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ANOTACIJA

Meza ekosist€mas ar organiskam augsném ir nozimigas oglekla kratuves,
kuru loma klimata parmainu mazinasana hemiborealaja regiona ir saistita ar
hidrologisko rezimu un apsaimnieko$anas veésturi. Turklat liela dala mezu ar
organiskam augsném vésturiski ir melioréti, lai uzlabotu produktivitati, tomér
zinatniskaja literattira informacija par melioracijas ilgtermina ietekmi uz
dazadam oglekla kratuvém, Ipasi vecos mezos, ir fragmentara. Tapec oglekla
uzkrajuma un emisiju kvantificé§anas nozime ir neatsverama hidrotehniskas
melioracijas ilgtermina ietekmes novert§jumam klimata parmainu mazinasana.
Promocijas darba mérkis ir noverteét hidrotehniskas melioracijas ilgtermina
ietekmi uz augsnes siltumnicefekta gazu emisijam un oglekla uzkrajuma
dinamiku galvenajas oglekla kratuvés vecas skuju koku audzes mezos ar
mezotrofam organiskam augsném.

Hemiborealos skuju koku meZzos ar organiskam augsném pirms
54 gadiem izveidotas melioracijas sistemas ilgtermina ietekme butiski mainija
ekosistémas dinamiku. Lai gan melioracija izraisija augsnes nosésanos (vidgji
par 26 cm), ta neveicinaja augsnes oglekla zudumus. Turpretim uzlabota augsnes
aeracija un pazeminatais gruntsiidens ITmenis ieveérojami uzlaboja koku augSanu
un tadgjadi palielingja oglekla uzkrajumu koku biomasa. Vecas mezaudzes
kiidrenos koku biomasas oglekla uzkrajums ir 162.0+25.0tCha? un
167.0 £24.6 t C ha™, attiecigi eglu un priezu audzes. Savukart purvainos oglekla
uzkrajums koku biomasa priezu mezaudzes ir 74.0+20.6tCha?, bet eglu
mezaudzes — 121.1 + 7.6 t C ha~!. Atmirusas koksnes oglekla uzkrajums priezu
audz€s purvainos un kiidrenos, ka ar1 eglu audzes kiidrenos bija Iidzigs (8—
10t C ha?), bet eglu audzes purvainos — biitiski mazaks. Melioracija, nodrosinot
augsnes aeraciju, ietekmgja siltumnicefekta gazu emisijas no augsnes,
organiskam augsném piesaistot CHa, ja gruntsiidens Iimenis bija zemaks par 30—
40 cm. Savukart augsts gruntsidens limenis veicinaja CH4 emisijas. Augsnes
CO; emisijas galvenokart bija saistitas ar augsnes temperatiiru nevis melioraciju;
heterotrofa elpoSana veidoja 41% no kop&am augsnes CO, emisijam.
Melioracija ietekmé&ja siko saknu oglekla uzkrajuma dinamiku. Siko saknu
biomasa bija butiski lielaka purvainos, iesp&jams, ka vegetacijas adaptéSanas
parmitriem apstakliem. Ta ka stko saknu veidosanas kiidrenos un purvainos bija
lidziga, tad mazaka to biomasa kiidrenos, visticamak, bija straujakas siko saknu
aprites rezultats. Zemsedzes vegetacijas biomasas un nobiru oglekla uzkrajumi,
lai gan mazaki neka citas oglekla kratuves, bija I1dzigi gan kudrenos,
gan purvainos.

Novertetie oglekla uzkrajumi liecina, ka vecas mezaudzes kidrenos un
purvainos ir nozimigas, tatu ierobezotas oglekla kratuves hemiboredalo mezu
ekosisteémas. Novertetas atSkiribas norada uz labi funkciongjoSu melioracijas
sisttmu ka prieks$nosacijumu oglekla uzkrajumam mezos ar dzilam organiskam
augsném, nodro§inot to pienesumu globalo klimata parmainu mazinasana.
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ABSTRACT

Forest ecosystems with organic soils are major carbon stores, and their
role in climate change mitigation in the hemiboreal region is linked to the
hydrological regime and management history. Moreover, a large proportion of
forests on organic soils have historically been drained to improve forest
productivity. Scientific literature provides only fragmentary information on the
long-term impact of drainage on various carbon pools, especially in old-growth
forests. Therefore, quantification of carbon stock and emissions is essential for
the assessment of the long-term impact of drainage on climate change mitigation.
The aim of the study is to assess the long-term impact of forest drainage on soil
greenhouse gas emissions and the dynamics of carbon stock in major carbon
pools in old-growth forests with organic soils.

In hemiboreal old-growth coniferous forest stands on organic soils, the
long-term effect of forest drainage (established 54 years ago) substantially
altered ecosystem dynamics. While drainage caused soil subsidence (by an
average of 26¢cm), it did not deplete soil carbon stock. Instead, the improved soil
aeration and lowered groundwater level (GWL) significantly improved tree
growth and consequently expanded the carbon pool. Old-growth forest stands on
drained organic soils reached tree biomass carbon stock at 162.0 £ 25.0 t C ha?
and 167.0+24.6tCha™ in spruce and pine-dominated stands, respectively.
Contrastingly, in undrained pine stands, the carbon stock was 74.0 + 20.6 t C ha"
L, but in spruce stands, it was 121.1+7.6tC ha'. Deadwood was a moderate
carbon pool, reaching 8-10tCha™ in drained sites, which was lower in
undrained spruce stands. Drainage affected soil greenhouse gas emissions, with
organic soils functioning as CH, sinks when the GWL was lower than 30-40 cm,
providing soil aeration. However, high GWL or poorly functioning drainage
resulted in CH4 emissions. Soil CO2 emissions were primarily driven by soil
temperature, not by the presence of drainage; heterotrophic respiration accounted
for 41% of total soil CO; efflux. Drainage altered the belowground dynamics of
the fine-root carbon pool. Fine-root biomass was significantly higher in
undrained sites, likely as an adaptation of vegetation to waterlogged conditions.
Since the production of fine-roots was similar in drained and undrained sites, the
lower fine-root biomass in drained sites was most likely the result of a faster fine-
root turnover. Ground vegetation biomass and litter carbon stocks, though
smaller than other carbon pools, were similar between drained and
undrained stands.

The estimated carbon stocks highlight old-growth forest stands on organic
soils as significant, yet limited carbon stores, in the hemiboreal forest ecosystem.
The observed differences highlight well-functioning drainage systems as
paramount for sustaining increased carbon stock and the contribution of drained
forests to climate change mitigation goals.
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1. IEVADS

Mezu ekosistémas ir butiskas globala oglekla cikla sastavdalas, kas
darbojas gan ka nozimigas oglekla kratuves, gan ka dinamiski regulétaji, veicot
oglekla piesaisti un siltumnicefekta gazu (SEG) apmainu starp biosféru un
atmosféru (Pan et al. 2011; Friedlingstein et al. 2022). P&dgjas desmitgadés mezu
nozime klimata parmainu mazinasana un biologiskas daudzveidibas saglabasana
ir arvien vairak uzsveérta starptautiskos un regionalos politikas dokumentos (FAO
2020; IPCC 2021). Eiropas Savieniba ir izvirzijusi mérkus mazinat Klimata
parmainas un pielagoties tam, ka ari sasniegt un uzturét Klimatneitralitati 1idz
2050. gadam un turpmak (Fetting 2020; Erback 2021). Meza oglekla kratuvju
kvantific€Sana regionala un nacionala m&roga ir bitiska zinatniski pamatotu
apsaimnieko$anas un politikas stratégiju izstradei, tadgjadi uzlabojot oglekla
uzskaites precizitati, veicinot adaptivu mezu apsaimniekoSanu un sekmgjot
biologiskas daudzveidibas un klimata mérku sasniegSanu.

Ziemeleiropas hemiborealais regions, kura ietilpst Latvija, Igaunija,
Dienvidzviedrija un dala Somijas, ir parejas zona starp borealajiem skuju koku
un mérena klimata lapu koku meziem (Ahti et al. 1968). Latvija ir Baltijas
regiona valsts ar vislielako meZu platibu, kas nodro$ina ievérojamus koksnes
resursus, un prognozgts, ka pieprasijums péc tiem nakotné picaugs. Mezi klgj
53% Latvijas sauszemes teritorijas. Parasta egle un parasta priede ir galvenas
mezsaimniecibas sugas, kas kopa veido 45% no kopé&jas meza platibas (NFI
2023). Piejaras klimata, p&cleduslaikmeta reljefa un augsta augsnes mitruma
mijiedarbiba ir veicinajusi plasu organisko augsnu un purvu veidoSanos. Latvija
23% mezu ir ar organiskam augsném (NFI 2023).

Ogleklis meza ekosistémas atrodas vairakas savstarpgji saistitas kratuves,
kas kopa nosaka kopgjo oglekla bilanci un meza ka oglekla piesaistes vai emisiju
avota lomu. Galvenas oglekla kratuves meza ekosistémas ir koku biomasa
(virszemes un pazemes dala), atmirusi koksne (sausokni un Kritalas), nobiras,
zemsedzes vegetacija un augsne (Ipasi organiska augsne), un katra no tam
darbojas atskirigos laika un telpas merogos oglekla aprites cikla. Koku biomasa
ir visdinamiskaka oglekla kratuve, kuru nosaka audzes vecums, produktivitate,
apsaimniekoSanas intensitate un sugu sastavs. Atmirusi koksne ir gaistosa
oglekla kratuve, kas sadaloties pakapeniski atbrivo oglekli, vienlaikus veicinot
biologisko daudzveidibu un organisko vielu uzkrasanos augsné ilgtermina. Koku
nobiras, ko veido nokritusas skujas, lapas un zari, nodro§ina nepartrauktu
organisko vielu ienesi augsng, uzturot baribas vielu apriti un mikrobiologisko
aktivitati. Augsnes oglekla uzkrajums, 1pasi organiskas augsnés, ir lielaka un
stabilaka oglekla kratuve, kas biezi parsniedz virszemes oglekla uzkrajumu.
Sikas saknes un zemsedzes vegetacija, pateicoties to nepartrauktajai nomainai,
sekmé augsnes organisko vielu veidoSanos un veicina ilgtermina
oglekla uzkrasanu.
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Laika no 1960. Iidz 1980. gadam Baltijas valstis veikti plasi meZu
hidrotehniskas melioracijas pasakumi, lai uzlabotu koku aug$anu un palielinatu
mezu produktivitati teritorijas ar dabiski augstu gruntstidens ITmeni
(Paavilainen & Piivinen 1995; Snore 2004). Rezultata aptuveni 54% mezu ar
organiskam augsném Latvija ir melioréti (NFI 2023). Melioracijas sistémam
nepiecieSsama periodiska atjaunoSana, lai nodrosSinatu to funkciong€Sanu un
uzturétu vélamo koku augsanas potencialu (Nieminen et al. 2018; Bic¢kovksis et
al. 2025). Pedgja desmitgadé Latvija jaunu melioracijas sisttmu izbtive meZa
zem@s praktiski nav notikusi; apsaimnieko$anas pasakumi galvenokart versti uz
esoSo sistemu uzturéSanu un atjauno$anu, vai preteji — uz melioracijas graviju
slegSanu un gruntstidens limena paaugstinasanu.

Organiskas augsnes var biit nozimigs SEG emisiju avots salidzinajuma ar
mineralaugsném, tadel, lai nodrosinatu precizu oglekla bilances noveértgjumu, ir
bitiski kvantitativi novertét emisiju apjomu no meliorétam un nemeliorétam
organiskam augsném. Organisko aug$nu melioréSana var veicinat organisko
vielu aerobo sadaliSanos, kas var rezultéties ar CO. emisiju palielinasanos (Von
Arnold et al. 2005; Wust-Galley et al. 2016), savukart nemeliorétas meZaudzes
augsts gruntsiidens limenis var samazinat CO; emisijas no augsnes, jo ierobezota
skabekla pieejamiba kave organiskas vielas noardisanos, bet vienlaikus veicina
CH,; emisijas anaerobos apstaklos (Matthews & Fung 1987). Turpreti, zems
gruntsiidens Iimenis parasti veicina CH4 piesaisti, jo aerétajos augsnes slanos
palielinas metanotrofa aktivitate (Le Mer & Roger 2001).

