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ANOTACIJA

Petijuma aktualitati nosaka Parizes noligums un saistiti starptautiski norma-
tivie akti, paredzot, ka péc 2050. gada zemes izmantoSanas, zemes izmantoSanas
mainas un mezsaimniecibas (ZIZIMM) sektoram jakompensé Latvijas kopéjas sil-
tumnicefekta gazu (SEG) emisijas. Organiska meZa augsne (Latvija tipiski kddras un
kQdrainas augsnes) ir bltisks SEG emisiju avots Latvijas méroga, un vieni no efekti-
vakajiem klimata parmainu mazinasanas pasakumiem ZIZIMM sektora saistiti ar tas
apsaimniekosanu. Tomér joprojam trakst zinasanu, lai novértétu mezu ar dazadas
auglibas organisko augsni apsaimniekoSanas scenariju potencialo ieguldijumu kli-
mata parmainu mazinasana. Nacionala SEG inventarizacija hidromeliorétas organis-
kas augsnes (neatkarigi no tas auglibas) oglekla dioksida (CO,) emisiju aprékinasanai
tiek piemérots viens nacionalos pétijumos ieguts CO, emisiju aprékina faktors (EF).
Savukart, metana (CH,) un dislapekla oksida (N,O) emisiju aprékinasanai tiek pie-
lietots nacionalos apstaklos neverificéti EF, kas izstradati pétjjumos mérena klimata
josla. Petijums Tstenots, lai izstradatu eitrofu kiidrenu un purvainu augsnes SEG EF
un noveéertétu meza ekosistémas neto SEG emisijas. legltas zinasanas pielietojamas
nacionalas SEG inventarizacijas metodikas pilnveido$ana un klimata parmainu ma-
zinoSo pasakumu planosana.

Empiriskais materials, augsnes SEG emisiju un oglekla (C) ieneses raksturosa-
nai, 12 ménesu ilga monitoringa laika ievakts 31 meZa nogabala ar izcirtumiem un
mezaudzém (dumbrajs, liekna, platlapju kidrenis) dazadas attistibas stadijas. Aug-
snes CO,, CH, un N,O emisiju un Cieneses ar koku vainagu nobiram mérijumi piecos
atkartojumos katra nogabala veikti ar intervalu Cetras nedélas. Vienlaicigi ar SEG
meérijumiem noteikta arTaugsnes un gaisa temperatira, ka art gruntsiidens limenis.
Cienese ar zemsedzes vegetaciju un kokus siksakném noveértéta, veicot to biomasas
meérijumus vegetacijas sezonas beigas. Augsnes C uzkrajuma izmainas aprékinatas
summeéjot novertétas gada kumulativas augsnes CO,-C emisijas un C ienesi. Noveér-
téetas sakaribas starp augsnes SEG emisijam, C ienesi un ietekmejoSiem faktoriem
pielietotas, lai kvantificétu ekosistémas ikgad€jo neto SEG emisiju dinamiku apsaim-
niekotos mezos, novértéjuma ietverot art ikgadéjo C piesaisti dziva un nedziva kok-
snes biomasa, nocirstas koksnes produktos un biokurinama aizvietoSanas efektu.

Novértétas ikgadéjas augsnes bruto CO, emisijas izcirtumos (7,70 £ 0,53 t
C ha' gada) ir batiski lielakas neka meZzaudzés (6,14 + 0,15 t C ha™ gada). Meza ap-
saimniekoSanas cikla laika eitrofu ktdrenu un purvainu augsnes ikgadéja neto
CO, piesaiste ir attiecigi vidéji 0,28 +0,66t Cha™* gada un 0,42+0,43tCha™
gada. MeZaudzés galvenie augsnes C ieneses avoti ir zemsedzes vegetacija un koku
vainagu nobiras, nodrosinot attiecigi vidéji 41 £ 8% un 43 + 6% no pétijuma nover-
tétas kopéjas augsnes C ieneses. Apsaimniekoti eitrofi purvaini piesaista vidéji
0,2+9,71tCO, ekv. gada, bet eitrofi kddreni—videji 2,9 £ 14,4 t CO, ekv. gada.



ABSTRACT

The topicality of this study is determined by the Paris Agreement and related
international regulatory acts, which stipulate that after 2050, the land use, land use
change, and forestry (LULUCF) sector must compensate for Latvia’s total green-
house gas (GHG) emissions. Organic forest soils, particularly peat and peaty soils
in Latvia, are a significant source of GHG emissions in the country, and one of the
most effective climate change mitigation measures in the LULUCF sector is related
to their management. However, there is currently a lack of knowledge on the poten-
tial contribution of forests with different nutrient availability organic soil manage-
ment scenarios to mitigating climate change. In the national GHG inventory, a single
carbon dioxide (CO,) emission factor (EF) obtained from national studies is applied
to calculate the CO, emissions from drained organic soil, regardless of its nutrient
availability. For the calculation of methane (CH,) and nitrous oxide (N,O) emissions,
unverified EFs developed in studies in a temperate climate zone are used in the na-
tional inventory. This study aims to develop GHG EFs for drained and undrained nu-
trient-rich organic forest soils and to estimate the net GHG emissions of the forest
ecosystem with such soils. The acquired knowledge can be used to improve the na-
tional GHG inventory methodology and to plan climate change mitigation measures.

Empirical material for characterizing soil GHG emissions and soil C input was
collected during a 12-month monitoring period in 31 forest compartments with
clearcuts and forest stands in various stages of development. Measurements of soil
CO,, CH,, and N,O emissions, as well as soil C input by foliar litter, were carried out
in five replicates in each plot with an interval of four weeks. Simultaneously with
the GHG measurements, soil and air temperature, as well as groundwater level,
were also determined. Soil C input by ground vegetation and fine roots of trees was
estimated by biomass measurements at the end of the growing season. Changes
in soil C stock were calculated by summing the estimated annual cumulative soil
CO,-C emissions and C input. The evaluated relationships between soil GHG emis-
sions, C input, and affecting factors were used to quantify the dynamics of the eco-
system’s annual net GHG emissions in managed forests, by taking into account also
the annual C sequestration in living biomass and deadwood, harvested wood pro-
ducts, and the biofuel replacement effect.

The estimated annual gross soil CO, emissions in clearcuts (7.70+0.53 t
C hatyear™?) are significantly higher than in forest stands (6.14+0.15tCha™
year~1). During the forest management cycle, the annual net CO, sequestration by
nutrient-rich drained and undrained forest soils is on average 0.28 + 0.66 t C ha™
year? and 0.42 £ 0.43 t C ha™ year™, respectively. In forest stands, the main sour-
ces of soil C input are ground vegetation and foliar litter, providing an average of
41 + 8% and 43 + 6% of the total soil C input estimated in the study, respective-
ly. Managed forests with undrained and drained nutrient-rich soil sequester an
average of 0.2 £ 9.7 and 2.9 + 14.4 t CO, eq. year?, respectively.
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PROMOCIJAS DARBA LIETOTIE SAISINAJUMI

B — bérzs (Betula pendula)

C — ogleklis

CH, — metans

CO, — oglekla dioksids

E — egle (Picea abies)

EC — mikrometeorologiskie mérijumi (Eddy-Covariance)

EF — emisiju apréekina faktors

GU - gruntstdens

IPCC — Apvienoto Naciju Organizacijas Klimata parmainu starpvaldibu padome
LVGMC — Latvijas Vides geologijas un meteorologijas centrs

Ma — melnalksnis (Alnus glutinosa)

MRM — Meza resursu monitorings jeb Meza statistiska inventarizacija

MAAT — meZa augSanas apstak]u tips

MT — meZa tips

N — slapeklis

N,O —dislapekla oksids

NEE — neto ekosistémas C apmaina

NEP — neto ekosistémas produktivitate

Organiska augsne — kadras un kiidrainas augsnes atbilstosi IPCC definicijai

PCA — Principalo komponensu analize

pZV — zemsedzes vegetacijas saknes

Rhet — augsnes heterotrofa elposana

Rkop — augsnes kopéja elposana (augsnes heterotrofas un vegetacijas, taja skaita
gan virszemes, gan saknu, autotrofas elposanas summa)

SEG — siltumnicefekta gazes

SEG inventarizacija — nacionalo antropogéno siltumnicefekta gazu emisiju
novértéjums atbilstosi Apvienoto Naciju Organizacijas Visparéjas konvencijas par
klimata parmainam, Eiropas Parlamenta un Padomes normativo aktu un Klimata
parmainu starpvaldibu padomes metodisko noradijumu prasibam

Ta — augsnes temperatra 5 cm dziluma

VKS — valdosa koku suga

vZV —virszemes zemsedzes vegetacija

ZIZIMM - SEG inventarizacijas zemes izmantosanas, zemes izmantoSanas mainas
un mezsaimniecibas sektors

ZV — zemsedzes vegetacija



1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Temata aktualitate

Pétijuma aktualitati nosaka Parizes noligums un saistiti starptautiski norma-
tivie akti, paredzot, ka péc 2050. gada zemes izmantosSanas, zemes izmantosSanas
mainas un mezsaimniecibas (ZIZIMM) sektoram jakompensé Latvijas kopéjas sil-
tumnicefekta gazu (SEG) emisijas. Organiska meZa augsne (atbilstosi Klimata par-
mainu starpvaldibu padomes definicijai Latvija tipiski kGidras un kiidrainas augsnes)
ir batisks SEG emisiju avots Latvijas méroga, un vieni no efektivakajiem klimata par-
mainu mazinasanas pasakumiem ZIZIMM sektora saistiti ar tas apsaimniekoSanu.
Tomér joprojam trikst zinasanu, lai novértétu mezu ar dazadas auglibas organisko
augsni apsaimniekoSanas scenariju potencialo ieguldijumu klimata parmainu ma-
zinasana. Nacionala SEG inventarizacija hidromeliorétas organiskas augsnes (neat-
karigi no tas auglibas) oglekla dioksida (CO,) emisiju aprékinasanai tiek piemérots
viens nacionalos pétijumos iegits CO, emisiju aprékina faktors (EF). Savukart, me-
tana (CH,) un dislapekla oksida (N,O) emisiju aprékinasanai tiek pielietots naciona-
los apstaklos neverificéti EF, kas izstradati pétijumos mérena klimata josla. Pétijums
Istenots, lai izstradatu eitrofu kidrenu un purvainu augsnes SEG EF un novértétu
meza ekosistémas neto SEG emisijas. legltas zinasanas pielietojamas nacionalas
SEG inventarizacijas metodikas pilnveidosana un klimata parmainu mazinoso pasa-
kumu planosana.

1.2. Promocijas darba mérkis, uzdevumi, tézes

Promocijas darba mérkis ir novértét eitrofu kiidrenu un purvainu augsnes un
ekosistemas kopéjas siltumnicefekta gazu (CO,, CH,, N,O) emisijas.
Meérka sasniegSanai izvirziti sekojosi pétnieciskie uzdevumi:
1. izstradat koeficientus, kas raksturo oglekla ienesi augsné ar koku vainaga no-
biram, koku sitksakném un zemsedzes vegetaciju eitrofos eglu (Picea abies
(L.) H. Karst), bérzu (Betula spp.) un melnalksnu (Alnus glutinosa (L.) Gaertn)
kGidrenos un purvainos;

2. izstradat augsnes CO,, N,O un CH, emisiju aprékina faktorus eitrofiem eglu,
bérzu un melnalks$nu kiidreniem un purvainiem;
3. noveértét eitrofu egles, bérzu un melnalksna kddrenu un purvainu kopéjas sil-

tumnicefekta gazu emisijas.
Pétijuma izvirzitas sekojosSas tézes:

1. Eitrofos purvainos un kidrenos augsne nezaude tas oglekla uzkrajumu.
2. Eitrofu purvainu un kidrenu ekosistémas nav siltumnicefekta gazu emisi-
ju avots.



