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ANOTACUA

Liela dala Eiropas, arT Latvija, ir novérojama mezaudZu novecoSanas, ka re-
zultata ir izveidojies nozimigs biomasas un lidz ar to oglekla uzkrajums, kas tuvojas
piesatinajuma limenim (Vilén et al. 2012; Nabuurs et al. 2013; Senf et al. 2021). Ve-
cas audzes ir nozimigas biologiskas daudzveidibas nodrosinasana meza ainava. Em-
piriskais datu materials, kas raksturotu oglekla uzkrajumu $adas audzés un to lomu
klimata parmainu mazinasana, ir neliels un fragmentéts. Ipasi svariga ir informacija
par Eiropas borealo un hemiborealo mezu zona augos$ajam vecajam mezaudzém —
Siem meziem ir fundamentala un pieaugos$a loma gan bioekonomika, gan klimata
neitralitates mérku sasniegS8ana. Promocijas darba mérkis ir novertét oglekla uz-
krajumu vecas, saimnieciskas darbibas ilgstosi neietekmétas priezu, eglu, bérzu un
apsu mezZaudz€és sausienos.

Pétijuma rezultati liecina, ka oglekla uzkrajums vecas audzés ir batiski atka-
rigs no valdosas koku sugas. Vecas priezu un bérzu mezaudzés oglekla uzkrajumu
ietekmé relativi liels eglu Tpatsvars audzes pirmaja stava un to dominance otraja
stava, liecinot par dabisku paaudZu nomainu Saja vecuma (163—218 gadi skuju koku
audzés, 104-148 gadi lapu koku audzés). To apliecina ari bitiski mazaks pirma stava
biezums vecas meZaudzés salidzinajuma ar par 54-103 gadus jaunakam (kontro-
les) audzém, noradot uz zemu oglekla uzkrajuma stabilitati: atsevisku | stava koku
bojaeja dabisko traucé&jumu un/vai vecuma ietekmé var nozimigi samazinat kopé-
jo oglekla uzkrajumu. Lielakas oglekla kratuves vecas mezaudzeés ir koku biomasa
(55-61%, vidéji 59% no kopéja ekosistémas uzkrajuma mezos ar mineralaugsném)
un augsne (25—-37%, vidéji 30% no kopé€ja ekosistémas uzkrajuma mezos ar mineral-
augsném), un pétijuma secinats, ka oglekla uzkrajums vecas mezaudzeés ir vidéji par
20% lielaks neka videji divas reizes jaunakajas kontroles audzés. Savukart oglekla uz-
krasanas efektivitate (oglekla uzkrajums gada) koku biomasa un atmirusaja koksné
pétijuma analizétajas vecas priezu, bérzu un eglu mezaudzés ir batiski (par 27% lidz
47%, atkariba no koku sugas) mazaka neka kontroles audzés. Nelielais oglekla uzkra-
jums atmirusaja koksné liecina, ka analizétaja veco audzu kopa dabisko traucéjumu
ietekme ilgstosi ir bijusi nenozimiga. Tatad iegltie dati raksturo oglekla uzkrajuma
potencialu (maksimumu) vecas audzés.

Promocijas darba iegitas atzinas pielietojamas, raksturojot veidus, ka iespé-
jami efektivak sasniegt un saglabat klimatneitralitati ilgtermina, ka ar1 kvantificéjot
ietekmi, kadu uz So mérku sasniegSanu raditu pastiprinati saimnieciskas darbibas
ierobeZojumi citu politiku Tstenosanai. Tatad nodrosSinata iespéja pienemt pamato-
tus (datos balstitus) IeEmumus, lidzsvarojot dazadu politiku TstenoSanu meZa ainava
tada veida, lai radttu iespéjami lielako ieguvumu sabiedribai.

Sis promocijas darbs sastav no tematiski vienotam se$am zinatniskajam
publikacijam.



ABSTRACT

The currently observed aging trend in large parts of Europe’s forests have
significantly increased the amount of woody biomass and therefore carbon stock
accumulated in forests over the past decades, which come to their maximum (Vilén
et al. 2012; Nabuurs et al. 2013; Senf et al. 2021). Old-growth forests contribute to
biodiversity conservation function and overall species richness in the forest eco-
system. Thus, data on the carbon storage in old-growth stands in Europe is limited
and fragmented to provide comprehensive data to provide a better understanding
of their role in climate change mitigation. Of particular importance is data from
old-growth European boreal and hemiboreal forests, which play a fundamental and
growing role both in the bioeconomy and in achieving climate neutrality targets.
The aim of this study was to evaluate the carbon stock in old-growth Scots pine,
Norway spruce, birch, and European aspen stands, where old trees are still the
dominant cohort growing on dry mineral soils.

Obtained results showed that the dominant tree species had a significant im-
pact on carbon storage in old-growth forest stands in hemiboreal Latvia. A relatively
high proportion of Norway spruce in the first floor and understory influenced the
carbon stock size in old-growth Scots pine and birch dominated stands, also indicat-
ing the occuring natural succession in the studied age (163 to 218 years in conifer-
ous stands, 104 to 148 years in deciduous stands). This is also suggested by the sig-
nificantly lower stand density of the first floor in old-growth stands comparing with
54 to 103 years younger control stands. This demonstrated fragility of long-term
carbon storage in tree biomass — only separate death of the large first floor trees
due to natural disturbance and/or aging may significantly reduce the total carbon
storage in old-growth forests. Largest carbon pools in the old-growth stands were
tree biomass (55—61% depending on the dominant tree species, on average 59% of
the total carbon stock in forests with mineral soils) and soil (25-37% depending on
the dominant tree species, on average 30% of the total carbon stock in forests with
mineral soils). Old-growth stands store on average 20% higher carbon stock than
two times younger control stands. Contrary, the mean annual difference in the sum
of the tree biomass and deadwood carbon was significantly lower in old-growth
Scots pine, Norway spruce and birch dominated stands (by 27 to 47% depending on
the tree species) than in control stands. Small share of the deadwood carbon stock
in the total carbon stock indicates low intensity of natural disturbances in studied
old-growth stands. Thus, analyzed old-growth stands representing potential maxi-
mum carbon storage in forests on dry mineral soils in Latvia.

The gained insight into the carbon-storing capacity of old-growth stands for
the main tree species in hemiboreal forest zone could be used for a more accurate
understanding of their actual and potential role in climate change mitigation and
impacting data-driven policy and multi-purpose forest management decisions in
achieving forest-related climate and biodiversity policy goals.
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1. IEVADS

MeZam ir batiska loma biologiskas daudzveidibas nodrosinasana meza aina-
va, ka ar1 klimata parmainu mazinasana un citu ekosistemas pakalpojumu nodro-
Sinasana (Seedre et al. 2015; Berndldez 2017; Badalamenti et al. 2019; Kulha et
al. 2020). Eiropa veci mefZi ir reti sastopami, tomér liela dala Eiropas, ari Latvija, ir
novérojama mezaudZzu novecoSanas tendence, ka rezultata ir izveidojies nozimigs
biomasas un lidz ar to oglekla uzkrajums, kas tuvojas piesatinajuma limenim (Vilén
et al. 2012; Nabuurs et al. 2013; Senf et al. 2021). Lidztekus darbam Eiropas Sa-
vienibas (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 sausze-
mes teritorijas, ka ari stingri aizsargat visus paréjos ES pirmatnéjos un senos mezus,
kuros ieklauti arT veci meZi (Eiropas Komisija 2020; O’Brien et al. 2021). Tapéc, lai
maksimali efektivi izmantotu ierobeZoto meza platibu dazado mérku sasniegsana,
svariga ir zinatniska informacija par veciem meZiem un par oglekla uzkrajuma po-
tencialu vecas meZaudzeés, kas atrodas abu stratégiju interesu loka.

Latvija ir ratificejusi Kioto protokolu (2002.gads) un Parizes noligumu
(2017. gads), un — ka Apvienoto Naciju Organizacijas (ANO) un ES dalibvalsts — ir uz-
némusies saistibas ES Klimata politikas ietvara samazinat ikgad€jo siltumnicefekta
gazu (SEG) emisiju apjomu, tada veida mazinot klimata parmainas. Oglekla uzkra-
jums meZza sniedz ievérojamu ieguldijumu cela uz ES limena klimata mérku sasnieg-
Sanu, 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 obli-
gatas saistibas samazinat SEG emisijas ZIZIMM sektora, taja skaita aramzemém un
zalajiem, papildus izveidojot meza references limena metodiku saistibu noteiksanai.
Jaunaja pieeja paredzéts, ka, aprékinot meza sektora SEG samazinasanas saistibas
2021.-2025. gados, noteikta CO: piesaiste, kas veidotos koksnes krajas ikgadéja pie-
auguma rezultata un citas oglekla kratuvés, no tas atnemot koksnes atmiruma un
mezizstrades raditos oglekla zudumus, ka art SEG emisijas no augsnes, meza uguns-
greku un meza méslosanas rezultata, ja meza apsaimniekoSana turpinatos ka refe-
rences perioda (2000.—2009. gads). Nakosajam periodam (2026.—2030. gads) pie-
davata citada metodika, nosakot kopigu mérki visam ZIZIMM sektoram, kas Latvija
vairakkart palielinatu emisiju samazinasanas mérki. Papildus tam, ES ir noteikusi
principu, ka ZIZIMM sektora devumu klimata politika ir nepiecieSams zinatniski pa-
matot, lai to akceptétu ANO klimata konvencijas parstavji, ikgadéji izvértejot katras
valsts progresu, ka arT atspogulot ikgad€jos zinojumos. Tadé| ir svarigi iegt zinat-
niski pamatotus oglekla uzkrajuma un ta dinamikas datus hemiborealajos mezos,
kurus talak izmantot, sagatavojot zinojumus par valsts progresu dazadu ES méroga
stratégiju mérku 1stenosana, ta virzoties uz klimatneitralitati un nenodarot ekono-
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miskus zaud&jumus Latvijas tautsaimniecibai neprecizu metozu pielietosanas radito
sankciju rezultata. Turklat, ES elastibas mehanismu ietvaros, meZza nozare var pa-
lidzét sasniegt citu tautsaimniecibas nozaru (lauksaimnieciba, transports) mérkus
gadijuma, ja ta jau ir 1stenojusi savu merki.

Informacija par oglekla uzkrajumu vecas audzés Eiropa ir fragmentara, tomér
$adu audzu platiba ka Latvija, ta Eiropa kopuma pieaug (Vilén et al. 2012; EFE Sta-
te and trends 2016; Badalamenti et al. 2019; Sabatini et al. 2020). Taja pasa laika
pieejamais empiriskais datu materials par vecajas audzés esos$o oglekla uzkrajumu,
Tpasi borealajos un hemiborealajos meZzos, kuri ir btisks Eiropas meZa resurss, nav
visaptveross. Tas ir viens no iemesliem, kapéc Eiropa Sobrid notiek tik spraigas dis-
kusijas par veco audzu ietekmi klimata un ar to saistito politiku balansa nodrosina-
Sana starp dazadiem ekosistémas pakalpojumiem, radot iesp&jami lielaku ieguvu-
mu sabiedribai (Hogbom et al. 2021; Molina-Valera et al. 2021). Lai ieglitu precizus
datus par oglekla uzkrajumu vecas audzés, nepiecieSama zinatniski pamatotu datu
ievaksana, tadéjadi izvairoties no oglekla uzkrajuma parvertésanas un dodot iespée-
ju pamatot veco audzu lomu ES mérku sasniegSana.

Meza kopéjo oglekla uzkrajumu nosaka dazadu oglekla kratuvju (carbon
pools) lielums un to izmainu dinamika — koku biomasa, atmirums, augsne, un zem-
sega, ka arT zemsedzes augi, kas ir dinamiska un maz pétita dala (1.1. att.). Oglekla
kratuve (carbon pool) ir dabas sistéma vai tas dala, kura ir uzkrats ogleklis (carbon
storage), jebkads oglekli saturosas siltumnicefekta gazes prekursors vai jebkada

Elposana

Zari

Oglekla piesaiste

Fotosintéze

Nobiras

¥,

Ogleklis

VIRSZEMES BIOMASA

Saknes
Uzkrasanas

AUGSNE

PAZEMES
BIOMASA

1.1. att. Oglekla kratuves un ta aprite meZa ekosistema
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oglekli saturosa siltumnicefekta gaze. Katra oglek|a kratuve vai kratuvju kopa (car-
bon pool) glaba noteiktu oglekla masu jeb oglekla uzkrajumu (carbon stock). Meia
ekosistémas nosaka oglekla uzkrajumu, ka ari ta dinamiku/bilanci (carbon budget),
ko noveérté, analizéjot oglekla piesaisti (carbon sequestration) un oglekla emisijas
(carbon emissions). Neto primaraja razosana (net primary production) notiek oglek-
la dioksida (CO:) piesaiste (carbon sequestration) no atmosféras CO: piesaistitajos.
Fotosintézes procesa koki no atmosféras piesaista (carbon sequestration) CO2, aku-
muléjot oglekli koksnes biomasa, un atbrivo skabekli. Oglekla piesaistitajs (carbon
sink) ir jebkas, kas CO2 no atmosféras spéj absorbét vairak neka atbrivot (pozitiva
ekosistémas produktivitate) — koku biomasa, augi, okeans vai augsne. Un pretéji,
oglekla avots (carbon source) ir jebkas, kas atbrivo/emité vairak CO2 atmosféra neka
to absorbé un tam ir negativa ekosistémas produktivitate. Oglekla bilance var bat
gan pozitiva (carbon sink) (piesaista vairak oglekli neka emité), gan negativa (car-
bon source) (emisijas ir lielakas par oglekla piesaisti), un st bilance dinamiski mainas
atkariba no audzes produktivitates un dabisko traucéjumu ietekmes. MeZa ekosis-
témas péc dabiska traucéjuma (pieméram, ugunsgréka) vai koku cirsanas mezau-
dze noteiktu laika posmu var bit ar negativu ekosistémas produktivitati (carbon
source), bet péc laika, mezam aktivi augot un raZojot biomasu, audze atkal uzrada
pozitivu oglekla bilanci (carbon sink) (Taylor et al. 2014).

PEtljluma vértéts oglek|a uzkrajums (carbon stock, carbon storage in carbon
pools) vecas mezaudzes, bet ne ta piesaistes dinamika. Veci meZi uzskatami nodro-
Sina nozimigu oglekla uzkrajumu un piesaisti koku biomasa un citos $is ekosistémas
komponentos (Brockerhoff et al. 2017; Gundersen et al. 2021). Klimats, ta parmai-
nas, augsanas apstakli, valdosa koku suga, audzes vecums, atmiruma veidoSanas —
gan dabiska atmirSana, gan dabisko traucéjumu izraisita — ietekmé katras oglekla
kratuves lielumu (Jandl et al. 2007; Jacob et al. 2013; Kumpu et al. 2018; Clarke et al.
2021). Atkariba no dazadiem ietekméjosajiem faktoriem un to mijiedarbibas kon-
krétaja vieta, konkréta mezaudze attieciga dzives cikla posma var bat gan oglekla
avots (carbon source), gan oglekla piesaistitajs (carbon sink) un spéj saglabat pozitl-
vu oglekla bilanci ilgstoSu laika periodu (Framstad et al. 2013).

Audzes vecums ir viens no faktoriem, kam ir nozimiga ietekme uz kopé€jo
oglekla bilanci konkrétaja vieta, un to apliecina ari iepriek$éjos pétijumos iegitie
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 Sis process ir ciesi saistits ar audzes taksacijas raditajiem un
dabisko traucéjumu ietekmi (Pukkala et al. 2017; Luyssaert et al. 2021; Gundersen
et al. 2021). Igaunija veikta pétijjuma secinats, ka uzkrata oglekla apjoms koku bio-
masa pieaug lidz 100 gadu vecumam, kad tas nostabiliz&jas (Uri et al. 2019; ; Uri et
al. 2021). Ari Spanija veikta pétijuma konstatéts, ka oglekla uzkrajums koku biomasa
ir loti liels parasta dizskabarza (Fagus sylvatica L.) pieaugusas audzés, bet vecakas
audzeés tas varié atkariba no dabisko traucéjumu ietekmes, paradot, ka koksnes bio-
masa, lidz ar to oglekla uzkrajums ne vienmeér ir nozimigi lielaks dabiskas, vecas
mezaudzés (Molina-Valero et al. 2021). Veca audze var saglabat pozitivu oglekla
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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 spéja 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.atmosféra, vecam audzém nav pozi-
tivas ietekmes uz klimata parmainu mazinasanu ilgtermina (Kun et al. 2020).

Valdosa koku suga ir viens no faktoriem, kas ietekmé ne tikai oglek|a uzkraju-
mu koku biomasa, jo sugam ir atskiriga produktivitate, bet art atmirusas koksnes un
nobiru veidoSanos un sadaliSanas procesu, ka art ietekmé augsni un uzstico$o saknu
veidoSanos un sadalisanas dinamiku (Hansson et al. 2011; Laganiere et al. 2015;
Btonska et al. 2019).

Dabisko traucéjumu kopéjais un kumulativais risks var batiski mainit oglekla
uzkrajumu vecas audzeés, jo lidz ar vecumu pieaug ari véja un dendrofago kukainu
radttie riski (Seidl et al. 2020). Laika gaita ne vien samazinas meZaudzes noturiba
pret dazadiem dabiskajiem traucéjumiem, bet ari palielinas nopietna dabiska trau-
céjuma (pieméram, vétras) iestasanas varbltiba (Jogiste et al. 2017). Konstatéts, ka
trupe, it Jpasi neapsaimniekotajas audzés, ir viens no faktoriem, kas ietekmé koku
noturibu, [idz ar to var atstat ar1 ietekmi uz oglekla uzkrajumu, seviski apSu audzeés,
kur trupi konstaté biezak neka citam koku sugam (Latva-Karjanmaa et al. 2007). Ta-
pat prognozéts, ka dabisko traucéjumu biezums un intensitate klimata parmainu
ietekmé pieaugs, tadéjadi nozimigi ietekméjot oglekla uzkrasanos un audzes no-
turibu 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 kopéjo ekosistémas oglek-
Ja uzkrajumu pat par 39% (Thom & Seidl 2016). Vecas audzés konstatéta ievéroja-
ma oglekla uzkrajuma variacija atkariba no dabiska traucéjuma intensitates ilgstosa
laika perioda (Palviainen et al. 2020). ArT dabiskas sukcesijas procesa vecas audzés
novéro individualu koku atmirsanu, ka rezultata pieaug CO: emisijas, sadaloties at-
mirusajai koksnei (Kuuluvainen & Gauthier 2018; Jones et al. 2019; Sénhofa et al.
2020). Tomér kopuma audze var palikt pozitiva oglekla kratuve (carbon sink) ar1 péc
dabiska traucéjuma, kaut arT oglekla emisijas visas oglekla kratuvés pieaug. Tas pie-
rada, ka nepiecieSams detalizéti pétit oglekla plismas (carbon fluxes) mezaudzeés,
1pasi vecas audzeés, kur notiek nepartrauktas strukturalas un ainaviskas izmainas
dabiskas sukcesijas, dabisko traucéjumu 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 ari organisko
vielu sadalisanas atrumu, lidz ar to atstajot batisku ietekmi uz oglekla uzkrajuma
veidoSanas dinamiku (Khan et al. 2019). Dazadi klimatiskie faktori — gaisa tempera-
tdra un gaisa mitrums (Khan et al. 2019; Sullivan et al. 2020), augsnes temperatira
un mitruma reZzims (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 ari konkrétas vietas geografiskajam platumam
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ir ietekme uz oglekla uzkrajumu parastas priedes audzés (66—178 gadi) — tas konsta-
téts, analizéjot audzes teritorija no Polijas dienvidiem lidz Somijas ziemeliem (Vuce-
tich et al. 2000). Papildus minétajiem t.s. “dabiskajiem faktoriem” liela nozime ir ari
audzes noturibu sekméjosam meZa apsaimniekosanas veidam, kas tadéjadi nodro-
Sina ilgtspéjigu ieguvumu klimata parmainu mazinasana, veicinot oglekla piesaisti
meZa ekosistéma.

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,
[1dz ar to nepiecieSams ievakt plasu lokalu empirisko materialu, lai bitu pamats se-
cinajumu izdarisanai par veco audzu oglekla uzkrajumu un ta dinamiku.

Veco audzu preciza definéSana ir noteicosa, lai noskirtu vairakus atskirigus
jédzienus un lai tadéjadi neveidotos dazadas interpretacijas, un salidzinajums kon-
krétaja situacija batu korekts (O’Brien et al. 2021). Analizétas vecas audzes pétiju-
ma atbilst ANO 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 ekosistémas struktlras elementi, kas var bi-
tiski atSkirties starp klimatiskajam joslam, ka ari pat starp specifiskiem augSanas ap-
stakliem, kas veidojusies konkréta dabisko traucéjumu rezima vai pagatné notikusas
cilvéku darbibas ietekmé. Ka batiskakos ekosistemas struktiras elementus vecas
audzés min: 1) lielu dimensiju koki (atbilstosi konkrétajiem augsSanas apstakliem
un koku sugai); 2) lielu dimensiju un salidzinosi liela apjoma atmiruma klatbatne;
3) starp audzém un audzes ietvaros liela koku dimensiju un audzes biezuma dazadi-
ba; 4) dabisko traucéjumu ietekmes elementi — lauztas galotnes, stumbra un saknu
bojajumi; 5) dazadstavu audze; 6) atvérumi audzes vainagu klaja, mozaikstruktdra
(Buchwald 2005). Tatad, veca kokaudze var bt vecs meiZs, bet ne vienmér vecu
meZu veido veca kokaudze. Eiropa aplésts, ka tikai 0,7% no kopéjas mezu platibas
ir veci mezi (Sabatini et al. 2020), atbilstosi FAO klasifikacijai (n10-n5). Sakotnégji
$aja petijuma lietots termins “paraugusi audze”, ko pétijuma gaita ir papildinajis/no-
mainijis 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
(ilgstosi antropogéni maz traucéts meizs ar dabisko traucéjumu ietekmi) domingjo-
Sais meza elements vél joprojam ir veci koki, t.i., ta ir veca audze.

Eiropa lidz Sim veikts maz pétijumu par kopéjo oglekla uzkrajumu vecas me-
Zaudzés, parsvara analizéjot parasto dizskabardi (Nord-Larsen et al. 2019; 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 ilglai-
ciga pétijuma par veciem (lidz 142 gadiem) platlapjiem (Fagus sylvatica, Quercus
robur L.) mistraudzg, secinats, ka $is audzes ir lielas oglekla kratuves (arT atmirusi
koksne veido nozimigu un stabilu oglekla kratuvi, 35 t C ha™), bet oglekla piesaiste
(ekosistémas produktivitate) ir |oti zema (Nord-Larsen et al. 2019). Zieme)eiropas
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hemiborealaja un borealaja zona nav pieejami visaptverosi pétijumi par oglekla
uzkrajumu vecas mezaudzes, kaut art tieSi $aja regiona koncentréti nozimigi meza
resursi. Pieejamas meta-analizes, kuras salidzinats oglekla uzkrajums tropiskajos,
meérenas joslas un borealajos mezos, norada, ka borealaja regiona audzes agrak sa-
sniedz oglekla uzkrajuma maksimumu un tas ir salidzinosi mazaks neka mérenas jos-
las vai tropiskajos meZos (Pregitzer & Euskirchen 2004). Borealajos mezos Somijas
austrumdala salidzinosi nabadziga meza tipa (Vaccinium-Myrtillus) veca (140 gadi)
mistrota audzé, kura valdosa suga ir parasta egle, kopéjais ekosistemas oglekla uz-
krajums ir 175 t C ha™ (60% konstatéts koku biomasa) (Finér et al. 2003). Augsne ka
loti liela oglekla kratuve, Tpasi borealaja un hemiborealaja regiona (Deluca & Bois-
venue 2012; Bradshaw & Warkentin 2015; Mayer et al. 2020), ir bieZi pétita, tomér
nav pétijumu par situaciju vecas mezaudzés. lgaunija, analizéjot 70 lidz 139 gadus
vecas audzes (parasta priede (Pinus sylvestris L.), parasta egle, bérzi (Betula pendula
Roth un Betula pubescens Ehrh.), parasta apse (Populus tremula L.), parastais ozols
(Quercus robur L.), melnalksnis (Alnus glutinosa (L.) Gaerth.), baltalksnis (Alnis inca-
na (L.) Moench)), konstatéts, ka meza tipam un sugu sastavam ir nozimiga ietekme
uz oglekla uzkrajumu, un tas butiski varié starp objektiem no 10 lidz 152t C ha™
(Lutter et al. 2019).

Latvija atrodas hemiborealaja zon3, kas ir pareja starp mérenas joslas un bo-
realajiem 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 nodrosina daudzveidigu
sugu sastavu (Lohmus & Kraut 2010). Eiropas hemiborealo mezu zona ir unikala
Eiropa, jo Seit mezs klaj nozimigu dalu valstu teritoriju jau loti ilgi laiku — Latvija un
Igaunija pusi teritorijas klaj mezi, Lietuva — tresdaju (Jogiste et al. 2018). Turklat
potenciali Latvijas teritoriju varétu klat lidz pat 90% meZzu, un tikai antropogénas ie-
tekmes (it ipasi — lauksaimniecibas vajadzibam veiktas atmeZoSanas) rezultata meza
zemes Tpatsvars ir mazaks (Jogiste et al. 2018). Nemot véra stipri variéjoSo dabisko
traucéjumu reZimu, ka art tradicionalo cilvéka darbibas ietekmi, augsnes dazadibu
un So faktoru savstarpéjas mijiedarbibas, hemiborealaja mezu zona ir sarezgiti rak-
sturot dabisku meZa attistibu jeb sukcesijas procesu (L6hmus & Kraut 2010; Nigul et
al. 2015). Parastas priedes un parastas egles mistrojums ar lapu kokiem — bérziem,
parasto apsi un alkSniem — ir bieZi sastopams hemiborealaja zona, kur lapu koki
lielakoties sastopami sakotnéjas sukcesijas stadijas lldz sukcesijas vidusposmam
(European Environment Agency 2007). Kopuma Latvija ir 3239,7 tikst. ha meiza,
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 kopéjas mezaudzu platibas
un 85,7% no kopéjas mezaudzu krajas.

Puse no meziem Latvija atrodas sausienu meza tipos, galvenokart damaksni
(Hylocomniosa) un véri (Oxalidosa), kuru kopéjais Tpatsvars ir 39,5% no kopéjas
mezu platibas (MSI, 2016—-2020). Oglekla uzkrajuma novértésana Latvija tiesSi meza
tipos ar augstako 1patsvaru no kopéjas meza platibas un plasak parstavétajam koku
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sugam ir Tpasi nozimiga, raksturojot veco mezaudzu potencialo lomu klimatneitrali-
tates mérku sasniegSana.

1.1. Promocijas darba mérkis

Pétljuma meérkis ir novértét oglekla uzkrajumu vecas, saimnieciskas darbibas
ilgstosi neietekmétas priezu, eglu, bérzu un apsu audzés sausienu mezos.

1.2. Promocijas darba uzdevumi

Lai sasniegtu pétijuma mérki, izvirziti Sadi darba uzdevumi:

1. novértét vecu mezaudzu taksacijas raditajus;

2. raksturot vecu audzZu galveno oglekla kratuvju (dzivo koku biomasa, atmi-
rums, 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. Damaksnt un vert kopéjais ekosistémas oglekla uzkrajums, palielinoties au-
dzes vecumam (priedei virs 97 gadiem, eglei virs 79 gadiem, bérzam virs 69
un apsei virs 58 gadiem), turpina pieaugt, savukart oglekla uzkrasanas efekti-
vitate (oglekla uzkrajums gada) samazinas;

2. Dzivo koku oglekla kratuve vecas, saimnieciskas darbibas ilgstosi neietekme-
tas priezu, eglu, bérzu un apSu mezaudzés damaksnt un veri veido lielako dalu
no kopéja oglekla uzkrajuma.

1.4. Petijuma novitate

P&tljuma pirmo reizi Eiropa ieguti dati par oglekla uzkrajumu vecas bérzu un
apSu meZaudzés. Pirmo reizi Eiropas hemiborealajos mezos raksturots oglekla uz-
krajums vecas skuju un lapu koku mezaudzés un veikts ta atskirtbu novértéjums (ve-
cuma starpiba lapu koku audzés 58 gadi un skuju koku audzés 93 gadi no kontroles
lldz veco audZu vecumam) sausienos.
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2. MATERIALS UN METODES

Pétljuma Tstenosanai ievakti un analizéti dati 84 vecas parastas priedes (Pinus
sylvestris), parastas egles (Picea abies), bérzu (Betula pendula Roth un Betula pu-
bescens Ehrh.) un parastas apses (Populus tremula) mezaudzés damaksnt (Dm; Hy-
locomiosa) un veri (Vr; Oxalidosa) visa Latvijas teritorija (2.1. att.). Saskana ar Meza
statistiskas inventarizacijas (MSI) datiem, gan parastas priedes, gan bérzu audzes
aiznem 26% no kopéjas mezu platibas, kam seko parastas egles audzes ar 19% un
parastas apses ar 8% no kopéjas mezu platibas.

Damaksnis (Dm) un veéris (Vr) ir sausienu mezi, kur pirma stava valdosa koku
suga ir priede, egle, ka arl So sugu mistrojums ar bérzu un apses piejaukumu. Véri
biezi sastopamas ari bérzu un apses tiraudzes (Buss 1976). Saskana ar Meza statis-
tiskas inventarizacijas (MSI) datiem, damaksnis un véris kopa aiznem 40% no Lat-
vijas meZa kopéjas platibas, un tie ir pieméroti visu vértéto koku sugu augsanai:
priedes audzes tajos aiznem 37%, egles 22%, bérzu 26% un apses 7%. Péc MSI da-
tiem, mezaudzes, kas vecakas par 120 gadiem, aiznem 4% no Latvijas meZa kopéjas
platibas. Lielako daju (90%) no vecajam audzém veido parasta priede.

Sakotnéji saskana ar meZa inventarizacijas informaciju (MeZa valsts regis-
tra datu bazé) tika atlasitas vecas audzes, kuras atbilda sadiem kritérijiem: 1) val-
dosa suga — priede, egle, bérzi, apse; 2) audzes vecums — priede > 160 gadi, egle
> 160 gadi, bérzi > 120 gadi, apse > 100 gadi; 3) meZa tips — Dm, Vr; 4) valdosas
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2.1. att. Pétijuma objektu izvietojums vecas mezaudzés
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sugas Tpatsvars audzes sastava formula > 50% no pirma stava krajas; 5) nav pieeja-
ma dokumentala informacija par saimniecisko darbibu audzé vismaz pédéjos 30 ga-
dus; 6) atrasanas vieta vismaz 5 km no apdzivotam vietam un 1 km no autoceliem);
7) nogabala platiba vismaz 0,5 ha. Audzes vecuma ietekmes raksturosSanai (salidzi-
najumam) izmantoti MSI Il 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 (definéjot tas ka “kontroles audzes”), kas iegiti no kopuma
447 parauglaukumiem (2.1., 2.2. tab.).

2.1. tabula
Veco un kontroles audzu vecuma raksturojums
Vecas audzes Kontroles audzes Vidéja vecuma
. Vecums . Vecums starpiba star
PL* skaits o PL skaits o P - P
(amplitiida) (amplitada) | audZu grupam
Apse 146 112+3 86 58+3 5414
(104-135) (39-80)
Bérzi 67 131+4 114 691 6214
(123-148) (61-80)
Egle 102 1822 117 792 1036
(170-205) (61-100)
Priede 148 179t6 130 97 %2 8216
(163-218) (81-120)

+ 95% ticamibas intervals;
* izmantoti tikai tie parauglaukumi un parauglaukumu sektori, kuru platiba ir > 400 m?2.

Atlasitas potencialas audzes, izvéloties nejausa seciba, tika apsekotas dab3,
lai parliecinatos par faktiskas situacijas sakritibu ar taksacijas datos noradito un to,
ka nav konstatéjamas saimnieciskas darbibas pazimes (nav celmu un pievesanas
celu, nav pazimju, ka bitu izvakta atmirusi koksne). Atbilsto$as audzés ierikoti pa-
rauglaukumi, lidz sasniegts katrai sugai izvélétais kopé&jais audzu skaits. Kopuma uz-
meériti 463 aplveida parauglaukumi.

2.2. tabula
Kontroles audzu | stava raksturojums

Taksacijas raditaji Apse Bérzs Egle Priede
Vid€éjais caurmérs D *, cm 37+2,3 30+1,0 32+1,3 36+0,9
Vidéjais augstums H*, cm 30+1,1 29+0,6 26+0,7 29+0,5
Vidéjais skérslaukums, m? ha™ 24 +£2,2 23+1,4 26+1,8 30+1,9
Vidéja kraja, m* ha™? 343 +£36,1 | 296 £ 20,2 | 326 £ 26,7 | 396 £ 27,1
Vidéjais audzes biezums, koki ha™ 358+50 | 352+27 | 381+40 | 32625

* D — vidéjais kvadratiskais caurmérs, cm; H — vidéja kvadratiska caurméra kokam atbilsto-
Sais augstums péc augstumliknes, m.
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2.1. Datu ievakSanas metodika

Datu ievakSana organizéta pa posmiem. Laikd no 2016. lidz 2017. gadam
uzmeéritas vecas skujkoku audzes, novértéjot 19 eglu audzes vecuma no 167 lidz
213 gadiem (Kénina et al. 2018 / | publikacija) un 25 priezu audzes vecuma no 163
lidz 218 gadiem (Kénina et al. 2019a / Il publikacija). Datu ievaksana vecas lapu
koku audzés organizéta no 2018. Ilidz 2019. gadam. Saja laika perioda ievakti dati
par 15 bérzu audzém vecuma no 123 lidz 148 gadiem un 25 apsSu audzém vecuma
no 104 idz 135 gadiem (Kénina et al. 2022 / VI publikacija).

Katra atlasitaja audzé iertkoti 6—8 parauglaukumi regulara tikla atbilstosi
audzes konfiguracijai, izvairoties no netipiskam ieplakam, paaugstindjumiem,
ka ari vismaz 10 m attaluma no audzes malas. Katra parauglaukuma (R = 12,62 m;
S =500 m?) uzmérita kokaudze, ka ari atmirusi koksne (sausokni, stumbeni, krita-
las). Parauglaukuma platiba fiksé koka krisaugstuma caurméru (caurmérs = 6,1 cm,
parauglaukuma sektora (R=5,64 m; 0°-90° sektora) fiksé kokus ar caurméru
> 2,1 cm). Katram kokam fiksé arT atrasanas vietu (attalumu, virzienu), sugu, pie-
deribu audzes stavam, ka art pieskir numuru. Pirmaja stava apvieno visus audzes
augstakos kokus, kuru augstuma atskiribas neparsniedz 20%. Paré€jie koki veido
Il stavu, ja to augstums nav mazaks par vienu ceturtdalu no | stava koku augstuma.
Katram meza elementam (valdoSajam elementam pieciem kokiem, paréjiem meza
elementiem diviem dazadu dimensiju kokiem) uzméra koku augstumu un vainaga
sakuma augstumu, ka arl ievac pieauguma urbumu kridsu augstuma. Augstumu un
caurmeéru uzméra ari nedzivajiem sausstavosajiem kokiem — stumbeniem (st) un
sausokniem (sa) (caurmérs > 6,1 cm; parauglaukuma sektora caurmérs = 2,1 cm).
Parauglaukuma nosaka kritalas atrasanas vietu, caurmeéru tievgali un resgali krita-
lam, kuru resgala caurmeérs ir lielaks par 14,0 cm (parauglaukuma sektora caurmeérs
> 6 cm). Visiem nedzivajiem kokiem nosaka sadaliSanas pakapi piecas kategorijas
(saskana ar Sandstrém et al. 2007).

