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1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Témas aktualitate

Petfjuma aktualitati nosaka starptautiskas saistibas, ko Latvija
apnémusies pildit, ratificjot Apvienoto Naciju Organizacijas Vispargjo
konvencija par klimata parmainam (UNFCCC), tas Kioto protokolu un Parizes
vienosSanos. Atbilstosi UNFCCC prasibam, Latvijai katru gadu ir jasagatavo
parskats par siltumnicefekta gazu (SEG) emisijam un oglekla dioksida (COj)
piesaisti, ka ari reizi divos gados jasagatavo SEG emisiju un CO, piesaistes
prognozu zinojums un regulari jazino par darbibam, kas veiktas, lai samazinatu
SEG emisijas zemes izmanto$anas, zemes izmantoSanas mainas un
meZsaimniecibas sektora. Precizas metodes atsevisku koku un kokaudzu
biomasas noveérté$anai nepiecieSamas, lai aprékinatu CO, piesaisti kokaugu
biomasa un raksturotu uzkrata oglekla daudzuma izmainas Latvijas mezos.
Lidzsingjie petijumi Latvija par koku biomasas un oglekla apjoma novertéSanas
metodém saimnieciski nozimigakajam koku sugam veikti fragmentari, tikai
atsevisku koku sugu un biomasas frakciju Itmeni. Starpvalstu klimata parmainu
padomes 2006. gada SEG inventarizacijas vadliniju aprakstita biomasas
aprékina metodika piedava vidgjas blivuma un biomasas parrékina koeficientu
vertibas, kuru lictoSana Latvijas apstaklos nav zinatniski pamatota.
Pétnieciskais darbs izstradats, lai nodrosinatu kokaudzu biomasas un oglekla
uzkrajuma aprékinu atbilstibu nacionalo zinojumu sastadiSanas vadlinijam.

1.2. Promocijas darba mérkis, uzdevumi un tezes

Promocijas darba mérkis. lzveidot alometriskos vienadojumus
saimnieciski nozimigako koku sugu biomasas raksturoSanai un noteikt Latvijas
kokaudzes uzkrato oglekli. Atbilstosi petijuma mérkim izvirziti trTs pétnieciskie
uzdevumi.

1. Raksturot vidgjo stumbra reducgto blivumu, ta telpiskas izmainas stumbra
garenvirziena un $kérsgriezuma.

2. lzstradat parastas priedes (Pinus sylvestris L.), parastas egles (Picea abies
(L.) H. Karst.), bérzu (Betula sp.) un parastas apses (Populus tremula L.)
atseviSku koku virszemes, celma/saknu, stumbra un zaru biomasas
vienadojumus.

3. Novértét kokaudzu biomasa uzkrata oglekla daudzumu, izmantojot Latvijas
meZa resursu monitoringa datus.

Promocijas darba t€zes.




1. Koksnes vidgjo blivuma vértibu izmanto$ana visa koka stumbra biomasas
aprekinasanai veido sistematisku kladu, kuras lielums ir atskirigs dazadam
koku sugam.

2. Starpvalstu klimata parmainu padomes 2006. gada SEG inventarizacijas
vadliniju piedavato biomasas parrékina koeficientu un Fenoskandija
izstradato biomasas vienadojumu izmantoSana rada kladu novertgjot
Latvijas kokaudzes uzkrato oglekli.

1.3. Darba zinatniska novitate un praktiska nozime
(rekomendacijas)

Novitate.

Promocijas darba ietvaros izstradati Latvijas teritorijai pieméroti
virszemes biomasas, stumbra biomasas un celma/saknu biomasas aprékina
vienadojumi saimnieciski nozimigakajam koku sugam. Parastajai apsei saknu
biomasas vienadojumi izveidoti pirmo reizi, bet priedei, eglei un b&rzam uz
plasu un reprezentativu empirisko materialu balstiti biomasas vienadojumi
publicéti vien dazos pétijumos. Pirmoreiz Latvija aprékinatas un publicétas visa
stumbra vidéjas sveértas reducéta blivuma vértibas un izstradatas koksnes
blivuma izmainu kartes, ieklaujot dazadu dimensiju kokus.

Rekomendacijas.

1. Sagatavojot nacionalo SEG inventarizacijas zinojumu atbilstosi UNFCCC
prasibam, Latvijas kokaudzu biomasas aprékinasanai ieteicams izmantot
petijuma izstradatos biomasas vienadojumus, jo paSreiz speka esosa
biomasas aprékina metodika nepietickosa apméra noverte kokaudzu
biomasu Latvija.

2. Latvija un visa hemiborealaja mezu regiona triikst informacijas par oglekla
satura vari€Sanu dalfjuma pa koku sugam un biomasas frakcijam. Tapec, lai
izvairitos no oglekla uzkrajuma parvértésanas riskiem, Latvijas kokaudzu
oglekla uzkrajuma aprékiniem ieteicams lietot m&reno un borealo mezu
videjas oglekla satura vertibas skujkokiem — 50.8% + 0.6% un lapkokiem —
48.8% + 0.6%.

3. Biomasas vienadojumi izstradati ¢etram Latvija izplatitakajam koku sugam.
Pargjo Latvija sastopamo koku sugu biomasas aprékiniem ieteicams
izmantot pétljuma izstradatos vienadojumus, piemérojot tos attiecigi péc
lidzigakajam stumbra reducéta blivuma vertibam skujkokiem un lapkokiem.

1.4. Zinatniska darba aprobacija

P&tijuma rezultati apkopoti Cetras publikacijas.
1. Liepins, J., Lazdins, A., Liepips, K. (2018). Equations for estimating
above- and belowground biomass of Norway spruce, Scots pine, birch spp.
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and European aspen in Latvia. Scandinavian Journal of Forest Research.
33(1), 58-70. DOI: 10.1080/02827581.2017.1337923 (IF 2017 = 1.600).

. Liepins, J., Ivanovs, J., Lazdigs, A., Jansons, J., Liepins, K. (2017).
Mapping of basic density within European aspen stems in Latvia. Silva
Fennica. 51(5), 9p DOI: 10.14214/sf.7798 (IF 2017 = 1.683).

. Liepins, J., Liepins, K. (2017). Mean basic density and its axial variation in
Scots pine, Norway spruce and birch stems. In Research for Rural
Development 23rd Annual International Scientific Conference Proceedings.
(Vol. 1, pp. 21-27). DOI: 10.22616/rrd.23.2017.003.

. Liepins, J., Liepins, K. (2015). Evaluation of bark volume of four tree
species in Latvia. In Research for Rural Development. 21rd Annual
International Scientific Conference Proceedings. (Vol. 2, pp. 22—-28). ISSN:
16914031.

P&tijuma rezultati prezent&ti 12 zinatniskajas konferences.
The Annual 24rd International Scientific Conference “Research for Rural
Development 20187, 16.05. — 18.05.2018. Jelgava, Latvia. Prezentacija —
Liepins, J., Ivanovs, J., Lazdins, A., Jansons, J., Liepins, K. Variation of
basic density in stems of European aspen wood and bark.
Linking belowground biodiversity and ecosystem function in European
forests (BioLink) during yr. 2015 — 2018, 14.05. — 16.05.2018. Granada,
Spain. Stenda referats — Daugaviete, M., Lazdina, D., Celma, S., Bardule,
A., Bardulis, A., Liepins, J., Lieping, K., Lazdins, A., Jansons, A., Kénina,
L., Zeps, M. Realized and ongoing research projects in frame of COST
Action FP 1305 in Latvian Forest Research Institute Silava.
Starptautiski zinatniski praktiska konference “Zinatne un prakse nozares
attistibai”, 15.03 — 17.03.2017. Jelgava, Latvija. Prezentacija — Liepins, J.,
Liepins, K. Koksnes blivuma izmainas priedes, egles un beérzu stumbru
garenvirziena.
11th International Scientific Conference ,,Students on their way to science”,
22.04.2016. Jelgava, Latvia. Prezentacija — Liepins, J., Liepins, K.
Estimation of the biomass stock from growing stock volume.
International Scientific Conference of the forest sector ,,Knowledge based
forest sector”, 4.11 — 6.11. 2015. Riga, Latvija. Prezentacija — Liepins, J.,
Lazdins, A., Liepins, K. Above - and belowground biomass functions for
four most common tree species in Latvia.
International Scientific Conference of the forest sector ,,Knowledge based
forest sector”, 4.11 — 6.11. 2015. Riga, Latvija. Prezentacija — Lazdins, A.,
Liepins, J., Liepins, K., Bardule, A., Butlers, A. Results of research
program on evaluation of impact of forest management measures on
greenhouse gas emissions and CO, removals.
10th International Scientific Conference ,,Students on their way to science”,
24.04.2015, Jelgava, Latvia. Prezentacija — Muiznieks, E., Liepin§, J.,



Lazdins, A. Carbon content in biomass of the most common tree species in
Latvia.

8. The Annual 21st International Scientific Conference ,,Research for Rural
Development 20157, 13.05 — 15.05.2015. Jelgava, Latvia. Prezentacija —
Liepins, J., Liepins, K. Evaluation of bark volume of four tree species in
Latvia.

9. Conference ,,Adaptation and mitigation: strategies for management of forest
ecosystems”, 23.04 — 24.04.2015. Riga, Latvia. Prezentacija — Liepins, J.,
Liepins, K., Lazdins, A. Biomass equations for the most common tree
species in Latvia.

10. Zinatniski  praktiska konference , Zinatne un prakse nozares
attistibai”,16.04 — 19.04.2015. Jelgava, Latvija. Prezentacija — Liepins, J.
Mizas apjoma model&Sana Latvijas saimnieciski nozZimigajam koku sugam.

11. 9th Baltic Theriological Conference ,,Forest ecosystem and its management:
towards understanding the complexity”, 15.10.2014. Daugavpils, Latvia.
Prezentacija — Liepins, J., Liepins, K., Lazdins, A. Biomass studies for
most common tree species in Latvia.

12. 9th Baltic Theriological Conference ,,Forest ecosystem and its management:
towards understanding the complexity”, 15.10.2014. Daugavpils, Latvia.
Prezentacija — Marniece, S., Lazdin$, A., Liepins, J. Decomposition of
below-ground biomass in coniferous forest stands in Latvia.

1.5. Promocijas darba struktiira un apjoms

Promocijas darba struktiira ir pakartota darba izvirzitajiem
pétnieciskajiem uzdevumiem. Darbs sastav no trijam nodalam. Pirmaja nodala
veikta oglekla piesaistes un kokaudzu biomasas noteik$anas problematikas
analize. Otraja nodala aprakstitas darba izmantotas metodes un izmantotais
empiriskais materials. TreSaja nodala analizéti p&tfjuma iegltie rezultati,
atbilsto§i izvirzitajam promocijas darba mérkim un pétnieciskajiem
uzdevumiem.

Promocijas darba apjoms ir 105 Ipp., informacija apkopota 14 tabulas,
31 attélos, izmantoti 268 literatiiras avoti. Darba nosléguma formuléti
6 galvenie secinajumi un sniegtas 3 rekomendacijas.

2. MATERIALS UN METODES

2.1. Empiriska materiala raksturojums

Empiriskais materials Latvijas saimnieciski nozimigako koku sugu
parastas priedes (Pinus sylvestris L.), parastas egles (Picea abies (L.) H.
Karst.), bérzu (Betula pendula Roth un Betula pubescens Ehrh.) un parastas
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apses (Populus tremula L.) virszemes un saknu biomasas vienadojumu izstradei
un oglekla uzkrajumu koka biomasa aprékiniem ievakts 124 meza nogabalos
laikposma no 2010.-2014. gadam. Mezaudzu atrasanas vietas izveéletas dazados
Latvijas regionos, parstavot daudzveidigus augSanas apstaklus un at3kirigas
koku populacijas. Katrai petijuma ieklautajai koku sugai meza nogabali atlasiti,
parstavot vienada skaitd jaunaudzes, vidéja vecuma audzes, briestaudzes un
piecaugusas audzes, ka arT koku sugai tipiskakos augSanas apstaklus. Visas
atlasitajas meZaudzeés valdo$as koku sugas Tpatsvars bija lielaks par 70%. Lai
raksturotu atlasitas mezaudzes, katra vieta izvietots aplveida parauglaukums ar
platibu 500 m% parauglaukumi subjektivi izvietoti audzes vietas, kas
visprecizak raksturo visu nogabalu un to centrs atradas talak par 50 m no
nogabala argjas robezas. Pe&c mezaudzes raksturoSanas katra parauglaukuma
nozagesanai atzimeti 3 dazadu dimensiju koki parstavot I, Il un 11l Krafta klasi.
Bojatie un trupgjusie koki, ka arT koki ar dubultgalotném un dobumiem netika
izveleti ka paraugkoki.

2.2. Koku virszemes biomasas empiriska materiala ievaksana
un apstrade

Virszemes biomasas aprékiniem empiriskais materials ievakts no véla
rudens Iidz agram pavasarim, perioda, kad lapu koki ir bezlapu stavokli, koku
jaunie dzinumi ir nobriedusi un vairs nenotiek aktiva koka augSana. Kopa
virszemes biomasas vienadojumu izstradei ievakts empiriskais materials no 372
kokiem (102 priedém, 81 eglém, 105 bérziem un 84 apsém). Celma augstums
visiem kokiem mérits no zemes virsmas. Tas definéts ka 1% no koka augstuma,
kas nomerits pirms koka nozageSanas. Celma augstums ir ari vieta, kur koks
sadalits virszemes un celma/saknu biomasas frakcijas.

P&c koka nozageSanas ta zalais vainags stumbra garenvirziena sadalits
trijas vienadas dalas. No katras dalas vidus ievakts viens vid€ja izméra zars,
kuri kopa izmantoti talakam analizém, lai noteiktu vid€jo Gidens Tpatsvaru koka
vainaga. No sauso zaru dalas vidus izv€l&ts tikai viens paraugzars, kur§ markets
identiski. P&c tam stumbrs rlipigi atzarots un visi dzivie un sausie zari atseviski
nosverti. Lielakajiem kokiem zari svérti ar Kern HCB 99K50, 99 kg + 0.05
svariem, bet mazakajiem — Kern HDB 10K 10N, 10 kg + 0.01. P&c svérsanas
zaru paraugi iepakoti plastmasas maisos un nogadati laboratorija, kur tie
nosverti un zaveti 103 °C gradu temperatiira 1idz nemainigai to masai. Ja kadu
iemeslu d€] paraugus uzreiz péc nogadaSanas laboratorija nebija iesp&jams
nosvert tie uzglabati aukstumkamera. Visa koka dzivo un sauso zaru biomasa
aprekinata péc raksturojoSo zaru paraugu dabiski mitras masas un absoldti
sausas masas attiecibas.

Uz nogazta koka virsmas ar krasu izveidotas atzimes ik pa 1 m (kokiem,
kuru stumbru garums ir lidz 20 m) vai ik pa 2 m, (ja stumbra garums ir 20 m un
vairak) un precizi nomerits stumbra kopgjais garums. Koka stumbrs iezimétajas
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vietas sadalits nogrieznos jeb sekcijas. Katra stumbra griezuma vieta, papildus
arl pirmas sekcijas vida un 1.3 m augstuma, izzagetas apméram 2 — 2.5cm
biezas koksnes ripas. Skérsgriezuma laukuma aprékiniem katrai koksnes ripai
izm@rits caurmers ar un bez mizas divos savstarpgji perpendikularos virzienos.
Lai aprékinatu stumbra vidgo reducgto blivumu, no katra stumbra
Skérsgriezuma ripas sagatavoti paraugi jeb ripas segmenti blivuma meériSanai.
Blivuma segmentu sagatavos$ana veikta péc att€lotas shémas (2.1. attéls).

Koksnes blivuma paraugs /
e Wood density specimen

N 2 Mizas blivuma paraugs /
% G5 Bark density specimen

2.1. att. Blivuma paraugu novietojums stumbra $kérsgriezuma ripas.
S - apzime blivuma paraugu, bet a - apzZimé paraugam atbilstoso
ripas platibu /
Fig. 2.1. Position of the density specimens within the sample discs;
S denotes density specimen, and a refers to the corresponding area of wood or bark
specimen

Pirms koksnes un mizas segmentu blivuma meériSanas tie uz 24 stundam
iemérkti Gdeni, lai to neuzsiiktu mérisanas procesa (llic et al., 2000). Paraugu
blivums meérits ar Precisa XB 220A laboratorijas svariem, kas aprikoti ar
Precisa blivuma mériSanas komplektu divos atkartojumos. Pirms katra
atkartojuma paraugs nosusinats ar mikstu papiru. Ja starp mérfjumu
atkartojumiem konstatéta liela starpiba, tad veikts vel treSais mérijums, tadejadi
samazinot sistematisko un gadfjuma kludu rasanos. Koksnes un mizas
segmentu reducéta blivuma aprékiniem visi paraugi zaveti 103 °C temperatira
lidz tika sasniegta nemainiga to masa. Paraugu sausa masa noteikta uzreiz pec
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to iznemsanas no zavéSanas kameras, kamér tie nav piesaistijusi gaisa esoSo
mitrumu.

Stumbra sekciju tilpuma aprekiniem izmantotas katras Sk&rsgriezuma
vietas diametra merfjumu rezultati divos savstarp&ji perpendikularos virzienos.
Katras stumbra sekcijas tilpums aprékinats péc Iidzigas metodikas kadu
lietojusi Smith et al., (2014), aprékinot bérza stumbra biomasu. Katras stumbra
sekcijas biomasa aprekinata, reizinot tas tilpumu ar vid€jo reduc&to blivumu,
kur§ aprékinats ka vidgjais aritmétiskais no abos galos esoSo $kérsgriezuma
ripu vidgjiem reducétajiem blivumiem. Galotnes sekcijai blivums aprekinats
tikai pec vienas — apaks€jas Skersgriezuma ripas vidgja reducéta blivuma.
Vidgja sveérta aprékina formula lietota, aprékinot katras $kérsgriezuma ripas
vidgjo blivumu no koksnes un mizas segmentiem un tiem atbilstoSajam
platibam uz stumbra $k&rsgriezuma ripas (2.1. att€ls). Visa stumbra kopg&ja
biomasa aprékinata summgéjot individualu sekciju biomasas.