1.3. Darba zinatniska novitate un praktiska nozime, rekomendacijas

LidzSingjie augsnes SEG emisiju pétijumi apsaimniekotos meZos galvenokart
istenoti hidromeliorétas platibas, un rezultati nenodrosina vienmérigu geografis-
ko reprezentativitati. Lielaka dala no pétijumu objektiem atrodas Somija, un tie ir
iertkoti hidromeliorétos mezos ar atskirigas auglibas organisko augsni. Savukart,
pétijumi par SEG emisijam hemiborealos mezos ir nepietiekami. Turklat, pétijumi
galvenokart Tstenoti, novértéjot augsnes SEG emisijas vai neto oglekla (C) uzkra-
juma izmainas tikai pétjjuma monitoringa perioda. Tadéjadi iztrikst zinasanas par
augsnes C uzkrajuma un ekosistémas SEG emisiju dinamiku meZa apsaimniekoSanas
cikla laika. Iztrakst arT zinasanas par organiskas augsnes ar saglabatu hidrologisko
reZzimu (nav veikta hidromelioracija) SEG emisijam. Jo nosacijums, ka SEG inventa-
rizacija nav atseviski janoveérte organiskas augsnes ar saglabatu hidrologisko rezimu
SEG emisijas apsaimniekotos meZos, nav motivéjis Sadas augsnes SEG emisiju no-
vértésanu lidzSinéjos pétijumos. SEG inventarizacija pielietota pieeja — novertét SEG
emisijas tikai no hidromeliorétas organiskam augsném — nesniedz pilnigu izpratni
par meza organiskas augsnes hidromeliorésanas vai dabiska hidrologiska rezima
saglabasanas kvantitativu ietekmi uz valsts kopé&jam SEG emisijam. Tadé€| apzinat
emisijas, ko rada organiska augsne ar saglabatu hidrologisko rezimu ir tikpat batiski
ka novertét hidromeliorétas augsnes raditas emisijas. Promocijas darba veikta péti-
juma rezultati risina minéto zinasanu trikuma problému.

Pétijuma kvantificéta purvainu un ktdrenu augsnes, ka ari ekosistémas kopée-
jo neto SEG emisiju dinamika meZa apsaimniekoSanas cikla laika. legitas zinasanas
lauj salidzinat meza apsaimniekoSanas scenariju, ar un bez meza hidromelioracijas,
ietekmi uz ekosistémas SEG emisijam. Pétijuma izstradatie SEG emisiju aprékina fak-
tori un vienadojumi pielietojami hemiborealo mezu SEG inventarizacijas metodikas
pilnveidosanai.

Rekomendacijas:

1. Augligas organiskas augsnes ikgadéjas C ieneses aprékinasanai
ieteicams izmantot sekojosos pétijuma rezultatus:

a. regresijas vienadojumus, kas raksturo lapkoku vai eglu meza vai-

naga nobiru C ienesi atkariba no mezaudzes skérslaukuma;

b. zemsedzes vegetacijas biomasas C ieneses koeficientus kadrenos

un purvainos ar valdoSo koku sugu bérzs, melnalksnis un egle;

c. ikgadéja koku stksaknu biomasas  atmiruma koeficientus

lapkoku un eglu meZos atkariba no augsnes hidrologiska rezima.

Augsnes Cieneses prognozeésanas spéju pilnveidosanai un prognozu rezultatu

nenoteiktibas novértésanai Latvijas méroga aprékiniem nepiecieSami eksten-

sivi ilgtermina pétijumi par augsnes oglekla ienesis ar vainaga nobiram (to
frakciju sadalijuma), koku siksakném un zemsedzi un tas variaciju atkariba no
ikgadéji mainigiem meteorologiskiem apstakliem.

2. Augsnes N,O emisiju aprékinasanai pielietojami pétijuma izstradatie emisi-
ju aprékina faktori. CH, emisijas ieteicams aprékinat, izmantojot regresijas




vienadojumu, kas raksturo emisijas atkariba no vidéja gruntsidens limena
platiba un nem véra ari ekstremo emisiju sastopamibas varbatibu. Lai izvai-
ritos no CH, emisiju parvertéSanas ziemas perioda, augsnes temperatira
—5°C pielietojama ka robezvertiba, kuru parsniedzot, emisijas pienemamas
ka nebutiskas. CH, emisiju aprékina rezultata nenoteiktiba strauji pieaug, ja
vidéjais gruntsiidens limenis platiba ir seklak par 30 cm, tadé| nenoteiktibas
mazinasanai plasaki pétijumi turpinami platibas ar vidéjo gruntstdens limena
dzilumu 0 Iidz 30 cm.

Ikgadéjas gaisa temperatlras mainiba gada kumulativas augsnes kopé-
jas elposanas CO, emisijas var ietekmét par vidéji + 1,6t CO,-C ha? gad3,
tadél, prognozéjot augsnes emisijas valsts méroga un ilgtermina, janem
véra regionalo un ikgadéjo gaisa temperatiiru mainiba. Gada kumulativo
augsnes elposSanas emisiju aprékina svarigi izvéléties korektu interpolaci-
jas pieeju. leteicams emisijas interpolét atkariba no stundas vidéjas gaisa
temperatiras, jo gada kopéjo augsnes elpoSanu aprékinot péc diennakts
vidéjas gaisa temperatiras, tas var potenciali tikt parvértéta par videji
1,50 t CO,-C hat gada. Analogiski, prognozejot CH, emisijas, izvértéjama ikga-
déjo meteorologisko apstak|u ietekme uz ikgad€jo vidéjo gruntstidens [imeni.
Ikgad€jo meZa ekosistémas kopuma vai atseviski meza augsnes SEG emisijas
un CO, piesaisti nosaka meZaudzes attistibas stadija, saimnieciska darbiba un
meteorologiskie apstakli. Sie un saistitie SEG emisiju ietekméjosie faktori ja-
nem veéra, novértéjot un salidzinot mezu SEG emisijas dazados to apsaimnie-
koSanas scenarijos.

1.4. Zinatniska darba publicitate

Zinatniskie raksti:

Vanags-Duka, M., Bardule, A., Butlers, A., Upenieks, E. M., Lazdins, A., Pur-
vina, D., & Licite, I. (2022). GHG Emissions from Drainage Ditches in Peat
Extraction Sites and Peatland Forests in Hemiboreal Latvia. Land, 11(12),
2233; .

Butlers, A., Lazdins, A., Kaléja, S., & Bardule, A. (2022). Carbon Budget of
Undrained and Drained Nutrient-Rich Organic Forest Soil. Forests, 13, 1790;

Bardule, A., Gerra-Inohosa, L., Klavins, 1., Klavina, Z., Bitenieks, K., Butlers, A.,
Lazdins, A., & Libiete, Z. (2022). Variation in the Mercury Concentrations and
Greenhouse Gas Emissions of Pristine and Managed Hemiboreal Peatlands.
Land, 11(9), 1414; .

Lazdins, A., Butlers, A., & Ancans, R. (2022). Nitrous Oxide (N,0) and Metha-
ne (CH,) Fluxes from Tree Stems in Birch and Black Alder Stands — a Case Study
in Forests with Deep Peat Soils. In: Proceedings of 21 International Scientific
Conference “Engineering for Rural Development”, Jelgava, Latvia, 25-27 May
2022. Jelgava: LULST, p. 754-759;
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Butlers, A., Spalva, G., Licite, |., & Purvina, D. (2022). Carbon Dioxide (CO,)
Emissions from Naturally Wet and Drained Nutrient-Rich Organic Forests
Soils. In: Proceedings of 21 International Scientific Conference “Engineering
for Rural Development”, Jelgava, Latvia, 25—-27 May 2022. Jelgava: LULST,
p.577-582;

Butlers, A., Bardule, A., Spalva, G., &sznleks E. (2021). N,O and CH, Emis-
sions from Naturally Wet and Drained Nutrient-Rich Organic Forest Soils. In:
Proceedings of the 10™ International Scientific Conference “Rural Develop-
ment 2021: Challenges for Sustainable Bioeconomy and Climate Change”,
Kaunas, Lithuania, 21-23 September 2021. Kaunas: Vytautas Magnus Univer-
sity Agriculture Academy, p. 195-200; .

Bardule, A., Butlers, A., Lazdins, A., Licite, I., Zvirbulis, U., Putnins, R., Jan-
sons, A., Adamovics, A., & Razma, G. (2021). Evaluation of Soil Organic Layers
Thickness and Soil Organic Carbon Stock in Hemiboreal Forests in Latvia. Fo-
rests, 12(7), 840;

Bardule, A., Liepins, J., Liepins, K., Stola J., Butlers, A., & Lazdins, A. (2021).
Variation in Carbon Content among the Major Tree Species in Hemiboreal
Forests in Latvia. Forests, 12(9), 1292; .

Bardule, A., Petaja, G., Butlers, A., Purvina, D., & Lazdins, A. (2021).
Estimation of Litter Input in Hemi-Boreal Forests with Drained Organic
Soils for Improvement of GHG Inventories. Baltic Forestry, 27(2), 534;

Daliba konferencés:

21" International Scientific Conference “Engineering for Rural Development”,
25.-27.05.2022., Jelgava, Latvija. Prezentacija — Butlers, A., Spalva, G., Licl-
te, I, & Purvina, D. Carbon dioxide (CO,) emissions from naturally wet and
drained nutrient-rich organic forests soils.

21* International Scientific Conference “Engineering for Rural Development”,
25.-27.05.2022., Jelgava, Latvija. Prezentacija — Lazdins, A., Butlers, A., &
Ancans, R. Nitrous oxide (N,O) and methane(CH,) fluxes from tree stems in
birch and black alder stands — a case study in forests with deep peat soils.
Annual 26" International Scientific Conference “Research for Rural Develop-
ment”, 18.-20.05.2022., Jelgava, Latvija. Prezentacija — Butlers, A., & Laz-
dins, A. Latvia case study of greenhouse gas (GHG) fluxes from flooded for-
mer peat extraction fields in central part of Latvia.

10™ International Scientific Conference “Rural Development 2021: Challen-
ges for Sustainable Bioeconomy and Climate Change”, 21.-23.09.2021., Kau-
na, Lietuva. Prezentacija — Butlers, A., Bardule, A., Spalva, G., & Muiznieks, E.
N,O and CH, emissions from naturally wet and drained nutrient-rich organic
forest soils.

20" International Scientific Conference “Engineering for Rural Development”,
26.-28.05.2021., Jelgava, Latvija. Prezenticija — Lazding, A., Snepsts, G.,
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https://doi.org/10.15544/RD.2021.030
https://doi.org/10.3390/f12070840
https://doi.org/10.3390/f12091292
https://doi.org/10.46490/BF534

Butlers, A., Purvina, D., Zvaigzne, A. Z., & Licite, |. Evaluation of middle term
greenhouse gas (GHG) mitigation potential of birch plantations with mineral
and organic soils.

6. Konference “Zinasanas balstita meza nozare”, 27.01.2021., tieSsaiste. Prezen-
tacija — Butlers, A. Siltumnicefekta gazu emisijas ietekméjosie faktori mezos
ar dabiski mitram un meliorétam augligam organiskam augsném.

7. Annual 26" International Scientific Conference “Research for Rural Develop-
ment”, 12.05.2020., Jelgava, Latvija. Prezentacija — Butlers, A., & Lazdins, A.
Carbon stock in litter and organic soil in drained and naturally wet forest
lands in Latvia.

1.5. Promocijas darba struktiira un apjoms

Promocijas darba struktira ir pakartota darba izvirzitajiem pétnieciskajiem
uzdevumiem. Darbs sastav no tris nodalam. Pirmaja nodala veikts lidzSingjo zina-
Sanu par meZa organiskas augsnes SEG emisijam un C aprites izvértéjums. Otraja
nodala aprakstitas darba izmantotas empiriska materiala iegiS8anas un apstrades
metodes. TreSaja nodala aprakstiti un izvértéti pétijuma iegiltie rezultati, atbilstosi
izvirzitajam promocijas darba mérkim un pétnieciskajiem uzdevumiem.