Katram kokam aprékinats augstums péc Naslunda augstumliknes:

H=13+(2-], (1)

kur:

H —vidéja kvadratiska caurméra kokam atbilstoSais augstums péc augstumliknes, m;
D — koku caurmeérs, cm;

k, ¢ — koeficienti.

Pétljuma objekta atseviska augstumlikne aprékinata katram meza elemen-

tam, bet, ja augstums meérits mazak neka 5 kokiem, tad meza elementa augstums
aprékinats, izmantojot Gafreja visparigo augstumlikni (Snepsts 2020).
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Vid€jais audzes caurmérs 1,3 m augstuma aprékinats ka vidéjais kvadratiskais
caurmérs (MSI metodika 2013):

D= 4006 (2)

n-N
kur:
D — vidéjais kvadratiskais caurmérs, cm;
G - skérslaukums, m? ha';
N — koku skaits, gab. ha™.

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

formulas:
V=g . LadBIgL+(p , (3)

kur:
V — koka tilpums, m3;
L — stumbra garums, m;
d — koku krG$augstuma caurmérs, cm;
Y, a, B, o — koku sugas atkarigi koeficienti.

Stumbenu un kritalu kraja aprékinata, izmantojot Hubert formulu (MSI me-
todika 2013):
_ Lnd?,
4

% , (4)

kur:

V —kraja, m3;

L — kritalas garums/stumbena augstums, cm;
d,, — vidéjais nogriezna diametrs, cm.

Atmirusas koksnes paraugi oglekla satura koeficientu vértibu noteiksanai
ievakti 4 nejausi izvélétas veco bérzu mezaudzés (Kenina et al. 2019b / lll publika-
cija). Katra audzeé ierikoti 6 lidz 8 parauglaukumi. Kopa ierikoti 26 parauglaukumi,
kuros pétijuma analizétajam valdosajam koku sugam katra no piecam sadalisanas
pakapém ievakti 5 koksnes paraugi (kopa 76 koksnes paraugi). Pirmas un otras sada-
[1Sanas pakapes atmirusas koksnes paraugi iegiti ar zondi (diametrs = 13 mm), bet
tresas l1dz piektas sadaliSanas pakapes atmirusas koksnes paraugi iegiti ar lielaku
zondi (diametrs = 50 mm). Koksnes paraugi nogadati péc ISO 17025:2017 standarta
akreditéetaja LVMI Silava Meza vides laboratorija, kur noteikts oglekla saturs pa koku
sugam un sadalisanas pakapem. Augsnes (100 cm3) un zemsegas paraugi ievakti
dala no veco un kontroles audzu kopas (pavisam 157 audzés) trijos punktos arpus
parauglaukuma aréjas robezas atbilstosi meZa augSnu monitoringa metodikai. Aug-
snes paraugus ievaca Cetros dzilumos (0-10 cm, 10—-20 cm, 20—40 cm, 40-80 cm).
levaktie augsnes un zemsegas paraugi nogadati analizu veikSanai LVMI Silava MeZa
vides laboratorija, kur noteikts augsnes blivums un oglekla saturs augsnes un zem-
segas paraugos.
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2.2. Datu analize

Oglekla uzkrajums aprékinats galvenajam oglek|a kratuvém (kokaudze, aug-
sne, atmirusi koksne un zemsega). Oglekla uzkrajums koku biomasa aprékinats, iz-
mantojot individualus koku biomasas mode]us galvenajam koku sugam (Liepins et
al. 2017) un standartizétu oglekla satura koeficienta (0,5) vértibu koksné, ko notei-
kusi Klimata parmainu starpvaldibas padome (IPCC) (Eggleston et al. 2006).

Oglekla uzkrajums atmirusaja koksné individualiem kokiem aprékinats, iz-
mantojot koksnes blivuma vértibas un oglekla satura koeficienta vértibas pa kok-
snes sadalisanas pakapém un koku sugam. Veicot novértéjumu Latvija ierobezo-
tam paraugu skaitam galvenajam koku sugam (Kénina et al. 2019 / Ill publikacija),
Igaunija un Latvija iegltajam oglekla satura koeficientu vértibam batiskas atskiribas
netika konstatétas, kas lava pétijuma izmantot Igaunija Koster et al. (2015) izstra-
datas parametru vértibas. Nemot véra, ka MSI dati par atmiruso koksni iegati trijas
sadalisanas pakapés, pétijuma ietvaros noteiktas sadaliSanas pakapes attiecinatas
sadi: svaiga koksne —ieklauj 1. un 2. sadaliSanas pakapi veco mezaudzZu datos un ap-
rékinus veic péc 2. sadalisanas pakapes; vidéji sadalijusies koksne — ieklauj 3. sada-
[1Sanas pakapi veco mezaudzu datos un aprékinus veic péc 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 mezau-
dzés noveértéta ar linearu jaukta efekta modeli (LMER). Parametri, kas ietverti t.s.
noslédzosajos modelos oglekla uzkrajuma visprecizakajai raksturosanai, izvéléti péec
statistiski nebutisko (pie 95% ticamibas [imena) mainigo parametru un parametru
mijiedarbibu izslégSanas no modela un salidzinot modelus péc Akaike informacijas
kritérija vértibas (AIC). Visos modelos objekts definéts ka nejausais (random) para-
metrs, jo viena audzé bija vairaki parauglaukumi. Lai novertétu saistibas starp anali-
zétajiem faktoriem un oglekla uzkrajumu augsné un zemsega, izmantota dispersijas
analize (ANOVA). Lai salidzinatu veco audzZu kokaudzes parametrus — skérslaukumu
(I un Il stavs), biezumu (I un Il stavs), kraju (I un Il stavs), caurméru (I un Il stavs),
atmirusas koksnes kraju pa atmiruma veidiem — starp valdosajam koku sugam, ka
arl, lai noteiktu kokaudZu parametru atskiribas starp veco audzu un kontroles audzu
grupam, izmantota dispersijas analize (ANOVA). Lai samazinatu atkarigo mainigo
heterogenitati, oglekla uzkrajuma vértibas atmirusaja koksné, augsné un zemsega
tika logaritmizétas pirms modeju veidoSanas. Ja konstatéta bltiska faktoru vai to
mijiedarbibas ietekme, tad grupu jeb parametru gradacijas klaSu savstarpéjai sa-
lldzinasanai izmantots PostHoc tests. Visi aprékini veikti R programma (v. 4.1.0.,
R Core Team 2021), izmantotas paketes Ime4 (Bates et al. 2015), ImerTest (Kuznet-
sova et al. 2017), emmeans (Lenth 2021).
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3. REZULTATI UN DISKUSIJA

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

Valdosa koku suga statistiski batiski ietekmé audzes vidéjo | un Il stava caur-
meéru, Skérslaukumu un kraju, koku skaitu I un Il stava, ka arT atmirusas koksnes ap-
jomu vecajas mezaudzés (3.1. tab.). Veco audZu kopa netika konstatéta statistiski
bltiska vecuma ietekme uz kokaudzi raksturojosajiem raditajiem, liecinot, ka gadi-
jumos, kad veci koki ir saglabajusies ka dominéjosais meza elements, lidziga maksi-
mala kraja iespéjama plasa vecuma diapazona (pétijuma ieklautas skujkoku audzes
no 163 lidz 218 gadiem, lapu koku audzes no 104 lidz 148 gadiem). Citos pétijumos,
vértéjot valdosa meZa elementa vecuma ietekmi audzés, kas jaunakas neka Saja
pétljuma ietvertas vecas mezaudzés, secinats, ka tas ir Joti nozimigs kokaudzes pa-
rametrus, ka art oglekla uzkrajumu ietekméjoss faktors (Carey et al. 2001; Pregitzer
& Euskirchen 2004; Lee et al. 2016; Martin et al. 2018). Tomér mana pétijuma ana-
lizéta konkréta audzes attistibas stadija, un $aja stadija vecuma ietekme nav izteik-
ta. Lidzigi rezultati iegdti ar1, analizéjot ekosistémas produktivitati vecas audzés péc
ugunsgreka (Taylor et al. 2014).

3.1. tabula
Veco audzu | stava raksturojums

Taksacijas raditaji Apse Bérzs Egle Priede
Vid€jais caurmérs, cm 49+1,1 38+1,5 37+1,6 48+1,1
Vidéjais augstums, m 37+0,4 30+0,7 29+0,7 31+0,4
Vidéjais skérslaukums, m? ha™ 39+2,4 30+2,9 24 +£3,1 36+2,8
Vidéja kraja, m® ha™ 666 +48,0 | 411+53,0 | 319+53,0 | 495+41,0
Vidéjais audzes biezums, koki ha™ 242 + 22 301 £ 27 235+ 32 268 £ 28
Vidéjais valdosas koku sugas 9+0,2 7+0,4 7+0,7 7+0,1
Tpatsvars (amplitida) (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
Atmirust koksne, m3 ha™ 103+11,0 | 65+10,5 | 90+ 14,2 97 +£14,0

* valdosas koku sugas Tpatsvars — valdosas koku sugas sastava vienibas péc | stava krajas.

Vidéjais caurmeérs ir batiski atskirigs (p <0,001) dazadu valdoSo koku
sugu vecajas audzés gan |stava, gan Il stava kokiem. |stava caurmérs vecas
apsu (49+1,1cm) un priezu (48 1,1 cm) audzés ir batiski lielaks neka bérzu
(38+1,5cm) un eglu (37 + 1,6 cm) audzeés (3.1. att.). Arl audzes biezums (I stava,
Il stava, kopéjais) dazadu valdoso koku sugu vecas audzés ir batiski (p <0,001)
atskirigs (3.1. att.). Vecas bérzu audzés | stava biezums (301 * 27 koki ha™) ir ba-
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3.1. att. Audzes | stava biezuma (stabini) un | stava vidéja kvadratiska caurmeéra
(punkti) salidzinajums apsu, bérzu, eglu un priezu vecas un kontroles meZaudzés
(+ 95% ticamibas intervals)

tiski lielaks neka apsu (242 + 22 koki ha™) un eglu (235 * 32 koki ha™) audzés un
lidzigs ka priezu (268 + 28 koki ha™) audzés. Visu valdoSo koku sugu vecas mezau-
dzés gan | stava, gan Il stava biezums ir btiski (p < 0,001) mazaks neka kontroles
audzés (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 mezaudzés:
atsevisku | stava koku bojaeja dabisko traucéjumu un/vai vecuma ietekmé var no-
Zimigi samazinat kopéjo oglekla uzkrajumu. legltie rezultati apliecina iepriek$éjos
pétijumos secinato, ka reti, bet lieli koki | stava veido galveno dzivo koku kraju ve-
cas mezaudzés (Nilsson et al. 2002).

Analizéjot mezaudzu krajas datus, secinats, ka valdosa koku suga butiski
(p <0,001) ietekmé audzes | stava kraju, Il stava kraju, ka art kopéjo audzes kraju.
Vecas apses audzés ir batiski (p < 0,001) lielaka | un |l stava kraja, salidzinot ar pa-
réjo valdosSo koku sugu audzém. | stava kraja vecas bérzu un priezu audzeés ir lidzi-
ga, bet eglu audzés ta ir batiski mazaka neka vecas priezu audzés. Savukart Il stava
vecas eglu audzes kraja ir batiski (p < 0,01) mazaka neka paréjo valdoSo koku sugu
audzeés (3.2. att.). Analizéjot |l stava kraju pa koku sugam, secinats, ka egle ir do-
minéjosa koku suga veco mezaudzu Il stava, aiznemot 77-89% no kopé€jas Il stava
krajas visas vecajas meZaudzeés.

Kraju ietekmé ari veco audzu sugu sastavs: vecas priezu un bérzu audzés kon-
statéts relativi augsts egles 1patsvars | stava. Visu valdoso koku sugu vecas audzés
novérota egles dominance Il stava liecina par notiekosu sukcesiju veco audzu gru-
pa — gan skuju koku audzés (vecuma no 163 lidz 218 gadiem), gan lapu koku audzés
(vecuma no 104 Iidz 148 gadiem). Rezultati atbilst klasiskajai izpratnei par sukcesijas
norisi audzeés, kuras ilgstosi nav skarusi nozimigi dabiskie traucéjumi: notiek pakape-
niska atjaunoSanas ar éncietigu koku sugu — egli (Drobyshev et al. 1999).
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3.2. att. Pirma (I st) un otra (ll st) stava kraja vecas apsu, bérzu, eglu un priezu
meZaudzés pa koku sugam (+ 95% ticamibas intervals)

Kopéja un | stava kraja priezu, bérzu un apsu vecajas mezaudzes ir ievérojami
(I stava — par 99—323 m? ha™) un batiski lielaka, bet vecajas eglu audzés — lidziga ka
attiecigo sugu kontroles audzém (vecuma starpiba 54 + 4 gadi apsei, 62 + 4 bérziem,
82 * 6 priedei un 103 + 6 gadi eglei).

Atmirusas koksnes kraja ir lidziga (64—103 m3 ha™) dazadu valdoSo koku sugu
vecajas audzés. Audzes krajai un biezumam ir batiska (p < 0,01) ietekme uz atmiru-
sas koksnes apjomu Saja vecuma posma. Lai gan kopéjais atmiruma apjoms ir liels,
tas ir 13-24% no dzivo koku krajas. Konteksta ar krajas sadalijumu (neliels biezums
lielu dimensiju koku) iegltie rezultati liecina, ka ST audzu kopa ir vairak paklauta
dabiska traucéjuma riskam nakotné (J&giste 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 ap-
jomu ietekmé koku sugu sastavs, ka art audzes kraja, audzes biezums un tas stip-
ri varié starp parauglaukumiem, konstatétas ari citos veco audzu pétijumos (Oder
et al. 2021). Vértéjot atmirusas koksnes kraju pa atmiruma veidiem, konstatéts, ka
sausoknu kraja vecas audzés ir atkariga no valdos$as koku sugas (p < 0,001), savukart
audzes kraja, skérslaukums un biezums batiski (p < 0,001) ietekmé kritalu kraju ve-
cas audzes (3.2. tab.). Vecas priezu audzés sausoknu kraja (42 m3 ha™) ir batiski lie-
laka neka paréjo valdoso koku sugu audzés (12—-18 m? ha™). Kritalas veido lielu daju
no kopéja nedzivas koksnes apjoma vecas mezaudzes. 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 mezaudzés (3.2. tab.) veido
vidéji sadalijusies koki (2. un 3. sadaliSanas pakapes), ko ietekmé art atskiribas starp
koku sugu koksnes Tpasibam (Sénhofa et al. 2020).
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3.2. tabula

Atmirusas koksnes videja kraja pa atmiruma veidiem un sadaliSanas pakapém
(x 95% ticamibas intervals)

‘ Apse ‘ Béerzs ‘ Egle ‘ Priede
Atmirusas koksnes kraja pa atmiruma veidiem, m3 ha™* (amplitida)
Kritalas 73+9,4 45+8,4 61+10,4 43 +10,6
(0-302,4) (1,5-167,4) | (0-226,2) (0-405,0)
Sausokani 18+4,2 12+4,2 18+7,3 42 £6,5
(0-145,8) (0-95,3) (0-246,1) (0-210,5)
Stumbeni 12+2,6 8128 10+ 4,6 11+2,7
(0-90,4) (0-55,4) (0-132,6) (0-77,7)
Atmirusi koksne kopa 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)
Atmirusas koksnes kraja pa sadalisanas pakapém, m® ha™
(proporcija no kopéjas atmirusas koksnes krajas)
1. sadaliSanas pakape 17 +4,2 15+6,3 3+1,8 3+2,6
(16%) (3%) (3%) (3%)
2. sadalisanas pakape 38+6,1 24+6,1 39+10,4 64 +£8,9
(37%) (38%) (44%) (66%)
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+1,5
(10%) (5%) (13%) (3%)

3.2. Oglekla uzkrajums vecas mezaudzés
(11, 10, 1V, un VI publikacija)

Koku biomasa ir nozimigaka oglekla kratuve vecas mezaudzés, kas tiesi ie-
tekmé ari oglekla uzkrajumu atmirusaja koksné un zemsega. Ta veido vidéji 59% no
kopéja oglekla uzkrajuma, un augsne sastada vidéji 31% no kopéja oglekla uzkra-
juma. Ari pétifjumos Somija un Eiropas centralaja dala konstatéts, ka koku biomasa
ir lielaka oglekla kratuve vecas mezaudzés (Finér et al. 2003; Seedre et al. 2015).
Kaut arT pétijjumam atlasita specifiska veco mezu dala — situacija, kur vecie koki vél
joprojam ir dominéjosais meZa elements (t.i., vecas meZaudzes), — ari $o audzu at-
seviskos punktos (parauglaukumos) novérojamas izteiktas oglekla uzkrajuma atski-
ribas: apsSu audzeés no 70 idz 318 t C ha™}, priezu audzés no 73 lidz 245t C ha™ un
bérzu audzés — no 88 lidz 272 t C ha™, eglu audzés — no 60 lidz 292 t C ha™. So he-
terogenitati visticamak ietekmé dazadu audzu vésturisko attistibu nosakoso faktoru
mijiedarbibas — augsnes Tpasibas, mitruma reZima svarstibas, atskiribas sukcesijas
procesa (Jandl et al. 2007; Hansson et al. 2011; Uri et al. 2012; Lutter et al. 2019).

25



A 220 g 30 —— Apse
Bérzs
—— Egle
. . Priede
© ©
= 200 | -
(@] O 20
v v
€ €
=) =)
= i
= i~
N 180 N
8 o
K] N o 10 N
3 3 e
160
100 125 150 175 200 100 125 150 175 200
Audzes vecums, gadi Audzes vecums, gadi

3.3. att. Oglekla uzkrajuma izmainas koku biomasa (A) un atmirusaja koksné (B)
atkariba no audzes vecuma (1 95% ticamibas intervals)

Vecas audzés valdosas koku sugas vecumam ir bltiska, sugai specifiska ietek-
me (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 eglu un apsSu mezaudzém. lespéjams, ka pétijuma vértétais vecuma posms
eglu audzés ietver arT stadiju, kura dabiski notiek paaudZzu nomaina, kamér apsu
audzém pétijuma ietvaros ir izdevies atrast ekstrémus to saglabasanas ilglaicibas
gadijumus.

Veértéjot kokaudzes parametru ietekmi uz oglekla uzkrajumu, secinats,
ka vecas audzés valdosa koku suga (p <0,01), audzes |stava kraja (p <0,001),
| stava biezums (p <0,001) bdatiski ietekmé oglekla uzkrajumu dzivo koku bio-
masa. Oglekla uzkrajumu koku biomasa bitiski ietekmé ari mijiedarbibas starp
faktoriem: gan |stava krajas, gan |stava biezuma ietekme uz oglekla uzkraju-
mu ir statistiski batiski atskiriga atkariba no valdosas koku sugas (abos gadiju-
mos p <0,001) (3.4. att.). K& parada iepriekséjie pétijumi, lidz ar audzes vecumu
oglekla uzkrajums koku biomasa turpina pieaugt, lidz tas sasniedz maksimumu
(piesatinajumu) un turpmak saglabajas relativi stabils noteiktu laiku (Pregitzer &
Euskirchen 2004; Jones et al. 2019). ST stabila posma ilgums atkarigs no dabisko
traucéjumu ietekmes, pasizretinasanas un sukcesijas procesa atruma dazadu koku
sugu vecas meZaudzés (Pregitzer & Euskirchen 2004; Taylor et al. 2014; Jones et
al. 2019).

Vecas apsu audzés konstatéts vislielakais oglekla uzkrajums koku biomasa
(videji 205+ 7,0t C ha™). Tapat salidzinosi augsts (un savstarpéji lidzigs) vidéjais
oglekla uzkrajums koku biomasa novérots vecas bérzu un priezu audzeés, attiecigi
175+ 10,0t Cha™ un 172+ 7,0t C ha®. Nozimigi mazaks oglekla uzkrajums dzivo
koku biomasa konstatéts vecas eglu audzés (140 £ 9,0t C ha™).
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3.4. att. Oglekla uzkrajuma izmainas koku biomasa dazadu valdoso koku sugu
vecajas meZaudzés atkariba no | stava krajas (A), | stava biezuma (B)
(x 95% ticamibas intervals)

Oglekla uzkrajums koku biomasa | stava krajas ietekmé batiski atsSkiras starp
vecam apsSu un bérzu audzém, bet | stava biezuma ietekmé bitiskas atSkiribas ir
starp apsu un bérzu, ka ari starp apsSu un eglu audzém.

Vertéjot oglekla uzkrajumu koku biomasas frakcijas, konstatéts, ka lielaka
oglekla kratuve ir stumbrs (47-73% no kopéja oglekla apjoma koku biomasa), bet
pazemes biomasa, kuru veido balstsaknes, uzsticosas un sikas saknes, ka ari celms,
veido 16—25% no kopéja oglekla apjoma koku biomasa.

AtmirusT koksne pakapeniski sadalas, tadé| ta ir relativi neliela oglekla kratuve
vecajas mezaudzeés, kam var blt nozimiga loma citu meZa ekosistémas pakalpoju-
mu nodrosinasana (Nord-Larsen et al. 2019; Ruel & Gardiner 2019; Stakénas et al.
2020), ka arT oglekla dzives cikla paildzinasana (Johnston & Radeloff 2019). Oglek-
Ja uzkrajums atmirusaja koksné ir ldzigs visu valdoSo koku sugu vecajas audzés
(10-15 t C ha™'), tomeér tas varié plasa amplitida starp parauglaukumiem (no 0,3
lidz 75 t C ha™).

Oglekla uzkrajumu atmirusaja koksné batiski ietekmé audzes kopéjas krajas
un valdosas koku sugas mijiedarbiba (p < 0,05) (3.5. att.). Tapat audzes | stava bie-
zums batiski (p < 0,001) ietekmé oglekla uzkrajumu atmirusaja koksné (3.5. att.).
Tatad, vecas mezZaudzés, kuras ir lielaka kraja — lielaki koki (lielaks caurmérs) un vai-
rak koku audzeé (lielaks audzes biezums) — ir lielaks koksnes apjoms, kas var pariet
atmirusaja koksné. Tas saskan ar iepriek$éjiem pétijumiem, kur vecas audzés atmi-
rusas koksnes oglek|a kratuves lielumu nosaka tas, cik daudz dzivo koku un cik ilgi tie
papildina So oglekla kratuvi (Pregitzer & Euskirchen 2004). Lidz ar to, jo vairak bis
koku audzé (lielaks audzes biezums), jo stabilaka atmirusas koksnes oglekla kratuve
bas ilgtermina.
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3.5. att. Oglekla uzkrajuma izmainas atmirusaja koksné atkariba no kopéjas
kokaudzes krajas (A) un | stava biezuma (B)
(+ 95% ticamibas intervals)

Nelielais oglekla uzkrajums atmirusaja koksné, ka ari loti vaja korelaci-
ja starp oglekla uzkrajumu koku biomasa un atmirusaja koksné liecina, ka anali-
z€taja audzu kopa dabisko traucéjumu ietekme ilgstosi ir bijusi neliela. Tatad ie-
gltie dati raksturo oglekla uzkrajuma potencialu (maksimumu) vecas audzés.
legltas atzinas sakrit ar iepriekS€éjos pétijumos izvirzitajiem apgalvojumiem, ka
veco audzu stadija, kur oglekla uzkrajums ir sasniedzis savu maksimumu, at-
mirusas koksnes apjoma izmainas galvenokart ietekmé laiks, kad noticis pede-
jais dabiskais traucéjums, ka ari ta intensitate un bieZzums konkrétaja punkta
(Martin et al. 2021).

Oglekla uzkrajumu atmirusaja koksné ietekmé atmiruma veids un koksnes
sadalisanas pakapes, ko nosaka/ietekmé dazadi abiotiskie faktori — gaisa tempe-
ratlira un gaisa mitrums, augsnes 1pasibas un mitruma rezims, tapat biotiskie fak-
tori — sénes un kukaini, ka art koksnes Tpasibas dazadam koku sugam, koku dimen-
sijas un novietojums (stavoss, nokritis koks) (Yatskov et al. 2003; Ruel & Gardiner
2019). Lielakais atmirusas koksnes oglekla uzkrajums ir kritalas vecas apsu (vidéji
9+1,2tCha®), bérzu (vidéji 6+ 1,3t Cha™?) un eglu (vid&ji 7 + 1,2 t C ha™) audzés,
un tas ir lidzigs starp Sim sugam (3.6. att.). Sausoknos lielakais oglekla uzkrajums ir
vecas priezu audzes (videji 7 + 1,5 t C ha), un tas ir batiski lielaks neka paréjo val-
doso koku sugu vecajas audzés (vidéji 3 + 0,5 t C ha™). Tas saistits ar priedes koksnes
sadalisanas Tpasibam un sausoknu noturibu pret véju péc koka bojaejas (Kuuluvai-
nen et al. 2017). Stumbenos uzkratais oglekla apjoms ir lidzigs visu valdoSo koku
sugu vecas mezaudzés (videji 2+ 1,0t C ha™).

Augsne ir otra lielaka oglekla kratuve aiz koku biomasas vecas meZaudzés
sausienos (21-37% atkariba no valdosas koku sugas, vidéji 31% no kopéja
ekosistémas uzkrajuma). Vecas lapu koku audzés konstatéts batiski (p < 0,001)
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3.6. att. Oglekla uzkrajums atmirusaja koksné vecas mezaudzeés
pa atmiruma veidiem — kritalas (A), stumbeni (B), sausokni (C)
(logaritmizétas vértibas £ 95% ticamibas intervals)

augstaks oglekla uzkrajums augsné (apsu audzés videji 101+17,6tCha™? un
bérzu audzés 117 + 26,3t Cha™) neka vecas skuju koku audzés (priezu audzés
vidéji 72+30,6tCha? un eglu audzés 58+21,2tCha™). Augsnes oglekla
uzkrajuma datiem novérota loti augsta variacija, Tpasi bérzu un eglu audzés, ko
iespéjams skaidrot ar lielaku sugu daudzveidibu un audzes struktiras atskirtbam
(Hansson et al. 2013; Laganiére et al. 2015). Turklat, dala no ievaktajiem augsnes
paraugiem priezu audzés nebija analizei derigi, bet iegitie rezultati atskiras
pat simtkartigi, lidz ar to iegltas vértibas sniedz tikai aptuvenu priekSstatu par
oglekla uzkrajumu augsné. Art Cindy & Vesterdal (2013) konstatéja lielu oglekla
uzkrajumu augsné variaciju neatkarigi no valdosas koku sugas, kas norada uz citu
faktoru — augsnes sastava, augsnes mitruma, ka arl audzes vésturiskas attistibas
ietekmi uz oglekla uzkrajumu (Jandl et al. 2007; Hansson et al. 2011; Lutter et
al. 2019). Analizeéjot oglekla uzkrajumu pa augsnes slanu dzilumiem, secinats, ka
virséja augsnes slant (0—10 cm) koncentréjas vairak ka 30% no kopéja ta apjoma
Saja kratuve. Lidzigi rezultati ieglti ari, analizéjot 60 gadus vecas bérzu audzes
mezos ar augligu mineralaugsni, kur virséja augsnes slant (0—30 cm) konstatéts
38% no kopéja augsnes oglekla uzkrajuma (Uri et al. 2012). Ka parada ieprieks$éjie
pétijumi, oglekla uzkrajumu virséja augsnes slani, salidzinot ar dzilakajiem slaniem,
nozimigi ietekmé Gdens iztvaikoSana no augsnes, gaisa temperatliras svarstibas,
kam savukart ir ietekme art uz mikroorganismu aktivitati $aja slani (Hansson et al.
2011). Zemsega ir procentuali neliela oglekla kratuve no kopéja oglekla uzkrajuma,
tomer tai ir galvena loma oglekla parnesé no virszemes oglekla kratuvém uz augsni
(Jandl et al. 2007).

Oglekla uzkrajums zemsega ari batiski atSkiras starp bérzu un priezu au-
dzém (p<0,05). Vidéjais oglekla uzkrajums zemsega vecas priezu audzés ir
21+5,3tCha™ un eglu audzés 25+ 12,0t C ha™®, bet lapu koku audzés tas ir ze-
maks — ap$u audzés 17 + 4,8 t C ha un bérzu audzés 14 + 5,2 t C ha™. Sis tenden-
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ces apliecina art citas analizés konstatéto, ka valdosa koku suga, audzes sastavs,
ka arT citi Saja pétijuma nevértéti parametri, pieméram, zemsedzes vegetacija,
batiski ietekmé zemsegas oglekla kratuvi (Hansson et al. 2011; Cindy & Vesterdal
2013; Lutter et al. 2019). Oglekla uzkrajums skuju koku audzés ir lielaks, jo sku-
jas sadalas Ieénak neka lapas, ka art atskiribas starp priezu un eglu audzém, vistica-
mak, ietekmé atskirigie nobiru ikgadéjie apjomi un sadaliSanas atrums — priedém
skujas sadalas divu gadu laika, bet eglém — pat seSu gadu perioda (Hansson et al.
2011).

Kopéjais oglekla uzkrajums audze ir ¢etru galveno oglekla kratuvju vidéjo ver-
titbu summa, jo novérojumu skaits dazadas oglekla kratuves ievaktajiem datiem ir
atskirigs. Koku biomasa ieklauj virszemes (stumbrs, zari) un pazemes (sikas saknes,
balstsaknes, uzslico$as saknes un celms) biomasu. Ta ir lielaka oglekla kratuve visu
analizéto valdoSo koku sugu audzés (55-61%). Augsne ir otra lielaka un visplasak
uzkrajuma atkariba no valdo$as koku sugas. Atmirusi koksne (3—5% atkariba no
valdosas koku sugas) un zemsega (4-11% atkariba no valdosas koku sugas) veido
nelielu dalu no kopéja oglekla uzkrajuma. Vidéji koku biomasa veido 59%, augsne
30%, bet atmirusi koksne un zemsega attiecigi 4% un 7% no kopéja ekosistémas
oglekla uzkrajuma. Ari citos pétijumos dazadas Eiropas vietas ir ieglti lidzigi rezul-
tati par oglekla uzkrajumu meza galvenajas oglekla kratuvés (Krankina & Harmon
1995; Finér et al. 2003; Seedre et al. 2015; Nord-Larsen et al. 2019). Tomér ko-
péjais oglekla uzkrajums vecas mezaudzés sausienos ievérojami atskiras pat starp
vienas valdo$as sugas audzém, liecinot par lielu oglekla uzkrajuma variaciju un
dazadu audzes vésturisko attistibu ietekméjosajiem faktoriem (Lutter et al. 2019;
Krasnova et al. 2019).

3.3. Oglek]a uzkrajuma salidzinajums kontroles un vecas mezaudzés
(V publikacija)

Oglekla uzkrajums koku biomasa un atmirusaja koksné vecas audzés visam
koku sugam ir batiski lielaks neka par 54—103 gadiem jaunakas (kontroles) audzés
(3.3. tab.). Vecas audzes, kur vecie koki ir dominéjosais meZa elements, oglekla uz-
krajums koku biomasa ir par 19% (priezu un eglu audzés) lidz 42% (apSu audzés)
lielaks neka kontroles audzés.
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3.3. tabula

Oglekla uzkrajums (t C ha™) oglekla kratuvés vecas un kontroles audzés
(vidéjais * 95% ticamibas intervals)

Koku Atmirusi Augsne* | Zemsega* Ii)()grl)s:j:
biomasa koksne —.
uzkrajums
Apse
Vecas audzes 205+7,0 14+1,5 101+17,6 17 +4,8 337
Kontroles audzes 119+10,0 5+1,5 104 + 16,4 24+8,4 252
Berzs
Vecas audzes 175 +10,0 10+ 1,8 117 £ 26,3 14 +£5,2 316
Kontroles audzes 124+7,2 3+0,6 89+13,5 15+11,3 231
Egle
Vecas audzes 140+£9,0 12+£2,0 58 + 21,2 25+12,0 235
Kontroles audzes 113 +8,1 5+1,0 96 + 23,4 30+5,3 244
Priede
Vecas audzes 172+7,0 15+2,1 72 £ 30,6 21+5,3 280
Kontroles audzes 139+8,8 3+0,9 91 +23,6 21+2,1 254

* vidéjas vértibas aprékinatas tikai tiem objektiem, kuros ieglti kvalitativi rezultati
kopéja uzkrajuma aprékinasanai. Statistiskaja analizé parametru ietekmes vértéSana un
salidzinasana veikta logaritmizétam vértibam atmirusas koksnes, augsnes, zemsegas oglekla
uzkrajumu vértésana.