Latvija vecu mezaudzu platibas uzrada pakapeniski pieaugosu tendenci
(NFI 2023), kamér liclakaja dala Eiropas $adas mezu platibas samazinas
(O’Brien et al. 2021). Vecam mezaudzém ir batiska loma biologiskas
daudzveidibas uzturéSana ainavas méroga un klimata parmainu mazinasana,
tade] ir svarigi kvantificét dazadu oglekla kratuvju apjomu Sajas ekosisteémas un
novertét melioracijas ilgtermina ietekmi uz kopg€jo oglekla uzkrajumu.
Lidzsingjie p&tijumi par vecam mezaudzem Latvija galvenokart veikti mezos ar
mineralaugsném, akcentgjot koku biomasas un atmirusas koksnes oglekla
uzkrajumu regiona saimnieciski nozimigam koku sugam (K&nina et al. 2018,
2019). Savukart ieprieks€jie p&tijumi par meziem ar organiskam augsném
galvenokart veérsti uz atseviskam oglekla kratuvém (Bickovskis et al. 2023) un
SEG emisiju novert&jumu mezaudzes dazadas attistibas stadijas (Butlers 2023),
bet ne cirSanas vecumu parsniegusas audzes. Tapec butiskako oglekla kratuvju
un plismu noveért€jums melioracijas ilgtermina ietekme& vecos hemiborealos
mezos Latvija ir nepiecieSams, lai aizpilditu esoS$0 zinaSanu trukumu un
nodro§inatu uzticamus pamatdatus ilgtsp&jigas meZsaimniecibas un klimata
politikas planosanai.
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1.1. Promocijas darba meérkis
Promocijas darba merkis ir novertet hidrotehniskas melioracijas
ilgtermina ietekmi uz augsnes siltumnicefekta gazu emisijam un oglekla
uzkrajuma dinamiku galvenajas oglekla kratuves vecas skuju koku audzes mezos
ar mezotrofam organiskam augsném.

1.2.  Promocijas darba uzdevumi

Meérka sasnieg8anai izvirziti §adi darba uzdevumi:

1. Novertét hidrotehniskas melioracijas ietekmi uz kokaudzes biomasas un
atmirusas koksnes oglekla uzkrajumu.

2. Raksturot hidrotehniskas melioracijas ietekmi uz augsnes oglekla
uzkrajumu un SEG emisijam.

3. Novertét hidrotehniskas melioracijas ietekmi uz zemsedzes vegetacijas,

siko saknu un nobiru oglekla uzkrajumu.

1.3. Promocijas darba teze

Hemiborealajos skuju koku mezos ar mezotrofam organiskam augsném
hidrotehniska melioracija ilgtermina palielina oglekla uzkrajumu koku biomasa,
neatstdj negativu ietekmi uz oglekla uzkrajumu augsné un samazina
metana emisijas.

1.4. Peétijuma novitate

Pirmo reizi Eiropas hemiborealajos mezos novertétas un kvantificétas
galvenas meza ckosisttmas oglekla kratuves hidrotehniskas melioracijas
ilgtermina ietekm& vecas skuju koku mezaudzes (122-218 gadi) kadrenos un
purvainos. Petijums sniedz zinasanas par $adu ekosisteému stabilitati un oglekla
uzkrajuma izmainam ilgtermina, péc melioracijas sistemu izveides.
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2. MATERIALI UN METODES

2.1. Pétijjuma objekts

Petijuma galvenais objekts ir vecas skuju koku audzes mezos ar
organiskam augsném hemiborealaja regiona, Latvija (2.1. att.; Ahti et al. 1968).
Koku biomasas, atmirusas koksnes, nobiru, zemsedzes vegetacijas, siko saknu
oglekla uzkragjuma un SEG emisiju novérté§jumam atlasitas meliorétas un
nemeliorétas audzes mezos ar organiskam augsném, bez nesenam saimnieciskas
darbibas pazimém, audzu vecums ir vismaz divas vecumklases virs cirSanas
vecuma (egle >120gadi, priede >140gadi) un valdosas koku sugas
Skerslaukums parsniedz 50% no audzes Skérslaukuma. Izvéle veikta, balstoties
uz stratificétu audzu atlasi no Valsts meza dienesta datubazes. Koku biomasas
oglekla (C) uzkrajums vertets 23 vecas (131-179 gadi) priezu un eglu
mezaudzgs Saurlapju kadreni (Myrtillosa turf. mel., turpmak teksta — kiidreni) un
niedraja (Caricoso-phragmitosa, turpmak teksta — purvaini; Ipublikacija).
Atmirusas koksnes C uzkrajums vertéts 52 vecas (122-218 gadi) priezu un eglu
mezaudzgs purvainos un kiidrenos (II publikacija). SEG emisijas un sikas saknes
vertétas se$as vecas priezu mezaudzes kidrenos un purvainos (IV un
VII publikacija). Koku nobiras un zemsedzes vegetacija veértéta 12 vecas priezu
un eglu meZaudzgs kadrenos un purvainos (V—VIpublikacija). Ilgtermina
melioracijas ietekme uz organisko augs$nu C uzkrajumu vertéta modelteritorija,
Meza pétiSanas stacijas Kalsnavas meZzu novada (Zalitis, 2012), kur augsnes C
uzkrajums kudrenos salidzinats ar nemeliorétu (kontroles) teritoriju purvainos
(Il publikacija). Pirms melioracijas sisteému izveidoSanas teritorija bija parejas
purvs. Mezaudzu vecums modelteritorija vari€ no 40 lidz 110 gadiem. Dala
modelteritorijas 1960. gada izveidota melioracijas sisttma. Meliorgjot niedraju,
meza tips VisbieZak mainas uz Saurlapju kidreni (Buss 1976).
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2.1. att. Pétijjuma objektu atrasanas vietas Latvijas teritorija. Krasa apzime
valdoSo koku sugu. Simbols apzimé pétijuma ieklauto audZu grupu.
Simbola melna kontiira apzime vairakas vertetas oglekla kratuves
viena meZaudzeé

2.2. Datu ievak§ana

Koku biomasas C wuzkrajuma novért§jumam kopa izveidoti
133 parauglaukumi. Katra audzg ierikoti ¢etri 1idz se$i aplveida parauglaukumi
(R=12.62m, 500 m?), atkariba no audzes platibas, kur Katra parauglaukuma
visiem dzivajiem kokiem uzmérits caurmérs krasaugstuma (DBH > 6.1 cm) un
noteikta koku suga. Koku augstums katra parauglaukuma meérits pieciem
dziviem pirma stava kokiem un trim otra stava kokiem, izveidojot augstumliknes.
Tajos paSos parauglaukumos izveidots mazaka radiusa sektors (R =5.64 m, 0°—
90°, 25m?), kura merits caurmérs dzivajiem kokiem (2.1<DBH<6.0cm;
I publikacija).

Atmirusas koksnes C uzkrajuma noveértgjumam kopa izveidoti
317 parauglaukumi, kuros 12.62 m radiusa uzm@rita visa atmirusi koksne ar
caurmeéru > 14.1 cm, un 5.64 m radiusa — ar caurmeéru > 6.1 cm. Atmirusi koksne
iedalita divas kategorijas: kritalas un sausokni (ieskaitot ari stumbenus).
Kritalam uzmerits kop@jais garums un caurmérs abos galos. Sausokniem
caurm@rs mérits krusaugstuma un augstums lidz galotnei vai lizuma vietai
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(I publikacija). Atmirusas koksnes sadaliSanas pakape novertéta vizuali un ar
“naza metodi”, iedalot piecas sadaliSanas pakapés (Stokland 2001; Koster et
al. 2015).

Modelteritorija 24 parauglaukumos vertéts C uzkrajums augsné (2.2. att.).
Zemes virsmas augstums noteikts 20 parauglaukumos kudrenos, izmantojot
SEOP DS32 optisko nivelieri (Shanghai Sursup Precision Instrument Co., Ltd.,
Tianjin, China). Me&rijjumi atkartoti 1960., 1966., 1970., 1972., 1975. un
2014. gada. Katra apsekoSana zemes virsmas augstuma mérfjjumi veikti
konsekventi gar tiem pasiem melioracijas gravjiem. Augsnes paraugi ievakti
2014. gada tris atkartojumos katra parauglaukuma cetros dziluma intervalos: 0—
10cm, 10-20cm, 20-40cm un 40-80cm. Katra parauga tilpums 100 cm?®,
Zemsedzes paraugi (augsnes O horizonts), kas sastav no augu un dzivnieku
atlieckam, ievakti tris atkartojumos, izmantojot 10 x 10X 10 cm metala kubu. Lai
novertétu augsnes sausu biomasu (kg m=) un oglekla koncentraciju (g C kg™?),
augsnes paraugi zaveti krasni 105°C temperatiira 1idz konstantam svaram un péc
tam nosverti. Izzavétie paraugi izsijati un samalti, izmantojot IKA A1l
analitiskas dzirnavas. Oglekla saturs noteikts ar LECO CR analizatoru
temperattird, kas parsniedz 900°C (III publikacija).

25°500° 1< 25°520°L

56°420°\

Gruntsiidens limenis, em MeZa tipu grupa

| 3-8 & Purvaini
| 9-21 @ Kaodreni

H 22-39 Udensteces

B 40-59 —— Udensteces
| 60-91

0.275 0.55

2.2. att. Modelteritorija Kalsnavas meZu novada
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Koku nobiras, zemsedzes vegetacija, sikas saknes un SEG emisijas
vertetas, ierikojot katra audze tris kompleksus parauglaukumus (R=12.62m,
500 m?) mérfjumu un paraugu ievaksanai (2.3. att.).

7V
g
\ &/

S

—

v Nobiru uztvergji . Kopéjas augsnes elpoanas gredzeni

. Heterotrofas augsnes elpoianas
Siko saknu ievakianas punkti gredzeni

%  Augsnes temperatdras un mitruma
mérfjumu punkti

Femsedzes vagetaciss ievikianss
getacl OQ Gruntsidens fmena un paraugu

punkti neméanas punkti

2.3. att. Parauglaukuma shéma, kura vértétas SEG emisijas, nobiras, sikas
saknes un zemsedzes vegetacija

SEG emisiju mérfjumi veikti reizi trijas ned&las bezsniega perioda no
aprila 1idz oktobrim. V@rtétas SEG ietvéra kop&jo augsnes elposanu (RtCOy),
heterotrofo elposanu (RhCO7) un metana (CH4) emisijas. Vienlaicigi ar SEG
emisiju mérjjumiem mériti dazadi vides parametri, pieméram, gruntsiidens
limenis, gaisa temperatiira, augsnes temperatira (2.4. att.; IV publikacija).
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2.4. att. Nokri$ni (mm) un videja gaisa temperatiira gada dienas (A), vidgjais
gruntsiidens limena dzilums (B) un augsnes temperatiira (C) siltumnicefekta
gazu emisiju meérijjumu laika. Pelekas partrauktas Iinijas atdala mérjjumu
ciklus (A), videjais gruntsiidens limena dzilums (B) un augsnes temperatira
10 cm dziluma (C) 2021. gada meérijumu perioda purvainos un kiidrenos;
+95% ticamibas intervals.

Nobiru C uzkrajums vertéts, katra parauglaukuma 1.3 m augstuma virs
zemes uzstadot divus apgriezta konusa formas nobiru uztvérgjus ar 110 cm
diametru augsdala. Katra uztveérgja apaksdala piestiprinats nobiru savak$anas
maiss. Paraugi ievakti visa kalendara gada laika: pavasari, vasara un rudeni reizi
tris nedgélas, ziemas perioda nobiras ievaktas vienu reizi agra pavasarl. Visi
paraugi zavéti 70°C temperattra lidz konstantam svaram un péc tam nosverti, lai
ieglitu parauga sausas biomasas svaru (V publikacija).

