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1. IEVADS

MeZam ir butiska loma biologiskas daudzveidibas nodro§inasana mezZa
ainava, ka ar klimata parmainu mazinasana un citu ekosistémas pakalpojumu
nodro§inasana (Seedre et al. 2015; Bernaldez 2017; Badalamenti et al. 2019;
Kulha et al. 2020). Eiropa veci mezi ir reti sastopami, tomér liela dala Eiropas,
ar1 Latvija, ir novérojama mezaudzu novecoSanas tendence, ka rezultata ir
izveidojies nozimigs biomasas un Iidz ar to oglekla uzkrajums, kas tuvojas
piesatinajuma ITmenim (Vilén et al. 2012; Nabuurs et al. 2013; Senf et al. 2021).
Lidztekus darbam Eiropas Savienibas (ES) Klimata politikas ietvara, vecu mezu
loma biologiskas daudzveidibas uzturéSana uzsvérta ari ES Biologiskas
daudzveidibas stratégija 2030 (O’Brien et al. 2021). ES Biologiskas
daudzveidibas stratégija paredz noteikt stingrus aizsardzibas pasakumus —
aizsargat 30% ES sauszemes teritorijas, stingri aizsargat 10% ES sauszemes
teritorijas, ka arT stingri aizsargat visus pargjos ES pirmatngjos un senos mezus,
kuros ieklauti arT veci mezi (Eiropas Komisija 2020; O’Brien et al. 2021). Tapeéc,
lai maksimali efektivi izmantotu ierobezoto meza platibu dazado mérku
sasniegsana, svariga ir zinatniska informacija par veciem meziem un par oglekla
uzkrajuma potencialu vecas mezaudzgs, kas atrodas abu strategiju intereSu loka.

Latvija ir ratificgjusi Kioto protokolu (2002. gads) un Parizes noligumu
(2017. gads), un - ka ANO un Eiropas Savienibas dalibvalsts - ir uznémusies
saistibas ES Klimata politikas ietvara samazinat ikgad€jo siltumnicefekta gazu
(SEG) emisiju apjomu, tada veida mazinot klimata parmainas. Oglekla
uzkrajums meza sniedz ieverojamu ieguldijumu cela uz ES limena klimata
mérku sasniegSanu, kas katrai valstij noteikti Zemes lietoSanas, zemes
izmantoSanas mainas un meZzsaimniecibas (ZIZIMM) sektora regulas ietvaros
(ES Regula 2018/841, 2018; ES Regula 2018/842, 2018). Jauna ES ZIZIMM
regula pirmo reizi paredz noteikt obligatas saistibas samazinat SEG emisijas
ZIZIMM sektora, taja skaita aramzemém un zalajiem, papildus izveidojot meza
references ITmena metodiku saistibu noteikSanai. Jaunaja pieeja paredzets, ka,
aprékinot meza sektora SEG samazinaSanas saistibas 2021.-2025. gados,
noteikta CO; piesaiste, kas veidotos koksnes krajas ikgadgja pieauguma rezultata
un citas oglekla kratuves, no tas atnemot koksnes atmiruma un mezizstrades
radttos oglekla zudumus, ka arT SEG emisijas no augsnes, meza ugunsgréku un
meza mésloSanas rezultata, ja meza apsaimniekoSana turpinatos ka references
perioda (2000.-2009. gads). Nakosajam periodam (2026.-2030. gads) piedavata
citada metodika, nosakot kopigu mérki visam ZIZIMM sektoram, kas Latvija
vairakkart palielinatu emisiju samazinaSanas merki. Papildus tam, ES ir noteikusi
principu, ka ZIZIMM sektora devumu klimata politika ir nepiecieSams zinatniski
pamatot, lai to akceptétu ANO klimata konvencijas parstavji, ikgadgji izvert&jot
katras valsts progresu, ka ari atspogulot ikgad&jos zinojumos. Tade] ir svarigi
ieglit zinatniski pamatotus oglekla uzkrgjuma un ta dinamikas datus
hemiborealajos mezos, kurus talak izmantot, sagatavojot zinojumus par valsts
progresu dazadu ES meéroga strat€giju mérku TstenoSana, ta virzoties uz
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klimatneitralitati un nenodarot ekonomiskus zaudgumus Latvijas
tautsaimniecibai neprecizu metozu pielietoSanas radito sankciju rezultata.
Turklat, ES elastibas mehanismu ietvaros, meza nozare var palidzet sasniegt citu
tautsaimniecibas nozaru (lauksaimnieciba, transports) mérkus gadijuma, ja ta jau
ir Tstenojusi savu merki.

Informacija par oglekla uzkrajumu vecas audzges Eiropa ir fragmentara, tomér
$adu audzu platiba ka Latvija, ta Eiropa kopuma pieaug (Vilén et al. 2012; EFE
State and trends 2016; Badalamenti et al. 2019; Sabatini et al. 2020). Taja pasa
laika pieejamais empiriskais datu materials par vecajas audzes esoSo oglekla
uzkrajumu, 1pasi borealajos un hemiborealajos mezos, kuri ir biitisks Eiropas
meza resurss, nav visaptveross. Tas ir viens no iemesliem, kap&c Eiropa Sobrid
notiek tik spraigas diskusijas par veco audzu ietekmi klimata un ar to saistito
politiku balansa nodro§inasana starp dazadiem ekosist€émas pakalpojumiem,
radot iesp&jami lielaku ieguvumu sabiedribai (Hogbom et al. 2021; Molina-
Valero et al. 2021). Lai iegitu precizus datus par oglekla uzkragjumu vecas
audzgs, nepiecie$ama zinatniski pamatotu datu ievakSana, tadejadi izvairoties no
oglekla uzkrajuma parvértésanas un dodot iesp&ju pamatot veco audzu lomu ES
mérku sasniegSana.

Meza kopgjo oglekla uzkrajumu nosaka dazadu oglekla kratuvju (carbon
pools) lielums un to izmainu dinamika — koku biomasa, atmirums, augsne un
zemsega, ka arT zemsedzes augi, kas ir dinamiska un maz pétita dala (1.1.att.).
Oglekla kratuve (carbon pool) ir dabas sist€éma vai tas dala, kurd ir uzkrats
ogleklis (carbon storage), jebkads oglekli saturosas siltumnicefekta gazes
prekursors vai jebkada oglekli saturoSa siltumnicefekta gaze. Katra oglekla
kratuve vai kratuvju kopa (carbon pool) glaba noteiktu oglekla masu jeb oglekla
uzkrajumu (carbon stock). Meza ekosistémas nosaka oglekla uzkrajumu, ka ari
ta dinamiku/bilanci (carbon budget), ko novérte, analizgjot oglekla piesaisti
(carbon sequestration) un oglekla emisijas (carbon emissions). Neto primaraja
razo$ana (net primary production) notieck oglekla dioksida (CO) piesaiste
(carbon sequestration) no atmosféras CO- piesaistitajos. Fotosintézes procesa
koki no atmosféras piesaista (carbon sequestration) CO,, akumul&jot oglekli
koksnes biomasa, un atbrivo skabekli. Oglekla piesaistitajs (carbon sink) ir
jebkas, kas CO, no atmosferas spgj absorbét vairak neka atbrivot (pozitiva
ekosistémas produktivitate) — koku biomasa, augi, okeans vai augsne. Un pretgji,
oglekla avots (carbon source) ir jebkas, kas atbrivo/ emite vairak CO, atmosféra
neka to absorbe un tam ir negativa ekosist€émas produktivitate. Oglekla bilance
var biit gan pozitiva (carbon sink) (piesaista vairak oglekli neka emitg), gan
negativa (carbon source) (emisijas ir lielakas par oglekla piesaisti), un $i bilance
dinamiski mainas atkariba no audzes produktivitates un dabisko traucgumu
ietekmes. MeZa ekosistémas péc dabiska trauc&juma (pieméram, ugunsgreka) vai
koku cirSanas mezaudze noteiktu laika posmu var biit ar negativu ekosistemas
produktivitati (carbon source), bet péc laika, mezam aktivi augot un razojot
biomasu, audze atkal uzrada pozitivu oglekla bilanci (carbon sink) (Taylor et al.
2014).
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1.1. att. Oglekla kratuves un ta aprite meZa ekosistema

Pétfjuma vertéts oglekla uzkrajums (carbon stock, carbon storage in carbon
pools) vecas mezaudzes, bet ne ta piesaistes dinamika. Veci meZi uzskatami
nodro$ina nozimigu oglekla uzkrajumu un piesaisti koku biomasa un citos §is
ekosistémas komponentos (Brockerhoff et al. 2017; Gundersen et al. 2021).
Klimats, ta parmainas, augSanas apstakli, valdo$a koku suga, audzes vecums,
atmiruma veidoSanas — gan dabiska atmirSana, gan dabisko traucjumu izraisita
— ietekmg katras oglekla kratuves lielumu (Jandl et al. 2007; Jacob et al. 2013;
Kumpu et al. 2018; Clarke et al. 2021). Atkariba no dazadiem ietekmg&josajiem
faktoriem un to mijiedarbibas konkretaja vieta, konkréta mezaudze attieciga
dzives cikla posma var biit gan oglekla avots (carbon source), gan oglekla
piesaistitajs (carbon sink) un spgj saglabat pozitivu oglekla bilanci ilgstosu laika
periodu (Framstad et al. 2013).

Audzes vecums ir viens no faktoriem, kam ir nozimiga ietekme uz kopgjo
oglekla bilanci konkrétaja vieta, un to apliecina arT iepriek§€jos petijumos iegttie
secinajumi (Pregitzer & Euskirchen 2004; Wei et al. 2013; Yuan et al. 2016;
Martin et al. 2018). Pieaugot audzes vecumam, oglekla uzkrajums koku biomasa
zinamu laika periodu pieaug, tomér §is process ir cieSi saistits ar audzes
taksacijas raditajiem un dabisko traucgjumu ietekmi (Pukkala 2017; Gundersen
et al. 2021; Luyssaert et al. 2021). Igaunija veikta p&tijuma secinats, ka uzkrata
oglekla apjoms koku biomasa pieaug lidz 100 gadu vecumam, kad tas
nostabilizgjas (Uri et al. 2019; Uri et al. 2022). Ari Spanija veikta p&tjjuma
konstatgts, ka oglekla uzkrajums koku biomasa ir loti liels parasta dizskabarza
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(Fagus sylvatica L.) pieaugusas audzgs, bet vecakas audzges tas vari¢ atkariba no
dabisko traucgjumu ietekmes, paradot, ka koksnes biomasa, Iidz ar to oglekla
uzkrajums ne vienm@r ir nozimigi lielaks dabiskas, vecas mezaudzés (Molina-
Valero et al. 2021). Veca audze var saglabat pozitivu oglekla piesaisti vairakus
gadu simtus, ko apliecina arT Ziemelamerikas borealajos meZos pétitas Pinus sp
audzes, kur konstatéts, ka audze sasniedza oglekla piesaistes un emisiju
neitralitati vairak neka 400 — 600 gadu vecuma (Framstad et al. 2013). Tiesi vecu
audzu spgja glabat lielu oglekla uzkrajumu un darit to ilgstosu laika periodu ir
iemesls, kapéc vecas audzes kluvusas aktualas klimata parmainu politiku
konteksta, tomer, ta ka So politiku mérkis ir samazinat CO; atmosfera, vecam
audzém nav pozitivas ietekmes uz klimata parmainu mazinasanu ilgtermina (Kun
et al. 2020).

Valdosa koku suga ir viens no faktoriem, kas ietekm& ne tikai oglekla
uzkrajumu koku biomasa, jo sugam ir atskiriga produktivitate, bet arT atmirusas
koksnes un nobiru veido$anos un sadaliSanas procesu, ka arT ietekmé& augsni un
uzsiicoSo saknu veido$anos un sadaliSanas dinamiku (Hansson et al. 2011;
Laganieére et al. 2015; Btonska et al. 2019).

Dabisko traucgjumu kop€jais un kumulativais risks var butiski mainit oglekla
uzkrajumu vecas audzes, jo lidz ar vecumu pieaug ari v&ja, dendrofago kukainu
raditie riski (Seidl et al. 2020). Laika gaita ne vien samazinas mezaudzes noturiba
pret dazadiem dabiskajiem trauc&umiem, bet ari palielinas nopietna dabiska
traucgjuma (pieméram, vé&tras) iestasanas varbatiba (Jogiste et al. 2017).
Konstatéts, ka trupe, it ipasi neapsaimniekotajas audzgs, ir viens no faktoriem,
kas ietekm& koku noturibu, 11dz ar to var atstat arT ietekmi uz oglekla uzkrajumu,
seviski apses audzes, kur trupi konstaté biezak neka citam koku sugam (Latva-
Karjanmaa et al. 2007). Tapat prognozeéts, ka dabisko traucéjumu bieZums un
intensitate klimata parmainu ietekmé pieaugs, tadgjadi nozimigi ietekmégjot
oglekla uzkrasanos un audzes noturibu ilga laika perioda (Seidl et al. 2020;
Hogbom et al. 2021). Vislielakas oglekla uzkrajuma izmainas konstaté koksnes
biomasa, ka rezultata nozimigi tiek izmainita dzivo koku biomasas un atmiruma
proporcija, samazinot kop&jo ekosistémas oglekla uzkrajumu pat par 39% (Thom
& Seidl 2016). Vecas audzes konstateta ievérojama oglekla uzkrajuma variacija
atkariba no dabiska trauc€juma intensitates ilgstosa laika perioda (Palviainen et
al. 2020). Ar1 dabiskas sukcesijas procesa vecas audzes novero individualu koku
atmirSanu, ka rezultata picaug CO; emisijas, sadaloties atmiruSajai koksnei
(Kuuluvainen & Gauthier 2018; Jones et al. 2019; Sénhofa et al. 2020). Tomér
kopuma audze var palikt pozitiva oglekla kratuve (carbon sink) arT péc dabiska
trauc€juma, kaut arT oglekla emisijas visas oglekla kratuves pieaug. Tas pierada,
ka nepiecieSams detaliz&ti pétit oglekla plasmas (carbon fluxes) mezaudzgs, ipasi
vecas audz@s, kur notiek nepartrauktas strukturalas un ainaviskas izmainas
dabiskas sukcesijas, dabisko traucgjumu un citu faktoru ietekmé (Kuuluvainen
& Gauthier 2018; Nord-Larsen et al. 2019; Palviainen et al. 2020).

Klimats nosaka ne tikai biomasas augsanu (taja skaita koku), bet arT organisko
vielu sadaliSanas atrumu, 1idz ar to atstajot biitisku ietekmi uz oglekla uzkrajuma
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veidosanas dinamiku (Khan et al. 2019). Dazadi klimatiskie faktori — gaisa
temperattira un gaisa mitrums (Khan et al. 2019; Sullivan et al. 2020), augsnes
temperatira un mitruma rezims (Lim et al. 2019), ka arT nokrisnu daudzums
(Hasper et al. 2016), ir faktori, kas analizéti, lai izvertétu klimata ietekmi uz koku
biomasas veidoSanos. Saistiba ar klimatiskajiem faktoriem art konkrétas vietas
geografiskajam platumam ir ietekme uz oglekla uzkrajumu parastas priedes
audzeés (66-178 gadi) — tas konstatéts, analizgjot audzes teritorija no Polijas
dienvidiem 1idz Somijas ziemeliem (Vucetich et al. 2000). Papildus min&tajiem
t.s. “dabiskajiem faktoriem” liela nozime ir arT audzes noturibu sekméjosam meza
apsaimniekoSanas veidam, kas tad&jadi nodrosina ilgtspgjigu ieguvumu klimata
parmainu mazinasana, veicinot oglekla piesaisti meza ekosistema.

Var secinat, ka meza ekosistémas oglekla uzkrajuma un piesaistes potencials
ir atkarigs no daudziem ietekméjosajiem faktoriem un So faktoru mijiedarbibam,
kas atSkiras ne tikai starp klimata zonam, bet pat viena klimatiska regiona
ietvaros, lidz ar to nepiecieSams ievakt plasu lokalu empirisko materialu, lai biitu
pamats secindgjumu izdariSanai par veco audzu oglekla uzkragjumu un ta
dinamiku.

Veco audzu preciza definéSana ir noteicosa, lai noskirtu vairakus atSkirigus
jédzienus un lai tadgjadi neveidotos dazadas interpretacijas, un salidzinajums
konkrétaja situacija butu korekts (O’Brien et al. 2021). Analizgtas vecas audzes
petijuma atbilst Apvienoto Naciju Organizacijas Partikas un lauksaimniecibas
organizacijas jeb FAO klasifikacijas n6 kategorijai — old-growth forest
(Buchwald 2005). Sajos mezos raksturigi veci, lieli koki un novérojami ar ar
tiem saistitie ekosisteémas struktiiras elementi, kas var batiski atSkirties starp
klimatiskajam joslam, ka arT pat starp specifiskiem augSanas apstakliem, kas
veidojusies konkréta dabisko traucgjumu reZima vai pagatné notikusas cilvéku
darbibas ietekmé. Ka biitiskakos ekosistémas struktiiras elementus vecas audzes
min: 1) lielu dimensiju koki (atbilsto$i konkrétajiem augSanas apstakliem un
koku sugai); 2) lielu dimensiju un salidzinosi liela apjoma atmiruma klatbitne;
3) starp audz&€m un audzes ietvaros liela koku dimensiju un audzes biezuma
dazadiba; 4) dabisko traucgjumu ietekmes elementi — lauztas galotnes, stumbra
un saknu bojajumi; 5) dazadstavu audze; 6) atverumi audzes vainagu klaja,
mozaikstruktira (Buchwald 2005). Tatad, veca kokaudze var bt vecs mezs, bet
ne vienmér vecu mezu veido veca kokaudze. Eiropa aplésts, ka tikai 0.7% no
kopgjas mezu platibas ir veci mezi, atbilstosi FAO klasifikacijai (n10-n5).
Sakotngji Saja petijuma lietots termins ‘paraugusi audze’, ko pétijuma gaita ir
papildingjis/nomainijis termins ‘veca meZaudze’. Veca mezaudze ir mezaudze,
kura valdosas koku sugas koki ir parsniegusi atjaunoSanas cirtes vecuma
robezveértibu par vismaz divam vecumklasém. Saja pétijuma analizéts konkréts
mezaudzes stavoklis, kad veca meza (ilgsto$i antropogéni maz trauc€ts mezs ar
dabisko traucgjumu ietekmi) domingjosais meza elements vel joprojam ir veci
koki, t.i., ta ir veca audze.

