggested that the formation of lammas shoots could increase height increment of the
trees (Rone, 1975), however, this effect has rarely been quantified. Therefore, the aim of
our study was to assess the influence of lammas shoots on height increment of young
Norway spruce in Latvia.

MATERIALS AND METHODS

The study was carried out in two Norway spruce experiments, planted on fertile
abandoned agricultural land (corresponding to the Oxalidosa forest type), hereafter
referred to in this text as ‘A’ and ‘B’, at ages of 8 and 13 years, respectively. Both
experiments were located in the central part of Latvia (56°46'N, 24°48°E). According to
the data from the nearest meteorological station (Skriveri) of the Latvian Environment,
Geology and Meteorology Centre, long-term average annual temperature was +6.1 °C,
and the sum of precipitation was on average 717 mm per year. Experiment B was located
in three fields of close proximity, with slightly different soil and micro-relief conditions,
hereafter referred to in this text as ‘trials.” Tree height, length of the last season height
increment and presence of lammas shoots were assessed at the end of the 8% growing
season for 3,887 trees from 60 open-pollinated families in experiment A (October 2014),
and at the end of the 10" (November 2011), 11% (October 2012), and 13™ (November
2014), growing seasons for 3,412 trees from 112 open-pollinated families in experiment
B. Bud flushing grade was assessed in experiment B trial 2 (1930 trees) at the beginning
of 11" growing season (June 2012) using a four grade scale: grade 1 = very late flushing
(length of current increment < 3 cm), grade 2 = late flushing (3—6 cm), grade 3 = early
flushing (7-10 cm), grade 4 = very early flushing (> 10 cm). Also the presence (or
absence) of spring frost damage on shoots was noted.

Data analysis was carried out using ANOVA, correlation and % test and the mean
values + confidence intervals were calculated.

RESULTS AND DISCUSSION

Mean height at the age of 8 years in experiment A was 117 = 1.4 cm and height
increment was 27 £ 0.6 cm. During the 8" growing season, lammas shoots formed for
6% of trees. Tree height at the age of 13 years in the each of the three trials of experiment
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B was 394 + 6.8 cm, 442 + 5.8 cm, 439 + 10.2 cm, and the mean height increment in the
last 3 years in each of the trials was 64 + 1.1 cm, 72 = 0.9 cm, 80 £ 1.7 cm, respectively.
Differences in height increment between the trials were statistically significant
(P < 0.001); therefore, a separate analysis of lammas shoots (characterized as the
presence of them in at least one of the three years of assessment) was carried out for each
of them. The proportion of trees with lammas shoots in a particular year at the end of
10", 11" and 13" growing seasons in experiment B was 8.7%, 26.9% and 8.1%,
respectively, and lammas shoots in at least one of the assessment years were found for
32.3% of trees.

The proportion of the Norway spruce trees with lammas shoots in this study was in
a range of previously reported results from other countries. For example, in Sweden, in
trials at the age of 5 years, 7% of spruces from Baltic State provenances had lammas
shoots (Danusevicius & Persson, 1998); in Norway, in trials at the same age, 28% of
spruces from Latvian provenances had lammas shoots (Segaard et al., 2011).

In experiment A, the proportion of trees with lammas shoots was highest (reaching
20%) in classes of trees with the largest height and height increment, but was lowest
(approximately 1%) in the classes of trees with slowest growth (Fig. 1); differences
between the classes were statistically significant (P < 0.001).
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Figure 1. Proportion of trees with lammas shoots in experiment A (at the end of the 8" growing
season) and B (at the end of at least one of the three assessment seasons) in different tree height
and height increment classes.

In trial 1 (experiment B) trees of height increment 81-100 cm were clustered together with trees
of height increment > 80 c¢m, and trees of height 501-600 cm were clustered together with trees
of height > 500 cm.

In trial 3 (experiment B) trees of height increment 41-60 cm were clustered together with trees
of height increment < 60 cm, and trees of height 301-400 cm were clustered together with trees
of height <400 cm.

Analyses of each of the trials in experiment B revealed a similar trend — faster
growth was associated with higher frequency of lammas shoots: on average, 47-68% of
the trees in the class with the largest height and mean height increment had lammas
shoots, but lammas shoots were present in only 5—18% of the class with the smallest (the
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slowest growing) trees. The difference in the proportion of trees with lammas shoots
between the classes was statistically significant (P < 0.001).

A significant association between tree height and frequency of presence of lammas
shoots was also previously reported in Latvia in an analysis of more than 100 stands
(Neimane et al., 2015, submitted) and tree breeding trials (Rone, 1975), as well as from
analysis of provenance trials in other countries (Hoffmann, 1965). Significant positive
correlation (» = 0.3; P < 0.01) was found at provenance mean level between tree height
and proportion of trees with lammas shoots in analyses of a trial including 107 Swedish
and 16 Eastern European spruce provenances at the age of 5 and 9 years (Danusevicius &
Persson, 1998). In experiment A of this study, the proportion of trees with lammas shoots
at family mean level had significant positive correlation with height increment (r = 0.44;
P <0.001) and weaker, non-significant correlation with tree height (» = 0.22; P = 0.09).
Similarly, in experiment B, the proportion of trees with lammas shoots at family mean
level had statistically significant (P < 0.01) correlation with tree height (when all trials
were analysed together (» = 0.49) and separately (» = 0.41...0.71)) and height increment
(r=10.51 and » = 0.48...0.70, respectively).

In experiment A, the height increment of the 8" growing season for trees with
lammas shoots (44 + 2.4 cm) was notably (by 68%) and significantly (P < 0.001) larger
than for trees without them (26 + 1.7 cm) (Fig. 2). Similarly, in experiment B, spruces
with lammas shoots had significantly (P < 0.001) larger mean height increment of the
last three years than spruces without them: mean differences in these particular trials
were from 10 to 14 cm.

100
- 80
£ 40
)
Se 70 %/ﬁ . _ .
E Trial 1 Trial 2 Trial 3
-% Experiment A Experiment B
I

m Trees with lammas shoots % Trees without lammas shoots

Figure 2. Height increment of trees with and without lammas shoots (height increment of the 8"
growing season in experiment A; mean height increment of the last 3 years in experiment B).

The cumulative influence of these seemingly small differences was notable (and
significant — P < 0.001): at the end of the 13" growing season, the height of trees with
lammas shoots was on average 450 + 11.8 cm, while those without lammas shoots
averaged at 374 + 7.8 cm in trial 1; in trial 2 — 490 + 8.1 cm and 416 = 7.4 cm,
respectively; in trial 3 — 481 + 16.0 cm and 420 + 12.2 cm, respectively (Fig. 3). Thus,
trees with lammas shoots were 14-20% taller than trees without them. Also, in
experiment A, trees with lammas shoots were 29% taller than trees without them
(148 £5.8 cmvs. 115+ 1.4 cm, P <0.001).

The additional height increment due to lammas shoots might be dependent on the
absolute length of the height increment. To evaluate whether this was the case, in each
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trial, trees with lammas shoots and trees without them were sorted according to height
increments in descending order, and four groups (equal number of trees in each group)
were formed. For example, in trial 2, the number of trees with lammas shoots in each
group was 688/4 = 172, but without them was 1242/4 = 310. Height increment in each
of the four groups was significantly (P < 0.001) higher for trees with lammas shoots than
for trees without them in each of the trials.
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Figure 3. Height and height increment of trees with and without lammas shoots in trials 1-3 of
experiment B (‘with’ — trees with lammas shoots; ‘without’ — trees without lammas shoots).

The frequency of lammas shoots was linked not only to tree height increment, but
also to their bud flushing phenology: earlier flushing trees had a higher frequency of
lammas shoots. For example, in trial 2, for trees with flushing grade 4 (very early), 56%
of trees had lammas shoots, but in grade 1 (very late), only 22%. Within every flushing
grade, the mean height increment was significantly (P < 0.001) higher for spruces with
lammas shoots than without them (Fig. 4).
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Figure 4. Height increment of the last three seasons for trees with and without lammas shoots in
different bud flushing grades in trial 2 of experiment B.
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This contrasts the observations by Danusevicius & Persson (1998), who found a
higher proportion of trees with lammas shoots for provenances with later flushing. Frost
damages were not observed for very late and late flushing trees (grades 1 and 2), but
were observed for 2% of early flushing and 87% of very early flushing trees (grades 3
and 4). The reduction of height increment as a result of frost damages for very early
flushing trees was less pronounced for trees with lammas shoots than for those without
them (Fig. 4).

CONCLUSIONS

Results indicate that lammas shoots are linked to an increase in height increment
and can reduce the impact of frost damages on the length of height increment. Increased
frequency of the formation of lammas shoots due to climatic changes would raise the
height increment of the Norway spruce.
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Abstract. Norway spruce is commonly regenerated by planting and disc trenching is
by far the most widely used soil preparation method in Latvia; however, in specific
site conditions other methods might be beneficial. Therefore aim of our study was to
assess influence of spot mounding on early growth and tending of Norway spruce
in hemiboreal forests. Spot mounding was compared with disc trenching or no soil
preparation in central part of Latvia (57° N 24° E) in five different forest types, where
two-year-old containerized Norway spruce seedlings were planted. Influence of soil
preparation method on tending was assessed in the same region in two different sites
in a single forest type on drained fertile mineral soil. Spot mounding had positive effect
on the height increment of the dominant trees at the 6" to 8" growing season. Mean
height of Norway spruce at the end of 8" growing season on mounds significantly
exceeded that on unprepared soil: 179 + 6.5 and 152 # 6.2 cm, respectively. Similarly
mean height on mounds was significantly larger than on furrows: 209 + 3.9 and 154 +
4.0 cm, respectively. Projective vegetation cover before the tending was significantly
higher in spot-mounded, but after - in disc trenched sites. Networking time for brash-
saw operators in spot-mounded (478 min/ha™) and disc trenched (462 min/ha™) sites
was similar (p > 0.05). Overall, spot mounding ensured more suitable microenvironment
resulting in higher productivity of planted trees and had no negative effect on quality
or efficiency of tending, therefore its wider use is recommended.

Key words: soil preparation method, height increment, weed control, Picea abies.

Authors” address: Latvian State Forest Research Institute “Silava”, 111 Rigas st.,
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Introduction

Norway spruce (Picea abies (L.) Karst.) oc-
cupies significant forest areas and is one
of the most cultivated tree species in Bal-
tic Sea region countries. For example, in
Latvia, based on data from National For-
est Inventory, its stands cover 17% from
the total forest area and, according to data
of State Forest Service, in 2015 altogether
6531 ha was regenerated with this tree spe-
cies. Natural regeneration of coniferous
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trees in hemiboreal forests on fertile soils
after the clear-cut is very unlikely and/or
time consuming. It has been demonstrated
already in middle of previous century, when
large-scale inventory found, that more than
70% of the clear-cuts in coniferous forests
in such site conditions naturally regenerate
with broadleaved trees (Sarma, 1959). Also
studies indicate that planted spruce stands
have considerably higher productivity than
naturally regenerated ones (Gradeckas &
Malinauskas, 2005). It is achieved partly
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due to realization of tree breeding results
(Jansons et al., 2015) and partly due to posi-
tive influence of soil preparation (Nordborg
et al., 2003; Heiskanen et al., 2013).

Various soil preparation methods, like
ploughing, disc trenching, soil inversion,
mounding (Mangalis, 2004; Gradeckas &
Malinauskas, 2005) can be applied; however
in Baltic States by far most commonly used
is disc trenching. Conditions created by disc
trenching or ploughing are not always opti-
mal for the seedlings. For example, Orland-
er et al. (1990, 1998) have found that survival
of trees planted on furrows is similar to that
of trees planted on mounds in sites with
normal moisture regime, but notably and
significantly lower in wet sites. Also other
studies have concluded that mounds cre-
ates favourable moisture regime that is es-
sential for early survival of Norway spruce
(Schlyter et al., 2006). Planting on mounds
improves not only the survival, but also
initial growth of the trees (Nordborg et al.,
2003; Hallsby & Orlander, 2013; Heiskanen
et al., 2013). Young trees on mounds are less
likely to be affected by frosts (Langvall et
al., 2001; Heiskanen et al., 2013) and better
protected from pine weevils (Orlander et al.,
1990; Heiskanen & Viiri, 2005; Saksa, 2008;
Heiskanen et al., 2013) that tend to avoid
rather large open soil area around the seed-
ling (Wallertz, 2009). Furthermore, mound
excluded competition from surrounding
vegetation for a longer period of time than
furrows (Lehtosalo et al., 2010). For example,
in Finland it was found, that in sites where
spot mounding was applied, tending was
needed only in 2"-4" year after planting
in relative fertile soil, and in 4*-6' year in
poor soil (Saksa, 2008; Uotila et al., 2010).
Therefore, some authors (Uotila ef al., 2010)
suggest that financial assessment of forest
regeneration shall include not only plant-
ing (and survival of planted trees), but also
tending; its frequency (number of occasion),
quality and time spent (costs). Time spent
for soil preparation (and thus also the costs
and potential for their reduction) had been
analysed in numerous studies (Rantala et al.,

2010; Liepins et al., 2011). However, there is
still very limited information on time spent
for tending in the context of soil preparation
method in Baltic States.

Most of above mentioned studies had
been carried out in boreal forest with dif-
ferent climatic conditions and soil fertility
(important both for tree as well as ground
vegetation growth) than in hemiboreal for-
ests. Therefore, the aim of our study was
to estimate influence of spot mounding on
early growth and tending of Norway spruce
in hemiboreal forests.

We hypothesised that spot mounding
has significant positive influence on tree
height increment in comparison to disc
trenching or no soil preparation. Larger tree
height consequently would ensure faster
tending in sites prepared by spot mounding
(though trees are not planted in rows) than
in sites prepared by disc trenching.

Material and Methods

Evaluation of influence of spot mounding
on growth of Norway spruce was based on
trials from central part of Latvia (57°36" N
24°36’ E), located in middle of hemiboreal
forest zone (Barbati et al., 2007). Data on tree
height were collected in Norway spruce
stands established in two clear-cut areas
(sites), two replications per site. In autumn
of 2008 in one of the sites spot mounding
and disc trenching was applied, while
in other site spot mounding and no soil
preparation was done. In study sites in total
5 different forest types (classified according
to Buss, 1976): Myrtillosa, Hylocomiosa,
Oxalidosa (mineral soil, normal moisture
regime, arranged according to increasing
soil fertility), Myrtillosa turf. mel. (peat soil,
drained, fertile), Myrtilloso-polytrichosa
(mineral soil, wet, fertile), were represented.