2.3. Koku celma/saknu biomasas empiriska materiala
ievakSana un apstrade

Koku celms un saknes atraktas nakamaja vasara péc koka nozagesanas.
Datu paraugkopu kopa veido 141 atlasiti paraugkoki (37 parastas priedes,
29 parastas egles, 42 bérza un 33 parastas apses), parstavot dazadas
krigaugstuma caurméra pakapes, koku augstumu un vecumu grupas katrai
petijuma ietvertajai koku sugai. Koku saknu biomasa atrakta tiem paSiem
kokiem, kuriem iepriek§ noveértéta to virszemes biomasa. Lai samazinatu
smalko saknu zudumu, visa saknu sist€éma katram kokam rakta tikai manuali ar
rokas darbarikiem. Saknes, kuru caurmérs ir mazaks par 2 mm, tick deévétas par
koka uzsticoSajam sakn€m un ar parastajam metodém ir loti griti atdalamas no
augsnes, tapéc darba procesa méginats izrakt tik daudz uzstico$o saknu, cik
iesp&jams, bet pilniba izraktas tikai tas saknes, kuru caurmérs parsniedza 2 mm.
P&c izrakSanas un transportéSanas uz talako apstrades vietu, koka saknu
sisteéma riipigi mazgata, izmantojot augstspiediena tidens stkni, lai atbrivotos
no palikusas augsnes dalinam. Absoliti sausas celma/saknu biomasas
aprékinasanai saknu sisteéma sadalita trijas frakcijas:
e celma dala — virszem& un augsné eso$a monolita, atseviskas saknés
nediferencéta dala (Liepa & Blija, 2008);
« balstsaknes — visas koka saknes, kuru caurmérs parsniedz 20 mm,;
» sikas saknes — visas atraktas koka saknes, kuru caurmérs ir mazaks par
20 mm.

Kopgja celma un saknu masa noteikta, nosverot katru frakciju atseviski
ar tiem paSiem iekarinamajiem lauka svariem, kuri izmantoti koku zaru
sversanai. Absolliti sausas masas aprékiniem no celma un sakném ievakti
paraugi relativa mitruma noteikSanai. No celma dalas vidus izzagéts viens
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paraugs, no balstsakném izzaggti tris atskiriga diametra saknu paraugi, bet tris
pilna garuma saknes mazakas par 20 mm izvEletas ka sikas saknes
reprezentgjoSs paraugs. Visi ievaktie paraugi uzreiz nosverti un tad zaveti
103 °C temperatiira lidz nemainigai to masai. Koka celma/saknu biomasa
aprekinata, saskaitot celma, balstsaknu un siko saknu kopg€jo biomasu, kas
katrai frakcijai noteikta p&c raksturojoSo paraugu dabiski mitra — absolati sausa
svara attiecibas.

2.4. Vienadojumu izstrade

Latvijas meZa resursu monitorings (MRM) uzkrdj datus par individualu
koku stumbru caurméru (D) un koku augstumu (H), tapéc §is viegli izm&ramas
koka pazimes pétjjuma izvéletas ka mainigas vertibas, lai raditu e&rti
pielietojamus un praktiskus vienadojumus. Dazkart ka mainigas vértibas
vienadojumos papildus D un H tiek lietots arT koka vecums vai dazadi vainaga
parametri, bet miisu MRM pagaidam $adu informaciju individualu koku Itment
neievac. Pec apjomigas literatiras analizes, galarezultata izveletas tris
matematiskas izteiksmes (2.1, 2.2 un 2.3) koka stumbra biomasas (SB), dzivo
un sauso zaru biomasas (BB), kopgjas virszemes biomasas (AGB) un kopgjas
celma dalas un saknpu biomasas (BGB) aprékinasanai. AGB aprékinata,
saskaitot SB un BB (skujas un ciekuri ir ieklauti skujkokiem, bet lapas nav
icklautas lapkokiem), kamér kop&ja BGB ir aprékinata, saskaitot celma,
balstsaknu un siko saknu biomasu.

In¥,; = In(a) + b x In(D) + uy+ey; (2.1)
In 1?vki =In(a) + b X In(D) + ¢ x In(H) + Uk +Exi (22)

In¥; = In(a) + b x (L) +cXH+dxIn(H)+w+e,;  (2.3)

D+m
Y,; — koka i biomasa kokaudzé k / biomass of component of tree i in stand k;
D — koka kraisaugstuma caurmérs /diameter at breast height (DBH);
H — koka augstums /tree height;
a, b, ¢, un d — regresijas koeficienti / regression parameters;
m — konstante / constant;

u — randomizetais faktors kokaudzei k / random effect for stand k;
¢ — randomizétais faktors kokam i kokaudze k / random effect for tree i in stand k.

Datu sakotngja analize paradija, ka palielinoties argumentu D un H
vertibam, palielinas arT atkarigas pazimes standartnovirze. Tapec, lai
nodros$inatu atkarigo pazimju dispersiju homogenitati vienadojumos (2.1, 2.2,
2.3), ir veikta logaritmiska transformacija, kas $ados gadijumos ir ieteicama
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(Claesson, Sahlen, & Lundmark, 2001; Repola, 2009; Weiskittel et al., 2015;
Zianis & Mencuccini, 2004).

Ta ka biomasa tika izmérita un aprékinata trijiem paraugkokiem katra no
124 meza nogabaliem jeb parauglaukumiem, tad savaktajam empiriskajam
materialam ir hierarhiska strukttra (Claesson et al., 2001; Repola, 2008, 2009;
Temesgen et al., 2015). Pétito argumentu ietekmi hierarhiski strukturétiem
datiem precizak var novertét ar linedriem jaukta tipa modeliem, kuri dod
iespgju analizét koku biomasas datus ne vien atkariba no pétitajiem
argumentiem, bet arT starp dazadiem parauglaukumiem ka ar7 katras kokaudzes
ietvaros (Claesson et al., 2001). Masu pétjjuma vienadojumu (2.1, 2.2, 2.3)
koeficienti aprékinati, izmantojot linearos jaukta tipa modelus datorprogramma
R ar pakotni “Ilme4” (Bates et al., 2015). Atlasttajiem vienadojumiem ka
fiksetie faktori noraditi D un H, bet kad randomizétais faktors izvéléts
parauglaukums jeb meza nogabals.

Lai pec iesp&jas korektak aprekinatu biomasu loti maziem un lieliem
(D > 60 cm) kokiem, Marklund (1987, 1988) secinaja, ka ar D logaritmisko
transformaciju vien nepietiek, ta vieta vienadojuma (2.7) iesakot lietot izteiksmi
D/(D + m), kur m ir konstante. Konstante katrai koku sugai un koka frakcijai
tiek aprékinata atseviski un ta atspogulo labako korelaciju starp [nY un
diametra izteiksmi D/(D + m) pie dazadam m vértibam (Marklund, 1987).

Veicot vienadojumu logaritmisko transformaciju, jarékinas ar papildus
novirzi jeb klidu, kura rodas, transform&jot ieglitos rezultatus atpakal
aritmetiskajas vienibas (Hunziker et al., 2014; Jenkins et al., 2003; Snowdon,
1991; Zianis et al., 2005). Kluda, kura radusies inversas transformacijas
rezultata, visbiezak tiek korigéta ar dazadiem korekcijas koeficientiem, kurus
pievieno lineariz€tajam vienadojumam pirms atpaka] transformésanas.
Literattira ir mingti dazadi piepémumi, aprékinot Sos korekcijas koeficientus. Ja
atkarigas pazimes vidgjas vertibas dispersija vai standartnovirze ir liela, tad tiek
ieteikta izteiksme (2.4) (Marklund, 1987; Repola, 2008, 2009; Snowdon, 1991).

_ Z?:1 Yi
k= Sn o (24)
=1
k — korekcijas koeficients / correction factor;
n — novérojumu skaits / number of sample trees;

Y; — noverotas vértibas / observed values;
Y, — aprékinatas vértibas / fitted values.

Ta ka logaritmiski transformétie vienadojumi prasa atkartotu to
parveido§anu, realo biomasas vertibu iegfiSanai izmanto izteiksmi (2.5).

Y, = k x exp(InY) (2.5)

k — korekcijas koeficients / correction factor;
13



Y — aprékinata biomasa kokam i / biomass for tree i.

Izstradato regresijas vienadojumu novért€sana veikta ar determinacijas
koeficientu (R?), vidgjas vertibas vidgjo kvadratisko k]adu (RMSE) un vidgjo
absoluto klidu (MAPE). Lai aprekinatu varbiitibu, ar kadu izvel&tais regresijas
vienadojums ir pareizs un izvertétu, kur§ no vienadojumiem ir labaks,
izmantots koriggtais Akaike informacijas kritérijs (AICc). Katra regresijas
vienadojuma koeficientu ticamiba noverteta ar relativo standartkliidu (PRSE)
(Picard et al.,, 2015; Sileshi, 2014). Balstoties uz literatara pieejamo
informaciju, piepemts, ka izstradatais vienadojums tiks noraidits, ja viena vai
vairaku regresijas koeficientu PRSE vertibas biis lielakas par 30%. Ja
argumentu (H, InH) izslégsana no (2.3) izteiksmes, pozitivi ietekmgja AICc
(vertiba samazinajas), vai kadam no regresijas koeficientiem PRSE bija lielaka
par 30%, minétie vienadojuma mainigie no izteiksmes tika izslégti un palikuso
koeficientu vértibas tika parrékinatas.

Lai izvairitos no sistematiskam kltdam, katrs izstradatais vienadojums
analiz€ts arT ar atlikumu izkliedes diagrammu palidzibu. Relativa starpiba starp
izm@rTto un aprékinato biomasu tika attiecinata pret logaritmiski transform&tam
prognoz&tajam biomasas vertibam. Lai atklatu sistematiskas kludas atlikumu
izkliedes diagramma, izmantota Cleveland (1979) aprakstita slidosa vidgja
procediira, kas iebuivéta datorprogramma CurveExpert Professional 2.2.

3.REZULTATI UN DISKUSIJA

3.1. Blivuma izmainas koku stumbros

Stumbra blivuma izmainas garenvirziena (no celma uz galotni) un
Skeérsgriezuma (no serdes uz mizu) sniedz priekSstatu par to, ka dazadas
blivuma paraugu ievakSanas metodes var ietekmét stumbra biomasas un lidz ar
to — kopgjos oglekla uzkrajuma aprékinus. Aprékinot visa stumbra vid€jo
blivumu, biitu japem veéra arl mizas Tpatsvars un tas blivums. Daudzos
petijumos stumbra biomasas aprékinos izmantoti tikai vidgjie koksnes blivuma
raditaji, kas ir konceptuali nepareizi. lepriekSmingéta situacija var€tu bit
izveidojusies tapéc, ka zinatniskaja literatira detaliz€ta informacija par vidgja
mizas reducéta blivuma izmainam nav atspogulota.

P&tljuma stumbra mizas Tpatsvars uzradija ieve€rojamas atSkiribas ne
tikai starp pétitajam koku sugam, bet arT katras sugas ietvaros. Mizas Tpatsvars
no kopgja stumbra tilpuma priedei ir robezas no 5.5-34.5%, eglei 6.6—-28.3%,
bérzam 7.9-21.5% un apsei 7.0-23.6%. Visam pétitajam koku sugam mazu
dimensiju kokiem mizas Tpatsvars stumbra ir ievérojami lielaks neka
picaugusiem kokiem (3.1. tabula). Pie vidgja krGSaugstuma caurméra 5 cm,
mizas Ipatsvars starp sugam vari€ robezas no 16.7-26.9%, bet, vidgjam
caurm@ram pieaugot Iidz 30 cm, mizas Ipatsvars samazinas vairak neka divas
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reizes un ir robezas no 8.2-10.4 %. Tas apliecina, ka butisku koksnes un mizas
blivuma atskiribu gadijuma, liclaka sistematiska klida veidosies, aprékinot
koku stumbru biomasu jaunaudzes.

3.1. tabula/ Table 3.1.

Videjas mizas Ipatsvara vertibas no kopéja
stumbra tilpuma + standartklida, % /
Average values of proportion of bark volume + standard error, %

DDBlflmc:n Priede / Pine Egle / Spruce Beérzs / Birch Apse / Aspen
5 269+1.3 209+0.9 16.7+0.4 179+0.6
10 189+0.7 149+0.9 12.1+0.6 123+0.4
15 10.9+0.7 112+0.5 11.1+04 11.0+03
20 9.8+0.5 9.6+03 109+0.3 10.0+0.5
25 89+0.5 8.5+0.3 10.5+£0.6 10.1+£0.6
30 7.7+0.4 82+0.3 104 +£0.4 9.1£0.5

Petijuma konstatéts, ka mizas Ipatsvars koku stumbros lielaks ir celma,
bet jo 1pasi - galotnes dala. Mizas ipatsvara izmainas stumbra garenvirziena ir
atkarigas no mizas biezuma un stumbra diametra kombin&tas ietekmes.
Tuvojoties galotnei, stumbra Skérsgriezuma caurmérs samazinas straujak.
Turpreti miza galotnes dala klust tikai nedaudz planaka, salidzinot ar stumbra
vidusdalu, tap&c ari mizas Tpatsvars strauji palielinas. Pieméram, no egles
stumbra tievgala sagatavotiem apalajiem kokmaterialiem mizas procentualais
daudzums ir par apméram 7% lielaks neka apalkokiem no stumbra vidusdalas
(Sarmulis et al., 2005). Mazakais mizas ipatsvars Kkatrai koku sugai tiek
sasniegts atSkirigos stumbra relativajos augstumos. Priedei mazakais mizas
Ipatsvars ir stumbra vidusdala (50% relativais augstums), kamer eglei, beérzam
un apsei zemakais mizas Ipatsvars ir stumbra lejasdala (apméram 20-30%
relativais augstums). Lidzigi rezultati ir konstat€ti arT Somija, kur eglei
vismazakais mizas Tpatsvars noradits pie 20% relativa augstuma (Laasasenaho,
Melkas, & Aldén, 2005).

Ta ka koka kruiSaugstuma caurmérs ir visvieglak un visprecizak
izmérama koka pazime, tad p&tijuma noskaidrots, ka priedes, egles, b&rza un
apses caurmérs izskaidro, attiecigi 85%, 86%, 51% un 79% no mizas Ipatsvara
izmaipam un ir vispiemérotaka pazime ta prognozeSanai. Vislielaka
nenoteiktiba, prognozgjot videéjo mizas daudzumu koka stumbra, ir berzam, uz
ko norada ari zemaks determinacijas koeficients. Liepa (2011) b&rza mizas
Tpatsvara aprékinu nenoteiktibu izskaidro ar divu bérza sugu datu
sapludinasanu, ignor&jot So sugu specifiku.

Promocijas darba ietvaros netika konstat€tas butiskas mizas ipatsvara
atSkiribas starp meza nogabaliem valsts ziemelu-dienvidu, ka ar1 austrumu-
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rietumu virziena, kas skaidrojams ar relativi nelielo Latvijas teritoriju un meza
nogabalu geografisko izkliedi. Visi atlasitiec meZa nogabali atradas starp 56.-58.
paraléli un 21.-27. meridianu. Koku augSanas regiona ietekme uz mizas
biezumu priedei, eglei, berzam un apsei nav konstateta arT ieprieks veiktajos
pétijumos Latvija (Lipin§ & Liepa, 2007). Tas apliecina, ka pétijjuma
aprekinatie vidgjie mizas Tpatsvara raditdji ir attiecinami uz visu Latvijas
teritoriju.

P&tijuma apstiprinajas, ka priedes, egles, beérza un apses stumbra vidgjais
mizas blivums statistiski biitiski (p < 0.001) atskiras no vidgja koksnes blivuma
(3.2. tabula). Minétais fakts apstiprina to, ka koksnes reducéto blivuma vertibu
izmanto$ana visa koku stumbra biomasas aprékinasanai rada sistematisku
kladu, palielinot stumbra biomasu priedei vidgji par 4.5%, eglei par 2.5%, bet
bérzam un apsei kop&jo stumbra biomasa samazinas attiecigi par 2.4% un
1.5%. Zimigi, ka pétitajam skujkoku sugam vidgjais koksnes blivums ir lielaks
neka mizai, pretgji lapkoku sugam, kuram miza ir blivaka par koksni. Priedei
koksnes un mizas reducéta blivuma starpiba (137 kg m™) ir ievérojami lielaka
ka pargjam koku sugam (apsei — 52 kg m™®, bérzam — 80 kg m® un eglei —
82 kg m®). Tas ir skaidrojams ar krasakam koksnes blivuma izmainam priedes
stumbru garenvirziena, salidzinajuma ar pargjam koku sugam. Lidzigi
secindgjumi par mizas un koksnes blivuma atSkiribu ietekmi uz biomasas
aprekiniem ieguti arm Somija (Hakkila, 1979), kur, raksturojot vid€jo priedes
stumbra biomasu ar mizu, tiek rekomendéts korigét jeb samazinat iegitas
biomasas vértibas par 2%, bet bérzam palielinat stumbra biomasu par 0.5%,
tada veida netiesi noradot uz identiskam mizas un koksnes blivuma atskirtbam.
Lidzigi priedei, arT egles mizas blivums tiek zinots mazaks neka koksnei
(Hakkila, 1989), ka ar1 konstatéts, ka mizas blivums nepartraukti samazinas
virziena uz galotni. Erickson (1972) pétijis dazadu Ziemelamerikas koku sugu
mizas un koksnes reduceéta blivuma atskiribas Skeldas paraugos, secinot, ka
apsei miza ir daudz blivaka par koksni, bet visam pé&titajam skujkoku sugam
mizas blivums izradijas mazaks neka koksnei.

3.2. tabula / Table 3.2.

Koku sugu svertas vidéjas reducéta blivuma vertibas + standartnovirze /
Weighted average basic density of tree species + standard deviation

Koku suga / }/isa stumbrzf13 St_umbra koksr}3es S_tumbra miz%s
Tree species blivums, kg m _ / blivums, kg m’ / blivums, kg m” /
Mean stem density,  Stemwood density, Stem bark density,
kg m? kg m? kg m
Priede / Pine 380 £ 48 397 £ 49 260+ 24
Egle / Spruce 368 +35 378 +36 295 +27
Bérzs / Birch 481 + 38 470 £ 46 551+36
Apse / Aspen 399 + 30 393 +£29 446 £ 39
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Analizgjot mizas un koksnes vidgjo blivuma vertibu starpibu stumbra
garenvirziena, noskaidrots, ka, iznemot apsi, pargjam pétitajam koku sugam
blivuma atSkiribas saglabajas bitiskas (p < 0.05) visa stumbra garuma
(3.1.attéls).