Promocijas darba apjoms ir 106 lpp., 19 tabulas, 39 attéli, 5 pielikumi un
296 literatiras avoti. Atbilstosi galvenajiem pétijuma rezultatiem formuléti devini
secinajumi un sniegtas ¢etras rekomendacijas.
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2. MATERIALS UN METODIKA

Empiriskais materials ievakts 31 meZa nogabala laika posma no 2019. gada
oktobra lidz 2022. gada maijam. Katrs meZa nogabals parstavéts ar vienu paraug-
laukumu (2.1. att.), kuros veikti kokaudZu raksturlielumu, gruntsiadens (GU) limena
dziluma, augsnes un atmosféras temperatiras mérijumi, ka ari ievakti augsnes SEG
emisiju, augsnes, augsnes dens, vainaga nobiru, zemsedzes vegetacijas un koku
siksaknu biomasas paraugi to analizésanai laboratorija. Katra parauglaukuma empi-
riskais materials ievakts 12 secigu ménesu perioda.

Vainaga nobiru, zemsedzes vegetacijas un koku siksaknu biomasas paraugi
ievakti un noteikta to sausne un C saturs, lai raksturotu ikgad€jo augsnes Cienesi un
ta uzkrajuma lidzsvaru augsné. legtto augsnes SEG emisiju un C ieneses augsng, ka
ari to ietekméjoso faktoru meérijumu rezultati izmantoti SEG emisiju no meziem ar
augligu organisko augsni ietekméjosSo faktoru un to savstarpéjo sakaribu identificé-
$anai un raksturosanai.

2.1. Pétijuma objektu raksturojums

Lai raksturotu SEG emisijas un to ietekmé&josos faktorus mezos ar augligu or-
ganisko augsni, iertkoti parauglaukumi un empiriskais materials ievakts 21 platlapju
kGdrenu (Oxalidosa turf. mel.) un 10 dumbraju (Dryopterioso-caricosa) vai lieknu
(Filipendulosa) meZos dazadas attistibas stadijas. Pétijuma mezi ar saglabata hid-
rologiska rezima augsni (dumbraji un lieknas) un hidromeliorétu augsni (platlapju
kQdreni) parstavéti ar 10 lidz 80 gadus vecam mezaudzém (kopa 26) un 5 izcirtu-
miem. Katrs ierikotais parauglaukums atrodas ne vairak ka 30 km attaluma no kadas
no vistuvak esosajam Latvijas Vides, geologijas un meteorologijas centra (LVGMC)
meteorologiskajam stacijam (2.1. att.). Platlapju kidreni (Kp) parstavéti ar tris bér-
zu (Betula pendula), diviem melnalksna (Alnus glutinosa), 12 eglu (Picea abies)
audzém un cetriem izcirtumiem, savukart, dumbraji (Db) un lieknas (Lk) parstavéti

¢/

® PEtijuma objekti / Study sites
© Meteorologiskas stacijas / Meteorological stations D —

2.1. att. Parauglaukumu atrasanas vietas un meteorologiskas stacijas
Fig. 2.1. Locations of sample plots and closest meteorological stations
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ar tris bérzu (B), 5 melnalksna (Ma), vienu egles (E) audzi un vienu izcirtumu. Pétiju-
ma objektu raksturoSanai parauglaukumos ievakti un laboratorija analizéti augsnes
un augsnes Gdens paraugi, ka ari veikti GU limena mérijumi. Pétijuma meZzaudzés
noteikti art kokaudzZu raksturlielumi. Pétijuma objektu raksturosanai iegttie mériju-
mu un analiZu rezultati izmantoti ari augsnes SEG emisiju ietekméjosSo faktoru iden-
tificéSanai un sakaribu raksturosanai.

GU limenis no augsnes virsmas bijis vid&ji 55+ 2 cm dziluma kidrenos
un 35+ 3 cm — purvainos. lkménesa vidéjais GU [imenis kiadrenos bijis par vidéji
18 + 2 cm zemak no augsnes virsmas, salidzinot ar GU [imeni purvainos (2.2. att.).

Kudrems / Drained $ Purvainis / Undrained

(=}
1
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60 e geo
801

_.
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Gruntstidens Iimena dzilums, cm
Groundwater level depth, cm

1204 ° ® |

[ ]
140 [ ]
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Meénesis / Month

2.2. att. Gruntsiidens [iTmena dzilums pétijuma objektos
Fig. 2.2. Groundwater level depth at the study sites

Pétifjuma objektos C saturs augsnes virséja 20 cm slani ir no 342 lidz 507 g
Ckg? (videji 455+43gCkg?) purvainos un 328 Ilidz 569 gCkg? (vidgji
487 + 40 g C kg™?) platlapju kadrenos, savukart, vidéja C/N attieciba neatkarigi no
MAAT ir 19 * 3. Individualos pétijuma objektos C/N attieciba ir no 13 lidz 31. Arl
paréjo vértéto augsnes kimisko elementu koncentracijas, pH un augsnes blivuma
vidéjas vertibas klidrenos un purvainos butiski neatskiras. Vidéjas kimisko parametru
vértibas pétijuma objektosir:0,5+ 0,1 g Kkg™;21 +4,5g Cakg™?;2,1+0,4 g Mg kg™
un 1,3 + 0,4 g P kg™. Savukart, vidéjais augsnes blivums ir 426,0 + 29,3 kg m3, bet
augsnes pH 4,5+ 0,4.

2.2. Vainaga nobiru, zemsedzes vegetacijas un koku stksaknu paraugu
ievaksana un analize

Koku vainagu nobiras (nobiras) uztvertas, izmantojot katra parauglaukuma
vienmérigi izvietotus piecus konusa formas nobiru uztvéréjus ar laukumu 0,5 m2.
Uztvertas nobiras ievaktas 12 secigus ménesus ar intervalu 4 nedélas un nogadatas
laboratorija. Sausna noteikta katram ievaktajam paraugam. Visa 12 ménesu perioda
no viena nobiru uztvéréja ievaktas nobiras apvienotas un samaltas smalka pulve-
r1 C satura noteikSanai. Sausnas noteikSanai svérts viss uztvertais ar koku nobiram
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saistitais materials, taja skaita skujas, lapas, koksne, miza, Ciekuri, séklas, kérpji, iz-
nemot zarus, garakus par 10 cm.

Zemsedzes vegetacijas paraugi nemti katra parauglaukuma cetros atkarto-
jumos, atseviski nemot zemsedzes vegetacijas (lakstaugi) virszemes un saknu bio-
masas paraugus. Paraugosanai katra parauglaukuma izvélets 1 m? kvadrata formas
laukums ar meZaudzei raksturigu vegetaciju. Paraugi ievakti, kad sagaidams zemse-
dzes biomasas daudzuma maksimums — augusta (Uri et al., 2017). Vegetacijas pa-
raugi nemti no 4 mazaka izméra kvadrata formas laukumiem (malas garums 20 cm)
ieprieks izraudzita 1 m? laukuma kvadrata stdros. Virszemes biomasas paraugam
lidz ar augsnes virsmu ievakta visa lakstaugu dziva vegetacija, bet saknu biomasa
paraugam — zemsedzes vegetacijas saknes no augsnes 20 cm virséja slana. Labora-
torija saknu biomasa noskalota (mitra sijasana), lai atbrivotos no augsnes dalinam
un koku sakném atbilstoSi to morfologiskam paziméem.

Siksaknu (diametrs < 2 mm) produkcijas paraugi ievakti, izmantojot modifi-
cétu siksaknu ieaugsanas cilindra metodi (Laiho et al., 2014a; Bhuiyan et al., 2017).
Metodes pamata ir ar parauglaukuma iegltu kadru piepildits elastigs poliestera
cilindra formas sietveida maiss (ieaugsanas cilindrs) ar garumu 80 cm, diametru
35 mm un acu izméru 2 x 2 mm, kas ievietots kldra iespiesta, 60 cm dzila cauruma.
Katra parauglaukuma pirms vegetacijas sezonas sakuma virziena no parauglauku-
ma centra uz ta aréjo robezu ar intervalu viens metrs ierikoti sesi ieaugSanas cilin-
dri. Augsne ieaugSanas cilindra piepildiSanai ieglta netalu no ta ierikoSanas vietas,
izmantojot augsnes urbi. Puse ieaugSanas cilindru no augsnes iznemti péc vienas
vegetacijas sezonas nosléguma, bet atlikusie — péc divam vegetacijas sezonam. Sik-
saknu ieaugSanas cilindri no augsnes iznemti péc iespéjas izvairoties no ieauguso
saknu izrausanas no cilindra, tas pirms tam apgriezot. leaugSanas cilindri nogadati
laboratorija, kur ieaugusas saknes no arpuses apgrieztas lidz ar cilindra virsmu, un
cilindra ietilpstosas siksaknes atdalitas no augsnes, veicot slapjo sijasanu. Pirms sik-
saknu sausnas noteikSanas no izsijata saknu parauga péc morfologiskam pazimém
izSkirotas tikai koku saknes.

Nobiru, zemsedzes vegetacijas un koku siksaknu paraugu biomasas sausnas
saturs noteikts, paraugus Zavéjot zavskapr 70°C temperatiara lidz nemainigai ma-
sai un nosvérti. Péc paraugu sausnas noteikSanas, smalka plderi samaltiem nobiru
un zemsedzes vegetacijas paraugiem ar sausas sadedzinasanas metodi (element-
analize) noteikts C saturs.

2.3. Augsnes SEG emisiju paraugu nemsana un analize

Augsnes SEG emisiju paraugu nemsana istenota, pielietojot manualo slégtas
kameras metodi (Hutchinson & Livingston, 1993). Metodes 1steno$ana pielietota
SEG gazu emisiju paraugu nemsanas komplekta galvenas komponentes ir augsnes
gredzens un gazu paraugu nemsanas kamera (kamera) balta krasa no PVC mate-
riala. Augsnes gredzena diametrs — 50 cm — sakrit ar kameras diametru, kuras aug-
stums ir 40 cm un tilpums 63 L. Lai noteiktu SEG emisijas piecos atkartojumos, katra
parauglaukuma lidz 5 cm augsnes dziluma vismaz ménesi pirms pirmas augsnes SEG
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emisiju paraugu nemsanas ierikoti pieci pastavigi augsnes gredzeni. Gredzeni ierl-
koti, izvairoties no saknu apgrieSanas un saglabajot neskartu zemsedzes vegetaciju
un zemsegas slani (Pavelka et al., 2018), kas saglabati neskarti ari visa augsnes SEG
emisiju monitoringa 1stenosanas laika. Tadéjadi ievaktie gazu paraugi raksturo aug-
snes kopéjo elposanu (Rkop) — kamera ietvertas augsnes heterotrofas elposanas, ka
ari vegetacijas virszemes un zemé esosas biomasas autotrofas elposanas summu.

Augsnes SEG paraugi katra parauglaukuma nemti 12 secigus ménesus ar pa-
rauglaukumu apsekoSanas un paraugu nemsanas intervalu cetras nedélas. Paraugu
nemsanas laika kamera tika novietota uz augsnes gredzena. Pirmais gazu paraugs
no kameras 100 mL stikla pudelés ar 0,3 mbar retinajumu tika panemts tuliteji péec
kameras uzstadiSanas. Katrs nakamais gazu paraugs no kameras nemts ar 10 mina-
Su intervalu, lidz 30 mindsu laika no kameras panemti 4 paraugi. PEc paraugu nem-
Sanas, paraugu pudeles nogadatas laboratorija panemto gazu testéSanai ar gazu
hromatografu. Gazu saturs (CO,, CH, un N,O koncentracija) ievaktajos augsnes SEG
emisiju paraugos noteikts ar gazu hromatografu Shimadzu Nexis GC-2030 (Loftfield
et al., 1997).

Vienlaicigi ar augsnes SEG emisiju paraugu nemsanas proceddras izpildi, veik-
ti temperattru un GU [imena dziluma mérijumi. Temperatira noteikta gaisam un
augsnei 5 cm dziluma netalu no augsnes gredzena (Pavelka et al., 2018). GU limena
dzilums noteikts ar mérlenti katra parauglaukuma ieprieks ierikotas GU limena mé-
rljluma akas (PVC caurule, kas ierikota Iidz 140 cm dzilumam).