Eiropa Iidz Sim veikts maz pétijumu par kopgjo oglekla uzkrajumu vecas
meZzaudz€s, parsvara analiz&jot parasto dizskabardi (Nord-Larsen et al. 20109;
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Molina-Valero et al. 2021), parasto egli (Picea abies (L.) Karst.) (Mund et al.
2002; Jacob et al. 2013; Seedre et al. 2015) vai ozolu (Quercus sp) (Badalamenti
et al. 2019; Nord-Larsen et al. 2019), lielakoties Vidusjaras kalnu regionos.
Danija veikta ilglaiciga pétijjuma par veciem (Iidz 142 gadiem) platlapjiem
(Fagus sylvatica, Quercus robur L.) mistraudzg, secinats, ka §is audzes ir lielas
oglekla kratuves (arT atmirust koksne veido nozimigu un stabilu oglekla kratuvi,
35t C ha™), bet oglekla piesaiste (ekosistémas produktivitate) ir loti zema (Nord-
Larsen et al. 2019). Ziemeleiropas hemiborealaja un borealaja zona nav pieejami
visaptverosi petfjumi par oglekla uzkrajumu vecas mezaudzes, kaut arT tiesi $aja
regiona koncentréti nozimigi meza resursi. Piecjamas meta-analizes, kuras
salidzinats oglekla uzkrajums tropiskajos, mérenas joslas un borealajos mezos,
norada, ka borealaja regiona audzes agrak sasniedz oglekla uzkrajuma
maksimumu un tas ir salidzino$i mazaks neka mérenas joslas vai tropiskajos
mezos (Pregitzer & Euskirchen 2004). Borealajos mezos Somijas austrumdala
salidzino$i nabadziga meza tipa (Vaccinium-Myrtillus) veca (140 gadi) mistrota
audzg, kura valdosa suga ir parasta egle, kopgjais ekosisteémas oglekla uzkrajums
ir 175t C ha* (60% konstatéts koku biomasa) (Finér et al. 2003). Augsne ka loti
liela oglekla kratuve, pasi borealaja un hemiborealaja regiona (Bradshaw &
Warkentin 2015; Deluca & Boisvenue 2012; Mayer et al. 2020), ir biezi pétita,
tom&r nav p&tijumu par situaciju vecas mezaudzes. Igaunija, analizgjot 70 lidz
139 gadus vecas audzes (parasta priede (Pinus sylvestris L.), parasta egle, bérzi,
parasta apse (Populus tremula L.), parastais ozols (Quercus robur L.),
melnalksnis (Alnus glutinosa (L.) Gaerth.), baltalksnis (Alnis incana (L.)
Moench)), konstatéts, ka meza tipam un sugu sastavam ir nozimiga ietekme uz
oglekla uzkrajumu, un tas biitiski varié starp objektiem no 10 Iidz 152 t C ha™®
(Lutter et al. 2019).

Latvija atrodas hemiborealaja zona, kas ir pareja starp merenas joslas un
borealajiem meziem (Ahti et al. 1968). Hemiboreala mezu zona noskir tipisko
skujkoku borealo mezu zonu no mérenas joslas tipisko lapu koku mezu zonas.
Hemiborealaja zona atrodamas skujkoku un lapu koku mistraudzes, kas
nodro§ina daudzveidigu sugu sastavu (Lohmus & Kraut 2010). Eiropas
hemiborealo meZu zona ir unikala Eiropa, jo $eit meZs klaj nozimigu dalu valstu
teritoriju jau loti ilgi laiku — Latvija un lgaunija pusi teritorijas klaj mezi, Lietuva
— treSdalu (JOgiste et al. 2018). Turklat potenciali Latvijas teritoriju varetu klat
l1dz pat 90% meZu, un tikai antropogeénas ietekmes (it Tpasi — lauksaimniecibas
vajadzibam veiktas atmezoSanas) rezultata meza zemes Ipatsvars ir mazaks
(Jogiste et al. 2018). Nemot véra stipri vari€joso dabisko traucgjumu rezimu, ka
arl tradicionalo cilvéka darbibas ietekmi, augsnes dazadibu un So faktoru
savstarpgjas mijiedarbibas, hemiborealaja mezu zona ir sarezgiti raksturot
dabisku meza attistibu jeb sukcesijas procesu (Lohmus & Kraut 2010; Nigul et
al. 2015). Parastas priedes un parastas egles mistrojums ar lapu kokiem —
bérziem, parasto apsi un alk§niem — ir biezi sastopams hemiborealaja zona, kur
lapu koki lielakoties sastopami sakotngjas sukcesijas stadijas 11dz sukcesijas
vidusposmam (European Environmental Agency 2007). Kopuma Latvija ir
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3239,7 tukst. ha meza, kas aiznem vairak neka 50% no Latvijas valsts sauszemes
platibas. Saskana ar MeZa statistiskas inventarizacijas (MSI, 2016-2020) datiem,
Latvija Cetras galvenas koku sugas — priede, egle, bérzi un apse — aiznem 80,6%
no kopgjas mezaudzu platibas un 85,7% no kopgjas mezaudzu krajas.

Puse no meziem Latvija atrodas sausienu meza tipos, galvenokart damaksni
(Hylocomniosa) un veri (Oxalidosa), kuru kopgjais tpatsvars ir 39,5% no kopgjas
mezu platibas (MSI, 2016-2020). Oglekla uzkrajuma novérté$ana Latvija tiesi
meza tipos ar augstako Ipatsvaru no kop&jas meza platibas un plasak
parstavetajam koku sugam ir Ipa$i nozimiga, raksturojot veco mezaudzu
potencialo lomu klimatneitralitates mérku sasniegSana.

1.1. Promocijas darba mérkis

P&tfjuma mérkis ir novertet oglekla uzkrajumu vecas, saimnieciskas darbibas
ilgstosi neietekm@tas priedes, egles, bérzu un apses audzes sausienu mezos.

1.2. Promocijas darba uzdevumi

Lai sasniegtu pétijuma merki, izvirziti $adi darba uzdevumi:

1. novertet vecu mezaudzu taksacijas raditajus;

2. raksturot vecu audzu galveno oglekla kratuvju (dzivo koku biomasa,
atmirums, augsne un zemsega) un kokaudzu parametru sakaribas;

3. izpétit audzes vecuma ietekmi uz oglekla uzkrajumu.

1.3. Promocijas darba tézes

Promocijas darba izvirzitas divas tézes:

1. damaksni un vert kopgjais ekosistemas oglekla uzkrajums, palielinoties
audzes vecumam (priedei virs 97 gadiem, eglei virs 79 gadiem, bérziem
virs 69 un apsei virs 58 gadiem), turpina pieaugt, savukart oglekla
uzkrasanas efektivitate (oglekla uzkrajums gada) samazinas;

2. dzivo koku oglekla kratuve vecas, saimnieciskas darbibas ilgstosi
neietekmétas priedes, egles, bérzu un apses mezaudzes damaksni un veri
veido lielako dalu no kopgja oglekla uzkrajuma.

1.4. Petijuma novitate
P&tijuma pirmo reizi Eiropa iegtti dati par oglekla uzkrajumu vecas bérzu un

apses mezaudzgs. Pirmo reizi Eiropas hemiborealajos meZos raksturots oglekla
uzkrajums vecds skuju un lapu koku mezaudzes un veikts ta atSkiribu
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noveértéjums (vecuma starpiba lapu koku audzes 58 gadi un skuju koku audzes
93 gadi no kontroles Iidz veco audzu vecumam) sausienos.

2. MATERIALS UN METODES

P&tijuma Tstenosanai ievakti un analizeti dati 84 vecas parastas priedes (Pinus
sylvestris), parastas egles (Picea abies), bérzu (Betula pendula Roth un Betula
pubescens Ehrh.) un parastas apses (Populus tremula) meZzaudzés damaksni
(Dm; Hylocomiosa) un véri (Vr; Oxalidosa) visa Latvijas teritorija (2.1. att.).
Saskana ar Meza statistiskas inventarizacijas (MSI) datiem, gan parastas priedes,
gan bérzu audzes aiznem 26% no kopgjas mezu platibas, kam seko parastas egles
audzes ar 19% un parastas apses ar 8% no kopgjas mezu platibas.
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2.1. att. Pétijuma objektu izvietojums vecas meZaudzeés pa valdoSajam
koku sugam

Damaksnis (Dm) un veris (Vr) ir sausienu meZi, kur pirma stava valdo$a koku
suga ir priede, egle, ka arT $o sugu mistrojums ar bérzu un apses piejaukumu.
VerT biezi sastopamas ar1 bérzu un apses tiraudzes (Buss1976). Saskana ar Meza
statistiskas inventarizacijas (MSI) datiem, damaksnis un veéris kopa aiznem 40%
no Latvijas meZa kopgjas platibas, un tie ir pieméroti visu vérteéto koku sugu
augSanai: priedes audzes tajos aiznem 37%, egles 22%, bérzu 26% un apses 7%.
P&c MSI datiem, mezaudzes, kas vecakas par 120 gadiem, aiznem 4% no Latvijas
meZa kopgjas platibas. Lielako dalu (90%) no vecajam audzém veido parasta
priede.
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Sakotngji saskana ar meza inventarizacijas informaciju (Meza valsts registra
datu baze) tika atlasttas vecas audzes, kuras atbilda §adiem kriterijiem: 1) valdosa
suga — priede, egle, berzi, apse; 2) audzes vecums — priede >160 gadi, egle >160
gadi, berzi > 120 gadi, apse >100 gadi; 3) meza tips — Dm, Vr; 4) valdo$as sugas
patsvars audzes sastava formula > 50% no pirma stava krajas; 5) nav pieejama
dokumentala informacija par saimniecisko darbibu audzg vismaz pédgjos 30
gadus; 6) atrasanas vieta vismaz 5 km no apdzivotam vietam un 1 km no
autoceliem); 7) nogabala platiba vismaz 0,5 ha. Audzes vecuma ietekmes
raksturo$anai (salidzindgjumam) izmantoti MSI |11 cikla (laika periods no 2014.
lidz 2018. gadam) dati no priedes (vecuma 80-120 gadi), egles (60-100 gadi),
bérzu (60-90 gadi) un apses (40-80 gadi) audzeém (defingjot tas ka “kontroles
audzes”), kas iegiiti no kopuma 447 parauglaukumiem (2.1. tab., 2.2.tab).

2.1. tabula.
Veco un kontroles audZu vecuma raksturojums
Valdosa Vecias audzes Kontroles audzes Vidgja vecuma
koku PL* Vecums PL Vecums starpiba starp
suga skaits (amplitida) skaits (amplitada) audzu grupam
Apse 146 (1(13411%1;5) 86 (35987i 830) x4
e o7 (15 1—i128) 114 (6619 : 810) 62+4
Fole 102 (1;32—255) 17 (619—i1§0) 1036
Priede 148 (1é;9fzfs) 130 (8??150) 82+6

+ 95 % ticamibas intervals;
*izmantoti tikai tie parauglaukumi un parauglaukumu sektori, kuru platiba ir > 400 m?,

Atlasttas potencialas audzes, izveloties nejausa seciba, tika apsekotas daba,
lai parliecinatos par faktiskas situacijas sakritibu ar taksacijas datos noradito un
to, ka nav konstaté§jamas saimnieciskas darbibas pazimes (nav celmu un
pievesanas celu, nav pazimju, ka biitu izvakta atmirusi koksne). Atbilstosas
audzes ierikoti parauglaukumi, lidz sasniegts katrai sugai izvelétais kopgjais
audzu skaits. Kopuma uzmériti 463 aplveida parauglaukumi.

2.2. tabula.
Kontroles audZu I stava raksturojums
Taksacijas raditaji Apse Bérzs Egle Priede
Vidgjais caurmérs D*, cm 37+2,3 30+1,0 32+1,3 36+0,9
Vidgjais augstums H*, cm 30+1,1 29+0,6 26 +£0,7 29+0,5
Vidgjais skérslaukums, m? hat 24422 23+14 26+1,8 30+19
Videja kraja, m® hat 343+£36,1 2964202 326+26,7 396 +27,1
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Vidgjais audzes biezums, koki ha! 358 + 50 352+27 381+40 326+25

* D — vidgjais kvadratiskais caurmérs, cm;
H — vid&ja kvadratiska caurméra kokam atbilstoSais augstums péc augstumliknes, m.

2.1. Datu ievak$anas metodika

Datu ievakSana organiz€ta pa posmiem. Laika no 2016. lidz 2017. gadam
uzméeritas vecas skujkoku audzes, novertgjot 19 egles audzes vecuma no 167 Iidz
213 gadiem (K&nina et al. 2018 / I publikacija) un 25 priedes audzes vecuma no
163 1idz 218 gadiem (K&nina et al. 2019a / II publikacija). Datu ievaksana vecas
lapu koku audz&s organizéta no 2018. lidz 2019. gadam. Saja laika perioda
ievakti dati par 15 bérzu audz€m vecuma no 123 Iidz 148 gadiem un 25 apses
audzém vecuma no 104 lidz 135 gadiem (K&nina et al. 2022 / VI publikacija).

Katra atlasitaja audzé ierikoti 6-8 parauglaukumi regulara tikla atbilstosi
audzes konfiguracijai, izvairoties no netipiskam ieplakam, paaugstinagjumiem, ka
arT vismaz 10 m attaluma no audzes malas. Katra parauglaukuma (R=12,62 m;
S=500 m?) uzmérita kokaudze, ka ari atmirusi koksne (sausokni, stumbeni,
kritalas). Parauglaukuma platiba fiksé koka kriisaugstuma caurméru (caurmérs >
6,1 cm, parauglaukuma sektora (R=5,64 m; 0°-90° sektora) fiksé kokus ar
caurméru > 2,1 cm). Katram kokam fiks€ arT atraSanas vietu (attalumu, virzienu),
sugu, piederibu audzes stavam, ka ar1 pieSkir numuru. Pirmaja stava apvieno
visus audzes augstakos kokus, kuru augstuma atSkiribas neparsniedz 20%.
Pargjie koki veido otro stavu, ja to augstums nav mazaks par vienu ceturtdalu no
pirma stava koku augstuma. Katram meza elementam (valdo$ajam elementam
pieciem kokiem, par&jiem meza elementiem diviem dazadu dimensiju kokiem)
uzméra koku augstumu un vainaga sakuma augstumu, ka ar7 ievac pieauguma
urbumu kroiSu augstuma. Augstumu un caurméru uzméra arl nedzivajiem
sausstavosajiem kokiem — stumbeniem (St) un sausokniem (sa) (caurmeérs > 6,1
cm; parauglaukuma sektora caurmérs > 2,1 cm). Parauglaukuma nosaka kritalas
atrasanas vietu, caurmeru tievgall un resgali kritalam, kuru resgala caurmers ir
lielaks par 14,0 cm (parauglaukuma sektora caurmérs > 6 cm). Visiem
nedzivajiem kokiem nosaka sadaliSanas pakapi piecas kategorijas (saskana ar
Sandstrom et al. 2007).

Katram kokam aprekinats augstums péc Naslunda augstumliknes:

H=13+(— )3, 1)

kxDxc

kur:
H —vidgja kvadratiska caurméra kokam atbilstoSais augstums péc
augstumliknes, m;
D — koku caurmérs, cm;
k, c — koeficienti.
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P&tijuma objekta atseviska augstumlikne aprékinata katram meza elementam,
bet, ja augstums mérits mazak ka 5 kokiem, tad meZa elementa augstums
aprekinats, izmantojot Gafreja visparigo augstumlikni (Spepsts 2020).

Vidgjais audzes caurmérs 1,3 m augstuma aprékinats ka vidgjais
kvadratiskais caurmérs (MSI metodika, 2013):

_ ’40000 XG
b= TxXN (2)
kur:

D — vidgjais kvadratiskais caurmérs, cm;
G — 8kérslaukums, m? ha?;
N — koku skaits, gab hal.

Dzivo koku un sausstavoSo koku kraja aprékinata péc L. Liepas (1996)
formulas:

v= @ xL[*qPl9l+e 3

kur:
v — koka tilpums, mé;
L — stumbra garums, m;
d,, — koku krtsaugstuma caurmers, cm;
Y, a, B, ¢ — koku sugas atkarigi koeficienti.

Stumbenu un kritalu kraja aprékinata, izmantojot Hubert formulu (MSI
metodika 2013):
_ Ldy,*

V==—"- (4)

4

kur:
V — kraja, m®;
L — kritalas garums / stumbena augstums, cm;
d,,— vidgjais nogriezna diametrs, cm.