Priede / Pine Egle / Spruce
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3.1. att. Videéja stumbra koksnes (punktéta Iinija) un stumbra mizas
(nepartraukta Iinija) reducéta blivuma izmainas stumbra garenvirziena /
Fig. 3.1. Mean stem wood (dashed line) and stem bark (solid line) density and

their axial variation in tree stems

Tikai apses stumbru galotnes dala (70-100% relativais koku augstums)
netika konstatStas butiskas mizas un koksnes blivuma atskiribas. Tas
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izskaidrojams ar to, ka mizas un koksnes blivuma izmainas stumbra
garenvirziena neseko vienam un tam pasam tendencém, ka art blivuma izmaigu
amplitida apses mizai ir nedaudz lielaka, ka paréjam pétijuma icklautajam
koku sugam. Apses mizas blivums stumbra galotnes virziend samazinas;
stumbra lejasgala strauji, bet galotnes dala tikai nedaudz. Turpreti koksnes
blivums samazinas tikai lidz 30-40% relativajam koka augstumam, bet péc
tam, virziena uz galotni, pakapeniski pieaug. Ari citam lapkoku un skujkoku
sugam mizas blivuma izmainas stumbra garenvirziena nesakrit ar koksnes
blivuma izmainam. Atseviskam koku sugam mizas blivuma starpiba starp
celmu un galotni var sasniegt 100 kg m™ (Hakkila, 1989). Pieméram, priedei
mizas blivums virziena uz galotni samazinas, bet péc tam galotnes dala
nedaudz pieaug. Turpreti bérzam mizas blivums virziena uz galotni pieaug, bet
galotnes dala nedaudz samazinas. Eglei mizas blivums stumbra garenvirziena
samazinas; lidz 10% relativajam augstumam samazinasanas notiek Joti strauji,
bet pargja stumbra dala samazinajums ir neliels. Analiz€jot mizas blivuma
datus ar linearas regresijas analizi, konstatéts, ka kokaudzes vecums biutiski
neietekm& mizas vidgjo blivumu lapkoku sugam, turpreti priedei un eglei
vecuma ietekme izradijas bitiska (p < 0.001).

Vidgjais svértais priedes, egles, bérza un apses stumbra koksnes
reducétais blivums pétijuma aprekinats attiecigi 397, 378, 470 un 393 kg m*
(3.2. tabula). Pétijuma konstatéts, ka vid€jais stumbra koksnes blivums priedei,
eglei un bérzam mainas atkariba no koka kriiSaugstuma caurméra. Tapéc,
salidzinot blivuma datus ar citos pétijumos iegltajiem, ir japem v&ra ari
izmantoto paraugkoku dimensijas. Misu rezultati apliecina, ka IPCC vadliniju
(Eggleston et al., 2006) rekomendétas blivuma vértibas priedes, egles un bérza
stumbra biomasas aprékinasanai noved pie oglekla apjoma parveértéSanas
jaunaudzes, jo vadliniju blivuma vertibas atbilst tikai kokiem ar kriisaugstuma
caurm@ru lielaku par 20-30 cm, jeb pieauguSiem kokiem. Turpreti apses
biomasas aprékiniem IPCC vadliniju rekomendgtais blivams 350 kg m™ ir
ievérojami zemaks neka misu pétijuma konstatetais, noradot uz ievérojamu
biomasas potenciala un oglekla apjoma nepietickamas novértéSanas Latvijas
apsu kokaudzgs. Literatiira minétas vid&jas koksnes reducéta blivuma vertibas
parastajai apsei ir robezas no 376 kgm?® lidz 403 kgm® (Herdjiarvi &
Junkkonen, 2006; Karki, 2001; Rytter et al., 2016; Smilga, 1988). Misu
pétijuma konstatétais vidgjais apses koksnes blivums 393 kg m atbilst ieprieks
noraditajam bltvuma vertibam.

Lidzigi ka citam koku sugam, ar apses koksn& ir lielas reducéta blivuma
atskiribas, bet atskirtba no pargjam apskatitajam koku sugam, blivuma
atSkirtbas apsei izskaidrot ir grutak. lespgjams, ka tas nosaka kompleksa
vairaku pazimju ietekme. Petljuma netika konstatSta statistiski butiska
(p>0.05) apses vidgja stumbra koksnes blivuma un koka krisaugstuma
caurmera, koka augstuma, kokaudzes Skerslaukuma, ka arT kokaudzes vecuma
korelacija. Tapat parbaudot ar dispersijas analizi koku Krafta klases ietekmi uz
vidéjo stumbra blivumu, netika Kkonstatétas statistiski batiskas (p > 0.05)
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atSkirtbas. No visam pétijuma ietvaros registrétajam koka un kokaudzes
pazimém, statistiski butiska (p = 0.01) izradijas koku skaita uz hektaru un apses
koksnes vidgja reduceta blivuma korelacija. Lai gan korelacijas koeficients ir
neliels (-0.28), tomér tas norada uz to, ka mazaks blivums ir kokiem, Kuri
augusi lielaka biezuma. Visparzinams ir fakts, ka jaunaudzes koku skaits ir
lielaks un jauniem kokiem strauji augot, to koksnes blivums vienmér ir mazaks
(Saranpdd, 2003). Sasniedzot 15 gadu vecumu, parastajai apsei gadskartu
platums un augSanas temps ievEérojami samazinas (Herdjarvi & Junkkonen,
2006). Kopuma ir izpétits, ka koku augSanas atrumam ir neliela ietekme uz
Populus spp. koksnes blivumu (Zhang, 1995; Zobel & Jett, 1995), kas
izskaidro, kadel konstatéta korelacija starp koku skaitu un apses koksnes vidgjo
blivumu ir relativi vaja.

Priedei un bérzam noverota izteikta stumbra koksnes blivuma
samazinasanas virziena uz galotni (3.1. attéls), bet radialaja virziena blivumam
ir tendence palielinaties mizas virziena (3.2. attgls).
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Fig. 3.2. Basic density variation in stems of pine and birch derived from density
measurements in wood specimens
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Palielinoties koka relativajam augstumam, blivuma izmainu amplittida
stumbra §k€rsgriezuma ievérojami samazinas. Pieméram, priedei 10% un 20%
relativaja augstuma ir vislielaka bltvuma variésana, kas stumbra Skérsgriezuma
var sasniegt pat 126 kg m™>, turpreti pie 70% un 80% relativa augstuma blivuma
varig§ana ir gandriz tris reizes mazaka, neparsniedzot 47 kg m™. Bérzam no
0-40% relativaja augstuma blivums virziena no serdes uz mizu samazinas
vidgji par 105 kg m, bet pie 80% relativa augstuma blivums samazinas vairs
tikai par 63kgm?® Zimigi, ka bérzam, neatkarigi no stumbra relativa
augstuma, blivumam ir tendence samazinaties virziena no serdes uz mizu, bet
priedei blivums radialaja virziena palielinas [idz noteiktam caurméram, bet péc
tam, tuvojoties mizai, nedaudz samazinas. Lidzigus novérojumus Somijas
dienvidos ir konstat&jis ari Hakkila (1979) secinot, ka péc apméram 80 gadu
sasniegSanas priedes stumbra blivums aplievas aréja dala nedaudz samazinas.

Eglei un apsei blivuma izmainas stumbra garenvirziena nav tik izteiktas
ka priedei un berzam. Pieaugot koka relativajam augstumam, vid€jais blivums
apméram lidz stumbra vidusdalai nedaudz samazinas vai saglabajas konstants,
bet péc tam virziena uz galotni tas pieaug (3.1. attéls). Viszemakas stumbra
Skérsgriezuma vidgjais blivums eglei (377 kg m™) un apsei (381 kg m?) ir
3-6 m augstuma vai pie 20-40% relativa koku augstuma, kas novérots ari citos
pétijumos (Herdjarvi & Junkkonen, 2006; Karki, 2001; Repola, 2006; Saranpda,
2003). Analizgjot egles un apses blivuma izmainas virziena no serdes uz mizu,
secinats, ka tapat ka par€jam pétitajam koku sugam, vismazakais blivums ir
stumbra vidusdala pie serdes (juvenilai koksnei). Tapat stumbra galotnes dala
blivuma izmaigu amplitida, salidzinot ar stumbra lejasdalu, ieveérojami
samazinas (3.3. attéls). Interesanti, ka juvenilai koksnei nav noteiktas parejas,
kur ta sakas un beidzas, bet tas fizikalas un mehaniskas Ipasibas, taja skaita
blivums, ievérojami atSkiras no pargjas koksnes (Saranpéé, 2003).

No citiem pétijjumiem atSkirigas blivuma izmainas Stumbra
garenvirziena ir atspogulotas parastas egles dazadas biezibas izm&ginajumos
(Johansson, 1993). Mingtaja pétijuma krasas blivuma svarstibas stumbra
garenvirziena, ipasi stumbra augséja dala, var€tu biit izskaidrojamas ar
pétfjumu metodologiskam atskiribam, ievacot blivuma paraugus. Pieméram,
§aja pétljuma blivuma paraugi ievakti ik pa 1 m vai 2 m, atkariba no koku
garuma, bet min€taja p&tijuma blivuma paraugi ievakti tikai O m, 4 m, 7 m,
10 m, 13 m augstuma, nenoradot stumbra kop€jo garumu, ka arT analizéta tikai
viena vecuma koki. Ar citos pétjjumos blivuma paraugripas izzaggtas vai nu
no dazada garuma koksnes sortimentu sakuma un beigu dalam (Repola, 2006)
vai vél lielakos attalumos (Jyske et al., 2008; Wilhelmsson et al., 2002).
Tadgjadi iegutas blivuma vértibas starp pétjjumiem var nedaudz atskirties, jo
1pasi attiectba uz priedi un bérzu, kur blivums stumbra garenvirziena samazinas
loti strauji.
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Fig. 3.3. Basic density variation in stems of spruce and aspen derived from
density measurements in wood specimens

Egles un apses stumbros, apméram pie 80% relativa augstuma, blivums
ir praktiski konstants, izmainam radidlaja virziena neparsniedzot 8 kgm®.
Apsei stumbra lejasdala, lidzigi ka priedei, blivums palielinas 1idz noteiktam
caurméram. Savu maksimumu blivums sasniedz apméram 8-10 cm no serdes,
péc tam nedaudz samazinoties. Ta ir nozimiga atzina kas dod iesp€ju koksnes
parstradatajiem izve€leties iesp€jami stiprako koksni specidliem niSas
produktiem. No pétitajam koku sugam egles stumbra blivuma svarstibas ir
vismazakas un visblivaka koksne atrodas aplievas argja dala, pie 10-40%
relativa stumbra augstuma. Salidzinot ar pargjam pétitajam koku sugam, apses
koksne attieciba uz reduc€to blivumu ir viendabigaka, jo pretgji priedei un
eglei, agrinas un velinas koksnes Ipatsvara jeb gadskartu platuma ietekme uz
koksnes blivumu ir salidzinosi neliela. Latvijas PSR atkariba no mizas krasas
izdaltja trs apses formas: zala, gaiSpeleéka un tumspeleka, secinot, ka zalas un
gaiSpelekas apses koksnes blivums ir mazaks neka tumspelekam apsém
(Smilga, 1967). Masu pétijuma $ads apses dalijums netika praktizéts, lidz ar to
nav iesp&jams parliecinaties par dazadu ap$u genotipu, ietekmi uz koksnes
blivumu.
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3.2. Koku biomasas aprekini un vienadojumu izstrade

Kokaudzu biomasas ievérojamu dalu, kura atseviskiem kokiem var
sasniegt pat 70%, veido nestumbru frakcijas - zari un saknes. Pirms Kioto
protokola pienemsSanas datu iegiiSana par nestumbru biomasu nebija Tpasi
aktuala, jo koka zaru un saknu izmantoSanas apjomi bija loti nelieli. Tade]
daudzu valstu, tostarp Latvijas, riciba esoSo informaciju par zaru un saknu
biomasu var uzskatit ka fragmentaru un §is biomasas dalas noteik$anas metodes
ir izstradatas nepilnigi (Liepa & Blija, 2008).

Analizgjot pétito koku sugu dazadu biomasas frakciju ipatsvaru kopéja
biomasa, secinats, ka to alometriskas sakaribas mainas atkariba no koku sugas
un kokaudzes vecuma. Vairuma gadijumos 3.4. att€la noraditajos kokaudzes
vecumos stumbrs (koksne un miza) ir lielaka biomasas frakcija, iznemot pirmas
vecumklases priedes un egles.
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First age class for aspen and birch is 1-10 years; for spruce and pine 1-20 years ; final
cutting age is 41 years for aspen, 71 for birch, 81for spruce, 101 for pine.

3.4. att. Koka sugu biomasas sadalijums frakcijas /
Fig. 3.4. Biomass allocation of tree species
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Vislielakais stumbra frakcijas Tpatsvars galvenas cirtes vecuma noverots
bérzam — 78.2%, bet vismazakais eglei — 58%. Konstatéts, ka tikai jaunaudzu
vecuma priedém un eglém zaru biomasa ir lielaka par stumbra biomasu.
Vislielakais zaru Ipatsvars (skaitot kopa sauso un dzivo zaru masu) kopgja
biomasa novérots lidz 20 gadus vecam eglém; visiem paraugkokiem zaru
Ipatsvars bija robezas no 45.8-58.3%, bet vidgji 52.8%. ldentisku vecumu
sasniegusam priedém kopéjais zaru biomasas Ipatsvars ir nedaudz mazaks neka
eglem — vidgji 45.5%, kas dalgji saistits ar lielaku sauso zaru ipatsvaru. Ta ka
priede ir gaismas prasiga koku suga, tad tas vainaga lejasdala, gaismas triikuma
rezultata, agri sakas apaks$€jo zaru atmirSanas process un sauso zaru Ipatsvars
lidz 20 gadu vecumam var sasniegt pat 4.4% no visa koka masas. Analiz&tajiem
egles paraugkokiem lidz 20 gadu vecumam sauso zaru patsvars neparsniedza
0.8% no visa koka masas. Kopuma visam koku sugam novérota tendence, ka
zaru biomasas Ipatsvars samazinas, pieaugot koka vecumam. Piemé&ram,
cirSanas vecumu sasniegu$am eglém un priedeém vid€jais zaru biomasas
Ipatsvars, attiecigi 18.3% un 9.5%, ir ievérojami mazaks, salidzinot ar jauniem
kokiem. Iepriek§mingta tendence mazak izteikta lapkoku sugam; b&rzam zaru
Ipatsvars kopg€ja biomasa samazinas vid&ji no 18.4% uz 4.8%, bet cirSanas
vecumu sasniegu$am apsém, palielinoties koku vecumam, zaru ipatsvars
samazinas no 15.9% uz 13.1%.

Pétfjuma koku celma, balstsaknu un siko saknpu Tipatsvars kopgja
biomasa visam koku sugam kopa vidgji ir apméram 20% un identiski
secindjumi ieghti ari Somija, nosakot kop&jo priedes, egles un bérza
celma/saknu biomasu (Repola, 2013). Lapkokiem bérzam un apsei lielaks
celma/saknu biomasas Ipatsvars ir jauniem kokiem, bet mazaks pieaugusSiem
kokiem. Savukart skujkoku sugam priedei un eglei ir pretgji (3.4. attéls). Apsei
celma/saknu biomasas TIpatsvars, pieaugot koka vecumam, samazinas
visstraujak, no 27.6% vid&ji pirmajos 10 gados lidz 16.3% sasniedzot galvenas
cirtes vecumu. Bérzam celma/saknu biomasas Tpatsvars pirmajos 10 gados
vidgji ir 24.0%, bet galvenas cirtes vecuma vairs tikai 16.9%. Attieciba uz
priedi vidgjais celma/saknu biomasas ipatsvars, palielinoties koka vecumam,
pieaug tikai nedaudz; pirmajos 20 gados tas ir 17.6%, bet 101 gada vecuma
vid&ji 17.7% un var teikt, ka tas ir gandriz konstants. Galvenas cirtes vecuma
egles celma/saknu biomasas Tpatsvars, salidzinot ar pargjam koku sugam, ir
vislielakais, vidgji 23.7%, kamér lidz 20 gadu vecumam tas vidgji ir 18%.
Pieaugot koka vecumam, atSkiras ne tikai kopgjais celma/saknu biomasas
patsvars, bet arT saknu biomasas sadaltjums pa frakcijam. Vislielakas izmainas
skar tiesi siko saknu (mazaku par < 2cm) Ipatsvaru, kur§ pirmas vecumklases
kokiem bija robezas no 5.4-10.2%, bet galvenas cirtes vecuma vairs tikai no
1.0-3.9%.

IPCC labas prakses vadlinijas (Eggleston et al., 2006) iesaka izmantot
vidgjas virszemes un sakpu masas attiecibas, jeb parrékina koeficientu
noklus€juma vértibas atkariba no ekologiskajam zonam. Mérenas joslas
meziem vadliniju piedavatas vértibas ir robezas no 0.20 pieaugusiem lidz 0.40
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jauniem skujkoku meziem un attiecigi 0.24-0.46 lapkoku meziem, bet visiem
borealas joslas meziem no 0.24-0.39. Misu pétjjuma iegltas virszemes un
saknu masas attiecibas vértibas ir robezas no 0.20-0.25 priedei, 0.21-0.30
eglei, 0.23-0.34 bérzam un 0.21-0.39 apsei (3.5. attéls).
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Fig. 3.5. Changes in the root-to-shoot ratio depending on tree diameter

Pe&ttjuma rezultati liecina par to, ka vidgjas IPCC vadliniju virszemes un
saknu masas attiecibas vertibas, kuras rekomendétas biomasas aprékinasanai
gan merenas, gan ari borealas joslas mezos, Latvijas apstaklos parverte
jaunaudzu celma/saknu biomasu. Vislielaka biomasas parvérté$ana notiek
skujkoku jaunaudzgs, kurds virszemes biomasa neparsniedz 50-75 t ha™. Tas ir
tapéc, ka IPCC vadliniju rekomendétas celma/saknu biomasas aprékina
koeficientu vértibas priezu un eglu jaunaudzeém ir divas reizes lielakas neka
aprékinats misu peétijuma. Dalgji tas skaidrojams ar to, ka joprojam
zinatniekiem nav vienotas izpratnes par vietu, kur dalas koka virszemes un
celma/saknu biomasas. Lielakoties p&tijumos $is biomasas frakciju sadalijums
balstas uz subjektivi noteiktu robezu, 1idz ar to celma virszemes dalas masa var
tikt pieskaitita gan stumbram, gan saknu biomasai. Nosakot virszemes un saknu
masas attiecibu, blitu janem véra tas, kadam mérkim to paredz&ts lietot. No
fiziologiska skatupunkta virszemes un saknu masas attieciba tiek interpretéta ta,
lai ta atspogulotu fotosintézes diferencialo ieguldijumu starp koka virszemes un
celma/saknu biomasas frakcijam (Titlyanova et al., 1999). Sada gadijuma
zemes virma ir atbilstosa vieta virszemes un celma/saknu biomasas frakciju
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nodaliSanai. Turpreti, aprékinot meza palikusas koksnes masu p&c mezistrades
vai raksturojot oglekla plismu starp dazadam kratuvém, svarigi ir nemt vera to,
ka pec koka nocirSanas augsné paliek ne tikai koka saknes, bet arT celma
virszemes dala, kuras garums varétu biit apméram 1% no koka garuma.