2.4. Oglekla ieneses augsné ar zemsedzes vegetaciju, nobiram un
stksakném aprékinasana

Ikgadéja C ienese augsné aprékinata ikgad€jo nobiru, siksaknu produkcijas
vai zemsedzes vegetacijas neto ekosistémas produktivitates piesaistito C attiecinot
uz viena hektara platibu (2.1). Pienémumi aprékina:

e vegetacijas sezonas beigas (augusta) novértéta zemsedzes vegetacijas biomasa
ir vienada ar tas ikgadéjo neto ekosistémas produktivitati un ikgadéjo atmirumu;
e ikgadeja koku siksaknu produkcija vienada ar divos un viena vegetacijas sezona
cilindra ieauguso siksaknu biomasas starpibu (Bhuiyan et al., 2017);
e arieaugsanas cilindra metodi noteikta siksaknu produkcija ir vienada ar ikgadéjo
siksaknu atmirumu (Laiho et al., 2014b);
e viss ikgadéjas vainaga nobiras, atmirusajas siksaknés, ka ari zemsedzes vegetaci-
jas biomasas atmiruma esoSais C ikgadéji pariet augsnes C kratuve.
Cienese = m[enese ° 10000 ° ¢ ’ kur (21)
S 100
Cicrnese — ikgadéja augsnes C ienese ar vainaga nobiram, koku sitksakném vai zemse-
dzes vegetaciju (virszemes vai saknu), t C ha™ gad3;
Mienese — 8ada laika no nobiru uztvéréja ievakto nobiru biomasa, ikgadéja siksaknu
produkcija vai no paraugosanas vietas ievaktas zemsedzes vegetacijas (virszemes
vai saknu) biomasa, sausna t;
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S — nobiru uztvéréja laukums, stksaknu ieaugSanas cilindra Skérslaukums vai zemse-
dzes vegetacijas paraugosSanas vietas laukums, m?;

C — C koncentracija absoluti sausas nobiras, koku siksaknés, zemsedzes vegetacijas
virszemes vai saknu biomasa, %.

2.5. Augsnes SEG emisiju aprékinasana un aprékina faktoru izstrade

Augsnes SEG emisiju aprékinasanai sakotnéji veikta linearas regresijas anali-
ze, izmantojot datus par SEG gazu koncentraciju kamera uzreiz péc kameras uzsta-
disanas uz gredzena un 10; 20; 30 minUtes péc pirma parauga panemsanas. leglto
rezultatu ticamibas nodroSinasanai veikta logiska datu kontrole, regresijas analizé
neieklaujot datus, kas neseko linearai gazu koncentracijas izmainai. Papildus no-
vértéts katras ieglta lineara regresijas vienadojuma determinacijas koeficients, un
turpmaka augsnes SEG emisiju aprékina izmantoti iegltie slipuma koeficienti (mai-
nigais “b” vienadojuma 2.2) no vienadojumiem ar R? > 0,7, iznemot gadijumus, kad
novértéta maksimalas un minimalas SEG koncentracijas starpiba kamera ir mazaka
par pielietotas paraugu testésanas ar gazu hromatografu metodes nenoteiktibu.
legltie linearo vienadojumu slipuma koeficienti, kas raksturo SEG koncentracijas iz-
mainu kamera gazu paraugu nemsanas laika, izmantoti, lai ar idealas gazes stavokla
vienadojumu aprékinatu gaisa un augsnes, taja skaita kamera ietvertas vegetacijas,
SEG gazu apmainu:
SEG=M , kur (2.2)

ReTeS
SEG — SEG apmaina starp atmosféru un augsni, taja skaita kamera ietverto vegeta-
ciju, ug SEGm=2h7;
M — SEG molmasa, g mol™;
P — gaisa spiediens kamera = 101 300 Pg;
V — kameras tilpums = 0,063 m3;
b —linearas regresijas vienadojuma slipuma koeficients, kas raksturo gazu koncentra-
cijas izmainu kamera laika vieniba, ppm h™;
R — universala gazu konstante = 8,314 m® Pa K mol™;
T — gaisa temperatura, K;
S —augsnes gredzena laukums = 0,1995 m?2.

Pienemts, ka ar 2.2. vienadojumu novértéta CH, un N,O apmaina ir vienada ar
augsnes CH, un N,O emisijam. Gada kopéjo augsnes CH, un N,0 emisiju apréekina pie-
nemts, ka veiktie ikménesa emisiju mérijumu rezultati ir vienadi ar attieciga ménesa
kop€&jam augsnes emisijam parauglaukuma. Attiecigi ikgadéjas augsnes SEG emisi-
jas izméginajumu objekta aprékinatas ka ikménesa augsnes SEG emisiju summa:

SEGigadeii = 2 SEGiumenesa (jan...dec) , kur (2.3)

SEGigaaei — ikgadéjas augsnes SEG emisijas izméginajumu objekta, kg ha™ gada;
SEGjmeness — MENeSa kopéjas augsnes SEG emisijas izméginajumu objekta, kg ha™
menesi.
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Gada kumulativo augsnes kopéjo CO, emisiju aprékins veikts, interpoléjot
ikménesa augsnes CO, emisiju mérijumu rezultatus, pielietojot:
* R, un Qo parametrus (Varik et al., 2015; Uri et al., 2017; Kriiska et al., 2019b);
e pétijuma novértéto sakaribu starp gaisa un augsnes 5 cm dziluma temperatu-
ram;
e ka ari individualam parauglaukumam tuvakas LVGMC meteorologiskas stacijas
datus par stundas vid€jo gaisa temperaturu.
R., parametra vertiba ir vienada ar Rkop, kad augsnes temperatira ir 10°C. Savukart,
Q.o parametrs raksturo Rkop izmainas, augsnes temperatirai pieaugot par 10°C.
R, un Qi parametru vértibas aprékinatas atbilstoSi katra parauglaukuma iegu-
tajiem empiriskajiem datiem. Emisiju datu interpolacijas aprékina gaita sakotnéji
noteikts eksponenciala 2.4. vienadojuma, kas raksturo augsnes temperatiras un
CO, emisiju sakaribu katra parauglaukuma, b koeficients.

Rkop = ae®™ , kur (2.4)
Rkop — augsnes kopéjas CO, emisijas, pg CO,-C m2 h'%;
a, b — eksponenciala vienadojuma koeficienti;
Ta —augsnes temperatlira 5 cm dziluma, °C.

Ar eksponencialu vienadojumu (2.4) iegitais koeficients b izmantots, lai ap-
rekinatu Qo vértibu (2.5).
Qo = e, kur (2.5)
Q., — augsnes elposanas temperatiras jutiguma koeficients;
b — eksponenciala vienadojuma koeficients.

Ar 2.4. vienadojumu novertéta parametra Ry, un ar 2.5. vienadojumu no-
vértéta parametra Q,, vértiba, kombinacija ar datiem par augsnes temperatiru
izmantota, lai interpolétu Rkop (2.6) katra parauglaukuma. Augsnes temperatiras
izmainas laika noteiktas, izmantojot regresijas vienadojumu, kas raksturo augsnes
un gaisa temperatlras mérijumus sakaribu pétijuma parauglaukumos un datus par
ik stundas vidéjo gaisa temperattru no LVGMC meteorologiskajam stacijam.

Rkop = Rig Q@ ~10/10) kur (2.6)
Rkop — augsnes kopéjas CO, emisijas, ug CO,-C m=2 h™%;
Ta —augsnes temperattra 5 cm dziluma, °C;
R.o— augsnes kopéjas CO, emisijas, tai esot 10°C temperatira 5cm dziluma,
ug CO,-Cm=2h;
Q., — augsnes elposanas temperatiras jutiguma koeficients.

Lai ieglto Rkop rezultatu parrékinatu uz augsnes heterotrofo elposanu
(Rhet), piemérots lidzsingjos pétijumos izstradats vienadojums (Bond-Lamberty et
al.,, 2004). Vienadojums piemérots individualos parauglaukumos novértéto Rkop
emisiju parrékinam.
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In(Rhet) =1,22 +0,73In(Rs) R?*=0,81 P<0,001, kur (2.7)

Rhet — augsnes heterotrofa elposana, g C m™ gad3;
Rs — augsnes kopéja elposana bez virszemes autotrofas elposanas, g C m gada.

2.6. Meia ekosistémas SEG emisiju novértésana

Meza ekosistémas SEG emisiju novértéjuma veikta SEG emisiju un CO, pie-
saistes dinamikas modeléSana atbilstosi meZaudzu attistibai 240 gadu meZa apsaim-
niekoSanas posma. Novértéjuma ietverti:

e pétijuma rezultati par ikgadéjam augsnes SEG emisijam un C ienesi ar koku vai-
nagu nobiram, zemsedzes vegetacijas virszemes un saknu biomasu, ka art koku
siksaknu atmirumu;

e [idzSinéjo pétijumu rezultati par ikgadéjo augsnes C ienesi ar stinu un stkkrimu
atmirumu;

e MeZa resursu monitoringa (MRM) un LVMI “Silava” ilgtermina mezZa resursu
prognozu modela (AGM) datos balstits C piesaistes kokaugu dzivaja un nedzivaja
biomasa novértéjums atbilstoSi meZaudzes attistibai, taja skaita ikgadéjam kok-
snes pieaugumam, dabiskajam atmirumam un mezizstradei;

e C piesaistes koksnes produktos un biokurinama aizvietoSanas efekta novérté-
jums atbilstosi pienémumiem par mezizstradé sagatavoto apalo kokmaterialu
veidu struktdru, biokurinama patsvaru;

e CH, emisiju no melioracijas gravjiem novértéjums atbilstosi Vanags-Duka et. al.
(2022) zinotajam vidéjam emisijam;

e netieSo augsnes CO, emisiju (DOC izskalo$anas) novértéjums atbilstosi IPCC no-
klusétajiem EF (Hiraishi et al., 2014).

Novértéjums veikts atbilstosi SEG inventarizacijas un IPCC vadliniju pieejai
SEG emisiju novértéjuma meza zemg, kas nav mainijusi zemes izmantoSanas veidu
vismaz 20 gadus. Attiecigi, meZa SEG emisiju dinamikas aprékins balstits uz ikgadéja
C uzkrajuma mainas ta kratuvés (augsne, dziva koku biomasa, atmirusi koksne un
koksnes produktos), ka ari augsnes CH, un N,O emisiju, taja skaitd no melioracijas
gravjiem, novértéjumu. lkgadéja C uzkrajuma un SEG emisiju dinamikas novérté-
jums veikts, pielietojot AGM datus par egles, priedes un melnalkSna mezu augsanas
gaitu un meizizstradi platlapju kiidrena, dumbraja un lieknas meza tipos — mezau-
dzes vecuma dinamiku un augosu, atmirusu, ka art nocirstu koku augstuma, caur-
meéra, skaita un krajas ikgad€jiem raditajiem meza apsaimniekoSanas cikla.

Augsnes C uzkrajuma izmainas novértétas, summeéjot ikgadéjos C zudumus
Rhet rezultata un ikgadéjo C ienesi ar koku vainaga nobiram, zemsedzes vegetaciju,
koku stksakném, stiinam un sikkrimiem. Rhet ikgad€jo augsnes C zudumu un Ciene-
ses ar zemsegas vegetaciju un koku stksakném aprékina piemérotas pétijuma rezul-
tata iegltas fiksétas vértibas VKS un meza zemes statusu (mezaudze vai izcirtums)
sadalijuma, atbilstosi pienémumam par apsaimniekotu mezu ikgadéjo skérslauku-
mu dinamiku. Par kritériju zemes statusu iedalljumam pienemts mezaudzes kritis-
kais Skérslaukuma — egles, bérza un melnalk$na meziem attiecigi 6; 4 un 5 m? ha™.
Tadéjadi aprekina piemeéroti pétijuma izcirtumos novertétas augsnes C zudumu un
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ieneses fiksétas vértibas, ja mezaudzes Skérslaukums ir mazaks par kritisko Skérs-
laukumu, bet pétijjuma mezaudzés ieglitas vertibas piemérotas — ja sSkérslaukums
lielaks par kritisko skérslaukumu.