Vecas apSu audzés, kur koku dimensijas ir nozimigi lielakas neka pare-
jo koku sugu audzés, oglekla uzkrajums ir batiski (p < 0,001) lielaks neka eglu un
priezu audzés (3.7.att.). Turpreti kontroles audzés lielakais oglekla uzkrajums
ir priezu audzés (139 + 8,8t C ha™) un tas ir batiski (p < 0,001) lielaks neka apsu
(119 £ 10,0t Cha™) un eglu (113 +8,1t C ha™) audzes, bet lidzigs ka bérzu au-
dzés (124 £ 7,3t Cha™) (3.7. att.). Secinats, ka oglekla uzkrajuma atskiribas starp
kontroles un vecam audzém nosaka valdosa koku suga (p < 0,001), vecuma grupa
(p <0,001), ka ar valdosas koku sugas un vecuma grupas mijiedarbiba (p < 0,001).
Kontroles audzés oglekla uzkrajums atmirusaja koksné atkariba no valdosas koku
sugas ir par 58-80% mazaks neka vecas audzés. Tapat kontroles audzés novéro bu-
tiskas oglekla uzkrajuma atskiribas atmirusaja koksné starp eglu (5+1,0tCha™?)
un priezu (3+0,6 t Cha™) audzém (3.7. att.). Kopuma damaksni un véri oglek-
la uzkrajums koku biomasa un atmirusaja koksné, palielinoties audzes vecumam
virs kontroles aud?u vecuma vértibam, turpina pieaugt. ST tendence turpinas
tik ilgi, kamér tiek sasniegts uzkrajuma maksimums. Lidzigi secinajumi iegati arf,
analizéjot audZu ilgtermina attistibu péc dabiska traucéjuma (ugunsgréka) bo-
realajos mezos Kanada un konstatéjot, ka péc stabila maksimuma posma kopé-
jais uzkrajums samazinas neatkarigi no valdosas sugas (Gao et al. 2018). lespé-
jams, ka vértétaja vecuma intervala eglu mezaudzés maksimala uzkrajuma posms
noslédzas.
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3.7. att. Oglekla uzkrajums koku biomasa (A) un atmirusaja koksné (B)
vecas un kontroles audzés (+ 95% ticamibas intervals)

Izvertéjot pieejamos datus par oglekla uzkrajumu augsné un zemsega, seci-
nats, ka kontroles audzés oglekla uzkrajums augsné visam koku sugam ir lidzigs.
Kontroles audzés oglekla uzkrajums zemsega butiski atSkiras starp bérzu un eglu
audzém (p < 0,01). Vecas audzés oglekla uzkrajums augsné ir lidzigs apSu un bérzu
audzés, bet tas batiski (p < 0,01) atSkiras no uzkrajuma skujkoku — vecas priezu un
eglu audzés. Veco audzu grupa, skuju koku audzém oglekla uzkrajums zemsega ir
lielaks neka lapu koku audzém — butiskas atskirtbas (p < 0,05) novérotas starp ve-
cam bérzu un vecam priezu audzém. Salidzinot oglekla uzkrajumu augsné pa valdo-
Sajam koku sugam starp vecuma grupam, konstatéts, ka augsnes oglek|a uzkrajums
ir lTdzigs starp vecam un kontroles audzém apsSu un bérzu audzés, bet skujkokiem
novéro batiskas atskiribas (p < 0,01). Eglu audzés oglekla uzkrajums zemsega butis-
ki (p <0,01) atskiras starp vecam un kontroles audzém. Kopuma kontroles audzés
zemsegas oglekla kratuve ir lielaka neka vecas audzes, kas apliecina, ka audzes péc
58-97 gadiem (atkariba no koku sugas) jau ir sasniegusas savu augsanas potencialu
(maksimumu) un tapéc vairs neveidojas tik liela nobiru masa ka jaunakas audzés
(Hansson et al. 2011).

P&tljuma par parasta dizskabarza un parasta ozola audzém vecuma no 30 lidz
142 gadiem, secinats, ka oglekla uzkrajums augsné nav atkarigs no audzes vecu-
ma (Nord-Larsen et al. 2019). Izmainas augsnes oglekla kratuvé var notikt, augsnes
virskarta zemsegas sadalisanas rezultata ieskalojoties organiskajam dalam (Angst et
al. 2018), kamér augsnes dzilakos slanos oglekla noturibas laiks ir nozimigi lielaks,
[idz ar to augsne tiek uzskatita par stabilu ilgtermina oglekla kratuvi (Deluca & Bo-
isvenue 2012; Angst et al. 2018). To apliecina ari pétijuma iegitie augsnes oglekla
uzkrajuma dati dzilakajos augsnes slanos vecajas un kontroles audzés.
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PEtTjuma iegdtie rezultati apliecina, ka jau kontroles audZzu vecuma zemsega
atrodas oglekla piesatinajuma punkta un augsne tam tuvojas, tapéc vecajas me-
Zaudzés nav sagaidams oglekla apjoma kapums Saja kratuvé. Turklat nozimigaku
dabisko traucéjumu 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 ari uz citiem nobiru sadaliSanos ietekméjo-
Siem faktoriem, kas saistiti ar lapu, skuju, Ciekuru un citu nobiru sadaliS$anas procesa
atskirilbam (Hansson et al. 2011; Lutter et al. 2019), audzes mistrojumu (Laganiére
et al. 2015), ka arT atmirusas koksnes apjomu (Btoriska et al. 2019) un dabisko trau-
céjumu ietekmi konkrétaja audzé (Palviainen et al. 2020).

Novertéta oglekla uzkrasanas efektivitate starp kontroles un vecam audzem,
apréekinot oglekla uzkrajumu gada koku biomasa un atmirusaja koksné. Oglek]a
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 priezu (vidgji 1,5+ 0,10t Cha™ gada) un eglu (vidgji
1,5+0,11t C ha™ gada) audzém (3.8. att.). Kontroles vecuma grupa lielakais oglek-
la uzkrajums gada konstatéts apsu audzés (vidéji 2,2 + 0,16 t C ha™ gada) un bérzu
audzés (videji 1,9 £ 0,10 t C ha™ gada). Veco meZaudzu grupa apsu audzeém ir batiski
lielaks oglekla uzkrajums gada (vidéji 2,0 + 0,14 t C ha gada), salidzinot ar paréjam
koku sugam, kur lidzigs uzkrajums gada ir bérzu (vidgji 1,4 £ 0,16 t C ha™ gada) un
priezu (vidéji 1,1 £ 0,08 t C ha™ gada), ka ari prieZzu un egJu (vid&ji 0,8 £ 0,10 t C ha™
gada) audzém (3.8. att.). Audzes vecumam palielinoties 1,9—- 2,3 reizes (apsém par
54 + 4 gadiem, bérziem par 62 + 4, priedem par 82 =6 un eglém par 103 + 6 ga-
diem), oglekla uzkrajums gada koku biomasa un atmirusaja koksné vecas audzés ir
ievérojami un bdtiski (bérziem, priedém, egléem p < 0,001; apsém p = 0,06) mazaks
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3.8. att. Oglekla uzkrajums gada koku biomasa un atmirusaja koksné vecas un
kontroles audzés (+ 95% ticamibas intervals)
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neka kontroles audzés: par 10% mazaks apsu audzés, par 27% — priezu un bérzu, par
47% eglu audzés. Gan kontroles, gan veco audzu grupa oglekla uzkrajums gada koku
biomasa un atmirusaja koksné lielaks ir lapu koku sugu audzés (3.8. att.). Jaatzimé,
ka kontroles audzes vecumi izvéléti subjektivi — tatad kontroles vecums neatbilst
kadai specifiskai situacijai, pieméram, kad konkréta koku suga sasniedz maksimalo
tekoso vai vidéjo krajas pieaugumu.

legltie rezultati kopuma saskan ar Gundersen et al. (2021) pétijumu, kur seci-
nats, ka oglekla uzkrajums laika vieniba vecas, saimnieciskas darbibas neietekmétas
audzes ir mazaks neka apsaimniekotas mezaudzes. Turklat janem veéra, ka liela dala
kontroles audzu atrodas saimnieciskajos mezos, un koksne, kas no tam iegita kop-
Sanas cirtés, jau ir izmantota koksnes produktu razoSana: tatad to faktiska ietekme
uz klimata parmainu mazinasanu ir lielaka neka konstatéjams $aja pétijuma (Pukka-
la 2017; Holmgren 2021). Kopuma var secinat — kaut ar oglekla uzkrajums turpina
pieaugt lidz ar audzes vecumu (Luyssaert et al. 2021), tomér S pieauguma temps
ievérojami paléninas, un tade| vecas audzes nenodrosina efektivu klimata parmainu
mazinasanu.
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SECINAJUMI

Veco audZu kopéja un pirma stava kraja priezu, bérzu un apsu audzés ir bi-
tiski lielaka (I stava — par 99—323 m? ha™), bet eglu audzés — lidziga ka kontroles au-
dzém. Pirma stava biezums ir atskirigs (p < 0,001) dazadu valdoso koku sugu vecajas
audzes (videji no 235 + 32 koki ha™ eglu Iidz 301 + 27 koki ha™ bérzu audzés), un tas
ir zemaks (p < 0,001) neka kontroles audzés, liecinot par zemu oglekla uzkrajuma
stabilitati: atsevisku pirma stava koku bojaeja dabisko traucéjumu un/vai vecuma
ietekmeé var nozimigi samazinat kopéjo oglekla uzkrajumu.

Oglekla uzkrajumu analizétajas audzés butiski ietekmé valdo$a koku suga.
Oglekla uzkrajumu vecas priezu un bérzu meZaudzés palielina relativi liels eglu
Tpatsvars pirmaja stava un tas dominance otraja stava, liecinot par jau $aja vecuma
(163-218 gadi skuju koku audzés, 104—148 gadi lapu koku audzés) notiekosSu suk-
cesiju.

Nozimigakas oglek|a kratuves vecas mezaudzés ir koku biomasa (55— 61%,
vidéji 59% no kopéja ekosistémas uzkrajuma) un augsne (25-37%, vidéji 30% no
kopéja ekosistémas uzkrajuma).

Saimnieciskas darbibasilgstosi neietekmétas vecas mezaudzés (104-218 gadi),
kur vecie koki ir domingjosais meZa elements, kop€jais oglekla uzkrajums ir vidéji
par 20% lielaks neka par 54-103 gadiem jaunakas (kontroles) audzés: atskiribas at-
karigas no valdosas koku sugas.

Oglekla uzkrasanas efektivitate (oglekla uzkrajums gada) koku biomasa un at-
mirusaja koksné vecas priezu, bérzu un eglu mezaudzeés ir batiski (par 27% lidz 47%,
atkariba no koku sugas) mazaka neka vidgji divas reizes jaunakas kontroles audzés.

Nelielais oglekla uzkrajums atmirusaja koksnég, ka art |oti vaja korelacija starp
oglekla uzkrajumu koku biomasa un atmirusaja koksné liecina, ka analizétaja audzu
kopa dabisko traucéjumu ietekme ilgstosi ir bijusi neliela. Tatad iegitie dati raksturo
oglekla uzkrajuma potencialu (maksimumu) vecas audzés.
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REKOMENDACIJAS

Apzinoties, ka dzivo koku biomasa ir lielaka dinamiska oglekla kratuve, reko-
mendéjams meza platibas, kuras ietekme uz klimata parmainu mazinasanu ir gal-
venais mérkis, pielietot tadu mezsaimniecibas modeli, lai veidotu iespéjami razigas
un pret dabiskajiem traucéjumiem noturigas audzes, tadéjadi veicinot ari oglekla
uzkrajuma palielinasanas efektivitati.

Meza platibas, kuras primarais mérkis ir dabas aizsardziba, janem véra, ka
oglekla uzkrasanas efektivitate (oglekla uzkrajums gada) koku biomasa un atmiru-
Saja koksné laika perioda starp jaunakam kontroles audzém, un veco audzu stadiju
batiski samazinas. Vecas mezaudzes (vecas kokaudzes) turpina Iéni uzkrat oglekli
koku biomasa tik ilgi, kamér koku vecuma un/vai dabisko traucéjumu ietekmé ne-
mainas dominéjosais meza elements. Tadé|, planojot sadu teritoriju izvietojumu,
ieteicams rikoties ta, lai atstatu iespéjami mazaku negativo ietekmi uz ES limena
klimata politikas realizaciju.

Rekomendéjams turpinat pétijumus, iegustot datus par veco audZu struktiru
un tas elementiem, nosakot biologiskas véertibas indikatorus, izstradajot zinatniski
pamatotas pieejas biologiskas daudzveidibas saglabasanai kombinacija ar bioeko-
nomikas mérkiem platibas, kur tas ir iespéjams.

NepiecieSams turpinat pétijumus, raksturojot dabisko traucéjumu un sukce-
sijas ietekmi uz oglekla uzkrajumu vecas meZaudzés (veca meza), veicot ciklisku ob-
jektu parmérisanu. Tapat nozimigi vértét oglekla uzkrajumu un siltumnicefekta gazu
bilanci vecas audzés oligotrofos purvainos un ktdrenos, ka ari turpinat papildinat
datus par oglekla uzkrajumu un ta dinamiku (Tpasi: uzsticoSo saknu apjoma dinami-
ku) augsné.
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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 pro-
visioning, cultural and supporting ecosystem services (Seedre et al. 2015; Bernal-
dez 2017; Badalamenti et al. 2019; Kulha et al. 2020). In Europe, old-growth for-
ests 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 climate policy of the
European Union (EU), 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 Commis-
sion 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 Cli-
mate Policy in order to reach its climate change mitigation targets. The high car-
bon storage potential in forest ecosystems can make a significant contribution to-
wards 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
(LULUCF) regulation (EU Regulation 2018/841, 2018; EU Regulation 2018/842,
2018). This new LULUCF 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 (COz) from the atmo-
sphere 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, reduction targets of GHG emis-
sions for 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 an-
nual 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. This way ensuring 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,
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proposed flexibility mechanisms allow the forest sector to support other sectors in
order to achieve set climate targets.

Only few studies have assessed carbon stock in old-growth stands in Europe.
However, areas of old-growth forests will now be allowed to continue to grow be-
cause of an 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. Moreover, now they are be-
ing viewed as having a 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 car-
bon 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, also providing the greatest possible benefit to the so-
ciety. To obtain accurate information on carbon storage in old-growth stands, and
thus avoid overestimation of the carbon stocks, and to evaluate possible manage-
ment 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
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Fig. 1.1. Carbon pools in a forest ecosystem
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depending on certain factors. Therefore, their share in the total ecosystem carbon
differs during different stages of forest development (Seedre et al. 2015; Trivifio et
al. 2015). A 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 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.
A carbon balance is the difference between the CO: uptake and loss by a forest eco-
system, and it depends on the stand productivity and the impact of natural distur-
bances. A forest stand may have a 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 that changes (Taylor et al. 2014).

In this study, the carbon stocks instead of the carbon sequestration rates were
assessed in old-growth forest stands. Old-growth forests are of particular interest
because they can represent a reference level of carbon-carrying capacity (tree bio-
mass 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 cli-
mate 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 distur-
bances, 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 & 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 fac-
tors 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 & 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 it is closely related to the
impact of natural disturbances and the stand structure (Pukkala et al. 2017; Gunder-
sen et al. 2021; Luyssaert et al. 2021). Studies have shown the carbon stock of tree
biomass is peaking till 100 years old, at which point the carbon budget is almost bal-
anced (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, suggest-
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ing that the maximum live carbon stock can be reached in earlier stages 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, ac-
cording to previous studies on Pinus sp. old-growth stands in North America (Frams-
tad et al. 2013). Due to the ability of old-growth to store large amounts of tree bio-
mass for a long time 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 affect 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 soil and turnover rates in their fine roots (Hansson et
al. 2011; Laganiere 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 risks 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 se-
rious disturbance events (such as storms) also increases in older stands (JGgiste 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 natu-
ral disturbances due to climate change (primarily storms), both the formation of
deadwood and the decrease of 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 ecosys-
tem (Thom & 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 & Gauthier 2018; Sénhofa et al.
2020). Even so, stand can remain a positive carbon sink after a natural disturbance.
However, carbon emissions from all carbon pools are still increasing. This demon-
strates 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 disturbances, and other factors (Kuuluvainen & Gauthi-
er 2018; Nord-Larsen et al. 2019; Palviainen et al. 2020).
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Climate not only determines tree growth, but also impacts the decomposition
rates of deadwood and organic matter (litterfall, etc.), thus exerting a significant ef-
fect 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 nutri-
ent cycling and soil richness, and it has been found to impact the carbon stock in
Scots pine stands (aged 66 to 178 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 forests makes
it challenging to compare the available knowledge from different European coun-
tries 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). Old-growth forest is an ecosystem
distinguished by old trees and structural attributes that typically differ from ear-
lier stages in a variety of characteristics, which may include tree size, accumulation
of large dead woody material, number of canopy layers, species composition, and
ecosystem function (Buchwald 2005). 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 after an 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, accord-
ing to Buchwald (2005)) cover only 0.7% of Europe’s forested area (Sabatini et al.
2020). 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 few case studies on baseline main carbon pool sizes for
different forest ecosystems in Europe, and these have primarily examined European
beech (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) dominated stands in Mediter-
ranean 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
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being 35t C ha™), with carbon sequestration (ecosystem productivity) being low
(Nord-Larsen et al. 2019). There is an important knowledge gap in our understand-
ing of how carbon pools vary in later stages of forest successional and in 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 live tree biomass carbon peaked
at an early age in the boreal forests and was relatively lower than in the temperate
and tropical forests (Pregitzer & Euskirchen 2004). In eastern Finland, the total eco-
system carbon pool in old-growth (140 years) Norway spruce dominated stands was
around 175 t C ha™, 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
& Boisvenue 2012; Bradshaw & Warkentin 2015; Mayer et al. 2020). However, the
estimates are highly uncertain and there is a 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 Es-
tonia 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's 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 di-
verse biota (L6hmus & 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 forests (JGgiste et al. 2018). Furthermore,
potentially, up to 90% of the region could be covered by forests, anthropogenic de-
forestation (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 landscapes of hemiboreal forests (L6hmus & 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 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 forests (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
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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 be studied in order to provide a more accurate under-
standing 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 bio-
mass, 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 to 120 years, spruce 60 to 100 years, birch 60 to
90 years, aspen 40 to 70 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.

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.
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2. MATERIALS AND METHODS

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

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 glit-
tering woodmoss (Hylocomium splendens Hedw.) and wind-blown mosses (Dicra-
num 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 (25%), and Europe-
an 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 major-
ity (90%) forming old Scots pine stands. Old-growth stands were preselected from
the forest inventory database according the following criteria: 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);
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Fig. 2.1. Distribution of old-growth stands in Latvia
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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 managed mature stands, were selected from
the NFI (2014-2018) database, based on the criteria: overstory dominated by tar-
get 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 and 2.2).

Table 2.1
Age characteristics of control and old-growth stands
Old-growth stand Control stand
Target tree b - Age
species No. SP @ Agg (am- No. SP * Age (ampli- difference ¢
plitude) tude)
Aspen 146 112+3 86 58+3 54+4
(104-135) (39-80)
Birch 67 131 +4 114 69+1 6214
(123-148) (61-80)
Spruce 102 182 +2 117 792 103 t6
(170-205) (61-100)
Pine 148 1796 130 97+2 8216
(163-218) (81-120)
2 sampling plots,
P mean stand age + 95% confidence interval,
¢ mean age difference between control and old-growth stands.
Table 2.2

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+2.2 23+1.4 26+1.8 30+1.9
Mean volume, m3 ha™ 343+36.1 | 296+20.2 | 326+26.7 | 396+27.1
Mean stand density, trees ha™ 358 + 50 352 +27 381 +40 326+ 25

The potential sample stands were visited and following aspects were exam-

ined on site: 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.
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2.1. Data collection

The data collection was performed from 2016 to 2019. In total, data from
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 1), 15 birch stands (123—148 years
old: Kenina et al. 2022 / Paper VI), and 25 aspen stands (104—135 years old: Kénina
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 2 6.1 cm) of all the live trees was measured. The heights of five live trees in
the first 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 (2 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 m2), 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 Naslund’s model:

H=13+[=2_), (1)

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 ac-
cording to the Gaffrey model (Snepsts 2020). The DBH was estimated as the qua-
dratic mean diameter, based on NFI (2013) methodology:

D= ./4000-G , (2)

n-N
where:
D — mean quadratic diameter, cm;
G — basal area, m? ha™;
N — number of trees per ha.

47



The volume of the live trees and dead standing trees was calculated, based

on DBH and tree species, in accordance with Liepa (1996):
V=g . Lad6|gL+(p , (3)

where:
V — the stem volume, m3;
L — stem length, m;
d —tree DBH, cm;
Y, a, 8, @ — coefficients for tree species.

The volume of the snags and the lying dead wood was calculated using Hu-
ber’s formula: Ld?

v , (4)
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) (Kénina
et al. 2019b / Paper lll). Five samples were collected from each tree species (76
cores in total). Samples from wood exhibiting Class 1 and 2 decay were obtained
using a 13-mm-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 I1SO 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
(organic layer (O horizon) made of undecomposed, fresh and wholly decayed plant
or animal debris without mineral material (IPCC 2000)) samples (10 x 10 cm) were
taken at each point from the soil organic horizon, and included all litter and decom-
posed wood. These samples were prepared and analyzed at the same laboratory as
above, according to the LVS ISO 10694:2005 standard. The physicochemical param-
eters of the soil samples, including soil bulk density, coarse fragment fraction, total
carbon content, and inorganic-carbon content, were determined according to the
corresponding ISO standard. The organic-carbon content in the soil was calculated
as the difference between the total carbon and the inorganic-carbon content.
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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, de-
veloped 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 (Egg-
leston 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 (Kénina et al.
2019b / Paper Ill). 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 bio-
mass) and deadwood. To reduce the heterogeneity of the dependent variables, the
carbon stocks of the deadwood, soil, and litter were log-transformed before input-
ting 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.
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3. RESULTS AND DISCUSSION

3.1. Stand parameters of the old-growth stands
(Papers |1, 1, IV-VI)

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 dead-
wood volume (Table 3.1). Stand age had no impact on the analyzed stand param-
eters, 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. Pre-
vious 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; Pre-
gitzer & Euskirchen 2004; Lee et al. 2016; Martin et al. 2018). Thus, as only one spe-
cific 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 49+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+29 24+3.1 36+2.8
Mean volume, m3 ha™ 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 9+0.2 704 7+0.7 7+0.1
tree species (amplitude) ® (5-10) (5-10) (5-10) (5-10)
Mean dominant tree species 49 38 35 47
DBH, cm
Mean dominant tree species 37 30 28 31
height, m
Deadwood volume, m3 ha™ 103 +11.0 65+ 10.5 90+ 14.2 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
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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)

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 spe-
cies 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 as-
pen). 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 stor-
age 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).

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 vol-
umes compared to the other species. The old-growth birch and pine stand first lay-
ers 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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Fig. 3.2. Mean stand volume of first (1%) and second (2") layers by dominant tree
species of old-growth stands (error bars show + 95% confidence intervals)

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 indi-
cates 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 knowl-
edge 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 differ-
ence 103 + 6 years).

The mean deadwood volume was similar (64—103 m3ha™) 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 (J8giste 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 be-
tween 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 deter-
mined by the dominant tree species (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
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old-growth stands (12-18 m3 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 (5énhofa 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 (Sénhofa et al. 2020).

Table 3.2

Characteristics of deadwood volume according to deadwood type and
decay stages (mean * 95% confidence interval)

‘ Aspen ‘ Birch ‘ Spruce ‘ Pine
Deadwood according to deadwood type, m® ha™* (amplitude)
Lying deadwood 73+9.4 45+84 61+10.4 43 +10.6
(0-302.4) | (1.5-167.4) | (0-226.2) (0-405.0)
Dead standing trees 18+4.2 12+4.2 18+7.3 42 £6.5
(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 | 64105 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+4.2 15+6.3 3+1.8 3+2.6
(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+39 20+4.8 19+54
(22%) (22%) (22%) (19%)
Decay stage 4 16 +3.7 8+138 16+4.2 9+5.0
(15%) (12%) (18%) (9%)
Decay stage 5 10+2.6 3+1.7 12+3.6 3+15
(10%) (5%) (13%) (3%)

3.2. Carbon storage in old-growth stands (Papers II-1V, VI)

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 31%
of the total carbon stock. Other European studies have also shown that tree bio-
mass 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
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stocks between the sampling plots — in the aspen stands, from 70 to 318 t C ha™,
73 to 245t C ha™ in the pine stands, 88 to 272 t C ha™ in the birch stands, and 60
to 292 t C ha™t 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 stor-
age 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.

According to the LMERs, the tree biomass carbon was determined by domi-
nant 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 bio-
mass continues to increase with stand age until it reaches a maximum, and then it
remains relatively stable for some time (Pregitzer & Euskirchen 2004; Jones et al.
2019). This time period is mostly determined by the effect of natural disturbances
and self-thinning of different tree species in the succession process (Pregitzer &
Euskirchen 2004; Taylor et al. 2014; Jones et al. 2019).

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
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Fig. 3.3. Model predicted carbon stock changes according to stand age (years) in
tree biomass (A) and deadwood (B) (x 95% confidence band)
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Fig. 3.4. Model of predicted change in the tree biomass carbon stock by species
in response to: standing volume (A); stand density (B)
(+ 95% confidence band)

tree biomass carbon stocks were observed in the birch and pine old-growth stands
(175+10.0tChatand 172 £ 7.0 t C ha™, respectively). Significantly lower tree bio-
mass carbon stocks were found in the old-growth spruce stands (140 £ 9.0t C ha™?%).
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 larg-
est 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 bio-
mass, which consisted of small roots, course roots, and stump biomass.

According to the results of this study, deadwood contributed only in a mi-
nor 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 ecosystem ser-
vices (Nord-Larsen et al. 2019; Ruel & Gardiner 2019; Stakénas et al. 2020), such
as extending the life cycle of carbon in forest ecosystems (Johnston & Radeloff
2019). The carbon storage in deadwood was similar among all analyzed tree spe-
cies (10-15t C ha™), although it was highly variable (0.3— 75t C ha™) across the
sampling plots.

The size of the deadwood carbon stock in the old-growth stands was deter-
mined 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),
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Fig. 3.5. Model of predicted change in the deadwood carbon stock by species in
response to: standing volume (A) and stand density (B)
(+ 95% confidence band)

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.

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 lim-
ited 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 dead-
wood type and the decomposition of dead trees in a stand (Yatskov et al. 2003;
Ruel & 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 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 £ 1.2t 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
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of the total deadwood carbon pool (mean 7 = 1.5 t C ha™), and this was significantly
higher than in the other old-growth stands (mean 3+ 0.5t Cha™). 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 + 1.0 t C ha™), and this was similar among all the old-
growth stands.

Mineral soil (0-80 cm depth) is the second largest repository for car-
bon after tree biomass in old-growth stands, varying between 21 and 37% de-
pending 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 +17.6tCha™!) and birch (117 £ 26.3 t C ha?) stands, but was signifi-
cantly (p <0.001) lower in the pine (mean 72 +30.6t C ha™) and spruce (mean
58 £21.2t 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; Laganiere 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 by 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 (Jand|
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 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 (Hans-
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son 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 £ 5.2t C ha™). The old-growth pine and spruce stands (25+ 1.0t 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). Moreover, previous studies have high-
lighted the effect of dominant tree species as well as ground vegetation and fauna,
speed of mineralization of different litter on the litter carbon stock (Hansson et al.
2011; Cindy & 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 litter and deadwood were marginal carbon pools,
contributing 4-11% and 3—-5% of the total carbon stock, respectively. The tree bio-
mass 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 dead-
wood (mean 4%). Other studies on Europe have also shown that tree biomass is
the dominant carbon pool (Krankina & 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 reflect-
ing 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 V)

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 (from
19% in the pine and spruce stands to 42% in the aspen stands) than in the younger
than 54 to 103 years (1.9 to 2.3 times younger) control stands (Table 3.3).
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Table 3.3

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

.Tree Deadwood Soil * Litter * Total
biomass carbon
Aspen
Old-growth stands 205+7.0 14+1.5 101+17.6 17+4.8 337
Control stands 119+ 10.0 5+1.5 104+ 16.4 24+ 8.4 252
Birch
Old-growth stands 175+ 10.0 10+1.8 117 +26.3 14+5.2 316
Control stands 124+7.2 3+0.6 89+13.5 15+11.3 231
Spruce
Old-growth stands 140+9.0 12+2.0 58+21.2 | 25+12.0 235
Control stands 113+8.1 5+1.0 96 +23.4 30+5.3 244
Pine
Old-growth stands 172+7.0 15+2.1 72 +30.6 21+5.3 280
Control stands 139+8.8 3+0.9 91+23.6 21+2.1 254

* mean values calculated only for those forest stands, from which reliable results were ob-
served.

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 bio-
mass 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!), where it
was significantly (p < 0.001) larger than the aspen (mean 119 + 10.0t C ha™) and
spruce (mean 113 + 8.1t 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 signifi-
cantly 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 stands, with the pine stands
(3 +0.6t Cha™) having significantly smaller carbon stocks than the spruce stands
(5+1.0tCha?) (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 stor-
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Fig. 3.7. Mean carbon stocks in control and old-growth aspen, birch, spruce,
and pine stands on mineral soil in hemiboreal Latvia from: tree biomass (A) and
deadwood (B) (error bars show + 95% confidence intervals)

age 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.

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 spe-
cies (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 car-
bon 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 signifi-
cantly different (p <0.001) between the birch (mean 14 £5.2t Cha™) and pine
(mean 21 £ 5.3t 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 the younger (control) stands, the litter carbon
had already reached its maximum. Therefore, in the old-growth stage (after 58 to
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 stud-
ies (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
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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 & Boisvenue 2012; Angst et al. 2018).

The data presented herein confirm the hypothesis that, in the younger (con-
trol) stands, the litter carbon pool has already reached it maximum and the soil car-
bon 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 (Palvi-
ainen 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 oth-
er 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 decomposi-
tion (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 car-
bon was similar in pine and spruce (1.5+0.10 and 1.5+ 0.11t C hat yr?, respec-
tively) (Fig. 3.8). Large mean annual differences in carbon in the control stands
were found in the aspen (2.2 £+ 0.16 t C hat yrt) and birch (1.9 +0.10t 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 com-
pared to the other tree species, with the values being similar between the birch
(1.4+0.16 t Chayr?) and pine (1.1 £ 0.08 t C ha ! yr 1), and the pine and spruce
(0.8 £0.10 t C ha™ yr?) stands (Fig. 3.8). The mean annual difference in carbon grad-
ually 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 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.

The annual difference values from the younger control to the old-growth
stands indicate that forests continue to accumulate carbon into old age, as sug-
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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 pine, spruce, birch, and aspen stands
(error bars show * 95% confidence intervals)

gested 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 thin-
ning 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? hatin 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 ha™ in 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, indicat-
ing 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 domi-
nance 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 decidu-
ous (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 (25—-37%, mean 30% of the to-
tal carbon stock) together accounted for the largest carbon stock in the old-growth
stands on mineral soils.

In the old-growth stands (104 to 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 to 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 poten-
tial maximum carbon storage in old-growth stands.
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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 for-
ests 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 im-
pact of the natural disturbance. Therefore, when planning the locations of such for-
est 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 biologi-
cal 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-mea-
surements 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).

64



ACKNOWLEDGMENTS

First of all, | thank my supervisor, Aris Jansons, for the idea of the main re-
search as well as for his support and guidance throughout the entire period of my
doctoral studies. | express my gratitude to my LSFRI Silava colleagues for their en-
couragement and support during my doctoral studies. Special gratitude goes to
Didzis Elferts, for his invaluable help with the data statistics and analysis, and to
Endijs Baders, who helped with the visualizations of the cartographic material. My
special thanks go to leva Jaunslaviete and my other colleagues who helped with
the data collection. | would like to thank my family for their moral support and en-
couragement.

65



LITERATURAS SARAKSTS / REFERENCES

Ahti T., Himet-Ahti L., Jalas J. (1968) Vegetation zones and their sections in northwestern
Europe. Annales Botanici Fennici 5(3): 169-211.

Angst G., Messinger J., Greiner M., Hausler W., Hertel D., Kirfel K., Kogel-Knabner I., Le-
uschner C., Rethemeyer J., Mueller CW. (2018) Soil organic carbon stocks in to-
psoil and subsoil controlled by parent material, carbon input in the rhizosphere,
and microbial-derived compounds. Soil Biology and Biochemistry 122: 19-30.

Badalamenti E., Battipaglia G., Gristina L., Novara A., Ruhl J., Sala G., Sapienza L., Valenti-
ni R., La Mantia T. (2019) Carbon stock increases up to old growth forest along a se-
condary succession in Mediterranean island ecosystems. PLosONE 14(7): e0220194.

Bates D., Maechler M., Bolker B., Walker S. (2015) Fitting linear mixed-effects models using
Ime4. Journal of Statistical Software 67(1): 1-48.

Berndldez F. (2017). Old-growth forests: characteristics and conservation value. Life Red
Bosques, 52 pp.

Btonska E., Lasota J., Tullus A., Lutter R., Ostonen I. (2019) Impact of deadwood decompo-
sition on soil organic carbon sequestration in Estonian and Polish forests. Annals of
Forest Science 76: 102.

Bradshaw C.J.A., Warkentin I.G. (2015) Global estimates of boreal forest carbon stocks and
flux. Global and Planetary Change 128: 24-30.

Brockerhoff E., Barboro L., Castagneyrol B., Forrester D.l., Gardiner B.,, Gonzalez-
Olabarria J.R., Lyver P.O.B., Meurisse N., Oxbrough A., TakiH., Thompson I.D.,
Plas F., Jactel H. (2017) Forest biodiversity, ecosystem functioning and the pro-
vision of ecosystem services. Biodiversity and Conservation 26: 3005-3035.

Buchwald E. (2005) A hierarchical terminology for more or less natural forests in relation
to sustainable management and biodiversity conservation. In: Proceedings of Third
Expert Meeting on Harmonizing Forest-related Definitions. Rome: FAO, pp. 17-19.

Buss K. (1976). Latvijas PSR meZza tipologijas pamati. Riga: 24 Ipp.

Carey E.V., Sala A., Keane R., Callaway R.M. (2001) Are old forests underestimated as
global carbon sinks? Global Change Biology 7(4): 339-344.

Cindy E.P., Vesterdal L. (2013) Tree species effects on soils in temperate and boreal fo-
rests: Emerging themes and research needs. Preface / Forest Ecology and Manage-
ment 309: 1-3.

Clarke N., Kizer L.P,, Kjgnaas O.J., Barcena T.G., Vesterdal L., Stupakl., FinérL., Jacob-
sonS., Armolaitis K., Lazdina D., Stefansdottir H.M., Sigurdsson B.D. (2021)
Effects of intensive biomass harvesting on forest soils in the Nordic countries
and the UK: A meta-analysis Forest Ecology and Management 482: 118877.

Deluca T.H., Boisvenue C. (2012) Boreal forest soil carbon: distribution, function and model-
ling. Forestry 85(2): 161-184.

66


https://doi.org/10.1016/j.soilbio.2018.03.026
https://doi.org/10.1371/journal.pone.0220194
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s13595-019-0889-9
https://doi:10.1016/j.gloplacha.2015.02.004
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1046/j.1365-2486.2001.00418.x
https://doi.org/10.1046/j.1365-2486.2001.00418.x
https://doi.org/10.1016/j.foreco.2013.06.042
https://doi.org/10.1016/j.foreco.2020.118877
https://doi.org/10.1093/forestry/cps003

Drobyshev V. (1999) Regeneration of Norway spruce in canopy gaps in Sphagnum-
Myrtillus old-growth forests. Forest Ecology and Management 115(1): 71-83.

Eggleston S., Buendia L., Miwa K., Ngara T., Kiyoto T. (2006) IPCC Guidelines for National Gre-
enhouse GasInventories. Agriculture, Forestryand OtherLand Use. In: 2006 IPCCGuide-
linesfor National Greenhouse Gas Inventories (Vol. 4). Institute for Global Environmen-
tal Strategies (IGES). URL:

Eiropas Komisija / European Commission (2020) Komisijas pazinojums Eiropas Parlamen-
tam, Padomei, Eiropas Ekonomikas un socialo lietu komitejai un regionu komitejai.
ES Biodaudzveidibas stratégija 2030. gadam. Atgriezisim sava dzivé dabu. Brisele,
20.5.2020. COM (2020) 380 final. URL:

Eiropas Parlamenta un Padomes 2018. gada 30. maija Regula (ES) 2018/841 par zemes iz-
mantoSana, zemes izmantoSanas maina un mezsaimnieciba radusos siltumnicefekta
gazu emisiju un piesaistes iekJausanu klimata un energétikas politikas satvara laikpos-
mam lidz 2030. gadam, un ar tas pienemsanu tiek grozita Regula (ES) Nr. 525/2013
un Lémums Nr. 529/2013/ES. ES Oficialais Vestnesis 156/1, 25 |pp. URL:

Eiropas Parlamenta un Padomes 2018. gada 30. maija Regula (ES) 2018/842 par saistoSiem
ikgadéjiem siltumnicefekta gazu emisiju samazinajumiem, kas dalibvalstim japa-
nak no 2021. gada Iidz 2030. gadam un kas dod ieguldijumu riciba klimata politikas
joma, lai izpilditu Parizes noliguma paredzétas saistibas, un ar ko groza Regulu (ES)
Nr. 525/2013. ES Oficialais Vestnesis 156/26, 17 lpp. URL:

European Environment Agency (2007) European forest types. Categories and types for sus-
tainable forest management reporting and policy, EEA Technical report. Copenhagen,
Denmark.