Atmirusas koksnes paraugi oglekla satura koeficientu vertibu noteikSanai
ievakti 4 nejausi izvelétas veco bérzu mezaudzes (Keénina et al. 2019b / III
publikacija). Katra audze ierikoti 6 Iidz 8 parauglaukumi. Kopa ierikoti 26
parauglaukumi, kuros pétfjuma analizétajam valdo$ajam koku sugam katra no
piecam sadaliSanas pakapem ievakti 5 koksnes paraugi (kopa 76 koksne paraugi).
Pirmas un otras sadaliSanas pakapes atmirusas koksnes paraugi iegiti ar zondi
(diametrs = 13 mm), bet tresas Iidz piektas sadaliSanas pakapes atmirusas
koksnes paraugi iegiti ar lielaku zondi (diametrs = 50 mm). Koksnes paraugi
nogadati p&c ISO 17025:2017 standarta akreditetaja LVMI Silava Meza vides
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laboratorija, kur noteikts oglekla saturs pa koku sugam un sadaliSanas pakapem.
Augsnes (100 cm®) un zemsegas paraugi ievakti dala no veco un kontroles audzu
kopas (pavisam 157 audzgs) trijos punktos arpus parauglaukuma ar&jas robezas
atbilstosi meza aug$nu monitoringa metodikai. Augsnes paraugus ievaca cetros
dzilumos (0-10 cm, 10-20 cm, 20-40 cm, 40-80 cm). Ievaktie augsnes un
zemsegas paraugi nogadati analizu veikSanai LVMI Silava MeZa vides
laboratorija, kur noteikts augsnes blivums un oglekla saturs augsnes un zemsegas
paraugos.

2.2. Datu analize

Oglekla uzkrajums aprékinats galvenajam oglekla kratuvém (kokaudze,
augsne, atmirusi koksne un zemsega). Oglekla uzkrajums koku biomasa
aprekinats, izmantojot individualus koku biomasas modelus galvenajam koku
sugam (Liepin$ et al. 2017) un standartizétu oglekla satura koeficienta (0,5)
vertibu koksng, ko noteikusi Klimata parmainu starpvaldibas padome (IPCC)
(Eggleston et al. 2006).

Oglekla uzkrajums atmirusaja koksné individualiem kokiem aprékinats,
izmantojot koksnes blivuma vértibas un oglekla satura koeficienta vértibas pa
koksnes sadaliSanas pakapeém un koku sugam. Veicot noveért€jumu Latvija
ierobezotam paraugu skaitam galvenajam koku sugam (K&nina et al. 2019 / 111
publikacija), Igaunija un Latvija iegiitajam oglekla satura koeficientu vertibam
butiskas atSkiribas netika konstatgtas, kas lava pétfjuma izmantot Igaunija Koster
etal. (2015) izstradatas parametru vertibas. Nemot véra, ka MSI dati par atmiruso
koksni iegiiti trijas sadaliSanas pakapgs, pétijuma ietvaros noteiktas sadaliSanas
pakapes attiecinatas $adi: svaiga koksne —ieklauj 1. un 2. sadaliSanas pakapi veco
meZaudzu datos un aprékinus veic péc 2. sadaliSanas pakapes; vidgji sadalijusies
koksne — ieklauj 3. sadaliSanas pakapi veco mezaudzu datos un aprékinus veic
pec 3. sadalisanas pakapes; stipri sadalijusies koksne — ieklauj 4. un 5.
sadaliSanas pakapi veco meZaudzu datos un aprékinus veic péc 4. sadaliSanas
pakapes.

Valdosas koku sugas, audzes biezuma, krajas un So parametru mijiedarbibas
ietekme uz oglekla uzkrajumu koku biomasa un atmirusaja koksné vecas
meZzaudz€s novertéta ar linearu jaukta efekta modeli (LMER). Parametri, kas
ietverti t.s. noslédzo$ajos modelos oglekla uzkrajuma visprecizakajai
raksturoSanai, izveéleti p&c statistiski nebitisko (pie 95% ticamibas ltmena)
mainigo parametru un parametru mijiedarbibu izslégSanas no modela un
salidzinot modelus péc Akaike informacijas kriterija vertibas (AIC). Visos
modelos objekts definéts ka nejausais (random) parametrs, jo viena audz& bija
vairaki parauglaukumi. Lai novertetu saistibas starp analizétajiem faktoriem un
oglekla uzkrajumu augsné un zemsega, izmantota dispersijas analize (ANOVA).
Lai salidzinatu veco audzu kokaudzes parametrus — skérslaukumu (I un II stavs),
biezumu (I un 11 stavs), kraju (I un II stavs), caurméru (I un II stavs), atmirusas
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koksnes kraju pa atmiruma veidiem — starp valdosajam koku sugam, ka arT, lai
noteiktu kokaudzu parametru atskiribas starp veco audzu un kontroles audzu
grupam, izmantota dispersijas analize (ANOVA). Lai samazinatu atkarigo
mainigo heterogenitati, oglekla uzkrajuma vertibas atmirusaja koksn€, augsné un
zemsega tika logaritmiz€tas pirms modelu veidoSanas. Ja konstatéta biitiska
faktoru vai to mijiedarbibas ietekme, tad grupu jeb parametru gradacijas klasu
savstarpgjai salidzinaSanai izmantots PostHoc tests. Visi aprékini veikti R
programma (v. 4.1.0., R Core Team 2021), izmantotas paketes Ime4 (Bates et al.
2015), ImerTest (Kuznetsova et al. 2017), emmeans (Lenth 2021).

3. REZULTATI UN DISKUSIJA

3.1. Veco mezaudZzu taksacijas raditaji
(1, 11, 1V, V un VI publikacija)

Valdosa koku suga statistiski butiski ietekm& audzes vid€jo I un II stava
caurméru, Skérslaukumu un kraju, koku skaitu I un II stava, ka arT atmirusas
koksnes apjomu vecajas mezaudzés (3.1. tab.). Veco audZu kopa netika
konstatSta statistiski batiska vecuma ietekme uz kokaudzi raksturojosajiem
raditajiem, liecinot, ka gadijumos, kad veci koki ir saglabajusies ka domingjosais
meza elements, lidziga maksimala kraja iesp€jama plasa vecuma diapazona
(petyjuma ieklautas skujkoku audzes no 163 Iidz 218 gadiem, lapu koku audzes
no 104 lidz 148 gadiem). Citos pétijjumos, Vert€jot valdosa meza elementa
vecuma ietekmi audz€s, kas jaunakas neka Saja pétijuma ietvertas vecas
mezaudzgs, secinats, ka tas ir loti nozimigs kokaudzes parametrus, ka arT oglekla
uzkrajumu ietekmgjoss faktors (Carey et al. 2001; Pregitzer & Euskirchen 2004;
Lee et al. 2016; Martin et al. 2018). Tomér mana pétijjuma analizéta konkréta
audzes attistibas stadija, un $aja stadija vecuma ietekme nav izteikta. Lidzigi
rezultati iegiiti ari, analiz€jot ekosistémas produktivitati vecas audz€s péc
ugunsgréka (Taylor et al. 2014).

3.1. tabula.
Veco audzu I stava raksturojums

Taksacijas raditaji Apse Bérzs Egle Priede
Vidgjais caurmérs, cm 49 +1,1 38+1,5 37+1,6 48 £1,1
Vidgjais augstums, m 37+04 30+0,7 29+0,7 31+04
Vidgjais skérslaukums, m? hat 30+24  30+£29 24+3,1 36+28
Vidgja kraja, m® hat 666+ 48,0 411+53,0 319+53,0 495+41,0
Vidgjais audzes biezums, koki ha* 242422  301+£27 235+32 268+28
Vidgjais valdosas koku sugas 9+0,2 7+0,4 7+0,7 7+0,1
ipatsvars (amplitiida) (5-10) (5-10) 5-10 (5-10)
Valdosas koku sugas caurmérs, cm 49 38 35 47
Valdosas koku sugas augstums, m 37 30 28 31
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AtmirusT koksne, m® ha! 103+£11,0 65+10,5 90+142 97+14,0
*Valdosas koku sugas Tpatsvars — valdosas koku sugas sastava vienibas péc I stava krajas

Vidgjais caurmérs ir bitiski atskirigs (p < 0,001) dazadu valdoso koku sugu
vecajas audz&s gan I stava, gan II stava kokiem. I stava caurmérs vecas apses
(49 £ 1,1 cm) un priedes (48 £ 1,1 cm) audzes ir butiski lielaks neka beérzu
(38 = 1,5 cm), un egles (37 + 1,6 cm) audzés (3.1. att.). ArT audzes biezums
(I stava, II stava, kopg&jais) dazadu valdoSo koku sugu vecas audzgs ir butiski
(p < 0,001) atskirigs (3.1. att.). Vecas beérzu audz@s I stava biezums (301 =+
+ 27 koki ha'?) ir bitiski lielaks neka apses (242 + 22 koki hal) un egles (235 +
+ 32 koki ha'') audzes un lidzigs ka priedes (268 + 28 koki ha') audzes. Visu
valdoSo koku sugu vecas mezaudzes gan I stava, gan II stava biezums ir biitiski
(p < 0,001) mazaks neka kontroles audzes (kuru vecums priedei ir 97 + 2 gadi,
eglei 79 + 2, bérziem 69 + 1 un apsei 58 + 3 gadi). Dati liecina par zemu oglekla
uzkrajuma stabilitati vecas mezaudzgs: atsevisku I stava koku bojaeja dabisko
traucgjumu un/vai vecuma ietekm& var nozimigi samazinat kopgjo oglekla
uzkrajumu. Iegiitie rezultati apliecina iepriek$€jos petijumos secinato, ka reti, bet
lieli koki I stava veido galveno dzivo koku kraju vecas mezaudzes (Nilsson et al.

2002).
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3.1. att. Audzes I stava biezuma (stabini) un I stava vidéja kvadratiska
caurméra (punkti) salidzinajums apses, bérzu, egles un priedes vecas un
kontroles mezaudzes (= 95 % ticamibas intervals)

Analiz&jot mezaudzu krajas datus, secinats, ka valdosa koku suga butiski
(p<0,001) ietekmé audzes I stava kraju, II stava kraju, ka ar1 kop&jo audzes kraju.
Vecas apses audzes ir butiski (p < 0,001) lielaka | un Il stava kraja, salidzinot ar
pargjo valdoSo koku sugu audz&m. I stava kraja vecas bérzu un priedes audzes ir
lidziga, bet egles audzgs ta ir biitiski mazaka neka vecas priedes audzes. Savukart
II stava vecas egles audzes kraja ir biitiski (p < 0,01) mazaka neka pargjo valdoso
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koku sugu audzgs (3.2. att.). Analizgjot II stava kraju pa koku sugam, secinats,
ka egle ir domingjosa koku suga veco mezaudzu II stava, aiznemot 77-89% no
kopgjas II stava krajas visas vecajas mezaudzes.
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3.2. att. Pirma (I st) un otra (II st) stava kraja vecas apses, bérzu, egles un
priedes meZaudzes pa koku sugam (x 95 % ticamibas intervals)

Kraju ietekm@ arT veco audzu sugu sastavs: vecas priedes un berzu audzes
konstatets relativi augsts egles 1patsvars I stava. Visu valdoso koku sugu vecas
audz€s novérota egles dominance II stava liecina par notiekoSu sukcesiju veco
audzu grupa — gan skuju koku audzes (vecuma no 163 Iidz 218 gadiem), gan lapu
koku audzgs (vecuma no 104 lidz 148 gadiem). Rezultati atbilst klasiskajai
izpratnei par sukcesijas norisi audz€s, kuras ilgsto§i nav skaru$i nozimigi
dabiskie traucgjumi: notiek pakapeniska atjauno$anas ar &ncietigu koku sugu —
egli (Drobyshev et al. 1999).

Kopgja un I stava kraja priedes, bérzu un apses vecajas mezaudzEs ir
ieverojami (I stava — par 99-323 m® ha') un bitiski lielaka, bet vecajas egles
audzes — lidziga ka attiecigo sugu kontroles audzém (vecuma starpiba 54 + 4 gadi
apsei, 62 + 4 bérziem, 82 + 6 priedei un 103+6 gadi eglei).

Atmiru$as koksnes kraja ir lidziga (64-103 m® hal) dazadu valdoso koku
sugu vecajas audzes. Audzes krajai un biezumam ir bitiska (p < 0,01) ietekme
uz atmirusas koksnes apjomu $aja vecuma posma. Lai gan kopgjais atmiruma
apjoms ir liels, tas ir 13-24 % no dzivo koku krajas. Konteksta ar krajas
sadaltjumu (neliels biezums lielu dimensiju koku) iegiitie rezultati liecina, ka §1
audzu kopa ir vairak paklauta dabiska traucgjuma riskam nakotné (Jdgiste et al.
2017; Seidl et al. 2020; Oder et al. 2021). Atmiruma apjoms atseviskos veco
audZu parauglaukumos, ka ari starp audzém ievérojami atSkiras (3.2.tab.).
Lidzigas sakaribas, ka atmirusas koksnes apjomu ietekmé koku sugu sastavs, ka
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arT audzes kraja, audzes biezums un tas stipri varié starp parauglaukumiem,
konstatgtas ari citos veco audzu pétijumos (Oder et al. 2021). Vértgjot atmirusas
koksnes kraju pa atmiruma veidiem, konstatéts, ka sausoknu kraja vecas audzes
ir atkariga no valdo$as koku sugas (p < 0,001), savukart audzes kraja,
Skeérslaukums un biezums bitiski (p < 0,001) ietekmé€ kritalu kraju vecas audzes
(3.2. tab.). Vecas priedes audzes sausoknu kraja (42 m® ha™) ir biitiski lielaka
neka parejo valdoso koku sugu audzes (12-18 m® ha™l). Kritalas veido lielu dalu
no kopg&ja nedzivas koksnes apjoma vecas mezaudz€s. AtSkiribas atmirusas
koksnes apjoma pa atmiruma veidiem apstiprina audzes sugu sastava ietekmi —
egle atrak veido kritalas, bet priede ilgaku laiku ir sausoknis/ stumbenis, pirms
nokrit (Sénhofa et al. 2020). Lielako dalu no atmirusas koksnes vecas mezaudzgs
(3.2. tab.) veido vidgji sadalijusies koki (2. un 3. sadaliSanas pakapes), ko
ietekmé arT atikiribas starp koku sugu koksnes Ipasibam (Senhofa et al. 2020).

3.2. tabula.

Atmirusas koksnes vidéja kraja (m® ha™) pa atmiruma veidiem un
sadaliSanas pakapem ( 95 % ticamibas intervals)

Apse Berzi Egle Priede
Atmirusas koksnes kraja pa atmiruma veidiem, m® ha™* (amplitiida)

Kritalas 73+9,4 45+8.4 61+104 43+10,6
(0-302,4) (1,5-167,4) (0-226,2) (0 —405,0)

Sausokni 18+42 12+42 18+7,3 42+6,5
(0-145,8) (0-95,3) 0-246,1) (0-210,5)

Stumbeni 12+£2,6 8+£2,8 10+4,6 11+£2,7
(0-90,4) (0—-55,4) (0-132,6) 0-77,7)
AtmirusT koksne 103 £11,0 64 +10,5 89+ 14,2 97 £14,0
kopa (2,0-363,1) (3,2-222,8) (1,6 —437,1) (0-—483,2)

Atmiru$as koksnes kraja pa sadaliSanas pakapém, m® ha!
(proporcija no kopéjas atmiru$as koksnes krajas)

1. sadaliSanas pakape 17 £4,2 15+6,3 3+1,8 3+£26
(16%) (3%) (3%) (3%)
2. sadaliSanas pakape 38 +6,1 24 +6,1 390+10,4 64 +8,9
(37%) (38%) (44%) (66%6)
3. sadaliSanas pakape 23 +4,1 14+3,9 20+4,8 19+5,4
(22%) (22%) (22%) (19%)
4. sadalisanas pakape 16 +3,7 8+1,8 16 +4,2 9+5,0
(15%) (12%) (18%) (9%)
5. sadaliSanas pakape 10+2,6 3+1,7 12+3.6 3+15
(10%) (5%) (13%) (3%)

3.2. Oglekla uzkrajums vecas meZaudzes
(11, 111, 1V, un VI publikacija)

Koku biomasa ir nozimigaka oglekla kratuve vecas mezaudzgs, kas tiesi
ietekme arT oglekla uzkrajumu atmirusaja koksné un zemsega. Ta veido vidgji
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59% no kopégja oglekla uzkrajuma, un augsne sastada vid€ji 31% no kopgja
oglekla uzkrajuma. Ari citos pétijumos Somija un Eiropas cCentralaja dala
konstatgts, ka koku biomasa ir lielaka oglekla kratuve vecas mezaudzes (Finér et
al. 2003; Seedre et al. 2015). Kaut ar p&tjjumam atlasita specifiska veco mezu
dala — situacija, kur vecie koki vél joprojam ir domingjosais meza elements (t.i.,
vecas mezaudzes), — arl $o audzu atseviSkos punktos (parauglaukumos)
novérojamas izteiktas oglekla uzkrajuma atkiribas: apses audzes no 70 lidz 318
t C ha*, priedes audzes no 73 1idz 245 t C ha* un bérza audzes — no 88 Iidz 272
t C ha, egles audzes — no 60 lidz 292 t C ha™. So heterogenitati visticamak
ietekmé dazadu audzu vésturisko attistibu nosakoSo faktoru mijiedarbibas —
augsnes IpaSibas, mitruma rezima svarstibas, atSkiribas sukcesijas procesa
(Hansson et al. 2011; Uri et al. 2012; Jandl et al. 2007; Lutter et al. 2019).