Petijuma iegiita visu koku sugu vidgja virszemes un saknu masas
attieciba ir 0.25 un ta ir loti tuva ieprieks publicétajam verttbam mérenas joslas
meZiem — 0.26 un borealas joslas meziem — 0.27 (Cairns et al., 1997). Tomér
misu rezultati apliecina, ka vidgjo virszemes un saknpu masas attiecibu
piemérosana atsevisku kokaudzu Iimeni var rezultéties kliidainos biomasas
aprekinos, jo attiecibu ietekmé gan kokaudzes vecums, gan vid€jais koku
caurmers. Tapéc, atsevisku kokaudzu vai koku saknu biomasas raksturo$anai,
korektak un precizak ir lietot alometriskos vienadojumus, nevis konstantus
parrékina koeficientus.

Saja pétijuma veikta visu koka saknu virs 2 mm diametra izrak3ana ir
darga un darbietilpiga metode un tada apjoma v&l nav veikta neviena cita
petijuma. Praksé visbiezak siko saknu masa visiem paraugkokiem tiek
aprekinata, izmantojot regresijas vienadojumus, kuru izveidei izrakts ierobezots
skaits paraugkoku (Repola, 2008, 2009) vai izraktas tikai atseviskas koka
saknes (Petersson & Stahl, 2006; Smith et al., 2016).

Dazadu simulaciju rezultati parada, ka virszemes biomasas raksturosanai
ir ieteicama vismaz 40 paraugkoku ar regularu stumbra formu izp&te katrai
koku sugai ar priek§noteikumu, ka paraugkopas koku dimensijas atbilst visai
generalkopai (Roxburgh et al., 2015). Misu pétijuma katrai koku sugai
paraugkoku atlase bija planota ta, lai aptvertu plasu Latvija sastopamo
mezaudzu un koku raksturlielumu amplitidu. Kopa dati tika iegati no 372
kokiem, 81-105 paraugkoki katrai koku sugai. P& nacionala MRM datiem
virsvaldu koki, valdosie koki, un lidzvaldu koki veido 97% no kopgjas
mezaudzu krajas Latvijas mezos, pamatojot p&tfjuma izmantoto paraugkoku
atlases metodi. Pargjo (nomakto un atmirstoSo) koku ipatsvars kopgja
mezaudzu kraja ir relativi neliels, tap&c $adi koki netika izve€leti un piepemts,
ka tas bitiski neietekmés vienadojumu piemérojamibu nacionala meéroga.

Pétljuma rezultati apstipringja, ka visu koku sugu biomasas
vienadojumi, kuros ka mainigie parametri ieklauti D un H, uzrada zemakas
MAPE vertibas, noradot uz zemaku vid&jo procentualo prognozésanas kludu.
Tomér citi statistiskie raditaji (RMSE, AICc un R?) noradija uz to, ka koku H
ieklauSana vienadojumos ne vienmér uzlabo to prognozeSanas precizitati, jo
pasi, aprekinot koku kop&jo celma/saknu un sikako saknu biomasu (Liepins et
al., 2017).

Darba ietvaros atspogulotie vienadojumu statistiskie raditaji un veiktas
parbaudes norada uz to, ka vairuma gadijumos (iznemot bérza BGB) 2.3
vienadojums, salidzinot ar 2.1 un 2.2 vienadojumu, ir vispieméerotakais pétito
koku sugu biomasas frakciju aprékiniem. Novérots, ka 2.3 vienadojuma
izteiksme ir piem&rota arT jaunu koku biomasas aprékiniem, jo ta ir pietiekosi
elastiga, atSkiriba no 2.1 un 2.2 vienadojumu izteiksmém. Skujkokiem,
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prognozgjot biomasu p&c 2.1 vienadojuma, atlikumu novirze no vidgjas vértibas
vislielaka bija tiesi jauniem kokiem ar D mazaku par 10 cm. Neskatoties uz to,
ka H ieklausana pakapes vienadojuma (2.2) samazinaja atlikumu novirzi no
vidgjas vertibas, joprojam vairumam koku frakciju, vislielaka novirze tika
konstatéta jauniem kokiem. Ar1 citi autori ir konstat€jusi, ka pakapes
vienadojumi ne vienmer korekti raksturo koku biomasas izmainas atkariba no
dazadiem mainigajiem (Picard et al., 2015). Lidzigus novérojumus ka misu
pétijuma par pakapes vienadojumiem ir aprakstijis Muukkonen (2007),
aprékinot biomasu dazadam Eiropa izplatitam koku sugam, savos pétijumos
secinot, ka pakapes vienadojumi nav pietickosi elastigi biomasas aprékiniem,
1pasi mazaku diametru kokiem. ArT logaritmiski parveidota pakapes funkcija ne
vienmér piemerojama visam situacijam, lai ari ta parasti dod ticamus rezultatus
visparigai biomasas prognoze$anai (Claesson et al., 2001).

Petfjuma biomasas aprekinu nenoteiktiba starp dazadam kokaudzeém un
vienas kokaudzes ietvaros analizéta, pielietojot linearos jaukta tipa modelus.
Apstipringjas, ka aprékinot biomasu p&c 2.1 izteiksmes, vienadojumi bis
mazak precizi, piemerojot tos biomasas aprekiniem arpus kokaudzes, kur
nozageti paraugkoki. Koku augstuma ieklausana pakapes vienadojumos (2.2
izteiksme) samazindja kop&jo biomasas aprékinu nenoteiktibu vidéji par 37%,
ieverojami uzlabojot biomasas aprékinu precizitati. Viskorektak biomasas
variéSanu misu pétijuma raksturoja 2.3 vienadojums, kura izmantoSana
salidzinot ar 2.1 vienadojumu, biomasas aprékinos vidgji par 61% samazinaja
aprekinu nenoteiktibu.

Ir pienemts uzskatit, ka biomasa dazadu koku sugu frakcijas (zari,
stumbrs, saknes) vienadu dimensiju kokiem vari€ starp dazadam kokaudzeém un
arT konkrétas kokaudzes Iimeni. Misu pétfjuma apstiprindjas jau ieprieks
literatira paustas atzinas (Claesson et al., 2001; Repola, 2008, 2009), ka
biomasas aprékinu nenoteiktiba starp dazadam kokaudzeém ir ieverojami
mazaka neka konkrétas kokaudzes ietvaros. Tapéc, prognozgjot biomasu péc
rekomend@tajiem vienadojumiem, mazaka aprékinu nenoteiktiba blis visas
kokaudzes, nevis atsevisku koku biomasas aprékiniem.

Izstradajot biomasas vienadojumus, ir svarigi, lai atsevisku koka frakciju
(stumbrs, zari) prognozu summa ir vienada ar kop&o prognoz€to biomasu
(Bronisz et al., 2016; Kozak, 1970; Repola, 2008, 2009). Promocijas darba
prognozeéta stumbra un zaru biomasas summa diezgan labi atbilst kop&jam
virszemes biomasas prognozém, tapéc papildus procediiras biomasas
vienadojumu  aditivitates nodroSinaSanai netika  veiktas. lzmantojot
rekomend&tos biomasas aprékina vienadojumus, Stumbra un zaru biomasas
summa vidg&ji apsei ir par 0.2%, bérzam par 0.5%, eglei par 0.5% un priedei par
0.8% lielaka neka koku sugam atbilstosas virszemes biomasas prognozes.
Iegiita novirze musu pétijuma ir lidziga citam pétijjumam Somija, kur novirze
péc aditivitates korigéSanas eglei bija 2.3%, 3.7%, 4.5% bet priedei 0.2%,
1.1%, 1,2% atkariba no pielietotas vienadojuma izteiksmes (Repola, 2009).
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Darba ietvaros izstradatie priedes, egles un bérza virszemes biomasas
(AGB) un celma/saknu biomasas (BGB) vienadojumi salidzinati ar
Ziemeleiropas valstis izstradatajiem biomasas aprékina vienadojumiem, kuru
izmantoSana ir akcept@ta, sastadot nacionalos inventarizacijas zinojumus par
ZIZIMM sektoru valstl. Atsevisku koku augstuma un caurméra merijjumi no
2571 priedem, 2671 egléem, 2379 beérziem un 2316 apsém, kuri iegiti
iertkotajos pagaidu parauglaukumos visos atlasitajos meZa nogabalos, izmantoti
ka materials biomasas vienadojumu validéSanai.

Apses AGB, aprékinata péc Johansson (2000, 2002) vienadojumiem,
uzradija ievérojamu biomasas parvérteSsanu kokiem ar D lielaku par 35 cm.
Savukart be&rza BGB aprekini péc Repola (2008) vienadojuma, lielakajiem
kokiem aprékinaja par 46% mazaku biomasu, neka aprékinats péc misu
izstradata vienadojuma (3.3. tabula). Kopuma Zviedrija izstradatie priedes,
egles un bérza biomasas vienadojumi (Marklund, 1988; Petersson & Stahl,
2006) uzradija mazakas MAPE vértibas, salidzinot ar vienadojumiem no
Somijas (Repola, 2009), noradot uz precizaku biomasas aprékinasanu Latvijas
apstaklos. Norvegija izstradatie biomasas aprékina vienadojumi bérzam (Smith
et al., 2014, 2016) uzradija vislabakos prognozésanas rezultatus, piemérojot tos
Latvijas apstakliem, uz ko norada zemakas MAPE vértibas.

P&tijuma izstradatie priedes, egles un bérza AGB un BGB vienadojumi
salidzinati ar konkrétajiem citu valstu vienadojumiem, kuriem ir identiska
celma augstuma definicija ka musu pétijuma. Izpémums ir apses biomasas
vienadojumi, kur celma augstums definéts 10 cm no zemes virskartas
(Johansson, 2002). Atskiriga celma augstuma definicija varétu but viens no
iemesliem, kapéc apses AGB biomasa péc Johansson (2000, 2002)
vienadojumiem lielakajiem kokiem tiek stipri parverteta, salidzinot ar misu
izstradato vienadojumu. Analizgjot bérza BGB vienadojumu prognozesanas
precizitati atkariba no pielietota vienadojuma, vienigi Repola (2008)
vienadojumam raksturiga ievérojama novirze, palielinoties koka vid&am D.
Tas dal&ji varétu but skaidrojams ar pétijumu metodologiskajam atskiribam, jo
Repolas pétijuma saknes izraktas 1idz 10 mm caurméram, bet par&jos pétijumos
koku saknes atraktas riipigak — [idz 2 mm caurméram.

Darba ietvaros analiz€to citu valstu AGB un BGB vienadojumu
prognozgSanas precizitate Latvijas apstaklos ir atkariga ne tikai no pielietota
vienadojuma, bet arl no vidéja koka caurméra (3.3. tabula). Vienadojumi
noteiktas caurmeéra grupas biomasu var prognozet precizak vai mazak precizi.
Viskorektak citu valstu vienadojumi atspogulo biomasas izmainas diametru
grupas no 15-35 cm. Mazu un lielu dimensiju kokiem biomasas aprekini vidgji
atskiras vairak neka par 10%, salidzinot ar misu pétijuma izstradatajiem
vienadojumiem, kas dalgji izskaidrojams ar mazaku konkréto dimensiju
paraugkoku skaitu citu valstu p&tijumos.

27



3.3. tabula / Table 3.3.

Promocijas darba un citos petijumos izstradato vienadojumu biomasas aprekinu relativa starpiba
atkariba no vidéja kri$augstuma caurmeéra /
The percent diference between our and given biomass functions depending on tree diameter

D, cm/ Priede / Pine Egle / Spruce Bérzs / Birch Apse /Aspen

DBH,cm AGB! AGB? BGB* BGB? AGB! AGB? BGB* BGB? AGB! AGB? AGB® BGB* BGB’ BGB® AGB®
5 179 190 -40 61 184 197 69 -557 -130 86 6.3 -1192 -714 -54.1 17.3
10 121 148 -160 -196 106 144 -19 93 -135 62 -34 292 -265 -323 44
15 75 76 -10 66 59 125 1.8 6.4 81 61 36 -151 -123 -204 27.2
20 52 65 16 118 30 122 45 117 -23 77 81 -127 -61 -124 41.3
25 44 78 27 116 13 124 66 13.1 25 96 92 -123 14 69 35.9
30 56 106 13 84 14 131 82 12,5 58 113 84 -118 72 -33 21.6
35 80 142 -18 25 33 140 96 10.8 81 117 46 -105 183 0.2 94
40 80 156 -46 -19 55 148 106 8.6 105 129 -03 -81 258 34 -59.2
45 115 196 -81 -98 -13 150 116 6.1 100 112 -73 62 372 52 -122.6
50 144 230 -61 -11.0 05 157 122 41 108 108 -91 -14 456 84 -278.9

MAPE 95 139 47 89 51 144 74 13.8 85 96 60 227 252 147 61.8

IMarklund (1988), >Repola (2008, 2009), *Johansson (2000, 2002), *Peterson & Stahl (2006), *Smith (2014, 2016). Negativa zime norada uz
biomasas parvértésanu salidzinot ar miisu vienadojumu. MAPE — vidg&ja absoluta kltida, D — kraSaugstuma caurmérs, AGB — kopgja
virszemes biomasa, BGB — kopgja celma/saknu biomasa /

"Marklund (1988), 2Repola (2008, 2009), *Johansson (2000, 2002), *Peterson & Stahl (2006), °Smith (2014, 2016). When the sign is
negative, it indicates overestimation compared to our function. MAPE - mean absolute percent error, DBH - diameter at breast height, AGB
- total aboveground biomass, BGB - total belowground biomass.



Sakara ar visparzinamam grutibam korekti prognozet sauso zaru
biomasu dé| lielam §Ts biomasas frakcijas variacijam (Zianis et al., 2005), darba
ietvaros m&s apvienojam dzivo un sausu zaru biomasu. Sauso zaru Tpatsvars
visu zaru biomasa vidgji misu pétjjuma priedei, eglei, berzam un apsei bija
attiecigi 13.2%, 6.7%, 4.3% un 17.1%. P&tjjuma netika novérota biitiska bérza
sauso zaru Tpatsvara korelacija ar koka parametriem D vai H, lidz ar to var
secinat, ka, mainoties koka dimensijam, Sauso zaru biomasas frakcijas Ipatsvars
bérzam gandriz nemainas. Savukart paréjam koku sugam, lai gan korelacija ir
vaja lidz vidgji stipra, ta ir statistiski batiska (p < 0.05). Viscie$ak ar koka
parametriem D un H pozitivi korel€ egles sauso zaru biomasas Ipatsvars. Misu
petijuma atseviskam eglém sauso zaru Ipatsvars visu zaru biomasa sashiedza
pat 20%. Iznemot bérzu, paréjam apskatitajam koku sugam vismazakais sauso
zaru Tpatsvars ir kokiem ar D mazaku par 10 cm. Ta ka berzs ir izteikti gaismas
prasiga koku suga, apaksgjo zaru atmirSana berzam sakas agrak neka pargjam
koku sugam. Turklat atskirtba no pargjam koku sugam, berzam korelacija bija
negativa, iezZimg&jot tendenci samazinaties sauso zaru Ipatsvaram lidz ar koku D
un H pieaugumu.

Vienadojumu atlikumu sadalijuma struktiira apstiprinaja, ka p&tijuma
rekomendétie vienadojumi ir pielietojami koku biomasas aprékiniem plasa D
amplitiida un, balstoties un ievakta empiriska materiala daudzveidibu, — ari
dazados koku augSanas apstaklos. Tomér ir apstakli, kur darba ietvaros
izstradato vienadojumu precizitate ir neskaidra un neparbaudita. Izstradato
vienadojumu piemérotiba joprojam nav parbaudita nomakto un atmirstoso koku
biomasas aprékiniem, jo tie p&tijuma netika ieklauti ka paraugkoki. Nomaktiem
un atmirstoSiem kokiem savstarpgjas konkurences rezultata ir izveidojies
mazaks zalais vainags neka par€jai kokaudzei un prognozgjams, ka
rekomend&tie biomasas vienadojumi parvertes to kop&jo biomasu, jo 1pasi zaru
biomasu. Tapat paraugkoki netika izv€leti vietas ar augstu Gidens limeni slapjas
kiidras augsnés, jo $adas vietas bija apgriitinata kvalitativa datu ievakSana.
Mingtie ierobezojumi japatur prata, aprekinot BGB biomasu kiidras augsnés, jo
sadas augsnés augusu koku saknu biomasa parasti ir lielaka neka
mineralaugsnés (Hakkila, 1972). Apsaimniekotu meZaudzu biomasas prognozu
vienadojumi parasti dod kliidainas prognozes neapsaimniekotas un
parbiezinatas jaunaudzes (Repola & Ulvcrona, 2014). Tapéc bitu nepiecieSami
turpmaki pétijumi, lai novertetu darba ietvaros izstradato vienadojumu
piemérotibu ar1 §ados apstak]os.