Planting was carried out immediately
after soil preparation (in autumn) using
two year old containerized Norway spruce
seedlings with similar size in each of the
sites and treatments: height ranged from 16
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to 36 cm (average 23 + 0.5 cm), root collar
diameter: from 1.5 to 4.5 mm. Planting
material in both sites was from the same
provenance region (category: selected),
grown in the same nursery. After planting
in both sites regular treatment according
Latvian forestry practice was applied, i.e.
clearing from competing vegetation during
first 4 growing seasons.

In winter of 2014/2015 height of
all Norway spruce trees as well as last
three years annual height increment was
measured with the accuracy of 1 cm. Also
defects (broken tops, spike knots) were
evaluated and recorded, however frequency
of trees with them was low (< 2%) and
no specific tendencies in relation to soil
preparation method or site were detected.
As this study focuses on the height of vital
trees, data of damaged trees were excluded
from further analysis.

Tending time and quality was evaluated
in Myrtillosa mel. forest type (mineral soil,
drained, fertile), since it is characterized by
fast growth and high density of competing
ground vegetation, representing the most
challenging conditions for this work. Also
for this part of the study two clear-cut
areas (sites) were used. In each of the sites
spot mounding and disc trenching (two
replications per site) was applied before the
planting. Similar containerized seedlings
than in the first part of the study were
planted and, at the time of tending (end of
first vegetation season after planting), had
reached mean height of 28 £ 0.7 cm.

In each parcel (defined by replication and
site) four blocks of 0.25 or 0.5 ha (depending
on size of the parcel) were systematically
placed. On the longest diagonal of the blocks
10 circular plots (r =2.82 m, area 25 m?) were
systematically (even distances between the
centres) marked out. In each of these plots
assessment of ground vegetation (projective
area) was carried out before and after the
tending based on ICP Forest method (ICP
Forest, 2011), distinguishing five groups of
plants (shrubs, sprouts, half-shrubs, grasses,
other ground vegetation). Also area of bare
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soil in each plot, created in process of soil
preparation, was measured. Inventory was
carried out by a single person to ensure
comparability of the estimates. Mean height
of each vegetation group was measured in
each plot (accuracy 0.1 m). Tending was
carried out by 5 brush saw operators (the
same persons working in areas where spot
mounding and disc trenching was used) in
the end of August. Networking time (period
when the brush-saw was operated) as well
as total working time of the operators in
each of the blocks was recorded (accuracy
0.1 min).

Data analysis was carried out in
SPSS applying ANOVA and x? test. To
characterise the variance, 95% confidence
interval was used. One-way analysis of
variance and Tukey’s HSD test was used
to assess the differences of tree height (and
height increments) between particular
forest types and soil preparation methods.
To evaluate the impact of soil preparation
method, forest type, and interaction of
both factors, two-way analysis of variance
was used. Impact of the soil preparation
method on height growth of trees was also
characterised using dominant trees: highest,
corresponding to density 100 trees ha
(Donis, 2014).

The relation between tree height and
soil preparation method was also evaluated
comparing distribution of trees in different
height classes (h > 2.5 m; 2 <h <25 m;
1.5 <h<2m; h<1.5 m), in each of forest
type separately; x* test was use to assess the
differences of distribution. The differences
of projective cover and height of competing
vegetation before and after tending, as well
as the differences of the networking time
(and its proportion from total working time)
for sites with different soil preparation were
assessed by one-way analysis of variance
and Tukey’s HSD test.
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Results and Discussion

Growth of Norway spruce in relation to
soil preparation method
The forest type (p < 0.001), soil preparation
method (p < 0.001) as well as interaction of
both factors (p < 0.001) had significant ef-
fect on the height of trees at age of 8 years;
however statistically significant influence of
replication was not detected (p > 0.05).
Regardless of soil preparation method,
the highest (198 + 3.8 cm) mean tree height
was found on Oxalidosa forest type. Simi-
larly, largest mean height of Norway spruce
seedlings at the same age had been found in
Oxalidosa forest type also in Lithuania (Gra-
deckas & Malinauskas, 2005), conforming
the suitability of this forest type for estab-
lishment of productive spruce stands.
Mean tree height on mounds notably and
significantly exceeded that on unprepared
soil (height difference 27 cm, corresponding
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to 17.8%) or furrows (55 cm, 35.7%). Simi-
lar results were obtained also in analysis of
the distribution of trees in different height
classes: the proportion of highest trees was
significantly higher in spot-mounded sites
(Figure 1).

Consequently, mean height of dominant
trees in spot-mounded sites exceeded that
on disc-trenched ones significantly (p < 0.05)
in all forest types (Figure 2).

Detailed analysis demonstrated that dif-
ferences in tree height distribution between
soil preparation methods were significant
in Myrtillosa, Oxalidosa and Myrtilloso-
polytrichosa forest types. Similar trend was
noted in Hylocomiosa and in Myrtillosa turf.
mel. forest types, however, these differences
were non-significant (p = 0.05 and p = 0.53,
respectively). Differences were more pro-
nounced, when trees growing on mounds
were compared with those growing in un-
prepared soil: in these circumstances one

height < 1.5 m
® 1.5m < height<2m
® 2m<height<2.5m

m height > 2.5 m

spot-mounding
unprepared
spot-mounding
unprepared

Distribution of trees in height groups at the age of 8 years in different forest types: Myrtillosa (A),

Hylocomiosa (B), Myrtillosa turf. mel. (C), Oxalidosa (D), Myrtilloso-polytrichosa (E).
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third of trees in Oxalidosa forest type and as
much as two thirds in Myrtilloso-polytrichosa
forest type were lower than 1.5 m. Similar
influence of soil preparation method on tree
height distribution in young Norway spruce
stand was found also in Finland (Uotila et
al., 2010).

Differences in mean height of the trees
(Figure 3) were significant (p < 0.05) in most
of the forest types - on mineral soil with
normal moisture regime (Myrtillosa, Hylo-
comiosa, Oxalidosa) and on wet mineral soil
(Myrtilloso-polytrichosa). Less pronounced (p
= 0.09) differences were found on drained
peat soil (Myrtillosa turf. mel.), presumably
due to impact of frost heave. Frost heave
primarily affects areas on drained peat soils
in Latvia (Mangalis, 2004). Study in cen-
tral Finland found that it has been present
mainly on areas with ditch mounded and
inverted soil (Heiskanen et al., 2013).
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Similar to our results, superior height
growth of trees planted on mounds had
been found also in numerous studies in
Sweden and Finland (Saarinen, 2007; Lehto-
salo et al., 2010; Uotila et al., 2010; Hallsby &
Orlander, 2013). Even so the reported (Or-
lander et al., 1990, 1998) differences in tree
height between the soil preparation meth-
ods were smaller than those found in our
study, presumably due to slower growth in
more northern climatic conditions. Positive
effect of spot-mounding might be a results
of improved availability of nitrogen (faster
mineralization) at the second and third
growing season (Smolander & Heiskanen,
2007; Nieminen ef al., 2012) thus increasing
the biomass and root growth of seedlings
(Nordborg et al., 2003). In this respect both
soil treatments with humus removal as well
as planting in un-prepared soil yielded the
worst results (Nordborg et al., 2003). These
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findings are in line with our results where
largest height differences were found be-
tween spruces growing on mounds and
on unprepared soil (Figure 3). Lack of soil
scarification leads to much more frequent
pine weevil damages even if the plants are
treated by insecticide in the nursery (Heis-
kanen et al., 2013). For example, study in
Finland had found 76% of Norway spruce
seedlings gnawed in unscarified spots dur-
ing first growing season in field in contrast
to only 1% gnawed on mounded spots
(Heiskanen & Viiri, 2005). Seedlings dam-
aged by pine weevil were less vigour and
had smaller height increment (Heiskanen
& Viiri, 2005; Heiskanen et al., 2013). Since
our trials were established in fresh conifer-
ous clearcuts, usually most affected by pine
weevil, reduction of impact of this insect
might be an important factor causing the
observed differences in tree height distribu-
tion (Figure 1).

Mounding had produced better estab-
lishment and initial growth of Norway
spruce plantations than patching or disc

trenching due to combination of reduced
seedling damage, improved thermal condi-
tions and improved availability of nutrients
(Kankaanhuhta et al., 2009; Heiskanen et al.,
2016). Improved vigour in first years may
have led to larger height increment of trees
later on, as demonstrated by our results
(Figure 2). Height increment of dominating
trees of the last three growing seasons was
larger in spot-mounded sites in comparison
to disc-trenched ones. It showed significant
differences in Myrtillosa and Hylocomiosa
forest types during the eighth growing
season, and in Myrtillosa type during the
seventh growing season; however no sig-
nificant differences were found during the
sixth growing season. Height increment of
the eighth and seventh year in areas with
spot-mounding was higher also than in ar-
eas without soil preparation, but in the sixth
growing season significant differences were
found only in Myrtilloso-polytrichosa forest
type (p < 0.05). Inter-annual differences in
the results might be caused by variation of
meteorological conditions affecting height
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increment. Overall our results are in line
with findings in Finland, demonstrating
that mean height increment of spruces
planted on mounds was slightly higher than
for those planted in furrows (23.7 £17.4 and
20.6 + 13.6 cm, respectively) leading to sig-
nificant differences in height of trees at the
end of 9" growing season (Saksa et al., 2005).

Tending in relation to soil preparation
method
Our results showed no differences in the
abundance of ground vegetation on sites
with spot mounding and disc trenching, if
adjusted for the area of un-prepared soil.
However, the actual mean projective cover
of ground vegetation before the tending was
significantly higher in spot-mounded sites
in comparison to disc-trenched sites: 78 and
54%, respectively.

Earlier studies in similar climatic condi-
tions had found, that soil preparation meth-
od determines the shading of seedlings and
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thus the need for tending; the least shaded
were seedlings planted on wide (100 cm)
furrows and 30 cm high mounds (Suchockas
et al., 2014). So both of the soil preparation
methods analysed in our study can yield
similar results in relation to vegetation
competition. Soil preparation increases the
ground vegetation species richness (Baland-
ier et al., 2006), but not necessarily its impact
to seedlings. Impact of ground vegetation is
related to its vicinity to the seedling and de-
layed by soil preparation depth and width
(Suchockas et al., 2014).

The sprouts, half-shrubs and grasses
were the most abundant (85-89%) type of
competing vegetation in both spot-mound-
ed and disc-trenched sites. The proportion
of these vegetation groups was similar
within sites with different soil preparation
methods (Figure 4).

The mean weighted (the projective cover
used as weights) height of vegetation was
similar (p > 0.05) for sites with both types



Influence of spot mounding on height growth and tending of Norway spruce: case study in Latvia

90 - - 600
X 80 A ‘_';q
s F 500 <
£ 70 - £
8 E
S 60 F 400 o
= E
5 50 - =
> F 300 E
o 401 B
£ =
2 30 F 200 &
o =
£
S 20 A

r 100
10 — -
0 i 0
before ‘ after before ‘ after
Spot-mounding Disc trenching

B Competing vegetation cover

Figure 5.

Sites

B Net working time

The competing vegetation cover (+ confidence interval) before and after tending, and net working

time (+ confidence interval) in spot-mounded and disc-trenched sites.

of soil preparation. The height of grasses
significantly exceeded that of other veg-
etation groups in spot-mounded sites. In
disc-trenched sites, grasses and half-shrubs
(mostly raspberries) were significantly high-
er than other vegetation groups. Similarly,
grasses were the dominant ground vegeta-
tion type in second and third year after the
clearcut in forest types on fertile soil also in
Lithuania. Height of weeds were similar on
ploughed berms and mounds (Suchockas et
al., 2014). Grasses had been noted as most
significant competitors, capable to reduce
height-growth of seedlings, primarily due
to fast root growth and consequently in-
tensive water uptake by graminoids (Coll
et al., 2003). In order to reduce this impact,
need for tending was similar in both disc-
trenched and spot-mounded sites.

The projective covers of vegetation
after tending was significantly lower in
spot-mounded (5%) in comparison to disc-
trenched (13%) sites (Figure 5) and the mean

height of it did not differ significantly (p >
0.05). Statistically significant impact of repli-
cation on vegetation cover was not detected.

The networking time, as well as its pro-
portion from total working time was simi-
lar (p > 0.05) for sites with different soil
preparation: 478 min/ha™ (67 + 9.7%) and
462 min/ha? (68 + 8.3%) in spot-mounded
and disc-trenched sites, respectively.

Conclusions

Soil preparation method had significant ef-
fect on height of Norway spruce trees at the
age of 8 years: planting on mounds resulted
both in higher mean height as well as larger
proportion of highest trees in comparison to
planting on furrows or in unprepared soil.
The difference between height increment of
dominant (the highest 100 trees ha™) trees
in spot-mounded and disc-trenched sites
increased gradually along with the age of
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the trees: from the average of 7 cm (14%)
during the sixth growing season to 17 cm
(20%) during the eighth growing season.
Tending in site prepared by spot mounding
was as effective as in site prepared by disc
trenching, reducing the vegetation cover to
a negligible 5 and 13%, respectively. Also
the speed of the operation was unaffected
by soil preparation method.

Overall the results suggest a great poten-
tial of spot mounding to improve the early
growth of planted Norway spruce stands.
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Abstract: Wood ash recycling can be a reasonable method for energy producers to decrease waste
problems. Using wood ash as a fertilizer or liming material could improve soil macro and micronutrient
content in peat soils. Therefore, the effect of wood ash on Norway spruce (Picea abies (L.) Karst) and
Scots pine (Pinus sylvestris L.) juvenile growth and nutrient content in the soil after spreading wood
ash in medium to high doses before and after planting seedlings was investigated in peat forests in
the Eastern part of Latvia. The aim of the study was to evaluate the effect of high doses of wood ash
on soil properties and the growth of planted Norway spruce and Scots pine seedlings up to 10 years
after experiment establishment. Wood ash was applied a year before planting seedlings in doses
of 5and 10 t ha~! and right after planting in concentrations of 5, 10, 15, and 20 t ha~!. Changes in
macronutrient content (i.e., phosphorus [P], and potassium [K]) and tree height and diameter at
breast height were measured at one and 10 years after establishing the experiment. Fertilization one
year prior to planting the seedlings exhibited a positive response on tree height and diameter growth
compared to fertilization after the seedlings were planted. Soil samples from fertilized plots one year
after establishment contained more P and K in the soil than the control plots. Wood ash application of
the highest doses did not reach the overdose limit, as the tree growth (height and diameter at breast
height) results of fertilized plots were similar to those of the control fields; therefore, no significant
negative effect on tree growth was discovered.