Vecas audzes valdosas koku sugas vecumam ir batiska, sugai specifiska
ietekme (p <0,01) uz oglekla uzkrajumu koku biomasa un atmirusaja koksné
(3.3. att.). Vecuma ietekme uz oglekla uzkrajumu koku biomasa butiski
(p<0,01) atskiras starp egles un apses mezaudzém. Iesp&jams, ka pétijuma
vertétais vecuma posms egles audzes ietver ari stadiju, kura dabiski notiek
paaudzu nomaina, kamer apses audzem pétjjuma ietvaros ir izdevies atrast
ekstrémus to saglabasanas ilglaicibas gadijumus.
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3.3. att. Oglekla uzkrajuma izmainas koku biomasa (A) un atmirusaja
koksne (B) atkariba no audzes vecuma (+ 95 % ticamibas intervals)

Vertgjot kokaudzes parametru ietekmi uz oglekla uzkrajumu, secinats, ka
vecas audzes valdosa koku suga (p<0,01), audzes I stava kraja (p <0,001), I stava
biezums (p < 0,001) batiski ietekmé oglekla uzkrajumu dzivo koku biomasa.
Oglekla uzkrajumu koku biomasa butiski ietekm@ ar1 mijiedarbibas starp
faktoriem: gan I stava krajas, gan I stava biezuma ietekme uz oglekla uzkrajumu
ir statistiski butiski atskirTga atkariba no valdosas koku sugas (abos gadijumos
p < 0,001) (3.4. att.). Ka parada ieprieks€jie pétijumi, lidz ar audzes vecumu
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oglekla uzkrajums koku biomasa turpina pieaugt, lidz tas sasniedz maksimumu
(piesatingjumu) un turpmak saglabajas relativi stabils noteiktu laiku (Pregitzer &
Euskirchen 2004; Jones et al. 2019). S stabila posma ilgums atkarigs no dabisko
traucgjumu ietekmes, paSizretinaSanas un sukcesijas procesa atruma dazadu koku
sugu vecas mezaudzes (Pregitzer & Euskirchen 2004; Taylor et al. 2014; Jones
et al. 2019).

A B

~—— Apse
Berzs
—— Egle
g s Priede
= =
= 300 = 250
o o
g g
El =
]E-’ ;E
< 200 = 200
= =
s =
= 2
2 =}
= )
© ]
100 150
0 250 500 750 1000 125 200 400 600
Krija, m’ha™' Biezums, koki ha™'

3.4. att. Oglekla uzkrajuma izmainas koku biomasa dazadu valdoSo koku
sugu vecajas mezaudzes atkariba no I stava krajas (A), I stava biezuma (B)
(£ 95 % ticamibas intervals)

Vecas apses audzes konstatéts vislielakais oglekla uzkrajums koku biomasa
(vidgji 205 = 7,0 t C ha'). Tapat salidzino$i augsts (un savstarpgji lidzigs)
vidgjais oglekla uzkrajums koku biomasa noverots vecas bérzu un priedes
audzes, attiecigi 175 = 10,0 t C hatun 172 + 7,0t C ha’. Nozimigi mazaks
oglekla uzkrajums dzivo koku biomasa konstatéts vecas egles audzes (140 =
+9,0tC hal).

Oglekla uzkrajums koku biomasa I stava krajas ietekme biitiski atSkiras starp
vecam apses un bérzu audz&m, bet I stava biezuma ietekmé butiskas atskiribas ir
starp apses un bérzu, ka arT starp apses un egles audzeém.

Vertgjot oglekla uzkrajumu koku biomasas frakcijas, konstatéts, ka liclaka
oglekla kratuve ir stumbrs (47-73% no kopgja oglekla apjoma koku biomasa),
bet pazemes biomasa, kuru veido balstsaknes, uzsiico$as un sikas saknes, ka ari
celms, veido 16-25% no kopgja oglekla apjoma koku biomasa.

Atmirus1 koksne pakapeniski sadalas, tadel ta ir relativi neliela oglekla
kratuve vecajas mezaudzes, kam var biit nozimiga loma citu meza ekosist€mas
pakalpojumu nodro§inasana (Nord-Larsen et al. 2019; Ruel & Gardiner 2019;
Stakénas et al. 2020), ka ari oglekla dzives cikla paildzinasana (Johnston &
Radeloff 2019). Oglekla uzkrajums atmirusaja koksné ir lidzigs visu valdo$o
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koku sugu vecajas audzes (10-15 t C hal), tomér tas vari€ plasa amplitiida starp
parauglaukumiem (no 0,3 Iidz 75 t C ha®).

Oglekla uzkrajumu atmirusaja koksné biitiski ietekmé audzes kopgjas krajas
un valdosas koku sugas mijiedarbiba (p < 0,05) (3.5. att.). Tapat audzes | stava
biezums bitiski (p < 0,001) ietekmé oglekla uzkrajumu atmirusaja koksné
(3.5. att.). Tatad, vecas mezaudzgs, kuras ir lielaka kraja — lielaki koki (lielaks
caurmérs) un vairak koku audzeé (lielaks audzes biezums) — ir lielaks koksnes
apjoms, kas var pariet atmiruSaja koksne. Tas saskan ar iepriekSgjiem
petijumiem, kur vecas audzes atmirusas koksnes oglekla kratuves lielumu nosaka
tas, cik daudz dzivo koku un cik ilgi tie papildina o oglekla kratuvi (Pregitzer &
Euskirchen 2004). Lidz ar to, jo vairak bis koku audzg (lielaks audzes biezums),
jo stabilaka atmirusas koksnes oglekla kratuve bis ilgtermina.
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3.5. att. Oglekla uzkrajuma izmainas atmirusaja koksné atkariba no
kopéjas kokaudzes krajas (A) un I stava biezuma (B)
(£ 95 % ticamibas intervals)

Nelielais oglekla uzkrajums atmirusaja koksné, ka art loti vaja korelacija
starp oglekla uzkrajumu koku biomasa un atmirusaja koksné liecina, ka
analiz€taja audzu kopa dabisko trauc€jumu ietekme ilgstosi ir bijusi neliela.
Tatad iegitie dati raksturo oglekla uzkrajuma potencialu (maksimumu) vecas
audzes. legiitas atzinas sakrit ar iepriekS$gjos pétljumos izvirzitajiem
apgalvojumiem, ka veco audzu stadija, kur oglekla uzkrajums ir sasniedzis savu
maksimumu, atmirusas koksnes apjoma izmainas galvenokart ietekme laiks, kad
noticis pédgjais dabiskais traucgjums, ka ari ta intensitate un bieZums konkrétaja
punkta (Martin et al. 2021).

Oglekla uzkrajumu atmirusaja koksné ietekmé& atmiruma veids un koksnes
sadaliSanas pakapes, ko nosaka/ietekmé dazadi abiotiskie faktori  gaisa
temperatiira un gaisa mitrums, augsnes Ipasibas un mitruma rezims, tapat
biotiskie faktori sénes un kukaini, ka arT koksnes ipasibas dazadam koku sugam,
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koku dimensijas un novietojums (stavoss, nokritis koks) (Yatskov et al. 2003;
Ruel & Gardiner 2019). Lielakais atmirusas koksnes oglekla uzkrajums ir
kritalas vecas apses (vidgji 9 + 1,2 t C hal), berzu (vidgji 6 = 1,3 t C hal) un
egles (vidgji 7+ 1,2 t C ha'l) audzes un tas ir lidzigs starp $Tm sugam (3.6.att.).
Sausoknos lielakais oglekla uzkrajums ir vecas priedes audzeés (vidgji 7 =+
+1,5tC ha?) un tas ir biitiski lielaks neka par&jo valdo$o koku sugu vecajas
audzes (vidgji 3 = 0,5 t C ha?). Tas saistits ar priedes koksnes sadaliSanas
pasibam un sausoknu noturibu pret véju péc koka bojaejas (Kuuluvainen et al.
2017). Stumbenos uzkratais oglekla apjoms ir lidzigs visu valdoso koku sugu
vecas meZaudzes (vidgji 2 £ 1,0 t C hal).
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3.6. att. Oglekla uzkrajums atmirusaja koksné vecas meZaudzes pa
atmiruma veidiem — (A) kritalas, (B) stumbeni, (C) sausokni
(logaritmizétas vertibas + 95 % ticamibas intervals)

Augsne ir otra lielaka oglekla kratuve aiz koku biomasas vecas mezaudzes
sausienos (21-37% atkariba no valdosas koku sugas, vid&ji 31% no kopgja
ekosistémas uzkrajuma). Vecas lapu koku audzes konstatéts batiski (p < 0,001)
augstaks oglekla uzkrajums augsné (apses audzes videji 101 = 17,6 t C hatun
bérzu audzes 117 + 26,3 t C ha?) neka vecas skuju koku audzes (priedes audzes
vidgji 72 + 30,6 t C ha! un egles audzes 58 + 21,2 t C ha'). Augsnes oglekla
uzkrajuma datiem nov&rota loti augsta variacija, Tpasi bérzu un egles audzgs, ko
iespgjams skaidrot ar lielaku sugu daudzveidibu un audzes strukttiras atSkirtbam
(Hansson et al. 2013; Laganiére et al. 2015). Turklat, dala no ievaktajiem augsnes
paraugiem priedes audz&s nebija analizei derigi, bet iegitie rezultati atSkiras pat
simtkartigi, Iidz ar to iegiitas vertibas sniedz tikai aptuvenu prieksstatu par
oglekla uzkrajumu augsné. Ari Cindy & Vesterdal (2013) konstatgja lielu oglekla
uzkrajumu augsné variaciju neatkarigi no valdosas koku sugas, kas norada uz
citu faktoru — augsnes sastava, augsnes mitruma, ka ari audzes vésturiskas
attistibas ietekmi uz oglekla uzkrajumu (Jandl et al. 2007; Hansson et al. 2011;
Lutter et al. 2019). Analizgjot oglekla uzkrajumu pa augsnes slanu dzilumiem,
secinats, ka virsgja augsnes slani (0-10 cm) koncentr&jas vairak ka 30% no
kopgja ta apjoma $aja kratuve. Lidzigi rezultati iegiiti arT analiz&jot 60 gadus
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vecas bérza audzes mezos ar augligu mineralaugsni, kur virsgja augsnes slani (0—
30 cm) konstatéts 38% no kopgja augsnes oglekla uzkrajuma (Uri et al. 2012).
Ka parada ieprieksgjie pétijumi, oglekla uzkrajumu virsgja augsnes slan,
salidzinot ar dzilakajiem slaniem, nozimigi ietekmé tdens iztvaikoSana no
augsnes, gaisa temperatiras svarstibas, kam savukart ir ietekme ar1 uz
mikroorganismu aktivitati $aja slani (Hansson et al. 2011). Zemsega ir
procentuali neliela oglekla kratuve no kopgja oglekla uzkrajuma, tomer tai ir
galvena loma oglekla parnes€ no virszemes oglekla kratuvém uz augsni (Jandl et
al. 2007).

Oglekla uzkrajums zemsega ar bitiski atSkiras starp bérzu un priedes
audzém (p < 0,05). Vidgjais oglekla uzkrajums zemsega vecas priedes audzes ir
21 +5,3 1t C ha'un egles audzés 25 + 12,0 t C ha’l, bet lapu koku audzeés tas ir
zemaks — apses audzes 17 + 4,8 t C halun bérzu audzés 14 + 5,2 t C ha’. Sis
tendences apliecina arT citas analizés konstatéto, ka valdosa koku suga, audzes
sastavs, ka arT citi $aja pétijuma nevertéti parametri, pieméram, zemsedzes
vegetacija, butiski ietekmé zemsegas oglekla kratuvi (Hansson et al. 2011; Cindy
& Vesterdal 2013; Lutter et al. 2019). Oglekla uzkrajums skuju koku audzg@s ir
lielaks, jo skujas sadalas 1eénak neka lapas, ka arT atSkiribas starp priedes un egles
audzem, visticamak, ietekmé atSkirigie nobiru ikgadgjie apjomi un sadaliSanas
atrums — priedém skujas sadalas divu gadu laika, bet eglém — pat seSu gadu
perioda (Hansson et al. 2011).

Kopgjais oglekla uzkrajums audzg ir cetru galveno oglekla kratuvju vidgjo
vertibu summa, jo novérojumu skaits dazadas oglekla kratuves ievaktajiem
datiem ir atskirigs. Koku biomasa ieklauj virszemes (stumbrs, zari) un pazemes
(sikas saknes, balstsaknes, uzsiico$as saknes un celms) biomasu. Ta ir lielaka
oglekla kratuve visu analiz&to valdo$o koku sugu audzgs (55-61%). Augsne ir
25-37% no kopgja oglekla uzkrajuma atkariba no valdosas koku sugas. Atmirust
koksne (3-5% atkariba no valdosas koku sugas) un zemsega (4-11% atkariba no
valdosas koku sugas) veido nelielu dalu no kopgja oglekla uzkrajuma. Vidgji
koku biomasa veido 59%, augsne 30%, bet atmirusi koksne un zemsega attiecigi
4% un 7% no kopgja ekosisteémas oglekla uzkrajuma. Ari citos pétijumos dazadas
Eiropas vietas ir iegiti lidzigi rezultati par oglekla uzkrajumu meza galvenajas
oglekla kratuves (Krankina & Harmon 1995; Finér et al. 2003; Seedre et al. 2015;
Nord-Larsen et al. 2019). Tomér kopgjais oglekla uzkrajums vecas mezaudzes
sausienos ieverojami atSkiras pat starp vienas valdo$as sugas audzem, liecinot
par lielu oglekla uzkrajuma variaciju un dazadu audzes vesturisko attistibu
ietekméjosajiem faktoriem (Lutter et al. 2019; Krasnova et al. 2019).
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3.3. Oglekla uzkrajuma salidzinajums kontroles un vecas
meZaudzes (V publikacija)

Oglekla uzkrajums koku biomasa un atmirusaja koksné vecas audzes visam
koku sugam ir butiski lielaks neka par 54-103 gadiem jaunakas (kontroles)
audzes (3.3.tab.). Vecas audzes, kur vecie koki ir domingjosais meza elements,
oglekla uzkrajums koku biomasa ir par 19% (priedes un egles audzes) 1idz 42%
(apses audzes) lielaks neka kontroles audzes.

3.3. tabula.

Oglekla uzkrajums (vidéjais £ 95% ticamibas intervals) oglekla kratuves
vecas un kontroles audzes

R Kopgjais

Audzes b_Koku Atmirust - ocne+  Zemsega * oglekla

iomasa koksne .

uzkrajums

Apse
Vecas audzes 205+7,0 14+15 101+17,6 17+4,8 337
Kontroles 119£10,0 5+1,5 104 + 16,4 24+ 84 252
audzes
Beérzs
Vecas audzes 175+10,0 10+1,8 117+26,3 14+52 316
Kontroles 124 +72 3+0,6 89 +13,5 15+11,3 231
audzes
Egle
Vecas audzes 140+9,0 12+£2,0 58 +21,2 25+12,0 235
Kontroles 113 +£8,1 5+£1,0 96 + 234 30+£5,3 244
audzes
Priede
Vecas audzes 172+ 7,0 15+2,1 72 + 30,6 21+5,3 280
Kontroles 139 £8,8 3+£0,9 91+23,6 21+£2.1 254
audzes

* vidgjas vertibas aprekinatas tikai tiem objektiem, kuros ieguti kvalitativi rezultati
kopgja uzkrajuma aprékinasanai. Statistiskaja analizg parametru ietekmes veértésana un
salidzinasana veikta logaritmiz&tam veértibam atmiru$as koksnes, augsnes, zemsegas
oglekla uzkrajumu vertésana.

Vecas apses audzes, kur koku dimensijas ir nozimigi lielakas neka pargjo
koku sugu audzes, oglekla uzkrajums ir butiski (p < 0,001) lielaks neka egles un
priedes audzgs (3.7.att.). Turpreti kontroles audzgs lielakais oglekla uzkrajums ir
priedes audz&s (139 + 8,8 t C ha*) un tas ir biitiski (p < 0,001) lielaks neka apses
(119 £ 10,0 t C ha') un egles (113 = 8,1 t C ha') audzgs, bet lidzigs ka bérzu
audzes (124 + 7,3 t C ha') (3.7.att.). Secinats, ka oglekla uzkrajuma atikiribas
starp kontroles un vecam audzém nosaka valdosa koku suga (p < 0,001), vecuma
grupa (p < 0,001), ka arT valdo$as koku sugas un vecuma grupas mijiedarbiba (p
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< 0,001). Kontroles audz&s oglekla uzkrajums atmirusaja koksné atkariba no
valdosas koku sugas ir par 58-80% mazaks neka vecas audzes. Tapat kontroles
audz€s noveéro bitiskas oglekla uzkrajuma atskiribas atmirusaja koksné starp
egles (5 + 1,0 t C ha) un priedes (3 + 0,6 t C ha') audzem (3.7.att.). Kopuma
damaksni un vérl oglekla uzkrajums koku biomasa un atmirusaja koksng,
palielinoties audzes vecumam virs kontroles audzu vecuma veértibam, turpina
pieaugt. ST tendence turpinas tik ilgi, kamér tiek sasniegts uzkrajuma
maksimums. Lidzigi secindjumi iegfti arT analiz€jot audZzu ilgtermina attistibu
pec dabiska traucgjuma (ugunsgréka) borealajos mezos Kanada un konstatgjot,
ka péc stabila maksimuma posma kopgjais uzkrajums samazinas neatkarigi no
valdosas sugas (Gao et al. 2018). Iesp&jams, ka vertétaja vecuma intervala egles
mezaudz€s maksimala uzkrajuma posms noslédzas.
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3.7. att. Oglekla uzkrajums koku biomasa (A) un atmirusaja koksné (B)
vecas un kontroles audzes (+ 95 % ticamibas intervals)

Izvertgjot pieejamos datus par oglekla uzkrajumu augsné un zemsega,
secinats, ka kontroles audzes oglekla uzkrajums augsné visam koku sugam ir
lidzigs. Kontroles audzes oglekla uzkrajums zemsega biitiski atskiras starp bérzu
un egles audzém (p < 0,01). Vecas audzes oglekla uzkrajums augsné ir lidzigs
apses un beérzu audzgs, bet tas butiski (p < 0,01) atskiras no uzkrajuma skujkoku
— vecas priedes un egles audzes. Veco audzu grupa, skuju koku audzeém oglekla
uzkrajums zemsega ir lielaks neka lapu koku audzém — bitiskas atSkiribas
(p < 0,05) novérotas starp vecam bérzu un vecam priedes audzém. Salidzinot
oglekla uzkrajumu augsné pa valdosajam koku sugam starp vecuma grupam,
konstatéts, ka augsnes oglekla uzkrajums ir lidzigs starp vecam un kontroles
audzém apses un bérzu audz@s, bet skujkokiem novero bitiskas atskiribas (p <
0,01). Egles audzgs oglekla uzkrajums zemsega bitiski (p < 0,01) atSkiras starp
vecam un kontroles audzém. Kopuma kontroles audz@s zemsegas oglekla
kratuve ir lielaka neka vecas audzgs, kas apliecina, ka audzes péc 58-97 gadiem
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(atkartba no koku sugas) jau ir sasniegusas savu augSanas potencialu
(maksimumu) un tapéc vairs neveidojas tik liela nobiru masa ka jaunakas audzgs
(Hansson et al. 2011).