European forest ecosystems — State and trends (2016) EEA Report No 5/2016, 123 pp.

Finér L., Mannerkoski H., PiirainenS., Starr M. (2003) Carbon and nitrogen pools in
an old-growth, Norway spruce mixed forest in eastern Finland and changes as-
sociated with clear-cutting. Forest Ecology and Management 174(1-3): 51-63.

Framstad E., de Wit H., Makipaa R., Larjavaara M., Vesterdal L., Karltun E. (2013) Biodiversi-
ty, carbon storage and dynamics of old northern forests. Nordic Council of Ministers,
p. 130.

Gao B., Taylor A.R., Searle E.B., Kumar P., Ma Z., Hume A.M., Chen H.Y.H. (2018) Carbon sto-
rage declines in old boreal forests irrespective of succession pathway. Ecosystems 21:
1168-1182.

Gundersen P., Thybring E.E., Nord-Larsen T., Vesterdal L., Nadelhoffer K.J., Johannsen V.K.
(2021) Old-growth forest carbon sinks overestimated. Nature 591: E21-E23.

Hansson K., Olsson B.A., Olsson M., Johansson U., Berggren D. (2011) Differences in
soil properties in adjacent stands of Scots pine, Norway spruce and silver birch in

SW Sweden. Forest Ecology and Management 262(3): 522-530.

Hansson K., Fréberg M., Helmisaari H.S., Kleja D.B., Olsson B.A., Olsson M., PerssonT.
(2013) Carbon and nitrogen pools and fluxes above and below ground in spruce,

67


https://doi.org/10.1016/S0378-1127(98)00437-X
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
https://eur-lex.europa.eu/legal-content/LV/LSU/?uri=CELEX:52020DC0380
https://eur-lex.europa.eu/legal-content/LV/LSU/?uri=CELEX:52020DC0380
https://eur-lex.europa.eu/legal-content/LV/TXT/PDF/?uri=CELEX:32018R0841&from=LV
https://eur-lex.europa.eu/legal-content/LV/TXT/PDF/?uri=CELEX:32018R0841&from=LV
https://eur-lex.europa.eu/legal-content/LV/TXT/PDF/?uri=CELEX:32018R0842&from=EN
https://eur-lex.europa.eu/legal-content/LV/TXT/PDF/?uri=CELEX:32018R0842&from=EN
https://doi.org/10.1016/S0378-1127(02)00019-1
https://doi.org/10.6027/TN2013-507
https://doi.org/10.1007/s10021-017-0210-4
https://doi.org/10.1038/s41586-021-03266-z
https://doi.org/10.1016/j.foreco.2011.04.021
https://doi.org/10.1016/j.foreco.2011.04.021

pine and birch stands in southern Sweden. Forest Ecology and Management 309:
28-35.

Hasper T.B., Wallin G., Lamba$S., Hall M., JaramilloF., LaudonH., LinderS., Med-
hurst J.L., Rantfors M., Sigurdsson B.D., UddlingJ. (2016) Water use by Swe-
dish boreal forests in a changing climate. Functional Ecology 30(5): 690-699.

Holmgren P. (2021) The forest carbon debt illusion. Contrary to common views, harvesting
from managed forests does not delay climate benefits. 40 pp. URL:

Hogbom L., Abbas D., Baders E., Futter M., Jansons A., SvenssonJ. (2021) Trilemma of
Nordic-Baltic Forestry — How to implement UN sustainable development goals.
Sustainability 13(10): 5643.

IPCC (2000) 2000 IPCC: Land Use, Land-Use Change and Forestry. Cambridge, Cambridge
University Press, 375 pp. URL:

Jacob M., Bade C., Calvete H., Dittrich S., Leuschner C., Hauck M. (2013) Significance of
over-mature and decaying trees for carbon stocks in a Central European natural spru-
ce forest. Ecosystems 16: 336—346.

JandI R, Lindner M., Vesterdal L., Bauwens B., Baritz R., Hagedorn F., Johnson D.W., Minkki-
nen K., Byrne K.A. (2007) How strongly can forest management influence soil carbon
sequestration? Geoderma 137(3-4): 253-268.

JGgiste K., Frelich L.E., Laarman D., Vodde F., Baders E., DonisJ., Jansons A., Kangur A.,
Koster K., Kusmin J., KuuluvainenT., ..., Stanturf A. (2018) Imprints of manage-
ment history on hemiboreal forest ecosystemsin the Baltic States. Ecosphere 9(11):
e02503.

Jogiste K., Korjus H., StanturfJ.A., Frelich L.E., Baders E., Donis J., Jansons A., Kangur A.,
Koster K., Laarmann D., ..., Vodde F. (2017) Hemiboreal forest: Natural disturbances
and the importance of ecosystem legacies to management. Ecosphere 8(2): 1-20.

Johnston C.M., Radeloff V.C. (2019) Global mitigation potential of carbon stored in har-
vested wood products. PNAS 116(29): 4526-4531.

Jones |.L., DeWalt S.J., Lopez O.R., Bunnefeld L., Pattison Z., Dent D.H. (2019) Above- and
belowground carbon stocks are decoupled in secondary tropical forests and are po-
sitively related to forest age and soil nutrients respectively. Science of the Total Envi-
ronment 697: 133987.

Khan D., Munner M.A., Nisa Z.U., Shah S., Amir M., Saeed S., Uddin S., Munir M.Z., Lus-
huang G., Huang H. (2019) Effect of Climatic Factors on Stem Biomass and Carbon
Stock of Larix gmelinii and Betula platyphylla in Daxing’anling Mountain of Inner
Mongolia, China. Advances in Meteorology 2019: 5692574.

Koster K., Metslaid M., Engelhart J., Koster E. (2015) Dead wood basic density, and the con-
centration of carbon and nitrogen for main tree species in managed hemiboreal fo-
rests. Forest Ecology and Management 354: 35—42.

Krankina O.N., Harmon M.E. (1995) Dynamics of the dead wood carbon pool in nor-
thwestern Russian boreal forests. Water, Air, and Soil Pollution 82: 227-238.

68


https://doi.org/10.1016/j.foreco.2013.05.029
https://doi:10.1111/1365-2435.12546
https://www.forestindustries.se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-illusion2.pdf
https://www.forestindustries.se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-illusion2.pdf
https://www.forestindustries.se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-illusion2.pdf
https://doi.org/10.3390/su13105643
https://archive.ipcc.ch/ipccreports/sres/land_use/index.php?idp=54
https://archive.ipcc.ch/ipccreports/sres/land_use/index.php?idp=54
https://doi.org/10.1007/s10021-012-9617-0
https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi:10.1002/ecs2.2503
https://doi:10.1002/ecs2.1706
https://doi.org/10.1073/pnas.1904231116
https://doi:10.1016/j.scitotenv.2019.133987
https://doi.org/10.1155/2019/5692574
https://doi.org/10.1016/j.foreco.2015.06.039
https://doi.org/10.1007/BF01182836

Krasnova A., Kukumagi M., Mander 0., Torga R., Krasnov D., Noe M., Ostonen I., Puttse-
pp U., Killian H., Uri V., LBhmus K., SBber J., Soosaar K. (2019) Carbon exchange in
a hemiboreal mixed forest in relation to tree species composition. Agricultural and
Forest Meteorology 275: 11-23.

Kulha N., Ruha L., Holmstrom L., Grandpré L., Gauthier S., Kuuluvainen T., Aakala T. (2020)
The structure of boreal old-growth forests changes at multiple spatial scales over
decades. Landscape Ecology 35(4): 843—858.

Kumpu A., Mékeld A., Pumpanen J., Saarinen J., Berninger F. (2018) Soil CO: efflux in une-
ven-aged and even-aged Norway spruce stands in southern Finland. IForest 11(6):
705-712.

Kun Z., DellaSala D., Keith H., Kormos C., Mercer B., Moomaw W.R., Wiezik M. (2020) Re-
cognizing the importance of unmanaged forests to mitigate climate change. GCB
Bioenergy 12(12): 1034-1035.

Kuuluvainen T., Gauthier S. (2018) Young and old forest in the boreal: critical stages of
ecosystem dynamics and management under global change. Forest Ecosystems 5:
26.

Kuuluvainen T., AakalaT., Varkonyi G. (2017) Dead standing pine trees in a boreal fo-
rest landscape in the Kalevala National Park, northern Fennoscandia: amount,
population characteristics and spatial pattern. Forest Ecosystems 4: 12.

Kuznetsova A., Brockhoff P.B., Christensen R.H.B. (2017) ImerTest Package: Tests in line-
ar mixed effects models. Journal of Statistical Software 82(13): 1-26.

Laganiére J., Cavard X., Brassard W.B., Paréa D., Bergerond Y., Chen H.Y.H. (2015) The influ-
ence of boreal tree species mixtures on ecosystem carbon storage and fluxes. Forest
Ecology and Management 354: 199-129.

Latva-Karjanmaa T., Penttila R., Siitonen J. (2007) The demographic structure of Europe-
an aspen (Populus tremula) populations in managed and old-growth boreal fo-
rests in eastern Finland. Canadian Journal of Forest Research 37(6): 1070-1081.

Lee J., Tolunay D., Méakineeci E., COmez A., Son Y.M., Kim R., Son Y. (2016) Estimating the
age-dependent changes in carbon stocks of Scots pine (Pinus sylvestris L.) stands in
Turkey. Annals of Forest Science 73(2): 523-531.

Lenth R. (2021) emmeans: Estimated Marginal Means, aka Least-Squares Means. R packa-
ge version 1.5.5-1. URL: (accessed
29 September 2021).

Liepa I. (1996). Pieauguma maciba. Jelgava, Latvia: 123 Ipp.

Liepin$ J., Lazdin$ A., Liepins K. (2017) Equations for estimating above- and be-
lowground biomass of Norway spruce, Scots pine, birch spp. and Europe-
an aspen in Latvia. Scandinavian Journal of Forest Research 33(1): 1-43.

Lim H., Oren R., Nasholm T., Stémgren M., Lundmark T., Grip H., Linder S. (2019) Boreal fo-
rest biomass accumulation is not increased by two decades of soil warming. Nature
Climate Change 9(1): 49-52.

Luyssaert A., Schulze E.D., Knohl A., Law B.E., Ciais P., Grace J. (2021) Reply to: Old-growth
forest carbon sink overestimated. Nature 591: E24— E25.

69


https://doi.org/10.1016/j.agrformet.2019.05.007
https://doi.org/10.1007/s10980-020-00979-w
https://doi.org/10.3832/ifor2658-011
https://doi.org/10.1111/gcbb.12714
https://doi.org/10.1186/s40663-018-0142-2
https://doi.org/10.1186/s40663-017-0098-7
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.foreco.2015.06.029
https://doi.org/10.1139/x06-289
https://doi.org/10.1007/s13595-016-0546-5
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1080/02827581.2017.1337923
https://doi.org/10.1038/s41558-018-0373-9
https://doi.org/10.1038/s41586-021-03267-y
https://doi.org/10.1038/s41586-021-03267-y

L6hmus A., Kraut A. (2010) Stand structure of hemiboreal old-growth forests: Charac-
teristic features, variation among site types, and a comparison with FSC-certi-
fied mature stands in Estonia. Forest Ecology and Management 260(1): 155-165.

Lutter R., Kolli R., Tullus A., Tullus H. (2019) Ecosystem carbon stocks of Estonian premature
and mature managed forests: effects of site conditions and overstorey tree species.
European Journal of Forest Research 138(1): 125-142.

Martin M., Fenton N.J., Morin H. (2021) Tree-related microhabitats and deadwood dyna-
mics form a diverse and constantly changing mosaic of habitats in boreal old-growth
forests. Ecological Indicators 128: 107813.

Martin M., Fenton N., Morin H. (2018) Structural diversity and dynamics of boreal old-
growth forests case study in Eastern Canada. Forest Ecology and Management 422:
125-136.

Mayer M., Prescott C.E., Abaker W.E.A., Augusto L., Cécillon L., Ferreira G.\W.D., JamesJ.,
JandlI R., Katzensteiner K., Laclau J.P., Laganiere J., Nouvellon Y., Paré D., Stanturf J.A,,
Vanguelova E.l., Vesterdal L. (2020) Influence of forest management activities on soil
organic carbon stocks: A knowledge synthesis. Forest Ecology and Management 466:
118127.

Molina-Valero J.A., Camarero J.J., Alvarez-Gonzélez J.G., Cerioni M., Hevia A., Sanchez-
Salguero R., Martin-Benito D., Pérez-Cruzado C. (2021) Mature forests hold
maximum live biomass stocks. Forest Ecology and Management 80: 118635.

MSI metodika / NFI methodology (2013) Nacionala meZa monitoringa 1.1. aktivitates “Meza
resursu monitorings” metodika. URL:

(skatits 3.01.2022.).

Mund M., Kummetz E., Hein M., Bauer G.A., Schulze E.D. (2002) Growth and carbon stocks
of a spruce forest chronosequence in central Europe. Forest Ecology and Manage-
ment 171(3): 275-296.

Nabuurs G.J., Lindner M., Verkerk P.J., Gunia K., Deda P., Michalak R., Grassi G. (2013) First
signs of carbon sink saturation in European forest biomass. Nature Climate Chan-
ge 3(9): 792-796.

Nigul K., Kangur A., Korjus H., Laarmann D., Sims A., Metslaiden M., Kiviste A. (2015). As-
sessment of tree diameter distributions for describing structural legacies in hemibo-
real forest in Estonia. In: Proceedings of the Biennial International Symposium Forest
and sustainable development, 24— 25 October, 2014, Brasov, Romania, p.57-62.

Nilsson S.G., Niklasson M., Hedin J., Aronsson G., Gutowski J.M., Linder P., Ljungberg H., Mi-
kusinski G., Ranius T. (2002) Densities of large living and dead trees in old-growth
temperate and boreal forests. Forest Ecology and Management 161(1-3): 189-204.

Nord-Larsen T., Vesterdal L., Bentsen N.S., Larsen J.B. (2019). Ecosystem carbon stocks and
their temporal resilience in a semi-natural beech-dominated forest. Forest Ecology
and Management 447: 67-76.

O’Brien L., Schuck A., Fraccaroli C., P6tzelsberger E., Winkel G., Lindner M. (2021) Protec-
ting old-growth forests in Europe — a review of scientific evidence to inform policy
implementation. Final report. European Forest Institute, 104 p.

70


https://doi.org/10.1016/j.foreco.2010.04.018
https://doi.org/10.1007/s10342-018-1158-4
https://doi.org/10.1016/j.ecolind.2021.107813
https://doi.org/10.1016/j.foreco.2018.04.007
https://doi.org/10.1016/j.foreco.2020.118127
https://doi.org/10.1016/j.foreco.2020.118635
http://www.silava.lv/userfiles/file/Nacionalais%20meza%20monitorings/Me%C5%BEa%20resursu%20monitoringa%20metodika%2026_04_2013.pdf
http://www.silava.lv/userfiles/file/Nacionalais%20meza%20monitorings/Me%C5%BEa%20resursu%20monitoringa%20metodika%2026_04_2013.pdf
http://www.silava.lv/userfiles/file/Nacionalais%20meza%20monitorings/Me%C5%BEa%20resursu%20monitoringa%20metodika%2026_04_2013.pdf
https://doi.org/10.1016/S0378-1127(01)00788-5
https://doi.org/10.1038/nclimate1853
https://doi.org/10.13140/2.1.1834.0641
https://doi.org/10.1016/j.foreco.2019.05.038
https://doi.org/10.36333/rs1

Oder V., Petritan A.M., Schellenberg J., Bergmeier E., Walentowski H. (2021) Patterns and
drivers of deadwood quantity and variation in mid-latitude decidous forests. Forest
Ecology and Management 487: 118977.

Palviainen M., Laurén A., Pumpanen J., Bergeron Y., Bond-Lamberty B., Larjavaara M., Kas-
hian D.M., Koster K., Prokushkin A., Chen HY.H., Seedre M., Wardle D.A., ..., Ber-
ninger F. (2020). Decadal-Scale Recovery of Carbon Stocks After Wildfires Throug-
hout the Boreal Forests. Global Biogeochemical Cycles 34(8): e2020GB006612.

Pregitzer K.S., Euskirchen E.S. (2004) Carbon cycling and storage in world forests: Bio-
me patterns related to forest age. Global Change Biology 10(12): 2052-2077.

Pukkala T. (2017) Does management improve the carbon balance of forestry? Forestry 90(1):
125-135.

R Core Team (2021) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL:

Ruel J.C., Gardiner B. (2019). Mortality patterns after different levels of harvesting
of old-growth boreal forests. Forest Ecology and Management 448: 346-354.

Sabatini F.M., Keeton W.S., Lindner M., Svoboda M., Verkerk P.J., Bauhus J., Bruelheide H.,
Burrascano S., Debaive N., Duarte I., Garbaeino M., Grigoriadis N., ..., Kuemmerle T.
(2020) Protection gaps and restoration opportunities for primary forests in Europe.
Diversity and Distributions 26(12): 1646—-1662.

Sandstrom F., Petersson H., Kruys N., Stahl G. (2007) Biomass conversion factors (density
and carbon concentration) by decay classes for dead wood of Pinus sylvestris, Pi-
cea abies and Betula spp. in boreal forests of Sweden. Forest Ecology and Manage-
ment 243(1): 19-27.

Seedre M., KopacdekJ., Janda P., Bace R., Svoboda M. (2015) Carbon pools in a mon-
tane old-growth Norway spruce ecosystem in Bohemian Forest: Effects of
stand age and elevation. Forest Ecology and Management 346: 106-113.

Seidl R., Honkaniemi J., Aakala T., Aleinikov A., Angelstam P., Bouchard M., Boulanger}.,
Burton P.J., Grandpré L.D., Gauthier S, ..., Senf C. (2020) Globally consistent climate
sensitivity of natural disturbances across boreal and temperate forest ecosystems.
Ecography 43(7): 967-978.

Senf C., Sebald J., Seidl R. (2021) Increasing canopy mortality affects the future demograp-
hic structure of Europe’s forests. One Earth 4: 1-7.

Stakénas V., Varnagiryté-Kabasinkiené I., Sirgedaité-Séiené V., ..., Zemaitis P. (2020) Dead
wood carbon densioty for the main tree species in the Lithuanian hemiboreal forest.
European Journal of Forest Research 139: 1045—-1055.

Sullivan M.J.P.,, LewisS.L., Affum-Baffoe K., Castilho C., Costa F., Sanchez A.C., Ewan-
go C.E.N., Hubau W., Marimon B., Monteagudo-Mendoza A., Qie L., ..., Phillips O.L.
(2020) Long-term thermal sensitivity of Earth’s tropical forests. Science 268: 6493.

Sénhofa S., Jaunslaviete I., Snepsts G., JansonsJ., Liepa L., Jansons A. (2020) Deadwood
characteristics in mature and old-growth birch stands and their implications for

carbon storage. Forests 11(5): 536.

71


https://doi.org/10.1016/j.foreco.2021.118977
https://doi.org/10.1029/2020GB006612
https://doi.org/10.1111/j.1365-2486.2004.00866.x
https://doi.org/10.1093/forestry/cpw043
https://www.R-project.org/
https://doi.org/10.1016/j.foreco.2019.06.029
https://doi.org/10.1111/ddi.13158
https://doi.org/10.1016/j.foreco.2007.01.081
https://doi.org/10.1111/ecog.04995
https://doi.org/10.1016/j.oneear.2021.04.008
https://doi.org/10.1007/s10342-020-01306-3
https://doi.org/10.1126/science.aaw7578
https://doi.org/10.3390/f11050536

Snepsts G. (2020) Priekslikumi Latvijas meZa resursu vértibas un apsaimnieko$anas efektivi-
tates paaugstinasanai ilgtermina un atbalsts meZsaimniecibas stratégiskas ietekmes
uz vidi novértéjumam. Parskats par Meza attistibas fonda atbalstito pétijumu. URL:

(skatits 12.02.2022.).

Taylor A.R., Seedre M., Brassard B.W., Chen H.Y. (2014) Decline in net ecosystem productivi-
ty following canopy transition to late-succession forests. Ecosystems 17(5): 778-791.

Thom D., Seidl E. (2016) Natural disturbance impacts on ecosystem services and biodiversity
in temperate and boreal forests. Biological Reviews of the Cambridge Philosophical
Society 91(3): 760-781.

Uri V., Kukumagi M., Aosaar J., Varik M., Becker H., Aun K., Ldhmus K., Soosaar K., Asto-
ver A., Uri M., Buht M., Sepaste A., Padari A. (2022). The dynamics of the carbon sto-
rage and fluxes in Scots pine (Pinus sylvestris) chronosequence. Science of the Total
Environment 817: 152973.

Uri V., Kukumagi M., Aosaar J., Varik M., Becker H., Aun K., Krasnova A., Morozov G., Os-
tonen |, Mander U., L&hmus K., Rosenvald K., Kriiska K., Soosaar K. (2019) The
carbon balance of a six-year-old Scots pine (Pinus sylvestris L.) ecosystem esti-
mated by different methods. Forest Ecology and Management 433: 248-262.

Uri V., Varik M., Aosaar J., Kanal A., Kukumagi M., Lohmus K. (2012) Biomass production and
carbon sequstration in a fertile silver birch (Betula pendula Roth) forest chronosequ-
ence. Forest Ecology and Management 267: 117-126.

Vilén T., Gunia K., Verkerk P.J., Seidl R., Schelhaas M.J., Lindner M., Bellassen V. (2012) Re-
constructed forest age structure in Europe 1950-2010. Forest Ecology and Manage-
ment 286: 203-218.

Vucetich J.A., Reed D.D., Breymeyer A., Degorski M., Mroz G.D., Solon J., Roo-Zielinska E.,
Noble R. (2000) Carbon pools and ecosystem properties along a latitudinal gradient
in northern Scots pine (Pinus sylvestris) forests. Forest Ecology and Management 136:
135-145.

Wei Y., Li M., Chen H., Lewis B.J., Yu D., Zhou L., Zhou W., Fang X., Zhao W., Dai L. (2013).
Variation in carbon storage and its distribution by stand age and forest type
in boreal and temperate forests in northeaster China. PLoS ONE 8(8): €72201.

Yatskov M., Harmon M.E., Krankina O.N. (2003) A chronosequence of wood decomposition
in the boreal forests of Russia. Canadian Journal of Forest Research 33: 1211-1226.

Yuan Z., Gazol A., Wang X, Lin F,, YeJ. Zhang Z. (2016) Pattern and dynamics of biomass

stock in old growth forests: The role of habitat and tree size. Acta Oecologica 75:
15-23.

72


http://www.silava.lv/userfiles/file/Projektu%20parskati/2020_Snepsts_MAF(1).pdf
https://doi.org/10.1111/brv.12193
https://doi.org/10.1016/j.scitotenv.2022.152973
https://doi.org/10.1016/j.foreco.2018.11.012
https://doi.org/10.1016/j.foreco.2011.11.033
https://doi.org/10.1016/j.foreco.2012.08.048
https://doi.org/10.1371/journal.pone.0072201
https://doi.org/10.1139/x03-033
https://doi.org/10.1016/j.actao.2016.06.007

forests

Article
Carbon Pools in a Hemiboreal Over-Mature Norway
Spruce Stands

Laura Kénina 1*, Didzis Elferts ">, Endijs Baders ! © and Aris Jansons !

1 Latvian State Forest Research Institute Silava, Rigas street 111, LV-2169 Salaspils, Latvia;
didzis.elferts@lu.lv (D.E.); endijs.baders@silava.lv (E.B.); aris.jansons@silava.lv (A.].)

2 Faculty of Biology, University of Latvia, Jelgavas street 1, LV~1004 Riga, Latvia

*  Correspondence: laura.kenina@silava.lv; Tel.: +371-26-172-965

check for
Received: 21 June 2018; Accepted: 19 July 2018; Published: 20 July 2018 updates

Abstract: Old unmanaged forests are commonly assumed to be carbon neutral; however, there is still
a lack of reference studies available to increase the recognition of carbon stock changes in these forests.
Studies of old forest carbon storage from hemiboreal regions are very rare compared to temperate
and boreal forests in Europe; therefore, the aim of this study was to quantify the carbon stock in
hemiboreal over-mature (167-213 years) Norway spruce (Picea abies (L.) Karst.) stands. To explore the
total ecosystem carbon pool, the carbon stock of tree biomass, deadwood, and soil in unmanaged
(for at least the last 40 years) spruce stands was calculated and compared between different forest site
types on dry, wet, and drained mineral soils. Total carbon stock of hemiboreal over-mature spruce
stands ranged from 164.8 Mg C ha™! to 386.7 Mg C ha™!, and 238.5 Mg C ha~! on average, with no
significant differences (p > 0.05) between the forest site types. The carbon stock of tree biomass was
significantly affected by the basal area of the upper tree layer (p < 0.0001) and the interaction between
the forest site type and proportion of spruce in the stand composition (p = 0.002). Tree biomass was
the dominant carbon pool, followed by soil and deadwood in over-mature spruce stands.

Keywords: carbon stock; Picea abies (L.) Karst.; old-growth forests; aboveground and belowground
biomass; soil organic carbon; deadwood

1. Introduction

Climate change has been increasingly recognised as one of the greatest environmental issues
and the international community is facing these challenges by implementing the United Nations
Framework Convention on Climate Change (UNFCCC), Kyoto Protocol, and Paris Agreement [1].
Boreal forests are one of the biggest terrestrial carbon pools on Earth [2,3], storing carbon in the
tree biomass and releasing it through decomposition, therefore playing a significant role in global
climate change mitigation [4,5]. With increasing interest to promote carbon sequestration in forests,
various new forest management practices are employed in managed even-aged stands [6-9] to meet
the climate change targets and to reduce the carbon dioxide emissions in land use, land use change,
and forestry (LULUCEF) sector [1,10]. However, there is still a lack of reference studies of unmanaged
over-mature forests [2].

Under unmanaged conditions, ageing forests slowly develop stand structures that are typical for
old-growth forests [11]. In these conditions, species and age composition as well as the occurrence
of natural disturbances play a key role in the formation of carbon stock and carbon fluxes [12-14].
Thus, only very limited review studies in old forests with a mixed-species, multi-cohort structure
under various past-management practices are available to understand the carbon stock changes [7,15].

Old unmanaged forests are commonly assumed to be carbon neutral due to the decline of
net primary productivity with increasing stand age [16,17]. However, some studies suggest that
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over-mature forests may serve as important carbon sinks [18,19]. Recent data of over-mature boreal
forests revealed that when managed forests are left unmanaged, they become weak carbon sinks due
to very low carbon accumulation in soil and living biomass [20].

Tree biomass comprised the largest carbon pool in forests along with soil organic matters [17,20].
Through the development of the stand, carbon is reallocated between the pools [12,21]; thus, it is
still challenging to estimate soil and litter carbon stocks [3,21]. The analysis of carbon in the tree
biomass shows that stands with older trees have lower carbon uptake rates, yet they have a large
carbon stock [18-20], giving just a partial understanding of the total ecosystem carbon. Moreover,
in the hemiboreal region, there are just a few studies of birch stands dealing with carbon stock
estimations [4,22], where boreal and temperate forest species form a large heterogeneity in forest
stands [23].

Hemiboreal forests, which occur in north and northeast Europe, are dominated by the mixture of
Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) with deciduous trees [24].
According to the national forest inventory, Norway spruce forests constitute 20% of the forest standing
volume in Latvia, also being one of the most economically important and intensively managed tree
species [25]. As sustainable forest management is considered the most efficient way to increase the
forest carbon stock [9,20], there is a growing need for reference data from unmanaged spruce stands.
Therefore, the aim of this study was to quantify hemiboreal old unmanaged Norway spruce forests
carbon stock in the main carbon pools: tree biomass, deadwood, and soil organic carbon.

2. Materials and Methods

2.1. Study Area

The study was conducted in the hemiboreal mixed ageing Norway spruce (Picea abies (L.) Karst.)
forests among various site types in Latvia between 56°14’ and 57°34' between 21°3’ and 27°17'.
The climate in Latvia is moderately cool and moist due to western winds, which bring cool and moist
air masses from the Baltic Sea and Atlantic Ocean. According to the data from the Latvian Environment,
Geology and Meteorology Centre, the mean annual temperature is +5 °C, ranging from around —5 °C
in January to +17 °C in July. The mean annual precipitation is 550-850 mm; about 500 mm falls during
the summer months. The vegetation period usually extends from late April to October.

Most common soil types in Latvia are podzols and gley soils [26]. In general, the forest site types
vary from oligotrophic to meso-eutrophic and eutrophic site types, with different water regimes and
species structures according to the Latvian forest ecosystem classification [26,27]. Forest site types used
in this study were: Hylocomniosa, Oxalidosa (dry forests; fertile minerals with a normal moisture regime),
Muyrtilloso-sphagnosa, Myrtilloso-polytrichosa (wet mineral soils), Myrtillosa mel. (drained mineral soils).
The forest types according to Buss [27] are mostly dominated by Norway spruce stands.

2.2. Sampling and Measurements

Prior to the fieldwork, the potential sample stands were randomly selected from protected forests
based on age limit (>160 years), dominance of Norway spruce (>50% from basal area), and location
(>5 km from villages and >1 km from roads). Selected stands were inspected in the field for conformity
of the dominated species occurrence. In the case of any signs of former logging (strip roads, stumps,
etc.), they were discarded.

In total, 26 over-mature spruce dominated stands between 167 years and 213 years were sampled
(Table 1). Altogether, 178 sample plots (68 sample plots in each stand) of 500 m? were systematically
established in these stands in 2016.



Forests 2018, 9, 435 30f10

Table 1. Characteristics of over-mature spruce stands of each forest site type. The forest site types
included dry (Hylocomniosa, Oxalidosa), wet (Myrtilloso-sphagnosa, Myrtilloso-polytrichosa), and drained
(Myrtillosa mel.) mineral soils.

Parameters + CI ! Dry Mineral Soil Wet Mineral Soil Drained Mineral Soil
Mean tree dbh 2, cm 412+42 3294438 31.1+55
Mean tree height, m 29.7+1.8 259+23 26.7+3.3
Mean stand basal area, m? ha~! 379+ 34 32.7 +£3.8 33.4+89
Mean basal area in upper tree layer, m? ha~! 299 +36 25.6+32 264 +72
Mean stand volume, m> ha™! 462.0 £ 66.5 357.4 + 51.4 389.4 + 1214
Site index, m 27 23 25
Mean stand age, years 181.1 £ 6.2 179 £11.5 185 +23.4
Number of sample plots 98 42 38

1 CI: 95% confidence interval; 2 dbh: diameter at breast height.

The diameter at the breast height (dbh) of all living trees >6.1 cm was measured. For all standing
dead trees >6.1 cm, the dbh and length of the snags were recorded. The tree height for three to five
living trees of each species and the layer of stand (upper tree layer, second tree layer) in each sample
plot was measured to estimate tree height [28]. The site index (the height at age 100 years) for spruce in
each of the forest site types was estimated [29]. The total (above- and belowground) tree biomass was
calculated using dbh and height with equations for the main tree species in Latvia developed by Liepins
et al. [30]. The carbon content of 50% was used for the tree biomass carbon stock estimation [5,31].
Lying deadwood with a diameter at the thicker end >14.1 cm was measured at both ends within the
area of the sample plot. The decay stages of lying and standing dead trees were set using a five-class
decay classification and ‘knife method’ (modified from Sandstrom et al. [32] and Koster et al. [33]).
The volume of the lying deadwood and dead trees with broken tops was calculated using a truncated
cone formula and converted to mass using the decay class-specific density. The values of the deadwood
basic density and carbon content for the main tree species (Norway spruce, Scots pine (Pinus sylvestris
L.), birch sp. (Betula pendula Roth. and Betula pubescens Ehrh.), European aspen (Populus tremula L.),
grey alder (Alnus incana (L.) Moench.), and black alder (Alnus glutinosa (L.) Gaertn.)) were applied
from recent studies in Estonia [33,34].

Soil samples (organic layer and four mineral soil layers 0-10 cm, 10-20 cm, 2040 cm, and 40-80 cm)
were taken from 16 stands at systematically located points outside the sample plots from the forests on
dry and wet mineral soils. Obtained samples were returned to the Forest Environment Laboratory at
the Latvian State Forest Research Institute Silava, where physical and chemical analyses were carried
out following the reference methods outlined in Part X of the International Co-operative Programme on
the Assessment and Monitoring of Air Pollution Effects on Forests Manual on Sampling and Analysis
of Soil [35]. The soil samples were prepared for analyses according to the LVS ISO 11646: 2005 standard.
In the soil samples, the following parameters were determined: bulk density (kg m~3) according to
LVSISO 11272:1998, total carbon content using elementary analysis (dry combustion) according to LVS
ISO 10694:2006, and carbonate content using the Eijkelkamp calcimeter according to ISO 10693:1995.
The organic carbon concentration (g kg™!) in the soil was calculated as the difference between the total
carbon content and the inorganic carbon content.

2.3. Data Analysis

The carbon stock of the tree biomass and deadwood was studied using a linear mixed-effects
model analysis as implemented in the program R 3.4.3 [36] library Ime4 [37]. The predictor
variables (forest site type, basal area of upper tree layer, proportion of spruce in stand composition,
and interactions between forest site type and each of the factors) in the model were treated as fixed
effects. The stand was treated as a random effect to account for possible correlation between plots
of one stand. Linear mixed-effects models were used also to test the effect of forest site types on
stand parameters. Pairwise comparison of estimated marginal means, as implemented in the library
emmeans [38], was used as PostHoc test. To test the effect of the predictor variable on soil carbon,
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separate analysis of variance (ANOVA) or linear regression models were performed for each predictor,
as there was only one sample per stand.

3. Results

3.1. Tree Biomass Carbon Stock

The carbon in the stems accounted for 59% of carbon stock in the tree biomass, followed by
carbon stock in the roots (belowground biomass) and branches. The mean carbon stock in the
tree biomass was not significantly (F,162.50 = 1.87, p > 0.05) different between the forest site types:
149.2 + 18.9 Mg C ha~! in forests on dry mineral soils, 125.2 4 14.0 Mg C ha~! in forests on wet soils,
and 130.9 & 38.1 Mg C ha~! in forests on drained mineral soil (Figure 1).