Keywords: fertilization; forest regeneration; liming; seedling growth; wood ash

1. Introduction

Wood ash application intensifies the increase of available nutrients in forest soils and improves
forest production, however the effects of wood ash on tree growth differ between peat and mineral
soils [1-5]. Wood ash fertilization has a long-lasting pH neutralizing effect on the soil organic layer
and wood ash application counteracts soil acidity after forest harvesting of whole tree biomass
(including logging residues and, in some cases, even roots) for energy production [4-6]. Therefore,
wood ash could be used as an alternative mineral fertilizer and liming material because it primarily
consists of metal oxides, hydroxides, carbonates, salts, and soil minerals [6,7]. Recycling ash may
contribute to sustainable forest management, and it can be an environmentally acceptable solution to
the waste problems of energy producers [8]. In Latvia, wood chip ash is deposited on waste disposal
sites; thus, only a minor portion is used for fertilization and liming in farms. However, according to
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the State Plant Protection Service registry data, interest in wood ash as a fertilizer has grown in the last
few years, and currently, 24 companies have registered wood ash as a liming material.

Studies on the effect of wood ash application and soil chemistry of forest ecosystems have been
carried out in Fennoscandia [8,9], and several small-scale experimental trials of wood ash usage for
forest soil fertilization and liming were established in Latvia [10-13]. These studies have found that
the utilization of ash by moving it back to forest mineral elements after the burning of organic matter
for energy production could be defined as the “recycling of nutrients”, “fertilizing”, and “liming”.
These methods are effective for stabilizing soil pH, enriching the soil with phosphorus (P), potassium
(K), and micronutrient elements (zinc, boron, copper, etc.), especially in peat soils (due to the fact that
wood ash does not contain nitrogen, however peat soils are nitrogen rich in comparison to mineral
soils where nitrogen is the growth limiting element), and decreasing the need to deposit wood ash in
waste disposal sites or landfills [14-24].

In general, no short-term growth effect of wood ash application has been found on mineral soils;
however, recycling wood ash and using it as a fertilizer with other macronutrients or fertilizers may
affect stand growth in different ways over a longer period [5]. On nitrogen (N) rich organic soils,
a substantial growth increase is usually seen [25,26]. However, wood ash application can deplete
organic carbon (C) in locations with N-rich soil [27]; therefore, experiments and investigations are
needed to determine the potential and ecological consequences of wood ash recycling. The application
of wood ash leads to changes in mycorrhizal fungi communities, increased species richness, and higher
Shannon diversity index in fertilized plots compared to control plots [28].

The share of wood as a renewable fuel for energy and the increase in pellet production are factors
that re-actualize investigations about the effect of wood ash as a source of nutrient elements for forest
trees in the long term, therefore such investigations were done on experimental fields established
several years ago. If forests within the Nordic and Baltic regions functioned as a “deposit” for the wood
ash coming from the total harvest of wood for energy within the region, then the forests would receive
an average of 0.2t0 0.5 t ha™?! of dry wood ash within one rotation period [8]. Recommended wood
ash doses in the rotation period are 1-2 t ha™! and 0.7-1.5 t ha™! for Norway spruce (Picea abies (L.)
Karst) and Scots pine (Pinus sylvestris L.), respectively [29]. In the trial, high doses of wood ash are
used to determine both positive and negative effects on plant development at an early stage and to
assess the effects on the nutrient elements in the soil. Therefore, the aim of this study is to characterize
the influence of high doses of wood ash on soil properties and the growth of Norway spruce and Scots
pine seedlings up to 10 years after planting.

2. Materials and Methods

2.1. Study Site

The research site is located in the Kalsnava district in the central part of Eastern Latvia (56°42" N.
latitude, 25°50” E. longitude), approximately 150 km from the Baltic Sea. The research area is located on
the border between continental and marine climate conditions. The average air temperature is +5 °C to
+6 °C (January -5 °C to 6 °C, July +16 °C to +18 °C). The average precipitation in previous years before
planting was 797 mm [10]. The experiment was established on restoration site on homogenous drained
fertile (grass) peat soil in the forest type Myrtillosa mel. [30]. Experimental plots were divided into
4 random blocks and total study site area was 0.2 ha, thus a single experimental plot size on average
was 2.7 m2. The study site design is presented in Klavina et al. [31]. Soil was prepared manually in
each plot, the understory plants were removed, and the top soil layer was overturned.

The study site consists of 46 experimental plots (with 50 cm buffer zones between the plots)
established with two tree species: Norway spruce and Scots pine. Altogether 18 spruce plots and
28 pine sample plots were established with two years old spruce containerized seedlings and one year
old pine containerized seedlings obtained from JSC “Latvia’s State Forests” tree nursery. The seedlings
met basic operational standards in terms of seedling morphological parameters. In each experimental
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plot, approximately 70 containerized seedlings were planted in rows with 0.5 x 0.5 m spacing (Figure 1).
The experimental plots of the Norway spruce consisted of randomly assigned plots with six replications
for control and twelve replications with fertilization. Wood ash in doses of 0 (control group) and
5and 10 t ha™! (medium dose before) was applied in May 2003—one year before the spruce stand
establishment. For Scots pine, the experimental plots consisted of randomly assigned plots with 6
to 8 replications for each type, where wood ash was applied a year prior to planting (in May 2003)
in doses of 0 (control group) and 5 and 10 t ha™! (medium dose before). In May 2004, in each plot
seedlings were planted and the wood ash with doses of 0 (control group), 5 and 10 t ha~! (medium dose
after), or 15 and 20 t ha™! (high dose after) was applied afterwards. Wood ash was applied manually
on all the study plots (same method prior and after planting) with a surface spread approach.

Figure 1. Experimental plots of wood ash fertilization (1 = experimental plots in the year 2004, 2;
3 = plots fertilized one year before planting seedlings, 4 = experimental plot fertilized right after
planting seedlings) [10].

The medium dose (5 to 10 t/ha™!) of wood ash was calculated and assumed to last for a 5-year
period, with the high dose (15 to 20 t ha™!) of wood ash calculated to last for a 10-year period. The ash
used for the experiment was alkaline (pH = 12.44); its nutrient content was average compared to
that found by other scientists (Table 2). The experiment soil analysis established that the trial was
conducted on an N-rich site; therefore, no additional N fertilizer was added.
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One year after the experiment establishment, approximately half of the seedlings were removed
from the sample plots for the investigation of root and stem biomass. Moreover, 10 years after the
establishment of the experiment, the tree height and diameter at breast height (DBH) of the surviving
and standing dead trees were measured. Originally, standing dead trees were measured to assess
information of tree dimensions (H and DBH) at which self-thinning due to species competition occurred
and at what wood ash doses. A sampling of the soil for nutrient analysis was conducted in each plot.
Soil samples were taken from every experimental plot at four depths (0-10 cm, 10-20 cm, 2040 cm,
40-80 cm).

Soil samples were prepared for analyses according to the LVS ISO 11,464 (2005) standard, and the
parameters evaluated in the soil samples were the total N content using the modified Kjeldahl method
according to LVS ISO 11,261 (2002). The available phosphorus (P-PO4~3) content was determined
according to LVS 398 (2002), and the exchangeable K was extracted with ammonium acetate and
determined using flame atomic emission spectroscopy.

2.2. Data Analysis

The generalized linear model was used to determine the significance of differences among the
plots with various wood ash treatments. Mixed effect models were used for analysis where the plot
ID was taken as a random factor, and the year of fertilization and dose combination were used as
influencing factors.

3. Results

3.1. Fertilization Effect on Soil Chemical Composition one Year Afterwards

Wood ash is a source of K, and after fertilization, additional amounts of macronutrient elements
are available for tree development. The K content in the soil of the pine sample plots one year
after the application of wood ash increased two to six times in comparison to the control plots,
depending on wood ash concentration (Figure 2). The content of K in the control plots was an average
of 6.1 +2.0 mg kg’l, but after treatment with wood ash, the K content in the soil increased two to
six times in the first year (differences are statistically significant). In the sample plots where wood
ash was applied in medium doses (5 to 10 t ha™!) before planting the seedlings, the K content was
11.9 + 2.1 mg kg~'. However, treatment with medium doses (5 to 10 t ha™') right after planting resulted
in K increases of up to four times (25.5 + 9.5 mg kg 1), but high doses (15 to 20 t ha™!) of wood ash
resulted in a K content of 37.8 + 9.8 mg/kg, which increased up to six times in comparison to the control
field. In the spruce sample plots, the K amount in the control field was 6.0 + 1.7 mg kg™!. In plots
where wood ash was applied before planting, K increased to 7.9 + 2.0 mg kg’] ; however, no significant
differences were observed.

Phosphorus (P) is one of the problematic or even lacking macronutrient elements in acid peat
soils. The content of P in the soil after the application of wood ash was higher in comparison to the
pine control plots. The average amount of P in the control plots was 0.22 + 0.06 g kg™!, but after a
year of the ash treatment, the P content in the soil increased by approximately two to three times in
all sample plots (Figure 3). The lowest amount of P (0.43 + 0.26 g kg™!) between plots (excluding
the control) occurred with the medium dose (5 to 10 t ha™!) of ash applied a year before planting.
The application of medium doses of ash after planting resulted in a significant increase in P content to
0.53 + 0.17 g kg~!, but treatment with high doses (15 to 20 t ha™!) of ash exhibited the highest content
of P in the soil at 0.57 + 0.14 g kg~!. In spruce sample plots, the P content in the soil increased in
fertilized plots in comparison to the control plots. The lowest P amount in the soil was observed
in the control plots (0.31 + 0.05 g kg™1); however, in the fertilized plots, the P content increased to
0.53 + 0.18 g kg~'. The differences were noticeable but not statistically significant (p > 0.05) between
the control and fertilized spruce plots.
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Figure 2. Content of potassium (K) in the soil a year after planting the seedlings fertilized using
different wood ash doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to 10 t ha™! =
medium dose after planting seedlings, 15 to 20 t ha™! = high dose after planting seedlings, and control
= untreated plots, 0 t ha™!; SP: Scots pine, NS: Norway spruce; the confidence interval is represented by
vertical error bars, * indicates significant differences between treatments).
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Figure 3. Content of phosphorus (P) in the soil a year after planting seedlings fertilized using different
wood ash doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to 10 t ha™! = medium dose
after planting seedlings, 15 to 20 t ha™! = high dose after planting seedlings, and control = untreated,
0 tha™! plots; SP: Scots pine, NS: Norway spruce; the confidence interval is represented by vertical
error bars, * indicates significant differences between treatments).

After wood combustion, most nutrients (except N) are retained in the ash, and the ash can be
used for soil amendment, altering the soil properties. The ammonium (NHy) content in the soil of pine
plots varies from 9.3 + 1.4 g kg™! (high dose after planting) to 12.3 + 3.0 g kg™! (medium dose prior to
planting); however, the changes are not significant after wood ash application with any dose; thus,
the highest nitrogen content after one year was observed in plots where ash was applied a year before
planting the pine seedlings (Figure 4). Similar tendencies were observed in spruce plots, where the
highest N content was observed in sample plots where wood ash was applied (10.8 + 0.9 g kg™),
and the lowest amount was in control plots (9.6 + 2.1 g kg’l). However, no significant differences
were observed.
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Figure 4. Content of NHy in the soil a year after planting seedlings fertilized using different wood
ash doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to 10 t ha™! = medium dose
after planting seedlings, 15 to 20 t ha™! = high dose after planting seedlings, and control = untreated
plots, 0 t ha™%; SP: Scots pine, NS: Norway spruce; the confidence interval is represented by vertical
error bars).

3.2. Ten Years after Fertilization

After 10 years, no significant difference (p > 0.05) was observed between sample plots; however,
in a 10-year period, the P content available for plants in soil in pine control fields was 1.8 + 0.31 g kg™!
(Figure 5). In pine dominated plots where wood ash was applied a year before planting, the content also
reached 1.8 + 0.37 g/kg. The application of a medium dose of ash after planting resulted in a P content
increase to 1.6 + 0.24 g kg™!, but treatment with high doses (15 to 20 t ha™!) increased the P content
in the soil to 1.7 + 0.27 g kg™!. In spruce plots, the P content in control plots was 1.86 + 0.27 g kg™!,
while in fertilized plots the P content reached 2.2 + 0.34 g kg™!.

control ——F——
QE) high after —t—
o o
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Figure 5. Content of phosphorus (P) in the soil 10 years after planting seedlings fertilized using different
wood ash doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to 10 t ha™! = medium dose
after planting seedlings, 15 to 20 t ha™! = high dose after planting seedlings, and control = untreated
plots, 0 t ha™!; SP: Scots pine, NS: Norway spruce; the confidence interval is represented by vertical

error bars).
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Ten years after the application of wood ash, differences in K content between treated and untreated
plots are not as marked because the control plots have the highest K content (372.5 + 102.1 mg kg™!)
in comparison to other pine-dominated plots (Figure 6). However, in spruce plots, the situation is
inverted because the K content in control plots had a value of 270.9 + 71.3 mg kg~!, but in fertilized
plots, the K content was 299.6 + 65.3 mg kg~!. In addition, the N content in the soil 10 years after wood
ash application did not differ statistically significantly between tree species or wood ash doses. The N
content in the soil varied from 25.4 + 1.8 g kg™! (medium dose before planting) to 27.6 + 2.0 g kg™
(control group) in pine-dominated plots and from 26.8 + 3.4 g kg™! (control) to 27.3 + 2.2 g kg~!
(fertilized) in spruce sample plots.

control —}
2 high after ——
2 o
o 9] )
o 3 medium after )
=
w
©
-§ medium before ]
=
control ——
o Qo
Z “  medium before T
0 100 200 300 400 500

K content, g kg

Figure 6. Content of potassium (K) in the soil 10 years after planting seedlings fertilized using different
wood ash doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to 10 tha™! = medium dose
after planting seedlings, 15 to 20 t ha™! = high doses after planting seedlings, and control = untreated
plots, 0 t ha™!; SP: Scots pine, NS: Norway spruce; the confidence interval is represented by vertical
error bars).