P&tTjuma par parasta dizskabarza un parasta ozola audzeém vecuma no 30 Iidz
142 gadiem, secinats, ka oglekla uzkrajums augsné nav atkarigs no audzes
vecuma (Nord-Larsen et al. 2019). Izmainas augsnes oglekla kratuve var notikt,
augsnes virskarta zemsegas sadaliSanas rezultata ieskalojoties organiskajam
dalam (Angst et al. 2018), kamér augsnes dzilakos slanos oglekla noturibas laiks
ir nozimigi lielaks, 1idz ar to augsne tiek uzskatita par stabilu ilgtermina oglekla
kratuvi (Deluca & Boisvenue 2012; Angst et al. 2018). To apliecina arT p&tijuma
ieglitie augsnes oglekla uzkrajuma dati dzilakajos augsnes slanos vecajas un
kontroles audzgs.

P&tijuma iegiitie rezultati apliecina, ka jau kontroles audzu vecuma zemsega
atrodas oglekla piesatindgjuma punkta un augsne tam tuvojas, tapéc vecajas
mezaudz€s nav sagaidams oglekla apjoma kapums S$aja kratuvé. Turklat
nozimigaku dabisko trauc€jumu ietekmé ne tikai virszemes biomasa, bet ari
augsnes virskarta un zemsega oglekla uzkrajums noteiktu laika posmu var sarukt
pat par 50-100% (Palviainen et al. 2020). Tapat, neviennozimigie zemsegas
oglekla uzkrajuma dati kontroles un veco audzu grupa norada ar1 uz citu nobiru
sadaliSanos ietekmgjosiem faktoriem, kas saistiti ar lapu, skuju, ¢iekuru un citiem
nobiru sadalisanas procesa atSkiribam (Hansson et al. 2011; Lutter et al. 2019),
audzes mistrojumu (Laganicre et al. 2015), ka ari atmirusas koksnes apjomu
(Blofiska et al. 2019) un dabisko traucgjumu ietekmi konkrétaja audze
(Palviainen et al. 2020).

Novérteta oglekla uzkrasanas efektivitate starp kontroles un vecam audzém,
aprekinot oglekla uzkrajumu gada koku biomasa un atmirusaja koksné. Oglekla
uzkrajumu gada batiski ietekmé valdosa koku suga (p < 0,001) un vecuma grupa
(p <0,001). Kontroles audzu grupa batiskas atskiribas oglekla uzkrajumam gada
nav konstatétas tikai starp priedes (vid&ji 1,5 = 0,10 t C ha gada?) un egles
(vidgji 1,5 + 0,11 t C ha! gada?) audzem (3.8.att.). Kontroles vecuma grupa
lielakais oglekla uzkrajums gada konstatéts apses audzés (vidgji 2,2 =+
+0,16 t C ha! gada) un bérzu audzes (videji 1,9 + 0,10 t C ha? gada™). Veco
mezaudzu grupa apses audzem ir butiski lielaks oglekla uzkrajums gada (vidgji
2,0 £ 0,14 t C ha' gada™), salidzinot ar pargjam koku sugam, kur lidzigs
uzkrajums gada ir bérzu (vidgji 1,4 £ 0,16 t C ha' gada™) un priedes (vidgji
1,1+0,08tC hagada?), ka ar1 priedes un egles (vid&ji 0,8 + 0,10 t C ha gada™?)
audzeém (3.8.att.). Audzes vecumam palielinoties 1,9-2,3 reizes (apsei par 54 + 4
gadiem, bérziem par 62 =+ 4, priedei par 82 + 6 un eglei par 103 + 6 gadiem),
oglekla uzkrajums gada koku biomasa un atmirusaja koksné vecas audzgs ir
ieveérojami un butiski (bérziem, priedei, eglei p < 0,001; apsei p = 0,06) mazaks
neka kontroles audzes: par 10% mazaks apses audzes, par 27% — priedes un
beérzu, par 47% egles audzes. Gan kontroles, gan veco audzu grupa oglekla
uzkrajums gada koku biomasa un atmirusaja koksné lielaks ir lapu koku sugu
audzgs (3.8.att.). Jaatzimg, ka kontroles audzes vecumi izvéleti subjektivi — tatad
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kontroles vecums neatbilst kadai specifiskai situacijai, pieméram, kad konkréta
koku suga sasniedz maksimalo teko$o vai vidgjo krajas pieaugumu.
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3.8. att. Oglekla uzkrajums gada koku biomasa un atmirusaja koksné
vecas un kontroles audzes (+ 95 % ticamibas intervals)

Iegttie rezultati kopuma saskan ar Gundersen et al. (2021) pétjjumu, kur
secinats, ka oglekla uzkrajums laika vieniba vecas, saimnieciskas darbibas
neietekmétas audzg€s ir mazaks neka apsaimniekotas mezaudzes. Turklat janem
vera, ka liela dala kontroles audzu atrodas saimnieciskajos mezos, un koksne,
kas no tam iegiita kopSanas cirt€s, jau ir izmantota koksnes produktu razoSana:
tatad to faktiska ietekme uz klimata parmainu mazinaSanu ir lielaka neka
konstat&jams $aja petijuma (Pukkala 2017; Holmgren 2021). Kopuma var secinat
—kaut arT oglekla uzkrajums turpina pieaugt Iidz ar audzes vecumu (Luyssaert et
al. 2021), tomeér §1 pieauguma temps ieveérojami paléninas, un tade] vecas audzes
nenodrosina efektivu klimata parmainu mazinasanu.
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SECINAJUMI

. Veco audzu kopgja un pirma stava kraja priedes, berzu un apses audzes ir
bitiski lielaka (I stava — par 99-323 m® ha), bet egles audzes — lidziga ka
kontroles audzeém. Pirma stava biezums ir atskirigs (p < 0,001) dazadu
valdo$o koku sugu vecajas audzes (vidéji no 235 + 32 koki ha! egles lidz
301 + 27 koki ha! bérzu audzes), un tas ir zemaks (p < 0,001) neka
kontroles audzgs, liecinot par zemu oglekla uzkrajuma stabilitati:
atsevisku pirma stava koku bojaeja dabisko traucgjumu un/vai vecuma
ietekm& var nozimigi samazinat kop&jo oglekla uzkrajumu.

. Oglekla uzkrajumu analizetajas audz€s bitiski ietekmeé valdos$a koku
suga. Oglekla uzkrajumu vecas priedes un bérzu mezaudzes palielina
relativi liels egles Tpatsvars pirmaja stava un tas dominance otraja stava,
liecinot par jau $aja vecuma (163-218 gadi skuju koku audzges, 104-148
gadi lapu koku audzgs) notiekoSu sukcesiju.

. Nozimigakas oglekla kratuves vecas mezaudzes ir koku biomasa (55-
61%, vidgji 59% no kopgja ekosisteémas uzkrajuma) un augsne (25-37%,
vid&ji 30% no kopégja ekosisteémas uzkrajuma).

. Saimnieciskas darbibas ilgstosi neietekmétas vecas mezaudzes (104-218
gadi), kur vecie koki ir domingjosais meza elements, kopgjais oglekla
uzkrajums ir vidgji par 20% lielaks neka par 54-103 gadiem jaunakas
(kontroles) audzes: atskiribas atkarigas no valdosas koku sugas.

. Oglekla uzkrasanas efektivitate (oglekla uzkrajums gada) koku biomasa
un atmirusaja koksné vecas priedes, bérzu un egles mezaudzgs ir bitiski
(par 27% lidz 47%, atkariba no koku sugas) mazaka neka vidgji divas
reizes jaunakas kontroles audzgs.

. Nelielais oglekla uzkrajums atmirusaja koksng, ka arT ]oti vaja korelacija
starp oglekla uzkrajumu koku biomasa un atmirusaja koksné liecina, ka
analiz€taja audzu kopa dabisko traucgjumu ietekme ilgstoSi ir bijusi
neliela. Tatad iegttie dati raksturo oglekla uzkrajuma potencialu
(maksimumu) vecas audzes.

REKOMENDACIJAS

. Apzinoties, ka dzivo koku biomasa ir lielaka dinamiska oglekla kratuve,
rekomend€jams meza platibas, kuras ietekme uz klimata parmainu
mazinasanu ir galvenais mérkis, pielietot tadu mezsaimniecibas modeli,
lai veidotu iesp&jami razigas un pret dabiskajiem trauc€jumiem noturigas
audzes, tadgjadi veicinot arT oglekla uzkrajuma palielinaSanas efektivitati.
. Meza platibas, kuras primarais meérkis ir dabas aizsardziba, janem veéra,
ka oglekla uzkrasanas efektivitate (oglekla uzkragjums gada) koku
biomasa un atmiru$aja koksné laika perioda starp jaunakam kontroles
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audz€m un veco audzu stadiju butiski samazinas. Vecas mezaudzes
(vecas kokaudzes) turpina 1éni uzkrat oglekli koku biomasa tik ilgi, kamér
koku vecuma un / vai dabisko traucgjumu ietekme nemainas domingjosais
meZa elements. Tadel, planojot $adu teritoriju izvietojumu, ieteicams
rikoties ta, lai atstatu iesp&jami mazaku negativo ietekmi uz ES Itmena
klimata politikas realizaciju.

3. Rekomendgjams turpinat pétijjumus, iegustot datus par veco audzu
struktdiru un tas elementiem, nosakot biologiskas vertibas indikatorus,
izstradajot zinatniski pamatotas pieejas biologiskas daudzveidibas
saglabasanai kombinacija ar bioekonomikas mérkiem platibas, kur tas ir
iespgjams.

4. NepiecieSams turpinat petijumus, raksturojot dabisko trauc€jumu un
sukcesijas ietekmi uz oglekla uzkrajumu vecas mezaudzes (veca meza),
veicot ciklisku objektu parmeriSanu. Tapat nozimigi vertet oglekla
uzkrajumu un siltumnicefekta gazu bilanci vecas audz€s oligotrofos
purvainos un kudrenos, ka ari turpinat papildinat datus par oglekla
uzkrajumu un ta dinamiku (ipa$i: uzstico$o saknu apjoma dinamiku)
augsné.

PATEICIBAS

Autore pateicas darba vaditagjam Arim Jansonam par pétijuma ideju, ka ar
sniegto atbalstu un iedroSinajumu promocijas darba izstrades gaita. Izsaku
pateicibu tuvakajiem LVMI Silava kolégiem par iedro§inagjumu un
uzmundrinajumu promocijas darba tapSanas gaitd. VElos izteikt pateicibu
Didzim Elfertam par palidzibu datu statistiskaja apstradé un Endijam Baderam
par kartografiska materidla vizualizacijam. Izsaku pateicibu kolégiem, 1pasi levai
Jaunslavietei, par lielo darbu datu ievaksana meza. Paldies, gimenei par atbalstu
un iedros§inajumu visa studiju procesa laika.
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1. INTRODUCTION

Forest ecosystems provide habitats for a diverse range of species and play an
important role in climate-change mitigation, as well as providing essential
provisioning, cultural, and supporting ecosystem services (Seedre et al. 2015;
Bernaldez 2017; Badalamenti et al. 2019; Kulha et al. 2020). In Europe, old-
growth forests are rare. However, in the last few decades, areas of old-growth
forest stands have continued to grow, reaching biomass and carbon-stock
maxima, as forest management intensity has decreased and forest protection has
increased (Vilén et al. 2012; Nabuurs et al. 2013; Senf et al. 2021). Along with
European Union (EU) climate policy, the role of old-growth forests has also been
emphasized in the EU Biodiversity Strategy for 2030 (O’Brien et al. 2021),
which has set the targets of protecting 30% of the EU’s land and sea, 10% of
which will be under strict protection, including all primary and old-growth
forests (European Commission 2020; O’Brien et al. 2021). Therefore,
contributions to the knowledge base that will allow the most efficient use of the
limited forest area in serving various purposes are very valuable, including data
on the carbon storage potential of old-growth forests.

Latvia has ratified the Kyoto Protocol (2002) and the Paris Agreement (2017)
and, as a member of the United Nations (UN) and the EU, has committed itself
to reducing greenhouse gas (GHG) emissions within the framework of the EU
Climate Policy in order to reach its climate-change mitigation targets. The high
carbon storage potential in forest ecosystems can make a significant contribution
towards achieving climate neutrality in Europe in accordance with the activities
set for each EU Member State under the Land Use, Land-Use Change and
Forestry (LULUCEF) regulation (EU Regulation 2018/841, 2018; EU Regulation
2018/841, 2018). This new LULUCEF regulation sets a binding commitment for
each Member State to ensure that accounted emissions from land use are entirely
compensated for by an equivalent accounted removal of carbon dioxide (CO,)
from the atmosphere through action in that sector. This is known as the ‘no debit’
rule. Moreover, regulations have set forest reference levels for accounting net
emissions from the existing forests in each EU country (divided into two
compliance periods—2021-2025 and 2026-2030). Based on this new approach,
GHG emissions reduction targets in Latvia will increase by several times. In this
context, the contribution of the LULUCF sector needs to be scientifically
justified in order to ensure that annual inventories and review reports would be
approved under the UN Framework Convention on Climate Change secretariat.
Therefore, it is crucial to obtain local scientific data on carbon stocks and
sequestration rates in hemiboreal forests that can serve as a reference in reports
on national progress towards defined targets within different EU policy
frameworks in a way that ensures climate neutrality, as well as making sure there
were no losses to the Latvian economy as a result of sanctions that would be
levied if inaccurate methods or measures were applied. In addition, proposed
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flexibility mechanisms allow the forest sector to support other sectors in order to
achieve set climate targets.

Only a few studies have assessed the carbon stock in old-growth stands in
Europe. However, areas of old-growth forests will now be allowed to continue
to grow because of increased forest protections under the EU Biodiversity
Strategy for 2030 and changing management priorities towards closer-to-nature
and more-continuous-cover forestry in Europe (Vilén et al. 2012; EFE State and
trends 2016; Badalamenti et al. 2019; Sabatini et al. 2020). Consequently,
research interest in old-growth European (especially boreal and hemiboreal)
forests is increasing, given that these are an essential forest resource in Europe
and are now being viewed as having large carbon storage potential while also
being sensitive to the balance of tree growth and mortality (Hogbom et al. 2021;
Molina-Valera et al. 2021). This potential is one of the reasons why the role of
old-growth stands in carbon sequestration and carbon storage in Europe have
been discussed so intensely during the development of the EU policy framework
for biodiversity protection and climate-change mitigation, with them also
providing the greatest possible benefit to society. To obtain accurate information
on carbon storage in old-growth stands, and thus avoid overestimation of the
carbon stocks, and to evaluate possible management practices aimed at climate-
change mitigation versus biodiversity targets, the collection of science-based
empirical data is required.

There are four major forest carbon pools—tree biomass, soil, deadwood, and
litter (Fig. 1.1). Each carbon pool has its own dynamics, which can be highly
variable depending on certain factors. Therefore, their share of the total
ecosystem carbon differs during different stages of forest development (Seedre
etal. 2015). The carbon pool is a natural system, or part of such, in which carbon,
any precursor to a GHG containing carbon, or any GHG containing carbon, is
stored. Each carbon pool or pools of carbon store a certain amount of carbon or
carbon stock. Data on carbon stocks have been assessed for forest ecosystems,
while carbon budgets and carbon sequestration rates have been estimated, and
carbon fluxes measured. Net primary production represents the flux of carbon
(carbon sequestration and emissions) into the ecosystem. Through
photosynthesis, trees sequester CO- from the atmosphere and store it as biomass.
A carbon sink is anything that absorbs CO, from the atmosphere—tree biomass,
vegetation, oceans, or soil. A carbon source refers to any organic or inorganic
source that releases CO; into the atmosphere. The carbon balance is the
difference between the CO- uptake and loss by a forest ecosystem, and depends
on the stand productivity and the impact of natural disturbances. A forest stand
may have negative ecosystem productivity resulting from a decline in the carbon
stock after a forest fire or cutting for a certain period of time, but over time this
changes (Taylor et al. 2014).
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Fig. 1.1. Carbon pools in a forest ecosystem

In this study, the carbon stocks were assessed in old-growth forest stands
instead of the carbon sequestration rates. Old-growth forests are of particular
interest because they can represent a reference level of carbon-carrying capacity
(tree biomass being the largest contributor to the total carbon). This information
can be used in decision-support tools for evaluating the influence of an increased
share of unmanaged areas and for possible management practices that can make
progress towards climate-change mitigation versus biodiversity targets
(Brockerhoff et al. 2017; Gundersen et al. 2021). Such information is even more
topical, given that climate-change mitigation depends on carbon stocks not
sequestration rates (Kun et al. 2020). Particular factors, such as climate, tree
species, site type, stand age, stand tree-growth dynamics, and tree replacement
patterns in response to natural disturbances, have the strongest impact on carbon
pools in old-growth stands (Jandl et al. 2007; Jacob et al. 2013; Kumpu et al.
2018; Martin et al. 2018; Ruel and Gardiner 2019; Clarke et al. 2021). Specific
forest stands may act as carbon sinks or carbon sources for a certain period during
stand development, depending on particular factors affecting a specific place
(Framstad et al. 2013).