Augsnes ikgadéjas C ieneses ar koku vainaga nobiram, sinam un stkkrimiem
aprékina izmantoti vienadojumi, kas raksturo C ienesi atkariba no pienémuma par
mezaudzes Skérslaukuma vai vecuma dinamiku meZa apsaimniekoSanas cikla laika.
C ieneses ar koku vainaga nobiram apréekina izmantoti pétijjuma izstradati viena-
dojumi, kas raksturo ikgadéjo C ienesi atkariba no mezaudzes skérslaukuma eglu
un lapkoku meZos. Savukart, ikgadéjas C ieneses ar siinam un sikkrmiem apreéki-
na izmantoti lidzsinéjos pétijumos izstradati vienadojumi (Muukkonen & Makipaa,
2006), kas raksturo biomasu atkariba no mezaudzes vecuma. Pienemts, ka: sikkra-
mu un stinu virszemes biomasas ikgadéja atmiruma Tpatsvars ir attiecigi 25% un 33%
(Muukkonen & Makipaa, 2006) ar vidéjo C saturu 47,5% (FAO, 2015); 70% kopéjas
C oglekla ienesi ar sikkrimiem un siinam veido zemé esosa biomasa (Havas & Ku-
bin, 1983; Malkonen, 1974; Palviainen et al., 2005).

Melioraciju gravju CH, emisijas un augsnes netie$as CO, emisijas DOC izska-
loSanas rezultata aprékinatas atbilstosi IPCC noklusétajiem EF. Pienemts, ka hidro-
melioracijas gravju platibu Tpatsvars ir 3% un CH4 emisijas 10,3 kg CH, ha™ gada
(Vanags-Duka et al., 2022). Savukart ar DOC saistitas emisijas hidromeliorétas pla-
tibas un platibas ar saglabatu hidrologisko rezimu aprékinatas ar EF, attiecigi 1,1 un
0,9 t CO, ha™ gada un nenoteiktibu 66,7% (Hiraishi et al., 2014).

Biomasas C uzkrajuma ikgadéjo izmainu aprékina pamata ir individualu koku
biomasas aprékina alometriskie vienadojumi (Liepins et al., 2018) un AGM dati par
dzivo, nedzivo un nocirsto koku raditaju dinamiku meZa apsaimniekosanas cikl3,
ka ari ka ari vidéjo svérto C saturu koku biomasa biomasa (Bardule et al., 2021c).
Ikgadéja C uzkrajuma izmaina dzivaja biomasa noteikta, aprékinot starpibu starp
C uzkrajumu aprékina un iepriek$éja gada, neskaitot C ikgadéji nocirsto un atmi-
ruso koku biomasa. Ikgadéji nocirsto koku saknu un koku vainaga biomasas C mai-
na kratuvi uz nedzivo biomasu, bet stumbra masas C dati tiek izmantoti C aprites
aprékinasanai nocirstas koksnes produktos. Savukart, ikgadéji atmiruso koku gadi-
juma — viss saistitais C maina kratuvi uz atmiruso koksni. Aprékina pienemts, ka
nedzivas koksnes C kratuvé uzkratais C pariet atmosféra 20 gadu laika. Lai izvairitos
no novirzes aprekina, pienemts, ka 240 gadu meza apsaimnieko3anas cikla sakuma
C uzkrajums atmirusaja koksné atbilst meZa resursu MRM datiem par vidéjo C uz-
krajumu. Attiecigi ikgadéja C uzkrajuma izmaina nedzivaja koksné aprékinata no ap-
rékina gada atmirusas koksnes C un iepriek$éja gada esosa C uzkrajuma atmirusaja
koksné summas atnemot proporciju (5%) no C, kas aprékina gada pariet atmosféra.

Ikgadéjas C uzkrajuma izmainas koksnes produktos pamata ir pienémums par
meZzizstradé sagatavoto vidéjo kokmaterialu veidu struktlru Pienemts ari, ka 50%
zagmaterialu un papirmalka esosa C koksnes produktu kratuvé nenonak, razosa-
nas procesa raduso zudumu ietekmé. lkgadéja C izmaina aprékinata ka C uzkrajuma
starpiba aprékina gada beigas un sakuma jeb iepriekséja gada beigas atbilstosi Na-
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giski ka gadijuma ar C uzkrajumu atmirusaja koksng, pienemts, ka 240 gadu meza
apsaimniekosanas perioda sakuma koksnes produktos uzkratais C vienads ar vidéjo
C uzkrajumu koksnes produktos atbilstosi SEG inventarizacija (Skrebele et al., 2021)
zinotajiem rezultatiem.

Biokurinama aizvieto$anas efekta aprékins balstits uz pienémumu, ka ikgadée-
ji koksnes produktu C kratuves kategoriju pametosa koksnes dala, koksnes produktu
razosanas zudumu koksne, ka art nocirsto koku stumbru dala kategorija biokurina-
mais tiek izmantots ka kurinamais, kas aizvieto energétiskaja vértiba ekvivalentu
nesadedzinatas dabasgazes daudzumu. Tadéjadi, atbilstosi pienémumiem par ku-
rinamo energétisko vértibu un pret to attiecinamo SEG emisiju daudzumu atkariba
no kurinama veida (Eggleston et al., 2006), novértéts dabasgazes aizvietoSanas ar
biokurinamo efekts uz atmosféra nenonakosam SEG.

2.7. Datu matematiska apstrade

Augsnes Cieneses vai SEG emisiju mérijumu rezultatu sakaribas ar ietekméjo-
Siem faktoriem noveértétas ar regresijas analizi, savukart, sakaribu cieSums —ar kore-
lacijas analizi, nosakot Pirsona (r) un Spirmena korelacijas koeficientu (p). Regresijas
vienadojumu kvalitates raksturosanai izmantots determinacijas koeficients (R?) un
vidéja kvadratiska klida (RMSE). Ekosistémas vai atsevisku C kratuvju SEG emisiju
un CO, piesaistes lidzsvars izteikts CO, ekvivalentos, CH, un N,O emisijas parréekinot
ar globalas sasilsanas ietekmes potenciala koeficientiem attiecigi 25 un 298 (Eggles-
ton et al., 2006). Pétijuma rezultatu nenoteiktiba izteikta ar ticamibas intervalu pie
batiskuma limena 0,05. Kombinétu pétijjumu rezultatu nenoteiktibas raksturosanai
novértéta apvienota svérta nenoteiktiba.

Datu statistiska analize veikta, izmantojot datorprogrammu R Studio, pie bu-
tiskuma limena p < 0,05. Datu izkliedes atbilstibas normalajam sadalijumam par-
baudeé pielietots Kalmogorova-Smirnova tests. Augsnes SEG emisiju mérijjumu rezul-
tatu vidéjo vértibu salidzinasanai izmantota neparametriska metode Manna-Vitneja
U kritérijs. Lai nemtu véra ietekméjoso pazimju grupu ietekmi uz mainigo, sakariba
izteikta, veicot linearo jauktu efektu regresijas analizi. Linearas regresijas vienadoju-
mi salidzinati ar testu ANCOVA. Dati ar ekstrému vertibu atlastti, ka kritériju izman-
tojot starpkvartilu diapazonu, jeb pirmas un tresas datu kvartiles starpibu (Morillas
et al., 2012). Tad€jadi, nodrosinot saskanotibu ar datu izkliedes vizualo atspogulo-
jumu vértibamplitGdas diagrammas, kuras atspogulotu paraugkopas datu minimala
vértiba, pirma kvartile, vidéjais aritmétiskais (punkts), mediana (horizontala Iinija),
tresa kvartile, maksimala vértiba un ekstremas vertibas, savukart statistski batiskas
vai nebutiskas atskirtbas noraditas ar burtiem, pieméram, “a”, “b”, “c”. Datu grafiki
veidoti, izmantojot datorprogrammas R pakotni ggplot2, intervals (iekrasojums) ap
regresijas taisni vai ltkni norada tas 95% ticamibas intervalu. Sakaribas starp aug-
snes SEG emisijam un ietekméjosiem faktoriem atspogulota ar principalo kompo-
nentu analizes rezultatiem. Stabinu diagrammas un tabulas nenoteiktiba uzradita ar
ticamibas intervalu pie batiskuma limena 0,05.
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3. REZULTATI UN DISKUSIJA

3.1. Oglekla ienese augsne ar vainaga nobiram, zemsedzes vegetaciju un
koku stksakném

Vainaga nobiras. No vértétajiem kokaudzes raksturlielumiem, vecumam ir
ciesaka (r = 0,8) sakariba ar koku vainaga nobiru kopéjo biomasu. Savukart, skérs-
laukums vislabak spéj prognozét gada kopéjo nobiru biomasu atkariba no koku su-
gas, tomér nav novérojama ta ietekme uz ikménesa nobiru biomasas variaciju un
tendencém. Ikménesa nobiru biomasas variacija lapkoku un eglu audzés ir attiecigi
vidéji 120 £ 20% un 71 + 21%. Noteiktais C saturs nobiras (vid&ji 52,1 + 0,2%), ka
ar1 parauglaukumos novérota sakariba starp mezaudzes Skérslaukumu un ikgadéjo
nobiru biomasu nosaka, ka eglu audzu skérslaukumam palielinoties lildz 40 m? ha™?,
ikgadéja augsnes C ienese ar nobiram lineari palielinas lidz vidéji 2,31t Cha™
gada. Pétijuma dati norada, ka, lapkoku mezaudzu Skérslaukumam palielinoties
lidz 10 m? ha™, ikgadé&jo nobiru biomasa strauji pieaug Iidz videji 1,28 t C ha™ gada.
Skérslaukuma turpinot palielinaties, salidzinot ar skujkoku meZiem, lapkoku mezau-
dzés ikgadéjo vainaga nobiru biomasa pieaug Iénak un tiecas stabilizéties. Lapkoku
mezaudzés ar Skérslaukumu no 11 lidz 46 m? ha™ pétijuma perioda vidéja ikgadgja
augsnes C ienese ar nobiram bija 1,86 + 0,46 t C ha™ gada (3.1. att.).

w
[ ]

S —

()
L]

Lapkoki / Deciduous

Ikgadgja C ienese augsng, t C ha'! gada
Annual C input to soil, t C ha™' year”

11 Egle / Spruce y = 0.564In(x) — 0.0154
v =0.0514x + 0.251 R2=038
b ® R2=0.79 RMSE = 0.47
: RMSE = 0.44
o
0 10 20 30 40,

Mezaudzes $kérslaukums, m ha™!
Basal area, m™ ha™'
3.1. att. C ienese augsné ar vainaga nobiram atkariba no skérslaukuma
Fig. 3.1. Annual C input to soil by foliar litter as a function of basal area

Lidzigas nobiru ikgad€jas biomasas un Skérslaukuma sakaribas tendences
novérotas ari cita Latvija veikta pétijuma mezaudzés ar organisko augsni — linears
nobiru biomasas pieaugums skujkoku audzés visa Skérslaukumu diapazona, bérzu
audzés pienemts, ka, sasniedzot $kérslaukumu 34 m? ha™, nobiru biomasas ap-
joms ir nemainigs (Bardule et al., 2021d). Tomeér ieprieks veiktaja pétijuma noveér-
téts straujaks ikgadéjais augsnes C ieneses ar nobiram pieaugums, kas, mezaudzes
Skérslaukumam palielinoties lildz 40 m? ha™, sasniedz 2,66 t C ha™ gada un aptuveni
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3,0t C ha™ gad3, attiecigi bérzu un eglu audzés. Atskirtbas var bat skaidrojamas ar
ikgadéjo nobiru variaciju. Lai identificetu ikgadéjas augsnes C ienesi ar vainaga no-
biram apjoma un ta variacijas ietekméjosos faktorus, nepieciesami ilgtermina no-
vérojami, kas lautu izvértét sakaribas starp meteorologiskiem apstakliem un nobiru
kopé€jas biomasas un tas frakciju ar dazadu C saturu sadalijuma datiem. Novérots,
ka, pieméram, prieZzu meza skuju nobiru ikgadéja variacija var bat lidz 40% (Kouki &
Hokkanen, 1992). Ari ilgtermina pétijuma Latvija novérota ievérojama ikgadéja vai-
naga nobiru kopéja biomasa robezas no 2198 lidz 6085 kg ha™ gada (Bardule et al.,
2021a). Sadas variacijas iemesls var bt ikgadéjo meteorologisko apstaklu dazadiba
un ekstremali laikapstakju notikumi ka vétras, kas var ievérojami ietekmét nobiru
dinamiku (Sanford et al., 1991).