= I30 m Belowground
= 160 + m Branches
o140 4+ Stem
[=1¥]
= 120 + I
—*‘8 100 +
% 80
g 60+
-
g 40 +
[#]
g 20 +
= 0
Wet mineral soils  Drained mineral  Dry mineral soils
soils
Forest site type

Figure 1. Mean carbon stock of tree biomass components (£95% confidence interval of mean total tree
biomass carbon stock) between the forest site types.

Despite the similar carbon stock of the tree biomass, there were differences in tree species
composition and stand parameters between the forest site types. The mean proportion of spruce in
stand composition (69%) was similar between the forest site types (Fz,164.16 = 0.09, p > 0.05). Scots pine
had the second-largest mean proportion in stand composition after spruce, both in forests on dry
(36%) and drained (25%) mineral soils. The second most represented species on wet mineral soils
was birch (25%). Birch and Scots pine were common tree species, occurring in 43% of the studied
stands. Along with the tree species composition, differences in stand parameters of the upper tree layer
affected the carbon distribution of the tree biomass between forest site types. There were no significant
differences (p > 0.05) of spruce parameters in the upper layer between the forests on wet (mean tree dbh
of 30.4 cm, tree height of 25.0 m, density of 231 trees ha~1, and volume of 208.5 m3 ha~1) and drained
(mean tree dbh of 29.2 cm, tree height of 25.2 m, density of 270 trees ha~1, and volume of 238.3 m® ha~1)
mineral soils. The upper layer spruces in forests on dry mineral soils had significantly higher mean tree
dbh (Fp,165.32 = 26.13, p < 0.0001; 36.7 cm), tree height (F»,159.83 = 30.95, p < 0.0001; 28.3 m), and volume
(F2,149.80 = 8.71, p < 0.0001; 264.7 m? ha™1), but significantly lower density (F 15617 = 35.72, p < 0.0001;
175 trees ha™1).

The carbon stock in the tree biomass was significantly affected by the basal area (positively,
F1,156.15 = 1253.16, p < 0.0001) and by the interaction between forest site type and proportion of spruce
in the stand composition (F; 15368 = 6.37, p = 0.002) (Figure 2). In forests on drained mineral soils,
the carbon stock of the tree biomass significantly decreased with the increasing proportion of spruce
in the stand composition; the opposite trend was observed in forests on dry and wet mineral soils.
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Thus, the basal area (m? ha~1) of spruces in the upper tree layer were similar (Fy,149.30 = 0.04, p > 0.05)
between the forest site types because, in forests on dry mineral soils, a few large spruces (40-60 cm in
dbh) comprised a great share of the total basal area. The basal area in the upper tree layer ranged from
3.8 to 55.5 m? ha~!; the spruces made up the largest share (68%).
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Figure 2. Influence of proportion of spruce in the stand composition on tree biomass (above- and
belowground biomass) carbon stock (£95% confidence interval (grey area)) in different forest site types.

3.2. Deadwood Carbon Stock

The mean carbon stock of deadwood was 11.8 + 2.3 Mg C ha~! (ranging between 0.1 Mg C ha™!
and 71 Mg C ha™') in forests on dry mineral soils. Spruce trees (mean dbh 24.2 cm) formed the
largest proportion of deadwood carbon stock (8.2 Mg C ha™1), followed by pines (mean dbh 29.6 cm;
1.0 Mg C ha™!) and different broadleaved tree species (mean dbh 16.4 cm; 2.4 Mg C ha™!) in forests on
dry mineral soils. In the forests on wet mineral soils, the mean deadwood carbon stock ranged between
1.4 Mg C ha! and 30.8 Mg C ha~! with a mean of 11.8 4 2.2 Mg C ha~!. The largest deadwood
carbon stock in forests on wet mineral soils consisted of spruces (mean dbh 21.3 cm; 8.2 Mg C ha™),
followed by birches (mean dbh 26.7 cm; 1.4 Mg C ha’l). In forests on wet mineral soils, birch
(14MgC ha~1) and black alder deadwood carbon stocks were significantly higher (F;17300 = 5.03,
p <0.008) compared to both other forest site types. The smallest mean carbon stock of deadwood was in
forests on drained mineral soils (10.6 + 2.2 Mg C ha~!, ranging from 0.8 Mg C ha~! to 30.7 Mg C ha™1).
No significant differences (Fy 078 = 0.78, p > 0.05) in the total deadwood carbon stock were found
between the forest site types due to the high variation of the studied stands (Figure 3).
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Figure 3. The tree biomass and deadwood carbon stocks of sample plots in different forest site types.
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The downed logs contained, on average, 63% of the total carbon stored in the deadwood.
The largest share of deadwood carbon stock accounted for 12.2% of the aboveground biomass carbon
in forests on wet mineral soils, followed by forests on drained (10.3%) and dry (10.0%) mineral soils.
The carbon stock in the deadwood was not significantly linked to any of the stand variables included
in the analysis.

3.3. Soil Carbon

The carbon stored in the mineral soil (0-80 cm) of the studied stands ranged from 29.5 Mg C ha~!
to 214.3 Mg C ha~! with an average carbon stock of 85.6 + 26.1 Mg C ha~! and did not differ
(F1,15 = 0.004, p > 0.05) between forests on dry and wet mineral soils. The soil organic carbon content
decreased with depths from 57 g kg ™! (0~10 cm) to 30 g kg ™! (40-80 cm). The mean carbon stock in the
upper 0-10 cm layer ranged from 1.5 Mg C ha™! to 60.1 Mg C ha~!. However, in the 40-80 cm layer,
it ranged from 1.5 Mg C ha~! to 32.7 Mg C ha~! in sampled stands. The mean soil organic carbon
stock decreased with increasing depth and greatly varied between the observed depth intervals.

3.4. Total Carbon Stock in Over-Mature Spruce Forests

The total carbon stock (including the carbon stored both in live and dead trees and soil) in
over-mature forests on dry mineral soils varied from 164.8 Mg C ha~! to 386.6 Mg C ha~! (Table 2).
Less variation of the total carbon stock was found in forests on wet (205.9-245.6 Mg C ha~1) and drained
(188.3-259.8 Mg C ha~!) mineral soils. The mean total carbon stock was 249.3 + 31.8 Mg C ha~!
in forests on dry mineral soils, 2251 + 11.4 Mg C ha=! in forests on wet mineral soils,
and 227.0 + 39.8 Mg C ha~! in forests on drained mineral soils. No significant differences of the
total carbon stock in over-mature spruce stands in the assessed forest site types were observed
(F2,25 =0.92, p> 0.05).

Table 2. Mean carbon stock (Mg C ha~—?) of live, dead trees and soil in over-mature spruce forests
between the different forest site types.

Carbon Pools 4 CI ! Dry Mineral Soil Wet Mineral Soil Drained Mineral Soil
Aboveground tree biomass 116.8 £ 15.4 96.8 £ 11.5 102.4 £ 30.3
Belowground tree biomass 323+3.6 284 +2.6 285+79

Total tree biomass carbon stock 149.2 + 189 1252 +14.0 130.9 £+ 38.1
Lying deadwood 379+ 34 32.7+3.8 33.4+89
Standing snags 299 +3.6 25.6 3.2 264 +£72
Total deadwood carbon stock 11.8 +2.3 11.8+22 10.6 + 2.2

Soil carbon stock 88.4+238 88.0 £ 124 85.6 £26.1*

Total carbon stock 249.3 +31.8 2251+ 114 227.0 +39.8

1 CI: 95% confidence interval; * mean soil carbon stock was used.

4. Discussion

Latitudinal gradient is linked to nutrient cycling and soil richness, therefore, causing differences
in carbon stock between the pools in forest ecosystem [39]. At present, the proportion of old-growth
forest is very low [40]; therefore, many carbon stock studies have been conducted in young-to-mature
managed temporal and boreal forests (e.g., [41-43]. However, few studies are available regarding
the hemiboreal zone [4,22,23], which is the transition zone with diverse species and stand structures.
Moreover, to our knowledge, there are no studies dealing with carbon stock estimations in over-mature
spruce hemiboreal forests. Our study quantified the carbon stock of over-mature Norway spruce
stands tree biomass, deadwood and soil, covering different forest site types in Latvia.

The tree biomass (above- and belowground) was the dominant carbon pool in over-mature spruce
forests, ranging greatly between the stands from 41% to 74% of total carbon stock. This corresponds
with the results found in other old-growth forest studies [2,17]. The mean carbon stock of the tree
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biomass in hemiboreal over-mature spruce stands, 139.2 Mg C ha~!, was somewhat more than
reported from mixed old-growth (140-170 years) spruce stands (Vaccinium-Myrtillus type) in eastern
Finland (106.3 Mg C ha~!) [2]. However, studies of old-growth spruce forests in central Europe found
even more carbon stored in the tree biomass. In northeast Bavaria, Germany, 142-year-old spruce
forests contained 162.5 Mg C ha~! [44] and spruce stands (116-145 years) in the Bohemian Forest,
Czech Republic, contained 150 Mg C ha~! to 227 Mg C ha™?, respectively [17].

The tree biomass carbon stock was not significantly different between the forest site types,
although forests on dry mineral soils had, on average, 16% more carbon stored in the tree biomass
compared to both other forest site types (Figure 1). Nevertheless, the decline in productivity during
the stand ageing process aligned the differences of the tree biomass carbon stock between older trees
in different growing conditions [43], revealing that the studied over-mature spruce stands had reached
their biomass storage capacity [17].

The spruce upper layer tree parameters affected the carbon stock of the tree biomass between the
forest site types. Although the tree species composition in stands may be a result of random natural
processes, the variation of the present species structure and stand parameters between the studied
forest site types could be associated with the fertility of the site type [15,45,46] and the successional
stage (tree mortality) of each stand [40,47]. Gap dynamics were assumed to be the main natural
disturbance regime in studied over-mature spruce stands [48]. However, Norway spruce is highly
susceptible to insects, pathogens and wind, as well as interaction among those factors, reducing the
life span of the trees and dominance of particular generation of spruces in a specific stand [49]. Data of
the Latvian State forest service revealed that more than 25% of established Norway spruce stands
do not reach mature age (80 years). Other studies have suggested increasing (high) susceptibility of
ageing spruce stands to stand-replacing disturbances [48]. Most likely, this is the main reason we were
not able to find older Norway spruce stands than the ones included in the study, deliberately selected
for Norway spruce dominance. Therefore, we assume that the studied over-mature spruce stands
represent the maximum carbon storage capacity and can be used as a reference for comparison with
managed stands. However, further studies shall be conducted to evaluate the carbon storage dynamics
in theses stands as the dominant age class and/or tree species are changing due to natural disturbances,
as part of the decaying old trees is captured and kept in the soil [50].

Deadwood is a functionally and ecologically important component of old forest ecosystems,
affecting the total carbon storage [40,51]. The deadwood carbon stock was not significantly different
between forest site types, which varied greatly between 0.1 Mg C ha~! and 71.1 Mg C ha~!.
Large differences in the amount of deadwood carbon stock occurred in the over-mature spruce stands
even within the forest site type, revealing that the distribution of living trees and tree mortality within
stands were the main factors explaining the variation in carbon stock [6,47]. The mean deadwood
carbon stock in our sites was not very high, 11.5 Mg C ha™!, but it coincides with those of other
studies [2,17]. A very high mean deadwood carbon stock (49.0 Mg C ha~1) was reported from northern
Germany in old-growth (>200-year-old) spruce forests [42]. However, when comparing the mean
proportion of the deadwood carbon stock of aboveground biomass in our study (10-12%) with results
from northern Germany [42], Czech Republic [17], and Finland [2], comparable (12-15%) values were
obtained. Although, we did not quantify dead roots (up to 3 Mg C ha—1; [17]), the largest share (63%)
of deadwood carbon comprised lying deadwood.

The soil carbon plays an important role in carbon cycling as it has a potential to be stored for a
long time [50]; however, the quantitative estimates of soil stock in forest ecosystems for many regions
are scare [15]. Contrary to the results of studies by Klein et al. [43], and Pukkala [20], in the current
study, the soil organic carbon stock was smaller than the tree biomass carbon, at about 85 Mg C ha~.
Thus, our results supported the evidence that the mean soil organic carbon stock decreased with
increasing depth [52]. Nearly 30% of the soil organic carbon was concentrated in the soil surface
(0-10 cm), which is more affected by different natural processes [52], although, due to the limited
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sample size, further analyses of the high variability of the soil organic carbon stock between the soil
layers and forest site types were not possible.

The total carbon stock size of over-mature hemiboreal spruce stands was synthesised from forests
where all three major carbon pools (tree biomass, deadwood, and soil) were directly measured (Table 2).
By studying all major carbon pools in over-mature spruce forests, we determined that the total carbon
stock was not different between the stand age of 167-213 years, which was in line with a previous
study [17].

5. Conclusions

Some significant differences were observed in tree and deadwood carbon pools due to variations in
stand structure (species composition and stand parameters) between the stands. Our results indicated
that the total carbon stock in over-mature spruce stands between the forest site types was statistically
insignificant. Overall, the carbon pools (above- and belowground biomass, deadwood, and soil) of
over-mature unmanaged Norway spruce stands presented in our study may serve as a reference for
further forest carbon studies in hemiboreal regions.
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Abstract: Old-growth forests are widely recognised for the benefits they provide for biodiversity;
however, a more comprehensive understanding of their role in climate change mitigation must still
be established to find the optimal balance between different forest ecosystem services at a national or
regional scale. Very few studies have assessed carbon pools in old-growth Scots pine (Pinus sylvestris
L.)-dominated boreal forests, and none have been conducted in hemiboreal forests. Therefore,
we assessed the carbon storage of the living tree biomass, deadwood, forest floor (soil organic
horizon, including all litter and decomposed wood), and mineral soil in 25 hemiboreal old-growth
(163-218 years) unmanaged Scots pine stands in Latvia. The studied stands were without known
records of any major natural or human-made disturbance in the visible past. Our results show, that
the total ecosystem carbon pool (excluding ground vegetation) was 291.2 + 54.2 Mg C ha™!, which was
primarily composed of living tree biomass (59%), followed by mineral soil (31%), deadwood (5%),
and the forest floor (5%). Within the studied stand age group, the total carbon pool remained stable;
however, interchanges among the carbon pools, i.e., living biomass and laying deadwood, did occur.

Keywords: Pinus sylvestris; deadwood; above- and below-ground tree biomass; forest floor; mineral
soil; semi-natural forest; over-mature forest

1. Introduction

Carbon sequestration and storage is one of the essential ecosystem services provided by forests,
which has great potential to mitigate climate change [1,2]. Boreal forests store approximately one-third of
global terrestrial carbon and therefore are highly important in this context [3]. The carbon sequestration
in forests is affected by climate [4], soil [5], and natural disturbance [6], along with forest stand
characteristics, such as tree species composition [7], age [8,9], and silviculture practices [10-13].

The total ecosystem carbon (TEC) is stored in different pools (above- and below-ground tree
biomass, deadwood, forest floor, and soil), and the dynamics of these pools depend on forest
development stage [14]. Generally, the TEC pool increases with stand age and is closely related to site
productivity [4,5]. Dynamics of TEC pools can be abruptly altered following stand-replacing natural or
human-made disturbances. Following windthrow or fire events, a large proportion of live tree biomass
is turned into deadwood, while following clear-cut, a large proportion of live biomass is removed from
the site [15,16].

The old-growth forests are important from ecosystem functioning and biodiversity aspects [17].
The long and intensive exploitation of European forests has heavily shaped the distribution, structure,
and composition of these ecosystems. In Europe, old-growth forests with natural structures are rare,
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mainly preserved in distant areas, where forest management operations have been unprofitable due to
challenging terrain or low productivity [17,18].

Globally, old-growth boreal and temperate forests serve as a major carbon sink [4]. In some
specific conditions for a certain period, old-growth forests might become carbon neutral [19] or even
a carbon source, when net carbon balance becomes negative [20]. In Europe, several studies have
investigated ecosystem carbon pools in stands dominated by old-growth Norway spruce (Picea abies
(L.) Karst.) [14,16,21,22]. These studies show that live tree biomass and soil are the largest carbon
pools [14,16,21,22]. Among these studies, the lowest TEC (175 Mg ha’l) was estimated in old-growth
boreal forests [16], the highest TEC (> 400 Mg ha~') in Central European forests [14,22], and moderate
estimates (240 Mg C ha™!) in hemiboreal forests [21], implying that TEC pools change according to
latitudinal position. Similar observations are reported from southern boreal forests in Canada, where
depending on site productivity the TEC pools ranged from 120 to 725 Mg C ha~! [23]. The soil organic
carbon (SOC) pool in old-growth forests can increase over time [24] or remain rather stable [14,22],
which likely depends on soil and climate conditions, as well as on forest stand characteristics.
The deadwood carbon pool in old-growth forests is related to tree morality rates, and generally
increases with stand age [22]. Forest floor carbon pools are usually one the of the smallest TEC pools,
closely related to site productivity and decomposition rates [14,16,22].

The dominant tree species is a significant factor influencing TEC dynamics [25]. Scots pine
(Pinus sylvestris L.) is a long-living common tree species in Northern Europe [26]. Yet, knowledge of
TEC pools in old-growth Scots pine stands is scarce, as the majority of studies have assessed TEC in
old-growth Norway spruce stands [14,16,21,22]. Therefore, the aim of our study was to assess the main
carbon pools (living tree biomass, deadwood, forest floor, and mineral soil) in hemiboreal old-growth
(>160 years) Scots pine forests in Latvia. Gained insight into the TEC of old-growth forests could be
used to develop balanced management strategies for protected forests as well as to maximise climate
change mitigation through adaptive forest management strategies [1,27,28].

Studies have shown that in old-growth Norway spruce-dominated stands, the total carbon pool
remained stable between stand ages of 116 to 145 years [22]. Considering the low annual growth
rates of Scots pine trees older than 100 years [29] and the absence of evidence of recent natural or
human-made disturbances in studied stands, we hypothesised that the TEC pool of old growth Scots
pine forests would not change in stands aged between 163 and 218 years.

2. Materials and Methods

2.1. Study Area

Latvia is located in the hemiboreal region within a moderately cool and moist climate [26].
According to data from the Latvian Environment, Geology and Meteorology Centre, the mean annual
temperature is +5 °C, ranging from around -5 °C in January to +17 °C in July. The mean annual
precipitation is 550-850 mm; about 500 mm falls during the growing season (April to October).
According to the National Forest Inventory data, Scots pine is the second-most common tree species
in Latvia, occurring in 874,000 ha or 26% of the total forest area. The largest proportion of Scots
pine grows on sandy (19%) or sandy loam (37%) soils. The sampling plots were established in the
Hylocomniosa forest site type, which is characterised by medium-rich sandy loam soils with a normal
moisture regime [30]. In this forest site type, 36% of the area is occupied by pine-dominated forests.
In Latvia, the majority (85%) of the forests older than 120 years are dominated by Scots pine.

2.2. Fieldwork

The methodology used for the fieldwork and the data analysis is the same as was published
in 2018 by Keénina et al. [21], where old-growth Norway spruce stands were analysed. In total, 25
stands were stratified from the set of potential areas using the following criteria: age > 160 years,
dominance of Scots pine (> 50% out of the basal area), location (> 5 km from villages and > 1 km from
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roads), and no documented information or field observations indicating past management activities
(e.g., stumps), and growing in mesotrophic soil conditions (Hylocomniosa forest type) in protected areas
in Latvia (Figure 1). The mean stand age (+ 95% confidence interval) in our study was 179 + 7 years,
ranging between 163 and 218 years.
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Figure 1. Location of the sampled old-growth Scots pine-dominated stands in the territory of Latvia.

Six to eight circular sampling plots of 500 m? (143 sample plots in total) were placed systematically
in each stand. In these sampling plots, the tree species and diameter at breast height (DBH) were
recorded for all the living and standing dead trees of DBH > 6.1 cm and for lying deadwood of DBH
> 14.1 cm. In the centre of the large sampling plots (500 m?), smaller subplots (25 m?) were placed,
where living trees of DBH 2.1 to 6.0 cm and laying deadwood of DBH 6.1 to 14.0 cm were recorded.

The tree height was measured for three to five living trees of each species in each canopy layer
and for all snags (dead trees with broken tops). For lying deadwood sections within the sample plot,
we recorded the tree species (if possible), stage of decay in five classes [31], diameter at both ends,
and length.

Soil samples were taken outside the large sampling plot (500 m?) at random location points,
at least 2 m from large trees. At each stand, soil samples were taken from 3 points. In total, 18 stands
were sampled. From the stands, which were located nearby, only a single stand was sampled. At each
point, the forest floor (soil organic horizon, including all litter and decomposed wood) [12,15] and
mineral soil samples were taken. At each place, a profile pit (60 cm x 120 cm x 90 cm) was created,
where mineral soil samples at fixed depths (0-10 cm; 10-20 cm; 20-40 cm, and 40-80 cm) were taken
using a metal cylinder (100 cm?). A single soil sample was taken per each fixed depth. Physical and
chemical analyses of the obtained samples (e.g., bulk density, total carbon content, and carbonate
content) were conducted in the Forest Environment Laboratory at the Latvian State Forest Research
Institute ‘Silava’, following the reference method by Fleck et al. [32].

2.3. Data Analysis

The height of living and standing dead trees was calculated using Naslund’s and Gaffrey’s
models [33]. The volume of living trees and standing dead trees with the tops was calculated according
to Liepa [34], using the measured tree height and DBH values with the respective coefficients for the
tree species as follows:
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v=1p x LdPsLTe 6

where v is the stem volume (m?®); L denotes stem length (m); d indicates tree diameter at breast height
(DBH; cm); Ig denotes the logarithm of base 10; and ¢, «, §, and ¢ are the coefficients for tree species.
The coefficients for the Scots pine are the following: ¥ is 1.6541 x 104, o is 0.56582, B is 0.25924, and ¢
is 1.59689.

Snags and lying deadwood were calculated according to the formula for a cylinder. The living
tree biomass (above- and below-ground) was estimated from the DBH and tree height for individual
trees based on the local biomass equation [35]. The living tree biomass carbon pool was calculated
using the living tree biomass values multiplied by the carbon content of 50% [36,37].

The deadwood carbon pool was calculated based on deadwood volume estimations, decay
class-specific density, and carbon content for the main tree species in hemiboreal forests [31]. The mineral
soil carbon/forest floor carbon was obtained by multiplying the organic carbon concentration (the
difference between the total carbon content and inorganic carbon content) with the soil mass in the
respective layers/mass of the forest floor [22,38].

Relationships between the living tree biomass and deadwood carbon pools were analysed using a
linear mixed-effects (LME) model as implemented in R (3.5.0 library Ime4) [39]. The total deadwood
carbon and the lying deadwood carbon data were log transformed to meet assumptions of variance
homogeneity and normality. The stand was treated as a random effect to account for the possible
correlation between the plots of one stand.

3. Results

3.1. Volume

The mean standing volume of old-growth pine stands was 570.9 + 22.2 m® ha™! (ranging from
241.0 to 837.5 m® ha™!), and the mean basal area was 45.3 + 1.6 m? ha™!. The height of the upper tree
layer ranged from 23.9 to 34.8 m, with a mean value of 31.1 + 0.4 m.

The tree DBH of the upper and second tree layers also had a considerable range with a mean of
48.0 + 1.2 cm and 18.1 + 0.6 cm, respectively. The mean stand density in the upper tree layer was
268 + 15 ha™!, of which 140 + 11 ha™! were pines. In the second tree layer, the mean stand density was
1084 + 153 ha™!; it was dominated by Norway spruce (630 = 96 ha™! on average) (Figure 2).
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Figure 2. (A) The mean tree diameter at breast height (DBH) and (B) stand density versus stand age in
the upper and second tree layers in old-growth Scots pine-dominated sampling plots (1 = 143).
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The mean stock of deadwood was 98.4 + 14.4 m® ha™! (ranging from 0 to 483.2 m® ha™!) comprising
443 +10.9m3 ha! lying dead logs, 42.7 + 6.8 m®ha™! standing dead trees, and 11.5 +2.7 m3 ha! snags.

3.2. Carbon Pools

The TEC pool was 291.2 + 54.2 Mg C ha™!, representing the sum of mean values for carbon pools
of living tree biomass, deadwood, forest floor, and mineral soil pools delivered from the data obtained
in this study, except ground vegetation, which was not addressed in this study (Table 1). Neither the
carbon pool of living tree biomass nor deadwood was significantly related to the stand age, according
to the LME model.

Table 1. Carbon pool size (Mg C ha™!) + 95% confidence interval (CI) with the percentage of the pool
from the total ecosystem carbon.

Carbon Pool Mean + CI %
Above-ground tree biomass 135.8 +4.9 47
Below-ground tree biomass 354+1.2 12
Living tree biomass (1 = 143) 1712+ 6.1 59

Lying deadwood 59+15 2
Standing dead trees 71+12 2

Snags 1.8+04 1

Total deadwood (1 = 143) 148 £2.1 5

Forest floor (n = 18) 152+7.1 5
Mineral soil (0-80 cm; 1 = 18) 90.0 + 38.9 31
Total ecosystem carbon! 291.2 +54.2 100

! Except ground vegetation.

The mean carbon pool of living tree biomass was 171.2 + 6.1 Mg C ha™!, 64% of which was found
in the stem biomass. The carbon pool in the above-ground biomass varied between 57.6 Mg C ha™!
and 196.4 Mg C ha~!. The share of the below-ground biomass carbon pool in the living tree biomass
varied between 19% and 23%, with a mean of 21% =+ 0.1%.

The total deadwood carbon pool was highly variable among the sample plots, ranging from
0.5Mg C ha™! to 74.6 Mg C ha™! (mean 14.8 + 2.1 Mg C ha™!); deadwood was absent in four sample
plots. The results show no relationship between carbon pools of living tree biomass and the total
deadwood (slope = —0.003, t-value = —244, p = 0.151) using the LME model. The total carbon pools
of living tree biomass were significantly negatively related to the total lying deadwood carbon pool
(slope = —0.007, t-value = —3.279, p = 0.001; Figure 3).

Overall, the share of the carbon pool from the total deadwood carbon pool was higher in
the standing dead trees than in the lying deadwood, approximately 48.0% vs. 40.0%, respectively.
The smallest mean carbon pool of deadwood was in snags (1.8 + 0.4 Mg C ha™).

Both forest floor and mineral soil (0-80 cm) carbon pool variability was high. The mean values
were 15.2 + 7.1 Mg C ha! and 90.0 + 38.9 Mg C ha™?, respectively. The carbon pool of mineral soil
(0-80 cm) ranged from 33.8 Mg C ha™! to 301.5 Mg C ha~! with 15.2 + 6.7 Mg C ha™! in the upper
0-10 cm layer and 42.3 + 38.3 Mg C ha™! in the 40-80 cm layer. The mean bulk density in the upper
0-10 cm layer was 963 kg m3 (ranging from 63 to 1481 kg m3), in the 10-20 cm layer 1143 kg m3
(ranging from 63 to 1657 kg m?3), in the 2040 cm layer 1295 kg m3 (ranging from 81 to 2061 kg m?3),
and in the 40-80 cm layer 1485 kg m? (ranging from 865 to 2486 kg m?).
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Figure 3. Changes in the lying deadwood carbon stock with the increasing carbon stock of the living
tree biomass in the sampled old-growth pine stands + 95% confidence interval (n = 143).

Almost 60% of the total ecosystem carbon in old-growth pine stands was found in the living tree
biomass, which represented the largest forest carbon pool. Mineral soil was the second-largest carbon
pool, comprising up to 31% of the total ecosystem carbon. Both the forest floor and deadwood were
marginal carbon pools. Comparing stands within the studied stand age group (163218 years) did not
show any notable trend of changes in the size of forest carbon pools with ageing.

4. Discussion

Forest carbon pools generally vary with stand age [8,40,41]; however, in our study, we focused on
the old-growth stands, specifically assessing the age range of 163-218 years. Our results showed that
the forest carbon pools did not change significantly over the analysed period. Similar observations
were reported by Seedre et al. [22] for a montane old-growth Norway spruce stand (116-145 years) in
the Bohemian Forest in the Czech Republic. In our study, the lack of significant changes in the TEC
pool, over the analysed stand age range, implies that these forests might be carbon neutral or even
sources [22]. In old-growth forests, the net ecosystem productivity (NEP) is low due to the slow increase
of living biomass [20], and combined with a rather large amount of decomposing deadwood [22] can
lead to negative NEP. Yet, a carbon exchange study is needed to precisely assess the NEP balance in
these sites.

Our results suggest, that old-growth Scots pine-dominated forests are important carbon stores
with a mean of 291 + 54.2 Mg C ha™!. Slightly lower TEC values have been obtained in old-growth
hemiboreal Norway spruce stands (range of 225 to 249 Mg C ha™!) [21]. Overall, TEC pools in
old-growth hemiboreal forests are considerably larger than in old-growth boreal forests [16]. In our
study, similar to other studies [16,21,22], the largest carbon pool was the living tree biomass. Our
results showed that in older stands there were fewer but larger individual trees (Figure 2). Hence,
in older stands the importance of individual tree contributions to TEC increases, and in the case of
dieback of a few trees, the proportion between different carbon pools can be considerably altered.

The forest floor and deadwood were the two smallest carbon pools (each 5% of TEC). In our
study, the estimated mean forest floor carbon pool (15.2 + 7.1 Mg C ha™!) was considerably lower
than the estimated forest carbon pool in Scots pine-dominated forests (82-132 years) in Estonia (mean
80 Mg ha™!, ranging from 5-120 Mg ha™') [42]. The huge variation of forest floor carbon pools in
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pine-dominated hemiboreal forests is likely driven by a large variation in litter production [22] and site
ecological conditions [42].

In our study, the deadwood carbon pool was highly variable, with a mean of 14.8 + 2.1 Mg C ha™1.
The mean deadwood carbon pool values corresponded well with the results (approximately
17 Mg C ha™!) from old-growth boreal forests in northwest Russia [43], but considerably higher
values were observed in over-mature Norway spruce stands in Central Europe (approximately
49 Mg C ha™!) [14]. The basis for deadwood formation is stand yield and density, which most likely
explains observed differences with Central European forests [13,40]. In our study, the lying deadwood
carbon pool slightly (p = 0.04) decreased with an increasing living tree biomass carbon pool (Figure 3).
We assume that a higher volume of long-lasting deadwood likely hinders the tree regeneration and
growth. Studies show that dead standing Scots pine trees, in particular, can stand for several decades
following their death [44,45], leaving a long-lasting effect on microsite conditions.

In our study, widely ranging SOC pools (34-302 Mg C ha~!) were similar to other observations,
which concluded, that these pools are highly variable, particularly within the boreal zone [40,46].
Studies show that soil organic carbon depends not only on climate conditions but also on the soil
texture (physical and chemical properties), the time since the last disturbance (human-made/natural),
the parent material, and the vegetation [5,47,48].

The assessed values of carbon pools in our study potentially represent the upper limit of carbon
pools characterising undisturbed hemiboreal old-growth Scots pine stands (i.e., the situation where
most of the dominated cohorts in the stand are old Scots pines). Studies show that Scots pines can
reach a notably older age than those of our study, and such old stands are usually associated with
slow growth determined by poor soil conditions (e.g., bogs) or harsh climatic conditions (e.g., northern
boreal forests). Thus, the total biomass most likely is lower than that of our study. Succession in
boreal forests, changing the dominant cohort of trees (old-growth to younger), can be a lengthy process
associated with lower standing biomass [49]. Although living biomass might decline in old-growth
forests, carbon accumulation continues in soil and deadwood pools [24,50].

5. Conclusions

In hemiboreal old-growth Scots pine stands on mesotrophic soils, the living tree biomass and
mineral soil were estimated to be the main carbon pools, which, however, appeared unaffected by age
(within the age range of 163-218 years). The carbon pool values in our study potentially represent the
upper limit of carbon pools in undisturbed hemiboreal old-growth Scots pine stands, which can be
used in carbon modelling and long-term silviculture management planning. Considering the large
local/regional variance in different carbon pools (deadwood, forest floor and soil) in old-growth pine
forests, more research is needed to assess the effect of ecological local/regional factors that control the
carbon sequestration.
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Carbon sequestration is crucial to mitigate climate changes, therefore it is important to have accurate estimates of carbon pools in the
forest. So far, data on carbon pools in old-growth forests are very scarce, therefore aim of the study was to assess the carbon pools in
old-growth Scots pine stands on organic soil and carbon concentration in deadwood of different decay classes in Latvia. Carbon content
in deadwood was test in samples, collected in 26 randomly selected over mature, unmanaged stands across Latvia (five samples per
decay class and tree species). Carbon pools were assessed in 38 sample plots (size 500 m?) in five Scots pine stands on wet organic
soil (Caricoso- phragmitosa forest type) at the age of 167 to 203 years. Mean carbon concentration in deadwood across all species and
decay classes was 46.6£1.57%. For aspen it did not change with progressing decay was found, but increase was observed for Scots
pine, Norway spruce and birch. For these species difference in concentration between first three (more fresh) and last two decay classes
(mean 45.9£0.9% and 49.9+1.6%, respectively) was statistically significant. Old-growth Scots pine stands on peat soils had rather large
amount of deadwood: 100.6 + 74.7 m*ha''. However, its share in total carbon storage (290.0 + 57.9 t ha-1) was small and most of
carbon (57%) was found in soil. Mean annual carbon storage in tree biomass and deadwood decreased with stand age; its absolute
value was similar in over-mature and mature (101-120 years) stands.

Keywords: biomass, carbon storage, old growth, standing volume, wood decay
INTRODUCTION

Carbon sequestration had become an important forest service. As numerous other forest service, so far also this
has not been a source of income, rather than a potential obligation, for the forest owner. However, ta situation might
change in future. Therefore it is important to quantify the carbon storage in old-growth forests and use it in decision
support tools. Such information is important also at the state level, when assessing the influence of increased un-managed
areas of reduced harvesting rates on the carbon pools. Largest carbon pools in forests are tree biomass and soil. Litter and
deadwood plays a role in total carbon flow between the atmosphere and forest.