Stand age is one of the main factors influencing the dynamics of carbon in
old-growth stands, but the age used to describe the old-growth stage differs
between regions (Pregitzer and Euskirchen 2004; Wei et al. 2013; Yuan et al.
2016; Martin et al. 2018; Molina-Valero et al. 2020). The total ecosystem carbon
storage results from the cumulative increase in tree biomass with stand age, thus
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it is closely related to the impact of natural disturbances and the stand structure
(Pukkala et al. 2017; Gundersen et al. 2021; Luyssaert et al. 2021). Studies have
shown the carbon stock of tree biomass peaking till 100 years old, at which point
the carbon budget is almost balanced (Uri et al. 2019; Uri et al. 2022). A carbon
stock maximum has been reported in the tree biomass of mature European beech
(Fagus sylvatica L.) stands, suggesting that the maximum live carbon stock can
be reached in stages earlier than the old-growth stage, where it depends on the
occurrence of past natural disturbances (Molina-Valero et al. 2021). Thus, old-
growth stands may maintain positive carbon uptake due to an increase in biomass
stock, even in stands older than 400 years, according to previous studies on Pinus
sp. old-growth stands in North America (Framstad et al. 2013). Due to the ability
of old-growth to store large amounts of tree biomass for the long term while
continuing to grow, old-growth stands have become one of the key elements in
meeting climate-change mitigation goals (Kun et al. 2020). As climate policy
aims to reduce CO; emissions into the atmosphere, then old-growth stands do
not contribute to climate-change mitigation over the long term due to carbon
sequestration rates and the effects of natural disturbances on such stands.
Dominant tree species is one of the factors that affects carbon storage in tree
biomass because different species exhibit different productivity, produce
different amounts of deadwood, and differ in their litter formation and its
decomposition. They also have an impact on the soil and turnover rates in their
fine roots (Hansson et al. 2011; Laganicre et al. 2015; Btonska et al. 2019).
Natural disturbance regimes can significantly change the carbon stock in old-
growth stands, especially with climate change as the risk from wind and insect
outbreaks increases (Seidl et al. 2020). The susceptibility to natural disturbances
increases in older stands due to tree aging. Therefore, the damage sustained in
serious disturbance events (such as storms) also increases in older stands (Jogiste
et al. 2017). Stem rot, especially in unmanaged stands, is one of the factors
affecting large-tree resistance to disturbances, and it also has an impact on carbon
storage in old-growth stands due to the decomposition of stem parts and hollows
(Latva-Karjanmaa et al. 2007). Overall, in the context of the increasing influence
of natural disturbances due to climate change (primarily storms), both the
formation of deadwood and the decrease in the period during which old trees are
healthy and dominate the stand strongly influence carbon storage in the long term
(Gregow et al. 2017; Seidl et al. 2020; Hogbom et al. 2021). Tree biomass is the
carbon pool in which the greatest changes have been observed during disturbance
events, which can reduce the total carbon stock by up to 39% of the carbon in the
forest ecosystem (Thom and Seidl 2016). Old-growth stands may have larger
deadwood volumes than younger stands (Sénhofa et al. 2020), and this plays an
important role in both biodiversity and carbon cycling (Nord-Larsen et al. 2019).
The persistence of the deadwood carbon pool depends on tree species, time since
the last disturbance, and the characteristics of the disturbance, as well as
microhabitat activity, tree size, and site type (Mékinen et al. 2006; Kuuluvainen
and Gauthier 2018; Sénhofa et al. 2020). Even so, the stand can remain a positive
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carbon sink after the natural disturbance. However, carbon emissions from all
carbon pools are still increasing. This demonstrates the need for more research
on carbon fluxes, especially those in old-growth stands where continuous
structural and landscape changes are taking place due to natural succession,
natural disturbance, and other factors (Kuuluvainen and Gauthier 2018; Nord-
Larsen et al. 2019; Palviainen et al. 2020).

Climate not only determines tree growth, but also impacts the decomposition
rates of deadwood and organic matter (litterfall, etc.), thus exerting a significant
effect on the carbon dynamics (Khan et al. 2019). Various climatic factors, such
as air temperature and humidity (Khan et al. 2019; Sullivan et al. 2020), soil
temperature and moisture regime (Lim et al. 2019), and precipitation (Hasper et
al. 2016), have been analyzed in order to assess the effects of climate on tree
biomass production. In addition, latitudinal gradient is one of the factors that has
been linked to nutrient cycling and soil richness, and it has been found to impact
the carbon stock in Scots pine stands (aged 66178 years) from southern Poland
to northern Finland (Vucetich et al. 2000). Applied forest management strategies
have also contributed significantly to stand resilience, providing long-term stand
persistence and carbon storage in forest ecosystems that benefits climate-change
mitigation.

Forest ecosystems’ carbon storage potential and sequestration rates depend
on many factors and their interactions, which differ between both climatic zones
and within regions. Therefore, local data are more reliable for modeling carbon
storage and its changes.

The absence of a generally accepted definition for ‘old-growth’ makes it
challenging to compare the available knowledge from different European countries
and organizations (O’Brien et al. 2021). There is no consistent system of stand age
class or naturalness level, or different tree-species life spans that represent the old-
growth stage, which makes it difficult to even make comparisons between studies
from one region (O’Brien et al. 2021). For this study, old-growth forests were
defined based on the Buchwald (2005) classification: “An old-growth forest is a
stand-scale ecosystem distinguished by old trees and related structural attributes —
late stages of stand development, great amount of large-size deadwood, multiple
canopy layers, rich species composition with vide variation in tree size and
spacing”. Accordingly, old trees can form old-growth stands, but old-growth stands
do not always contain old trees because the old-growth stage may have developed
following anthropogenic disturbance in the past, while the ages of the trees in such
forest stands can vary widely due to climate, forest type, site conditions, and the
severity and frequency of natural disturbances (Buchwald 2005). The known
primary forests of Europe (Classes n10 to n5, according to Buchwald (2005)) cover
only 0.7% of Europe’s forested area. In our study, specific subgroups of old-growth
forest stands, in which old target-species trees still formed the dominant cohort and
which had reached the old-growth stage, were analyzed.

There have only been a few case studies on baseline main carbon pool sizes
for different forest ecosystems in Europe, and these have primarily examined
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European-beech-dominated (Nord-Larsen et al. 2019; Molina-Valero et al.
2021), Norway spruce (Picea abies (L.) Karst.) (Mund et al. 2002; Jacob et al.
2013; Seedre et al. 2015), or oak (Badalamenti et al. 2019; Nord-Larsen et al.
2019) stands in Mediterranean mountainous regions. The long-term study of
semi-natural deciduous tree stands (Fagus sylvatica, Quercus robur L.) has
confirmed that old-growth stands represent large and persistent carbon storage
(with the deadwood carbon pool also being 35 t C ha™?), with carbon
sequestration (ecosystem productivity) being low (Nord-Larsen et al. 2019).
There is an important knowledge gap in our understanding of how carbon pools
vary in later forest successional stages and old-growth forest stands, where great
heterogeneity has been observed between stands, and this is one of the greatest
shortcomings in current data analysis (Seedre et al. 2015; Yuan et al. 2016),
especially in the European boreal and hemiboreal regions, which represent some
of the most important forest resources. A meta-analysis of the main carbon pools
for the boreal, temperate, and tropical biomes of both managed and unmanaged
forests by age class showed that the living-biomass carbon peaked at an early age
in the boreal forests and was relatively lower than in the temperate and tropical
forests (Pregitzer and Euskirchen 2004). In eastern Finland, the total ecosystem
carbon pool in old-growth (140 years) Norway-spruce-dominated stands was
around 175 t C hal, of which 60% was stored in tree biomass (Finér et al. 2003).
Soil also accounts for a high amount of the carbon pool in boreal ecosystems
(Deluca and Boisvenue 2012; Bradshaw and Warkentin 2015; Mayer et al. 2020).
However, the estimates are highly uncertain and there is lack of research on old-
growth stands that would allow a comprehensive assessment of the carbon
storage potential (Uri et al. 2012; Seedre et al. 2015). For example, a nationwide
study in hemiboreal Estonia found that forest site type and tree species, as well
as humus layer, soil trophic conditions, and moisture regime, had a significant
effect on the ecosystem carbon stocks, especially on the soil carbon (Lutter et al.
2019).

The forests in Latvia belong to the European hemiboreal forest zone, which
represents the transition from temperate deciduous to boreal coniferous forests,
and host a mixture of coniferous and deciduous trees at various scales, and a
diverse biota (Lohmus and Kraut 2010). The hemiboreal countries, including
Latvia, Estonia, and Lithuania, are unique in Europe, with large areas of their
landscapes having remained under forest cover for a long time-half of Estonia
and Latvia and one-third of Lithuania are covered by forest (Jogiste et al. 2018).
Furthermore, potentially, up to 90% of the region could be covered by forest,
anthropogenic  deforestation (mainly extensive agrarian slash-and-burn
agriculture) being the reason for the proportion of open land (Jogiste et al. 2018).
Due to diverse disturbance regimes, soils, and land-use by humans, it has been
difficult to describe and analyze the successional dynamics in the hemiboreal
forest landscapes (Lohmus and Kraut 2010; Nigul et al. 2015). Mixtures of Scots
pine and Norway spruce with deciduous tree species, such as birch, European
aspen, and alder, are common in hemiboreal forests. The deciduous trees
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generally characterize the early- to mid-successional stages (European
Environment Agency 2007). According to Latvian National Forest Inventory
(NFI) data, more than half of Latvia is covered by forest (53% of the land,
3.21 M ha). The most abundant tree species are Scots pine, Norway spruce, birch,
and European aspen, which make up 80.6% of the total forest area and 85.7% of
the total forest growing stock (NFI 2016—2020). The forest growing conditions
are highly variable-51% of the total forest area grows on dry mineral soils, 9%
on wet mineral soils, 11% on peat soils, and 29% is drained. Our study focused
on the most prevalent conditions—fertile mineral soils with a normal moisture
regime (forest types Hylocomniosa and Oxalidosa, based on Buss (1976)), which
are found in 40% of the total forest area (NFI 2016—2020). Comprehensive
carbon-stock data from the forest stands with the most abandoned tree species in
common forest types were especially important to study in order to provide a
more accurate understanding of their actual and potential roles in climate-change
mitigation towards achieving the climate neutrality goals.

1.1. Aim of the study

The aim of the study was to evaluate the carbon stocks in old-growth Scots
pine, Norway spruce, birch, and European aspen stands in which old trees still
formed the dominant cohort, and which were growing on dry mineral soils.

1.2. Study objectives

The specific objectives of the study were to:

1. describe forest inventory data for the analyzed old-growth stands;

2. characterize the relationships between the main carbon pools (live tree
biomass, deadwood, soil, and litter) and stand parameters; and

3. assess the age effect on carbon storage in forest stands.

1.3. Thesis statements

1. The total ecosystem carbon stock is increasing with stand age, but the
mean annual difference in carbon is gradually decreasing over time, from
two-times-younger (pine 80-120 years, spruce 60-100 years, birch 60—
90 years, aspen 4070 years) to old-growth stands.

2. The largest carbon pool in all the dominant-tree-species old-growth
stands, where old trees still formed the dominant cohort, was tree
biomass.
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1.4. Scientific novelty

For the first time in European hemiboreal forests, the carbon pools of old-
growth European aspen and birch stands have been characterized, and the carbon
stocks of old-growth coniferous and deciduous stands have been described and
compared with younger (age difference 58 years in deciduous stands and 93 years
in coniferous stands) control stands.

2. MATERIALS AND METHODS

Data for this study were collected from 84 old-growth Scots pine (Pinus
sylvestris L.), Norway spruce (Picea abies), birch (Betula pendula Roth and
Betula pubescens Ehrh.), and European aspen (Populus tremula L.) stands
situated on fertile mineral soils (Hylocomiosa and Oxalidosa forest types, based
on Buss (1976)) occurring throughout the territory of Latvia (Fig. 2.1.).
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Fig. 2.1. Distribution of old-growth stands in Latvia

Hylocomniosa and Oxalidosa are dry forest types on mineral soil, where the
herbaceous layer is dominated by common wood sorrel (Oxalis acetosella L.)
and European blueberry (Vaccinium myrtillus L.), with the moss layer occupied
by glittering woodmoss (Hylocomium splendens Hedw.) and wind-blown mosses
(Dicranum spp.) (Buss 1976). According to Latvian NFI data, Hylocomniosa and
Oxalidosa forest types occupy 40% of the total forest area. Both forest types
include stands dominated by Scots pine (16%), Norway spruce (24%), birch
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(25%), and European aspen (12%), with the common share of these tree species
being 78% of the total Hylocomniosa and Oxalidosa forest areas. According to
the NFI data, forest stands older than 120 years cover 4% of the total forest area
in Latvia, the majority (90%) forming old Scots pine stands. The forest stands
had to meet the following criteria in order to be included in this study: target tree
species (Scots pine, Norway spruce, birch, European aspen); stand age group (for
pine, >160 years, spruce >160 years, birch >120 years, aspen >100 years); forest
type (Hylocomniosa, Oxalidosa); dominance of target tree species (>50% of the
volume); no documented information on forest management activities for the last
30 years; no signs of former logging; remote location (>5 km from any villages
and >1 km from any roads) on state-owned forest property; and stand area at least
0.5 ha. Control data, characterizing younger mature stands, were selected from
the NFI (2014-2018) database, based on the criteria: overstory dominated by
target species; stand age (pine 80-120 years, spruce 60-100 years, birch 60-90
years, aspen 40-80 years; and Hylocomniosa and Oxalidosa forest types.
Altogether, data from 447 NFI sampling plots were selected for the study (Tables
2.1.,22).

Table 2.1.
Age characteristics of control and old-growth stands
Target Old-growth stang Control stand Age
treg No. SP 2 Ag_e No. Age difference ©

species (amplitude) SP*  (amplitude)
Aspen 146 (110142—%35) 86 (gg—isg) x4
et 67 (112331—jlt448) 114 (gﬁatl)) 624
Spruce 102 (11780{2025) 117 (t3719j020) 103 £ 6
e 148 (1167395168) 130 (8917jZZO) 826

@ sampling plots,
b mean stand age = 95% confidence interval,
¢ mean age difference between control and old-growth stands

The potential sample stands were checked in the field in order to determine
the actual occurrence of forest type, dominance of the chosen tree species, and
low human intervention (no signs of former logging, such as remains of strip
roads, stumps) so as to ensure the most accurate deadwood records. Random
samples from the stands that met all the eligibility criteria were selected and
included in the study. Altogether, 463 sampling plots were systematically
established in these stands.

Table 2.2.
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Characteristics of the first-layer trees of the control stands by dominant
tree species. (mean = 95% confidence interval)

Parameters Aspen Birch Spruce Pine
Mean tree DBH, cm 37+23 30+ 1.0 32+1.3 36 +0.9
Mean tree height, m 30+1.1 29+0.6 26+0.7 29+0.5
Mean basal area, m? ha! 24+22 23+14  26+1.8 30+1.9
Mean volume, m® hat 343+£36.1 296+202 326+26.7 396+27.1
Mean stand density, trees ha* 358+50 352+27 381+40 326+25

2.1. Field data collection

The data collection was organized from 2016 to 2019. In total, 19 spruce
stands (167-213 years old: Kénina et al. 2018 / Paper I), 25 pine stands (163—
218 years old: Kénina et al. 2019a / Paper II), 15 birch stands (123-148 years
old: Keénina et al. 2022 / Paper VI), and 25 aspen stands (104-135 years old:
Keénina et al. 2022 / Paper VI) were included.

In each stand, there were six to eight sampling plots of 500 m? (R = 12.62 m).
In each of these, the tree species were recorded and the diameter at breast height
(DBH = 6.1 cm) of all the live trees was measured. The heights of five live trees
in the upper layer of the dominant tree species, and three live trees from each of
the tree species in the second layer, were recorded. For the deadwood, the decay
stage (five classes—fresh to almost complete decay), based on Sandstrom et al.
(2007), was noted and the tree species (if identifiable) was recorded. The heights
of all the standing dead trees (> 6.1 cm) were measured. For the standing
deadwood (snags), the height and DBH were measured. For the lying deadwood,
the diameters of both ends (> 14.1 cm at the thicker end) and the lengths were
measured. At the center of the large sampling plots (500 m?), smaller subplots
(25 m?) were placed where live trees and deadwood with smaller diameters were
recorded (2.1-6.0 cm for the standing trees and 6.1-14.0 cm for the lying
deadwood). The locations of all live and dead trees were determined. Three
dominant trees in each sample plot were cored using a Pressler increment corer
in order to determine stand age. The tree heights of all the trees were estimated
based on the measured trees by correlating the height to the quadratic mean
diameter using Néslund’s model:
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H=13+(— )3, 1)

kxDxc

where:
H — tree height;
D —tree DBH, cm;
k, c — coefficients.

A separate height curve was calculated for each forest element, although in
cases where fewer than five trees were measured, tree height was estimated
according to the Gaffrey model (Snepsts 2020). The DBH was estimated as the
quadratic mean diameter, based on NFI (2013) methodology:

40000 XG
b= \' TxXN ' (2)
where:

D — mean quadratic diameter, cm;
G — basal area, m? ha'l;
N — number of trees per ha.