Zemsedzes vegetacijas C uzkrajums vértéts, katra parauglaukuma vienu
reizi sezona ievacot zemsedzes vegetacijas biomasas paraugus, izveidojot 1 m?
lielus laukumus, no kuriem ievakti &etri 25 x 25 x 25 cm (0.0156 m®) lieli paraugi.
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Katrs paraugs sadalits divas dalas: virszemes un pazemes dala. Virszemes
biomasa saskirota tirTs funkcionalas grupas: lakstaugi, sikkrimi un stnas.
Pazemes paraugi klasificeti lakstaugu saknu, sikkriimu saknu un koku saknu
grupas. Saknu klasifikacija veikta pec caurméra kriterijiem (caurmérs no 2—
20 mm) saskana ar ICP Forest protokoliem (Cools et al. 2010). Sis izméru
diapazons specifiski izsleédza smalkas saknes (caurm&rs <2 mm), vienlaikus
izvairoties no resnajam strukturalajam sakném (caurmérs > 20 mm), tadgjadi
koncentrgjoties uz videja izméra saknu klasi, kas reprezent€ aktivas baribas vielu
un @idens uznemsSanas sisteémas. Visi ievaktie paraugi sistematiski saskiroti un
zaveti krasni 70°C temperatiira lidz konstantam svaram un péc tam nosverti, lai
noteiktu parauga sausu masu. Izzavéto paraugu oglekla saturs analizSts ar
LECO CR analizatoru temperatiira, kas parsniedz 900°C (VI publikacija).

Siko saknu (FR) biomasas un veidoSanas novérté$anai izmantota seciga
augsnes urbSanas metode (Ostonen et al. 2005; Brunner et al. 2013). Paraugu
ievaksana veikta 2021. gada maija, augusta un oktobri, ka ari 2022. gada marta.
Katra no sesam audzém FR paraugi ievakti no trim aplveida parauglaukumiem.
Katra parauglaukuma nejausi izvélétas vietas ar cilindrisku augsnes zondi
(ieksgjais diametrs 50 mm) ievakti 10 paraugi (monoliti) 40 cm dziluma. Katrs
paraugs sadalits 10 cm sekcijas (0-10, 10-20, 20-30, 30-40cm). Visi FR
paraugi Skiroti 4 frakcijas: priezu, eglu, sikkrimu un lakstaugu sikas saknes,
kopuma iegtstot 2880 FR paraugus. SaSkirotie paraugi zavéti krasni 70°C
temperatiira lidz konstantam svaram un p&c tam nosvérti (VII publikacija).

2.3. Datu analize

Uzmeéritajiem parauglaukumiem aprékinati mezaudzu taksacijas raditaji:
Skérslaukums, vidgjais caurmérs un augstums, koksnes kraja, koku skaits uz
hektaru, atmirusas koksnes apjoms. Koku biomasa aprékinata, izmantojot lokali
izstradatos koku biomasas vienadojumus saimnieciski nozimigakajam koku
sugam (Liepins et al. 2018, 2021). Oglekla uzkrajums koku biomasa aprékinats,
izmantojot lokali izstradatos oglekla koncentracijas koeficientus galvenajam
koku sugam (Bardule et al. 2021a). Atmirusas koksnes C uzkrajums aprékinats,
izmantojot C koncentracijas koeficientus dazadam atmiru$as koksnes
sadaliSanas pakapem (Stokland 2001; Koster et al. 2015). Stko saknu veidoSanas
(FRP) un siko saknu aprites (FRT) aprékins balstas uz siko saknu biomasas
datiem (FRB). Tkgadgjais FRP aprékinats, izmantojot Ilemumu matricu, ieklaujot
taja sitko saknu biomasu un nekromasu no katra secigd parauga (Fairley &
Alexander 1985). Ikgadgjais FRT aprékinats, dalot kop&jo FRP apjomu ar vidgjo
FRB (McClaugherty et al. 1982; Gill & Jackson 2000). Koku nobiru un siko
saknu oglekla uzkrajums aprékinats, pienemot, ka parauga sausas masas oglekla
koncentracija ir 50%.
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Augsnes C uzkrajums aprekinats, izmantojot ieglito paraugu oglekla
satura un blivuma raditajus. Augsnes C uzkrajuma aprékinos nemta véra kiidras
sablivésanas. Kontroles (nemeliorétajos) parauglaukumos C uzkrajuma aprékins
vertets 0-80 cm dziluma. Meliorétas mezaudzes C uzkrajums aprékinats 0—(80—
X) cm slanim, kur “X” apzimé kidras sablivéSanas dzilumu centimetros.

SEG emisijas aprékinatas, izmantojot linearas regresijas slipuma
koeficientu gazu koncentraciju izmainam laikd merjjumu kamera. Merijjums
atzits par nederigu, ja linearas regresijas determinacijas koeficienta (R?) vertiba
bija zemaka par 0.8 (p<0.01). Emisiju aprékinasanai izmantota linearas
regresijas slipuma koeficienta (slope) noteik$anai izmantoti tikai tie merijumi,
kas atbilda kvalitates kriterijiem.

M XP XV X slope (1)
R XT x A x 1000

flux = ,
kur:

flux — augsnes SEG emisijas (mg GHG m2h?);

M — SEG gazes molmasa (g mol™?);

R — universala gazu konstante (m® Pa K- molY);

P — gaisa spiediens mérijumu kambari (Pa);

T — gaisa temperatiira (K);

V — kambara tilpums (0.0094 m?®);

Slope — SEG koncentracijas izmainu slipuma koeficients kambar,

A — mérfjuma laukums (0.0314 m?).

Atkarigo mainigo (koku biomasas, atmiru$as koksnes, augsnes,
zemsedzes vegetacijas, siko saknu un SEG emisiju) normala sadaljjuma
novertéSana veikta ar vienkarSotu pieeju, izmantojot Shapiro-Wilk testu. Lai
nodros§inatu neparametrisko datu normalo sadalfjumu, veikta logaritmiska
transformacija. T-tests izmantots, lai salidzinatu divu grupu vidgjos raditajus
(kadreni pret purvainiem, priedes pret eglém) mainigajiem, kas atbilst
normalajam sadalijumam, bet Mann Whitney — U tests mainigajiem, kas
neatbilst normalajam sadalijjumam. Tukey HSD tests izmantots mainigajiem, kas
atbilst normalajam sadalfjumam, lai novértétu, vai vairdkas grupas butiski
atSkiras viena no otras. Kruskal-Wallis tests izmantots datiem, kas neatbilda
normalajam sadalfjumam, lai salidzinatu vid&jas vertibas starp vairakam grupam.
Dispersijas analize (ANOVA) izmantota, lai novertetu tadu faktoru, ka valdosas
koku sugas, Skérslaukuma, koksnes krajas, atmirusas koksnes ietekmi uz
atkarigo mainigo — koku nobiru C uzkrajumu.

Linearie jaukta efekta modeli izmantoti, lai parbauditu audzes taksacijas
raditaju, augsnes un vides parametru saikni ar atkarigajiem mainigajiem (dazadu
C kratuvju C uzkrajums, SEG emisijas). Sakotngji visi pieejamie parametri tika
ieklauti modelt ka fiksetie efekti, bet parauglaukums un mezaudzes ID izmantoti
ka nejausie efekti. P&c tam, pamatojoties uz visparinato variacijas inflacijas
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faktoru (GVIF), izslegti savstarp&ji korel€josi mainigie, ja GVIF vértiba bija
lielaka par 5. Labakais modelis tika izvel&ts, pamatojoties uz mazako Akaike
informacijas kriterija (AIC) vertibu. Modelu fiksétie un nejausie efekti tika
novertéti ar ANOVA tipa III Wald y? testu. Datu analize veikta ar statistikas
programmu R (R Core Team 2025), izmantojot bibliotekas Ime4 (Bates et al.
2015), emmeans (Lenth 2025).
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3. REZULTATI UN DISKUSIJA

3.1. Koku biomasas un atmirusas koksnes oglekla uzkrajums (I, I1
un 111 publikacija)

Klimata parmainas un vidgjas gaisa temperatiiras paaugstinasanas ir
raisTjusas diskusijas par melioracijas gravju nepiecieSamibu un to lomu klimata
parmainu mazinasana. PEtjjumos hemiborealaja un borealaja regiona péc
melioracijas konstatgta uzlabota koku augsana un lielaks oglekla uzkrajums koku
biomasa (Skaggs et al. 2016; Jansone et al. 2020). Lidzigi rezultati iegtti arT $aja
petijuma — mezos ar organiskajam augsném Latvija, melioracija ilgtermina
rezult€jas ar uzlabotu koku augSanu (vidgjais caurmérs, augstums un
Skérslaukums) meliorétas mezaudz€s kiidrenos salidzinajuma ar nemeliorétam
mezaudz&€m purvainos.

Vecas skuju koku mezaudzes kiudrenos taksacijas raditaji priezu un eglu
mezaudzgs bija lidzigi (p > 0.05). Uzméritajos parauglaukumos novérota augsta
koku biomasas C uzkrajuma heterogenitate, kas varigja no 84 lidz 270t C ha!
vecas priezu mezaudzes un no 103 lidz 237t Cha™? vecas eglu mezaudzes.
Augsta variacija norada uz sasniegto koku biomasas C uzkrajuma maksimumu
vecas mezaudzes. Vecas priezu mezaudzes kiidrenos vidgjais C uzkrajums koku
biomasa ir 167.0 + 24.6 t C ha* (Seit un turpmak noraditas vidgjas vertibas + 95%
ticamibas intervals), turklat Iidzigas vertibas (162.0 £ 25.0 t C ha?) novérotas ar1
vecas eglu mezaudz8s (Ipublikacija). Ievérojami zemaks koku biomasas
C uzkrajums noverots vecas priezu mezaudzes purvainos, sasniedzot no 61.1 lidz
81.3tCha™, videji 74.0+20.6tCha? (IV publikacija). Savukart vecas eglu
mezaudz€s purvainos vidgjais C uzkrajums koku biomasa sasniedza
121.1+7.6tCha?. Melioracijas ilgtermina ietckme uz koku biomasas
C uzkrajumu rezultgjas butiskas atskiribas (p < 0.05) starp meZza tipu grupam, kur
kiidrenos noverotas augstakas vertibas, salidzinot ar purvainiem. Atskiribas koku
biomasas C uzkragjuma starp kaidreniem un purvainiem skaidrojamas ar
gruntsiidens Itmeni, kas purvainos tipiski ir augstaks, samazinot skabekla
pieejamibu koku sakném un tadgjadi limitgjot koku augsanu (Glenz et al. 2006;
Sikstrom & Hokka 2016). legitie rezultati kiidrenos ir lidzigi ka vecas priezu
(171.0+£6.1tCha?) un eglu (149.2+18.9tCha?) mezaudzes sausienos
hemiborealaja regiona, Latvija (Kenina et al. 2018, 2019).

Meza tipu grupai un koksnes krajai novérota biitiska ietekme uz
C uzkrajumu (p <0.01), tacu audzes vecumam un valdoSajai koku sugai nav
noverota biitiska saikne ar koku biomasas C uzkrajumu vecas mezaudzes.