Biomass equations that are developed or adjusted, based on the local data, are important for accurate estimation of
carbon in this pool (Jansons et al., 2017, Kenina et al., 2018, Libiete et al., 2017). Additionally, information on forest
inventory parameters are needed. Such data and/or estimates of carbon pools in old-growth forests are very scarce.
Norway spruce had been studied in old-growth (116-145 years) mountain forests of Czech Republic (Seedre et al., 2015),
single old growth (140 to 170 years) mixed forest in Finland (Finér et al., 2003), chronosequence (16-142 years) and
natural over-mature spruce forest in Central Europe (Jacob et al., 2013, Mund et al., 2003). Old-growth Scots pine has
been represented by a single stand (>150 years) in Estonia and Finland (Vucetich et al., 2000), and Mediterranean
mountain forests (120 years) in Spain (Moreno et al., 2015) and (up to 177 years) Turkey (Lee et al., 2016). In Latvia the
only analysis so far characterizes carbon stock in over-mature (167-213 years) Norway spruce stands (K&nina et al.,
2018). All of these studies deal with old-growth forests, where old trees are still the dominant cohort. However, such state
is not permanent even in un-managed forests — due to natural disturbance, like storms and forest fires, young stands will
be formed (Donis et al., 2017, 2018). Even so the most intensive forest management (whole tree biomass harvesting) does
not leave permanent negative effect on forest ecosystem (Jansons et al., 2016) it still changes the dominant age class of
trees and leaves a long-lasting impact on forest legacies (Jogiste et al., 2018). Both the growth of trees as well as frequency
and severity of disturbances — thus tree mortality — will be (are) affected by climate changes (Katrevics et al., 2018,
Matisone et al., 2019, Matisons et al., 2018). Large-scale natural disturbances as well as single-tree mortality is a source
of deadwood. This pool retains carbon as long as it has not been completely decayed. For the accuracy of carbon
assessment, it is important to know the concentration of it both in living biomass (Bardulis et al., 2017) as well as
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under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution,
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deadwood of different decay classes. Such analysis has been carried out in Estonia (Koster et al., 2015) but not in Latvia.
Therefore we need to verify it and understand its applicability based on independent set of samples.

Carbon storage in soils are often regarded as relative independed from that in tree biomass. However, a study in
China had demonstrated an substantial accumulation of this element in top-soil over 24 years in intact forests (Zhou et
al., 2016). Soil carbon pool and its fluctuation would be soil and climate specific, therefore it is important to characterize
them in each of the set of conditions of interest.

Aim of the study was to assess the carbon pools in old-growth Scots pine stands on organic soil and carbon
concentration in deadwood of different decay classes in Latvia.

MATERIALS AND METHODS

Carbon content in deadwood was test in samples, collected in 26 randomly selected over mature, unmanaged stands
across Latvia as part of the project “Assessment of greenhouse gas emission and CO2 sequestration in old forest stands”
(unpubished project reports in Latvian in www.silava.lv). Five samples have been collected from each tree species (Scots
pine, Norway spruce, birch, European aspen) at each of five decay classes (Koster et al., 2015; Sandstrom et al., 2007).
Sampling core (cylinder) with 13 mm inner diameter was used for the harder wood (first two decay classes) and 50 mm
for the softer (more degraded) wood (decay classes three to five). Fresh and dry mass (after drying in 105°C for 3 days)
of samples measured. Samples grained and burned at 1360°C in ELTRA CS-530 analyser to obtain carbon content.

Assess of the carbon pools in old-growth Scots pine stands was done, based on similar method, as described in
Kenina et al., 2018. Namely, material was collected in five Scot pine (60-90% of standing volume) stands on wet peat
soil, Caricoso- phragmitosa forest type. Prior to the fieldwork, the potential sample stands were randomly selected from
protected (no documented management) forests across Latvia, based on age limit (>160 years). Selected stands were
inspected in the field for conformity of the dominance of species and age group. In the case of any signs of former logging
(strip roads, stumps, etc.), they were discarded. Altogether, 38 sample plots (6—8 sample plots in each stand) of 500 m?
were systematically established in these stands at the age of 167 to 203 years.

The diameter at the breast height (DBH) of all living trees >6.1 cm was measured. For all standing dead trees >6.1
cm, the DBH and length of the snags were recorded. The tree height for three to five living trees of each species and the
layer of stand (upper tree layer, second tree layer) in each sample plot was measured to estimate tree height. The total
(above- and belowground) tree biomass was calculated using DBH and height with equations for the main tree species in
Latvia developed by Liepins et al. (2018). The carbon content of 50% was used for the tree biomass carbon stock
estimation. Lying deadwood with a diameter at the thicker end >14.1 cm was measured at both ends within the area of
the sample plot. The decay stages of lying and standing dead trees were set using a five-class decay classification and
‘knife method’ (modified from Koster et al., 2015). The volume of the lying deadwood and dead trees with broken tops
was calculated using a truncated cone formula and converted to mass using the decay class-specific density. The values
of the deadwood basic density and carbon content for the main tree species were applied after the testing (part of this
study) from Koster et al. (2015).

Soil samples (litter layer and four depths: 0—10 cm, 10-20 cm, 20-40 cm, and 4080 cm) were taken from each
stands at systematically located points outside the sample plots. Obtained samples were returned to the Forest
Environment Laboratory at the Latvian State Forest Research Institute Silava, where physical and chemical analyses were
carried out following the reference methods outlined in Part X of the International Co-operative Programme on the
Assessment and Monitoring of Air Pollution Effects on Forests Manual on Sampling and Analysis of Soil (Fleck et al.,
2016). The soil samples were prepared for analyses according to the LVS ISO 11646: 2005 standard. In the soil samples,
the following parameters were determined: bulk density (kg m™) according to LVS ISO 11272:1998, total carbon content
using elementary analysis (dry combustion) according to LVS ISO 10694:2006, and carbonate content using the
Eijkelkamp calcimeter according to ISO 10693:1995. The organic carbon concentration (g kg™) in the soil was calculated
as the difference between the total carbon content and the inorganic carbon content.

RESULTS AND DISCUSSION

Carbon concentration in deadwood increases with increasing its decay class (Figure 1): from fresh deadwood
(decay class 1) to almost complete decay (class 5) it changes by 40 g kg™ in pine deadwood, and by 58.9 and 52.2 g kg™
for spruce and birch, respectively.

Our results follow the general patter, found also by Koster et al. (2015) and Sandstrom et al. (2007). Exception is
decay of European aspen, where the trend in our data is not specifically clear, presumably due to small sample size and
larger variation of carbon concentration in deadwood of this tree species. Scots pine and birch have rather similar tendency
in changes of carbon concentration — slow in the first decay classes, followed by rather sharp rise in decay classes 4 and
5 (differences between these two groups of decay classes were statistically significant). For birch and spruce similar
tendency is observed in Estonia (Koster et al., 2015); however, concentration in carbon with the decay class rises more
gradually in this study. In Estonia, similarly than in our study, slight decline of carbon concentration in aspen wood in is
observed, when comparing decay classes 1 and 2 with decay class 5. Tendency that for aspen carbon concentration is not
significantly affected by changes in decay class, is in notable contract to that observed for other tree species and needs to
be considered t ensure accurate carbon estimates.
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Figure 1. Carbon concentration (%) in deadwood of different tree species depending on the decay class

Mean carbon concentration in deadwood across all species and decay classes in our study was on average by 1.9
percentage points lower than that, reported in Estonia (K&ster et al., 2015): 46.6+£1.57% vs.48.5+0.66, respectively.
However, the differences were not statistically significant, mostly due to relative large variation within each of the species
and decay class. When analysis each tree species and decay class separately, the only significant differences were found
between estimates in decay class 2 for spruce and aspen and decay class 5 for spruce. Largest difference were found for
carbon concentration in aspen deadwood (on average 4%), smallest — in pine deadwood (Figure 2). Considering the large
heterogeneity of the carbon concentration in cross-section of even a single log classified as specific decay class due to
e.g. contact to water from one side of the log, fungal, insect impact, resin concentration etc., the estimates based on largest
set of samples shall be considered more accurate. Thus we conclude, that the estimates of carbon concentration in
deadwood as set by Koster et al. (2015) can be used for deadwood carbon estimation in Latvia.
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Figure 2. Deadwood carbon concentration difference (percentage points) from the results in Koster et al., 2015

Old-growth Scots pine stands on peat soils had rather notable differences in all forest inventory parameters (Table
1). Men standing volume (both first and second layer trees together) of the stands was 311£131.0 m® ha'!. It was
significantly larger than that, found in mature stands (101-120 years) in the same forest type based on 12 National forest
inventory sample plots: in first layer 276.9+122.3 and 170.2+36.1 m® ha™!, respectively, in second layer 34.3+20.2 and
8.3+4.5 m® ha'!, respectively; even so, the stand densities in any of the layer were not significantly different.
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Table 1. Measured forest inventory parameters and carbon in selected old-growth Scots pine stands on wet peat soil

I layer No of Carbon, t ha'!, in:

Age, years DBH, cm H,m G, m*ha”! M, m*ha’! N, ha'! S?)Il]:)r[’sle biomass deadwood
177 314 20.0 14.7 136.2 240 6 57.8 3.8
167 28.7 21.7 41.1 401.9 800 8 116.9 18.7
177 31.1 25.4 29.4 328.6 480 8 1254 17.5
203 31.3 19.3 28.8 2534 430 8 92.0 5.0
187 25.9 21.9 26.7 264.6 575 8 110.6 18.7

DBH - diameter at breast height, H — height, G — basal area, M — standing volume, N — density

Above-ground biomass pool is on average 79.2 + 26.3 t ha! (from 45.5 to 99.2 t ha™"), in below ground (roots and
stump) 21.3 = 7.0 tha! (from 12.3 to 26.2 tha™). Old-growth Scots pine stands on peat soils had rather large amount of
deadwood: 100.6 + 74.7 m*ha’'; however, due to decay the amount of carbon in this pool was rather limited. Tree (biomass
and deadwood) carbon was similar (p=0.7) in old-growth and mature stands 113.2 + 41.9 and 104.8 + 37.3 tha’,
respectively. Mean annual rate of changes in the tree biomass and deadwood carbon pool is decreasing over time (Figure 3).

.25

8

5 207

S 154

Tl e :

20 i I

g B

55057 -

ERS

Z 00

g 2 i : : m
N=l % = z :

E = @ : : :

3 i ) : § 5

Age group

Figure 3. Mean annual increase of biomass and deadwood carbon pools (data of this study and National forest inventory)

Soil, especially organic soil, is a large carbon pool. In the old-growth pine stands in depth up to 80 cm there was
166.3 + 78.6 t ha'! — that is one third more in the wood (dead and alive). Additionally, in the litter layer there were 10.5
+ 6.2 t ha'! carbon. Thus the total carbon storage in old-growth pine stands was 290.0 + 57.9 tha™.

CONCLUSIONS

Carbon concentration increased with increasing decay of deadwood for Scots pine, Norway spruce and birch and
the differences between first three and last two decay classes were statistically significant. In contrast, for aspen no
significant changes in deadwood carbon concentration with progressing decay was found. Mean carbon concentration in
deadwood across all species and decay classes was not significantly different from that reported in Estonia and were
rather variable within species and decay class; thus the estimates based on largest set of samples needs to be used for
carbon assessment in deadwood. Total carbon storage in old-growth pine stands on peat soil was 290.0 + 57.9 tha! and
its main component was carbon in soil (57%), followed by carbon in tree biomass (35%).
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ABSTRACT

Importance of unmanaged forests for biodiversity aspects in unquestionable, while their
role in climate change mitigation is still unclear due to the large heterogeneity of these
forests in different bioclimatic regions; therefore, requiring data of biomass distribution
for their inclusion in national and regional carbon reporting systems.

The aim of our study was to assess the live biomass distribution and amount of dead
wood in over-mature Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies
(K.) L.) dominated stands in Latvia without known records of disturbance both human-
made and natural for at least last 40 years.

Live tree biomass and volume of dead wood in 44 over-mature (163 to 218 years)
coniferous stands was determined based on tree measurements and local biomass
equations on fertile sites (Hylocomniosa, Oxalidosa forest types). In our study, mean
total tree biomass (= 95% confidence interval) in pine stands was significantly
(p=0.001) higher compared to spruce stands, 343.1+18.9 and 2384 +48.2 t ha'.
Largest pine trees (diameter at breast height, DBH <41 cm) formed greatest part of live
biomass in unmanaged pine stands (41%), but not in spruce stands. In spruce stands
medium (21 >DBH <40 cm) and large trees were in similar proportions from total
stand biomass (32 and 28%, respectively). Largest biomass of small (DBH <20 cm) and
medium trees comprised spruce both in spruce- and pine-dominated stands. Also mean
dead wood volume of over-mature pine- and spruce-dominated stands were similar, 95
and 89 m® ha'l.

Keywords: above-ground biomass, below-ground biomass, Pinus sylvestris, Picea
abies, hemiboreal zone

INTRODUCTION

International agreements on climate action seeks to mitigate the global climate change
by setting binding greenhouse gas limitation requiring the carbon (C) stock estimations
in different forest ecosystems. Beside natural disturbances and climatic factors, stand
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characteristics and forest management practices have a direct effect on forest growth
[1].

Carbon sequestration is becoming an important goal of the forest management planning,
therefore, it is necessary to address the variations in tree species composition, forest age
structure as well as local conditions for tree biomass estimations, which is a critical
assumption for C stock accounting based on inventory data [1], [2]. Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.) Karst) are most widespread and
economically important tree species in Northern Europe. Consequently, they have been
intensively managed and numerous studies have addressed biomass and C stock in such
even-aged, pure coniferous stands [3], [4]. In contrast, such data of semi-natural, over-
mature forests, however, they contain large amount of biomass along with C are scare,
and play important role in climate change mitigation in this region [5], [6].

Unmanaged over-mature forests compared to conventional forests preserves
significantly higher proportion of dead wood and may store more live tree biomass [1].
However, due to the occurrence of natural disturbances and tree species structural
development patterns or management regime used, amount of live tree and dead wood
biomasses varies between sites [7].

Latvia is situated in the hemiboreal forest zone and according to the National forest
inventory data, forests older than 120 years in Latvia are relatively rare and majority
(96%) of them are Scots pine and Norway spruce dominated stands. Therefore, the aim
of our study was to assess the live biomass and dead wood amount of unmanaged over-
mature pine- and spruce-dominated forests in Latvia. Obtained understanding of
biomass distribution of these species, will provide necessary information to calculate the
C stock and its allocation for management considerations.

MATERIAL AND METHODS

Study material included in total of 44 over-mature and unmanaged (for at least 40 years)
pine- and spruce-dominated stands growing on fertile mineral soils with normal
moisture regime (Hylocomniosa and Oxalidosa forest types) in Latvia. The stands were
randomly pre-selected from the forests in protected areas: (1) older than 160 years;
(2) located at least 5km from villages and 1 km from roads to minimised the probability
of any human intervention. After the pre-selection, stands were checked in the field for
signs of past management activities (cut stumps) and actual occurrence of a chosen
forest type and old coniferous trees. Forest stands dominated by Scots pine or Norway
spruce (>50% from basal area) were included in this study. The selected over-mature
stands were between 163 and 218 years (on average 177-year-old); age was non-
significantly different between pine- and spruce-dominated stands (Table 1).

Table 1. Parameters of the sampled over-mature forest stands

Scots pine Norway spruce

Mean tree diameter at breast height, cm 32.7+4.4 25.943.7
Mean tree height, m 24.3+£2.0 222423
Mean stand basal area, m? ha'! 45.1£2.4 32.442.9
Mean stand volume, m?® ha! 567.2+36.6 381.6+52.4
Mean number of trees per ha 1358+181 2127+£536
Mean stand age, years 178+6 17546
Sampled stands (sampled plots) 25 (164) 19 (132)

770



Section Forest Ecosystems

Within each stand six to eight sample plots with an area of 500 m? (R=12.62 m) were
systematically established, to measure:

(a) diameter at breast height (DBH) of live trees (> 6.1 cm);

(b) DBH of standing dead trees (> 6.1 cm) and length of snags (> stump height);

(c) diameter of both ends of lying dead wood (LDW) (diameter at thicker
end > 14.1 cm).

A smaller sub-plot (R=5.64 m; 100 m?) in each of the pots was established, to measure:
(e) DBH of live trees (2.1-6.0 cm);

(f) DBH of standing dead trees (2.1-6.0 cm) and length of snags (> stump height);

(g) diameter of both ends of lying dead wood (LDW) (diameter at thicker end 6.1-
14.0 cm).

Height (H) was measured for three to five trees of each species and layer of stand.
Standing dead trees (b; f) were categorised as dead standing snags with tops (DST) —
dead standing trees with and without tops (DSB).

Tree H for live trees and DST were estimated by Nislund’s and Gaffrey models [8]. The
stem volume of all living tree and dead standing snags (DST) was calculated based on
DBH and tree species [9]. The volume of dead trees with broken tops (DSB) and lying
dead wood (LDW) was calculated using formula for a cylinder. The biomass of each
tree components (stem, total live and dead branches, small root as well as total below-
ground biomass (including stump biomass)) was estimated using DBH and H based on
best available local biomass models [3]. Using DBH of individual trees, biomass of
each tree component in stand was estimated in three DBH groups (<20 cm; 2140 cm;
>41 cm) to represent age structure of analysed over-mature coniferous stands.

Analysis of variance (ANOVA) and covariance (ANCOVA) as well as the Tukey
Honest Significant difference (HSD) test were used to assess the differences of biomass
between tree components, forest groups (pine- or spruce-dominated), forest types. Stand
age was used as covariate for the analysis of stand live biomass differences. The
differences of dead wood categories between forests were also estimated using
ANOVA. Statistical analysis was made using the software R version 3.4.3.

RESULTS

We used both biomass estimation of tree compartments and combined DBH group and
tree species data, as well as number of trees for characterising unmanaged over-mature
pine- and spruce-dominated stands (Table 2).

Table 2. Distribution of mean biomass in tree components, tree biomass (sum of all
components) (t ha™') for over-mature pine- and spruce-dominated stands by DBH groups
(£20 cm; 21-40 cm; > 41 cm) (cm)

Pinus sylvestris Picea abies Other species*
<20 2140 >41 <20 2140 >41 <20 2140 >41
Pine forests

Stem 0.12 22.88 100.45 11.65 4458 2536 3.79 6.29 4.02
Branch 0.02 331 1552 692 1564 7.87 1.03 1.45 1.26
Below-

ground 0.03 6.05 2744 518 17.65 957 139 206 1.79
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Pinus sylvestris Picea abies Other species™
<20 2140 >41 <20 2140 >41 <20 21-40 >4l

Tree 0.16 30.53 139.73 2292 7592 4495 739 1023 7.39
biomass ),

Tree number 3 44 96 601 147 26 470 22 4

Spruce forests

Stem 007 631 2053 7.77 4447 4095 639 10.09 834
Branch 0.09 081 334 477 1463 11.60 164 269 2.60
Below- 002 163 568 358 17.04 1454 233 352 3.54
ground

Tree 0.09 875 2955 16.12 76.14 67.08 10.36 16.63 14.48
biomass ),

Tree number 347 133 35 1 16 28 632 28 8
*Other species — Betula pendula, Alnus incana, Alnus glutinosa, Populus tremula ect.

In pine stands the mean total biomass of Pinus sylvestris trees has increased
significantly from small (DBH <20) to medium (21>DBH <40cm) and large trees
(DBH > 41 cm). Picea abies comprised most biomass of small and medium trees both
in pine- and spruce-dominated stands, 39 and 29% of total biomass. Moreover, large
proportion of small trees biomass in spruce- and pine-dominated stands formed Betula
pendula and other deciduous tree species (mostly Alnus incana, Alnus glutinosa and
Populus tremula). The mean total tree biomass of small trees in absolute values were
significantly smaller despite the significantly large amount of trees per hectare both in
over-mature unmanaged pine- and spruce-dominated stands (Table 3).

Table 3. Total mean tree compartment’s biomasses (= 95% confidence interval) (t ha™')
of over-mature pine- and spruce-dominated stands within DBH groups (< 20 cm; 21-40 cm;
>41 cm) (cm)

Pine forests Spruce forests
<20 21-40 >41 <20 21-40 >41

1557+ 7326+ 1299+ 1423+ 6082+ 69.82+
2.32 12.27 17.47 2.60 15.09 25.23

796+ 2044+ 2469+ 642+ 18.13 £ 1754+

Stem biomass

Branch biomass

1.29 2.59 3.37 1.10 3.54 5.46
Below-ground biomass 6.61+ 2576+ 3886+ 593+ 2220+ 2375+
0.96 3.59 5.11 0.99 4.89 7.71
Tree biomass Y 30.14+ 11947+ 19349+ 2658+ 101.15+ 111.11+
443 17.94 25.59 4.45 23.28 37.96
Tree number 1039 + 213 + 126 + 945 + 172 + 64 +
185 31 13 366 35 19

Although the mean total biomass (+£95% confidence interval) also increased with
increasing DBH class in spruce stands, there were no significant differences between
biomass of medium and large trees, 101.15+23.28 and 111.11+37.96tha’,
respectively. Hence, pine stands comprised significantly (p <0.001) larger mean total
tree biomass compared to spruce stands, 343.1+18.9 and 238.4 +482tha'! (standing
volume 567.2+36.6 and 381.6+52.4m’ha'), respectively, due to the significantly
(p <0.001) higher biomass of the large trees in the pine stands. Neither the biomass of
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total tree nor tree component’s was significant different for small and medium trees
both in pine- and spruce-dominated stands (Table 2, Table 3).

Stem constituted 64% of the total tree biomass, followed by below-ground (21%) and
branch (16%) biomass in pine stands. Obtained results were similar in spruce stands:
stem biomass — 60%, below-ground biomass — 22% and branch biomass — 18%
(Table 3).

Dead wood volume was highly variable both in pine- and spruce-dominated stands, but
overall one third (28% and 30%) of live tree volume formed dead wood, 94.9 +13.3
and 89.0+19.5 m’ ha'!, respectively. Independently from stand age, the mean total
volume of dead wood between pine- and spruce-dominated stands were non-
significantly (p=0.07) different due to similar (p=0.54) volume of LDW between pine-
and spruce-dominated stands (Fig. 1). Largest proportion from total dead wood volume
in spruce- and pine-dominated stands contributed LDW (64%) and DST (52%),
respectively.

70

m Spruce forests
B Pine forests

[2)]
o

N W A O
o o o

Volume, m® ha™’
o

-
o

LDW DST DSB

Figure 1. Dead wood volume (m? ha'') in three groups (lying dead woos (LDW), dead
standing snags (DST), dead trees with broken tops (DSB)) for over-mature pine- and
spruce-dominated stands. Error bars show 95% confidence intervals

In our study, stand parameters as biomass of tree compartments, tree number per hectare
and dead wood volume were not related to the stand age.

DISCUSSION

Variation in forests productivity and stand structure in over-mature coniferous stands
relived the heterogeneity of hemiboreal forests, however, data on unmanaged forests
structure are scarce [7], [10]. In these forests trees had more variation in DBH impacted
by disturbance-succession cycle [10]. Our results showed that contribution of small
trees into total biomass amount is relatively low despite their large quantity in forest
stands (Table 2). Similar to other studies [5], [11], sparse but large Pinus sylvestris trees
formed the major part (41%) of live biomass in pine stands, confirming that over-mature
trees are still dominant. By contrast, in spruce stands the dominance between biomass of
medium and large Picea abies trees were not observed (Table 2), suggesting good shade
tolerance in canopy gaps of this species [12]. Furthermore, biomass distribution
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between DBH groups of Picea abies were similar despite dominance or sub-dominance
of the species in stand (Table 2), revealing different pine and spruce regeneration
growth patterns [13].

In pine stands the mean total live biomass was significantly higher compared to spruce
stands, likely due to greater resistance of Pinus species to decay [13], hence volume
increment between both species and productivity of the study sites were considered
similar [11]. Moreover, smaller dimension Picea abies trees contributed notable share to
biomass in over-mature pine stands, but not vice versa. Consequently, to balance the
biodiversity, economic and carbon storage functions in pine stands, periodic harvesting
of ingrowth Picea abies trees can be applied. Such management approach, applied
infrequent, will change the light-regime in the stands and boost the presence and/or
density of light-demanding plant and animal specialists related to late-succession pine
forest conditions [10]. Moreover, such management will break the fire-fuel vertical
continuity, thus reducing the probability of stand-replacing crown fires.

Stem biomass contributed the largest proportion of total live biomass, followed by
below-ground and branch biomass (Table 2). Although, proportion of the dead wood
volume in pine- and spruce-dominated stands of live tree volume was similar, there
were significant variations of dead wood compartments volume between them (Fig. 1).
It appears that Pinus sylvestris has higher persistence to wind disturbance compared to
Picea abies or other species [14].

In our study, stand age did not have a significant impact on stand parameters within the
studied age group, as in this age class over-mature trees are still the dominant. However,
generally age has been recognised as an important factor contributing to stand structure
[7], [10], [13], for example, revealing that unmanaged over-mature coniferous stands
stores higher amount of live and dead biomass compared to managed forests [15].

CONCLUSION

Mean total tree biomass in over-mature pine- and spruce-dominated stands growing on
fertile mineral soils reached 343 and 238 tha! (standing volume 567 and 381 m?®ha'),
respectively. The amount of tree biomass was significantly affected by dominated tree
species in forest stand, but not by stand age (in range 163 to 218 years) in over-mature
coniferous stands. Smaller dimension Picea abies trees contributed significantly to
biomass in over-mature pine-dominated stands, but not vice versa. Smaller dimension
Picea abies trees is an important factor determining the stand biomass, but not
necessarily long term C storage. We suggest that management (periodic harvesting) of
Picea abies trees in over-mature pine-dominated stands can be used for a better balance
between economic and long-term carbon storage interests with additional benefit for
structures important for biodiversity in these forests. Besides, large proportion of small
trees biomass in pine- and spruce-dominated stands consisted of Betula pendula and
other deciduous tree species. Stem represented the largest part (64%) of the total tree
biomass, followed by below-ground (21%) and branch (16%) biomass in pine stands.
Similar results were obtained in spruce stands: stem biomass — 60%, below-ground
biomass — 22% and branch biomass — 18 % of the total tree biomass.
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Abstract

For the last three decades, the area of old-growth forest stands in Europe has continued to increase as has their importance in achieving
forest-related policy goals. This has triggered an increase in research interest in old-growth forests, both from climate change mitigation and
biodiversity protection perspectives. However, carbon stock in old-growth stands in European hemiboreal forests had not been systematically
studied. Therefore, in this article, we characterize differences in carbon stock between mature and old-growth stands on fertile mineral soils in
hemiboreal Latvia to contribute to the understanding of carbon storage changes under different management strategies for forest lands. Carbon
stock varied significantly both between old-growth stands of different dominant tree species and between mature (1.9-2.3 times younger) and
old-growth stages of the same dominant species in forest stands. The carbon stock of tree biomass and deadwood was larger in old-growth
stands, but their mean annual carbon stock change was significantly lower than in mature stands (27% to 47% depending on dominant tree
species). Old-growth stands can serve as carbon reservoirs in areas with limited natural disturbances; however, for maintenance of climate neu-
trality, it is essential to expand the area of managed stands with larger annual carbon stock increase.

Study Implications: Forest ecosystems play a major role in regulation of global climate: They can store high quantities of carbon and also can
gain or lose it rather quickly. For the last three decades, the area of old-growth forest stands in Europe has continued to increase as has their im-
portance in achieving forest-related policy goals. Old-growth forests can represent the baseline carbon-carrying capacity in particular conditions.
Therefore, we characterized differences in carbon stock between mature and old-growth stands on fertile mineral soils in hemiboreal Latvia to
contribute to the understanding of carbon storage and for planning forest management activities.

Keywords: carbon pools, mature managed stands, tree biomass, deadwood, soil

Forest ecosystems play a major role in regulation of global
climate: They can store high quantities of carbon and also
can gain or lose carbon rather quickly. Boreal forests store
nearly half of the global forest carbon; however, the effect
on the carbon cycle of various forest types, management,
and forest age is poorly understood (Chen and Luo 2015).
Wood is a valuable and versatile renewable material; there-
fore, sustainable use of forest resources could help to achieve
the carbon neutrality targets set by the European Union
(EU) and which the United Nations Member States adopted
in the Kyoto Protocol and the Paris Agreement, overall
adhering to a global environmental policy to replace fossil
and nonbiomass materials (Hogbom et al. 2021; Howard
et al. 2021; Uri et al. 2022a. Nevertheless, in the last three
decades, the area of old-growth forest stands in Europe
has continued to increase as forest management intensity
decreases and forest protection increases (Badalamenti et
al. 2019; O’Brien et al. 2021). Old-growth forest is an ec-
osystem distinguished by old trees and structural attributes
that typically differ from earlier stages in a variety of char-
acteristics, which may include tree size, accumulation of

large dead woody material, number of canopy layers, spe-
cies composition, and ecosystem function. Old-growth
forests can vary widely depending on forest type, climate,
site conditions, and disturbance regime (Buchwald 2005).
Old-growth forests provide a wide range of ecosystem serv-
ices, such as biodiversity maintenance, an increased overall
species richness of landscape, and coarse woody debris as
essential habitat for a large number of decomposer fungi
and invertebrates (Siitonen et al. 2000; Brockerhoff et al.
2017; Berglund and Kuuluvainen 2021; Martin et al. 2021).
The term “old growth forest” is used differently in studies
published about their effect in climate change mitigation,
thereby resulting in contrasting (and even contradicting)
conclusions. The absence of a generally accepted definition
for old-growth forests makes the comparison of current
knowledge across different European countries and organi-
zations difficult (O’Brien et al. 2021).

To reduce this complexity, we here address a specific seg-
ment of old-growth forests—old-growth stands—where old
trees still form the dominant cohort. Such stands can represent
the baseline carbon-carrying capacity in particular conditions
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(Roxburgh et al. 2006; Chen and Luo 2015; Hogbom et al.
2021; Molina-Valera et al. 2021).

Currently, relatively few forest stands in Europe have
reached this stage (Lohmus and Kraut 2010; Seedre et al.
2015; Molina-Valero et al. 2020). Information from these
stands can be used to evaluate carbon storage capacity in
defined conditions (forest type, dominant tree species) and,
consequently, the influence of the increased proportion of un-
managed areas on climate change mitigation progress and to
compare alternative land management strategies (Kun et al.
2020; Hogbom et al. 2021; Gundersen et al. 2021). Factors in-
cluding tree species, site type, stand-growth dynamics, natural
disturbance regime (severity and frequency), and the pattern
of tree replacement after disturbance have the strongest effect
on carbon in old-growth stands (Martin et al. 2018; Ruel and
Gardiner 2019). Tree age is typically used to define the old-
growth stage, but age thresholds differ between tree species
and regions, and possibly even within a region (O’Brien et al.
2021). Therefore, we cannot rely on studies from other forest
zones for comparison and estimates (Pregitzer and Euskirchen
2004; Buchwald 2005; Molina-Valero et al. 2021).

Although the total ecosystem carbon storage reflects the
cumulative increase in tree biomass, deadwood, and litter,
with increasing stand age, the capacity to accumulate carbon
from the atmosphere in biomass decreases after trees reach
middle age (Taylor et al. 2014; Nord-Larsen et al 2019; Uri
et al. 2022a). Old-growth forests do not have the large rates
of carbon sequestration observed in younger stands (Uri et al.
2012; Taylor et al. 2014; Blasko et al. 2020; Nord-Larsen et
a12019).

Important gaps in our understanding of carbon pools
are related to carbon stock dynamics over a longer period:
comparing managed mature and old-growth forest stands
(Badalamenti et al. 2019; Molina-Valero et al. 2021), where
huge heterogeneity between stands has been observed (Seedre
et al. 2015; Yuan et al. 2016). Maturity in managed stands is
usually defined by the age after which the mean annual incre-
ment declines (Siitonen et al. 2000). In hemiboreal Latvia, it is
101 to 121 years for Scots pine (Pinus sylvestris L.), 81 years
for Norway spruce (Picea abies L. Karst), 51 to 71 years for
birch (Betula pendula Roth and Betula pubescens Ehrh.), and
41 years for European aspen (Populus tremula L.). Managed
stands are defined by reoccurring operations with an aim to
increase productivity, decrease tree competition, reduce mor-
tality, and remove the weakened or dead trees (Siitonen et al.
2000).

Important characteristics distinguishing old-growth from
managed mature or overmature stands is the accumulation
of deadwood and net primary production, and long-term
net effect of these processes is best characterized by the total
carbon stock changes (Siitonen et al. 2000; Gundersen et al.
2021). In boreal forests of Canada, annual net aboveground
biomass changes of forest ecosystems decrease with tree age,
reaching zero at approximately age 100-120 years due to
the decrease of biomass growth and increase of tree mor-
tality (Chen and Luo 2015). As the stand ages, the changes
in carbon pools are affected by numerous factors, including
dominant tree species, forest type, and climate. The net cli-
mate change mitigation effect as the stand ages is a topic of
heated scientific debate, even when it concerns one eco-region
and stands with one dominant species (Lohmus 2022; Uri
et al. 2022a, 2022b). Therefore, large local data pools are
needed for informed policy and management decisions when
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balancing contrasting (or conflicting) goals for biodiversity,
carbon storage, and wood supply (Hogbom et al. 2021), es-
pecially in relation to old-growth stands. We aimed to char-
acterize the differences in carbon stock between mature and
old-growth stands in hemiboreal Latvia.

Based on trends of mean annual increment and yield as
well as deadwood decay rates, we hypothesized that (1) total
carbon stock would increase from mature to old-growth
stands, whereas the mean annual carbon stock change would
decline; and (2) both of these trends would be steeper in
stands dominated by coniferous (Scots pine and Norway
spruce) rather than broadleaved (birch and European aspen)
trees.

Materials and Methods

Forests in Latvia belong to the European hemiboreal
forest zone (N 55°40'-58°05', E 20°58'-28°14'), which
encompasses the transition between temperate deciduous
and boreal coniferous forests, hosting a variable mixture of
coniferous and deciduous trees and a diverse biota (Lohmus
and Kraut 2010). According to data of the Latvian National
Forest Inventory (NFI), more than a half of Latvia is cov-
ered by forest (53% of the land; 3.21 M ha). Forest growing
conditions are highly variable: 51% of the total forest area
is on fresh mineral soils, 9% on wet mineral soils, 11% on
peat soils, and 29% on drained land. Our study focused on
the most prevalent conditions, dry forests with mesotrophic
soil conditions (forest types Hylocomniosa and Oxalidosa
according to Buss [1976]), found in 40% of the total forest
area. In these forest types, the herbaceous layer is dominated
by common wood sorrel (Oxalis acetosella L.) and European
blueberries (Vaccinium myrtillus L.) and the moss layer by
glittering woodmoss (Hylocomium splendens Hedw.) and
wind-blown mosses (Dicranum spp.) (Buss 1976). Both
forest types include stands dominated by Scots pine (16%),
Norway spruce (24%), birch (25%), and European aspen
(12%); these tree species combined represent 78 % of the total
Hylocomniosa and Oxalidosa forest area. Scots pine, Norway
spruce, and birch are the most economically important tree
species, used for furniture, building, pulp and paper, veneer,
and other purposes (Beck et al. 2016; Durrant et al. 2016).
European aspen is an early-succession fast-growing species
(Caudullo and Rigo 2016) that provides habitat for many en-
dangered species (Senhofa et al. 2021). In Latvia, active cy-
clone circulations cause rapid changes in weather conditions
(Ahti et al. 1968). The mean annual temperature in Latvia
(1988-2017) is 7°C; the mean of the coldest month (January)
is -3°C, and the mean of the warmest (July) is 18°C (Harris
et al. 2020). The mean annual precipitation is 712 mm, with
345 mm falling during growing season in May-September
(Harris et al. 2020).