The volume of the live trees and dead standing trees was calculated, based on
DBH and tree species, in accordance with Liepa (1996):

V=1 xLrqPl+e 3)

where:
V — the stem volume, m3;
L — stem length, m;
d —tree DBH, cm;
Y, a, B, and ¢ — coefficients for tree species.

The volume of the snags and the lying dead wood was calculated using
Huber’s formula:

2
V= 4)

where:
V —snag, lying dead wood volume, m3;
L —snag height / log lenght, cm;
d,, — mid-diameter of the snag/lying deadwood, cm.

To test the carbon content in the deadwood, samples were taken from each of
the five decay stages in all analyzed tree species (pine, spruce, birch, aspen) in
four randomly selected old-growth birch stands (26 sampling plots in total)
(Kenina et al. 2019b / Paper III). Five samples were collected from each tree
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species (76 cores in total). Samples from wood exhibiting Class 1 and 2 decay
were obtained using a 13-mme-inner-diameter sample corer, whereas samples of
more degraded wood (Classes 3-5) were taken using 50-mm-inner-diameter)
corer. These samples were transported to the LVS EN ISO/IEC 17025:2017-
accredited Laboratory of the Forest Environment of the Latvian State Forest
Research Institute Silava, where they were prepared and analyzed in accordance
with the corresponding ISO standard, and the carbon content was determined.
Soil and litter samples were collected together from 157 control and old-growth
stands at three systematically located points. At these three points, soil samples
and litter samples were taken at least 2 m from any large trees in the first layer.
At each point, single soil samples were taken at fixed depths (0-10, 10-20, 20—
40, 40-80 cm) using a 100-cm? metal cylinder. Litter samples (10 x 10 cm) were
taken at each point from the soil organic horizon, and included all litter and
decomposed wood. These samples were prepared and analyzed at the same
laboratory as above, according to the LVS ISO 10694:2005 standard. The
physicochemical parameters of the soil samples, including soil bulk density,
coarse fragment fraction, total carbon content, and inorganic-carbon content,
were determined according to the corresponding 1SO standard. The organic-
carbon content in the soil was calculated as the difference between the total
carbon and the inorganic-carbon content.

2.2. Data analysis

The carbon stocks of the main carbon pools (tree biomass, deadwood, soil,
litter) were calculated. The individual tree biomass was estimated for the above-
and belowground components using DBH and calculated tree height as input
data. For the calculations, local biomass models for the main tree species in
Latvia, developed by Liepins et al. (2017), were used. A carbon content of 50%
was used to convert tree biomass into carbon to estimate the tree biomass carbon
stock (Eggleston et al. 2006).

The individual deadwood mass and carbon stock were estimated from the
volume, decay-class-specific density, and carbon content of the main tree species
in hemiboreal forests, following Koster et al. (2015) and tested in Latvia (K&nina
etal. 2019b / Paper I11). To compare the control- and old-growth-stand deadwood
carbon pools, we used adjusted decay stages: 1) recently dead (Classes 1 and 2);
2) weakly decayed (Class 3); and 3) moderately to almost completely
decomposed (Classes 4 and 5).

Linear mixed-effects models (LMERS) were used to test the effect of species,
stand density, standing volume, species unit, and all two-way interactions
between species (independent variables) on the dependent variables—the carbon
stocks in the tree biomass (including separate models for the above- and
belowground biomass) and deadwood. To reduce the heterogeneity of the
dependent variables, the carbon stocks of the deadwood, soil, and litter were log-
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transformed before inputting them into the models. After removing the non-
significant interaction terms or main variables (at a significance level of 0.05),
the final models were chosen using the Akaike information criterion. In all the
models, the stand identification was used as a random factor, as there were
multiple plots per stand. If there was a significant effect of factor, or interaction
with more than two levels, a Post Hoc test was used to compare the estimated
marginal means. Analysis of variance (ANOVA) was used to test the effect of
dominant tree species, stand age group, and interaction between those variables
on the dependent variable—the carbon stocks of the tree biomass, deadwood, soil,
and litter and the mean annual difference between tree biomass and deadwood
carbon. Prior to the ANOVA, all dependent variables were averaged for each
stand for the old-growth stands so as to have the data at the same level as the NFI
data. All data analyses were performed using R 4.1.0. software (R Core Team
2021). The R libraries Ime4 (Bates et al. 2015) and ImerTest (Kuznetsova et al.
2017) were used to implement the LMER. The R library emmeans (Lenth 2021)
was used to calculate and compare the estimated marginal means.

3. RESULTS AND DISCUSSION

3.1. Stand parameters of the old-growth stands (Papers 1, 2, 4-6)

In the old-growth stands, the dominant tree species had a significant impact
on DBH, basal area, volume, stand density of the first and second layers, and
deadwood volume (Table 3.1.). Stand age had no impact on the analyzed stand
parameters, indicating that, in cases where old trees still formed the dominant
cohort, across a wide age range (including coniferous stands from 163 to 218
years and deciduous stands from 104 to 148 years), a similar volume could be
observed. Previous studies on younger stands have shown that stand age is an
important factor in influencing stand growth and, therefore, carbon storage
(Carey et al. 2001; Pregitzer and Euskirchen 2004; Lee et al. 2016; Martin et al.
2018). Thus, as only one specific age group was analyzed in this study, the effect
of stand age was not strongly expressed. Similar results were obtained when
analyzing ecosystem productivity in the old stands after fire (Taylor et al. 2014).

Table 3.1.

Characteristics of the first-layer trees of the old-growth stands by
dominant tree species (mean + 95% confidence interval)

Parameters Aspen Birch Spruce Pine

Mean tree DBH, cm 494+ 1.1 38+1.5 37+1.6 48 + 1.1
Mean tree height, m 37+04 30+0.7 29+0.7 31+04
Mean basal area, m? ha! 39+24 30+2.9 24+31 36+238

Continuation of Table 3.1.
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Parameters Aspen Birch Spruce Pine

Mean volume, m® hat 666 +48.0 411+£53.0 319+53.0 495+41.0
Mean stand density, trees ha™* 242 +22  301+27 235+32 268+28
Mean proportion of dominant tree 9+0.2 7+04 7+0.7 7+0.1
species (amplitude)? (5-10) (5-10) 5-10 (5-10)
zllrsan dominant tree species DBH, 49 38 35 47
M(_ean dominant tree species 37 30 28 31
height, m

Deadwood volume, m® ha! 103+11.0 65+105 90+142 97+14.0

2 based on first-layer volume

The mean DBH and stand density (both in the first and second layers) were
significantly (p < 0.001) different among all analyzed old-growth stands for each
dominant tree species. The mean first-layer DBH was 49 + 1.1 cm in the old-
growth aspen stands, 48 £ 1.1 cm in the old-growth pine stands, 38 + 1.5 cm in
the old-growth birch stands, and 37 + 1.6 cm in the old-growth spruce stands
(Fig. 3.1.). The old-growth birch and spruce stands first layer had significantly
thinner mean DBH than the aspen and pine stands. The mean stand density of the
first-layer trees in the old-growth birch stands (301 + 27 trees ha™) was
significantly greater than in the old-growth aspen (242 + 22 trees ha™*) and spruce
(235 + 32 trees ha') stands, but similar to the old-growth pine stands (268 +
+ 28 trees ha?). In the old-growth stands, stand density in both the first and
second layers for all analyzed tree species was significantly lower (p < 0.001)
than in the control stands, which were 1.9-2.3 times younger, depending on tree
species (in absolute values, 97 = 2 years for pine, 79 = 6 years for spruce, 69 £ 1
years for birch, and 58 + 3 years for aspen). The results suggest that only a few
tree losses from the first layer, due to natural disturbances and/or aging, can
significantly reduce the total carbon storage in old-growth stands, indicating the
low stability of long-term carbon storage. Also, previous studies have reported
that the majority of the carbon stock in tree biomass in old-growth stands forms
rare, but large, first-layer trees (Nilsson et al. 2002).
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Fig. 3.1. Mean stand density (columns) and DBH (dots) of the first-layer
trees by dominant tree species and age group (control and old-growth
stands) (error bars show + 95% confidence intervals)

Dominant tree species (p < 0.001) had a significant impact on the volume of
the first and second layer and the total stand volume. The old-growth aspen
stands had significantly (p < 0.001) larger stand volumes and first- and second-
layer volumes compared to the other species. The old-growth birch and pine
stand first layers had similar volumes, but in the spruce stands, this was
significantly smaller than in pine stands. However, the volume of the second
layer in the old-growth spruce stands was significantly (p < 0.01) smaller than in
the other old-growth stands (Fig. 3.2.). Thus, the analysis showed that spruce was
the dominant tree species in the second layer in all the old-growth stands, forming
77-89% of the total volume of the second layer.
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Stand composition also had an impact on stand volume, with a relatively high
proportion of spruce being found in both the old-growth pine and birch stands.
Spruce dominance in the second layer in all the analyzed old-growth stands
indicates ongoing succession in both the old-growth coniferous (aged 163 to 218
years) and deciduous (aged 104 to 148 years) stands. This finding is supported
by knowledge of the forest succession process, in which stands that have not
experienced natural disturbances in a long time regrow through natural
regeneration, mostly occurring with shade-tolerant spruce (Drobyshev et al.
1999).

The total and first-layer volumes of the old-growth pine, birch, and aspen
stands were significantly larger (by 99 to 323 m® ha'') than in the control stands
(mean age differences: aspen 54 + 4 years, birch 62 + 4 years, pine 82 + 6 years),
whereas the old-growth spruce and control stands were similar (mean age
difference 103 + 6 years).

The mean deadwood volume was similar (64-103 m® ha?) in all the old-
growth stands, constituting 13-24% of the live tree volume. Stand volume and
density had a significant (p < 0.01) impact on deadwood volume in the old-
growth stands, suggesting that there will be a high impact from natural
disturbances on these old-growth stands in the future (Jogiste et al. 2017; Seidl
et al. 2020; Oder et al. 2021). A huge heterogeneity was apparent between
deadwood volume within and between the stands (Table 3.2.). Similarly, a large
heterogeneity was found between stand volume, stand density, and tree species
composition, and their impact on deadwood volume has been reported in
previous old-growth studies (Oder et al. 2021). The quantity of dead standing
trees in the old-growth stands was determined by the dominant tree species
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(p <0.001), while stand volume, basal area, and density significantly (p < 0.001)
impacted the volume of lying deadwood (Table 3.2.). The dead standing trees in
the old-growth pine stands (42 m® ha?) constituted a significantly higher
deadwood volume than that in the other dominant-tree-species old-growth stands
(12-18 m® ha!). A large part of the deadwood volume in the old-growth stands
was from lying deadwood (Table 3.2.). Differences in the amount of deadwood
by deadwood type confirmed the effect of species composition on the stand, with
spruce become a lying deadwood more rapidly and pine persisting as dead
standing trees for a longer time before falling (Senhofa et al. 2020). Most of the
deadwood was in decay-stage Classes 2—-3 (moderately decomposed trees),
which was also affected by the differences between the wood properties of
specific species (Senhofa et al. 2020).

Table 3.2.

Characteristics of deadwood volume (m? ha) according to deadwood type
and decay stages (mean + 95% confidence interval)

Aspen Birch Spruce Pine
Deadwood according to deadwood type, m® ha™! (amplitude)

Lying 73+9.4 45+84 61+10.4 43 £10.6
deadwood (0-302.4) (1.5-167.4) (0-226.2) (0 —405.0)
Dead standing 18+4.2 12+42 18+7.3 42+6.5
trees (0-145.8) (0-95.3) 0-246.1) (0 -210.5)
Snags 12+£2.6 8+2.8 10+4.6 11+£2.7

(0-90.4) (0 —55.4) (0-132.6) (0-77.7)
Total deadwood 103 £11.0 64 +10.5 89+ 14.2 97 +14.0

(2.0-363.1) (3.2-222.8) (1.6-437.1) (0—483.2)
Deadwood according to decay stage, m® ha* (proportion of the total deadwood

volume)
Decay stage 1 17+42 15+6.3 3+£1.8 3£26
(16%) (3%) (3%) (3%)
Decay stage 2 38 +6.1 24 +£6.1 39+10.4 64 £8.9
(37%) (38%) (44%) (66%)
Decay stage 3 23 +4.1 14 +£3.9 20+4.8 19+54
(22%) (22%) (22%) (19%)
Decay stage 4 16 £3.7 8+1.8 16 +4.2 9+£5.0
(15%) (12%) (18%) (9%)
Decay stage 5 10+£2.6 3+1.7 12+3.6 3+1.5
(10%) (5%) (13%) (3%)

3.2. Carbon storage in old-growth stands (Paper 2—4 and 6)

Tree biomass formed the greatest percentage of the total carbon stocks in the
old-growth stands, which also directly impacted the carbon stocks in the
deadwood and litter. Tree biomass constituted 59%, while soil accounted for
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31% of the total carbon stock. Other European studies have also shown that tree
biomass is the dominant carbon pool in old-growth stands (Finér et al. 2003;
Seedre et al. 2015). However, specific subgroups of old-growth forest stands, in
which old target-species trees still formed the dominant cohort and which had
reached the old-growth stage, indicated that there were also significant
differences in carbon stocks between the sampling plots—in the aspen stands,
from 70 to 318 t C ha't, 73 to 245 t C ha in the pine stands, 88 to 272t C hatin
the birch stands, and 60 to 292 t C ha in the spruce stands. This heterogeneity
was most likely influenced by interactions between the factors that determined
the historical development of the different stands, including soil properties,
moisture regime fluctuations, and differences in the succession process (Jandl et
al. 2007; Hansson et al. 2011; Uri et al. 2012; Lutter et al. 2019).

Stand age had a species-specific significant (p < 0.01) impact on carbon
storage in live tree biomass and deadwood (Fig. 3.3.). The significant (p < 0.01)
impact of the age effect on tree biomass carbon stock was observed between
spruce and aspen old-growth stands. It appears that the assessed age group of the
old-growth spruce stands may also include stands in which natural regeneration
has already started, whereas extreme cases of longevity were found in the aspen
stands.
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Fig. 3.3. Model predicted carbon stock changes according to stand age
(years) in tree biomass (A) and deadwood (B) (+ 95% confidence band)

According to the LMERs, the tree biomass carbon was determined by
dominant tree species (p < 0.01), standing volume of the first layer (p < 0.001),
and stand density of the first layer (p < 0.001). Moreover, dominant tree species
interactions with stand density and stand volume were significant for tree
biomass carbon (both p < 0.001) (Fig. 3.4.). As previous studies have shown, the
carbon stock in tree biomass continues to increase with stand age until it reaches
a maximum, and then it remains relatively stable for some time (Pregitzer and
Euskirchen 2004; Jones et al. 2019). This time period is mostly determined by
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the effect of natural disturbances and self-thinning of different tree species in the
succession process (Pregitzer and Euskirchen 2004; Taylor et al. 2014; Jones et
al. 2019).
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Fig. 3.4. Model of predicted change in the tree biomass carbon stock by
species in response to: (A) standing volume; (B) stand density (+ 95%
confidence band)

The significantly highest tree biomass carbon stock was found in the old-
growth aspen stands (mean 205 + 7.0 t C ha'). Relatively high and similar mean
tree biomass carbon stocks were observed in the birch and pine old-growth stands
(175+10.0tCha'and 172+ 7.0 t C ha?, respectively). Significantly lower tree
biomass carbon stocks were found in the old-growth spruce stands (140 +
+9.0 t C ha'l). The size of the tree biomass carbon stock differed significantly
between the old-growth aspen and birch stands under the influence of stand
volume of the first layer, although stand density of the first layer caused
significant differences in tree biomass carbon storage between the aspen and
birch old-growth stands. The largest share of the mean tree biomass carbon stock
for all tree species in the old-growth stands was stored in the stem (47-73% of
the total tree carbon), whereas only 16-25% of the total tree biomass carbon
accounted for the belowground biomass, which consisted of small roots, course
roots, and stump biomass.

According to the results of this study, deadwood contributed only in a minor
way to the total carbon pool in the old-growth stands, but it is an important
component of forests in terms of biodiversity and providing other crucial
ecosystem services (Nord-Larsen et al. 2019; Ruel and Gardiner 2019; Stakénas
et al. 2020), such as extending the life cycle of carbon in forest ecosystems
(Johnston and Radeloff 2019). The carbon storage in deadwood was similar
among all analyzed tree species (1015 t C ha?), although it was highly variable
(0.3-75 t C ha'?) across the sampling plots.
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The size of the deadwood carbon stock in the old-growth stands was
determined using the stand density (p < 0.001), interactions between the
dominant tree species in the stand, and total stand volume (p < 0.05) (Fig. 3.5.).
Consequently, old-growth stands with larger stand volumes—that is, larger trees
and more trees (i.e., higher stand density)-had greater amounts of wood that
could be transformed into deadwood. Similar observations were made by
Pregitzer and Euskirchen (2004), who also noted that the deadwood carbon stock
in old-growth stands could be determined by the number of live trees and the
length of time they complemented this carbon pool for. Consequently, the more
trees growing in a stand (i.e., higher stand density), the more stable the deadwood
carbon pool would be in the long term.
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Fig. 3.5. Model of predicted change in the deadwood carbon stock by
species in response to: (A) standing volume; and (B) stand density (+ 95%
confidence band)

The small amount of carbon stored in the deadwood, as well as the very weak
correlation between the tree biomass and deadwood carbon stocks, suggests that
the impact of natural disturbances on the old-growth stands has been limited for
a long time. Thus, the results obtained from these stands represent the potential
maximum carbon storage for old-growth stands. The estimates provided herein
support the previous understanding that changes in deadwood carbon stock in
old-growth stands, where old trees still form the dominant cohort, are mainly
influenced by the tree replacement pattern based on the intensity and frequency
of natural disturbances in the specific stand (Martin et al. 2021).