Atmirusas koksnes daudzumu nosaka kompleksa mijiedarbiba starp meza
novecoSanu, koku savstarpgjo konkurenci, dabiskajiem traucgjumiem un
apsaimniekoSanas ietekmi, turklat tas nodroSina oglekla uzkrajumu gaistosa
C kratuve, kas pakapeniski sadalas (Makinen et al. 2006). Vidgjais atmirusas
koksnes C uzkrajums varigja no 4.6 Iidz 9.7tCha* (3.1. att.; II publikacija).
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Zemakas vertibas novérotas eglu mezaudzes purvainos (4.6+1.1tCha?l), kas
bija biitiski (p < 0.05) mazakas neka priezu mezaudzes (7.9 £2.9tC ha™) tada
pasa meZa tipa. Kiidrenos C uzkrajums priezu mezaudzés bija 9.7 1.9t C ha'?,
kas ir par 9% vairak neka eglu mezaudzes (9.0 = 1.6 t C ha™), tacu atSkiribas nav
statistiski butiskas (p > 0.05). Atmirusas koksnes C uzkrajumu batiski (p < 0.05)
ietekmgja audzes vid€jais caurmérs, $k&rslaukums un meZa tipu grupa, turpret
audzes vecums, koku suga, augstums un skaits uz hektaru neuzradija bitisku
saikni (p > 0.05).

Novertétais atmirusas koksnes C uzkrajums vecas skuju koku mezaudzes
ir Iidzigs tam, kads citos petijumos novertéts mineralaugsne augosas vecas lapu
koku mezaudzes (6.7-12.5tC ha™'; Sénhofa et al. 2020, 2021) un organiska
augsné augo3as skuju koku mezaudzes (7.0-11.2t C hal; Jonsson et al. 2016).
Vienlaikus miisu p&tijuma konstatétais C uzkrajums atmirusa koksng ir zemaks
par to, kas novertéts vecas eglu mezaudzés Cehija (13 t C ha'!; Seedre et al. 2015)
un pieaugusas eglu mezaudzes Igaunija (14.5-20.6tC ha?; Rosenvald et al.
2025). Augsta atmirusas koksnes C uzkragjuma mainiba starp vértétajam
mezaudzém, parauglaukumiem un dazadiem pé&tijumiem norada uz bitisku citu
faktoru (piem@ram, dabisko traucjumu) ietekmi uz atmirusas koksnes
C uzkrajumu.
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3.1. att. Videjais atmirusas koksnes oglekla uzkrajums pa meza tipu
grupam eglu uUn prieZu mezZaudzes. Trijstiiri apzime vidéjas vértibas
(+ 95% ticamibas intervals), katram taisnstarim attélota mediana, vértibu
25% un 75% procentiles un maksimalas un minimalas vértibas; dazadi
burti norada uz bitiskam (p < 0.05) at$kirtbam
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3.2. Organisko aug$nu oglekla uzkrajums un SEG emisijas (ILI un
IV publikacija)

Augsnes sablivésanas ir tipiska paradiba péc kiidras augs$nu melioracijas
(LazdinS et al. 2024). Ilgtermina augsnes vidgja sablivéSanas melioracijas
ietekm@ novertéta no 22 lidz 25 cm Somijas borealaja regiona (Minkkinen &
Laine 1998). Kalsnavas mezu novada modelteritorija laika posma no 1960. gada
lidz 2014. gadam zemes virsmas augstums samazinajas vidgji par 25.7 £ 3.5 cm
salidzinajuma ar sakotngjo augstumu. Visizteiktaka sablivésanas notika pirmajos
desmit gados péc melioracijas, un turpmakajas desmitgad@s sablivé§anas temps
samazinajas (III publikacija).

Borealaja regiona organiskas meza augsnes satur vairak oglekla neka koki
(Gower et al. 1997), un $ada tendence novérota arl hemiborealaja regiona.
Kopgjais C uzkrajums augsné bija 513.2+49.7tCha?’ kadrenos un
377.9+126.5tC ha? purvainos, tacu atskiribas starp meza tipu grupam nebija
statistiski butiskas (p > 0.05; 3.1. tab.). Oglekla uzkrajums vértétajos virsgjos (0—
20cm) augsnes slanos noradija uz biatiskam (p<0.05) atskirtbam starp
meliorétam un nemeliorétam augsném, tacu dzilakajos slanos (20-80cm)
atSkiribas nav bitiskas (p>0.05; 3.2.att.; III publikacija). Péc melioracijas
augstaks oglekla uzkrajums gan augsné, gan koku biomasa ir konstatéts vairakos
pétijumos, kas veikti hemiborealajos un borealajos regionos (Minkkinen & Laine
1998; Lupikis & Lazdin§ 2017, Lazdin$ et al. 2024), kas iezimé meza
melioracijas pozitivo ietekmi uz C uzkrajumu.

3.1. tabula. Oglekla uzkrajums augsné (vid€jais, £ 95% ticamibas intervals)

Oglekla uzkrajums (t C ha™) Kiudreni Purvaini
O horizonts 5121 0
Augsnes dzilums 0-10 cm 74477 41.8+11.6
Augsnes dzilums 10-20 cm 67.5+7.0 42.1+14.3
Augsnes dzilums 20-40 cm 126.6 +13.3 85.9+30.0
Augsnes dzilums 40-80 cm 239.7+244 208.1+735
Kopa augsné 513.2+49.7 377.9+126.5
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Dzilums 0-10 cm Dzilums 10-20 cm Dzilums 20-40 cm Dzilums 40-80 cm
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3.2. att. Augsnes oglekla uzkrajums daZados dzilumos kiidrenos un
purvainos. Atskirigi burti norada uz butiskam (p < 0.05) atskiribam starp
meZa tipu grupam vertétaja augsnes slani

Melioracijas sistému ietekmé& var mainities augsnes siltumnicefekta gazu
dinamika, gan pozitivi, gan negativi ietekmg&jot emisijas un oglekla piesaisti no
augsnes (Strack & Waddington 2008; Butlers et al. 2025). Borealajos meZos
augsnes p&c melioracijas parasti nodrosina neto oglekla piesaisti (Minkkinen &
Laine 1998; Lohila et al. 2011). Tacu klimatiskie apstakli un konkrétas vietas
raksturojosie parametri ir galvenie faktori, kas nosaka, vai meliorétas organiskas
augsnes darbojas ka emisiju avoti vai piesaistitaji (Butlers et al. 2025). Tapéc ir
svarigi nemt vera Sos faktorus un veikt konkréto vietu raksturojosus merijumus,
lai precizi novertétu oglekla dinamiku mainigos vides apstaklos.

Oglekla dioksida pliismai noverota sezonala tendence, ar augstakiem
emisiju raditajiem vasaras sezona un zemakiem pavasari un rudeni. Vidgjas
RtCO; emisijas merijumu sezona bija 0.17 +0.01 mg m~2 s, un tas bija lidzigas
kiidrenos (0.18+0.018 mgm=2s?) un purvainos (0.17+0.015mgm=2s7).
Savukart RhCO; emisijas varigja no 0.007 lidz 0.33 mg m2s!, sezonas vidgjas
emisijas  bija 0.07+0.005mgm=s?, un tas bija Iidzigas kiidrenos
(0.08£0.007mgm=2s?) un purvainos (0.07+0.007 mgm=2s?). Augsnes
RhCO; emisijas veidoja 37-49% no kopgjas augsnes CO- elposanas, vidgji 41%.
Lidzigas RhCO; proporcijas (40-43%) ir novérotas apmezotos kudrajos
borealaja regiona (Berglund et al. 2011; Hermans et al. 2022).

Pétijuma konstatéta ciesa un statistiski biitiska pozitiva saikne (p <0.001)
starp RtCO; plismu un augsnes temperatiiru (T_soil). Determinacijas koeficients
(R?) bija 0.61 RtCO; un 0.41 RhCO, (3.3.att.), kas norada uz cie$aku saikni
kopé&jai augsnes elposanai (RtCO;) salidzinajuma ar heterotrofo (RhCO3)
elposanu. Lai gan parasti tiek prognozets, ka augsnes CO pliismas samazinasies
lidz ar gruntsiidens ITmena paaugstinasanos (Von Arnold et al. 2005; Jungkunst
etal. 2008), $aja pétijuma saikne bija biitiska, tacu vaja (R? = 0.06-0.08), liecinot,
ka citi faktori veido spécigaku ietekmi uz augsnes CO; emisijam
(IV publikacija).
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3.3. att. Augsnes kopéjas (RtCO2) un heterotrofas (RhCO2) elpoSanas
saikne ar augsnes temperatiiru 10 cm dziluma (°C). Pelékais svitrotais
laukums apzime * 95% ticamibas intervalu

Augsnes CH4 emisijas varigja no —1.77-107 1idz 2.90-10mgm2s™,
Sezonas vid&jas CH4 emisijas bija —3.67-107 £ 1.24-10%mg m2s™ kiidrenos
un 8.81-107°+2.97- 10 *mg m 2 s purvainos, turklat atikiribas bija statistiski
batiskas (p <0.001).

Pétljuma konstatéta biitiska negativa saikne (R?=0.39, p<0.001;
3.4.att.) starp RtCH4 plismu un gruntsidens Iimeni. Augstaks gruntstidens
ITmenis bija saistits ar palielinatam CHy4 emisijam, savukart zemaks gruntsidens
Itmenis nodros§inaja CH4 piesaisti (IV publikacija).

Gruntsidens Iimena pazeminaSana veicina skabekla apjoma
palielinaSanos augsnes virs€jos slanos, tadgjadi uzlabojot organisko vielu
mineralizaciju, jo aeroba vid€ sadaliSanas notiek atrak (Clymo 1984). Skabekla
pieejamiba regul€ ari CHa emisijas. Tadgjadi, uzturot gruntstdens limeni 30—
40 cm zem zemes virsmas, var samazinat CH4 emisijas no augsnes (Elberling et
al. 2011; Tong et al. 2022; Butlers et al. 2023) un vértétas vecas prieZu
mezaudzes nodro§inaja CHa piesaisti. Turprefl salidzino$i augsts gruntstidens
limenis (0-30 cm) un gandriz piesatinati (anaerobi) augsnes apstakli var veicinat
CHs emisijas (Korkiakoski et al. 2019), un $ada sakariba ir novérota ari
$aja petijuma.
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3.4. att. Augsnes metana (CH4) pliismas saikne ar gruntsiidens Iimeni (cm)
kiidrenos un purvainos. Pelekais svitrotais laukums apzimeé + 95%
ticamibas intervalu

3.3.  Zemsedzes vegetacijas, nobiru un siko saknu oglekla
uzkrajums (V, VI un VII publikacija)

Koku nobiras ir nozimigs oglekla un baribas vielu avots augsng, veidojot
augsnes organiskos slanus (Feng et al. 2019; Uri et al. 2022). Eglu audzg&s nobiru
oglekla uzkrajums bija 2.53 £ 0.37 t C ha* g ' kiidrenos un 2.37 £0.28tCha' g~
! purvainos. Priezu audzes nobiru oglekla uzkrajums bija 3.08 +0.45tChatg™
ktidrenos un 1.98+0.28tCha™g? purvainos. Kopgjais nobiru C uzkrajums
kaidrenos un purvainos bija lidzigs (3.2. tab.).

Ziemeleiropas skuju koku mezos novertets, ka vidgjais oglekla daudzums,
kas nonak augsné ar koku nobiram, ir 1.7 £ 1.1t C ha* g~* (Neumann et al. 2018).
Igaunija, hemiborealaja regiona, galvenajam mezsaimniecibas koku sugam, kuru
vecums vari€ja no 11 lidz 103 gadiem, ikgad&ja nobiru dinamika bija no 0.06
lidz 3.37tChatg? (Uri et al. 2022), kas atbilst $aja p&tijuma novértetajam
nobiru apjomam. Salidzinagjumam, pétfjuma Latvija meliorétas organiskas
augsnés skuju koku jaunaudzes un vid&€ja vecuma audz@s noverteta oglekla
ienese augsné no koku nobiram bija 1.82+0.02tCha'g? (Bardule et al.
2021b). Saja pétijuma vecas skuju koku mezaudzes novérots lielaks ikgadgjais
nobiru apjoms, un $adu atskiribu varétu izskaidrot ar papildu koku nobiru apjomu
no otra stava kokiem (V publikacija).