3.3. Growth of Fertilized Trees

Fertilization effects on pine seedling morphological parameters differed between applied wood
ash doses and the control plot (Table 1). After one year, the plots where wood ash was applied a year
before planting had higher values than the control plot in all analyzed parameters (seedling height,
aboveground biomass, root mass, and root mass and plant mass proportions). The Scots pine height
in the control plots was 15.2 + 0.3 cm. In plots where fertilization was carried out in medium doses
before planting, the tree height was 15.8 + 0.4 cm. Overall, applying fertilizers in medium doses prior
to planting pine seedlings has a positive effect on tree biomass growth.

Further, the analysis was applied to pine dominated plots where fertilization was done right after
planting seedlings. No significant differences (p > 0.05) were observed for sample plots with medium to
high doses after planting compared to control fields after one year of establishment (Table 1). Applying
medium doses of wood ash after planting had lower results than in control fields where the tree height
was 15.2 + 0.3 cm, but in plots with medium and high doses, the height was 14.9 + 0.3 cm. A similar
trend was observed for aboveground biomass where the control plots had higher values than the
medium to high dose sample plots.

Fertilization effects on spruce growth and biomass one year after establishing the experiment
between control and sample plots were analyzed where the wood ash application was carried out a
year before planting. The control plot had lower values in all analyzed parameters (aboveground
biomass, root mass, and root mass/plant mass proportion), and the fertilization effects on root biomass
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and root and plant mass proportion differed significantly between experimental plots, thus wood ash
application improved seedling morphological development (Table 1).

Table 1. Pine and spruce seedling morphological parameters (mean value + standard deviation) one
year after applying wood ash in various doses (5 to 10 t ha~! = medium before, 5 to 10 tha™! = medium
after, 15to 20 tha™! = high after,and 0 t ha ! = control) [10].

Variant  Trespedes it SRR ReotMassg o s
Control Scots pine 152+0.3 3.11+£0.13 1.19 + 0.05 277+ 0.6
Medium before Scots pine 158 +04* 3.71+017* 1.43+0.08 * 28.0+0.8
Medium after Scots pine 149+0.3 290 £0.11 1.26 + 0.06 302+ 0.7
High after Scots pine 149+0.3 283 +£0.12 1.16 + 0.06 29.7 £ 0.7
Medium before =~ Norway spruce - 0.60 + 0.04 * 0.26 £ 0.02 * 305+09*
Control Norway spruce - 0.53 +0.03 0.23 +0.02 29.6+0.7

* indicates statistically significant differences (p < 0.05) between treatments [10].

Pine growth was not significantly affected by the amount of wood ash application after the stand
establishment (planting); however, some tendencies were observed after a 10-year period (Figure 7).
The application of ash one year prior to the planting had a positive effect on the height growth of pines
(increasing from 3.8 + 0.4 m in the control plots to 4.4 + 0.6 m in the fertilized plots with a medium
dose before planting), and the effect was not dependent on the dose of wood ash. The lowest height of
trees (3.3 + 0.4 m) was monitored in plots where high doses of wood ash were applied after planting.

55.0 12.0
50.0
45.0 10.0
80 w0 £
E =
S 300 W
% 25.0 60 3
S 200 1 ¢ a0 O
15.0 { + . * ToF
10.0 2.0
5.0
0.0 0.0
control  high after medium  medium a* medium
after before control before
Scots pine Norway spruce

Wood ash dose

Figure 7. Mean diameter at breast height (DBH) and height of trees planted on sample plots using
different wood ash fertilization doses (5 to 10 t ha™! = medium dose before planting seedlings, 5 to
10 tha™! = medium dose after planting seedlings, 15 to 20 t ha™ = high dose after planting seedlings,
and control = untreated plots, 0 t ha™'; SP: Scots pine, NS: Norway spruce) 10 years after establishment
(gray bars indicate DBH, black dot denotes tree height, and the confidence interval is represented
by vertical error bars, * indicates significant differences of DBH between treatments, a—indicates

significant height differences between treatments).

No significant DBH differences were observed for pine plots where the application of ash was
done a year after, however the application of ash one year before planting had noticeable positive
effect on pine radial growth (Figure 7). The tree DBH for control fields was 31.2 + 5.8 mm, but for plots
fertilized prior to planting, the DBH was 44.5 + 10.2 mm. Other fertilized plots exhibited rather similar
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results, yet lower values than those of the control fields. Overall, applying wood ash one year before
planting seedlings demonstrates a noticeably higher but non-significant difference in tree height and
DBH in comparison to any other sample field.

Wood ash application has significantly positive (p < 0.05) effects on the spruce height and diameter
growth after 10 years for wood ash application in comparison to the control treatment (Figure 7).
The DBH for the control plot after 10 years was 21.9 + 1.4 mm, whereas in the fertilized sample plots,
the DBH increased to 26.4 0 + 1.8 mm. In addition, the height increment also differed significantly
between sample plots. The tree height in the control plot was 2.9 + 0.11 m, but in the fertilized plots,
the height reached 3.4 + 0.13 m.

3.4. Dead Standing Tree Parameters

Scots pine height of alive trees in sample plots ranged from 1.45 t0 5.08 m, 1.3t0 6.03 m, 1.2t0 6.65m
and 1.59 to 5.41 m in control plots, plots fertilized prior planting, plots fertilized after planting with
medium doses and plots fertilized with high doses, respectively. In spruce sample plots, the tree height
of alive trees ranged from 1.25 to 4.43 m and 0.64 to 5.03 m in control and fertilized plots, respectively.

After 10 years, the average height of dead standing trees in spruce sample plots was 1.75 + 0.31 m
and 1.63 + 0.1 m in control and fertilized plots, respectively. In pine dominated plots, the average
height of dead standing trees was 1.46 + 0.05 m, 1.74 + 0.39 m in control and plots fertilized prior to
planting, respectively. In pine sample plots where wood ash was applied after planting the seedlings
in medium and high doses, the average tree height was 2.13 + 0.31 m and 2.52 + 0.57 m, respectively.

4. Discussion

Wood ash chemical content used in our experiment was average compared to chemical content
used in other fertilization studies (Table 2). Soil chemical content of different wood ash application
doses is summarized in Supplementary Material (Table S1).

Table 2. Chemical content of wood ash used for the experiment, %.

Range of Wood Ash Chemical Content

Elements Wood Ash Chemical Content, % [10] in Other Studies, % [32,33]
Phosphorus (P) 0.92 0.3-1.4
Potassium (K) 2.30 1442
Calcium (Ca) 22.0 7.4-33.1
Magnesium (Mg) 1.50 0.7-2.2
Silicon (S) 0.38 0.4-0.7
Iron (Fe) 0.39 0.3-2.1
Manganese (Mn) 0.67 0.3-1.3
Zinc (Zn) 0.11 0.0004-0.0820
Copper (Cu) 0.0054 0.0052-0.0289
Molybdenum (Mo) 0.000125
Boron (B) 0.0158 0.0022-0.0225
Sodium (Na) 0.093

Some of the most prominent effects of wood ash application are the decreased soil acidity, and
increased mineralization rate of forest soil [8]. Some of the elements in wood ash are quickly leached
into the soil, for example, content of K can be found in the soil at deeper levels shortly after the
application of ash [9]. In our study, the content of K between the control and experimental plots differed
substantially, as the wood ash treatment increased the soil K content up to six times in plots with high
doses (Figure 2). Similar results have been reported in Finland, where wood ash fertilization already
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had a positive effect on potassium deficit decrease in soil one year after ash application [19]. However,
the lowest K content in the soil was found for plots (excluding control plots) where the wood ash was
applied a year before planting, which demonstrates the quick K infiltration process. Such an increase
in K content in the soil testifies to the lack of availability of this element for trees, as presumably,
K can be a limiting factor for growth in the sample fields. No significant differences were observed
for spruce-dominated sample plots. After 10 years, the differences were not as pronounced, as the K
content in the soil was similar in all the study plots (Figure 6).

On drained peatlands the availability of P and K limits tree growth; therefore, a significant increase
in needle mass and content of both macronutrients in the soil can be observed in the wood ash fertilized
stands after a long period [19]. In this experiment, after one year, the content of P increased significantly
in pine-dominated plots where ash was used after planting seedlings. More wood ash resulted in
a higher content (Figure 3); such results have also been reported by I. Stupak [8]. Even with an ash
application with high doses, no significant differences were observed after the 10-year period (Figure 5).
For spruce-dominated plots, the P content in the fertilized plots increased noticeably in comparison to
the control plots, and the differences can be observed even after 10 years; however, the differences
were not statistically significant.

Fertilization experiments in Nordic countries performed in Scots pine stands showed that N was
the only element that demonstrated a significant effect on tree growth [34]. However, the soil in the
study site was N rich; therefore, additional macronutrients for growth were not added, except the
wood ash which is rich in P, K, and other micronutrient elements (Table 1). The N content in the soil at
one and 10 years after the wood ash application did not statistically significantly differ between tree
species or wood ash doses (Figure 4). Trees use N in their growth processes; therefore, the N content
decreases after planting seedlings, but the application of wood ash initiates the decomposition of
organic soil [15,18,35]. A higher content of N in the soil after fertilization with wood ash was observed,
and plants use it for their metabolic processes. The obtained tree biomass could be a result of the
decomposition of organic soil; however, after 10 years, these processes slow down.

Tree height and DBH 10 years after wood ash fertilization did not exhibit big differences for plots
where fertilization was applied after planting the seedlings. However, in plots where fertilization was
done before planting, the tree height and DBH were larger compared to the control fields (Figure 7).
Height and DBH in the fertilized spruce sample plots were significantly higher than in the control
fields. Applying fertilizers before planting lets the macronutrients leach into the soil, which made it
easier for spruce seedlings to absorb these elements efficiently right after planting. Our findings are in
accordance with previous studies, where the initial fertilization effect can significantly increase tree
dimensions up to 15 years after fertilizer application [36].

High doses of wood ash fertilizer did not result in an increase in tree height or DBH for Scots
pine. The study results showed rather similar average height values compared to the control plots.
The height of the trees was the lowest in plots where the most wood ash was used and was the highest
in fields where fertilization was done before planting the seedlings (Figure 7). Similar results have been
reported in previous studies where high doses (up to 20 t ha™!) of wood ash were not found to be toxic
or cause significantly lower growth parameters for trees [37,38]. Therefore, a limiting factor for growth
might be other nutrients that are not applied with the wood ash. Most often in studies, the addition of
N is recorded as the only treatment, which can provide a significant tree biomass increase on mineral
soils [6]. Furthermore, studies from Estonia, where young Scots pines growing on mineral soils were
examined, showed no significant differences in the height and radial growth of trees on plots treated
with 2.5 to 5 t ha™! of wood ash [39], but an increase occurred after the application of 3 t ha™! with
150 kg ha™! of N [22]. Therefore, the role of N in the soil is an important factor. However, as mentioned,
in the current study, the N content in the soil was sufficient, and no significant differences between
sample plots were observed (Figure 4).

From the economic point of view, the transportation and mechanized spreading of wood ash are
expensive processes. The initial fertilization is a technically simpler method than the application of
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fertilizer after planting and later before thinning the trees. Therefore, applying wood ash fertilizer in
higher intensity prior planting could be practiced in forest management. The application of high doses
of wood ash, despite their high expenses, did not improve pine growth more than in other fertilized
plots. Wood ash application in different doses prior planting had a positive influence on spruce growth
parameters. Soil properties increased in all plots where ash was used; thus, on peatlands, fertilization
can increase P and K content even in high doses. Therefore, it is economically acceptable to use lower
doses of ash but apply them before planting seedlings because spruce sample plots exhibit better
results than control plots. In contrast, the application of wood ash did not cause increased decaying or
mortality. The mortality could be explained with species competition, as the average height of dead
standing tree was low (close to minimal tree height in the sample plot). Therefore, the analyzed wood
ash does not have a significant negative influence on tree growth even with high doses.

5. Conclusions

Wood ash is a long-term fertilizer and liming material with a significant effect on P and K content
in the soil of pine-dominated plots in the first year after application of wood ash. The effect of
fertilization is still present in the soil even 10 years after planting the seedlings. Using fertilizers in
medium doses (5 to 10 t ha™!) a year prior to planting increases tree biomass in the short term and
significantly increases the tree height and DBH in the long term in spruce stands compared to the
control plots. In plots where the same amount of wood ash (5 to 10 t ha™') was applied after seedlings
were planted, the results of the tree height and DBH are similar or lower compared to the control plots.
High doses of wood ash have growth parameters that are similar to the control plots, but despite
the higher content of soil macronutrient elements, high doses of wood ash do not seem to reach the
overdose limit. Therefore, an economically acceptable and sustainable management option for wood
ash application would be to apply medium doses of wood ash a year prior to planting rather than
using high doses.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2071-1050/12/
22/9479/s1.
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*  The initial fertilization increased the productivity of Picea abies increasing stem volume by
17% at the age of 34 years.

*  The tree-ring width was affected for up to15 years.

*  The fertilization did not affect mean tree-ring density, although the latewood density was
increased.