Nearly all forests in Latvia have been managed for a long
time. The main differences between managed mature and
old-growth stands we determined to be management his-
tory, or the degree of previous thinning and selective logging,
and stand age. Old-growth stands were preselected from
the forest inventory database using the age of the dominant
cohort, size (>0.5 ha), location (>5 km from any villages
and > 1 km from any roads), and no information about
management (supposedly unmanaged) as criteria. Then the
stands were visited and the following aspects were examined
on site: target tree species (>50% of the standing volume);
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age (160 years for Norway spruce and Scots pine, 100 years
for European aspen, and 120 for birch, checked by 12 incre-
ment cores of dominant trees of dominant species per stand);
forest type (Hylocomniosa, Oxalidosa); signs of former log-
ging, like stumps, sawn surfaces of logs etc. (if found, the
stand was discarded from the study). Stands were visited in
random order until the desired number meeting the criteria
was reached. After this selection phase, sample plots were es-
tablished in each of the selected stands. Data characterizing
mature stands were obtained from the NFI (2014-2018) da-
tabase according to these criteria: (1) dominated by target
species; (2) age 80 to 120 years for pines, 60 to 100 years
for spruces, 60 to 90 years for birches, or 40 to 80 years for
aspens (stand age in the NFI determined as average from in-
crement cores of three dominant trees of dominant species
per plot); and (3) Hylocomniosa or Oxalidosa forest type
(Table 1). A total of 447 NFI sample plots were used for the
study (figure 1).

The data collection in old-growth stands was performed
from 2016 to 2019. In total, data from 19 spruce stands
(167-213 years old, Kénina et al. 2018), 25 pine stands (163—
218 years old, Kénina et al. 2019), 15 birch stands (123-148
years old, unpublished data), and 25 aspen stands (104-135
years old, unpublished data) were collected throughout the
territory of Latvia. Altogether, 463 sample plots were estab-
lished in these forest stands (figure 1).

Six to eight regular sample plots were established
across old-growth stands. In each sample plot (500 m?;
12.62 m), tree species and the diameter at breast height
(DBH 2 6.1 cm) were recorded for all the living trees. The
height of five living dominant species trees in the first floor
and three living trees from each tree species in the second
floor was measured. The tree height and DBH of all the
standing dead trees and snags (26.1 cm) were measured. If
the height of the snag was < 1.3 m, the height and diameter
at the root collar were measured. For lying deadwood, the
diameter of both ends (>14.1 cm at the thicker end) and the
length were measured within the sample plot (500 m?). If
the piece of deadwood crossed the sample plot border, only
the part of it inside the plot was measured. In the center of

the sample plot, a smaller subplot (a quarter circle of 25
m?) was placed, where living trees and deadwood of smaller
diameters were recorded (2.1 to 6.0 cm for standing trees
and 6.1 to 14.0 cm diameter of lying deadwood). For dead-
wood, decay stage (ranked in five classes, fresh to almost
complete decay, according to Sandstréom et al. [2007]) and
tree species (if possible) were recorded.

Litter and mineral soil sampling were done (in 157 stands)
both in old-growth and mature stands to assess the litter and
mineral soil carbon pools. At three systematically located
points at the edge of a sample plot, a single soil sample was
taken at fixed depths (0-10 ¢cm, 10-20 ¢m, 20-40 c¢m, and
40-80 cm) using a 100 cm® metal cylinder, and 10 x 10 cm
litter samples (soil organic horizon, including all litter and
decomposed wood) were taken. The obtained samples
were prepared and analyzed in the Laboratory of Forest
Environment of the Latvian State Forest Research Institute
Silava according to the LVS ISO 10694:2005 standard.

The individual living tree biomass was calculated using
local biomass models for the main tree species in Latvia ac-
cording to Liepin$ et al. (2017). The model of the tree spe-
cies with the most similar wood density was used to calculate
biomass for the species that do not have such models (e.g.,
Alnus incana [L.] Moench, Alnus glutinosa [L.] Gaertn.,
Quercus robur L.). For converting tree biomass into the living
tree biomass carbon stock, the carbon content of 50% was
used (Eggleston et al. 2006). The mass of deadwood and the
carbon stock for standing and lying logs was estimated from
the volume and decay class-specific density and carbon con-
tent from the parameters of the main tree species in Estonia
developed by Késter et al. (2015). To compare deadwood
carbon pools between the managed mature stands and old-
growth stands, we used adjusted decay stages: (1) recently
dead, (2) weakly decayed, and (3) moderately to almost com-
pletely decomposed.

An analysis of variance (ANOVA) was used to test the
effects of dominant tree species, stand age group, and inter-
action between tree species and age group on the dependent
variables: the carbon stocks of tree biomass, deadwood,
soil, and litter and the mean annual carbon stock change

Table 1. Stand characteristics by dominant tree species and stand age group. The mean volume and stand density were calculated at the first layer data.

Mean values + 95% confidence interval.

Variables Birch Aspen Pine Spruce
Old-growth stands
Mean tree diameter at breast height (cm) 38=+1.5 49=1.1 48 =1.1 37+1.62
Mean quadratic tree height (m) 30+0.7 37+0.4 31+0.34 29+0.72
Mean volume (m? ha™') 411+ 53.0 666 = 48.0 495 = 41.0 323 +28.88
Mean stand density (trees ha™) 30127 242 £22 269 =28 268 =28
Mean stand age (years) 131+4 1123 179=6 182 =2
Number of sample plots 67 146 148 102
Mature stands
Mean tree diameter at breast height (cm) 30=1.0 37+2.3 36+0.9 3213
Mean quadratic tree height (m) 29=+0.6 30=1.1 29+0.5 26=0.7
Mean volume (m?* ha™!) 296 +20.2 343+ 36.1 39627.1 326+26.7
Stand density (trees ha') 35227 358 =50 326 +25 381 =40
Mean stand age (years) 69«1 58=3 972 79+2
Number of sample plots 114 86 130 117
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Figure 1 Distribution of old-growth stands in Latvia. Symbols indicate assessed old-growth stands by dominant tree species. OpenStreetMap has been
used as background layer. In upper left corner the map of biogeographic regions (EEA 2022).

in tree biomass and deadwood carbon (separate model for
each dependent variable). Before the ANOVA, all dependent
variables were averaged for each old-growth stand, as the
age group and dominant tree species were determined on
the stand level, not on the plot level, as well as to stand-
ardize the data with the NFI data where only one observa-
tion per stand was done. As the data of the carbon stocks of
deadwood, soil, and litter showed heterogeneity, they were
log-transformed before they were put into models. After
removing nonsignificant interactions or main variables (at
a significance level of 0.05), the final models were chosen
using the Akaike information criterion (AIC) (the lowest
value). If a factor with more than two levels or interactions
had a significant effect, a post hoc test comparing estimated
marginal means was used. The estimated marginal means
were calculated and compared in the R software version
4.1.0 (R Core Team 2021) using the emmeans package
(Lenth 2021).

Results

The obtained carbon stock results from old-growth birch,
aspen, pine, and spruce stands in Hylocomniosa and
Oxalidosa forest types were compared with the NFI sample
plot data from managed mature stands, which were 54-103
years younger and composed of the same tree species and
forest types. Mature stands were 1.9-2.3 times (on average)
younger than old-growth stands, depending on tree species; in
absolute values, 97 = 2 years for Scots pine, 79 = 2 years for
Norway spruce, 69 = 1 years for birch, and 58 = 3 years for
European aspen.

Almost 60% (56%-61%, depending on dominant tree spe-
cies) of the total ecosystem carbon in old-growth stands was
found in the tree biomass, which represented the largest forest
carbon pool. Mineral soil was the second-largest carbon pool,

comprising up to 25%-37% of the total ecosystem carbon,
whereas the litter (4%-11%) and deadwood (3%-5%) were
marginal carbon pools in old-growth stands. In managed
mature stands, the tree biomass was also the largest forest
carbon pool, with 50% (46%-55%) of the total ecosystem
carbon, but mineral soil comprised more (36%-41%) of the
total ecosystem carbon. The smallest part of the total eco-
system carbon stock was deadwood (1%-2%), surpassed by
forest litter (7%-12%).

The carbon stocks of tree biomass and deadwood differed
significantly by dominant tree species and age group (all
P <0.001). The effect of interaction between dominant tree
species and age groups also significantly affected carbon
storage in living tree biomass (P <0.001) and deadwood
(P <0.05) (Table 2).

In old-growth stands, where old trees still formed the domi-
nant cohort, the carbon stock of tree biomass for all analyzed
tree species was significantly higher (from 19% in Scots pine
and Norway spruce to 42% in European aspen stands) than
that in mature stands. Tree biomass carbon pools differed
significantly between dominant tree species both in the ma-
ture and old-growth stands (figure 2A). In mature stands,
the highest tree biomass carbon stock was detected in Scots
pine stands (mean 139 = 8.8 C t ha''), where it was signifi-
cantly (P < 0.001) larger than that of European aspen (mean
119 = 10.0 C t ha'!) and Norway spruce (mean 113+ 8.1 Ct
ha'!) stands but similar to that of mature birch stands (mean
124+ 7.3 C t ha'') (figure 2A; Table 3). In the old-growth
stage, significantly higher carbon stock in tree biomass was
found in aspen stands (mean 205 = 7.0 C t ha''), where in-
dividual trees were significantly taller than other tree species
(Table 1).

The deadwood carbon pool for all tree species in old-
growth stands was significantly larger than in mature stands
(P <0.001). Depending on the dominant tree species, the

2202 Jaquiaoaq ¥ Uo 1s8nb Aq 981.5689/5500BX4/10SI01/E60 |0 L /I0p/3[0IB-82UBAPR/30USINS)S8I04/W00 dNo"olWapeoe)/:sdny Woly papeojumoq



Sustaining Carbon Storage: Lessons from Hemiboreal Old-Growth Coniferous and Deciduous Forest Stands 5

difference was 58%-80% (Table 3; figure 2B). The size of
deadwood carbon pool differed significantly between mature
stands; Scots pine stands had significantly smaller carbon
stocks than Norway spruce stands. In old-growth stands,
the deadwood carbon stock between tree species was similar
(Table 3; figure 2B).

The carbon stock in tree biomass and deadwood continued
to increase from mature to old-growth stands as stand age
increased for all analyzed tree species (figure 3).

The mean annual carbon stock change of tree biomass and
deadwood carbon sum was evaluated to assess the changes
in carbon storage intensity between mature and old-growth
stands. Dominant tree species (P <0.001) and age group
(P <0.001) significantly affected the annual carbon stock
change of tree biomass and deadwood carbon sum (Table
2). The annual carbon stock change gradually decreased
over time (over 82 = 6 years for Scots pine, 103 = 6 years for
Norway spruce, 62 = 4 years for birch, and 58 = 3 years for
European aspen) from the mature to the old-growth stage
for all analyzed tree species (figure 4). All mature stands
exhibited a significantly larger (P <0.001) annual carbon
stock change than old-growth stands, except for European
aspen stands (P =0.06), where the annual difference was
similar in the mature (mean 2.2 +0.16 C t ha' year') and
old-growth stages (mean 2.0 = 0.14 C t ha'! year'). A major
decrease (47%) of the annual carbon stock change from the

Table 2. ANOVA model results of the effects of species, age, and their
interaction on the carbon stocks of the tree biomass, deadwood, mean
annual difference between tree biomass and deadwood, soil and litter
carbon pools. Explanatory variables: species—birch, aspen, spruce,

or pine; age—mature or old-growth stage. The P-value is shown as *:

P < 0.05; (**): P < 0.01; (***): P < 0.001. Sum Sgq—sum of squares; DF—
degrees of freedom.

Carbon pool Variable DF Sum Sq F value
(P-value)

Tree biomass Species 3 60946 10.7 ***
Age 1 161961 85.4 ***
Age: spe- 3 41276 7.3 %5
cies
Residuals 523 991621

Deadwood Species 3 13.4
Age 1 115.4 195.1 *#**
Age: spe- 3 3.7 2.1
cies
Residuals 523 309.2

Annual carbon stock change Species 3 46.7

of tree biomass and deadwood  pge 1 13.7 432+
Age: spe- 3 1.6 1.7
cies
Residuals 523 165.4

Soil Species 3 4.6 5.3#*
Age 1 0.8 2.9
Age: spe- 3 3.9 4.5 %%
cies
Residuals 160 46.3

Litter Species 3 8.3
Age 1 1.9
Age: spe- 3 12 0.9

cies
Residuals 110 49.8

mature to the old-growth stage was detected in spruce stands,
from 1.5 to 0.8 C t ha'! year'. Large and significantly dif-
ferent annual carbon stock change of carbon sum was found
in mature European aspen and birch (1.9 = 0.10 C t ha! year
') stands. A similar annual carbon stock change in the mature
stands was found in Scots pine (1.5 = 0.10 C t ha! year') and
Norway spruce (1.5 = 0.11 C t ha! year") stands (Figure 4).
In the old-growth stage, European aspen stands exhibited a
significantly higher annual carbon stock change than other
tree species, although birch (1.4 = 0.16 C t ha' year') and
Scots pine (1.1 =0.08 C t ha! year!) were similar, as were
Scots pine and Norway spruce (0.8 =0.10 C t ha' year?)
stands. Overall, in both mature and the old-growth stands,
the mean annual carbon stock change of tree biomass and
deadwood carbon sum was higher in deciduous tree stands.

The soil carbon stock was significantly affected by domi-
nant tree species (P < 0.001) and by the interaction between
dominant tree species and age group (P < 0.05), but the litter
carbon stock was predominantly affected by dominant tree
species (P < 0.001) and age group (P < 0.05) (Table 2). In ma-
ture stands, the soil carbon stock is similar for all tree species.
In the old-growth stage, the soil carbon stock is similar be-
tween European aspen and birch stands, but it is significantly
lower in Scots pine and Norway spruce stands. The litter
carbon stock was significantly different (P < 0.001) between
old-growth birch (mean 14 = 5.2 t C ha™) and Scots pine
stands (mean 21 = 5.3 t C ha™'). The carbon stock in forest
litter was significantly different (P < 0.01) between mature
birch and Norway spruce stands; it is twice as large in ma-
ture Norway spruce stands (Table 3). Soil carbon stocks also
differed significantly between mature and old-growth Scots
pine (P <0.05) and Norway spruce (P <0.001) stands, but
litter carbon stock was significantly different between mature
and old-growth Norway spruce (P < 0.05) stands.

Table 3. The carbon pool size of mature and old-growth (old) European
aspen, birch, Scots pine, and Norway spruce stands. Marginal mean (C t
ha-1) + 95% confidence interval.

Tree Deadwood Soil * Litter *  Total
biomass carbon
Aspen
Old-growth 205+7.0 14«15 101=17.6 17«48 337
stands
Mature 119+10.0 5=+1.5 104+ 16.4 24+8.4 252
stands
Birch
Old-growth 175+10.0 10=1.8 117+26.3 14+52 316
stands
Mature 12472  3x0.6 89+13.5 15+11.3 231
stands
Spruce
Old-growth 140+9.0 12x2.0 58+21.2 25+12.0 235
stands
Mature 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 2153 280
stands
Mature 139+88 309 91+23.6 21«21 254
stands
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Discussion

Our results supported the hypothesis that the carbon stock in
tree biomass and deadwood continued to increase from ma-
ture to old-growth stands as the stand age increased (figure 3).
This trend was gradually reduced with increasing stand age,
consistent with findings of other studies in late-successional
coniferous forests (Chen and Luo 2015). Additionally, an
analysis of the long-term chronosequence after fire in the
boreal forest of central Canada showed that carbon storage
declined in late-succession stages (Gao et al. 2018). The
carbon stock in tree biomass and deadwood in mature stands
for all analyzed tree species was significantly lower than in
old-growth stands (Table 3). Characteristics of tree species,
like light demand and longevity, had a notable effect on the
observed differences in carbon stock between mature and
old-growth stands. Highest tree biomass carbon stock in
younger managed mature stands was detected in Scots pine
stands, but in the old-growth stage in European aspen stands
(Table 3; figure 2). Deadwood, especially standing dead pine
trees, remained longer in Scots pine stands. Other tree species
fell more quickly and decayed rapidly, affecting deadwood
carbon pool size and permitting pioneer species or a new gen-
eration of trees to regenerate in the opened gaps.

In our study, carbon pools were assessed only in forest
stands that had reached the old-growth stage in which
the target tree species still formed the dominant cohort.
Nevertheless, possible disturbance and ongoing succession
together with the dominant tree species effect—regenera-
tion strategy and lifespan (Nilsson 1997; Martin et al. 2018;
O’Brien et al. 2021)—affected tree biomass carbon stocks
in stands between dominant tree species from the mature to
the old-growth stage. We found that tree biomass and dead-
wood biomass carbon pools are highly variable between the
sampled stands, which may be a result of species composition,
site variability in soil properties, soil moisture, and site his-
tory effects (Jandl et al. 2007; Hansson et al. 2011; Uri et al.
2012; Gao et al. 2018; Lutter et al. 2018). Furthermore, old-
growth European aspen stands had significantly higher tree
biomass carbon stock; although especially large aspen trees
are susceptible to wood-rotting fungi (Latva-Karjanmaa et al.
2007; Arhipova et al. 2011; Cakss et al. 2022), the presence of
rot in stems and hollowed stems was not calculated as carbon

loss in our carbon stock estimations. Therefore, the obtained
results supported our hypothesis only partially, as carbon
stocks of tree biomass and deadwood were higher only in ma-
ture coniferous (Scots pine and Norway spruce) stands than
in broadleaved (birch and European aspen) managed mature
stands, but not in old-growth stands.

The mean annual carbon stock change of tree biomass and
deadwood carbon sum was higher in deciduous tree stands
both in the mature and the old-growth stage (figure 4). We
observed that the annual carbon stock change gradually
decreased over time from the mature stage to the two-times-
older old-growth stage for all analyzed tree species: by 10% in
European aspen stands, 27% in Scots pine and birch stands,
and 47% in Norway spruce stands (figure 4). This shows that
forests continue to accumulate carbon in old age, as Luyssaert
etal. (2021) suggested. However, the carbon uptake decreased
over time in old-growth stands; unmanaged forests had lower
net ecosystem productivity, and thus, carbon sequestration
rates, than managed forests (Gundersen et al. 2021; Uri et al.
2022, 2022a). This finding is consistent with Molina-Valero
etal. (2021), who concluded that the maximum accumulation
of live biomass can be reached in mature stands. Additionally,
most of the mature stands were from commercial forests
where commercial thinning has occurred and some of the
timber has been used in wood-based products to substitute
for fossil materials and contribute to climate change mitiga-
tion (Pukkala 2017; Holmgren 2021).

The soil carbon stock was similar among all tree species in
mature stands, but in the old-growth stage, the soil carbon
stock was similar between deciduous tree stands and signif-
icantly larger than in coniferous tree stands. No differences
in soil carbon stocks were observed between mature and
old-growth European aspen and birch stands, and carbon
stocks were similar between mature and old-growth stands
of European aspen, birch, and Scots pine. These findings
align with previous reports on soil carbon stocks, stating that
long-term soil carbon did not increase in unmanaged forests
(Nord-Larsen et al. 2019). Moreover, the forest litter results
from mature and old-growth stands confirm that this carbon
pool reached its maximum in the younger managed stands
and its maximum differs between tree species (Hansson et al.
2011). This aligns with the results of analyzed soil carbon
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pool size in boreal forests, where carbon stock peaks in the
71-years-or-older age classes, thus being highly variable
(Pregitzer and Euskirchen 2004). Therefore, more studies are
required to analyze the species impact not only on the ex-
isting old-growth forest stands but also to understand the fu-
ture old-growth stand ability to continue being carbon sinks
with increasing age through tree biomass and soil, which is
affected not only by the forest type and dominant tree species
(Jandl et al. 2007; Lutter et al. 2018; Jones et al. 2019; Nord-
Larsen et al. 2019) but also by other indirect factors such as
the decomposition of deadwood (Bloiiska et al. 2019).

Conclusions

We assessed old-growth stands where old aspen (stands aged
104-135 years), birch (aged 123-148 years), spruce (aged
170-20S5 years), and pine (aged 163-218 years) are still the
dominant cohorts, thus expanding current knowledge and
contributing to a better understanding of old-growth forest
carbon storage baseline in hemiboreal forests of Europe. The
obtained main carbon pool sizes of old-growth stands can

be used to evaluate various strategic and policy decisions re-
garding total ecosystem carbon in forests. Our data confirmed
the hypothesis that carbon stocks in tree biomass and dead-
wood differed significantly between dominant tree species
and age groups. In mature stands (two times younger than
old-growth stands), the carbon pools for all analyzed tree spe-
cies were significantly lower than those in old-growth stands,
reaching 245 C t ha' and 292 C t ha'on average, respec-
tively. However, the maximum of the mean annual carbon
stock change was reached before the old-growth stage and
gradually decreased over time from the mature to the old-
growth stage for all analyzed tree species. The significantly
smaller mean annual carbon stock change in old-growth
stands cannot ensure the maintenance of climate neutrality;
thus, they can serve as carbon reservoirs in areas with limited
natural disturbance influence.

Author Contributions

Conceptualization: Aris Jansons; Methodology: Aris
Jansons, Laura Kénina; Data collection: leva Jaunsalviete,

2202 Jequieoa( | uo 1senb Aq 981.5689/GG00BX)/10SI01/E60 L "0 L/10P/|0ILE-80UBAPE/20USIOSIS8I0)/ W0 dNO"0lWapeoe//:sdyy woly pepeojumoq



Laura Kénina, Endijs Baders; Formal analysis and inves-
tigation: Laura Kenina, Didzis Elferts; Writing—original
draft preparation: Laura Kénina; Writing—review and ed-
iting: Laura Kénina, Aris Jansons, Endijs Baders, Didzis
Elferts; Funding acquisition: Aris Jansons; Supervision: Aris
Jansons.

Funding

Data were collected in the “Assessment of greenhouse gas e-
mission and CO2 sequestration in old forest stands” (Joint
Stock Company “Latvia’s State Forests”); assessment and
manuscript preparation were conducted in “Development
of a decision support tool integrating information from old-
growth semi-natural forest for more comprehensive estimates
of carbon balance” (European Regional Development Fund,
ERDF No. 1.1.1.1/19/A/130).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Consent for Publication

All authors gave their informed consent to this publication
and its content.

Literature Cited

Ahti, T., L. Himet-Ahti, and J. Jalas. 1968. “Vegetation zones and
their sections in northwestern Europe.” Annals Botanici Fennici
5(3):169-211.

Arhipova, N., T. Gaitnieks, J. Donis, J. Stenlid, and R. Vasaitis. 2011.
“Decay, yield loss and associated fungi in stands of grey alder
(Alnus incana) in Latvia.” Forestry 84(4):337-348.

Badalamenti, E., G. Battipaglia, L. Gristina, A. Novara, ]. Ruhl, G. Sala,
L. Sapienza, et al. 2019. “Carbon stock increases up to old growth
forest along a secondary succession in Mediterranean island
ecosystems.” PLoS One 14(7):e0220194.

Beck, P.A., G. Caudullo, and D. Rigo. 2016. Betula pendula, Betula
pubescens and other birches in Europe: distribution, habitat, us-
age and threats. P. 7073 in European Atlas of Forest Tree Species,
San-Miguel-Ayanz J., D. de Rigo, G. Caudullo, T.H. Durrant, A.
Mauri (eds.). Publication Office of the European Union, Luxem-
bourg.

Berglund, H. and T. Kuuluvainen. 2021. “Representative boreal forest
habitats in northern Europe, and a revised model for ecosystem
management and biodiversity conservation.” Ambio 50:1003-
1017.

Blasko, R., B. Forsmark, M.J. Gundale, T. Lundmark, and A. Nordin.
2020. “Impacts of tree species identity and species mixing on eco-
system carbon and nitrogen stocks in a boreal forest.” Forest Ecol-
ogy and Management 458:117783.

Blofiska, E., J. Lasota, A. Tullus, R. Lutter, and 1. Ostonen. 2019. “Im-
pact of deadwood decomposition on soil organic carbon seques-
tration in Estonian and Polish forests.” Annals of Forest Science
76:102.

L. Kénina et al

Brockerhoff, E., L. Barboro, B. Castagneyrol, D.I. Forrester, B. Gardiner,
J-R. Gonzalez-Olabarria, P.O.B. Lyver, et al. 2017. “Forest biodiver-
sity, ecosystem functioning and the provision of ecosystem serv-
ices.” Biodiversity and Conservation 26:3005-3035.

Buchwald, E. 2005. “A hierarchical terminology for more or less natural
forests in relation to sustainable management and biodiversity
conservation.” P. 17-19 in Proceedings, Third Expert Meeting
on Harmonizing Forest-related Definitions, FAO (eds.). FAO,
Rome. Available online at https:/forestsandco.files.wordpress.
com/2015/11/buchwald_2002_definitions.pdf.

Buss, K. 1976. Fundamentals of the Latvian PSR forest typology. Riga,
Latvia. 24 p. (In Latvian).

Caudullo, G., and D. de Rigo. 2016. Populus tremula in Europe: Distri-
bution, habitat, usage and threats. P. 138-139 in European Atlas of
Forest Tree Species, San-Miguel-Ayanz, J., D. de Rigo, G. Caudullo,
T.H. Durrant, A. Mauri. (eds.). Publication Office of the European
Union, Luxembourg.

Cakss, R., P. Zeltins, L. Cak3a, M. Zeps, and A. Jansons. 2022. “The
effects of frost cracks and large poplar borer damage on stem rot in
hybrid aspen (Populus tremula L. x Populus tremuloides Michx.)
clones”. Forests 13(4): 593.

Chen, H.Y.H. and Y. Luo. 2015. “Net aboveground biomass declines
of four major forest types with forest ageing and climate change in
western Canada’s boreal forests.” Global Change Biology Bioen-
ergy 21(10):3675-3684.

Durrant, T.H., D. de Rigo, and G. Caudullo. 2016. Pinus sylvestris in
Europe: Distribution, habitat, usage and threats. P. 132-133 in Eu-
ropean Atlas of Forest Tree Species, San-Miguel-Ayanz, J., D. de
Rigo, G. Caudullo, T.H. Durrant, A. Mauri. (eds.). Publication Of-
fice of the European Union, Luxembourg.

EEA. 2022. Biogeographical regions. Available online at EEA 2022.
https://www.eea.europa.eu/data-and-maps/data/biogeographical-
regions-europe-3; last accessed Nov. 18, 2022.

Eggleston, S., L. Buendia, K. Miwa, T. Ngara, and T. Kiyoto. 2006.
IPCC Guidelines for National Greenhouse Gas Inventories. Agri-
culture, Forestry and Other Land Use. In: 2006 IPCC Guidelines
for National Greenhouse Gas Inventories (Vol. 4). Institute for
Global Environmental Strategies (IGES). Available online at http:/
www.ipce-nggip.iges.or.jp/public/2006gl/vol4.html; last accessed
Mar.10, 2022.

Gao, B., A.R. Taylor, E.B. Searle, P. Kumar, Z. Ma, A.M. Hume,
and H.Y.H. Chen. 2018. “Carbon storage declines in old bo-
real forests irrespective of succession pathway.” Ecosystems
21:1168-1182.

Gundersen, P., E.E. Thybring, T. Nord-Larsen, L. Vesterdal, K.]J.
Nadelhoffer, and V.K. Johannsen. 2021. “Old-growth forest car-
bon sinks overestimated.” Nature 591:E21-E23.

Hansson, K., B.A. Olsson, M. Olsson, U. Johansson, and D.B. Kleja.
2011. “Differences in soil properties in adjacent stands of Scots
pine, Norway spruce and silver birch in SW Sweden.” Forest Ecol-
ogy and Management 262(3):522-530.

Harris, 1., T.J. Osborn, P. Jones, and D. Lister. 2020. “Version 4 of the
CRU TS monthly high-resolution gridded multivariate climate
dataset.” Scientific Data 7:109.

Hoégbom, L., D. Abbas, E. Baders, M. Futter, A. Jansons, and J. Svensson.
2021. “Trilemma of Nordic-Baltic forestry — How to implement
UN sustainable development goals.” Sustainability 13(10):5643.

Holmgren, P. 2021. The forest carbon debt illusion. Contrary to com-
mon views, harvesting from managed forests does not delay cli-
mate benefits. Available online at: https:/www.forestindustries.
se/siteassets/dokument/rapporter/report-the-forest-carbon-debt-
illusion2.pdf; last accessed Mar.10, 2022.

Howard, C., C.C. Dymond, V.C. Griess, D. Tolkien-Spurr, and G.C.
Kooten. 2021. “Wood product carbon substitution benefits: a crit-
ical review of assumptions.” Carbon Balance Management 16:9.

Jandl, R., M. Lindner, L. Vesterdal, B. Bauwens, R. Baritz, F. Hagedorn,
D.W. Johnson, et al. 2007. “How strongly can forest management influ-
ence soil carbon sequestration?” Geoderma 137(3-4):253-268.

2202 Jaquiaoaq ¥ Uo 1s8nb Aq 981.5689/5500BX4/10SI01/E60 |0 L /I0p/3[0IB-82UBAPR/20USINS)S8I04/W00 dNo"olWapeoe)/:sdny Wolj papeojumoq



Sustaining Carbon Storage: Lessons from Hemiboreal Old-Growth Coniferous and Deciduous Forest Stands 9

Jones, LL., S.J. DeWalt, O.R. Lopez, L. Bunnefeld, Z. Pattison, and
D.H. Dent. 2019. “Above- and belowground carbon stocks are
decoupled in secondary tropical forests and are positively related
to forest age and soil nutrients respectively.” Science of the Total
Environment 697:133987.

Kenina, L., D. Elferts, E. Baders, and A. Jansons. 2018. “Carbon pools
in a hemiboreal over-mature Norway Spruce stands.” Forests.
9(7):435.

Kenina, L., . Jaunslaviete, L. Liepa, D. Zute, and A. Jansons. 2019.
“Carbon pools in old-growth Scots pine stands in hemiboreal Lat-
via.” Forests. 10(10):911.

Kaoster, K., M. Metslaid, J. Engelhart, and E. Késter. 2015. “Dead wood
basic density, and the concentration of carbon and nitrogen for
main tree species in managed hemiboreal forests.” Forest Ecology
and Management 354:35-42.

Kun, Z., D. DellaSala, H. Keith, C. Kormos, B. Mercer, W.R. Moomaw, and
M. Wiezik. 2020. “Recognizing the importance of unmanaged forests
to mitigate climate change.” GCB Bioenergy. 12(12):1034-1035.

Latva-Karjanmaa, T., R. Penttild, and ]. Siitonen. 2007. “The demo-
graphic structure of European aspen (Populus tremula) populations
in managed and old-growth boreal forests in eastern Finland.” Ca-
nadian Journal of Forest Research 37(6):1070-1081.

Lenth, R. 2021. emmeans: Estimated Marginal Means, aka Least-
Squares Means. R package version 1.5.5-1. Available online at
https://CRAN.R-project.org/package=emmeans; last accessed Mar.
5,2022.

Liepins, J., A. Lazdins, and K. Liepins. 2017. “Equations for estimating
above- and belowground biomass of Norway spruce, Scots pine,
birch spp. and European aspen in Latvia.” Scandinavian Journal of
Forest Research 33(1):1-43.

Lohmus, A. 2022. “Letter to the editor regarding Uri et al. (2022): The dy-
namics of the carbon storage and fluxes in Scots pine (Pinus sylvestris)
chronosequence.” Science of the Total Environment 838:155684.

Lohmus, A. and A. Kraut. 2010. “Stand structure of hemiboreal old-
growth forests: Characteristic features, variation among site types,
and a comparison with FSC-certified mature stands in Estonia.”
Forest Ecology and Management 260(1):155-165.

Lutter, R., R. Kolli, A. Tullus, and H. Tullus. 2018. “Ecosystem carbon
stocks of Estonian premature and mature managed forests: effects
of site conditions and overstorey tree species.” European Journal of
Forest Research 138(1):125-142.

Luyssaert, S., E.D. Schulze, A. Knohl, B.E. Law, P. Ciais, and J. Grace.
2021. “Reply to: Old-growth forest carbon sinks overestimated.”
Nature 591:E24-E25.

Martin, M., N. Fenton, and H. Morin. 2018. “Structural diversity and
dynamics of boreal old-growth forests case study in Eastern Can-
ada.” Forest Ecology and Management 422:125-136.

Martin, M., J.A. Tremblay, J. Ibarzabal, and H. Morin. 2021. “An in-
dicator species highlights continuous deadwood supply is a key
ecological attribute of boreal old-growth forests.” Ecosphere
12(5):¢03507.

Molina-Valero, J.A., ].J. Camarero, J.G. Alvarez-Gonzilez, et al. 2021.
“Mature forests hold maximum live biomass stocks.” Forest Ecol-
ogy and Management 80:118635.

Nilsson, S.G. 1997. “Forests in the temperate-boreal transition: natural
and man-made features.” Ecology Bulletin 46:61-71.

Nord-Larsen, T., L. Vesterdal, N.S. Bentsen, and J.B. Larsen. 2019.
“Ecosystem carbon stocks and their temporal resilience in a semi-

natural beech-dominated forest.” Forest Ecology and Management
447:67-76.

O’Brien, L., A. Schuck, C. Fraccaroli, E. Potzelsberger, G. Winkel, and
M. Lindner. 2021. Protecting old-growth forests in Europe - A re-
view of scientific evidence to inform policy implementation. Final
report. European Forest Institute, Bonn, Germany. 104 p.

Pregitzer, K.S. and E.S. Euskirchen. 2004. “Carbon cycling and stor-
age in world forests: Biome patterns related to forest age.” Global
Change Biology 10(12):2052-2077.

Pukkala, T. 2017. “Does management improve the carbon balance of
forestry?” Forestry. 90(1):125-135.

R Core Team. 2021. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
Available online at https://www.R-project.org/; last accessed Mar.
15,2022,

Roxburgh, S.H., S.W. Wood, B.G. Mackey, G. Woldendorp, and P.
Gibbons. 2006. “Assessing the carbon sequestration potential of
managed forests: A case study from temperate Australia.” Journal
of Applied Ecology 43(6):1149-1159.

Ruel, J.C. and B. Gardiner. 2019. “Mortality patterns after different
levels of harvesting of old-growth boreal forests.” Forest Ecology
and Management 448:346-354.

Sandstrom, F, H. Petersson, N. Kruys, and G. Stahl. 2007. “Biomass
conversion factors (density and carbon concentration) by decay
classes for dead wood of Pinus sylvestris, Picea abies and Betula
spp. in boreal rorests of Sweden.” Forest Ecology and Management
243(1):19-27.

Seedre, M., J. Kopa&ek, P. Janda, R. Bage, and M. Svoboda. 2015. “Car-
bon pools in a montane old-growth Norway spruce ecosystem in
Bohemian Forest: Effects of stand age and elevation.” Forest Ecol-
ogy and Management 346:106-113.

Senhofa, S., G. Snepsts, K. Bickovskis, et al. 2021. “Availability and
structure of coarse woody debris in hemiboreal mature to old-
growth aspen stands and its implications for forest carbon pool.”
Forests 12(7):901.

Siitonen, J., P. Martikainen, P. Punttila, and J. Rauh. 2000. “Coarse
woody debris and stand characteristics in mature managed and
old-growth boreal mesic forests in southern Finland.” Forest Ecol-
ogy and Management 123(3):211-225.