3.2. tabula. Koku nobiru biomasa un oglekla uzkrajums vecas skuju koku
meZaudzes kiidrenos un purvainos
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Nobiru C

" Meza tipu Nobiru biomasa . -
Valdosa suga grupa £C hat gt uzkrap;r;_sl tCha
Parasta egle Kudreni 51+0.7 25+04

Purvaini 4.7+0.6 24+03
Parasta priede Kudreni 6.2+0.9 3.1+05
Purvaini 40+04 20+0.3

Vislielaka ietekme uz koku nobiru oglekla uzkrajumu vecas skuju koku
mezaudzgs bija audzes vidgjam Skerslaukumam, neatkarigi no meza tipu grupas
(p<0.01; 3.5.att.). Eglu audzés modelis uzradija pozitivu saikni starp koku
nobiru C uzkrajumu un audzes Skérslaukumu (R?>=0.31). Priezu audz&s starp
koku nobiru C uzkrajumu un audzes $kérslaukumu novérota vél ciesaka pozitiva
saikne (R?=0.9; V publikacija). Audzes $kérslaukums tiek uzskatits par tipisku
neatkarigo mainigo koku nobiru daudzuma prognozesana, jo tas korel€ ar audzes
vainagu projekciju un skuju biomasu (Starr et al. 2005).

w

Suga
~=- Parasta egle
Parasta priede

Nobiru C uzkrajums, t C ha™’
N

20 30 40
Skérslaukums, m? ha™'

3.5. att. Ikgadejais koku nobiru oglekla uzkrajums vecas prieZu un eglu
meZaudzes kiidrenos un purvainos atkariba no audzes

—.= ¥

videja skérslaukuma
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Zemsedzes vegetacijas biomasa ir atkariga no gaismas pieejamibas zem
audzes vainagu klaja (Sigurdsson et al. 2005), un p&c pirmajam divam
desmitgadém ta vairs nav atkariga no audzes vecuma (Peichl & Arain 2006).

Vecas priezu mezaudz€s zemsedzes vegetacijas virszemes dalas biomasas
C uzkrajums bija 0.46 £ 0.32t C ha* kiidrenos un 0.48 + 0.43 t C ha* purvainos.
Vecas eglu meZaudzeés zemsedzes vegetacijas virszemes dalas biomasas
C uzkrajums bija 1.06 £0.74t C ha* kiidrenos un 0.96 +0.78 t C ha™* purvainos
(3.6.A att.). AtSkirbas ne starp meZa tipu grupam, ne starp prieZu un eglu audzém
nebija batiskas (p>0.05). Zemsedzes vegetacijas Vvirszemes biomasas
C uzkrajums atbilst borealaja regiona ieprick§ novertetajiem apjomiem
(llvesniemi et al. 2009).

Vecas priezu mezaudzes zemsedzes vegetacijas pazemes dalas biomasas
C uzkrajums bija 3.19 £ 1.52 t C ha* kiidrenos un 1.52 + 0.88 t C ha™* purvainos.
Vecas eglu meZaudzes zemsedzes vegetacijas pazemes dalas biomasas
C uzkrajums bija 3.27 £2.09t C ha? kiidrenos un 4.04 + 1.47 t C ha™* purvainos
(3.6.Batt.). Statistiski butiskas atskiribas (p <0.05) konstatétas tikai starp
pazemes biomasas C uzkrajumu priezu audz€s purvainos un pargjam vertétajam
grupam. Koku saknes (2-20 mm) visas mezaudz€s un meza tipu grupas veidoja
lielako dalu no zemsedzes vegetacijas pazemes dalas biomasas C uzkrajuma
(VI publikacija).
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3.6. att. Zemsedzes vegetacijas virszemes (A) un pazemes (B) biomasas
oglekla uzkrajums atkariba no meZza tipu grupas un valdoe$as koku sugas

Vecas mezaudzés kopuma purvainos bija butiski lielaka siko saknu
biomasa (FRB) salidzinajuma ar kiidreniem (attiecigi, 3.4 un 2.0t C ha®). Priezu
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FRB purvainos bija vairak neka tris reizes lielaka neka kiidrenos, noradot uz
plasu baribas vielu mekl&Sanas strat€giju mitrakos, mazak aerétos apstaklos.
Noverota tendence sakrit ar novérojumiem borealajos meZos, kur nemeliorétas
mezaudzes priezu FRB biomasa bija lielaka (Lampela et al. 2023). Savukart eglu
FRB misu pétijuma liclaka bija kudrenos, galvenokart sugu sastava un lielakas
eglu krajas del, kas novérots arT borealajos mezos, kur egles parasti dominé
meliorétas organiskas augsnés (Finér & Laine 2000).

Abas meza tipu grupas lielaka dala priezu, eglu un sikkrimu FRB bija
koncentréta organisko augsnu augseja slani (0-10 cm). Savukart lakstaugu FRB
bija augstaka dzilakos augsnes slanos (20-40 cm), ar izteikti augstakam vertibam
atseviS$kas mezaudzés (3.7.att.), ko nosaka galvenokart lakstaugu sastavs,
pieméram, grisli un graudzales, kuri spgj uzturét saknes anaerobos apstaklos, lai
piekliitu baribas vielam dzilakos augsnes slanos (Lampela et al. 2023). Sikkraimi
veidoja lielako FRB purvainos (2.4t C ha™) un nozimigu FRB dalu ari kiidrenos
(1.2tCha™). Tas norada, ka lakstaugu un sikkriimu sikas saknes iev&rojami
veicina oglekla ienesi augsng, kas ir uzsverts arT pétjjumos borealajos mezos ar
organiskam augsném (Bhuiyan et al. 2017).

Priezu FRB augsnes augs€ja slani (0-10 cm) purvainos un kiidrenos
sastadija, attiecigi, 84% un 73%. Eglu FRB 1patsvars $aja slant abas meza tipu
grupas bija lidzigs (~80%). Augs€ja augsnes slani purvainos un kiidrenos
sikkrimu FRB sastadija, attiecigi, 54% un 51%, bet lakstaugu FRB — 19% un
21% (V11 publikacija).
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3.7. att. Parastas priedes, parastas egles, sikkriimu un lakstaugu vidéjas

siko saknu biomasas vertikalais sadalijjums organiska augsné Iidz 40 cm
dzilumam kiidrenos un purvainos

Lai ar1 FRB atskiras starp meza tipu grupam, siko saknu veidosanas (FRP)
bija Iidziga (ca. 1t C ha g?). Tas liecina, ka ikgadgja C ienese caur siko saknu
veidoSanos nav atkariga no melioracijas ietekmes, bet gan no audzes
produktivitates un konkrétas vietas raksturojoSiem faktoriem, kas var izskaidrot
arl noveroto variaciju starp pétijuma objektiem. Citi pétijumi borealaja regiona
norada, ka FRP ir cieSi saistita ar mezaudzes vecumu un augsnes auglibu
(Helmisaari et al. 2002; Yuan & Chen 2012).

Priezu siko saknu aprite (FRT) bija aptuveni divas reizes augstaka
kiidrenos (0.61g™?) salidzinajuma ar purvainiem (0.33g™). Eglu siko saknu
aprite ktidrenos un purvainos bija lidziga. Tas norada, ka, lai gan siko saknu
biomasa kudrenos ir zemaka, saknes tiek aizstatas atrak, paatrinot baribas vielu
un Capriti. Straujaka siko saknu aprite kidrenpos atbilst citu pétjjumu
rezultatiem, kas norada, ka siko saknu aprite ir augstaka produktivakas
mezaudzgs (Kriiska et al. 2019). Uzlabota augsnes aeracija péc melioracijas
sisteému izveides, visticamak, saisina siko saknu dzives ilgumu, un $ada tendence
ir noverota ari citam sugam uzlabotos aug$anas apstaklos (Forster et al. 2021).
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SECINAJUMI

Hidrotehniska melioracija ilgtermina (> 50 gadi) ievérojami palielina
oglekla uzkrajumu koku biomasa skuju koku mezos ar mezotrofam organiskam
augsném, tadgjadi sekmgjot klimata parmainu mazinaSanu, ka arT bitiski
palielina oglekla uzkrajumu atmiruSaja koksné vecas eglu mezaudzes, bet
neietekm@ Vecas priezu mezaudzgs.

Augsne ilgtermina saglabajas ka stabila oglekla kratuve, péc
hidrotehniskas melioracijas mainoties zemes virsmas Iimenim sablivéSanas
ietekmg, bet ne kop&jam oglekla uzkrajumam.

Hidrotehniska melioracija ilgtermina nodrosina no klimata parmainu
mazinaSanas viedokla vElamu ietekmi uz siltumnicefekta gazu emisijam no
augsnes. Kiidreni nodrosina izteiktu metana piesaisti, savukart purvaini ir metana
emisiju avots. Metana emisiju dinamika ir tiesi saistita ar gruntsidens limeni,
noradot uz 3040 cm dzilumu ka emisiju slicksni. Melioracija neietekm& CO>
emisijas, kas ir atkarigas no augsnes temperatiras.

Zemsedzes vegetacijas biomasas un nobiru oglekla uzkrajumi ir mazaki
neka citas oglekla kratuves un lidzigi gan kiidrenos, gan purvainos.

Hidrotehniska melioracija nodrosina straujaku siko saknu apriti, Iidz ar to
augstaku organiska oglekla ienesi augsng, bet ne augstaku oglekla uzkrajumu
kopgja siko saknu biomasas komponentg.
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REKOMENDACIJAS

Uzturét un, kur iespgjams, paplaSinat hidrotehniskas melioracijas
sistémas mez0S ar mezotrofam organiskam augsném, veicinot $o teritoriju
ieguldijumu klimata parmainu mazinasana.

Teritorijas, kur paredz&ta gruntsiidens Itmena kapinasana, izmantot
pasregulgjosas sisteémas un nodrosinat, ka gruntsiidens ltmenis nav augstaks par
30—-40 cm no augsnes virskartas, tadejadi noversot papildus ilgtermina metana
emisijas. Veikt papildus petijumus $adas teritorijas kritisko gruntstidens Iimena
slieksni ietekm&joso faktoru noteiksanai.

Nodrosinat gruntsiidens ITmena monitoringu faktiska klimata parmainu
mazinasanas efekta noteik§anai mez0s ar organiskam augsném.

lerikot demonstracijas objektus ar brivu reallaika piekluvi gruntsiidens
Iimena un emisiju mérjjumiem, veicinot plasaku izpratni par hidrotehniskas
melioracijas ilgtermina ietekmi un ieklaujot §is atzinas normativos aktos un
oglekla kreditu shemas.
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PATEICIBAS

Autors pateicas darba vaditajiem, Ipa$i Arim Jansonam, par pétijuma
idejam, sniegtajiem padomiem un atbalstu promocijas darba izstrades gaita.
Izsaku pateicibu LVMI “Silava” kolegiem, meZa adaptacijas zinatniskajai grupai
un Iidzautoriem par palidzibu pétijuma datu ievakSanas un apstrades procesa,
ieteikumiem, uzmundrindjumu un, protams, ari konstruktivo kritiku. Visbeidzot,
es velos pateikties gimenei, draugiem un radiniekiem par vinu atbalstu un

iedros$inajumu visa studiju procesa gaita.
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1. INTRODUCTION

Forest ecosystems are significant global carbon cycle elements,
functioning as both major carbon stores and dynamic regulators through their
roles in carbon sequestration and greenhouse gas exchange between the
biosphere and atmosphere (Pan et al. 2011; Friedlingstein et al. 2022). In recent
decades, the role of forests in climate change mitigation and biodiversity
conservation has been increasingly emphasized in international and regional
policy frameworks (FAO 2020; IPCC 2021). The European Union has set
objectives to mitigate and adapt to climate change, and to reach and maintain
climate neutrality by 2050 and beyond (Fetting 2020; Erback 2021). Quantifying
forest carbon pools at regional and national scales is essential for developing
scientifically sound management and policy strategies, thereby enhancing the
reliability of carbon accounting, supporting adaptive forest management, and
advancing resilience, biodiversity, and climate objectives.