Initial fertilisation, when the fertilizer is supplied during the plantation, is applied to improve the
competitive ability of the seedlings and hence to increase their growth and productivity; however,
fertilization could also alter wood properties and timber quality. In this study, the dimensions
and tree-ring parameters — width, proportion of latewood, maximum and mean density, mean
earlywood and latewood density — of initially fertilized (by 14, 6 and 11 g of N, P and K per
seedling, respectively) Norway spruce (Picea abies Karst.) growing in an experimental planta-
tion in Kalsnava, Latvia (temperate climate region) were assessed. The fertilization significantly
increased the dimensions of trees in long-term (ca. 17% increase of stemwood volume). The
analysis of tree-ring width suggested that the duration of the effect was ca. 15 years. The maxi-
mum and latewood density were higher for the fertilized trees only in a few years. The mean and
earlywood density of tree-rings were mainly similar for both treatments. Altogether, considering
the one-time application of a limited amount of fertilizer, such treatment had notable and lasting
effect on Norway spruce.
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1 Introduction

Fertilization is one of the most effective means of increasing the productivity of stands, especially
for the nutrient-demanding species (Nohrstedt 2001; Saarsalmi and Mélkonen 2001; Sicard et al.
2006). However, fertilization also alters wood properties such as cell wall thickness, affecting wood
density and hence the quality of timber (Mékinen et al. 2002; Lundgren 2004; Cao et al. 2008).
The gain from the fertilization might depend on the timing and manner of its application, as the
positive effect might be diminished by e.g. competition (Nohrstedt 2001) or leakage (Ingerslev
1997). Still, the positive effect of fertilization of young Norway spruce (Picea abies Karst.) has been
shown to persist up to eight years (Tamm 1965). The initial fertilization, when a limited amount
of fertilizer is applied locally, before or during the plantation, has been used to boost the early
growth of seedlings/saplings of spruce and hence to improve their competitive ability (Sicard et
al. 2006), which strongly affects further development of a stand (Sutton 1995; Hyt6énen and Jylhd
2008). However, a rather small effect of such management on the increment has been reported
(Sutton 1995). The effect of the initial fertilization on tree-ring properties and hence the physical
strength and/or conductive properties of wood has been studied poorly. The aim of this study was
to evaluate the effect of the initial fertilization on growth and tree-ring properties of Norway spruce
in Latvia. We hypothesised that fertilization had a lasting effect on tree-ring properties.

2 Materials and methods

The study was carried out in the eastern part of Latvia (56°42'N, 25°57 E). The topography of
the site was flat with elevation ca. 110 m a.s.l.; soil was loamy. Climate is mild, the mean annual
temperature is ca. +6 °C; the monthly mean temperature ranges from —6.4 to +17.1 °C in January
and July, respectively. The growing season extends for ca. 180 days. The annual sum of precipita-
tion is ca.700 mm; approximately half of it falls during the June—September period.

The experimental plantation of Norway spruce was established in 1982 in Hylocomiosa forest
type (Buss 1976), planting 4-year-old bare-rooted saplings from a local provenance, enclosed in
pressed peat capsules “Brika” (Rubtsow 1979), in prepared soil with the density of 4000 trees per
ha, in four blocks by 200 trees within each. Directly after the planting, each sapling received ring
fertilization at 10 cm distance, 14, 6 and 11 g of N (NH4NO3), P (superphosphate) and K (KNOs)
per sapling (equalling 56, 24 and 44 kg ha'!), respectively. The treatment was applied for the entire
blocks. Chemical weed control, by sprinkling simazine (3 kg ha'!) solution around the saplings,
was applied twice during the first year.

In October 2013, a 5-mm increment core at the breast height was collected from 30 fertilized
and 30 control undamaged dominant trees. In the laboratory, the increment cores were processed
using the LignoStation wood analysis system (RinnTECH Inc., Heidelberg, Germany). A high-
resolution (50 microns) wood density profile was acquired for each core using high-frequency
probe (Schinker et al. 2003). For each tree-ring, 1) width, 2) latewood width, 3) mean density,
density of 4) earlywood and 5) latewood and 6) maximum density was measured. The part of the
tree-ring with density > 50% of the maximum density was considered as latewood. Additionally,
data on height and diameter at 1.3 m height of 586 fertilized and 592 control trees were obtained
from the inventory conducted in February 2012.

Considering that the outermost tree-ring(s) were sometimes lost during the sampling, the
measured time series were crossdated and their quality was verified by a graphical inspection and
statistically using the program COFECHA (Grissino-Mayer 2001), based on the tree-ring width.
The time series, which had inconsistent dating, i.e. a match with the rest of the series both with
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and without a certain lag, were not used to avoid errors (Supplementary file 1, available at http://
dx.doi.org/10.14214/sf.1346). The time series of the measured tree-ring parameters of 24 fertilized
and 24 control trees were crossdated consistently and passed the quality check. The comparison
of tree-ring parameters of the analysed and the rejected trees is shown in Supplementary file 2.
The proportion of latewood width (latewood width/tree-ring width) was calculated to describe the
composition of tree-rings. The similarity of mean time series of the fertilized and control trees
was described by Pearson correlation and Gleichlaufigkeit (GLK) coefficients (Speer 2010). The
tree-ring parameters for each year, mean time series of parameters and dimensions between the
fertilized and control trees were compared by a t-test.

3 Results

The initial fertilization resulted in significantly (p-value < 0.01) higher dimensions (by ca. 3%
and 7% and 17% for height, diameter and volume of stem, respectively) of spruce at the age of
34 years (Fig. 1). Statistics of the crossdated time series of the tree-ring parameters are shown in
Table 1. The fertilization affected wood properties of Norway spruce as shown by the significant
differences in mean values of some tree-ring parameters between the fertilized and control trees.
The maximum and latewood density was significantly higher and the mean proportion of latewood
was significantly lower for the fertilized trees (Table 1). The annual variation amongst the tree-ring
parameters differed notably, but it was similar for the fertilized and control trees, and the mean
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Fig. 1. Height (A) and diameter at breast height (DBH) (B) of fertilized and control Norway spruce in winter of 2012 at
the age of 34 years. Line shows median, box represents 1st and 3rd quartile, whiskers mark range (not exceeding 150%
of interquartile distance) and circles denote outliers of the datasets.
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Table 1. Statistics of tree-ring parameters (minimum (MIN), maximum (MAX) and mean (MEAN) values and their
standard deviation (SD) and coefficient of variation (VAR)) of crossdated datasets and p-values of differences (DIFF)
in mean values of mean time series of tree-ring parameters of fertilized and control Norway spruce in Kalsnava, Latvia.

MIN MAX MEAN SD VAR DIFF

Maximum density, kg m

Fertilized 258 1087 832 128 0.15

Control 376 1061 811 116 0.14 <0.01
Mean density, kg m

Fertilized 170 713 489 82 0.17

Control 144 760 495 86 0.17 0.69
Mean earlywood density, kg m—

Fertilized 84 638 400 36 0.22

Control 39 649 399 9% 0.24 0.42
Mean latewood density, kg m=

Fertilized 229 931 692 13 0.16

Control 276 881 672 108 0.16 <0.01
Tree-ring width, mm

Fertilized 0.59 9.20 3.54 1.65 0.47

Control 0.37 9.85 3.37 1.54 0.46 0.65
Proportion of latewood

Fertilized 0.06 0.88 0.32 0.15 0.49

Control 0.05 0.94 0.37 0.16 0.45 <0.01

time series calculated for them were rather synchronous (GLK > 0.55) (Table 2). The strength of
the correlation between mean time series differed for the parameters (Table 2), it was weaker for
the maximum and latewood density (0.40 and 0.53, respectively), suggesting that fertilisation has
affected their patterns of annual variation.

When the tree-ring parameters of fertilized and control trees were compared on the annual
bases, most of the significant differences occurred in the first part of the analysed period (Fig. 2).
In the beginning of the analysed period, tree-ring width was higher for the control trees for three
years, but then it became significantly higher for the fertilized trees for the next eight consecutive
years (up to 1998). Thus fertilization resulted in an additional 0.003 m? of basal area (ca. 14%) per
tree at the age of 34 years. In contrast, the proportion of latewood was higher for the control trees
during most of the analysed period, but the differences were significant only in 1989, 1994-1997
and in 2001 (age 10-20 years). Maximum and latewood density was higher for fertilized trees
during the first 12 years of the analysed period (until 1998), but the differences were significant
only in a few years (1989, 1991 and 1994 or 1995). Such differences suggested that the effect of

Table 2. Pearson correlation (r) and Gleichlaufigkeit (GLK) coefficients cal-
culated between mean time series of crossdated datasets of tree-ring parameter
of fertilized and control Norway spruce in Kalsnava, Latvia for 1987-2013.

r GLK
Maximum density 0.40 0.77
Mean density 0.70 0.81
Earlywood density 0.66 0.69
Latewood density 0.53 0.55
Tree-ring width 0.88 0.81
Proportion of latewood 0.80 0.58
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the initial fertilization lasted for ca. 15 years. Mean tree-ring density was similar for the fertilized
and control trees during most of the analysed period; however, this parameter was significantly
higher for the control trees in 2004 and 2006. Earlywood density was the only tree parameter,
which showed no significant differences between the treatments (Fig. 2 E).
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line) and control (grey line) Norway spruce. Asterisks indicate significance (p-value < 0.05) of differences between
fertilized and control trees.
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4 Discussion

The local application of initial NPK fertilization on saplings increased the dimensions of Norway
spruce at the age of 34 years (Fig. 1), suggesting lasting effect of such treatment as previously
observed in Central Europe (Sicard et al. 2006). The duration of the effect was evidenced by the
significant differences in tree-ring width, proportion of latewood and maximum density for up to
15 years (Fig. 2 A, B). Generally, the fertilisation efficiently boosted early growth of the saplings,
likely relieving them from the competition during the next years (Nilsson and Orlander 1999;
Hytonen and Jylhd 2008). The reaction of Norway spruce to local fertilization (Fig. 1) was similar
to that when the entire area of stand has been evenly fertilized (Nohrstedt 2001; Saarsalmi and
Milkénen 2001; Cao et al. 2008), although less nutrients were added per ha. Still, an inverse reac-
tion to fertilization of radial increment was observed in the very beginning of the analysed period
(Fig. 2 A). This might be explained by a slight over dosage of fertilizer, burdening early growth
(Nohrstedt 2001; Saarsalmi and Mélkonen 2001), which, apparently, decreased after ca. 8 years,
releasing the increment. Alternatively, this might be related to the differences in patterns of carbon
allocation in the fertilized saplings (Alexsson and Alexsson 1986).

The differences in other tree-ring parameters during the first half of the analysed period
were more consistent (Fig. 2). The fertilization decreased the proportion of latewood (Fig. 2 B)
as previously observed by Mikinen et al. (2002), likely decreasing the hardiness of heartwood
(Zhang 1995). The fertilization also increased the maximum and latewood density (Fig. 2 C, F)
that might be related to the differences in carbon allocation (Alexsson and Alexsson 1986). Never-
theless, this did not alter the mean tree-ring density (Fig. 2 D) as the contribution of the increased
latewood density was likely countervailed by the higher proportion of the low-density earlywood.
The earlywood is formed by thin-wall conducting cells; thus, its density was altered negligibly.
The mean density of the fertilized trees was significantly lower compared to the control in 2004
and 2006 (Fig. 2 D) that might be related to higher environmental sensitivity of the faster growing
trees (Martin-Benito et al. 2008).

5 Conclusions

The locally applied initial NPK fertilization increased the dimensions of Norway spruce at the age
of 34 years and affected wood properties. The duration of the effect was ca. 15 years, likely due
to the advances provided by higher rates of early growth. Nevertheless, the effect of fertilization
was dual. Although fertilization improved the yields, it also increased the proportion of the softer
earlywood. Hence, fertilisation did not affect mean tree-ring density; however, formation of a wider
earlywood and denser latewood increased heterogeneity of wood.
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Introduction

The effect of climatic changes on forests
varies regionally and locally (Wilmking et
al. 2004, Lindner et al. 2010), raising chal-
lenges for management systems world-
wide (Millar et al. 2007). In Northern Eu-
rope, warming is expected to enhance for-
est productivity via an extension of vegeta-
tion period and intensification of photosyn-
thesis (Menzel & Fabian 1999, Kolari et al.
2007), yet the increasing effects of water
deficit and late/early frosts might notably
counteract such improvements (Gu et al.
2008, Lindner et al. 2010, Zeps et al. 2017).
To mitigate the negative effects of a chang-
ing climate, an application of the improved

Coupling growth with periods of favourable weather conditions minimizes risks
of frost damage and maximizes annual height increment. The phenology of the
formation of height increment is therefore a trait related to the adaptability of
trees to annual weather fluctuations. Strong genetic control of the timing of
the onset and cessation of shoot elongation has been reported for Norway
spruce, but little is known about its fluctuations that occur during the growth
period. The strength of the genetic control of the height growth rate was as-
sessed for young (6 years old) Norway spruce progenies originating from six
open-pollinated stands from two local provenance regions. In 2010, the length
of the growing period for the studied trees was ca. 60 days. Trees from the
more continental provenance region, which had later onset and cessation of
height growth (by ca. 2.5 days), exhibited slightly lower increments (by ca.
1%). Accordingly, the provenance region had a significant effect on height
growth at the beginning and end of the growing period. Nevertheless, consid-
erable genetic control of the growth rate was found throughout the entire
growing period (particularly at the beginning and cessation, h,? 2 0.20), except
for a week-long interval around mid-summer (h,? = 0.07). Similarly, the coeffi-
cient of additive genetic variation suggested that breeding could be applied for
the improvement of height growth intensity throughout the season. The phe-
notypic correlations between weekly growth rates and tree height (before
growth) were mostly non-significant, suggesting varying mechanisms of con-
trol, hence possibility for simultaneous improvement of the traits by breeding.

Keywords: Height Growth Rate, Growing Period, Heritability, Picea Abies, Lo-
cal Populations

forest regeneration material has been ad-
vised (Lindner 2000, Bolte et al. 2009), em-
phasizing the importance of tree breeding
for future forestry (Namkoong et al. 2012).
Currently, tree breeders have focused
mainly on traits related to growth capacity
and stem quality (Ekberg et al. 1985, Han-
nerz 1993, Kroon et al. 2011), yet the traits
related to adaptability appear particularly
topical under shifting conditions (Hannerz
1998, Namkoong et al. 2012). Ekberg et al.
(1985) showed that traits important for
adaptation have higher within-population
variability than growth capacity does; nev-
ertheless, to include such traits in selection
programmes, detailed information about

= (1) Latvian State Forest Research Institute “Silava”, Rigas str. 111, LV2169 Salaspils
(Latvia); (2) Aleksandras Stulginskis University, Faculty of Forest Sciences and Ecology, Stu-

denty 11, LT53361 Kaunas (Lithuania)

(@ Roberts Matisons (robism@inbox.lv)

Received: Mar 06, 2018 - Accepted: Feb 06, 2019

Citation: Matisons R, Zeltin$ P, Danusevicius D, DZerina B, Desaine |, Jansons A (2019).
Genetic control of intra-annual height growth in 6-year-old Norway spruce progenies in
Latvia. iForest 12: 214-219. - doi: 10.3832/ifor2777-012 [online 2019-04-25]

Communicated by: Andrea Piotti

© SISEF https://iforest.sisef.org/

214

their genetic control is necessary.