Zemsedzes vegetacija. Pétjjuma objektos novértéta zemsedzes vegetacijas
saknu (pZV) biomasa (C saturs vidéji 49,7 + 7,8%) ir robezas no 0,63 lidz 3,54 t ha™
(vidéji 1,96 + 0,30 t ha™). lzcirtumos pZV biomasa (vidéji 2,24 + 0,96 t ha™) tiecas
bat lielaka neka mezaudzeés (videji 1,91 + 0,55 t ha™), bet VKS, meZa zemes statu-
sa (mezaudze vai izcirtums) un MAAT btiska ietekme uz vidéjo pZV biomasu nav
novérota.

Vidéja novértéta virszemes zemsedzes vegetacijas (vZV) biomasa (C sa-
turs vidéji 47,4 +7,2%) izcirtumu parauglaukumos 4,67 + 0,50t ha™ (no 4,27 ldz
5,49 t ha™') vegetacijas sezonas beigas bija batiski lielaka neka meZaudzés — vidé-
ji 1,57 +0,30t ha™ (no 0,39 Iidz 3,82 t ha™). legiitais rezultats par vZV meZaudzés
ir ldzigs tam, kas aprékinams, izmantojot Somijas apstakliem izstradatu virszemes
zemsedzes vegetacijas aprékina vienadojumus, kas ar vidéjo kvadratisko kladu
13,6% nosaka, ka 80 gadu vecuma zemsedzes virszemes vegetacijas biomasa me-
Zos ar kldras augsni ir 1,65 t ha™. Promocijas darba pétijums norada, ka izcirtumos
vZV biomasa var blt aptuveni tris reizes lielaka neka mezos. Vidéja novértéta vzVv
biomasa purvaina izcirtuma parauglaukuma ir 5,08 t ha™, bet kidrenu izcirtumu
parauglaukumos — vidéji 4,57 £ 0,60 t ha™.

Novértéta zemsedzes vegetacijas (ZV) kopéja biomasa (pZV un vZV vidé-
jais svértais C saturs 48,2 + 0,3%) kidrenos ir no 1,33 t ha™ lidz 5,93 t ha™ (vidégji
3,48 £ 0,60 t ha™), bet purvainos — no 1,46 idz 6,53 t ha™ (vidgji 3,46 £ 0,66 t ha™),

kopa vidéji 3,47 £0,66tha™. lzcirtumu gadijuma vidéja ZV biomasa purvai-
ni (8,02+1,63tha™) ir virs novértétas vidéjas biomasas kadrenu izcirtumos
(6,65 £ 1,02 t C ha™) ticamibas intervala maksimalas vértibas. Aprékina izmantojot
Somijas apstakliem izstradatos biomasas vienadojumus, ka art nemot véra mezu
vecumstruktdru, Latvija novértéta ikgadéja augsnes C ienese ar ZV biomasu ir no
0,34 +0,01tCha™ gada bérza mezZos un 1,29+ 0,20t C ha™ gada priezu meZos
(Bardule et al., 2021d).

Empiriskie dati norada uz pozitivu korelaciju starp ZV un augsnes auglibas
raditajiem. No vértétajiem mezaudzes parametriem, vecumam ir ciesaka kore-
lacija (r=-0,58; p < 0,05) ar ZV biomasu. Si sakariba ar vidéjo kvadratisko kladu
+ 1,49 t ha* nosaka (3.2. att.), ka izcirtumos ZV biomasa ir vidéji 5,66 t ha™, kas sa-
mazinas Iidz videji 2,46 t ha™, meZaudzei attistoties lidz 80 gadu vecumam.
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3.2. att. Zemsedzes vegetacijas kopéja biomasa un mezaudzes vecums
Fig. 3.2. Relationship between ground vegetation biomass and stand age

Koku siksaknes. Kidrenos ar VKS B un Ma novértétais koku stksaknu ikga-
déjais atmirums ir no, attiecigi, 0,19+ 0,05 lidz 0,98 £ 0,87 t ha™ gada (vidgji
0,58 + 0,44 t ha gada) un no 0,89 + 0,75 Iidz 3,24 + 2,46 t ha™* gada kidrenos ar
VKS E (videji 1,97 + 0,72 t ha™ gada). Savukart lapkoku purvainos novértétais sik-
saknu ikgadéjais atmirums ir no 0,69+ 0,37 lidz 4,72 +1,15tha™? gada (vidgji
2,09 £ 1,07 t ha™ gada), bet E purvaini 1,09 + 0,08 t ha™ gada.

Petijuma novertétais ikgadéjais videéjais stksaknu atmirums egles
(1,87 £ 0,66 t ha™ gada) un lapkoku meZos (1,64 + 0,86 t ha™ gada) ieklaujas Ilidz-
Sinéjo pétijumu rezultatu nenoteiktibas diapazona — zinots, ka ikgadéja stksaknu
produkcija Ziemeleiropas skujkoku meZos ir vidéji 2,84 + 1,52 t ha™ gada, bet lap-
koku meZos — videji 1,99 £ 1,01 t ha gada (Neumann et al., 2020). Tomér Igaunija
veikta pétijuma novértéta stksaknu ikgadéja produkcija bérza mezos ar augligu or-
ganisko augsni no 1,81 lidz 3,02 t ha™* gada (Uri et al., 2017) tiecas bt lielaka neka
promocijas darba pétijjuma ietvaros novértéts bérzu kidrenos (0,59 Iidz 0,97 t ha™
gada), bet vairak atbilst novértétajam siksaknu produkcijas diapazonam purvainos
(1,43 I'dz 3,29 t ha gada). Tas var biit skaidrojams ar empirisko datu nenoteiktibas
ietekmi. Promocijas darba pétijjuma novertétas siksaknu produkcijas videjas véer-
tibas atkariba no VKS un MAAT nenoteiktiba ir no 30 lidz 161% (vid&ji 71%). Cits
iemesls var bat atskirigi augSanas apstakli pétijumu objektos, jo empiriskie dati no-
rada, ka ikgadéja siksaknu produkcija tiecas bat lielaka, samazinoties vidéjam GU
[Tmenim un augsnes auglibas raditajiem. Lielaka stksaknu produkcija mazak augligas
augsnes noveérota arf citos pétijumos (Leppalammi-Kujansuu et al., 2014; Lehtonen
et al., 2016; Makela et al., 2016; Kriiska et al., 2019a). Paaugstinatu siksaknu pro-
dukciju purvainos varéja veicinat ikménesa GU limena dinamika. Vid&jais GU lime-
nis purvainos vasaras ménesos, kad stksaknu pieaugums var bat vislielakais (Varik
et al., 2015), bija dzilaks par 40 cm, ka tas ir bijis art minétaja Igaunijas pétijuma ar
hidromeliorétu augsni.

No vértétajiem mezaudzes raksturlielumiem, skérslaukumam ir cieSaka saka-
riba ar ikgadéjo koku stksaknu atmirumu (r = 0,30). legltie dati norada, ka, meZau-
dzes skerslaukumam pieaugot no 10 lidz 40 m? ha™l, ikgadéjais stksaknu biomasas
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atmirums palielinas no vidéji 0,64 lidz 0,99 t ha™ gada (3.3. att.). Tomér no pétiju-
ma iegutajiem empiriskajiem datiem izveidojama regresijas vienadojuma ikgade-
ja stksaknu atmiruma prognozei ir liela vidéja kvadratiska klida + 1,43 t ha™ gad3,
jeb 81% no izméginajumu objektos novértétas vidéjas ikgadéja stksaknu atmiruma
vértibas.
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3.3. att. Sakariba starp sitksaknu atmirumu un mezaudzes skérslaukumu
Fig. 3.3. Relationship between fine root biomass and stand basal area

3.2. Augsnes SEG emisiju aprékina faktori un vienadojumi

Augsnes CH, emisijas. Kidrenos veikto ikménesa CH, mérijumu rezultatu vi-
déjais variacijas koeficients ir 60%, bet purvainos tas ir 268%. Kiidrenos augsnes
CH, emisiju ikménesSa mérijumu rezultatu vidéja vértiba pétijuma objektos ir robe-
Zzasno-7,15 + 2,86 lidz 2,87 + 14,04 kg CH,-C ha™ gad3, bet purvainos — robeZas no
-4,56 + 2,35 lidz 497,15 + 1558,67 kg CH,-C ha™ gada.

Augsnes CH, emisiju ikméneSa mérijjumiem raksturiga liela variacija.
Ka ekstremi identificeti augsnes ikménesa CH, emisiju mérijjumi <-12,26 un
> 5,61 kg CH,-C ha gada. Ekstrémas vértibas novérotas tris purvainu objektos
(ekstremo emisiju vidéja vértiba 877,76 + 1424,652 kg CH,-C ha™? gada) un cetros
kiidrenu objektos (ekstrémo emisiju vidéja vértiba 27,53 + 23,48 kg CH,-C ha™
gada). lzteikti lielas ekstrémo emisiju vértibas (vidéji 1355,81 + 1682,84 kg
CH,-C ha™ gada), devinas parauglaukuma apsekoSanas reizés sasniedzot Iidz
4933,09 + 25517,45 kg CH,-C ha™ gada, noteiktas viena no purvainu parauglauku-
miem ar VKS melnalksnis. Lidzigs novérojums konstatéts pétijuma ziemelu regiona
kdrajos, kura novérots, ka tris ekstremi lielu CH, emisiju epizodés no augsnes at-
mosféra nonaca 1020 kg CH,-C ha™ (Glaser et al., 2004). Paréjos devinos purvainu
objektos ekstrémo emisiju vidéja vértiba 17,27 + 9,3 kg CH,-C ha™* gada ir mazaka
par noteikto ekstrémo emisiju vidéjo vértibu kidrenu objektos. Attiecigi pétijuma
rezultati norada, ka izteikti ekstremas augsnes CH, emisijas, kas var batiski ietekmét
noteikto vidéjo emisiju daudzumu, var but sagaidamas aptuveni 10% no purvainu
platibam. Turklat lielaku CH, emisiju tendence novérojama pétijjuma mezaudzés ar
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valdoSo koku sugu melnalksnis. Augsnes CH, emisiju telpiska neviendabiba novérté-
ta ari cita pétijuma — ziemelu regiona kadrajos 10% platibas ar GU limeni tuvu aug-
snes virsmai (augsnes piesatindjuma apstaklos) var radit lidz pat 45% no kopéjam
CH, emisijam (Sachs et al., 2011).
P&tijuma novertétas ikgadéjas augsnes CH, emisijas ktdrenos ir no —8,2 lidz
15,3 kg CH,-C ha™ gada (videji —3,47 + 0,94 kg CH,-C ha™* gada), bet purvainos no
—6,5 Iidz 1016,2 kg CH,-C ha™ gada (vidéji 106,6 £ 101,0 kg CH,-C ha™ gada). No-
vértétas videjas ikgadéjas augsnes CH, emisijas melnalk$na kidrenos un purvainos
ir attiecigi 6,8+ 16,6 un 199,8 + 393,2 kg CH,-C ha™® gada (3.1. tab.). MeZaudzés
ar VKS bérzs un egle novértétas negativas ikgadéjas augsnes CH, emisijas (vidéji
-4,4 + 1,2 kg CH,-C ha™* gada) gan kddrenos, gan purvainos. Viennozimiga MAAT
ietekme uz tas CH, emisijam izcirtuma nav novérota. Novértétas ikgadéjas augsnes
CH, emisijas izcirtumu pétijuma objektos ir no —6,0 lidz 6,88 kg CH,-C ha™ gada (vi-
déji —2,4 + 4,6 kg CH,-C ha™* gada). Emisiju diapazons kadrenos ir lidzigs kads atka-
riba no augsnes auglibas novértéts Somija — no —2,8 kg CH,-C ha™ gada mazaug-
ligas augsnés, lidz 11,6 kg CH,-C ha™ gada augligas augsnés (Ojanen et al., 2013).
Savukart novértétas vidéjas ikgad€éjas purvainu augsnes CH, emisijas ieklaujas IPCC
vadliniju nokluséta CH, no augligas organiskas augsnes ar atjaunotu hidrologisko
reZimu boreala zona EF 95% ticamibas intervala no 0 lidz 493 kg CH,-C ha™ gada
(vidéji 137 kg CH,-C ha™ gada) (Hiraishi et al., 2014).
3.1.tabula/ Table 3.1