Neraugoties uz empiriska materiala lietoSanas ierobezojumiem, misu
petljuma izstradato biomasas vienadojumu salidzinaSana ar Iidzigiem
vienadojumiem no Baltijas jlras regiona apstiprinaja, ka rekomend&tie
vienadojumi ticami prognoz€ biomasu arl lielaku dimensiju kokiem neka
uzméritajiem paraugkokiem. Darba ietvaros lielakais nozagéta paraugkoka D
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priedei, eglei un b&rzam bija robezas no 36.3-45.2 cm, bet AGB un BGB
vienadojumu validéSana izmantoto koku maksimalais D bija 57.3 cm.

3.3. Latvijas kokaudzes uzkratais ogleklis atbilstosi Latvijas
meZa resursu monitoringa datiem

Latvijas kokaudzu oglekla uzkrajuma raksturo$anai izmantoti MRM
2012.-2016. gada rezultati, ietverot II cikla pe€d&jos divu gadu uzmérijumus un
II cikla pirmo tris gadu uzmérijjumus. Izveletais aprékinu periods raksturo
Latvijas kokaudzu oglekla apjomu uz 2016. gadu un identisks aprékinu periods
ir atspogulots arT 2018. gada Latvijas veidotaja parskata par SEG emisijam un
oglekla uzkrajumiem valsti. Aprekinos izmantoti petfjuma rekomend&tie
individualu koku biomasas vienadojumi, piemerojot tos katram MRM
parauglaukumos uzméritajam kokam atbilstosi sugai. 2018. gada Latvijas
veidotaja parskata par oglekla uzkrajumiem valstt kokaudzes uzkratais ogleklis
rekinats no MRM parauglaukumu krajas, koksnes reducéta blivuma un
dazadiem biomasas parrékinu koeficientiem (UNFCCC, 2018). Kokaudzu
oglekla uzkragjumu aprékinos izmantoti tikai MRM parauglaukumu dati par
zemes kategorijam (péc MRM Kklasifikacijas kods 10-14, 62, 64) atbilstosi
UNFCCC un Kioto protokola definétajai meza zemes definicijai. MRM
ierikotajos pastavigajos parauglaukumos uzmériti visi koki sakot no 2.1 cm
diametra. Ta ka biomasas vienadojumi pétijuma izstradati tikai ¢etram Latvija
izplatitakajam koku sugam, pargjam sugam vienadojumi piemeéroti atbilstosi
lidzigakajam stumbra reducéta blivuma vertibam.

Petijuma aprékinats, ka, visas Latvijas kokaudzu oglekla uzkrajuma
raksturoSanai, vidgjais svertais oglekla saturs koku biomasa ir 49.9% +0.006%,
kur§ aprekinats pec rekomendetajam skujkoku un lapkoku oglekla satura
veértibam meérends un borealas joslas meziem (Thomas & Martin, 2012) un
skujkoku un lapkoku biomasas ipatsvara Latvijas meZos. P&tijuma lietotais
oglekla saturs dzivaja biomasa skujkokiem ir 50.8%, bet lapkokiem 48.8%.
Oglekla saturs dazadam koka frakcijam (stumbrs, zari, saknes) ir nedaudz
atSkirigs, tomeér, nemot véra detaliz€tu petijumu trikumu, visam koka frakcijam
piemérota identiska oglekla satura vértiba atbilsto$i sugai.

Petjjuma aprekinatais Latvijas kokaudzu biomasa uzkratais ogleklis
2016. gada ir 238.1+ 3.5 milj.t (3.6. att€ls). Lielakais patsvars (79% jeb
187.8 milj.t) no ta ir akumuléts kokaugu virszemes dala, bet celmos un saknés
akumuléts apméram 50.3 milj.t oglekla. Latvijas sastaditaja zinojuma par
oglekla piesaisti valsti atbilstosi UNFCCC vadlinijam, kokaudzes uzkratais
ogleklis identiska aprékina perioda ir 237.0 milj.t., kur$, neskatoties uz
promocijas darba un paSreiz speka esosas metodikas atkiribam, ir loti tuvs
misu aprékiniem. Lielakas abu aprékinu metozu atSkiribas ir skaidrojamas ar
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atskirigajiem pienémumiem par oglekla saturu dzivaja biomasa. Miisu p&tijuma
pielietotais vidgjais svértais oglekla saturs dzivaja biomasa ir 49.9%, kamér
pasreiz speka eso$aja metodika tas ir 52.1%, tada veida palielinot kopgjos
oglekla uzkrajumus valsti. Piemérojot miisu aprékinos dzivas biomasas oglekla
saturu, ko izmanto IidzSingja aprékinu metodika, Latvijas kokaudzu
akumulétais oglekla apjoms bitu lielaks par 10.5 milj.t jeb 4.2% un sashiegtu
248.1 milj.t. Tas norada uz to, ka lidz§ingja aprékinu metodika nepieticko$a
apmeéra noverté kokaudzu biomasu Latvija.
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3.6. att. Uzkratais ogleklis kokaudZu virszemes biomasa (AGB) un
celma/saknu biomasa (BGB) pielietojot dazadas aprékinu metodes /
Fig. 3.6. Carbon stock in aboveground (AGB) and belowground (BGB) forest
biomass using different calculation methods

Salidzinot Latvija veikto petijumu rezultatus par oglekla saturu priedes,
egles, bérza un baltalkSna biomasas frakcijas (stumbrs, zari un saknes),
secinats, ka tas ir bijis robezas no 47.2-51.7%. Vidga svérta oglekla satura
52.1% lietoSana nedaudz parsniedz ieprieks konstatetas vertibas Latvija, tomér
jaatzime, ka petfjumi Latvija veikti galvenokart So koku sugu jaunaudzes un
kokaugu stadijumos lauksaimnieciba neizmantotajas zemés. Par cik Sobrid
triikst informacijas par oglekla satura variésanu dalfjuma pa koku sugam un
biomasas frakcijam visa hemiborealaja mezu regiona, Latvijas nacionalaja SEG
zinojuma lietotas oglekla satura vértibas (50.7-53.0% atkariba no koku sugas)
pirms izmanto$anas butu javerifice un jaapraksta anonimi recenzétos
zinatniskos izdevumos, kas lidz $§im nav darits. Tapéc, pamatojoties uz citu
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Eiropas valstu oglekla satura piepémumiem to aprékinu metodikas un
jaunakajam atzinam par oglekla saturu meérenas joslas un borealajos mezos
(Thomas & Martin, 2012), eso$aja Latvijas aprékinu metodika lictoto oglekla
saturu dzivaja biomasa biitu ieteicams samazinat uz 48.8% lapkokiem un
50.8% skujkokiem.

Daudz neprecizaki Latvijas kokaudzu oglekla aprékini iegati pielietojot
IPCC vadliniju (Eggleston et al., 2006) piedavatos biomasas parrékina
koeficientus mérenas joslas un borealajiem meziem (3.6. attéls). Lai novertetu
IPCC vadliniju piedavato koeficientu ietekmi uz kokaudzu oglekla aprékiniem,
visas metodés piemérots identisks pienémums par oglekla saturu biomasa.
Izmantojot mérenas joslas mezu biomasas parrékinu koeficentus, Latvijas
kokaudzu oglekla uzkrajumi tiek parverteti par 36.9% jeb par 87.8 milj.t.
Salidzinot ar pétijuma izstradatajiem biomasas vienadojumiem, S§ie
Dienvideiropai piemérotie koeficienti nozimigi parverteé kokaudzu virszemes
dala akumuléto oglekli (par 42.9%), bet mazak — kokaudzu celmu un saknu
oglekla apjomus (par 14.4%). Pretgji ir ar vadliniju piedavatajiem borealo mezu
biomasas parrékina koeficentiem, kuru izmantoSana par 5.2% jeb 12.3 milj.t
samazina kokaudzes uzkrata oglekla aprekinus, salidzinot ar miisu pétjjuma
lietoto aprékinu metodiku. Piemérojot Sos Ziemeleiropai paredzétos parrékina
koeficientus, lielaka kluda rodas kokaudZzu celma/saknu dalas oglekla
novertésana (- 8.5%), kamér uzkratais ogleklis kokaudzu virszemes biomasa
tiek novertets nedaudz precizak (klada - 4.3%).

IPCC vadlinijas (Eggleston et al., 2006) péc teritoriala novietojuma
Latvijai tiek piedavati mérenas joslas mezu biomasas aprékinu un parrékinu
koeficienti, bet pec misu pétijuma aprékiniem redzams, ka So parrékinu
koeficientu izmanto$anu Latvijas apstaklos nav pielaujama. Promocijas darba
izstrades gaita, balstoties uz dalgji ievakto empirisko materialu, jau 2013. gada
IPCC vadliniju piedavatie parrékinu koeficienti Latvijai tika korigéti, jo koku
biomasas merfjumi liecinaja par butiskam vadliniju piedavato parrekinu
koeficientu neatbilsttbam. Nakot klat jaunam empiriskajam materialam un
2015. gada noslédzoties pétijumam “Mezsaimniecisko darbibu ietekme uz
siltumnicefekta gazu emisijam un CO, piesaisti” biomasas aprékina metodika
tika korigéta vélreiz. Dazados aprékinu etapos izmantoto BEF korigé$ana lidz
Sim ir lavusi pakapeniski uzlabot Latvijas kokaudzu oglekla aprékinu metodiku,
izvairoties no butiska akumuléta oglekla parveértésanas riska. Minéta iemesla
del nelielas atSkiribas Latvijas kokaudzu oglekla uzkrajuma aprékinos starp
pétijuma izstradato un pasreiz speka esoso metodiku ir viegli izskaidrot, jo, gan
izstradatie biomasas vienadojumi, gan IPCC vadliniju korigétas BEF vértibas,
balstas uz vienu un to paSu empirisko materialu. Ir pieradits, ka izmantojot
individualu koku biomasas vienadojumus kopa ar MRM datubazi, iespgjams
ieglit precizakas biomasas prognozes neka biomasu aprékinot no kopgjas krajas
ar BEF (Neumann et al., 2016). Lidzigi ka miasu veiktajos aprékinos, arl
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Zviedrijas pieredze rada, ka ar atsevisku koku biomasas vienadojumiem
aprékinata kokaudzu AGB ir vidgji par 5% lielaka, neka aprékinata no
kokaudzu krajas datiem (Jalkanen et al., 2005).

Latvijas kokaudzgs vidgji akumuléts 67.4 + 0.6 t ha™ oglekla. Latvijas
kokaudzgs uzkratais ogleklis ir lielaks salidzinajuma ar vid&jo raditaju Eiropas
borealajos mezos (54.6 tha™), bet mazaks salidzindjuma ar vidgjo raditaju
(76 tha™) Eiropas mérenas joslas skujkoku mezos (Thurner et al., 2014).
Salidzinot kokaudzu oglekla resursus uz platibas vienibu dalfjuma p&c valdosas
koku sugas, secinats, ka visvairak ogleklis uzkrats priedes audzes, vidgji
89.2 t ha™. Egles, berza un apses kokaudzes uzkrata oglekla apjomi ir nedaudz
mazaki ka priedei, attiecigi 79.3 tha™, 62.9 tha™ un 69.1 tha™. Zinama méra
tas ir likumsakarigi, jo priedes kokaudzu vid&jais vecums Latvija ir 73 gadi, kas
ir daudz vairak neka egles, bérza un apses kokaudzém, kuru vid&jais vecums ir
attiecigi 46, 39 un 31 gadi.

No MRM datiem secinams, ka Latvijas kokaudz&s uzkratais ogleklis
pedgjo desmit gadu laika ir palielinajies. Par atskaites punktu pienemot
2008. gadu, valsti kokaudzgs uzkratais oglekla apjoms ir palielinajies apm&ram
par 8 milj. t, no 233.1-241.2 milj.t (3.7. attéls).
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3.7. att. Oglekla uzkrajuma dinamika Latvija desmit gadu perioda /
Fig. 3.7. Carbon stock dynamics in Latvia over the last decade
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Salidzinot MRM 1. un 2. pilna cikla rezultatus, secinams, ka valsts
oglekla uzkrajuma pieaugums nav izskaidrojams tikai ar meza platibu
picaugumu valstl, jo arl uz platibas vienibu akumulétd oglekla apjoms ir
palielinajies. Pe&c MRM 1. cikla ietvaros uzméritajiem parauglaukumiem
aprekinats, ka kokaudzes vidgji akumuléts 65.8 + 0.6 tha™ oglekla, bet péc
5 gadiem, atkartoti parmérot tos pasus parauglaukumus, aprékinats, ka vidgjais
oglekla uzkrajums ir palielingjies lidz 67.1 + 0.6tha”. Dalgji oglekla
uzkrajuma pieaugums varétu but saistits ar vidéja vecuma pieaugumu, kurs§
identiska aprékinu perioda ir nedaudz pieaudzis - no 43.9 + 0.3 lidz 44.2 + 0.3
gadiem. Tomér, veértjot vidgja vecuma izmainu tendences péc piecgades
slidosa vidgja vertibam, vidéjam vecumam ir tendence samazinaties, bet
uzkratais ogleklis platibas vieniba ir konstanti palielin3jies.

Raksturojot Latvijas kokaudzu oglekla uzkrajumus, miisu pétijuma
aprékinos ir piegemts, ka koku stumbri ir bez trupes. Realaja situacija
mezaudz€s tomér ir trup&jusi un dobumaini koki, kas samazina realos oglekla
apjomus. Pétijumos Latvija konstatéts, ka egles stumbros, atkariba no
kokaudzes vecuma, trup&jusas koksnes ipatsvars no kopgjas stumbru krajas ir
robezas no 6% 40 gadu vecuma lidz 16% 100 gadu vecuma (Arhipova et al.,
2011). Valsts pétjjumu programmas “Lapu koku audz€Sanas un racionalas
izmanto$anas pamatojums, jauni produkti un tehnologijas™ ietvaros 2008. gada
L. Lipina vadiba analiz&jot 45-70 gadus vecas apSu audzes, konstatéta
kodoltrupes sastopamiba 78% koku un noskaidrots, ka trupes aiznemtais
tilpums no kopgja stumbra tilpuma var pat parsniegt 50%. Lidzigi secinajumi
konstatéti arT pétfjuma par Amerikas apses (Populus tremuloides) trupes
izplatibu, kur trupe novérota 80% koku 20-50 gadus vecas audz€s un trupes
aizpemtais tilpums var sasniegt 40% no visa stumbra tilpuma (Worrall &
Fairweather, 2009).

Ja Latvijas kokaudzés uzkrato oglekli aprékina atlasot MRM
parauglaukumus atbilsto§i UNFCCC un Kioto protokola prasibam, uzkrajums ir
par 3.1 milj.t mazaks neka gadijuma, ja aprékinos izmanto visus MRM
parauglaukumus, kuros aug koki. Starpiba veidojas jo, pieméram, cela malas,
gravju tras€s, upju krastos, lauc€s u.c. zemes vienibas kokaudZzu biomasa
uzkratais ogleklis, atbilsto§i UNFCCC un Kioto protokola prasibam, tiek
ieskaitits nevis meZa zemes, bet citds zemes kategorijas (apbiive, mitrajs, plava
u.c.). Lai gan aprékinu starpiba ir vien 1.3%, tomer, aprakstot kokaudzes ka
oglekla kratuvi, nepiecieSams precizét aprékina metodi.
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SECINAJUMI

. Priedei un bérzam novérota izteikta stumbra koksnes blivuma

samazinasanas galotnes virziena. Eglei un apsei koksnes blivums samazinas
lidz 30-40% relativajam koka augstumam, un virziena uz galotni talak
pakapeniski pieaug. Stumbra skérsgriezuma koku sugam koksnes blivums
palielinas virziena no serdes uz mizu.

. Analizetajam koku sugam stumbra vid&jais mizas blivums butiski atSkiras
no vidgja koksnes blivuma. Vidgja koksnes blivuma lietoSana stumbra
biomasas aprékinos veido vidgji 1.5-4.5% kliidu, atkariba no koku sugas.
Vidgjais svértais stumbra reducétais blivums priedei ir 380.5 kg m?, eglei
368.9 kg m™> un berzam 481.7 kg m™ un apsei 399.4 kg m™.

. Celma/saknu un virszemes biomasas attieciba mainas atkariba no koku
dimensijam, tad¢] konstantu biomasas parrékinu koeficienta pielietoSana var
radit sistematisku kliidu oglekla uzkrajuma aprékinos. Celma, balstsaknu un
siko saknu Tpatsvars kop€ja visu koku sugu biomasa vidgji ir 20%. Bérzam
un apsei lielaks celma/saknu biomasas Tpatsvars ir jauniem kokiem, bet
priedei un eglei pieaugusiem kokiem.

. Fenoskandija izstradato vienadojumu izmantoSana Latvijas apstaklos veido
4.7-61.7% kludu, atkariba no koku sugas un virszemes vai celma/saknu
biomasas frakcijas. Tap&c, kokaudzu oglekla uzkrajumu raksturoSanai darba
ietvaros izstradati Latvijas teritorijai piem@roti biomasas aprékina
vienadojumi, kuri lietojami plasa koku dimensiju amplittda.

. Starpvalstu klimata parmainu padomes 2006. gada SEG inventarizacijas
vadliniju piedavatic mérenas joslas meZzu biomasas parrékina koeficienti
Latvijas kokaudzu oglekla uzkrajumus palielina par 36.9% jeb par
87.8 milj.t, bet borealo mezu biomasas parrékina koeficientu lictosana par
5.2% jeb 12.3 milj.t samazina oglekla uzkrajuma aprékinus, salidzinot ar
misu petijuma izstradatajiem vienadojumiem.

. Atbilstosi SEG emisiju zinojumos pielietotajai meza definicijai, oglekla
uzkrajumi Latvijas kokaudzu biomasa 2016. gada bija 238.1 + 3.5 milj.t.
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PATEICIBAS

Promocijas darba autors saka vissiltako un sirsnigako “paldies” darba
zinatniskajiem vaditajiem Dr. silv. Kasparam Liepinpam un Dr. silv. Andim
Lazdinam par iedvesmojoSiem vardiem, ieinteresétibu un energijas devu, kad
tas bija vajadzigs, ka ari neatsveramu atbalstu un sniegtajiem padomiem darba
izstradg un ta kvalitates pilnveidosana.

Darba autors izsaka pateicibu Latvijas Valsts meZzinatnes instititam
“Silava” par iesp&ju izstradat darbu paral€li tieSo darba pienakumu veikSanai,
ka arT par iesp&ju promocijas darba izstrad€ analiz&t akciju sabiedriba ,,Latvijas
valsts mezi” pasitita pétjuma ,Mezsaimniecisko darbibu ietekme uz
siltumnicefekta gazu emisijam un CO,” ietvaros iegiitos datus.