Tree height is among the main traits re-
lated to the growth capacity and productiv-
ity of stands; hence, it has been used for
the selection of best genotypes (Ekberg et
al. 1985, Hannerz 1993, Danusevicius & Ga-
brilavi¢ius 2001, Kroon et al. 2011). The
height increment of Norway spruce (Picea
abies Karst.) is determined by the number
of growth initials formed in the preceding
year and their elongation (Cannell & John-
stone 1978). In addition, “free”, i.e., unde-
termined lammas growth (Cannell & John-
stone 1978, Hannerz et al. 1999), which in-
creases the productivity of stands (Nei-
mane et al. 2015), can occur. The height
growth of Norway spruce is seasonal, and
most of the annual increment is formed
rapidly during the first part of summer
(Owens & Molder 1984, Chmura 2006), al-
though additional growth can occur after-
wards, if conditions are favourable (Neima-
neetal. 2015).

The susceptibility of newly formed tissues
(shoots) to environmental risks varies
throughout the season, thus the coupling
of periods of cell division and tissue matu-
ration with favourable conditions is crucial
for growth (Dietrichson 1969, Langvall &
Lofvenius 2002, Muffler et al. 2016). Ac-
cordingly, timing and intensity of growth,
which vary geographically, seasonally, and
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depending on genetic and environmental
factors (Slaney et al. 2007), can be consid-
ered as adaptive traits related to height
growth and productivity (Hannerz et al.
1999). Such adaptive traits have been
shown to have an even greater effect on
the productivity of Norway spruce over a
longer term than the traits related to
growth capacity (Hannerz et al. 1999, Da-
nusevi¢ius & Gabrilavi¢ius 2001, Chmura
2006). In addition, traits related to the tim-
ing of growth are age-independent, hence
are crucial for long-term predictions of tree
responses (Hannerz et al. 1999).

The physiological activity and growth of
Norway spruce are controlled primarily by
photoperiod (Aronsson 1975, Partanen et
al. 1998), while temperature causes certain
shifts in the date of budburst and thus the
initiation of the height increment (Hannerz
1999) and intensity of shoot elongation
(Sarvas 1973, Danusevicius et al. 1999). In a
warming climate, which also implies in-
creasing variability in terms of weather ex-
tremes in springs (Avotniece et al. 2012),
height growth can start earlier (Danusevi-
¢ius et al. 1999), exposing newly formed
shoots to damage from late frosts (Polle et
al. 1996), particularly in the case of unshel-
tered trees, e.g., after clear cuts (Langvall
& Lofvenius 2002). The termination of
height growth coincides with the initiation
of cold hardening in response to the de-
creasing photoperiod (Dormling 1973, 1993,
Beck et al. 2004). Accordingly, Danuse-
vi¢ius & Gabrilavi¢ius (2001) and Kohmann
& Johnsen (2007) showed that Norway
spruce populations/clones with later onset
and cessation of growth suffered consider-
ably less frost damage, were more produc-
tive, and had better stem form. Such differ-
ences have been related to the require-
ments in terms of heat and day-length for
the initiation and cessation of growth,
which vary among provenances (Sarvas

1973, Danusevitius & Gabrilavi¢ius 2001).
Considering the importance of phenology
for the survival and adaptation of species,
strong genetic control (heritability) has
been estimated for the timing of budburst
and growth cessation (Hannerz 1998, 1999,
Hannerz et al. 1999), implying photoperi-
odic and thermal regulation. Nevertheless,
the annual height increment is a result of
continuous elongation and maturation pro-
cesses; hence, detailed information about
the genetic control of intra-annual shoot
elongation can be helpful for a deeper as-
sessment of the susceptibility of growth to
environmental conditions (Skrgppa 1982).
Ekberg et al. (1985) reported a slight in-
crease in the genetic variance component
of the height increment with the advance
of the growing period for Norway spruce in
populations in Sweden. Still, insufficient in-
formation is available on the genetic con-
trol of height growth during various stages
of shoot elongation for other populations
(Kroon et al. 2011).

The aim of this study was to assess the in-
tra-annual height growth pattern and the
strength of genetic control (heritability) of
the height growth rate (GR) of Norway
spruce individuals originating from the
western and eastern provenance regions
of Latvia. We hypothesized that genetic
control  fluctuated during the height
growth period, being the highest at the ini-
tiation and cessation of growth. We also
hypothesized that intra-annual GRs were
not correlated with tree height, but rather
controlled independently.

Material and methods

Field trial and measurements

A field trial of progenies of Norway
spruce plus-trees from six open-pollinated
stands (Fig. 1) representing two local
provenance regions (western and eastern

Ugale

Katlesi

Kuldiga

Test site

200 km

Madona

Ludza

Fig. 1 - The provenances of the tested Norway spruce (squares) and location of the
trial (circle). Grey line demarcate two provenance regions of Norway spruce in Latvia.
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- Gailis 1993) from the western part of the
species range was studied. The naturally re-
generated seedlots (stands where seeds
were collected) were growing in lowland
conditions (50-150 m above sea level) on
dry, mesotrophic mineral (silty or sandy)
soils. The studied trial was established in
2006; two-year-old, bare-rooted seedlings
were planted in forest land in dry, meso-
trophic mineral soil (Hylocomiosa stand
type). Ten open-pollinated half-sib families
per seedlot (20 and 40 families represent-
ing the western and eastern provenance
regions, respectively - Fig. 1) were tested.
Each family was represented by five (for a
few families, four) randomized replications
of plots containing 4 x 3 trees (3190 trees
planted in total; 48-60 trees per family).
The spacing of trees was 3 x 2 m.

The climate in the central part of Latvia is
moist continental (Lindner et al. 2010). Dur-
ing 2005-2015, the mean ( standard devia-
tion) annual temperature was 7.8 + 0.6 °C;
the mean monthly temperature ranged
from -3.5 * 3.3 to 18.9 * 1.6 °C in January
and July, respectively (Harris et al. 2014).
The vegetation period, when mean diurnal
temperatures exceeded 5 °C, extended
from mid-April to mid-October. The mean
annual precipitation was 656 * 91 mm, yet
the highest monthly precipitation occurred
during the summers (June-September pe-
riod, ca. 75 + 30 mm per month). The cli-
mate in the central part of Latvia is warmer
(annual temperature was ca. 1.5 °C higher,
and the vegetation period is longer by ca.
10 days) and drier (annual precipitation
was ca. 150 mm lower) than both the west-
ern and eastern parts of the country (Har-
ris et al. 2014). In 2010, the daily minimum
temperature was constantly above o °C
from May through September, although
the beginning of May was warmer than the
long-term mean for that period (Fig. 2a).
The highest amount of precipitation oc-
curred in July and August. The precipita-
tion-free periods were up to a week long.
During the growing period of 2010 (May 15-
Jul 31), the mean diurnal temperature and
precipitation were 17.3 + 4.8 °C and 265
mm, respectively, which were similar to the
long-term means. During the July-Septem-
ber period in 2009, when the primordia of
the studied increment were formed, the di-
urnal temperature ranged 14.0-29.7 °C, with
the mean value of 16.2 * 2.6 °C; the mean
10-day precipitation sum was 17.5 * 15.4
mm.

Within the trial, 1273 trees (430 and 843
trees representing the western and east-
ern provenance regions, respectively) were
selected for measurements. Forked and/or
damaged trees were excluded. In 2010, at
the age of six years, the lengths of the
main shoots of the selected trees were
measured every 6-8 days during the period
from May 25 to July 20 (nine surveys) with
a precision of 1 mm. The measurements for
all trees were done during the same day to
reduce errors associated with growth. In
addition, tree height after the cessation of
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height growth (September 10) was mea-
sured.

Data analysis

For each tree, weekly GRs (mm day")
were calculated. The effect of provenance
region on the timing of growth initiation
(as a binomial variable), weekly GRs, total
height increment, and tree height at the
beginning and end of the observation pe-
riod was assessed using linear mixed mod-
els (Zuur et al. 2009) of the following form
(egn. 1):

Y:,A:#+P;+(F/U\)+(RI.)+Z:/AI+E»,k (1)

where Yj, was the response variable; u was
the overall mean; P; was the fixed effect of
provenance region i; (Fy;) was the random
effect of family j, nested within prove-
nance region i; (R.) was the random effect
of replication k; Z;, was the value of the re-
sponse parameter in the preceding period
(numeric covariate, where applicable); and
Ej was the residual error term. The differ-
ences in growth onset and cessation were
assessed with a generalized model using a
binomial distribution of the residuals and a
“logit” link function. The analysis of vari-
ance of the models was used to determine
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the strength of the effect of provenance
throughout the growing period.

For the assessment of the strength of the
genetic control of intra-annual growth pat-
terns (genetic parameters), which is based
on the family and family x environment var-
iance components, the models were trans-
formed to (egn. 2):

Y=+ Pt Rt (F))+(F R )+ Zy +Ey - (2)
where P; was the fixed effect of prove-
nance region i; Ry was the fixed effect of
replication k; (F;) was the random effect of
family j; (Fi - Re) was the random effect of
the family x replication interaction; Zy, was
the value of the response parameter from
the preceding period (numeric covariate,
where applicable); and Ej was the residual
error term.

The narrow sense (additive) individual-
tree heritability coefficient (h.*) for weekly
GR, shoot length, and tree height was cal-
culated based on family variance according
to Falconer & Mackay (1996 — eqn. 3)

e 467
O+, + T

»

(3)

where 67, 6 and 6.* were the estimated

variance components of family, family x re-
plication interaction, and residual, respec-
tively. The mean heritability at the family
level (h¢), which describes the represent-
ability of heritability of traits by the experi-
mental design, was calculated as (eqn. 4):

W= 4'&§
“_572/+(:32/h/r)+(6f/rn) @

where r was the number of replications,
and n was the harmonic mean of the num-
ber of observations per plot. The standard
errors for h,’ and h¢ were estimated using
approximation by Dickerson (1969). The
coefficient of additive genetic variation
(CV,), which indicates the amount of vari-
ance in a trait that could be altered by
breeding (Falconer & Mackay 1996), was
calculated as follows (eqn. 5):

2
cv,=32r (5)

|

Phenotypic Pearson’s correlation analysis
based on individual observations as well as
on family means was used to quantify the
linkage among the studied traits. Trees
were used as observations, and replication
was considered to be the statistical unit.
The analyses were conducted in SAS using
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Tab. 1 - The effect of provenance region on height growth rate during the growing
period, tree height prior and after the height measurements in 2010, and genetic
parameters: additive heritability coefficient (h,?), family mean heritability coefficient
(h?), and coefficient of additive genetic variation (CV.) for these traits. (SE): standard

error.
Effect of . Genetic parameters
Param  Period provenance region
F-value p-value h,? + SE h¢ v,
Height  May 25-June 2 8.11 <0.01 0.73 £ 0.16 0.81 0.31
growth  june 2-June 8 2.66 0.11 0.48 + 0.12 0.66 0.11
rate  june 8-June 16 0.01 093  0.07:0.04 021 0.06
June 16-June 22 0.22 0.66 0.24 + 0.08 0.61 0.15
June 22-June 30 1.35 0.26 0.28 + 0.09 0.63 0.14
June 30-July 6 1.55 0.21 0.31 £ 0.04 0.58 0.13
July 6-July 13 4.42 0.03 0.61 +0.18 0.77 0.26
July 13-July 20 3.97 0.04 0.20 + 0.07 0.50 0.48
Tree In 2009 0.35 0.56 0.31 £ 0.11 0.65 0.11
height  (before observation)
In 2010 0.46 0.50 0.39 £ 0.12 0.71 0.08
(after observation)
Increment 0.27 0.65 0.30 £0.10 0.60 0.08

(shoot length)

PROC MIXED, PROC LIMMIX, and PROC
CORR (SAS Institute Inc. 2004).

Results

During the seventh growing period, the
mean tree height increased from 114.5 + 1.7
t0 169.6 * 2.0 cm (Fig. 2b). Trees from the
western provenance region were slightly
taller (ca. 1%) compared with trees from the
eastern region; yet, considering the experi-
mental design (random effects, among
which family and block had the highest
variance), these differences were not sig-
nificant (p-value > 0.50). The same was ob-
served for total shoot length at the end of
the seventh growing period.

The onset of height growth was signifi-
cantly (p-value < 0.01) earlier for trees from
the western provenance as compared to
the eastern provenance region, because
68.7 and 51.7% of trees had initiated shoot
elongation prior to the first measurement

on May 25, respectively. A significant differ-
ence (p-value < 0.05) was also observed for
growth cessation, because 36.6% and 28.2%
of trees from the western and eastern
provenance regions had completed height
increment (showed zero GR) prior to the fi-
nal measurement on July 20, respectively.
Accordingly, the height growth period was
estimated to be ca. 60 days long (mean GR
= 0.92 + 0.02 cm day”), and it occurred
when the day-length was = 16.5 h (Fig. 2c).
In 2010, shoot growth was faster during
the first part of the season (Fig. 2c), and
50% of the height increment were com-
pleted around the 17 of June (ca. 25 days
since growth onset). Initiation and cessa-
tion of the height growth of trees from the
western provenance region appeared ca. 2
days earlier. Accordingly, they showed sig-
nificantly higher GR at the beginning and
significantly lower GR at the cessation of
the growing period. Although GR showed a

decreasing tendency after June 8, a sud-
den improvement in growth, irrespective
of provenance region, was observed dur-
ing the first week of July, which coincided
with a warmer and dryer period (Fig. 2a).