Abiotic factors (air temperature, humidity, and soil properties), biotic factors
(fungi and insects), and wood properties (tree species, tree dimensions, and dead
tree position (downed/standing) in the stand) are the main aspects affecting
deadwood type and the decomposition of dead trees in a stand (Yatskov et al.
2003; Ruel and Gardiner 2019). The mean deadwood carbon stock was
49 + 1.1 cm in the old-growth aspen stands, 48 + 1.1 cm in the old-growth pine
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stands, 38 £ 1.5 cm in the old-growth birch stands, and 37 + 1.6 cm in the old-
growth spruce stands (Fig. 3.1.). Lying deadwood constituted the greater part of
the total deadwood in the old-growth aspen (mean 9 = 1.2 t C ha'), birch (mean
6= 1.3t C ha'), and spruce (mean 7 = 1.2 t C ha'') stands, and these values were
similar among these species (Fig. 3.6.). In the old-growth pine stands, dead
standing trees had the highest share of the total deadwood carbon pool (mean
7+ 1.5t C hal), and this was significantly higher than in the other old-growth
stands (mean 3 + 0.5 t C ha™). It is assumed that resistance to wind and the wood
properties of pine could be the main reasons for the larger carbon stock being in
dead standing trees compared to the other tree species (Kuuluvainen et al. 2017).
The smallest mean carbon pool in the deadwood was in the snags subgroup
(2+ 1.0t C ha'l), and this was similar among all the old-growth stands.
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deadwood types: (A) lying deadwood; (B) snags; (C) dead standing trees
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Mineral soil (0—-80 cm deep) is the second largest repository for carbon after
tree biomass in old-growth stands, varying between 21 and 37% depending on
the dominant tree species (mean 31% of the total carbon storage). In the old-
growth stands, the soil carbon stock was similar between the aspen (mean
101+ 17.6 t C ha') and birch (117 =26.3 t C ha™) stands, but was significantly
(p < 0.001) lower in the pine (mean 72 + 30.6 t C ha™) and spruce (mean 58 +
+21.2 t C ha') stands. The obtained data showed high variability among the
stands, which may be a result of species structure and site differences
(Hansson et al. 2013; Laganieére et al. 2015). In addition, some of the soil samples
from the old-growth pine stands were not suitable for further analysis, and
variability in the other data was characteristic of the soil carbon pool size in the
old-growth stands. Similarly, high carbon-stock variability has been reported in
Cindy and Vesterdal (2013) who suggested that soil properties (moisture regime,
soil composition, and site history) could be factors responsible for differences in
the carbon storage (Jandl et al. 2007; Hansson et al. 2011; Lutter et al. 2019).
The upper 0-10-cm soil layer stored more than 30% of the total soil carbon,
supporting the findings of a previous study on 60-year-old birch stands, in which
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the upper 30 cm accumulated 38% of the total forest carbon pool (Uri et al. 2012).
Also, Hansson et al. (2011) reported that the upper soil layer was more affected
by different natural processes, such as high microbial activity and soil
respiration, which affected the carbon stock (Hansson et al. 2011). The litter
carbon pool, although numerically small, is considered to be an important
transfer point between the surface and soil carbon pools (Jandl et al. 2007). The
forest-litter carbon stocks were significantly higher (p < 0.05) in the old-growth
pine stands (mean 21 + 5.3 t C ha?) than in the old-growth birch stands (mean
14 £5.2 t C hal). The old-growth pine and spruce stands (25 + 1.0 t C ha*) had
similar litter carbon stocks, and these were higher than in the deciduous old-
growth aspen (mean 17 + 4.8 t C ha') and birch stands. In most cases, the litter
carbon stock in coniferous stands is higher than in deciduous stands due to slower
needle decomposition compared to leaf decomposition, although the differences
between pine and spruce litter carbon storage are likely to be affected by different
annual litter rates and needle decomposition rates—pines decompose in two
years, spruce in six years (Hansson et al. 2011). Therefore, the effect of dominant
tree species, together with other missing factors (such as ground vegetation and
fauna), has a significant impact on litter carbon stocks, as has been suggested in
previous studies (Hansson et al. 2011; Cindy and Vesterdal 2013; Lutter et al.
2019).

The total carbon stock was taken as the sum of the mean values of the carbon
pools of the live tree biomass, deadwood, soil, and litter from the data obtained.
The tree biomass carbon stock included the above- and belowground biomass.
The tree biomass represented the largest carbon pool in all the analyzed old-
growth stands, comprising 55 to 61% of the total carbon stock. The mineral soil
was the second-largest, and most variable, carbon pool (25-37% of the total
carbon stock, depending on tree species). Both the litter and deadwood were
marginal carbon pools, contributing 4-11% and 3-5% of the total carbon stock,
respectively. The tree biomass formed the greatest percentage of the mean total
carbon stock (mean 59%), followed by the mineral-soil carbon pool (mean 30%),
litter (mean 7%), and deadwood (mean 4%). Other studies on Europe have also
shown that tree biomass is the dominant carbon pool (Krankina and Harmon
1995; Finér et al. 2003; Seedre et al. 2015; Nord-Larsen et al. 2019).
Nevertheless, the total carbon stocks differed notably among stands with the
same dominant tree species and between species, indicating a wide variation in
the carbon storage in old-growth stands, and reflecting great diversity in the
historical development of the stands (Krasnova et al. 2019; Lutter et al. 2019)

3.3. Comparison of the carbon storage in old-growth and younger
stands (Paper 5)

In the old-growth stands, in which old trees still formed the dominant cohort,
the tree biomass carbon stock for all analyzed species was significantly higher
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(from 19% in the pine and spruce stands to 42% in the aspen stands) than in the
younger than 54—103 years (1.9 to 2.3 times younger) control stands (Table 3.3.).

Table 3.3.

Carbon pool size of control and old-growth aspen, birch, pine, and spruce
stands (mean, t C ha* + 95% confidence interval)

_Tree Deadwood Soil * Litter * Total
biomass carbon

Aspen
Old-growth 205+ 7.0 14£1.5 101 £17.6 17+4.8 337
stands
Control 119+ 10.0 5+1.5 104+ 164 24 +84 252
stands
Birch
Old-growth 175+10.0 10+1.8 117+26.3 14+52 316
stands
Control 124 +7.2 3+0.6 89 £13.5 15+11.3 231
stands
Spruce
Old-growth 140£9.0 12+2.0 58 +£21.2 25+12.0 235
stands
Control 113+8.1 5+1.0 96 £23.4 30+53 244
stands
Pine
Old-growth 172+7.0 15+2.1 72 +£30.6 21+£53 280
stands
Control 139+ 8.8 3+0.9 91 +23.6 21+2.1 254
stands

* Mean values calculated only for those forest stands, from which reliable results were
observed.

In the old-growth aspen stands, where individual tree height was significantly
(p < 0.001) greater compared to the other tree species (Table 3.1.), the tree
biomass carbon stock (mean 205 + 7.0 t C ha') was significantly higher than that
of the spruce and pine stands (Fig. 3.7.). In the control stands, the highest tree
biomass carbon stock was detected in the pine stands (mean 139 + 8.8 t C ha'l),
where it was significantly (p < 0.001) larger than the aspen (mean 119 +
+10.0t C ha') and spruce (mean 113 + 8.1 t C ha™) stands, but similar to the
control birch stands (mean 124 + 7.3 t C ha?) (Fig. 3.7.). The tree biomass carbon
stocks differed significantly between the dominant tree species and age groups
(both p < 0.001). The effect of the interaction between the dominant tree species
and age groups also had a significant impact on the carbon storage in the live-
tree biomass (p < 0.001). The deadwood carbon pool, depending on the dominant
tree species, was 58-80% smaller in the control stands than in the old-growth
stands. The deadwood carbon pool size differed significantly between the control
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stands, with the pine stands (3 + 0.6 t C ha) having significantly smaller carbon
stocks than the spruce stands (5 + 1.0 t C ha't) (Fig. 3.7.).

The carbon stock in the tree biomass and deadwood continued to increase
with increasing stand age, from the control to the old-growth stage, on mineral
soils. It is assumed that this trend will continue until the carbon stocks reach their
maximum. A similar observation has been reported from a Canadian fire study,
in which an analysis of long-term stand development following a natural
disturbance revealed that, after reaching a stable carbon-stock maximum, the
total carbon storage decreased in all analyzed tree-species stands (Gao et al.
2018). Moreover, in this study, it is more than likely that the peak carbon-storage
period in the analyzed spruce stands had already ended.
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Fig. 3.7. Mean carbon stocks in control and old-growth (old) aspen, birch,
spruce, and pine stands on mineral soil in hemiboreal Latvia from: (A) tree
biomass; and (B) deadwood (error bars show +£95% confidence intervals)

The soil carbon stock was significantly affected by dominant tree species
(p <0.001) and the interaction between dominant tree species and age group
(p < 0.05), whereas the litter carbon stock was affected by dominant tree species
(p < 0.001) and age group (p < 0.05). In the control stands, the carbon stock in
the soil was similar among all tree species, whereas the carbon storage in the
litter was significantly different (p < 0.01) between the birch and spruce stands,
it being twice as large in the spruce stands. In the old-growth stands, the soil
carbon stock was similar between the aspen and birch stands, but was
significantly (p < 0.01) lower in the pine and spruce stands. The litter carbon
stock was significantly different (p < 0.001) between the birch (mean 14 +
+5.2tC ha') and pine (mean 21 + 5.3 t C ha'?) stands in the old-growth stands.
Based on dominant tree species, the soil carbon stocks significantly differed
between the control and old-growth stands in the pine (p < 0.05) and spruce
(p < 0.001) stands, while the litter carbon stock differed between the spruce
(p < 0.05) control and old-growth stands. The obtained results showed that, in
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the younger (control) stands, the litter carbon had already reached its maximum.
Therefore, in the old-growth stage (after 58—97 years, depending on the dominant
tree species), the litter production rates and carbon stocks did not increase, which
is in line with the findings of previous studies (Hansson et al. 2011). Similar
results have been reported on soil carbon stocks, with stands between the ages of
30 and 142 years showing no increases in carbon stocks with increasing age
(Nord-Larsen et al. 2019). Most of the changes in the carbon stocks were
observed in the upper layers of the soils of both the control and old-growth
stands, as a result of organic-matter decomposition and leaching into the soil
(Angst et al. 2018), while the carbon stock in the deeper soil layers are considered
to represent a stable long-term carbon pool, albeit with a significantly smaller
carbon store (Deluca and Boisvenue 2012; Angst et al. 2018).

The data presented herein confirm the hypothesis that, in the younger
(control) stands, the litter carbon pool has already reached it maximum and the
soil carbon pool is approaching it. Therefore, no significant increase in the carbon
stocks in either pool can be expected in the old-growth stands. In addition, in the
upper soil layer and litter, the carbon stocks after severe natural disturbance (fire)
may decline from 50 to 100%, primarily a result of the decline in the litter carbon
pool (Palviainen et al. 2020). Also, high variability in the litter carbon stock data
from both the control and old-growth stands indicates a significant impact from
the effect of dominant tree species (Hansson et al. 2011; Lutter et al. 2019),
together with other overlooked factors, such as stand structure, ground vegetation
(Laganiere et al. 2015), the amount of deadwood (Btonska et al. 2019), and the
natural disturbance regime, all of which have a significant impact on litter
production and decomposition (Palviainen et al. 2020).

In order to assess the efficiency of the intensity of carbon storage in the old-
growth stands, the mean annual difference between the sums of the tree biomass
and deadwood carbon was calculated. Dominant tree species (p < 0.001) and age
group (p < 0.001) had a significant impact on this value. In the control stands,
the mean annual difference between the sums of the tree biomass and deadwood
carbon was similar in pine and spruce (1.5 £ 0.10 and 1.5 £ 0.11 t C hal yr?,
respectively) (Fig. 3.8.). Large mean annual differences in carbon in the control
stands were found in the aspen (2.2 = 0.16 t C ha yr') and birch (1.9 +
+0.10 t C ha yr?) stands (Fig. 3.8.). In the old-growth stage, the aspen stands
had significantly higher (2.0 +0.14 t C ha* yr'?) than the mean annual differences
in carbon compared to the other tree species, with the values being similar
between the birch (1.4 £ 0.16 t C ha yr?) and pine (1.1 £ 0.08 t C ha yr?), and
the pine and spruce (0.8 £ 0.10 t C ha' yr?) stands (Fig. 3.8). The mean annual
difference in carbon gradually significantly (p < 0.001) decreased (except for in
the spruce stands (p = 0.06)) over time (82 + 6 years for pine, 103 £ 6 years for
spruce, 62 + 4 years for birch, and 58 + 3 years for aspen), from the control to
the old-growth stage. A major decrease (47%) in carbon was detected from the
mature to old-growth stage in the spruce stands, followed by pine (27%), birch
(27%), and aspen (10%). Overall, both in the control and old-growth stands, the
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mean annual difference in the sum of the tree biomass and deadwood carbon was
higher in the deciduous tree stands (Fig. 3.8.). It should be noted that the age of
the control stand was chosen subjectively, and thus the age did not correspond to
a specific situation—for example, when a particular tree species reached the
maximum growing stock.
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Fig. 3.8. Mean annual difference in the sum of tree biomass and deadwood
carbon in the control and old-growth (old) pine, spruce, birch, and aspen
stands (error bars show + 95% confidence intervals)

The annual difference values from the younger control to the old-growth
stands indicate that forests continue to accumulate carbon into old age, as
suggested by Luyssaert et al. (2021). However, according to Gundersen et al.
(2021), carbon uptake decreases over time in old-growth stands, with unmanaged
forests having lower carbon-sequestration rates than managed forests.
Additionally, most of the control stands have come from commercial forests,
where commercial thinning has been performed, and part of this timber has
already been used in wood-based products in order to avoid carbon emissions
(Pukkala 2017; Holmgren 2021). Thus, the actual impact of younger stands on
climate-change mitigation could be greater than that found in this study.
Nevertheless, the mean annual difference in carbon gradually decreased over time,
from the two-times-younger control to the old-growth stage, in all analyzed tree
species. Therefore, old-growth stands do not provide an effective use of forestland
for climate-change mitigation purposes in the long term.
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CONCLUSIONS

. The total stand and first-layer volumes of the pine, birch, and aspen old-
growth stands were significantly larger ((by 99 to 323 m® ha? in first-
layer) than in the control stands, but there was similarity between the old-
growth and control spruce stands. The mean stand density of the first-
layer trees was significantly different (p<0.001) among the old-growth
stand species (from 235 + 32 trees ha in spruce to 301 = 27 trees hatin
spruce stands), and was significantly lower (p < 0.001) than in the control
stands for all analyzed tree species. The obtained results showed that only
a few tree losses in the first layer, due to natural disturbance and/or aging,
could significantly reduce the total carbon storage in the old-growth stand,
indicating low stability of the carbon storage for the long term.

. Dominant tree species (p < 0.001) had a significant impact on the carbon
stock. A relatively high proportion of spruce had an impact on carbon
storage in the tree biomass both in the old-growth pine and birch stands.
Moreover, spruce dominance in the second layer in all the analyzed old-
growth stands, indicated ongoing succession both in the old-growth
coniferous (aged 163 to 218 years) and deciduous (aged 104 to 148 years)
stands.

. Tree biomass (51-61% depending on the dominant tree species, and mean
59% of the total carbon stock) and the mineral soils (2537%, mean 30%
of the total carbon stock) together accounted for the largest carbon stock
in the old-growth stands on mineral soils.

. In the old-growth stands (104-218 years), in which old target-species
trees still formed the dominant cohort, the total carbon stock was, on
average, 20% larger than in the younger (than 54-103 years) control
stands, the difference depending on the dominant tree species.

. The carbon storage efficiency (i.e., mean annual difference in the carbon
stock) of tree biomass and deadwood carbon in the old-growth pine, birch
and spruce stands was significantly (by 27 to 47% depending on dominant
tree species) lower than in the two-times-younger control stands.

. The small amount of carbon stored in the deadwood, as well as the very
weak correlation between the tree biomass and deadwood carbon stocks,
suggests that there had been limited impact from natural disturbances on
the old-growth stands for a long time. Thus, the results obtained from
these stands represent the potential maximum carbon storage in old-
growth stands.
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1.

RECOMMENDATIONS

In recognizing that tree biomass is the largest and most dynamic carbon
pool in old-growth stands, it is recommended that in forest areas where
climate change mitigation is the main management objective, a forest
model be used that ensures stands that are the most productive and highly
resistant to natural disturbances. This would also result in contributing to
increased carbon storage efficiency.

In forest areas where the primary management objective is the protection
of nature, it should be taken into consideration that the carbon storage
efficiency (mean annual difference in carbon stock) in tree biomass and
deadwood decreases significantly between the younger (control) and old-
growth stands. Old-growth forests continue to accumulate carbon in old
age, but their uptake decreases over time, until the dominant forest
element changes due to tree aging and/or the impact of the natural
disturbance. Therefore, when planning the locations of such forest areas,
it is recommended that the impact on EU-level climate change mitigation
initiatives be minimized in long the term.

In order to develop science-based approaches to the conservation of
biological diversity in combination with achieving bioeconomic
objectives in forest areas, where possible, obtaining data on the stand
structure and elements of old-growth stands, and determining indicators
of biological values, should be continued.

More research is needed to describe the effect of natural disturbance and
succession on carbon stocks in old-growth stands by performing periodic
re-measurements of the studied stands. It is also important to assess the
carbon storage and carbon balance on old-growth stands in oligotrophic
peat soils, as well as to further supplement the data-set on the soil carbon
stock and it dynamics (including the fine roots).
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