Izsaku pateicibu Jurgim Jansonam un citiem MeZa resursu monitoringa
(MRM) rado$as grupas kolégiem par promocijas darba izstradato biomasas
vienadojumu integrésanu MRM datu apstrades sistéma, lai biitu iesp&jams veikt
Latvijas kokaudzgés uzkrata oglekla aprékinus.

Pateicos briniskigajiem LVMI “Silava” Meza atjauno$anas un
icaudzeSanas radosas grupas kolégiem Uldim Prindulim, Gatim Rozitim,
Kristapam Makovskim, Aldim Butleram u.c. par palidzibu empiriska materiala
ievakSana un pecapstrade. Tapat izsaku lielu pateicibu Talim Gaitniekam un
Robertam Matisonam par sniegtajiem priekslikumiem un padomiem promocijas
darba izstrades gaita.

Visbeidzot paldies manai sievai Ingai Liepinai un meita Madarai
Liepinai par atbalstu un uzmundrino$iem vardiem brizos, kad tas bija visvairak
nepieciesams.
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1. GENERAL DESCRIPTION OF THE THESIS

1.1. Relevance of the topic

The significance of the study is determined by the international
obligations Latvia has undertaken by ratification of United Nations Framework
Convention on Climate Change (UNFCCC), Kyoto Protocol and Paris
Agreement. In accordance to UNFCCC requirements, Latvia has to submit a
national report on emissions of greenhouse gasses (GHG) and CO,
sequestration annually and every second year — a report on projections of GHG
emissions and CO, sequestration and measures implemented to reduce the
GHG emissions in Land Use, Land-Use Change and Forestry (LULUCF)
sector. Accurate methods for estimating the biomass of individual trees and
forest stands are required to calculate CO, sequestration in aboveground and
belowground woody biomass and to describe the changes of carbon stock in
Latvian forests. A few studies conducted on economically most important tree
species biomass in Latvia have been published; however, they are based on
very limited study material, and the elaborated models can only be used under
restricted conditions and cannot be extended to a national level. Methodology
for biomass estimation included in the 2006 Intergovernmental Panel on
Climate Change (IPCC) guidelines recommend the use of the default values for
wood density, root to shoot ratio and biomass conversion and expansion factors
that have not been previously evaluated in Latvian conditions. Our study is
aimed to develop the methods for forest biomass and carbon stock assessment
that are based on recommendations for national reporting.

1.2. Research aim, tasks and theses

Aim of the doctoral thesis. To derive allometric equations in order to
characterise the biomass of economically most beneficial tree species and
determine the carbon stock in stands in Latvia. According to the aim of study,
three research tasks have been advanced.

1. To characterise the mean basic density of stem and its spatial variations in
the longitudinal direction and cross-section of stem.

2. To derive the aboveground, belowground, stem and branch biomass
equations of individual Scots pine (Pinus sylvestris L.), Norway spruce
(Picea abies (L.) H. Karst.), birch (Betula spp.) and European aspen
(Populus tremula L.) trees.
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3. To evaluate the amount of carbon stock in the biomass of stands according

to the data of National Forest Inventory of Latvia.
Proposed theses.

1. The usage of the mean values of wood density for the whole tree stem
biomass appraisal creates a systematic error whose significance differs for
various tree species.

2. The usage of the biomass expansion factors offered by GHG inventory
guidelines of 2006 by the Intergovernmental Panel on Climate Change
(IPCC) and the biomass equations developed in Fennoscandia creates an
error in the estimation of the carbon stock in stands of Latvia.

1.3. Scientific novelty and practical significance of the work
(recommendations)

Novelty.
Within our study new equations for estimation of stem, branch, total

aboveground and belowground biomass were developed for application in

Latvian conditions for a wide range of tree dimensions. The belowground

biomass data analysed in this study is of special value; in addition to that, our

research is the first attempt to study the belowground biomass allocation
patterns of European aspen but biomass equations based on diverse and
comprehensive material for pine, spruce and birch are published only in few
studies. For the first time in Latvia weighted mean basic density of the whole
stem have been estimated and published and wood density variation maps have
been elaborated including trees of various dimensions.

Recommendations.

1. Preparing a national GHG inventory report in accordance with the
requirements of the United Nations Framework Convention on Climate
Change (UNFCCC) it is recommended to use the biomass equations
developed in the study for the estimation of the biomass amount of stands in
Latvia since the present biomass estimation methodology insufficiently
evaluates the biomass of forest stands in Latvia.

2. In Latvia and in the entire hemiboreal forest region there is insufficient
information about the variation of carbon contents over the tree species and
biomass components. Therefore, in order to avoid the risks of carbon stock
overestimation, for the estimation of the carbon stock in the stands of Latvia
it is recommended to use the average carbon contents values of temperate
and boreal forest for conifers — 50.8% =+ 0.6% and deciduous trees — 48.8%
+0.6%.

3. The biomass equations have been developed for four tree species
widespread in Latvia. For the purposes of biomass estimation of other tree
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species found in Latvia, it is recommended to use the equations developed
in the study, respectively applying them depending on the most similar stem
basic density values for conifers and deciduous trees.

1.4. Approbation of research results

The research results have been summarised in four scientific
publications and presented in twelve scientific conferences.

1.5. Structure of the doctoral thesis

The structure of the doctoral dissertation is subject to the research tasks
proposed in the study. The dissertation consists of three chapters. The first
chapter deals with the analysis of the problems of carbon sequestration and
biomass estimation of stands. The second chapter describes the methodology
and empirical material that are used in the study. The third chapter analyses the
study outcome in compliance with the set aim and research tasks of the doctoral
thesis.

The doctoral thesis consists of 105 pages, the information is aggregated
in 14 tables, 31 figures and 268 sources of literature are used. 6 main
conclusions are formulated and 3 recommendations are given in the conclusion
of the dissertation.

2.MATERIALS AND METHODS
2.1. Study area

The study material comprised a total of 124 Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies (L.) H. Karst.), birch (Betula sp.) and
European aspen (Populus tremula L.) stands. The forest stands were selected to
represent different climatic conditions and a wide variety of tree populations.
The collection of study material was performed from 2011 to 2014. Only forest
stands dominated by target species with a proportion of more than 70% were
included in the study, and an equal number of stands with determined age
groups (young, middle-aged and mature) were selected. To characterize the
forest stands, temporary circular plots with an area of 500 m? were laid out in
each stand; these plots were subjectively positioned in locations that most
accurately represented the entire stand and the plot was further than 50 m from
the outer border of the forest stand. In each of the established sample plots,
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three sample trees representing the range of the dimensions of the dominant
trees in a stand were felled. Damaged and rotten trees were not accepted as
sample trees. The social status of trees (dominant, codominant and
subdominant) was used as a criterion for subjectively selecting the sample
trees.

2.2. Destructive sampling and processing of the aboveground
biomass of trees

The aboveground tree biomass measurements were performed during the
dormant period when deciduous trees are leafless and young shoots have
matured. The aboveground biomass data were based on detailed measurements
of 372 sample trees (102 Scots pine, 81 Norway spruce, 105 birch spp. and 84
European aspen). The stem length (H) and diameter at breast height (DBH)
were measured from the stump height, which was defined as 1% of the
measured tree height before felling. The stump height is the point at which the
trees were divided into above- and belowground tree components. After felling,
the living crown was divided into three sections of equal length (top, middle
and bottom), and one average-sized sample branch was selected subjectively
from the middle of each section. The three sample branches were weighed
together in the field and sampled for the determination of the average moisture
of the living crown. In addition, one average-sized dead sample branch per tree
was collected from the lower part of the crown. After measuring the branches
that were selected for subsequent dry weight determination, all remaining
branches were cut off and weighed using field scales (Kern HCB 99K50, 99 kg
+0.05 for large pieces or Kern HDB 10K10N, 10 kg +0.01 for smaller pieces)
attached to a portable tripod; dead and living branches were measured
separately. The dry weight of the sample branches was measured in the
laboratory after drying at a temperature of 103 °C until a constant weight was
reached. The dry matter of the living crown was calculated on the basis of the
fresh to oven-dry weight ratio.

The stems were cross-cut into 1 or 2 m sections (starting from the base
of the stem), depending on the stem length (1 m sections for stems shorter than
20 m, 2 m sections for stems longer than 20 m). To obtain the mean density of
the stem, sample discs were collected at the beginning of each stem section.
Sample discs were also collected at a height of 1.3 m and at the midpoint of the
first section. All sample discs (approximately 2-2.5 cm thick) were placed in
bags and transported to the laboratory for density measurements. To calculate
mean basic density of stem the specimens for the density measurements
prepared from the sample discs correspond to the scheme presented in Figure
2.1.
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Before the density measurements were conducted, all specimens were
saturated by immersion in water for 24 h. The basic density of each wood and
bark specimen was determined using Precisa XB 220A scales equipped with a
Precisa density determination set. Before each measurement, the specimens
were drained on soft paper, and two replicates were performed for each
specimen. For the calculation of wood and bark density, all specimens were
dried at 103°C until a constant weight was achieved. The dry weight of the
specimens was determined immediately after they were removed from the
drying oven.

To calculate the volume of the stem sections and the average radius of
each sample disc, all cross-sectional over and under-bark diameters were
recorded in two perpendicular directions. The volume of each section was
estimated using Smalian’s approach (Smith et al. 2014). The total section
biomass was calculated by multiplying the total section volume by the section
density calculated from the mean density of the sample discs located at the ends
of the stem sections; for the top section, however, only the base sample disc
was used. The weighted average formula was used to calculate the mean
density of each sample disc from the density specimens and their corresponding
areas (Figure 2.1). The biomass of individual sections was summed to obtain
the total stem biomass.

2.3. Destructive sampling and processing of the belowground
biomass of trees

The stumps and roots of 144 trees (37 Scots pine, 29 Norway spruce,
42 birch spp. and 33 European aspen) were excavated and measured in the
spring or summer following tree felling. Sample trees are selected to represent
different DBH classes, tree heights and age groups for each tree species
included in the study. Tree belowground biomass is extracted from the same
trees that have previously been assessed for aboveground biomass. The entire
root system of the sample trees was excavated manually to minimize the loss of
small roots. We collected as much fine root biomass as possible by cautiously
digging out each individual root and by following all roots over 2 mm in
diameter. After excavation and transportation to a location used for further
processing, the stumps and roots were washed using a high-pressure water
pump to remove all soil particles. To calculate the dry root biomass, each root
system was divided into three fractions:
e stump — monolith (both above- and belowground portions),
nondifferentiated parts of some roots;
* coarse roots — diameter greater than or equal to 2 cm;
+ small roots — diameter less than 2 cm.
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The fresh weight of the stump and roots was determined by weighing all
fractions separately using the same field scales used for the branches. To
calculate the dry weight of each root fraction, one sample disc was collected
from the middle of the stump, three diameter root discs were collected
randomly from the coarse roots, and three full-length roots less than 20 mm in
diameter were collected and dried at 103°C until a constant weight. The total
belowground dry biomass was represented by the sum of the root fractions
based on the individual fresh to oven-dry weight ratios of each belowground
component.

2.4. Model development

National Forest Inventory (NFI) in Latvia accumulates data on
individual tree DBH and H, so these easily measurable tree features were
selected as variables in the study to create convenient and practical equations.
Sometimes tree age or different crown parameters have been also used as
variables in biomass equations, but our NFI does not currently collect such
information at individual tree level. After extensive literature analysis the
suitability of three different mathematical models (2.1, 2.2 and 2.3) for the
prediction of stem biomass (SB), leafless live and dead branch biomass (BB),
total aboveground biomass (AGB) and total belowground biomass (BGB) were
selected for evaluation. AGB was calculated by summing the SB and BB
(needles and cones were included for coniferous species), whereas BGB was
calculated by summing the small root, coarse root and stump biomass.

An introductory analysis of the data showed that the error variance
increased with increasing DBH and H. Since this is a violation of the general
rule for least square regression, logarithmic transformation of the equations
(2.1, 2.2, 2.3) was applied to achieve constant variances (Claesson, Sahlen, &
Lundmark, 2001; Repola, 2009; Weiskittel et al., 2015; Zianis & Mencuccini,
2004). Trees were sampled in 124 stands and the collected material has a
hierarchical data structure (Claesson et al., 2001; Repola, 2008, 2009;
Temesgen et al., 2015) assuming that tree biomass components are more
correlated within stands than between stands. Since the hierarchical structure is
a violation of the fundamental assumptions of linear regression (Claesson et al.,
2001) a mixed linear model was applied in which the predictor variables were
treated as fixed effects and stand was treated as a random effect. Calculations
were performed using the “lme4” package (Bates et al. 2015) in R software.

In order to calculate biomass for small and large (DBH> 60 cm) trees as
accurately as possible, Marklund (1987, 1988) concluded that the logarithmic
transformation of DBH alone is not sufficient; instead he recommended to use
the expression DBH/(DBH + m) in equation (2.7), where m is a constant. The
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constant m was determined using a grid search method and reflects the best
correlation between InYand the diameter expression DBH/(DBH + m) for
different m values (Marklund, 1987).

When the estimated dependent variable is retransformed, it must be
rectified for logarithmic bias (Hunziker et al., 2014; Jenkins et al., 2003;
Snowdon, 1991; Zianis et al., 2005). This is commonly performed using a
correction factor that is added to the linearized equation during the exponential
back-transformation. Different assumptions are used to calculate the correction
factors. If the value of the variance or the estimated standard deviation of the
dependent variable is large, the use of a ratio estimator (2.4) is advised
(Marklund, 1987; Repola, 2008, 2009; Snowdon, 1991). Transformed functions
used for biomass prediction can be retransformed as shown in equation (2.5).

The goodness of fit of the models was evaluated using the coefficient of
determination (R?), the root mean square error (RMSE) and mean average
percent error (MAPE). In addition, the corrected Akaike information criterion
(AlCc) was used to calculate the relative probability that the tested models
would be correct. The estimated AlCc value indicates the likelihood that the
model is correct with higher penalty for extra parameters when calculating the
goodness of fit of a statistical function. The percent relative standard error
(PRSE) was used to assess the reliability of the regression parameter estimates
(Picard et al., 2015; Sileshi, 2014). We assumed that the model would be
unreliable if PRSE was greater than 30% for one or more parameters. If the
exclusion of variables (H, In(H) or both) on the basis of equation (2.3) yielded a
positive effect on AICc (a lower value) or resulted in PRSE less than 30% for
all parameters, these parameters were excluded, and the remaining parameter
values were recalculated.

All functions for each biomass component were examined using residual
analysis. The relative difference between the measured and estimated biomass
was plotted against the logarithm of the estimated values. To reveal the
systematic error of the residuals, we smoothed plots using a LOWESS
procedure (locally weighted scatterplot smoothing (Cleveland 1979)) built
using CurveExpert Professional 2.2 software.

3.RESULTS AND DISCUSSION

3.1. Density variations in tree stems

Stem density variations in the longitudinal direction (from stump to
treetop) and cross-section (from pith to bark) give an insight into the aspect
how various density sampling methods can influence the estimation of stem
biomass and alongside — the total carbon stock. When calculating the mean
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density of the whole stem, the bark proportion and its density should also be
considered. In numerous studies the stem biomass calculations only use the
mean stem wood basic density indicators, which is conceptually incorrect. The
aforementioned situation might have formed because of the fact that scientific
literature has not reflected detailed information about the bark basic density
variations.

In the study the proportion of stem bark showed considerable
differences not only among the studied tree species but also within the
framework of each species. The bark proportion from the total stem volume for
Scots pine ranges from 5.5-34.5%, for Norway spruce 6.6-28.3%, for birch
7.9-21.5% and for European aspen 7.0-23.6%. For small size trees of all
studied tree species the bark proportion in stem is considerably larger than for
mature trees (Table 3.1). At average diameter at breast height (DBH) of 5 cm
the bark proportion among species varies in the range of 16.7-26.9% but, if the
average DBH increases to 30 cm, the bark proportion diminishes for more than
two times and ranges from 8.2-10.4%. It confirms that in case of significant
differences between the density of stem wood and bark a larger systematic error
will be formed in the calculations of tree stem biomass in young stands.

The study finds that the bark proportion in tree stems is larger in the
stump part and especially at the treetop. The bark proportion variations in the
longitudinal direction of stem depend on the combined effect of bark thickness
and stem diameter. As the treetop approaches, the stem cross-section diameter
reduces faster. However, the bark at the treetop becomes only slightly thinner
in comparison to the middle part of stem therefore the bark proportion rapidly
grows. For instance, the bark percentage for round timber made from the small
end of spruce stem is for about 7% larger than for round timber from the middle
part of stem (Sarmulis et al., 2005). The least bark proportion for each tree
species is achieved at different relative height of stem. The least Scots pine
bark proportion is in the middle part of stem (50% relative height) while for
Norway spruce, birch and European aspen the least bark proportion is in the
lower part of stem (about 20-30% relative height). Similar results are found in
Finland where the least bark proportion for Norway spruce is indicated at 20%
relative height (Laasasenaho, Melkas, & Aldén, 2005).

Since the DBH is the most easily and accurately measurable indication
of a tree, then the study clarifies that DHB of Scots pine, Norway spruce, birch
and European aspen respectively explains for 85%, 86%, 51% and 79% of bark
proportion variations and it is the most appropriate indication for prediction.
The most uncertainty in the prediction of the bark amount in tree stem relates to
birch, which is also approved by a lower coefficient of determination. Liepa
(2011) explains the uncertainty of the estimation of birch bark proportion by
the merger of data of two birch species, ignoring the specificity of these
species.
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Within the framework of the doctoral thesis no considerable bark
proportion differences were found between the forest plots in the northern-
southern as well as eastern-western direction of the state which can be
explained by the relatively small territory of Latvia and geographical spread of
forest stands. All selected forest stands were located between parallel 56-58
and meridian 21-27. The impact of the tree growth region upon the thickness of
pine, spruce, birch and aspen bark has not been found in the previous research
in Latvia either (Lipin§ & Liepa, 2007). It confirms that the mean bark
proportion indicators estimated in the study can be referred to the entire
territory of Latvia.