The effect of provenance region on GR
varied during the season (Tab. 1). The
strongest provenance effect was observed
at the beginning and at the cessation of
the growing period (before June 3 and af-
ter July 6; p-values < 0.05), while it was
weak around mid-summer (p-value > 0.21).
A similar seasonal pattern was observed
for the additive heritability, as the highest
h;? coefficients (>0.30) were observed at
the beginning and end of the season. Nev-
ertheless, during the mid-part of the grow-
ing period, h,’ remained mostly intermedi-
ate (Falconer & Mackay 1996). The h¢ was
generally higher (mean h¢ = 0.60) and less
variable throughout the season. The pat-
tern of CV, was similar to the effect of
provenance region, ranging from 0.06 to
0.48 in the middle and at the end of the
growing period, respectively. The heritabil-
ity for tree height and shoot length was
high (h.’ 2 0.31 and h¢ 2 0.65), yet the ge-
netic variation in these traits was low (CV, <
0.11).

Significant phenotypic correlations were
observed among the studied traits. The
height increment of 2010 was strongly cor-
related with the terminal tree height (r =
0.56, p-value < 0.001), yet the correlation
with the initial height of trees was consid-
erably weaker, although significant (r =
0.10, p-value < 0.01). Similarly, the GRs
throughout the season were positively cor-
related with the terminal tree height
(mean r = 0.35), yet the correlations with
the tree height prior to the growing period
were mostly non-significant (mean r = 0.07
- Tab. 2). The correlations among the
weekly GRs ranged from -0.14 to 0.67 and
had an explicit tendency to decrease with
an increasing interval between the mea-
surements due to the autocorrelation of
growth. Nevertheless, the similarity of GRs
in consecutive periods was higher during

Tab. 2 - Phenotypic Pearson’s correlation coefficients (the upper diagonal part) and their p-values (the lower diagonal part) among
the height growth rate (GR) and tree height before and after growing period of 2010.

! ' " ~ J ' 1 -
Sy %y er tf §8 83 f2 s g s
Parameter, Period 2g 3g 3 g ;5. 5 g :_‘73 %%- 3 z %n% g
P P &> 5o £ 2 [ el T2 =
[©) [ [} - G [} £
GR, May 25-June 2 0.47 0.18 0.21 0.07 0.02 -0.12 -0.14 0.02 0.22
GR, June 2-June 8 <0.001 - 0.19 0.47 0.39 0.35 0.25 0.04 0.07 0.38
GR, June 8-June 16 <0.001 <0.001 - 0.21 0.54 0.47 0.39 0.15 0.03 0.31
GR, June 16-June 22 <0.001 <0.001 <0.001 - 0.51 0.48 0.41 0.16 0.04 0.34
GR, June 22-June 30 0.01 <0.001 <0.001 <0.001 - 0.67 0.63 0.29 0.04 0.41
GR, June 30-July 6 0.43 <0.001 <0.001 <0.001 <0.001 - 0.62 0.29 0.16 0.48
GR, July 6-July 13 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 - 0.42 0.16 0.45
GR, July 13-July 20 <0.001 0.14 <0.001 <0.001 <0.001 <0.001 <0.001 - 0.06 0.24
Height, before 0.58 0.01 0.34 0.17 0.13 <0.001 <0.001 0.05 - 0.88
Height, after <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -
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the second part of the growing period
from June 22 to July 13. The family mean
correlations (not shown) showed a highly
similar pattern, although family mean GRs
in the May 5-June 2 period and those later
periods were negatively correlated.

Discussion

The height increment of Norway spruce
(Fig. 2) was similar to that in other stands
within the region (Rone 1984, Neimane et
al. 2015). Although Gailis (1993) observed a
faster height growth for Norway spruce
from eastern Latvia, the lack of such a dif-
ference in the studied trial might be related
to similar transfer distances (Fig. 1) or to
the effects of a drier climate at the trial
site. In addition, Norway spruce from both
provenance regions had growing periods
of similar length (ca. 60 days), explaining
the comparable height increments.

The height growth patterns of Norway
spruce from both provenance regions
were similar. The highest GR was observed
at the beginning of the growing period, fol-
lowed by a gradual decrease (Fig. 2¢) that
can be related to the concentration of
growth hormones after the onset of
growth (Pallardy 2008). The additional lam-
mas growth, which occurred during the
June 30-July 6 period, irrespectively of
provenance region, was likely triggered by
the increased temperature and solar radia-
tion following the period of cooler and
more humid weather (low precipitation —
Odin 1972, Cannell & Johnstone 1978, Nei-
mane et al. 2015).

Although the pattern of height growth of
the studied Norway spruce was similar
(Fig. 2), the phenology differed by prove-
nance region (Tab. 1), indicating possible
local adaptations to climate, as the pho-
toperiod was the same. The specifics of the
temperature-related control mechanisms
have been identified as the main cause of
longitudinal differences in growth phenol-
ogy of Norway spruce (Heide 1974, Han-
nerz 1998), even on a small geographic
scale (< 300 km - Danusevi¢ius & Persson
1998). The Norway spruce from the east-
ern part of Latvia, where the climate was
harsher, had significantly later onset and
cessation of height growth (Tab. 1), indicat-
ing better adaptation to the late frosts (Di-
etrichson 1969, Polle et al. 1996, Langvall &
Lofvenius 2002). Accordingly, the prove-
nance region had a stronger effect on the
timing of growth onset than cessation, in
contrast to the findings of Ekberg et al.
(1985) in central Sweden. Apparently, in
the milder climate of the Baltic States
(compared with central Sweden), where
summers are warmer, the late frosts main-
ly have had an effect on Norway spruce
growth (particularly in the eastern part of
Latvia - Rone 1984), thus determining a
stronger genetic control of growth onset
(Tab. 1). The increasing effect of late frosts
on plant growth has been attributed to the
warming of climate (Gu et al. 2008). Never-
theless, the genetic control of GR, as illus-
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trated by the differences between the
provenance regions (Tab. 1), was signifi-
cant only during rather short periods after
the onset and before the cessation of
growth, likely following the probability of
frosts (Avotniece et al. 2012). During the
period of fastest height growth in June 8-
22, GR was controlled mainly by external
factors, as noted previously by Danusevi-
¢ius et al. (1999), while the differences be-
tween the provenance regions were negli-
gible (Tab. 1).

The studied traits showed high heritabil-
ity, as the h,’ mostly exceeded 0.20 (Tab.
1), implying that they might be improved
by breeding (Falconer & Mackay 1996). The
reliability of the genetic parameters calcu-
lated based on the studied trait was good,
as the h¢ (Tab. 1) prevailingly exceeded
0.50 (Falconer & Mackay 1996). Consider-
ing the additive genetic variation of the
studied traits (CV, — Tab. 1), the highest ef-
fect of breeding might be expected for the
GR at the beginning and cessation of
growth, as also shown by the differences
among the provenance regions. Neverthe-
less, the heritability of GR during the mid-
dle of summer did not reach minimum val-
ues (except for the GR in the period June
8-16), suggesting that these traits might be
influenced by selection at the family level.
Tree height showed high h,’ values, yet the
CV, was low, as observed in similar studies,
indicating strong genetic control but lim-
ited variability (Hannerz et al. 1999). The
GR throughout the season was indepen-
dent of tree height (Tab. 2), allowing for se-
lection for productivity and adaptability.
The increment of trees is autoregressive
(Cook 1985), and such a pattern was ob-
served for the intra-annual GR (Tab. 2).
Nevertheless, stronger correlations be-
tween consecutive GRs during the middle
compared with the cessation of the grow-
ing period might be explained by the uti-
lization of current assimilates for growth
(Axelsson & Axelsson 1986).

Conclusions

The studied provenances of Norway
spruce showed similar height increments,
intra-annual height growth patterns, and
length of growing period, yet they differed
by growth phenology, indicating adapta-
tion to slightly different climates. Consider-
ing that phenology is a trait that is highly
important for adaptation, the intensity of
growth (GR) throughout the season show-
ed strong genetic control, particularly at
the beginning and cessation of the grow-
ing period, when the probability of frost
was the highest. The control mechanisms
of growth phenology (and intensity of
height growth during the season) and
growth capacity (total annual height incre-
ment) appeared to be independent, sug-
gesting that both traits might be simulta-
neously improved by tree breeding to in-
crease the productivity and sustainability
of Norway spruce under a changing cli-
mate.
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Abstract: The annual shoot elongation could be described by a non-linear growth model to characterize
differences in its dynamics among spruce genotypes, the effect of each shoot elongation phase on
the total shoot length, and the genetic differences for a particular growth phase. The terminal shoot
length was measured in two open-pollinated progeny trials of Norway spruce on average once per
week during the ninth growing season. For the analysis, 10% of families with the longest annual
increment (shoot) and 10% with the shortest were selected for each trial. The Gompertz model was
fitted to individual tree data, and the mean values of its coefficients for each group of families were
obtained. Family significantly (p < 0.001) affected total shoot length and all growth rhythm parameters,
with similar trends reported in both studied sites. Heritability of Gompertz model coefficients in
most cases exceeded that of the tree height. The superior10% of families started shoot elongation
slightly but non-significantly earlier (all p > 0.05) than the other groups of families and had more
intense shoot elongation (mm per day) during the entire growing season. A strong negative relation
was found between the slope coefficient of the cumulative shoot elongation lines and the total height
increment. The group of families with the longest increment had flatter relative shoot elongation
lines, indicating relatively more evenly distributed growth within the growing season. In contrast,
families with the shortest increment tended to accumulate a higher proportion of height increment
during the active growth phase and reduced relative growth intensity more rapidly. The 10% of
families with the largest annual increment showed superior characteristics in all shoot elongation
phases, resulting in 30-40% longer shoots compared to the 10% of families with the smallest annual
increment. The significant differences in Gompertz model coefficients indicate that genotypes with
favorable growth patterns might be selected.

Keywords: Picea abies; height growth intensity; increment development; intra-annual growth
dynamics; Gompertz model

1. Introduction

Norway spruce (Picea abies (L.) Karst.) is the most economically important tree species in Northern
Europe, constituting about one-third of the wood resources in the region [1]. The genetic improvement
of spruce began in the late 1940s [2]. Since then, the selection of superior genotypes has notably
improved yield and stem quality. The reported gain for best-performing families is 21-25% for
height [3] and 10-25% for stem volume [2] compared to unimproved trees. Hence, breeding has led to
a reduced rotation length by 5-10 years and an increased net present value by 30-400% in Norway [2]
and has increased the internal rate of return by 5.2-8.3% in Sweden [4].

In Northern Europe, climate change is associated with an extended vegetation period [5] that could
enhance forest productivity but is counteracted by limitations due to early/late frosts [6,7]. Therefore,
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tree survival and vitality, especially at a young age, largely depend on the synchronicity between the
growth rhythm and climate. The growth onset and cessation are partly genetically determined [8-10],
and growth timing and duration differ among provenances, families, and clones [11,12]. An application
of the improved (suitable) forest regeneration material could mitigate the adverse effects of the changing
climate on forestry [13,14]. Hence, traits related to adaptability have gained increased importance in
tree breeding [15,16].

Superior height growth is the main trait used for genotype selection for various reasons.
An early height growth provides information on the growth potential of the tested material [17-19],
has reasonably high heritability [20-23], and is the earliest well-expressed trait [17]. Tree height is less
affected by the environment and competition than other easily measurable characteristics, such as
stem diameter [24], and is used to express site productivity through site index [25,26]. Total tree
height is compounded by yearly height increments. Annual height growth variation has not been
extensively studied, presumably due to the technical limitations in measurements, with some insights
into inter-annual variation related to meteorological conditions (e.g., [27-29]) and seasonal dynamics
of height growth (e.g., [30-32]).

The intra-annual height growth rhythm follows a sigmoid pattern that could be described using
non-linear growth models, such as Gompertz’s model [33]. This model’s coefficients describe three
growth phases (growth onset, active growth, and growth cessation), providing data to assess the growth
dynamics between families of a particular species, the effect of each divided phase on the total shoot
length, and the genetic (family) differences for a particular growth phase. Based on this knowledge,
genotypes with desired traits (e.g., larger height increment) could be selected more precisely.

In this study, we aimed to characterize the genetically determined differences of annual shoot
elongation dynamics for superior and inferior families. We hypothesized that a higher shoot length
is formed for trees with an earlier growth onset and more intense elongation at the beginning of the
growth period.

2. Materials and Methods

The elongation of the terminal shoot was studied in two open-pollinated progeny trials of
Norway spruce (Picea abies (L.) Karst.) in the central region of Latvia, in Kegums (56°46’ N, 24°48’ E)
and Ozolnieki (56°43" N, 23°46’ E) municipalities (throughout the paper “Rembate” and “Jelgava,”
respectively).

The Rembate trial was located on abandoned agricultural land, corresponding to the Oxalidosa
forest type (local classification by Buss [34]). The trial was established in 2005, planting three-year-old
bare-rooted seedlings, representing a total of 104 families in three or four replications of 24 tree plots
(four rows of six trees) with a spacing of 2 x 2.5 m. In total, 9485 trees were planted in the trial, with an
average of 91 progenies per family.

The Jelgava trial was established in forest land on drained peat soil, corresponding to the Myrtillosa
mel. forest type [34]. The trial was established in 2006, planting two-year-old bare-rooted seedlings,
representing a total of 60 families in three or four replications of 12 tree plots (three rows of four trees)
with a spacing of 3 X 2 m. In total, 2736 trees were planted in the trial, with an average of 46 progenies
per family. Each trial consisted of a different set of open-pollinated families of plus-trees selected
across Latvia.

In both trials, measurements of the current year terminal shoot length were done during the ninth
growing season (age from seed). In May;, trials were monitored every second day to determine the time
of budburst, that is, when about half of the trial trees had started bud flush. The shoot length was
measured by a single person once per week for randomly selected trees, omitting trees with damages
(browsed, pest infected, or lost top shoot). Measurements were stopped when about half of the trial
trees had a weekly increment less than 3 mm. The monitored period was 61 days in Rembate and 59
days in Jelgava. In total, 1766 trees from 88 families in Rembate (on average, 20 trees per family) and
1239 trees from 59 families in Jelgava (on average, 21 trees per family) were measured.
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In each trial, families were ranked according to their mean shoot length. We selected 10% of the
superior and 10% of inferior families, considering the number of families per trial and the commonly
used selection intensity in tree breeding practices in Latvia. The divided groups of families are
referred to as “superiorl0%”, “inferior10%”, and “rest” throughout the paper. The coefficients of the
Gompertz model (1) were calculated for each tree. The Gompertz model fits the sigmoidal curve of
the annual shoot elongation and is commonly used in biological studies [33]. The model divides the
growth curve into three phases: lag, exponential, and stationary growth. The model coefficient «
represents the maximal value at the stationary phase (upper asymptote), coefficient  describes the
length of the lag phase, and coefficient k is the growth rate (affects the slope) at the exponential growth
phase [33]. Trees that had outlier values of Gompertz model coefficients were omitted from further
analysis (seven trees in Rembate and 17 trees in Jelgava). For each group of families, the arithmetic
mean coefficients of the model, mean height increment, mean shoot elongation, and cumulative shoot
elongation were calculated:

f(SL) = o exp(-pexp(-kA)) @

where SL is the shoot length, « is the asymptote parameter, § is the displacement parameter, k is the
maximum relative intensity, and A the day of measurements.