Taylor, A.R., M. Seedre, B.W. Brassard, and H.Y. Chen. 2014. “Decline
in net ecosystem productivity following canopy transition to late-
succession forests.” Ecosystems 17(5):778-791.

Uri, V., M. Kukumagi, J. Aosaar, M. Varik, H. Becker, K. Aun, K.
Lohmus, et al. 2022a. “The dynamics of the carbon storage and
fluxes in Scots pine (Pinus sylvestris) chronosequence.” Science of
the Total Environment 817:152973.

Uri, V., M. Kukumagi, J. Aosaar, M. Varik, H. Becker, K. Aun, K.
Lohmus, et al. 2022b. “Reply to A. Lohmus, 2022 letter to the edi-
tor regarding Uri et al. (2022): The dynamics of the carbon storage
and fluxes in Scots pine (Pinus sylvestris) chronosequence.” Science
of the Total Environment 844:156847.

Uri, V., M. Varik, ]J. Aosaar, A. Kanal, M. Kukumaigi, and K. Lohmus.
2012. “Biomass production and carbon sequestration in a fertile
silver birch (Betula pendula Roth) forest chronosequence.” Forest
Ecology and Management 267:117-126.

Yuan, Z.,A. Gazol, X. Wang, F. Lin, J. Ye, Z. Zhang, Y.Y. Suo, et al. 2016.
“Pattern and dynamics of biomass stock in old growth forests: The
role of habitat and tree size.” Acta Oecologica 75:15-23.

2202 18quiaoaq {7 Uo 1s8nB Aq 981 5689/GG09BX4/19S101/E60 | °0 | /I0p/3|0IHE-80UBADE/20USI0S)S8.104/W00 dno-olWwapeoe)/:sdiy Woly papeojumoq






BALTIC FORESTRY

Baltic Forestry 2022 28(2): 654
Category: Research article
https://doi.org/10.46490/BF654

http://www.balticforestry.mi.lt
ISSN 1392-1355
elSSN 2029-9230

Tree biomass - a fragile carbon storage
in old-growth birch and aspen stands in
hemiboreal Latvia

LAURA KENINA '*, DIDZIS ELFERTS >', IEVA JAUNSLAVIETE ', ENDIJS BADERS,
GUNTARS SNEPSTS' AND ARIS JANSONS'

! Latvian State Forest Research Institute “Silava”, Riga St. 111, Salaspils LV-2169, Latvia
2 University of Latvia, Faculty of Biology, Jelgava St. 1, Riga LV-1004, Latvia

* Corresponding author: laura.kenina@silava.lv

Kenina, L., Elferts, D., Jaunslaviete, 1., Baders, E., gnepsts, G. and Jansons, A. 2022. Tree biomass — a fragile
carbon storage in old-growth birch and aspen stands in hemiboreal Latvia. Baltic Forestry 28(2): article id 654.
https://doi.og/10.46490/BF654.

Received 15 June 2022 Revised 18 December 2022 Accepted 28 December 2022

Abstract

Birch (Betula pendula Roth, Betula pubescens Ehrh.) and European aspen (Populus tremula L.) stands dominate the
deciduous forests of Northern Europe. Due to increasing forest protections, more deciduous stands will reach the old-growth
stage. Thus, data on the carbon storage potential in such areas are essential. We aimed to establish a benchmark for carbon
stocks of the main carbon pools in old-growth deciduous hemiboreal stands. Carbon pools were calculated from measurements
in forty old-growth (104148 years-old) deciduous stands in forests on fertile mineral soil. The carbon stock in these stands
is distributed across tree biomass (~ 60%), mineral soil (~ 30%), the forest floor (~ 5%), and deadwood (~4%). Living tree
biomass and deadwood carbon pools were closely associated with stand parameters: dominant tree species, standing volume
and stand density. As the stand ages and tree dieback occurs, the significance of individual large trees to maintain high density
and standing volume, thus also the carbon stock of the stand, rises. Reliance on a small number of large trees makes the carbon
storage in old-growth stands fragile and easily affected by natural disturbances. It happens at an earlier age for species with
a relatively short life span, like birch and aspen. Our data from stands with the limited recent influence of such disturbances

provide a benchmark for carbon storage potential in old deciduous stands.

Keywords: carbon pools, tree biomass, deadwood, forest floor, soil, birch, European aspen

Introduction

Forests account for a great part of the carbon storage
and fluxes in different biomass pools and they differ greatly
due to the huge heterogeneity at stand level (Seedre et al.
2015, Kulha et al. 2020). There is also significant variabili-
ty in the carbon distribution across the main carbon pools in
different forests (Pan et al. 2011). This emphasizes the im-
portance of regional (case) studies to obtain reliable carbon
stock data. In forests across Europe, numerous studies have
shown that younger trees can sequester carbon at a faster
rate compared to mature trees (Taylor et al. 2014, Badala-
menti et al. 2019, Nord-Larsen et al 2019, Uri et al. 2019,
Uri et al. 2022). However, older stands may ensure higher
carbon storage in living tree biomass and soil (Pregitzer and
Euskirchen 2004, Badalamenti et al. 2019, Kun et al. 2020).
The carbon stocks of old-growth stands are largely defined
by multiple of factors such as vegetation type, soil proper-
ties, tree species, forest floor production, management and
deadwood formation (Kumpu et al. 2018, Jandl et al. 2019,

Mayer et al. 2020, Clarke et al. 2021), which have different
influences on the carbon storage of old-growth, compared
to younger, stands (Pregitzer and Euskirchen 2004, Ruel
and Gardiner 2019, Molina-Valero et al. 2020). Old-growth
forest is defined as an ecosystem with overgrown old trees,
large amounts of over-sized deadwood, multiple canopy
layers which contain rich species composition, and with
broad variation in tree size and spacing (Buchwald 2005).
Stand age is typically determined as the age of the dominant
cohort of trees. However, what “old” means varies across
tree species and regions, and sometimes, even within a re-
gion (O’Brien et al. 2021). Old-growth forests are essential
providers of a broad range of ecosystem services including
carbon storage (Brockerhoff et al. 2017). However, actual
studies of carbon pools at old-growth stages, where huge
heterogeneity between stands has been observed, are sparse
(Seedre et al. 2015, Yuan et al. 2016).

There are four major forest carbon pools — living
tree biomass, soil, deadwood and the forest floor — each
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store a certain amount of the total forest carbon (Seedre
et al. 2015, Triviflo et al. 2015). Tree biomass is a large
and dynamic forest carbon pool (Finér et al. 2003, Uri et
al. 2012, Badalamenti et al. 2019), which is strongly im-
pacted by management as well as by the type, frequency
and severity of natural disturbances and/or aging at the
old-growth stage (Gregow et al. 2017). Soil also stores a
large amount of carbon and in boreal forests it is a more
stable carbon pool than in temperate forests (Deluca and
Boisvenue 2012, Bradshaw and Warkentin 2015, Mayer et
al. 2020). However, there is still insufficient information
on soil carbon storage and sequestration rates at the old-
growth stage (Pregitzer and Euskirchen 2004, Jandl et al.
2007, Nord-Larsen et al. 2019).

Birch (Betula pendula Roth and Betula pubescens
Ehrh.) and European aspen (Populus tremula L.) are the
most abundant tree species in the European hemiboreal re-
gion (Caudullo and Rigo 2016, Dubois et al. 2020). Both
tree species are ecologically valuable, fast-growing, ear-
ly-succession species (Dubois et al. 2020, Hardenbol et al.
2020, Senhofa et al. 2020). Compared to coniferous, birch
and aspen stands have a shorter life span. Therefore, they
reach the old growth stage faster (at 120-140 years) and
the dominance of the older deciduous trees is more frag-
ile (Nilsson et al. 2002, Robalte et al. 2012, Gregow et al.
2017, Hardenbol et al. 2020). The dominance of the older
deciduous trees also lasts for shorter periods of time com-
pared to coniferous stands, as demonstrated by the high-
er deadwood amounts in these stands (Koster et al. 2015,
Stakénas et al. 2020, Senhofa et al. 2020). Only a few stud-
ies on biomass and soil carbon in young and mature hemi-
boreal birch stands are available (Uri et al. 2012). But the
old-growth stage of birch and European aspen has not been
characterized in this respect before.

Therefore, we aim to establish a benchmark for car-
bon pools, including living tree biomass, deadwood, soil
(0-80 cm) and the forest floor, in old-growth birch and
aspen stands on mesotrophic mineral soils in hemiboreal
Latvia. We hypothesize that, in the absence of stand re-
placing disturbances, a decline in stand density due to tree
dieback is a significant factor affecting the carbon pools of
old-growth deciduous stands.

Material and methods

Study area and sample plot selection

Latvia is located in the European hemiboreal forests:
a transitional zone between the coniferous boreal for-
est and the deciduous temperate-north forests (Ahti et al.
1968). According to National Forest Inventory (NFI) data
(NFI 2022), aspen and birch trees cover 34% (1.023 M ha)
of the total forest area in Latvia. The share of these tree
species is similar to those in other Baltic States (Sepp and
Kaasik 2002). These tree species make up 36% of the for-
est area (29% birch and 7% aspen) and 34% of the standing
volume (26% birch and 8% aspen) in Estonia (Valgepea et
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al. 2020). Forest types Hylocomniosa and Oxalidosa (Buss
1997) are the most common in Latvia, occupying 40% of
the total forest area. Both forest types have fresh mesotro-
phic mineral soil, suitable for most of the common tree
species. Due to slight differences in soil fertility, Hylocom-
niosa has a higher share of Scots pine dominated stands
and Oxalidosa — a higher share of grey alder (Alnus incana
(L.) Moench) and European aspen dominated stands, but
both have similar shares of Norway spruce and birch dom-
inated stands. In these forest types, the ground vegetation
layer is mainly occupied by common wood sorrel (Ox-
alis acetosella L.) and European blueberries (Vaccinium
myrtillus L.), but the moss layer by glittering woodmoss
(Hylocomium splendens Hedw.) and wind-blown mosses
(Dicranum spp.) (Buss 1997). Hylocomiosa has medium
fertile sandy loam, loamy and clay soil, whereas Oxalidosa
has typical podzolic or soddy podzolic, loamy soil, sandy
loam, less clay or fine sand (Buss 1997). The climate at the
sampled sites can be characterized as temperate moist con-
tinental, yet with the explicit coastal features of the Baltic
Sea (Avotniece et al. 2017). According to the Latvian En-
vironment Geology and Meteorology Centre, the mean an-
nual temperature is +7°C (the coldest —3°C in February and
warmest +18°C in July) and the mean annual precipitation
is 686 mm, with 334 mm falling during the growing season
(May to September).

Stands older than 100 years (aspen) or 120 years
(birch) were pre-selected and checked on site for the oc-
currence of the chosen forest types (Hylocomniosa, Oxal-
idosa), stand age, dominance of main tree species (> 50%
from the volume), no human intervention (no signs of for-
mer logging), in remote location (> 5 km from villages and
> 1 km from roads) on state-owned forest property. Only
stands which met all the eligibility criteria were used for
the collection of field data.

Field data collection

The measurements in the birch and aspen stands were
performed between 2018 and 2019. In total, 40 old-growth
deciduous stands were assessed, including 15 birch (123 to
148-year-old) and 25 aspen stands (104 to 135-year-old).
Altogether, 213 sampling plots (6 to 8 sample plots in each
stand) of 500 m? (of 12.62 m radius) were established in
these stands (Figure 1; Table 1; Supplementary Table 1s).

In the sampling plot, tree species, stand’s tree layer
(the first or second one) and the diameter at breast height
(DBH) for all the living trees (DBH > 6.1 cm) were record-
ed. The first layer included the tallest trees in the stand, the
height of which do not differ more than 20% from the mean
height of the trees in this layer. The second layer included
shorter threes with the height at least 25% of the mean of
the first layer. The height of five living birch or aspen trees
in the first layer and three living trees from each tree spe-
cies in the first and second layers were measured. The tree
height and DBH of all the standing dead trees (> 6.1 cm)
were measured. Standing dead trees were categorized as
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closest measurable annual rings. For
deadwood, the decay stage was es-
timated in five classes, from fresh to
almost completely decayed according
to Sandstrom et al. (2007), and the tree
species were recorded (if possible).
The analysis of the forest floor
and mineral soil carbon pools includ-
ed data from 10 birch and 23 aspen
stands. At three systematically locat-
ed points at the edge of the sampling
Y plot (0°, 90°, and 180°), soil and for-
est floor sampling were performed. At
each point, a single soil sample was
taken at fixed depths (010 cm; 10—
20 cm; 20-40 cm; 40-80 cm) using
100 cm® metal cylinder. 10 by 10 cm

2

Figure 1. Distribution of known old-growth birch and aspen stands in Latvia

Assessed old-growth stands indicated by rhombuses for aspen; and by squares for birch. Green
circles represent known old-growth aspen stands in Latvia in accordance with the set criteria;

blue triangle indicate known old-growth birch stands

Table 1. Stand characteristics by dominant tree species. Mean
standing volume, stand density, and basal area of the first layer
trees. The table includes mean values + confidence interval 95%

Characteristics s?alrrfgs ;\t:z?jr;

Mean tree diameter at breast height, cm 38+1.5 49+1.1
Mean quadratic tree height, m 30£0.7 3704
Mean standing volume, m® ha™'!

First layer 417 £30 669 +29

Second layer 73+15 105+19
Stand density, trees ha-!

First layer 296 +21 243+13

Second layer 364 +110 328 +60
Basal area, m? ha™

First layer 303 392

Second layer 8+2 10+2
Mean stand age, years 1302 1121
Number of sampling plots 67 146

ones with tops and with broken tops (snags). For lying
deadwood, the diameter of both ends (> 14.1 cm at the tick-
er end) and the length were measured within the sampling
plot, and for standing deadwood, diameter, height, and the
category of decay stage. In the centres of the sampling plots,
we inscribed smaller, quarter circle subplots (with an area
of 25 m?), in which living trees and deadwood of smaller
diameters were recorded (2.1 to 6.0 cm for standing trees
and 6.1 to 14.0 cm diameter of lying deadwood). Three liv-
ing birches and aspens of the first layer trees in each sample
plot were cored using a Pressler increment borer to detect
stand age. In aspen stands at such age soft stem rot was very
common. In cases where all trees had rot, the ones with
the smallest rot-affected area were selected and the number
of missing years were estimated based on distance to the

forest floor samples (organic layer
(O horizon) made of undecomposed,
fresh and wholly decayed plant or an-
imal debris without mineral material
(IPCC 2000)) were taken.

Data analysis

Tree height for living and dead standing trees was ex-
pressed as function of tree DBH, using Naslund’s model
(as referenced in Mehtitalo et al. 2015). The volume of
living and dead standing trees was calculated based on tree
DBH and tree species in accordance with the local equa-
tion, based on Liepa (1996). The volume of the dead stand-
ing trees with broken tops and lying deadwood was calcu-
lated using Huber’s formula (as referenced in Sénhofa et
al. 2020). The individual living tree biomass was calcu-
lated as a sum of above- and below-ground biomass using
local biomass models for the main tree species in Latvia
(Scots pine, Norway spruce, birch and European aspen)
according to Liepin$ et al. (2017). For cases, where the
biomass models have not been developed, the birch model
was used. Biomass was calculated for all measured living
trees and shrubs (from 2.1 cm DBH). A carbon content of
50% for converting tree biomass into carbon was used for
living tree biomass carbon stock estimation (IPCC 2006).
The necromass of deadwood and the carbon stock both for
standing and lying logs were estimated from the volume
and decay class-specific density and carbon content from
the parameters of the main tree species in Estonia devel-
oped by Koster et al. (2015) and tested for Latvia (Kénina
et al. 2019b).

The obtained soil and forest floor samples were
prepared and analyzed in the LVS EN ISO/IEC accred-
ited Laboratory of forest environment of the Latvian
State Forest Research Institute “Silava” according to the
LVS ISO 10694:2005 standard. The physicochemical pa-
rameters, such as soil bulk density, coarse fragments, total
carbon concentration, and inorganic carbon concentration,
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in the soil samples were determined according to the cor-
responding ISO standard. Organic carbon concentration in
the soil was expressed as the difference between the con-
centration of total carbon and inorganic carbon.

The total ecosystem carbon stock was calculated as a
sum of all measured carbon pools: biomass (for all species,
independently of stem layer or species, if not specified dif-
ferently), in deadwood, forest floor and soil.

Linear mixed effects models (LMER) were used to
evaluate the effect of species, stand density, standing vol-
ume, proportion (from standing volume) of species in stand
composition (hereafter called as species unit), and all two-
way interactions between species (independent variables)
on the dependent variable: the carbon stocks of living tree
biomass (also separate model for above- and below-ground
biomass). Linear regression was used to test the effect of
species, forest type, stand density, standing volume, and
species unit in soil and forest floor carbon stocks. To re-
duce the heterogeneity of dependent variables, carbon
stocks of deadwood, soil and forest floor were log trans-
formed before introducing in the models. After removing
non-significant interaction terms or main variables (at the
significance level 0.05), the final models were chosen us-
ing the Akaike information criterion (AIC). In all models,
stand ID was used as a random factor, as there were multi-
ple plots per stand. If there was a significant effect or inter-
action with more than two levels, a PostHoc test comparing
the estimated marginal means was used.

Data analysis was performed using R 4.1.0. software
environment (R Core Team 2021). R libraries “Ime4”
(Bates et al. 2015) and “ImerTest” (Kuznetsova et al. 2017)
were used to perform linear mixed-effects models, and li-
brary “emmeans” (Lenth 2021) to calculate estimated mar-
ginal means.

Results

The standing volume of the first layer ranged broad-
ly across sample plots in the birch and aspen stands: from
158.7 to 652.5 m* ha’!, and from 285.3 to 1199.7 m? ha!,
respectively, characterizing within and between stand het-
erogeneity. The stand density in the first layer was between
80 and 500 trees ha™! in sample plots in aspen stands and
between 120 and 540 trees ha™! in the birch stands.

The carbon storage in living tree biomass ranged from
88 to 271 t C ha™! in the birch and from 70 to 318 t C ha™
in the aspen sampling plots (Figure 2). The mean carbon
stock in the living tree biomass for the birch and aspen old-
growthstandswas 172+17.5 t C ha'and205+12.5tC ha ',
respectively, and there were no significant differences be-
tween these two tree species. The largest share of the mean
living tree biomass carbon stock was stored in the above-
ground biomass: 77% of living tree biomass carbon stock
in the birch and 81% of living tree biomass carbon stock
in the aspen stands (Table 2). In the birch stands, birch and
spruce formed the major share of the first layer, with 68%
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Figure 2. Mean tree biomass carbon stock of the first (1*) and
second (2") layers by species in old-growth aspen and birch
stands (error bars show + 95% confidence intervals)

Other species includes, for example Pinus sylvestris L., Tilia cordata
Mill., Alnus glutinosa (L.) Gaertn., Alnus incana (L.) Moench.

Table 2. Carbon stocks (mean, t C ha™') in the five major forest
carbon pools for birch and aspen old-growth stands on mineral
soils in hemiboreal Latvia. Confidence interval, + 95%, along
with the sampling size (n) provided in brackets if it differed from
sampling size in Table 1

Carbon pools, t C ha™'! Birch Aspen
Living tree biomass 172+ 18 205+13
Above-ground biomass 133+ 14 166 + 11
Below-ground biomass 394 39+3
Deadwood 10+3.2 13+24
Lying deadwood 6+24 8+18
Dead standing trees 2+15 3+1.1
Dead standing trees with broken tops 1+0.6 2+04
Mineral soil 113 +41(30) 105 + 18 (69)
Forest floor 9+4(36) 17+5(69)
Total ecosystem carbon stock * 316 £ 46 (10) 342 £ 29(21)

Note: * Total ecosystem carbon stock, i.e. the sum of all assessed carbon
pools includes living tree biomass, deadwood, forest floor, and mineral
soil

and 22% of the carbon stock, respectively. In the aspen
stands, minimal shares of tree biomass carbon were stored
by spruce (11%) and birch (7%). In the second layer, most
of the living tree biomass carbon in the aspen and birch
old-growth stands was stored by spruce (76 to 85% of the
second layer living tree carbon stock, respectively).

The carbon storage in deadwood between the sam-
pling plots ranged from 0.3 to 53.8t C ha! in the aspen
stands and 0.7 to 40.3 t C ha™! in the birch stands. Dead-
wood carbon pool size was similar between the birch and
aspen stands (Table 2). Lying deadwood accounted for the
majority (64% and 63%) of the total deadwood carbon pool
in comparison to the other deadwood types in the birch and
aspen stands. In the birch and aspen stands, carbon stocks
of dead standing trees, and dead standing trees with bro-
ken tops were small and similar. Most of the stored carbon
was in deadwood with decay stages 1 (recently dead) to
3 (moderately decayed) both in the old-growth birch and
aspen stands. Completely decomposed wood accounted for
only 2-3% of the total deadwood carbon stock.



BALTIC FORESTRY 28(2)

According to the linear mixed effects models, above-
and below-ground biomass carbon stock are determined by
the standing volume of the first layer trees (p < 0.001) (Fig-
ures 3 and 4). Dominant tree species interaction with stand
density and stand volume was significant for above-ground
tree biomass carbon (both p <0.001). The carbon storage
of below-ground biomass is determined by the dominant
tree species of the stand (p < 0.001) (Figure 4). Moreover,
the dominant tree species of the stand (p <0.001) and the
interactions between the dominant tree species of the stand
and the proportion of dominant tree species in the stand
composition (both p <0.001) had a significant influence
on the carbon storage of below-ground biomass. The re-
sults of the models indicated that the carbon stock of the
above-ground and also living tree biomass in the old-
growth birch and aspen stands increased with rising stand

Aspen B s
300 == Birch

200 |
s /

150

Above-ground biomass, t C ha”

250 500 750 1000 1250
Standing volume, m* ha !

100 200 300 400 500
Stand density, trees ha '

Figure 3. Model predicted change of the above-ground biomass
carbon stock in response to (A) standing volume (M, m* ha™');
(B) stand density (trees ha™) in old-growth birch and aspen
stands. Mean (t C ha™) values + 95% confidence interval
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Figure 4. Model predicted change of the below-ground biomass
carbon stock in response to (A) standing volume (M, m?® ha™');
(B) stand density (trees ha™') in old-growth birch and aspen
stands. Mean (t C ha™') values + 95% confidence interval
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density (p <0.001) (Table 3; Figures 3 and 5). This effect
was tree species dependent and notably more pronounced
for the birch than for aspen stands (Table 3; Figures 3B
and 5B). Only below-ground biomass carbon was deter-
mined by dominant tree species and its interaction with the
proportion of the dominant tree species in the stand com-
position (Figure 4). According to the linear mixed-effects
model, the deadwood carbon stock increased as the stand-
ing volume increased, and the stand density decreased (Ta-
ble 3; Figure 6).

The forest floor carbon stock was not affected by
the dominant species or other factors included in the lin-
ear regression (e.g. forest type, stand density, standing
volume, species unit) (Table 2). Based on a similar anal-
ysis, mean carbon stocks in the entire sampled soil profile
(0-80 cm) were similar between the old-growth birch and

Table 3. The main effects of the explanatory variables and their
interactions on the carbon stocks of the living tree biomass and
deadwood (Satterthwaite generalized linear mixed-effect model)

Explanatory variable Sé’g’ Néllr:n DDe’_g (Z—x::ﬂz)
Living tree biomass
Species 130 1 204.1 0.7
Stand density 5652 1 2003 309"
Standing volume 78738 1 1974 430.6**
Stand density by species 3370 1 2003 18.4**
Standing volume by species 4027 1 1974  22.0**
Deadwood biomass
Species 19 1 184.8 4.2*
Stand density 3.2 1 2043 7.0
Standing volume 25 1 199.2 56*
Standing volume by species 2.0 1 205.2 4.5*

Notes: Species — birch, aspen; species unit — dominant tree species
proportion of volume. Sum Sg stands for sum of squares, Num DF stands
for numerator degrees of freedom, Den DF stands for denominator
degrees of freedom. p-value shown as (*): p < 0.05; (**): p < 0.01; (¥**):
»<0.001.
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Figure 5. Model predicted change of the living tree biomass
carbon stock in response to (A) standing volume (M, m® ha™);
(B) stand density (trees ha™') in old-growth birch and aspen
stands. Mean (t C ha™') values + 95% confidence interval
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Figure 6. Predicted deadwood carbon stock in response
to (A)standing volume (M, m?ha™) and (B)stand density
(trees ha'). Mean (t C ha™') values + 95% confidence interval
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Figure 7. Differences in the mean soil carbon stock at different
soil depths. Error bars show + 95% confidence intervals

aspen stands. The carbon stocks within the sampled miner-
al soil layers (010 cm; 10-20 cm; 2040 cm; 40-80 cm)
were relatively similar but varied greatly between sampled
stands (Figure 7). More than 30% of the soil organic car-
bon was concentrated in the upper 10-cm layer.

The mean total ecosystem carbon stock was only
calculated for those stands that had data for all four car-
bon pools. It was similar in the old-growth birch and as-
pen stands (Table 2). Tree biomass formed the greatest
percentage of the total ecosystem carbon stock, followed
by mineral soil (0-80 cm), the forest floor, and deadwood
(Table 2).

Discussion and conclusions

We found that the old-growth birch and aspen stands
stored more total ecosystem carbon than the old-growth
pine and spruce stands analysed in earlier studies in Lat-
via (K€nina et al. 2018, Kénina et al. 2019a). Although
especially old aspen trees are susceptible to wood-rotting
fungi (Latva-Karjanmaa et al. 2007, Arhipova et al. 2011),
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the effect of the presence of rot was not evaluated in our
study, potentially leading to an overestimation of the car-
bon stock. Tree biomass formed the greatest percentage of
the mean total ecosystem carbon stocks in the birch and
aspen stands (57% and 60%), followed by mineral soil car-
bon pool (37% and 31%), forest floor (3% and 5%), and
deadwood (3% and 4%) (Table 2). Above-ground biomass
in turn, formed the major part of the total living tree bio-
mass carbon pool. Other studies have likewise illustrated
that living tree biomass is the dominant carbon pool (Finér
et al. 2003, Seedre et al. 2015, Kénina et al. 2019a). The
high variability of the deadwood carbon pool size between
the sampling plots reflects the heterogeneity of natural
mortality within and between the old-growth stands. Pre-
vious studies of hemiboreal birch stands show that the
mean deadwood carbon pool in old-growth stands is larger
compared to younger mature stands (5.4 t C ha™'; Table 2;
Senhofa et al. 2020). A relatively small amount of carbon
in deadwood in our studied stands indicates the absence of
recent severe disturbances: thus, stands have reached their
maximum biomass storing capacity. Most of the deadwood
carbon stock in both deciduous old-growth stand types was
in a decay stage between 1 (recently dead) and 3 (mod-
erately decayed). Abiotic factors such as air temperature
and humidity, and biotic factors such as fungi, insects, and
wood properties (tree species and dimensions and dead tree
position in stand; downed, standing tree) were the main as-
pects affecting decomposition of the dead trees in the stand
(Yatskov et al. 2003, Ruel and Gardiner 2019). Since the
deadwood amount and composition vary depending on the
intensity and the time since the last disturbance (Martin et
al. 2021), the limited amount of it as well as the decompo-
sition stage in old-growth stands, demonstrate the minimal
effect of disturbances. Consequently, the carbon storage in
these stands can be used as the benchmark for storage ca-
pacity in hemiboreal aspen and birch stands.

Below-ground biomass carbon stock and its changes
with increasing stand density were affected by dominant
tree species (Figure 4B; Table 3), presumably reflecting
the species differences in root system formation and ad-
aptation parameters (root to shoot ratio, root length and
mass) as well as inter-species differences in root system
reaction to competition (Possen et al. 2011). Stand densi-
ty significantly affected the carbon storage in living tree
biomass, especially for birch. However, this could also be
a reflection of the differences in species biology: aspen is
better able to compensate the lost biomass of some trees
due to natural mortality through the increased increment
of the remaining trees (Table 3; Figures 3B and 5B). This
is consistent with the previously described characteristics
of birch (Hynynen et al. 2009), where vitality of this tree
species decreased before the age of 100 years.

The mean carbon stocks of soil (0—80 c¢cm) in our study
were similar within the old-growth birch and aspen stands
(Table 2). More than 30% of the soil carbon was found in
the first sampled depth (0—-10 cm), which is more strong-
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ly affected by different natural processes such as high mi-
crobial activity and soil respiration (Hansson et al. 2011).
Our estimations support the previously gained knowledge
from younger (60-year-old) silver birch (Betula pendula
Roth) stands growing on fertile (Oxalis) sites in Estonia,
where the upper 30 cm accumulated 38% of the total forest
carbon pool (Uri et al. 2012). This also corresponds with
the results from boreal, temperate, and tropical forests —
where mean soil organic carbon stock decreased with in-
creasing depth (Figure 7) (Hansson et al. 2011, Jones et
al. 2019, Nord-Larsen et al. 2019). Our results for the
mineral soil carbon pool size are consistent with the data
from semi-natural temperate nemoral beech (Fagus sylvat-
ica L.) dominated stands where the mean soil carbon pool
(0-75 cm) was 114 t C ha! (Nord-Larsen et al. 2019). The
substantial variation of soil carbon storage among the de-
ciduous stands was not linked to their age, and supports the
findings of other studies (mainly in a chronosequence of
younger stands), in which, at some point (stand age), soil
carbon saturation is reached and further increases in stand
age do not lead to an ever-increasing soil carbon pool that
was demonstrated in silver birch (Uri et al. 2012), grey al-
der (Uri et al. 2014), and Scots pine (Uri et al. 2022). Thus,
soil carbon stocks in old-growth stands on mineral soils
may not increase continuously, and thus do not contribute
to climate change mitigation (Jandl et al. 2007, Hansson et
al. 2011, Uri et al. 2012, Lutter et al. 2018).

The forest floor carbon pool, although small in nu-
merical values, is considered an important transfer point
between the surface and the soil carbon pools (Jandl et
al. 2007). Forest floor carbon stocks were almost twice
as large in the old-growth aspen stands compared to the
old-growth birch stands (Table 2). Our estimated forest
floor carbon stock in the birch stands was close to the for-
est floor carbon stock in the temperate semi-natural beech
forest (6.9 t C ha™') (Nord-Larsen et al. 2019). Since the
forest floor carbon stock tends to reach its maximum value
after about 70 years of stand development (Pregitzer and
Euskirchen 2004), the great range in forest floor carbon be-
tween the studied deciduous stands might be explained by
variation in standing volume and thus litter influx. Though,
previous studies have highlighted the effect of dominant
tree species as well as ground vegetation and fauna, speed
of mineralization of different litter on the forest floor car-
bon (Hansson et al. 2011, Vesterdal et al. 2013, Lutter et
al. 2018).

These carbon pool data illustrate that the largest and
most varied carbon pool in the old-growth birch and as-
pen dominated stands is the living tree biomass, which was
significantly affected by the stand density and standing
volume of the stand first tree layer. Individual dieback of
the large first layer trees due to natural disturbance and/
or aging may significantly reduce the carbon storage in
old-growth forests. The resulting fragility is also affected
by the notably shorter (in comparison to native conifers)
life span of these tree species. We have further managed
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to quantify the mineral soil carbon pool, which was the
second largest carbon pool, thus expanding the cur-
rent knowledge of soil carbon in hemiboreal old-growth
deciduous stands. However, further studies are need-
ed to investigate soil carbon dynamics and emissions in
old-growth stands.
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Supplementary Table 1s. Characteristics of old-growth European aspen and birch stands

First layer Second layer
Species Age DBH,cm H, m Yga'“h’gﬁﬁ tgzgsrglﬂ Species DBH,cm H, m \I{r?gluhrgﬁ’
10A 110 48 39 687 207 5L5S 24 21 109
9A1S 115 57 38 565 167 5S5L 15 15 100
9A1S 119 47 38 602 223 108 20 21 165
9A1B 119 44 39 620 243 10S 20 19 70
10A+B 109 46 39 812 266 10S 19 18 108
7A1B1P1S 110 41 32 623 385 9S1Ba 20 19 122
8A2B 107 47 33 473 200 8s101B 19 16 7
9A1B 135 53 35 579 180 9S1A 22 19 211
8A1S1B 114 44 37 628 283 10S 20 20 104
9A1S 104 55 39 783 210 108 24 22 188
8A1B1S 114 55 39 753 233 108 23 22 133
9A1S 109 47 38 770 277 7S3L 23 20 58
8A2S 104 46 37 601 250 7S3L 24 22 99
9A1S 104 50 39 712 237 9S1L 19 19 91
8A2S 118 48 33 598 230 108 22 19 110
8A1S 118 53 36 761 250 6S3L1B 23 19 42
9A1B 116 51 39 721 250 8S2L 20 17 78
9A1S 1M 48 40 950 303 108 19 19 88
10A 118 45 37 764 280 9S1L 23 21 180
7A2S1B 107 52 38 622 203 108 23 22 96
7A2S1B 13 51 36 709 287 108 23 22 102
9A1S 108 50 34 383 125 7Ga3As 18 16 13
9A1B 105 41 29 617 340 9S1B 19 17 77
9A1B 119 45 38 599 240 10S 20 20 125
9A1S 104 55 38 689 190 9S1L 20 18 90
8B2S 129 42 29 372 233  6S4L 18 17 115
7B3S 148 31 27 242 270 10S 14 13 61
7B2S1P 126 33 28 336 307 9S1B 18 17 69
7B2S1A 126 38 31 479 310 8S1B10 18 16 52
8B2S 131 40 30 464 273 9S1B 19 17 65
5B2A1P1S10 123 41 30 514 280 5S3Ba20 15 14 59
5B2A1P1S10 127 41 30 514 280 5S3Ba20 15 14 59
7B3S 140 42 31 356 236 6S2M1L1Ga 16 17 91
4B4S2Ba 140 30 25 299 367 10S 19 16 38
6B2A1S1Ba 125 43 33 450 230 8S1BailL 19 18 52
5B3S2P 124 39 30 531 324 10S 21 19 126
5B2S2A1P 124 36 27 400 345 8S2Ga 18 15 48
5B2S1A1Ba 136 35 27 316 365 8S1BalB 14 15 103
5B3A2S 124 32 32 445 367 10S 18 17 47
5B3S1P1A 138 39 34 531 305 10S 20 21 70

Notes: Species composition is based on the proportion of the species volume in the respective stand layer: 10 =90%...100%, 9 = 80%...89%,
8 =70%...79%, etc. A — European aspen (Populus tremula L.); S — Norway spruce (Picea abies (L.) Karst.); B — birch (pooled Betula pendula Roth
and Betula pubescens Ehrh.); P — Scots pine (Pinus sylvestris L.); L — lime (Tilia cordata Mill.); Ba — black alder (4/nus glutinosa (L.) Gaertn.);
O — Common oak (Quercus robur L.); As — ash (Fraxinus excelsior L.); M — Norway maple (Acer platanoides L.); Ga — gray alder (4lnus incana

(L.) Moench).
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