The study confirmed that the mean bark density of pine, spruce, birch
and aspen stem statistically signifficantly (p < 0.001) differs from the mean
stem wood density (Table 3.2). It confirms that the usage of the wood basic
density values for the estimation of the whole tree stem biomass creates a
systematic error increasing the stem biomass for Scots pine on average by
4.5%, for Norway spruce by 2.5% but for birch and European aspen the total
stem biomass reduces respectively by 2.4% and 1.5%. Notably, the mean wood
density of the studied coniferous species is larger than that of bark in contrary
to deciduous species whose bark is denser than wood. For Scots pine the
difference between wood and bark basic density (137 kg m™®) is considerably
larger than for other tree species (aspen — 52 kg m™, birch — 80 kg m® and
spruce — 82kgm?®). It can be explained by more drastic wood density
variations in the longitudinal direction of Scots pine stems in comparison to
other tree species. Similar conclusions on the impact of the difference between
bark and wood density upon biomass calculations have also been drawn in
Finland (Hakkila, 1979), where, for the characterisation of the pine stem
biomass with bark, it is recommended to correct or reduce the obtained biomass
values by 2%, but for birch to increase the stem biomass by 0.5% thus implying
identical bark and wood density differences. Similarly to Scots pine, it is
reported that also Norway spruce bark density is less than that of wood
(Hakkila, 1989) as well as it has been established that bark density constantly
reduces in the direction towards the treetop. Erickson (1972) has studied the
differences of basic density between stem bark and wood of various North
American tree species in wood chip samples coming to the conclusion that
aspen bark is much denser than wood but the bark density of all studied
coniferous species has turned out to be less than that of wood.

Through the analysis of the difference between the bark and wood mean
density in the longitudinal direction of stem it was found out that except aspen
the density differences of other studied tree species remained significant
(p < 0.05) along the entire stem (Figure 3.1). Only at the treetop of aspen stems
(70-100% relative tree height) no significant bark and wood density differences
were found. It can be explained by the fact that bark and wood density
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variations in the longitudinal direction of stem do not follow the same trends as
well as the range of density variations of aspen bark is slightly larger than that
of other tree species in the study. Aspen bark density decreases in the direction
of stem top; rapidly at the bottom of stem but only slightly at the top. However
the wood density only decreases at the relative tree height of up to 30-40% but
then in the direction towards the treetop it gradually increases. Also for other
deciduous and coniferous species the bark density variations in the longitudinal
direction of stem fail to comply with wood density variations. For individual
tree species the difference of bark density between the stump and the treetop
may reach 100 kg m™ (Hakkila, 1989). For instance, pine bark density in the
direction towards the treetop decreases but at the treetop it slightly increases.
However, birch bark density in the direction towards the treetop increases but at
the treetop it slightly decreases. For Norway spruce bark density decreases in
the longitudinal direction of stem; at up to 10% of relative height the reduction
is rapid but in the remaining part of stem the reduction is slight. Through the
analysis of the data on bark density with linear regression method it has been
established that the age of stand does not significantly influence the bark
density for deciduous species, however, for Scots pine and Norway spruce the
impact of age turned out to be statisticaly significant (p < 0.001).

Weighted average pine, spruce, birch and aspen stem wood basic density
in the study is estimated respectively 397, 378, 470 and 393 kg m™ (Table 3.2.
tabula). The study has established that the stem wood density for pine, spruce
and birch varies depending on the tree DBH. Therefore upon comparison of the
density data with other study data, the dimensions of studied sample trees
should be taken into account. Our results confirm that in the guidelines of the
Intergovernmental Panel on Climate Change (IPCC) (Eggleston et al., 2006)
recommended density values for the calculation of Scots pine, Norway spruce
and birch stem biomass lead to the overestimation of carbon stock in young
stands because the density values of the guidelines only comply with trees
whose DBH is larger than 20-30 cm or mature trees. However, for the
estimation of aspen biomass the density of 350 kg m™ recommended in IPCC
guidelines is considerably lower than that established in our study indicating
the underestimation of considerable biomass potential and carbon stock in the
aspen stands of Latvia. The wood basic density values for European aspen
given in references range from 376 kgm=? to 403 kgm™ (Herdjirvi &
Junkkonen, 2006; Karki, 2001; Rytter et al., 2016; Smilga, 1988). The mean
aspen wood density of 393 kg m™ established in our study complies with the
aforementioned density values.

Similarly to other tree species, there are also large differences of basic
density in aspen wood but unlike for other discussed tree species it is more
difficult to explain the density differences for aspen. It is likely that they are
determined by complex impact of several traits. The study did not find any
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statistically significant (p > 0.05) aspen mean stem wood and tree DBH, tree H,
stand basal area as well as stand age correlation. Likewise, testing the impact of
the social status of trees on the mean stem density using one-way ANOVA, no
statistically significant (p > 0.05) differences were found. From all tree and
stand parameters, which were registered within the framework of the study, the
correlation of number of trees per hectare and aspen mean wood basic density
turned out to be statistically significant (p = 0.01). Although the coefficient of
correlation is small (-0.28), it indicates that those trees growing in stands with
higher stocking have less density. A well-known fact is that in young stands the
number of trees is larger and upon rapid growth young trees’ stem wood is
always less dense (Saranpéd, 2003). At the age of 15, the ring width and growth
speed of European aspen considerably decreases (Herdjarvi & Junkkonen,
2006). In general it has been proposed that the tree growth has little impact on
Populus spp. wood density (Zhang, 1995; Zobel & Jett, 1995), which explains
why the stated correlation between the number of trees and aspen wood mean
density is relatively weak.

It is observed that pine and birch have explicit reduction of stem wood
density in the direction towards the treetop (Figure 3.1) but in the radial
direction density tends to increase towards bark (Figure 3.2).

Increasing the relative height of the tree the range of density variations
in the cross-section of stem considerably decreases. For instance, pine at the
relative height 10% and 20% has the most pronounced density variation, which
in the cross-section of stem can reach even 126 kg m, however, at the relative
height 70% and 80% density variation is almost three times less without
exceeding 47 kg m™. The density of birch at relative height 0-40% in the
direction from pith to bark decreases on average by 105 kg m?, but at relative
height 80% density decreases only by 63 kg m™. It is notable that for birch,
regardless of the relative height of stem, density tends to decrease in the
direction from pith to bark but for pine density in the radial direction increases
up to a certain diameter and afterwards closer to the bark it slightly decreases.
Similar observations in the south of Finland have also been made by Hakkila
(1979) concluding that after reaching 80 years the pine stem density in the
external part of sapwood slightly decreases.

For spruce and aspen density variations in the longitudinal direction of
the stem are not so explicit as for pine and birch. Increasing the relative height
of the tree the mean density up to the middle part of stem slightly decreases or
remains constant but further on towards the treetop it increases (Figure 3.1).
The lowest stem cross-sectional density for spruce (377 kg m®) and aspen
(381 kg m™) is at the height of 3-6 m or at the relative tree height of 20-40%,
which has been also observed in other studies (Heréjarvi & Junkkonen, 2006;
Karki, 2001; Repola, 2006; Saranpad, 2003). Through analysis of spruce and
aspen density variations in the direction from pith to bark it has been concluded
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that alike for other studied tree species the least density is in the middle part of
stem near pith (in juvenile wood). Likewise the range of density variations at
the treetop of stem considerably decreases in comparison to the bottom of stem
(Figure 3.3). It is interesting that juvenile wood does not have definite
transition of its ending but its physical and mechanical properties, including
density, considerably differ from outer wood (Saranpéd, 2003).

Basic density variations in the longitudinal direction of stem, which
differ from other studies, are reflected in trials of various stand density of
Norway spruce (Johansson, 1993). In the mentioned study the drastic density
fluctuations in the longitudinal direction of stem, especially, in the upper part of
stem, could be explained by methodological differences of studies in wood
density sampling. For instance, in this study density sampling has been done
every 1 m or 2 m, depending on the tree length, but in the aforementioned study
density sampling has been done only at the height of 0O m, 4 m, 7m, 10 m, 13 m
without indicating the total length of stem as well as the analysis has been
conducted on trees of the same age. Also in other studies density sample discs
have been sawn either from the butt end and small end of roundwood
assortment of different lengths (Repola, 2006) or even at larger distances (Jyske
et al., 2008; Wilhelmsson et al., 2002). Thus the obtained density values among
the studies can slightly differ, especially, with regard to pine and birch whose
density in the longitudinal direction of stem diminishes very fast.

In spruce and aspen stems at approximate relative height of 80% density
is practically constant, the variations in radial direction not exceeding 8 kg m™.
Similarly to pine, for aspen density increases up to a definite diameter at the
stem base. Density reaches its maximum about 8-10 cm away from pith and
afterwards slightly diminishes. This is a importand finding that enables wood
processors to choose the possibly strongest wood for special niche products.
From the studied tree species density variations in spruce stem are the least and
the densest wood finds itself in the external part of sapwood at the relative stem
height of 10-40%. In comparison to other studied tree species aspen wood is
the most homogeneous regarding the basic density since, contrary to pine and
spruce, the impact of proportion of the early and late wood or tree ring width
upon the wood density is comparatively small. In Latvia three forms of aspen
were distinguished depending on the bark colour: green, light grey and dark
grey, concluding that wood density of the green and light grey aspen is less
than that of dark grey aspen (Smilga, 1967). In our study such division of aspen
was not practised thus it was not possible to ascertain the impact of various
aspen genotypes upon wood density.
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3.2. Tree biomass estimates and equations development

A major part of forest stand biomass, which can form even up to 70%
for individual trees, is constituted by non-stem components — branches and
roots. Prior to the adoption of the Kyoto Protocol the data collection on non-
stem biomass was not topical since the amounts of tree branch and root usage
were small. Therefore the information about the amount of branch and root
biomass at the disposal of many countries, including Latvia, can be regarded as
fragmentary and the estimation methods for this part of biomass have been
underdeveloped (Liepa & Blija, 2008).

Having analysed the proportion of various biomass components of the
studied tree species in the total amount of biomass, it has been concluded that
allometric relationships varies depending on the tree species and the age of
forest stand. In most cases at the age of trees, indicated in Figure 3.4, the stem
(wood and bark) is the largest biomass component, except for the first age class
pines and spruces.

The largest proportion of stem component in final cutting has been
observed for birch — 78.2%, but the least for spruce — 58%. It has been stated
that only for pine and spruce of young stand age the branch biomass is larger
than the stem biomass. The largest proportion of branches (totalling the mass of
dry and live branches) in total tree biomass has been observed for up to 20-year
old spruces; for all sample trees the proportion of branches was in the range
45.8-58.3% but on average 52.8%. For pine of identical age the total
proportion of branch biomass is slightly smaller than for spruce — on average
45.5%, which is partially related to larger proportion of dry branches. Since
pine is light-demanding tree species, then at the lower part of its crown due to
the lack of light dying process of the lower branches starts early and the
proportion of dry branches for up to 20-year old can reach even 4.4% of the
total tree biomass. The proportion of dry branches for the analysed spruce
sample trees under the age of 20 did not exceed 0.8% from the total tree
biomass. In general a tendency for all tree species has been observed that the
proportion of branch biomass diminishes as the tree grows older. For instance,
the average proportion of branch biomass for mature spruce and pine,
respectively 18.3% and 9.5%, is considerably smaller than for young trees. The
aforementioned tendency is less pronounced for deciduous species; for birch
the proportion of branches in the total biomass diminishes on average from
18.4% to 4.8% but for mature aspen upon growing older the proportion of
branches decreases from 15.9% to 13.1%.

In the study the proportion of tree stumps, coarse roots and small roots
from the total amount of biomass for all tree species together is on average
approximately 20% and identical conclusions have also been made in Finland
while determining the total belowground biomass of pine, spruce and birch
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(Repola, 2013). For deciduous trees such as birch and aspen a larger
belowground proportion is found in young trees but smaller — in mature trees.
For their part, the opposite is found in coniferous species such as pine and
spruce (Figure 3.4). For aspen the belowground biomass proportion, as the tree
grows older, diminishes most rapidly from 27.6% on average within the first 10
years to 16.3% upon reaching final cutting. For birch the belowground biomass
proportion within the first 10 years on average is 24.0% but at the final cutting
only 16.9%. Regarding pine the average belowground biomass proportion, as
the tree grows older, increases only slightly; within the first 20 years it is 17.6%
but at the age of 101 — on average 17.7%; and presumably it is almost
constant. At the final cutting the belowground biomass proportion of spruce, in
comparison to other tree species, is the largest — on average 23.7% while
under the age of 20 it is 18% on average. As the tree grows older, not only the
total belowground biomass proportion but also the distribution of root biomass
into components differs. Mostly affected is the proportion of small roots
(diameter less than < 2cm), which for the first age class trees ranged from
5.4-10.2% but at the final cutting only from 1.0-3.9%.

IPCC (Eggleston et al., 2006) recommends to use the average root to
shoot ratio or the default values of biomass conversion and expansion factors
depending on the ecological zones. The values provided by the IPCC guidlines
for temperate forests range from 0.20 for mature to 0.40 for young coniferous
forests and respectively 0.24-0.46 for deciduous forests but for all boreal
forests from 0.24-0.39. The values of root to shoot ratio obtained in our study
range from 0.20-0.25 for pine, 0.21-0.30 for spruce, 0.23-0.34 for birch and
0.21-0.39 for aspen (Figure 3.5).

The study results suggest that the average values of root to shoot ratio of
IPCC which are recommended for the calculation of biomass both in temperate
and boreal forests overestimate the belowground biomass of young stands of
Latvia. The largest overestimation of biomass takes place in coniferous young
stands where aboveground biomass does not exceed 50-75 t ha™. This is so
because the values of root to shoot ratio recommended by IPCC for pine and
spruce young stands exceed twice those estimated in our study. Partial
explanation for it can be the aspect that the scientists do not hold a unified
opinion on the place where the aboveground biomass is split from the
belowground biomass of a tree. For the most part in studies this division of
biomass components is based on a subjective border thus the mass of the stump
aboveground part can be added to both the stem and the root biomass.
Determining the root to shoot ratio, the potential aim of its use should be taken
into account. From the physiological point of view the root to shoot ratio is
interpreted so that it would reflect the differential contribution of
photosynthesis between the aboveground and belowground biomass
components of a tree (Titlyanova et al., 1999). In such case the ground surface
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is an appropriate place for distinguishing between the aboveground and
belowground biomass components. However, when calculating the wood mass,
which has remained in the forest after logging or when describing the carbon
flow between various sinks, it is essential to consider that after cutting of a tree
the soil holds not only the remaining tree roots but also the aboveground part of
the stump whose length might form about 1% of the tree height.

The average root to shoot ratio obtained for all tree species in the study
is 0.25 and it is very close to the previously published values for temperate
forests — 0.26 and boreal forests — 0.27 (Cairns et al., 1997). However our
results confirm that the application of the average root to shoot ratio at the level
of individual stands can result in erroneous biomass estimation because the
ratio is influenced by both the age of stand and the average diameter of trees.
Therefore, for the estimation of the root biomass of individual stands or trees it
is more correctly and accurately to use allometric equations instead of constant
ratios.

Excavation of all tree roots above 2 mm in diameter, which was
conducted in this study, is an expensive and labour-consuming method and it
has been performed to such extent in no other study. In practice most often the
biomass of small roots for all sample trees is calculated by using regression
equations, whose creation requires excavation of a limited number of sample
trees (Repola, 2008, 2009) or excavation of only separate tree roots (Petersson
& Stahl, 2006; Smith et al., 2016).

The results of various simulations suggest that, in order to characterize
the aboveground biomass, it is recommended to study at least 40 sample trees
with a regular form of stem for each tree species provided that the dimensions
of trees conform to the whole population (Roxburgh et al., 2015). In our study
the selection of sample trees for each tree species was planned so that it would
cover a wide range of characteristics of forest stands and trees found in Latvia.
In total data were obtained from 372 trees and there were 81-105 sample trees
for each tree species. According to the NFI data, dominant trees, codominant
trees and subdominant trees form 97% of the total forest growing stock volume
in the Latvian forests substantiating the sample tree selection method used in
the study. The proportion of other (suppressed and dying) trees in the total
forest growing stock volume is relatively small therefore such trees were not
selected and presumably it will not significantly affect the applicability of
equations on a national scale.

The study results confirmed that the biomass equations of all tree
species which included DBH and H as variables showed lower MAPE values
indicating a lower average percentage prediction error. However, other
statistical indicators (RMSE, AlCc and R?) showed that the inclusion of tree H
in equations not always improved their prediction accuracy, especially, in the
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estimation of total belowground and small root biomass of trees (Liepins et al.,
2017).

The statistical tests applied in our study indicate that in most cases
(except birch BGB) equation 2.3 in comparison to equation 2.1 and 2.2 is the
most appropriate one for the estimates of biomass components of the studied
tree species. This was observed especially for young trees, for which power
equations (2.1 and 2.2) are not sufficiently flexible. Predicting biomass
according to equation 2.1 for conifers residual deviation from the mean was the
largest exactly for young trees with DBH less than 10 cm. However, the
inclusion of H into the power functions (2.2) reduced the magnitude of the local
prediction errors. Other authors have also found that non-power allometric
equations better fit tree biomass data (Picard et al., 2015). Similar observations
to our study on power functions are reported by Muukkonen (2007), estimating
biomass for various European tree species and concluding in their studies that
power functions are not sufficiently flexible for biomass estimate especially for
trees with smaller diameter. A logarithmically transformed power function is
not always applicable to all situations either although it usually yields plausible
results for general biomass prediction (Claesson et al., 2001).

In the study the between- and within-stand variance has been analysed
using a mixed model procedure. It was confirmed that, when calculating
biomass according to expression 2.1, equations would be less precise if applied
to biomass estimates outside the stand where sample trees had been sampled.
The inclusion of tree H in power functions (expression 2.2) reduced the total
variance of biomass calculations by 37% on average, considerably improving
the accuracy of biomass calculations. The most correctly the variation of
biomass in our study was characterized by equation 2.3 whose use in
comparison to equation 2.1 reduced the variance by 61% on average in biomass
calculations.

It is assumed that the biomass in the components of various tree species
(branches, stem, roots) for the trees of the same dimensions varies across
different stands and also within one particular stand. Our study confirmed the
cognitions previously expressed in the literature (Claesson et al., 2001; Repola,
2008, 2009), saying that the uncertainty of biomass calculations across various
stands is considerably smaller than within one particular stand. Therefore, when
predicting the biomass according to the recommended equations, less
uncertainty will be found in biomass estimates of the whole stand not
individual trees.