Ikgadéjas augsnes CH, emisijas izméginajumu objektos
Annual soil CH, emissions at study sites

_ Kddrenis Purvainis
Valqoéa koku suga. Drained sites Undrained sites
Dominant tree specie -
kg CH,-C ha* gada / kg CH,-C ha™* year™
Bérzs / Birch -1.7+2.0 -3.7+238
Egle / Spruce -5.5+1.0 -2.4+1.2
Izcirtums / Clearcut -47+1.0 6.9+6.2
Melnalksnis / Black alder 6.8+16.6 199.8 + 393.2
Melnalksnis?' / Black alder* - -0.9+04
Melnalksnis? / Black alder? - 1016.20 + 883.3
Vidgji / Mean -3.5+09 100.6 +101.0

! jiznemot parauglaukumu ar ekstremam emisijam / excluding study site with outlier emissions;
2 parauglaukums ar ekstrémam emisijam / site with outlier emissions.

Lai gan ikménesa GU limena un CH, emisiju mérijumu rezultdtiem ir cie$a
korelacija (r=0,8), emisiju mérijumu nenoteiktiba nav vienmériga visa GU limena
dzilumu diapazona. Novértéjot vidéjas augsnes CH, emisijas GU limena gradacijas
klasés, uzskatami redzams, ka emisiju nenoteiktiba ir ievérojami lielaka, GU [imenim
esot seklak par 20 cm. GU limenim esot diapazona no augsnes virskartas lidz 20 cm
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dzilumam, pétijuma noveértétas videjas CH, emisijas ir 87,5+97,3 kg CH,-Cha™
gada, savukart, gruntsidenim esot dzilakam, mérijjumu vidéja vértiba ir—-4,4 + 0,2 kg
CH,-Cha™ gada (3.4. att.). Ari lidzSingjo pétifjumu, kas veikti mérenas un borealas
zonas kddrajos un purvos, rezultati norada, ka butiskas CH, emisijas ir sagaidamas,
GU limena dzilumam esot seklak par 20 cm (Couwenberg & Fritz, 2012). Nemot
véra datu nenoteiktibu, promocijas darba un lidzSinéjos pétijumos iegltie rezulta-
ti ir salidzinami — boreala zona novertétas CH, emisijas no kadrajiem, gruntsude-
nim esot seklak un dzilak par 20 cm no augsnes virskartas, ir attiecigi no —1,7 dz
525 kg CH, ha™* gada (vidéji 56 kg CH, ha™ gada) un no —1,1 lidz 51 kg CH, ha™* gada
(vid&ji 8,6 kg CH,-C ha™ gada) (Couwenberg & Fritz, 2012). Sie novérojumi promo-
cijas darba un IlidzSinéjos pétijumos skaidrojami ar to, ka 20 cm augsnes slanis ar
aerobiem apstakliem ir pietiekams, lai oksidétu visu vai lielako dalu no augsnes sla-
ni ar anaerobiem apstakliem radita CH, pirms tas nonak atmosféra (Hornibrook et
al., 2009).
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3.4. att. Augsnes CH, emisijas atkariba no gruntsudens [imena dziluma
gradacijas klasém
Fig. 3.4. Soil CH, emissions depending on gradation classes
of groundwater level depth

GU limena mérijumu pétijumu objektos vidéja vértibai ir vidéji ciesa
(r=-0,64) un ciesa (r = —0,88) korelacija ar aprékinatajam ikgadéjam kopé&jam aug-
snes CH, emisijam, attiecigi nemot un nenemot véra pétijuma objektu ar ekstrému
gada kumulativo emisiju vértibu. Attiecigi vidéjam GU limenim un gada kumulativa-
jam emisijam ir tik pat cie$a korelacija ka savstarpéji ikménesa GU un CH, emisiju
mérijumu rezultdtiem. GU limenis nosaka augsnes slanu ar aerobiem un anaero-
biem apstakliem biezumu, attiecigi ari CH, producéjoso vai patéréjosSo mikroorga-
nismu dazadibu un proporciju, kas regulé lidzsvaru starp augsnes CH, emisijam un
ta oksidésanu augsné (Couwenberg & Fritz, 2012). Vidéjais GU limenis var precizi
noradit uz ikgadéjam augsnes CH, emisijam, jo esoSie metanogénie un metanofi-
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lie mikroorganismi ir labi pielagojusies nelabvéligo apstak|u stresam un saglabajas
bagatiga daudzuma noteikta dziluma zem augsnes virsmas neatkarigi no GU limena
svarstibam (Kettunen et al., 1999; Knorr & Blodau, 2009; Kip et al., 2012). Atbilstosi
pétijuma iegitajiem gada kumulativo emisiju un vidéja GU limena dziluma rezulta-
tiem, izdalami divi GU limena dziluma diapazoni ar robezvértibu 31 cm. GU lime-
nim esot dzilak par 31 cm, linearas regresijas grafika taisnes parklajas neatkarigi
no ta vai analizé tiek nemts véra objekts ar statistiski ekstrému ikgadéjo emisiju
vértibu. GU limenim esot seklak par 31 cm, ekstréma ikgadéjo CH, emisiju vértiba
(1036,7 + 834,4 kg CH,-C ha™! gada) ievérojami ietekmé linearas regresijas vienado-
juma slipuma koeficientu (3.5. att.). Sie diapazoni atbilst IPCC definétajai robezvér-
tibai 30 cm, kas nodala sekli vai dzili drenétas augsnes (Hiraishi et al., 2014).
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3.5. att. Ikgadéjas augsnes CH, emisijas atkariba no vidéja GU limena
Fig. 3.5. Annual soil CH, emissions based on mean groundwater level

Augsnes N,O emisijas. Kudrenos augsnes N,O mérijjumu vidéjais rezul-
tats ir no 0,6 £ 0,6 kg N,O-N ha™ gada pétijuma mezaudzés ar VKS melnalksnis
dz 1,5+ 1,3 kg N,O-N ha? gada izcirtumos. Savukart, purvainos noteiktas aug-
snes vidéjas N,0 emisijas ir no 0,0+ 0,1 lidz 3,3 £4,0 kg N,O-N ha™ gada attie-
cigi izcirtuma parauglaukuma un melnalksna mezaudzés. Bérza un melnalksna
mezaudzes, ka ar izcirtumos augsnes hidrologiskam rezZimam ir batiska ietekme
uz augsnes N,O mérijumu vidéjo rezultatu, savukart eglu purvainos un kidrenos
emisiju mérijumu videja vértiba bitiski neatskiras. Kidrenu augsnes emisiju mé-
rljlumu meZaudzés ar valdoSo kokus sugu bérzs, melnalksnis un egle vidéjas vér-
tibas attiecigi 0,842 +0,33; 0,615+ 0,54 un 1,092 + 0,60 kg N,O-N ha™ gada nav
batiski atskirigas. Purvainos situacija ir pretéja, emisiju mérijjumu rezultatu vidéjas
vértibas bérza (2,85 * 1,46 kg N,O-N ha™ gada), egles (0,64 + 0,33 kg N,O-N ha™
gada) un melnalksna (3,31 + 1,52 kg N,O-N ha gada) meZaudzés ir savstarpéji
batiski atskirigas. Augsnes N,O mérijumu vidéjas vértibas purvainos un kidrenos,
attiecigi, 2,6 £0,9 un 1,1+0,4 kg N,O-N ha™? gada ir batiski (p =0,01) atskirigas
(3.6. att.).
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3.6. att. Augsnes N,O emisiju mérijumu rezultatu izkliede
Fig. 3.6. Variation of soil N,O emission measurement results

Ja netiek nemtas véra augsnes N,O emisiju mérijumu ekstrémas veértibas, Ta
izmainas izskaidro 44% emisiju variacijas. Kidrenu augsnes Ta mérijumu rezulta-
tiem ir vid€ji ciesa korelacija (r = 0,48) ar emisiju mérijumiem, bet purvainu augsnes
Ta mérijjumiem — loti vaja. Ja korelacijas analizé izmanto visu empirisko materialu,
gan augsnes temperatiras, gan GU limena mérijumu rezultatiem ir vaja korelacija
(r=0,3) ar augsnes N,O mérijumu rezultatiem.

Pétljuma novertétas ikgadéjas kadrenu augsnes N,O emisijas vidéji
1,1 £ 0,4 kg N,O-N ha™ gada ir mazakas par IPCC nokluséto hidromeliorétas augligas
organiskas augsnes boreala zona EF 3,2 kg N,O-N ha™ gada (95% ticamibas intervals
no 1,9 lidz 4,5 kg N,O-N ha™ gada), bet ieklaujas mérenas joslas EF (2,8 kg N,O-N
ha™ gada) 95% ticamibas intervala no —0,57 Iidz 6,1 kg N,0O-N ha™ gada (Hiraishi et
al., 2014). Somija novértétas hidromeliorétas organiskas augsnes atkariba no tas
auglibas ikgadéjas N,O emisijas ir robezas no 0,18 + 0,04 lidz 2,11 + 0,64 kg N,O-
N ha™ gada (Statistics Finland, 2014). IPCC vadlinijas pienemts, ka organiskas aug-
snes ar atjaunotu hidrologisko rezimu N,O emisijas ir nebUtiskas, bet $aja pétijuma
novértétas vidéjas ikgadéjas purvainu augsnes emisijas (2,6 £ 0,9 kg N,O-N ha™
gada) ir lielakas neka no kidrenu augsnes (3.2. tab.).
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3.2. tabula / Table 3.2

Ikgadéjas augsnes N,O emisijas izméginajumu objektos
Annual soil N,O emissions at study sites

Valdosa koku suga
Dominant tree specie

Kadrenis / Drained sites ‘Purvainis / Undrained sites

kg N,-N ha™ gada / kg N,-N ha™ year™

Bérzs / Birch 0.9+0.6 27+3.1
Egle / Spruce 1.0+0.9 0.6+0.3
Izcirtums / Clearcut 1.5+1.3 0.0+0.1
Melnalksnis / Black alder 0.6+0.6 33+4.0
Vidgji / Mean 11+04 2.6+0.9

Augsnes elposSanas CO, emisijas. Rkop mérijumu vidéjas vértibas pétijuma
meZaudzés ar dazadu VKS savstarpéji nav batiski atskirigas (p > 0,05). Rkop mériju-
mu videjas vértibas butiski neatskiras ari meza tipu (p > 0,05) vai MAAT (p = 0,34) sa-
dalljuma (3.7. att.). Attiecigi arT vidéja novértéta Rkop kidrenos (7,35 + 0,89 t CO,-C
ha™ gada) un purvainos (7,02 + 0,96 t CO,-C ha™* gada) batiski neatskiras (p = 0,34).
Lai gan vidéjais GU limena dzilums kadrenos bija vidéji 55 + 2 cm, bet purvainos vi-
déji 35 £ 3 cm (starpiba vidéji 18 + 2 cm), Rkop mérijumu rezultatos tas neatspogu-
lojas, jo GU limena un Rkop mérijumu rezultdtiem ir vaja korelacija (r = 0,3). Batiski
(p =0,002) atskiras Rkop mérijumu vidéjas vértibas mezaudzés (6,84 + 0,56 t CO,-C
ha™? gada) un izcirtumos (10,08 + 1,96 t CO,-C ha™ gada). Visdrizak lielakas Rkop
emisijas izcirtumos veicina masinizétas mezizstrades raditie augsnes bojajumi (Ja-
mes & Harrison, 2016) un cirSanas atlieku sadalisanas (Jandl et al., 2007). Lidzigas
tendences novérotas apmezota augstaja purva Skotija, kur hidromeliorétas platibas
un platibas ar saglabatu hidrologisko rezZimu novértéta gada kop€ja Rkop ir attie-
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3.7. att. Augsnes kopéjas elposanas mérijjumu rezultatu izkliede
Fig. 3.7. Variation of soil total respiration emission measurement results
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cigi 4,53t CO,-C ha™ gada un 3,35t CO,-C ha™ gada, bet platibas bez meza Rkop
sasniedz 6,95 t CO,-C ha™ gada (Yamulki et al., 2013).