The estimates of narrow-sense individual-tree heritability (H2) for the Gompertz model coefficients
(o, B, and k) and tree variables (tree height and total shoot length) were calculated as:

5 4% szf
W= —=—— 2)
52 152 152
6% + 0y, + 07
where 62, 65 , and 62 are the estimated variance components of the family, family X replication

interaction, and the residual, respectively.
The coefficients of additive genetic variation (CV,) for the Gompertz model coefficients (a, 5,
and k) and tree variables (tree height and total shoot length) were estimated as:

CV, = ,[462 % @ (3)
o x

where 62 is the estimated variance components of the family and ¥ is the phenotypic mean.

Linear mixed-effects models (LME) as implemented in R 4.0.3 [35] packages Ime4 [36] and
ImerTest [37] were used to test the influence of the group of families (superior10%, inferior10%,
and rest) on the Gompertz model coefficients (o, f, and k) and tree variables (tree height and total
shoot length). As there were multiple trees per plot and multiple plots per family, family and plot
identification numbers (ID) were used as nested random factors in the models:

Vi = 1+ Py + (pje) + i 4)

where y;j. is the tree level response variable of the kth tree from the ith group of families in the kth plot,
nested within the jth replication, P; is the fixed effect of the ith site, pjx is the random effect (intercept)
of the kth plot within the family, and ¢;; is the experimental error.

Residuals plots were used to assess heteroscedasticity. Problems with heteroscedasticity were
found for models of coefficients § and k, so those variables were log-transformed. A comparison among
the estimated marginal means as implemented in R package emmeans [38] was used to compare levels
of factor group of families (superior10%, inferior10%, and rest) if the LME showed a significant effect.
In the ImerTest models where the influences of family on coefficients and tree variables were tested,
only the sample plot ID was used as a random factor.

The Spearman correlation coefficients between Gompertz model coefficients («, , and k) and total
shoot length were calculated. A correlation analysis was conducted using two data levels: (1) all data
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for the Rembate and Jelgava trials separately, and (2) the mean family values for the Rembate and
Jelgava trials separately.

3. Results

The measurements of the terminal shoot length were successfully fitted to the Gompertz model,
obtaining coefficients describing shoot elongation (Figure 1A). In both trials, the family had a significant
effect (all p < 0.001) on total shoot length and on the coefficients of growth onset, cessation, and maximal
relative growth intensity.

Shoot elongation patterns showed differences among the divided groups of families (Table 1),
and the trend was consistent in both studied sites. The maximum value of the shoot length (described
by model coefficient a) differed significantly (p < 0.001) between the groups of families in both trials.
The difference in total shoot length between the superior10% (largest annual increment) and inferior10%
(lowest annual increment) families was 42% (624 + 26 vs. 362 + 21 mm) in Rembate and 29% (662 + 26
vs. 468 + 33 mm) in Jelgava.

Table 1. Gompertz model coefficients, total shoot length (£95% confidence level), and growth intensity
of families in Rembate and Jelgava. The groups of 10% of the superior, 10% of the inferior, and the rest
families were divided according to their mean shoot length. a—asymptote parameter; f—displacement
parameter; k—maximum relative intensity; SL—shoot length; GI-growth intensity; R—Rembate;
J—Jelgava. Different letters within the same column and trial indicate significant (p < 0.05) difference
between the groups.

Group of Gompertz Model Coefficients SL, mm GI, mm

o1z -1
Families o B K day

Trial

superiorl0%  652+29a 254+0.12a 0.071+0.002a 624 +26a 102+04a
R rest 518 +10b 283 +0.05a 0.079 +0.001 b 499 +9b 81+0.1b
inferior10% 373+21c 293+014a 0.087 +£0.002 ¢ 362 +21c¢ 59+03c¢

superiorl0% 754 +36a 4.15+0.14a 0.057 +£0.002a 662 + 26 a 11.3+04a
J rest 636+13b 421+0.08a 0.065=+0.001b 558 +10b 94+02b
inferiorl0%  520+41b  459+031a 0.073 +0.004c 468 + 33 ¢ 78+0.6c

In both trials, the model coefficient § (describing the lag of the growth onset) was slightly but
non-significantly lower (all p > 0.05) for the superior10% families, indicating a similar timing of the
start of the height increment as those of other groups of families (Table 1).

Corresponding to differences in total height increment, groups of superiorl0% families had higher
(all p < 0.001) mean growth intensity than groups of rest and inferior10% of families. Shoot elongation
(mm per day) of the superiorl0% families was consistently higher in comparison to the inferior10%
families during the entire growing season (Figure 1C). Moreover, shoot elongation of the superior10%
families peaked slightly later. For inferior10% families, the peak of elongation was delayed one day in
Rembate and four days in Jelgava (Figure 1C).

At the peak of the maximal shoot growth (7th of June in Rembate and 16th of June in Jelgava),
the superior10% families had formed 39% and 40% of the total shoot length, respectively. For the
inferior10% families, 36% of the total shoot length in Rembate and 38% in Jelgava were formed at the
peak of the maximal shoot growth.

The slope of cumulative shoot elongation lines (described by the model coefficient k), however,
had an opposite trend to growth intensity (Table 1), with a strong negative relation between the slope
coefficient and the total height increment at the individual tree level (r = —0.71 in Rembate and r = —0.66
in Jelgava, both p < 0.001). This relation remained at the family mean level (r = —0.75 in Rembate and
r = —0.61 in Jelgava, both p < 0.001), and the slope of the cumulative shoot elongation lines was flatter
for groups with a larger annual increment (Figure 1B).



Forests 2020, 11, 1260 50f10

The heritability coefficient (?) for tree height was 0.24 + 0.10 (+ standard error) in Rembate and
0.31 £ 0.09 (+ standard error) in Jelgava (Table 2). The heritability coefficients of the distinct growth
phases (described by Gompertz model coefficients) were higher in the Rembate trial than in the Jelgava
trial. They were higher for relative growth intensity during the active growth phase (coefficient k) and
lag of the growth onset (coefficient §) than for the maximal value of shoot length. The coefficient of
additive genetic variance (CV,) was the highest for , reaching 17% in both trials. All other analyzed
growth parameters (coefficients of Gompertz model, tree height, and total shoot length) had an additive
genetic variance of 4-8% (Table 2).

700 100
=
600 =
g £ 80
E 500 £
£ <
2 400 g 0
2 %
5 300 E 2
<
[
@200 T‘E
20
100
0 0
20 C D
B
= 16 <
< x 3
& =
£ 12 .% )
g e
: s .
= B 1
° 5]
[
2 4 ]
=}
g £ o0 B
) S IS} 8 N N o~
8 = S 5 5 = S = IS 8 2
o D~ — n [e))
o~ [=} o~ (=} —
date date

Figure 1. (A) the total shoot length and (B) relative shoot length, (C) shoot elongation and (D)
relative shoot elongation (+95% confidence level indicated by shadow along the curves) for 10% of
fastest-growing (black lines) and 10% of slowest-growing (grey lines) families in Rembate (dashed
lines) and Jelgava (solid lines) trials.

Table 2. Heritability coefficient (h?) and coefficient of additive genetic variance (CV,) for Gompertz
model coefficients («, §, and k) and tree variables (tree height and total shoot length) in the Rembate and
Jelgava trials. SE—standard error; a—asymptote parameter; f—displacement parameter; k—maximum
relative intensity.

Trial Parameters h? + SE CV,, %
a 0.21 +0.011 8
B 0.97 +0.08 17
Rembate k 0.30 + 0.10 5
Tree height 0.24 £ 0.10 7
Shoot length 023 £0.11
a 0.03 + 0.05 6
B 0.16 + 0.06 17
Jelgava k 0.19 + 0.08 7
Tree height 0.31 £ 0.09 7
Shoot length 0.08 +0.10 4
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4. Discussion

In this study, individual tree data on current year shoot elongation were fitted to the Gompertz
model, and the mean parameters of 10% of families with the largest annual increment, 10% of families
with the shortest annual increment, and the rest of families were assessed. During the growing season,
height growth is not constant, and the obtained results reveal genetic differences (among families) for
the biological shoot elongation trend with slow growth during the elongation onset and cessation and
high growth intensity in the middle of the growth period [28,39].

Trees in the studied trials started growth at a distinct time, and trees in the Rembate trial had earlier
growth onset than trees in Jelgava. The growth rhythm parameters are controlled by environmental
factors [40-43]. However, considering the small distance between the sites (about 70 km), the lag in
growth onset could be related to differences in microclimatic conditions [44] or the represented set of
families rather than by meteorological conditions.

Within each trial, groups of families followed similar shoot elongation patterns, and significant
differences in growth rhythm were found between groups of families. The time lag of the growth
onset was non-significantly different between groups of families, indicating no effect of the earlier start
of shoot elongation on total shoot length. Similarly, a weak relation or no relation between growth
onset and annual shoot length was found in earlier findings on Norway spruce [31,45]. The estimated
Gompertz parameter on growth onset characterizes the time lag between the start of the shoot
elongation to the curve inflection point for active growth. Earlier bud flush is typically related to
frost damages [46]. However, trees with earlier shoot elongation are not necessarily exposed to frost
damage, since the pattern of height growth intensity after the budburst varies between the families.
The small difference in the time lag of growth onset between families could also be related to the origin
of the parent material. All tested material was from the open-pollinated families of locally selected
plus-trees, which usually adapt well to climate due to their earlier start of growth and avoidance of
frost damage [47].

As expected, superiorl0% families showed faster shoot elongation during the beginning of the
growing season, probably associated with a high proportion of the remobilized stored nutrients during
the bud break [48,49]. However, superior families also had relatively more evenly distributed growth
within the growing season in comparison to families with a lower annual increment that tended to
accumulate a higher proportion of height increment during the active growth phase. Accordingly,
superior families maintained higher relative growth intensity during the second half of the growing
season, while inferior10% families reduced their relative growth intensity more rapidly.

We found no differences in the shoot elongation period, although it has been found to be moderately
related to annual shoot length [45] and the primary factor explaining 80% of shoot length variation
among provenances in Norway spruce provenance trials [30]. In accordance with our obtained results,
the growth rate was found to determine shoot length for Latvian provenances planted in provenance
trials in Norway [30]. Similarly, the growth rate in the middle of the active elongation period is shown
to be strongly related to the annual shoot length [45]. However, the active growth period’s slope
coefficient was negatively linked with shoot length (Figure 1B), indicating the greater importance of
the active growth period for families with shorter annual increments. Similar results are observed
among spruce provenances, and those with shorter annual increment had higher (above mean) rates
of elongation [30]. During the active shoot elongation phase, growth is determined more by the
environment than by genetics [32]; therefore, slow-growing families are more prone to influences from
yearly meteorological conditions.

Observations at the individual tree level have also shown differences in growth rhythm related to
tree status within stand [28]. Within the same stand, dominant spruce trees have a more even elongation
rate during the growing season, while suppressed trees have delayed growth initiation and a high
elongation rate [28]. Our results revealed a similar pattern, as tree height could be used as an indicator
for tree status within a trial and is directly affected by shoot length. However, while a correlation
between tree height and total shoot length was strong in Rembate, in Jelgava this link was rather weak,
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indicating the effect of other factors (e.g., initial stage of a competition) on tree growth. Spruce at a
young age might form proleptic shoots, and the relation between tree height and annual shoot length
might be diminished, as this additional shoot increment adds to the total tree height. The studied trials
are established on forest types likely to promote the occurrence of proleptic shoots [50]. However,
we did observe a sudden increase in shoot elongation during the observed period.

Most of the Gompertz model coefficients had reasonably high /2, although differences in the
coefficient values between groups of families were relatively small. The estimated heritability of
Gompertz model coefficients in most cases exceeded that of tree height. Our obtained heritability for
tree height was similar between the trials and is within a range of those calculated for a height of Pinus
pinaster at the age of 10 years [51] and for Pinus sylvestris at the age of 11 to 20 years [52]. A considerably
higher heritability of the upper asymptotic height and maximum growth rate was found in a study
of Picea glauca during the first growing season [17], but it represents free growth as opposed to the
predetermined growth analyzed in the current study. The estimated heritability coefficients of growth
rhythm parameters had rather different levels between the trials. A large variation in narrow-sense
heritability and genetic coefficient of variation for growth parameters between trials was also found
in other studies [8,53], indicating the effect of trial conditions and the included set of families on
parameters describing the genetic determination of the particular traits.

Overall, the more vigorous families started to grow earlier, grew faster and at a more stable rate,
and ceased growth later. The parameters of the growth curves presented in this study are based on
the growth curve fitted for one season and thus require some caution. First, the cumulative shoot
elongation’s seasonal dynamic varies by year [28], as the annual shoot elongation is susceptible to
short-term environmental variation [54]. Second, genetic correlations among height growth traits are
not stable and change with tree development, at least at a young age [31,55]. Therefore, the obtained
relationships among growth parameters should be verified over a longer time span and, preferably,
a larger set of genotypes. The obtained results, however, offer valuable insights into genetic differences
in growth dynamics that could be applicable to the selection of genotypes with superior height growth.

5. Conclusions

The juvenile shoot elongation patterns for Norway spruce families are genetically determined,
and families with larger shoot lengths have higher growth intensity at the active growth phase that
remains higher later in the growing season than that of families with shorter annual increments.
The significant differences in Gompertz model coefficients indicate that genotypes with favorable
growth patterns might be selected to improve the volume production and adaption to climate change.
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