The hemiboreal region of Northern Europe, including Latvia, Estonia,
southern Sweden, and parts of Finland, represents a transitional zone between
boreal coniferous and temperate deciduous forests (Ahti et al. 1968). Latvia has
the highest forest cover in the Baltic region, meanwhile providing significant
amounts of timber resources, and the demand is projected to increase in the
future. Forests cover 53% of Latvia’s terrestrial area. Norway spruce and Scots
pine are the main species for commercial forestry, together accounting for 45%
of the forested area (NFI 2023). The interaction of maritime climate, post-glacial
terrain, and high soil moisture has led to extensive formation of organic soils and
peatlands. In Latvia, 23% of forests are growing on organic soils (NFI 2023).

Carbon in forest ecosystems is distributed across several interconnected
pools that together determine the total carbon balance and the forest’s role as a
carbon sink or source. The main carbon pools in forest ecosystems are living tree
biomass (above- and below-ground), deadwood (standing and lying), litter,
ground vegetation biomass, and soil (especially organic soil), and each function
on different temporal and spatial scales within the carbon cycle. Tree biomass
represents the most dynamic carbon pool, shaped by stand age, productivity,
management, and species composition. Deadwood is a transitional carbon
reservoir, gradually releasing carbon through decomposition while supporting
biodiversity goals and long-term organic matter accumulation. The litter layer
formed by fallen needles, leaves, and twigs provides a continuous source of
organic input to the soil, maintaining nutrient cycling and microbial activity. The
soil carbon pool, especially in organic soils, is the largest and most stable carbon
pool, often surpassing aboveground carbon stocks. Fine roots and ground
vegetation contribute to belowground carbon accumulation through their
continuous turnover, supporting the formation of soil organic matter and
contributing to long-term carbon storage.
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Between 1960 and 1980, extensive forest drainage initiatives were
undertaken in the Baltic states to enhance tree growth and increase the
productivity of forests in areas with water-table levels naturally close to the soil
surface (Paavilainen & Piivinen 1995; Snore 2004). This has resulted in
approximately 52% of forests growing on organic soils in Latvia being drained
(NFI 2023). The drainage systems need periodic cleaning and maintenance to
ensure the drainage function and the desired tree growth rates (Nieminen et al.
2018; Bickovskis et al. 2025). In the past decade, practically no new drainage
systems have been established in Latvia; management efforts have focused either
on maintaining and restoring existing systems or, in contrast, on the closure of
drainage ditches to promote wetland restoration.

Organic soils can be a substantial source of greenhouse gas (GHG)
emissions compared to mineral soils; therefore, quantifying the emission rate
from drained and undrained organic soils is essential for accurate carbon balance
assessments in the region. Drainage of organic soils can enhance aerobic
decomposition of organic matter, leading to increased CO, emissions (Von
Arnold et al. 2005; Wust-Galley et al. 2016). In undrained forests, a high-water
table level generally suppresses CO- efflux due to limited oxygen availability but
promotes CH4 emissions under anaerobic conditions (Matthews & Fung 1987).
In contrast, low water-table levels typically promote CH, uptake as
methanotrophic activity increases in aerated soil layers (Le Mer & Roger 2001).

In Latvia, the area of overmature (including old-growth) forest stands
shows a gradual increasing trend (NFI 2023), whereas across much of Europe,
such forests are in decline (O’Brien et al. 2021). Old-growth forest stands can
play a crucial role in maintaining biodiversity at the landscape scale and in
mitigating climate change; therefore, it is essential to quantify the size of
different carbon pools within these ecosystems and to assess the influence of
drainage on total carbon stock. Previous studies of old-growth forest stands in
Latvia have primarily focused on sites with mineral soils, emphasizing tree
biomass and deadwood carbon pools for the region’s dominant coniferous tree
species (Kénina et al. 2018, 2019). In contrast, research on forests on organic
soils has mainly focused on individual carbon pools (Bickovskis et al. 2023) and
GHG emission assessments in forest stands at various stages of development
(Butlers 2023), but not in stands that have exceeded the harvest age. Therefore,
an assessment of the most significant carbon pools and fluxes in old-growth
forests in hemiboreal Latvia under the long-term impact of drainage is necessary
to fill the knowledge gaps and to provide robust baseline data for sustainable
forestry and climate policy planning.
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1.1.  Aim of the study
The aim of the doctoral thesis is to assess the impact of forest drainage on
soil greenhouse gas emissions and the dynamics of carbon stock in the main
carbon pools in old-growth forest stands with mesotrophic organic soils.

1.2. Study objectives

To achieve the aim, the following tasks have been set:

1. To assess the effect of drainage on carbon stock in tree biomass
and deadwood.

2. To characterize the effect of drainage on soil carbon stock and greenhouse
gas (GHG) emissions.

3. To evaluate the effect of drainage on carbon stock in ground vegetation,

fine roots, and litter.

1.3. Thesis statements

In hemiboreal coniferous forests with mesotrophic organic soils, forest
drainage increases tree biomass carbon stock in the long-term, has no negative
effect on soil carbon storage, and reduces methane emissions.

1.4. Scientific novelty

For the first time in European hemiboreal forests, the long-term impact of
forest drainage on the main forest carbon pools of coniferous old-growth forest
stands (122 to 218 years old) has been estimated and quantified in drained and
undrained forests on organic soils. The study provides insights into the stability
of hemiboreal old-growth forest ecosystems and fills the knowledge gap on the
long-term impact of organic soil drainage on carbon storage in diverse
carbon pools.
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2. MATERIALS AND METHODS

2.1. Study objects

The main study object is old-growth coniferous forest stands on organic
soils in the hemiboreal region of Latvia (Fig. 2.1; Ahti et al. 1968). To assess tree
biomass, deadwood, litter, ground vegetation, and fine-root carbon stock and soil
GHG emissions, forest stands with drained and undrained organic soils were
selected, with no signs of recent human activity, where stand age is at least two
age classes above the cutting age (spruce > 120 years, pine > 140 years), and the
basal area of the dominant tree species exceeds 50% of the stands basal area,
based on stratified stand selection from the State Forest Service database. Forest
type corresponds to Myrtillosa turf. mel. (hereafter referred as Drained organic)
and Caricoso-phragmitosa (hereafter referred as Undrained organic) based on
the local classification system. Draining Caricoso-phragmitosa typically leads
to Myrtillosa turf. mel. forest type (Buss 1976). Tree biomass carbon (C) stock
was assessed in 23 pine and spruce-dominated old-growth (131 to 179 years old)
forest stands on drained and undrained organic soils (Paper I). Deadwood C stock
was assessed in 52 pine and spruce-dominated old-growth (122 to 218 years old)
forest stands on drained and undrained organic soils (Paper I). GHG fluxes and
fine-roots were assessed in six pine-dominated old-growth forest stands on
drained and undrained organic soils (Papers IV and VII). Tree litter and ground
vegetation were estimated from twelve pine and spruce-dominated old-growth
forest stands on drained and undrained organic soils (Papers V—VI). The long-
term effect of drainage on organic soil C stock was assessed in a model territory
at the Forest Research Station in the Kalsnava Forest District (Zalitis, 2012),
where soil C stock in drained organic soils was compared to undrained organic
soils (Paper I11). The model territory prior to drainage was a transitional mire.
A drainage system was established in part of the study area in the 1960s. Forest
stand age in the model territory ranged from 40 to 110 years.
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Fig. 2.1. Study objects across the territory of Latvia. The colour represents
dominant tree species. The symbol represents study object group. The
black outline on symbols represents multiple C pools evaluated within a
single forest stand

2.2. Data collection

In total, 133 sample plots were established to estimate tree biomass
C stock. In each forest stand, four to six circular sample plots were established
(R =12.62 m, 500 m?), depending on the stand area, where in each sample plot,
measurements of tree diameter at breast height (DBH) were performed and tree
species recorded. Tree height was measured for five living I-layer trees and for
three Il-layer trees in each sample plot, which were used to construct height
curves. In the same sample plot, a smaller sub-plot sector was established
(R=5.64 m, 0°-90°, 25 m?) where the diameter of living trees was measured
(2.1 <DBH <6.0 cm; Paper ).

Deadwood C stock was estimated in 317 sample plots, where within
R=12.62m, all deadwood with DBH>14.1cm, and within R=5.64m,
deadwood with DBH>6.1cm was measured. Recorded deadwood types
included downed logs and standing dead trees. For lying deadwood, the diameter
was measured at both ends, and the total length was recorded. Standing dead
trees were measured at breast height, with height recorded up to the top or
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breakage point (Paper I1). Decay class was assessed visually and with the ‘knife
method,” categorized into five decay classes (Stokland 2001; Koster et al. 2015).

Soil Cstock was estimated in 24 sample plots in model territory
(Fig. 2.2). Peat subsidence was estimated in 20 sample plots in drained organic
soils by measuring ground surface elevation using a SEOP DS32 optical level
(Shanghai Sursup Precision Instrument Co., Ltd., Tianjin, China). Measurements
were repeatedly taken in 1960, 1966, 1970, 1972, 1975, and 2014. Each survey
consistently measured elevation along the same drainage ditches. Soil samples
were collected in 2014 in tree replications at each sample plot (R=12.62 m,
500 m?) at four depth intervals: 0-10 cm, 10-20 cm, 20-40 cm, and 40-80 cm.
Each soil sample’s volume was 100 cm3. Litter (organic (O horizon) layer
consisting of undecomposed, fresh and/or decayed plant or animal debris)
samples were also collected in triplicate at the same locations, using
10x10x 10 cm metal boxes. To determine soil dry bulk density (kg m3) and
carbon content (g C kg™?), soil samples were oven-dried at 105°C until they
reached a constant mass and were weighed afterwards. Dried soil samples were
sieved and ground using an IKA A 11 analytical mill. Carbon content was
analyzed with a LECO CR analyzer at temperatures exceeding 900°C (Paper Il1).

PLETS

Groundywater level, cm Soil type
3-8 4 Undrained organic 5
9-21 @ Druined vrganic
22-39 Watercourses

40-59 Walercourses
60-91

Fig. 2.2. Model territory in Kalsnava Forest District
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Litter, ground vegetation, fine roots, and GHG emissions were estimated
by establishing three complex sample plots (R =12.62 m, 500 m?) in each stand
for measurements and sample collection (Fig. 2.3).

e

v Litter collectors . Total forest floor respiration collars

. Heterotrophic respiration collars
Fine-root sampling points

* Soil temperature and moisture points

<

\

‘@
@

K <« om==mo

. Ground vegetation sampling points o@ Groundwater level and sampling points

Fig. 2.3. Sample plot scheme in which GHG emissions, litter, fine-root, and
ground vegetation have been evaluated

GHG emission measurements were performed every three weeks in the
snow-free period from April to October. Evaluated fluxes included total forest
floor respiration (RtCO,), heterotrophic respiration (RhCO,), and CHs flux.
Simultaneously with flux measurements, environmental parameters were
measured, such as groundwater level, air temperature, and soil temperature
(Fig. 2.4; Paper 1V).
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Litter C stock was estimated by installing two inverted cone-shaped litter
collectors 1.3 m above the ground level, each with a top diameter of 110 cm. A
litter bag was attached to the bottom of each collector to capture all aboveground
tree litter. Samples were collected throughout the calendar year, every three
weeks during spring, summer, and autumn. Winter litter was collected once in
early spring and combined with the spring samples. All samples were dried at
70°C until they reached a constant mass, then weighed (Paper V).

Ground vegetation C stock was estimated from collected samples in each
sample plot sampling squares (area = 1 m?) with four 25 x 25 x 25 cm (0.0156 m®)
ground vegetation biomass samples extracted. Each collected sample was
separated into aboveground and belowground biomass components.
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Aboveground biomass was sorted into three functional groups: herbaceous
vegetation, dwarf shrubs, and bryophytes. Belowground samples were sorted
into four functional groups: herbaceous roots, dwarf shrub roots, and tree root
components. Root classification followed diameter-based criteria (diameter from
2 mm to 20 mm) according to ICP Forest protocols (Cools et al. 2010). This size
range specifically excluded fine roots (<2 mm diameter) while avoiding coarse
structural roots (>20 mm diameter), thereby focusing on the intermediate root
size class representative of active nutrient and water uptake systems. All
collected samples were systematically fractionated and oven-dried at 70°C until
achieving constant mass, then weighed to determine the dry mass of the sample.
The carbon content of the dried sample was analyzed using a LECO CR analyzer
at a temperature exceeding 900°C (Paper VI).