When developing biomass equations, it is essential that the sum of
separate tree biomass components is equal to the total biomass (Bronisz et al.,
2016; Kozak, 1970; Repola, 2008, 2009). The sum of stem and branch biomass
predicted in our study quite well conforms to the total aboveground biomass
predictions therefore no additional procedures for ensuring the additivity of
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biomass equations were adhered to. By using the recommended biomass
equations, the sum of stem and branch biomass is on average larger for aspen
by 0.2%, for birch by 0.5%, for spruce by 0.5% and for pine by 0.8% than the
aboveground biomass predictions according to tree species. The obtained
deviation in our study is similar to another study in Finland, in which the
deviation after additivity correction for spruce was 2.3%, 3.7%, 4.5% but for
pine 0.2%, 1.1%, 1.2% depending on the applied equation (Repola, 2009).

The equations of pine, spruce and birch aboveground biomass (AGB)
and belowground biomass (BGB) derived within the study have been compared
to the biomass equations developed in the Nordic countries whose usage has
been accepted through preparation of the national inventory reports on
LULUCEF sector in the country. The data set of 2571 pine, 2671 spruce, 2379
birch and 2316 aspen trees measured in temporary circular plots in each
selected stand was used as test material to compare the derived functions with
the reference functions.

Aspen AGB estimated according to Johansson’s models (Johansson
2000, 2002) resulted in substantial biomass overestimation for trees with DBH
values larger than 35 cm in our data set. By contrast, birch BGB estimated
using the function presented by Repola (2008) resulted in biomass
underestimation of 46% for large trees (Table 3.3. tabula). In general pine,
spruce and birch biomass equations developed in Sweden (Marklund, 1988;
Petersson & Stahl, 2006) showed smaller MAPE values in comparison to the
Finnish equations (Repola, 2009), indicating more accurate biomass estimation
for our data set. The birch biomass functions developed by Smith (Smith et al.
2014, 2016) produced results that were most similar to our functions, which is
supported by lower MAPE values.

Pine, spruce and birch AGB and BGB equations derived in the study are
compared to the select equations of other countries, which have an identical
definition of stump height to our study. An exception is aspen biomass
equations in which the stump height is defined 10 cm from the ground surface
(Johansson, 2002). A different definition of stump height might account for the
fact that aspen AGB biomass according to Johansson (2000, 2002) equations
for larger trees is heavily overestimated in comparison to our derived equation.
Analysing birch BGB equation prediction accuracy depending on the applied
equation, only Repola (2008) equation is characteristic of considerable
deviation as the average tree DBH increases. It could be partly explained by the
methodological differences of studies since in Repola’s study roots were
excavated with diameter of up to 10 mm but in other studies tree roots were
excavated more carefully — the diameter of up to 2 mm.

Under the conditions of Latvia prediction accuracy of AGB and BGB
equations of other countries, which are analysed within the dissertation,
depends not only on the applied equation but also on the average tree diameter
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(Table 3.3. tabula). In particular DBH groups the equations can predict the
biomass more or less precisely. The equations of other countries reflect the
biomass variations most correctly in diameter groups from 15-35 cm. For trees
of small and large dimensions biomass calculations on average differ for more
than 10% in comparison to the equations developed in our study, which can be
partly explained with a lesser number of sample trees of particular dimensions
in the studies abroad.

In relation to the well-known difficulties to predict the biomass of dry
branches correctly due to the large variations of this biomass component
(Zianis et al., 2005), we combined the biomass of living and dry branches
within the study. The proportion of dry branches in the whole biomass of
branches in our study for pine, spruce, birch and aspen was on average
respectively 13.2%, 6.7%, 4.3% and 17.1%. No significant correlation of the
proportion of birch dry branches with tree parameters DBH or H was observed
in the study thus it can be concluded that, as tree dimensions alter, the
proportion of dry branch biomass component for birch practically does not
change. For other tree species, although the correlation ranges from weak to
moderately strong, it is statistically significant (p < 0.05). The proportion of
spruce dry branch biomass has the closest positive correlation with tree
parameters DBH and H. In our study for individual spruces the proportion of
dry branches in the biomass of all branches reached even 20%. Except for
birch, for other tree species the least proportion of dry branches is in trees with
DBH less than 10 cm. Since birch is explicitly light-demanding tree species, the
lower branches begin dying earlier than for other tree species. Moreover,
contrary to other tree species, for birch the correlation was negative, delineating
the tendency for the proportion of dry branches to diminish along with the
increase of tree DBH and H.

Residual analysis confirmed that the best equations were valid over the
entire diameter range and, on the basis of the diversity of collected empirical
materials, also to various conditions of tree growth. However, there are
conditions under which the accuracy of the equations derived in the study is
uncertain and unverified. The suitability of developed equations has not been
verified for the calculations of the biomass of suppressed and dying trees yet
since they were not included as sample trees in the study. As a result of mutual
competition the suppressed and dying trees have developed a smaller green
crown than the rest of the stand and it is predictable that the recommended
biomass equations will overestimate the aboveground biomass of trees,
especially, the biomass of branches. Likewise the sample trees were not
selected in locations with a high water table in wet peat soils since on such sites
qualitative data collection would be hampered. The restrictions should be kept
in mind when calculating BGB biomass in peat soils since the biomass of tree
roots, which have grown in such soils, usually is larger than in mineral soils
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(Hakkila, 1972). Managed forest biomass prediction equations usually yield
erroneous predictions in unmanaged and overgrown young stands (Repola &
Ulvcrona, 2014). Therefore further research is required in order to evaluate the
suitability of the equations developed within the study under such conditions.

Regardless of the empirical material usage restrictions, the comparison
of biomass equations developed in our study with similar equations from the
Baltic Sea region confirmed that the recommended equations also plausibly
predicted the biomass for trees of larger dimensions than the surveyed sample
trees. Within the scope of the study the largest DBH of a sampled tree for pine,
spruce and birch ranged within 36.3-45.2 cm, bet the maximum DBH of trees
used in the validation of AGB and BGB equations was 57.3 cm.

3.3. Carbon stock in the forest stands of Latvia pursuant to
the NFI data

In order to characterize the carbon stock in the forest stands of Latvia,
NFI results 2012—-2016 are used including the tree measurement data of the last
two years of cycle Il and the data of the first three years of cycle Ill. The
selected period of calculations characterizes the carbon stock in stands of
Latvia in 2016 and an identical period of calculations is also reflected in the
report on GHG emissions and carbon stocks in the country, prepared by Latvia
in 2018. The biomass equations of individual trees recommended in the study
are used for biomass estimation applying them to each surveyed tree in NFI
sample plots according to the species. In the report on carbon stocks in the
country, prepared by Latvia in 2018, the carbon stock in forests is calculated
from NFI stock volume, wood basic density and various biomass expansion
factors (UNFCCC, 2018). In the calculations of carbon stocks in forest stands
only NFI data on land classes (according to NFI classification code 10-14, 62,
64) are used pursuant to the forest land definition by UNFCCC and the Kyoto
Protocol. All trees with diameter from 2.1 cm are measured in NFI arranged
permanent sampling plots. Since biomass equations in the study have only been
developed for four tree species most common in Latvia, the equations are
applied to other species according to more similar values of stem basic density.

It has been estimated in the study that for the characterization of the
carbon stock in forest stands across Latvia the weighted average carbon
contents in tree biomass is 49.9% + 0.006%, which has been calculated
according to the recommended coniferous and deciduous carbon content values
for temperate and boreal forests (Thomas & Martin, 2012) and the proportion
of coniferous and deciduous biomass in the Latvian forests. The carbon content,
used in the study, for conifers is 50.8% but for deciduous trees 48.8%. The
carbon content for various tree components (stem, branches, roots) slightly
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differ, however, due to the lack of detailed studies, identical carbon contents
value is applied to all tree components according to the species.

The carbon stock in the biomass of the forest stands in Latvia in 2016
was 238.1 + 3.5 mill.t (Figure 3.6). The largest proportion (79% or 187.8 mill.t)
of it is accumulated in the aboveground part of trees but in stumps and roots
about 50.3 mill.t. In the report on carbon stock in the state in compliance with
UNFCCC guidelines, elaborated by Latvia, the carbon stored in forest stands in
an identical period of calculation constitutes 237.0 mill.t, which, regardless of
the differences in the doctoral thesis and the currently methodology, is very
close to our estimates. The largest differences between both calculation
methods can be explained by the different assumptions on the carbon contents
in the living biomass. In our study the applied weighted average carbon
contents in living biomass are 49.9%, while in the current methodology it
amounts to 52.1%, thus increasing the total carbon stocks in the country.
Through the application of carbon contents of living biomass which is used by
current calculation methodology to our estimates, the carbon amount
accumulated in the stands of Latvia would be larger by 10.5 mill.t or 4.2% and
would amount to 248.1 mill.t. It indicates that the current calculation
methodology underestimates the biomass of forest stands in Latvia.

Through the comparison of the results of studies conducted in Latvia the
carbon contents in pine, spruce, birch and grey alder biomass components
(stem, branches and roots) it has ranged within 47.2-51.7%. The usage of
weighted average carbon contents 52.1% slightly exceeds the formerly stated
values in Latvia, however, it should be noted that the studies in Latvia have
mainly been conducted in young stands of these tree species and tree
plantations in abandoned agricultural land. Since at the moment we lack
information about the variation of carbon contents if distributed among tree
species and biomass components across the entire hemiboreal forest region, the
values of carbon contents (50.7-53.0% depending on tree species), which are
used in the national GHG report of Latvia, should be verified and described in
anonymously reviewed scientific publications before usage, which has not been
done so far. Therefore, on the basis of other European countries’ carbon
contents assumptions, their calculation methodology and latest cognitions on
carbon contents in temperate and boreal forests (Thomas & Martin, 2012), it
would be advisable to reduce the carbon contents, used in the current Latvian
calculation methodology, in living biomass to 48.8% for deciduous trees and
50.8% for conifers.

More biased carbon calculations for stands in Latvia have been obtained
by applying the biomass conversion and expansion factors (BCEF) and root to
shoot ratios for temperate and boreal forests, suggested in IPCC guidelines
(Eggleston et al., 2006) (Figure 3.6). In order to assess the impact of the BCEF
and root to shoot ratios suggested by IPCC guidelines on the carbon
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calculations for stands, an identical assumption on the carbon contents in
biomass has been applied to all methods. Through the use of BCEF and root to
shoot ratio of temperate forest the carbon stocks of stands in Latvia are
overestimated by 36.9% or 87.8 mill.t. In comparison to the biomass equations
developed in the study, these BCEF and root to shoot ratio suitable for
Southern Europe significantly overestimate the carbon, which is accumulated in
the aboveground part of stands (by 42.9%), but underestimates carbon stock of
belowground part of stands (by 14.4%). BCEF and root to shoot ratio of boreal
forest suggested in the guidelines are just the opposite and their usage reduces
by 5.2% or 12.3 mill.t the calculations of the carbon stored in stands in
comparison to the calculation methodology used in this study. Through the use
of BCEF and root to shoot ratio suitable for Northern Europe, a larger error
occurs in the estimation of the belowground part of stands (- 8.5%) while the
carbon stored in the aboveground biomass of stands is estimated a little more
precisely (error - 4.3%).

The BCEF and root to shoot ratios of temperate forests are offered to
Latvia In IPCC guidelines (Eggleston et al., 2006) according to the territorial
location but the estimates of our study show that the usage of these values
under the conditions of Latvia are not permissible. Already in 2013 in the
course of the development of the doctoral thesis on the basis of partially
collected empirical materials the BCEF and root to shoot ratios, suggested in
IPCC guidelines, were corrected for Latvia because the tree biomass
measurements evidenced significant discrepancies of BCEF and root to shoot
ratios. Having added new empirical materials and upon the completion of the
study “Impact of Forestry Activities upon Greenhouse Gas Emissions and
Attraction of CO,” in 2015, biomass calculation methodology was corrected
once again. So far biomass conversion correction at various stages of
calculation has allowed for gradual improvement of the carbon calculation
methodology for stands in Latvia avoiding a significant overestimation risk of
stored carbon. Due to the said reason the slight differences in the calculations
of carbon stocks in Latvian forests between the methodology developed in the
study and the current one are easy to be clarified since both the derived biomass
equations and the BCEF values corrected by IPCC guidelines are based on the
same empirical materials. It is proved that by using individual tree biomass
equations along with NFI database it is possible to obtain more precise biomass
predictions than by calculating the biomass from the total growing stock
volume with BCEF (Neumann et al., 2016). Similarly to our calculations, the
Swedish experience also shows that AGB of stands that is calculated by
individual tree biomass equations is by 5% larger on average than that
calculated from the data on forest growing stock volume (Jalkanen et al., 2005).

Latvian forest stands accumulate 67.4 + 0.6 t ha™ of carbon on average.
The carbon stored in Latvian forest stands is more in comparison to the average
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indicator in the European boreal forests (54.6 t ha™), but less in comparison to
the average indicator (76 t ha™) in the European temperate coniferous forests
(Thurner et al., 2014). Comparing the carbon stock of forest stands per hectare
by the dominant tree species, it is concluded that most carbon is stored in pine
stands, on average 89.2 t ha™. The carbon amounts stored in spruce, birch and
aspen stands are a little less than for pine, respectively 79.3 tha™, 62.9 t ha™
and 69.1 tha™. To a certain extent it is logical since the average age of pine
stands in Latvia is 73 years, which is much more than for spruce, birch and
aspen stands whose average age is respectively 46, 39 and 31 years.

According to NFI data, the conclusion is made that the carbon
accumulated in Latvian forest stands has increased over last ten years. If year
2008 is assumed as a point of reference, the carbon stock accumulated in the
forest stands of the country has increased by approximately 8 mill.t, from
233.1-241.2 mill.t (Figure 3.7).

If the results of the NFI first and second full cycle are compared, it is
concluded that the increase in the country’s carbon stock is not explained only
by the increase of forest areas in the country since the accumulated carbon
amount per hectare has increased. According to the sampling plots surveyed
within the framework of the NFI first cycle, it has been estimated that in stands
on average 65.8 + 0.6 t ha™ of carbon has been accumulated but in 5 years upon
recurrent survey of the same sampling areas it is calculated that the average
carbon stock has increased to 67.1 + 0.6 t ha™’. Partially the increase in carbon
stock might be related to the increase of the average age, which in an identical
period of calculation has slightly increased - from 43.9 + 0.3 to 44.2 + 0.3
years. However, the evaluation of the tendencies of average age variations
according to the five-year moving mean values shows that the average age
tends to decrease but the accumulated carbon per hectare has constantly grown.

With regard to the background of carbon stocks of forest stands in
Latvia, the assumption in the calculations of this study goes that the tree stems
are without decay. In fact, there are decayed and hollow trees in forest stands,
which reduces the actual carbon stock. In the studies in Latvia it has been
established that in spruce stems depending on the stand age the proportion of
decayed wood from the total growing stock volume ranges within 6% at the age
of 40 to 16% at the age of 100 (Arhipova et al., 2011). In 2008 within the
framework of the state research programme “Substantiation of Growing and
Rational Usage of Deciduous Trees, New Products and Technologies” upon
analysis of 45-70-year old aspen stands under L. Lipin$’ guidance the
occurrence of butt rot in 78% trees has been stated and clarification has been
found that the volume of rot from the total stem volume can even exceed 50%.
Similar conclusions are also made in the study on the incidence of American
aspen (Populus tremuloides) decay, in which the decay has been observed in
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80% of trees in 20-50 year old stands and the volume overtaken by decay can
amount to 40% of the entire stem volume (Worrall & Fairweather, 2009).

If the carbon stored in the forest stands of Latvia is calculated by
selecting NFI sampling areas in compliance with the requirements of UNFCCC
and the Kyoto Protocol, the carbon stock is by 3.1 mill.t less than in case if all
NFI sampling areas with growing trees are used in calculations. The difference
occurs if the carbon stored in forest stand biomass on such land units as
roadsides, ditches, river banks, glades, etc. is included in other land category
(construction, wetland, meadow, etc.) not forest land in compliance with the
requirements of UNFCCC and the Kyoto Protocol. Although the difference of
calculations is only 1.3%, it is necessary to update the calculation method when
describing the forest stands as carbon stock.

CONCLUSIONS

1. Pine and birch are observed to have pronounced reduction of stem wood
basic density in the direction towards the treetop. For spruce and aspen the
wood density diminishes up to the relative tree height of 30-40% and
gradually increases further on towards the treetop. In stem cross-section for
tree species the density increases in the direction from pith to bark.

2. The mean bark density of the stem for the tree species significantly differs
from the average wood density. The usage of average wood density in the
calculations of whole stem biomass accounts for 1.5-4.5% of errors on
average depending on the tree species. The weighted average stem basic
density for pine is 380.5 kg m™, for spruce 368.9 kg m™® and for birch
481.7 kg m™® and aspen 399.4 kg m>.

3. The root to shoot ratio varies depending on the tree DBH therefore the
usage of constant ratios may account for a systematic error in the
calculations of carbon stock. The average proportion of stump, coarse roots
and small roots in the total biomass of all tree species is 20%. For birch and
aspen a larger belowground proportion is found in young trees but for pine
and spruce — in mature trees.

4. The usage of biomass equations derived in Fennoscandia under the
conditions of Latvia accounts for 4.7-61.7% of errors depending on the tree
species and the aboveground and belowground biomass component.
Therefore, for the characterization of carbon stocks in forest stands, within
the framework of the dissertation biomass equations suitable for the
territory of Latvia have been developed and they are to be used within a
wider range of tree dimensions.

5. The temperate forest biomass conversion and expansion factors (BCEF) and
root to shoot ratios, suggested in GHG inventory guidelines 2006 of the

59



Intergovernmental Panel on Climate Change, increase the carbon stocks of
the stands in Latvia by 36.9% or by 87.8 mill.t, but the usage of boreal
forest biomass BCEF and root to shoot ratios decreases the calculations of
carbon stock by 5.2% or 12.3 mill.t in comparison to the equations derived
in our study.

. According to the forest land definition used in GHG emission reports, the
carbon stock in the biomass of the forest stands in Latvia in 2016 was
238.1 +3.5 mill.t.
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