Fine-root (FR) biomass and production were estimated with the sequential
soil coring method (Ostonen et al. 2005; Brunner et al. 2013). Sampling was
conducted in May, August, and October 2021, and in March 2022. From each
plot, 10 soil cores (monoliths) were randomly extracted using a cylindrical soil
corer (inner diameter 50 mm) to a depth of 40 cm. Each core was sectioned into
10 cm intervals (0-10, 10-20, 20-30, and 30-40 cm). All FR samples (<2 mm
diameter) were sorted into 4 groups: pine, spruce, shrub, and herbaceous plant
fine-roots, acquiring a total of 2,880 FR samples. Sorted samples were oven-
dried at 70°C until achieving constant mass and were weighed (Paper VII).

2.3. Data analysis

Forest stand parameters were calculated from the measured sample plots:
basal area, mean diameter and height, growing stock, number of trees per hectare,
and volume of deadwood. Individual tree biomass was estimated according to
local biomass models (Liepins et al. 2017, 2021). The C stock of living trees was
estimated based on locally developed C concentration coefficients for main tree
species (Bardule et al. 2021a). Deadwood C stock was estimated based on tree
decay class C concentration coefficients (Koster et al. 2015). The calculation of
fine-root production (FRP) and fine-root turnover (FRT) is based on fine-root
biomass data (FRB). Annual FRP is calculated using a decision matrix, including
fine-root biomass and necromass from each consecutive sample (Fairley &
Alexander 1985). Annual FRT is calculated by dividing the annual FRP by the
average FRB (McClaugherty et al. 1982, Gill & Jackson 2000). Ground
vegetation C stock was estimated based on the actual C content. The C stock of
aboveground litter and fine-roots was calculated assuming that the
C concentration of the sample’s dry mass is 50%.

The soil C stock was calculated using the obtained sample C content and
density values. In soil C stock estimates, peat subsidence was accounted for. At
control sites, C stock was based on soil 0-80 cm depth. At drained sites, it was
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calculated for the 0—(80—x) cm layer, where “Xx” represents the subsidence depth
in centimetres.

GHG fluxes were estimated by calculating the linear regression slope of
gas concentration changes with time in the chamber. Measurements were
excluded if the regression coefficient of determination (R?) was below 0.8
(p <0.01). Only measurements that met the quality criteria were included in the

flux calculation.
M XP XV X slope

R XT X A X 1000

flux = , (D)
where:

flux — the soil GHG flux (mg GHG m2h™?);

M — the molar mass of GHG (g mol?);

R — a universal gas constant (m? Pa K1 mol);

P — the air pressure inside the chamber (Pa);

T — air temperature (K);

V — chamber volume (0.0094 m3);

Slope — linear regression slope coefficient of the GHG concentration changes
inside the chamber;

A — collar area (0.0314 m?).

A simplified approach applying the Shapiro-Wilk test was used to assess
the normality of dependent variables (tree biomass, deadwood, soil, ground
vegetation, litter, fine root C stock, and GHGs). Logarithmic transformation was
performed to meet the normal distribution for non-parametric data. The t-test was
used to compare two group means (drained vs undrained, pine vs spruce-
dominated) for normally distributed variables, the Mann-Whitney U test for non-
parametric variables. Tukey’s HSD test was used for normally distributed
variables to evaluate which groups differed significantly from one another. The
Kruskal-Wallis test was used for data that did not meet normality assumptions to
compare the mean values between groups.

Analysis of variance (ANOVA) was used to test the effect of dominant
tree species, basal area, growing stock, and deadwood volume on the dependent
variable — tree litter C stock.

Linear mixed effect models were used to test the stand, soil, and
environmental parameter relationship with dependent variables (C stock of
various pools, GHGS). Initially, all available parameters were included in the
model as fixed effects, and the sample plot and stand ID were used as random
effects. Subsequently, covarying variables were excluded based on the
generalized variance inflation factor (GVIF) if the GVIF value was larger than 5.
The best model was selected based on the smallest Akaike information criterion
(AIC) value. Fixed and random effects of the models were evaluated with the
ANOVA type 111 Wald ¥ test. All data analyses were performed in the statistical
software R (R Core Team 2025), using libraries Ime4 (Bates et al. 2015) and
emmeans (Lenth 2025).

44



45



3. RESULTS AND DISCUSSION

3.1. Tree biomass and deadwood carbon stock (Papers I, I, I11)

Under increasing climate variability and the general increase in mean air
temperature, has resulted in heated debates on the necessity of the drainage
system and its role in climate change mitigation. Improved tree growth and
consequently increased carbon stock in tree biomass following drainage have
been reported in hemiboreal and boreal regions (Skaggs et al. 2016; Jansone et
al. 2020). Similar results were also observed in this study — in old-growth forest
stands on organic soils in Latvia, the long-term effect of drainage resulted in
higher tree dimensions (DBH, tree height, and basal area) at the drained sites
compared to undrained.

In old-growth forest stands, tree biomass C stock resulted in non-
significant differences between pine and spruce-dominated stands on drained
forests on organic soils (p>0.05). Substantial spatial heterogeneity in tree
biomass C stocks was evident across sample plots, ranging from 84 to 270t C ha”
Lin pine-dominated ecosystems and 103 to 237 tCha™ in spruce-dominated
stands. The high variation indicates that the maximum C storage in tree biomass
has been reached in old-growth forest stands. Tree biomass carbon stocks
averaged 167.0+24.6tCha?’ (mean +95% confidence interval) in pine-
dominated old-growth stands, with comparable values (162.0+25.0tCha™)
observed in spruce-dominated stands (Paper I). Substantially lower tree biomass
C stock was observed in pine-dominated old-growth forests on undrained organic
soils, ranging from 61.1 to 81.3tCha®, averaging 74.0+20.6tCha™*
(Paper IV). In old-growth spruce-dominated stands, the average tree biomass
C stock reached 121.1+7.6tCha™. The effect of long-term drainage on tree
biomass C stocks resulted in significant differences (p < 0.05) across soil types,
with drained sites exhibiting higher values compared to undrained sites. The
differences in evaluated parameters can be explained by the water table level,
which was higher at the undrained sites, reducing oxygen availability to tree roots
and thereby constraining tree growth (Glenz et al. 2006; Sikstrom & Hokké
2016). The obtained biomass C stock in drained organic soils is similar to that
from old-growth Scots pine stands (171.0+6.1tCha™) and Norway spruce
stands (149.2 + 18.9t C ha?) on dry mineral soils in hemiboreal Latvia (Kénina
et al. 2018, 2019).

Soil type and growing stock exhibited a highly significant effect on tree
biomass C stocks across both pine and spruce-dominated old-growth forest
stands (p <0.01). Conversely, stand age and dominant species composition
showed no significant relationship with tree biomass C stock.

The amount of deadwood is a complex interplay between forest aging,
competition between trees, past disturbance or management, which can store a
large amount of C in a gradually fading C pool as a result of decomposition
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(Mékinen et al. 2006). Mean deadwood carbon stocks ranged from 4.6 to
9.7 t C ha? across study sites (Fig. 3.1; Paper I1). The lowest values were found
in Norway spruce stands on undrained organic soils (4.6+1.1tCha™),
significantly lower (p <0.05) than in Scots pine stands (7.9 £ 2.9t C ha™*) on the
same soil type. For drained organic soils, Scots pine averaged 9.7 +1.9tC ha?,
which is by 9% more than in Norway spruce stands (9.0 £ 1.6 t C ha™?); however,
these differences between species on drained organic soils were not statistically
significant (p > 0.05). Deadwood C stock was significantly (p < 0.05) influenced
by mean stand DBH, stand basal area, and soil type, while mean stand age, tree
species, height, and tree count per hectare were insignificant (p > 0.05).

The estimated deadwood C stock in old-growth coniferous forests in this
study is comparable to that reported in other studies in old-growth deciduous
forest stands on mineral soils (6.7—12.5t C ha'!; Senhofa et al. 2020, 2021) and
for coniferous forest stands on organic soils (7.0-11.2t C ha*; Jonsson et al.
2016). However, it is lower than the values reported for overmature Norway
spruce stands in the Czech Republic (13.0t C hat; Seedre et al. 2015) and mature
spruce forest in Estonia (14.5 to 20.6tCha?; Rosenvald et al. 2025). The
observed high variability of deadwood C stock between study sites, sample plots,
and other studies indicates a strong influence of other factors (e.g., past
disturbances) on deadwood C stock.
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Fig. 3.1. Mean deadwood carbon stock by soil type in spruce and pine
stands. Triangles indicate mean values + 95% confidence intervals; the box
plots represent median values and the 25% and 75% percentiles, and the
maximum and minimum values; different letters indicate significant
(p <0.05) differences
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3.2.  Organic soil carbon stock and GHG emissions (Papers 111, 1V)

Soil subsidence is a common effect following drainage on organic soils
(Lazdins et al. 2024). In the long-term, mean soil subsidence following drainage
has been reported to be in the range from 22 to 25 cm in the boreal region of
Finland (Minkkinen & Laine 1998). In the Kalsnava Forest District model
territory, between 1974 and 2014, the observed total reduction in soil surface
level was 25.7 + 3.5 cm relative to the initial elevation. The most pronounced
subsidence occurred within the first decade post-drainage, and declined over the
subsequent decades (Paper IlI).

In the boreal region, organic forest soils hold more carbon than overstories
(Gower et al. 1997), and such a trend was also observed in the hemiboreal region.
Total soil Cstock was 513.2+49.7tCha? in drained sites, and
377.9+£126.5tCha? in undrained sites, and the differences were statistically
significant (p <0.05; Tab. 3.1). Carbon stocks within the evaluated upper (0—
20 cm) soil layers exhibited significant (p <0.05) differences between drained
and undrained, however in deeper layers (20-80 cm) the differences are non-
significant (p > 0.05; Fig. 3.2; Paper I1I). Increased carbon stocks in both soil and
tree biomass after drainage have been reported in several studies conducted in
hemiboreal and boreal regions (Minkkinen & Laine 1998; Lupikis & Lazdins.
2017; Lazdins et al. 2024), which highlights the effect of forest drainage on
C stock.

Table 3.1. Carbon stock in biomass and soil (mean + 95%
confidence intervals)

Carbon stock, t C ha! Drained organic Undrained organic
O horizon 5121 0

Soil depth 0-10, cm 14477 418+11.6
Soil depth 10-20, cm 67.5+7.0 42.1+14.3

Soil depth 2040, cm 126.6+13.3 85.9+30.0
Soil depth 40-80, cm 239.7+244 208.1+735
Total in soil 513.2+49.7 377.9+126.5
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Fig. 3.2. Soil carbon stock at different soil depths in drained and undrained
organic soils. Different letters indicate significant differences (p < 0.05)
between soil types in the evaluated soil layer

Drainage systems can influence soil greenhouse gas (GHG) dynamics,
with both positive and negative effects on emissions and removals (sinks) from
soil (Strack & Waddington 2008; Butlers et al. 2025). In boreal forests, soils
generally remain net carbon sinks following drainage (Minkkinen & Laine 1998;
Lohilaetal. 2011). However, climatic conditions and site-specific factors are key
determinants of whether drained organic soils function as sources or sinks (Butlers
et al. 2025). Therefore, it is essential to account for these factors and conduct site-
specific studies to accurately assess carbon dynamics under varying
environmental conditions.

Carbon dioxide flux followed a clear seasonal trend, with higher
emissions during the summer season and lower during spring and autumn. The
overall average RtCO; flux for the measurement season was 0.17 £0.01 mg m-
251, The average RtCO, flux was similar between drained (0.18 +0.018 mg m-
2s1) and undrained (0.17+0.015mgm=2s7?) sites, respectively. However,
RhCO; flux values ranged from 0.007 to 0.33 mg m~2 s, with a seasonal average
of 0.07+0.005mgm=s?, and they were similar between drained
(0.08+0.007mgm=s?) and undrained (0.07+0.007mgm=2s?) sites,
respectively. Soil RhCO; flux accounted for 37-49% of total forest floor
ecosystem CO; respiration, averaging 41%. Comparable proportions of RhCO,
(40-43%) have been observed in afforested peatlands in boreal regions
(Berglund et al. 2011; Hermans et al. 2022).

A strong and statistically significant positive relationship (p < 0.001) was
found between RtCO, flux and soil temperature (T_soil). The coefficient of
determination (R?) was 0.61 for RtCO; and 0.41 for RhCO; (Fig. 3.3), indicating
a stronger relationship for total respiration compared to heterotrophic respiration.
Although soil CO, fluxes are generally expected to decrease with rising
groundwater levels (Von Arnold et al. 2005; Jungkunst et al. 2008), in our study
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the relationship was significant, yet weak (R? = 0.06-0.08), suggesting that other
factors exerted a stronger influence on soil CO; fluxes (Paper 1V).
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Fig. 3.3. Relationship between the total forest floor ecosystem respiration
(RtCO2, mg m-2s71) and heterotrophic respiration (RhCO2, mg m=2s7?) and
soil temperature at 10 cm depth (°C). The grey area denotes + 95%
confidence interval

Soil CH4 flux ranged from —1.77-10° to 2.90-10°mgm=2s?. The
seasonal average CH4 flux was —3.67-107+1.24-10%mgm=2s* at drained
sitesand 8.81-10°°+2.97-10 ® mg m~2s* at undrained sites, and the difference
was statistically significant (p > 0.001).

A significant negative relationship (R?=0.39, p<0.001; Fig.3.4) was
found between CH, flux and groundwater level. Higher groundwater levels were
associated with increased CHs emissions, while lower groundwater levels
resulted in CH4 uptake (Paper V).

Lowering the groundwater level promotes soil oxygenation, thereby
enhancing the mineralization of organic matter, as aerobic decompaosition is more
rapid (Clymo 1984). Oxygen availability also regulates CH4 production; thus,
maintaining groundwater level (e.g., through stand drainage) 30—40cm below
the ground surface can reduce CH4 efflux from soils (Elberling et al. 2011; Tong
et al. 2022; Butlers et al. 2023) and, in the studied old-growth Scots pine forests,
even resulted in net CH,4 uptake. In contrast, relatively high GWL (0-30 cm) and
near-saturated (anaerobic) soil conditions may facilitate CH4 production
(Korkiakoski et al. 2019), and such coherence has also been observed in
this study.

50



3e-06
Undrained organic
4 Drained organic

2e-06

|

1e-06

-1e-06

CHjy flux, mg m?s™!
o
(0]
+
o
o
|

-2e-06 —

0 -20 -40 -60 -80 -100  -120  -140

Groundwater level, cm

Fig. 3.4. Relationship between the soil CH4 flux (CHs4, mgm=2s) and
groundwater level (cm) in drained and undrained organic soils. The grey
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3.3.  Ground vegetation, litter, and fine-root C stocks (PapersV,
VI, VII)

Tree litter is a significant source of carbon and nutrient input to the soil,
forming soil organic layers (Feng et al. 2019; Uri et al. 2022). In spruce stands,
the litter carbon stock was 2.5+0.4tChatyr?! in drained sites, and
2.4+0.3tChatyr? in undrained sites. For pine, the litter carbon stock was
higher in drained sites at 3.1 +0.5tC hayr, while in undrained sites it was
2.0+0.3tChatyr? Total litter C stock in drained and undrained stands was
similar (Tab. 3.2).

Estimates from northern European forests indicate an average carbon
input via total tree aboveground litter of 1.7 +1.1tC hatyr? in conifer stands
(Neumann et al. 2018). Reported annual litterfall dynamics in the Estonian
hemiboreal region for main forestry tree species aged from 11 to 103 years were
0.06to 3.4t C halyr?! (Urietal. 2022), which is in line with the observed range
in our study. By comparison, a local study reported carbon input of
1.8+£0.02tChatyr?! for young to middle-aged conifer stands on drained
organic soils (Bardule et al. 2021b). However, old-growth coniferous forests in
our study exhibited higher annual litter production, and such a difference could
be explained by the additional contribution to litter input by second-layer trees
(Paper V).
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Table 3.2. Litter biomass and carbon stock in coniferous-dominated
drained and undrained organic soils

Species Soil type Litter biomass, Litter carbon,
tChatyr? tChatlyrt
Spruce Drained organic 5.1+0.7 25104
Undrained organic 4706 24%0.3
Pine Drained organic 6.2+0.9 3.1+£05
Undrained organic 40+£04 2.0+0.3

The strongest predictor of annual litter C stock in old-growth coniferous
forest stands was basal area, regardless of soil type (p < 0.01; Fig. 3.5). In spruce
stands, the model showed a positive relationship between total basal area and
litter carbon stock (R?=0.31). In contrast, in pine stands, there was a strong
positive relationship between total basal area and aboveground litter carbon stock
(R?=0.9; PaperV). Stand basal area has been considered as a typical
independent variable for litter modelling as it correlates with canopy closure and
foliage biomass (Starr et al. 2005).
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Litter C stock, t C ha™"

N

20 30 40
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Fig. 3.5. Annual carbon input by litter as a function of total basal area in
pine and spruce-dominated old-growth forest stands
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The above-ground vegetation biomass depends on light availability below
the canopy layer (Sigurdsson et al. 2005), and after the first two decades, it is not
age-dependent (Peichl & Arain 2006).

In old-growth pine stands, above-ground biomass C stock of ground
vegetation was 0.46+0.32tCha? in drained organic soils and
0.48+0.43tCha™ in undrained organic soils. In old-growth spruce stands,
above-ground biomass C stock of ground vegetation was 1.06 +0.74tC ha! in
drained organic soils and 0.96+0.78tCha? in undrained organic soils
(Fig. 3.6A). The differences between drained and undrained stands were non-
significant (p > 0.05). Observed above-ground vegetation biomass C stock is in
line with that observed in the boreal region (llvesniemi et al. 2009).

In old-growth pine stands, below-ground biomass C stock of ground
vegetation was 3.19+152tCha? in drained organic soils and
1.52+0.88tCha™? in undrained organic soils. In old-growth spruce stands,
below-ground biomass C stock of ground vegetation was 3.27 £2.09tCha* in
drained organic soils and 4.04+1.47tCha? in undrained organic soils
(Fig. 3.6B). A statistically significant difference (p<0.05) was found only
between the below-ground biomass C stocks of undrained pine stands and all
other evaluated groups. Overall, tree roots (2—20 mm) consistently represented
the largest proportion of below-ground biomass across all stands and soil types
(drainage conditions; Paper VI).
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Fig. 3.6. Ground vegetation above-ground (A) and below-ground (B)
biomass carbon stock per forest type and dominant tree species

Undrained old-growth stands had significantly higher total fine-root
biomass (FRB) compared to drained stands (3.4 and 2.0t C ha™?, respectively).
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For Scots pine specifically, FRB was more than three times higher in undrained
soils compared to drained, indicating an extensive foraging strategy under wetter,
less aerated conditions. This pattern is consistent with previous findings in boreal
peatlands, where undrained sites supported greater pine FRB (Lampela et al.
2023). In contrast, Norway spruce FRB in this study was higher in drained stands,
largely due to species composition and higher spruce growing stock, which has
also been observed in boreal forests where spruce tends to dominate drained
peatlands (Finér & Laine 2000).

In both soil types, the majority of fine root biomass for Scots pine,
Norway spruce, and dwarf shrubs was concentrated in the upper organic soil
layer (010 cm). Herbaceous plants primarily contributed to FRB in the deeper
organic layers (20-40 cm), with significantly higher values in certain forest
stands (Fig. 3.7), which are determined primarily by the herbaceous vegetation
composition, such as sedges and grasses, which are able to maintain their roots
under anaerobic conditions to access nutrients in deeper soil layers (Lampela et
al. 2023). Dwarf shrubs contributed the largest proportion of FRB in undrained
soils (1.2t C ha) and remained an important component also in drained soils
(0.6 t C ha™). This highlights that non-tree vegetation is a substantial contributor
to belowground carbon storage, which has also been emphasized in boreal
peatland studies (Bhuiyan et al. 2017).

The proportion of pine FRB in the topsoil layer (0-10 cm) in undrained
and drained soils was 84% and 73%, respectively. The proportion of spruce FRB
in this layer was similar in both soil types (~ 80%). Dwarf shrub FRB in the
topsoil layer accounted for 54% and 51% in undrained and drained soils, while
herbaceous plants accounted for 19% and 21%, respectively (Paper VII).
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Fig. 3.7. The vertical distribution of mean fine root biomass of Scots pine,
Norway spruce, dwarf shrubs, and herbaceous plants in drained and
undrained organic soils up to 40 cm depth

Although FRB differed, fine-root production (FRP) was similar between
drained and undrained stands (ca. 1t C hayr?). This indicates that the annual
carbon input through fine-root growth is not strictly controlled by drainage but
rather by stand productivity and site-specific factors, which may also explain the
observed variation among the study sites. Previous studies in boreal forests have
also shown that FRP is tightly linked to stand age and soil fertility (Helmisaari
et al. 2002; Yuan & Chen 2012).

Scots pine fine-root turnover (FRT) rates were approximately twice as
high in drained soils 0.61 yr compared to undrained soils (0.33 yr?). Norway
spruce fine-root turnover rates remained similar between drained and undrained
stands. This indicates that, while root biomass is lower, the roots are replaced
more frequently, accelerating nutrient and carbon cycling. Faster turnover in
drained stands is consistent with earlier observations that FRT is higher in more
productive environments (Kriiska et al. 2019). The increased aeration after
ditching likely shortens root lifespan, a trend reported for other species in
improved site conditions (Forster et al. 2021).
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CONCLUSIONS

In the long term (>50 years), forest drainage significantly increased
carbon stock in tree biomass in coniferous forests with mesotrophic organic soils,
thereby contributing to climate change mitigation; it also significantly increased
carbon storage in deadwood in old-growth spruce forests, though insignificantly
in old-growth pine stands.

In hemiboreal forests, mesotrophic organic soil remained a stable carbon
pool in the long-term, with changes in soil surface level due to compaction
following drainage, but not in total carbon storage.

Forest drainage ensures a desirable climate change mitigation impact on
soil greenhouse gas emissions in the long-term. Drained organic soils showed
significant methane uptake, whereas undrained organic soils emitted methane.
The dynamics of methane emissions are directly linked to groundwater level,
with a depth of 30—40 cm serving as the emissions threshold. Drainage did not
affect CO, emissions, which are dependent on soil temperature.

The carbon stock of ground vegetation and litter was lower than in other
carbon pools and similar in both drained and undrained soils.

Forest drainage ensures faster fine-root turnover, leading to an overall
higher input of organic carbon into the soil, but not a higher total carbon stock
within the fine-root biomass component itself.
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RECOMMENDATIONS

Maintain and, where possible, expand drainage systems in forests with
mesotrophic organic soils, increasing the contribution of these areas to climate
change mitigation.

In areas where groundwater level elevation is intended, use self-
regulating systems and ensure that the groundwater level does not exceed 30—
40 cm, thereby preventing additional long-term methane emissions. Conduct
research in these areas to determine the factors affecting the critical groundwater
level threshold.

Ensure groundwater level monitoring to determine the actual climate
change mitigation effect in forests with organic soils.

Establish demonstration sites with open, real-time access to groundwater
level and emission measurements, fostering a broader understanding of the long-
term impact of forest drainage and incorporating these findings into legislation
and carbon credit schemes.
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