Rkop meérijumu rezultatu variacija galvenokart skaidrojama ar atmosféras un
attiecigi arT augsnes temperatiras izmainam. Starp Rkop un Ta mérijumu rezulta-
tiem pastav cieSa korelacija (r = 0,89). Sakariba starp Rkop un Ta mérijumu rezulta-
tiem raksturojama ar eksponencialas regresijas vienadojumu (3.8. att.), kas nosaka,
ka, Ta palielinoties no —1,0 lidz 22,0°C, Rkop no 1,5 t CO,-C ha™ gada palielinas Iidz
29,2 t CO,-C ha™ gada. Konstatéts, ka pétijuma laikd GU [imena dzilumam bijusi vaja
(r=0,30) ietekme uz Rkop.

- . VKS
Dominant tree specie

gl * B/ Birch
- §* y =1.90¢" 1% - ; A E/Spruce
2 R=0.79 .- ‘ P

< = ’
(ijg 201 RMSE = 3.97 ’ = Izcirtums / Clearcut

T, ’
&)
ﬂ% + Ma/ Black alder
g2 MAAT
2.8 Forest type
%E 101 . s Kidrenis / Drained
n X - :

& i =1.67e128 o
:5;3 - A‘A‘ + 3;2 =0.77 ® Purvainis / Undrained
z8 . + RMSE=2.40 Statuss

' = X Status
01 »* =— [zcirtums / Clearcut
0 s 10 15 20

; = = Mezaudze / Forest stand
Augsnes temperattira 5 cm dziluma, °C
Soil temperature ar 5 cm depth, °C

3.8. att. Sakariba starp augsnes temperatiru un kopéjo elposanu
Fig. 3.8. Relationship between soil temperature and total respiration

Rkop izcirtumos var bt lielaka neka mezaudzés visa pétijuma vértétaja
augsnes temperatlras diapazona. Ta palielinoties no 0 lidz 20°C, Rkop CO, emisiju
izcirtumos un mezaudzés starpiba palielinas no vidéji 1,5 Iidz 15,6 t CO,-C ha™ gada.
AtbilstoSi novérotajai Ta un CO, emisiju mérijumu rezultatu sakaribai (3.8. att.),
augsnei esot temperattra, kas atbilst LWVGMC noteiktajai gada vidéjas gaisa tempe-
ratdras klimatiska standarta normai Latvija (7°C), tas Rkop raditas prognozeéjamas
CO, emisijas izcirtumos un meZaudzés ir attiecigi 4,9 un 3,7 t CO,-C ha™ gada (star-
piba 1,2 t C ha™ gada) ar vidéjo kvadratisko klGdu attiecigi + 3,67 un % 2,4t CO,-C
ha™ gada.

AtbilstoSi meteorologisko staciju Latvijas klimatu raksturojoSiem datiem
par gaisa temperatiru laika perioda no 2012. hdz 2021. gadam, novértéta
ikgadéja Rkop ir no 4,5 lidz 11,4t CO,-C ha™ gada (vidéji 7,70+ 0,53 t CO,-C ha™
gada) izcirtumos, savukart mezZaudzés no 3,8 lidz 9,9t CO,-C ha™ gada (vidéji
6,14 £ 0,15 t CO,-C ha™* gada). Lai gan tika konstatéts, ka Rkop mérijumu vidéjas
vértibas parauglaukumos ar dazadu VKS un MAAT bitiski neatSkiras, ikgadéjo
emisiju aprekina rezultati norada, ka MAAT un VKS ir butiska ietekme uz videjam
ikgadéjam Rkop CO, emisijam 10 gadu laika (3.9. att.). Modelésana pielietotie dati
norada, ka ikgadéjas gaisa temperatliras mainiba individualos parauglaukumos

31



Kidrenis E Purvainis
Drained Undrained
a

|TeT=1 &7

Augsnes kopégja elposana, t CO,-C ha™' gada

Soil total respiration, t CO»-C ha™ year™

B E Izcirtums Ma
Birch Spruce Clearcut Black alder
3.9. att. Ikgadéjas augsnes kopéjas elposanas variacija
Fig. 3.9. Variation of annual soil total respiration

gada kumulativas Rkop emisijas var ietekmét no 0,3 lidz 3,3t CO,-C ha? gada
(videji 1,6 t CO,-C ha™* gada). Kas norada, ka, prognozéjot augsnes emisijas valsts
meéroga un ilgtermina, ir svarigi nemt véra vésturisko un prognozéjamo gaisa
temperatiras dinamiku.

Atbilstosi temperatiras variacijai laika perioda kops 2012. Iidz 2021. gadam,
individualos parauglaukumos modeléto ikgadéjo Rkop CO, emisiju variacijas
koeficients ir no 1,2 lidz 13,4% (videji 8,2%). Tomér pétijuma gada un 10 gadu
vidéjas aprekinatas ikgadejas Rkop emisijas batiski neatSkiras (3.3.tab.), kas
skaidrojams ar to, ka gaisa temperatlras dinamika pétijuma gada ir bijusi klimata
reprezentativa. Ar Sadu pieeju novértétajam ikgadéjam Rkop CO, emisijam ir
salidzino$i maza nenoteiktiba, salidzindjumam, Somijas Nacionala SEG inventa-
rizacija tiek pielietots CO, EF ar nenoteiktibu 150% (Statistics Finland, 2014).
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3.3. tabula / Table 3.3

lkgadéjo augsnes elpoSanas emisiju novértéjuma kopsavilkums
Summary of annual soil respiration emission assessment

Kopé€ja elposana, Piemarotais Heterotrofa elposana,
t CO,C hagada t CO,-C ha gada
. Rhet . -
Total respiration, _ ., | Heterotrophic respiration,
MAAT | VKS? t CO,~C ha year™ |p§;c'sva rs, % t CO,-C ha™ year™
Pétijuma |Klimata dati' are of Péetijuma . -
gads Climate Rﬁet 0 gads KI‘|mata dati .
Study year data! applied, % Study year Climate data
. 6.92+1.58 | 6.87+0.49 58+4 4.00£0.68 3.97+0.21
@ ~QSJ E 6.27+0.52 | 6.22+0.19 601 3.72+£0.23 3.7 £0.08
._é g Ma 5.1+£0.16 5.16 £ 0.27 631 3.21+£0.07 3.23+0.12
lzc. | 7.63+£2.19 | 7.68+£0.66 574 4.28+0.9 4.3+0.27
2D B 5.27+1.05| 5.21+0.31 63%3 3.28+0.47 3.25+0.14
§ -§ E 5.1 4,94 £0.16 63 3.2 3.14 £ 0.07
5 ‘§ Ma | 6.64+£0.69 | 6.71£0.31 59+2 3.89+0.29 3.91+0.13
&S | g 7.9 7.8+0.4 56 4.4 437 +0.16

! gaisa temperattra laika perioda no 2012. lidz 2021. gadam / air temperature during
period between 2012 till 2021.
2B — birch, E — spruce, Ma — black alder, |zc. — clearcut.

Pétijuma rezultata aprékinata kddrenu augsnes vidéja ikgadéja Rhet
3,80+ 0,44 t CO,-C ha™ gada (no 2,9 lidz 4,4 t CO,-C ha™* gada pétijuma meZaudzés)
ieklaujas Rhet diapazona, kas novértéts citos pétijjumos regiona. Rhet ar tieSam
meérijjumu metodem visplasak pétita Somijas mezos ar sekojoSiem Rhet rezultatiem:
1,85+0,09 Iidz 4,26 +0,26tCO,-Cha™ gada no hidromeliorétas organiskas
augsnes ar dazadu auglibu (Minkkinen et al., 2007); 1,46 Iidz 6,70 t CO,-C ha™ gada
no hidromeliorétas kidraugsnes (Ojanen et al., 2010); 2,07 lidz 5,39t CO,-C ha™
gada no apmeZotas aramzemes organiskas augsnes un 2,76 lidz 4,79 t CO,-C ha™
gada no kiidraugsnes rekultivéta kidras izstrades lauka (Makiranta et al., 2007). Cita
pétijuma, kas aptver regionu no Igaunijas lidz Somijai, novértéts ka hidromelioréta
meza kddraugsnes Rhet ir no 2,48 Ilidz 5,15t CO,-Cha? gada (Minkkinen
et al., 2007).

Augsnes neto CO, emisijas. AtbilstoSi pétijjuma ievaktajam empiriskajam
materialam, izméginajumu perioda augsne bija neto CO, avots purvainu izcirtu-
mos (0,49 + 1,02 t CO,-C ha™ gada) un kidrenu izcirtumos (0,89 + 0,99 t CO,-C ha™
gada), ka ari bérzu kidrenos (0,50 + 1,08 t CO,-C ha™ gada). Lapkoku purvainos un
kGidrenos augsne nodrosinaja neto CO, piesaisti videji, attiecigi, 0,32 £ 0,93 t CO,-C
ha™ gada un 0,94 + 1,38 t CO,-C ha™* gad3, bet eglu audzés neto piesaisti, attiecigi,
0,88 + 1,01t CO,-C ha* gada un 0,60 * 74 t CO,-C ha™ gada (3.10. att.).
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3.10. att. Augsnes C lidzsvars pétijuma objektos monitoringa gada
Fig. 3.10. Soil C balance in the monitoring year

Mezaudzés ZV un nobiram ir vienlidz nozimiga loma augsnes ikgadéjas C oglek-
la ieneses nodrosinasana. ZV un vainaga nobiras mezaudzés ar dazadu VKS pétiju-
ma gada nodrosinaja vidéji attiecigi 1,72 £ 0,33t Cha? gada un 1,79+ 0,25t C ha™
gada jeb attiecigi 41 +8% un 43 £ 6% no pétijuma novértétas kopéjas augsnes
Cieneses. Siksaknes meZaudzés nodrosinaja C ienesi vidéji 0,71 £ 0,34 t C ha™* gada
jeb 16 £ 7% no kopé€jas novertétas augsnes C ieneses. lzcirtumos augsnes C ieneses
ar siksakném un nobiram iztrakums tiecas tikt kompenséts ar lielaku zemsedzes
vegetacijas biomasu. Mezaudzés kopéja novertéta augsnes C ienese ar ZV bija vi-
déji 3,47 £ 0,54 t C ha™ gad3, bet izcirtumos ZV nodrosinaja augsnes C ienesi vidéji
6,92 £ 0,96 t C ha™? gada. Attiecigi, izcirtumos noveértéta ZV biomasa bija aptuveni
2 reizes lielaka neka mezaudzeés.

Pétijuma noveértéjums — augsne mezaudzes ir neto C piesaistitaja — ir saskana
ar iepriekseja Latvija veikta pétijuma rezultatiem par augsnes C uzkrajuma izmai-
nam kddrenos (Lupikis & Lazdins, 2017). Tas skaidrojams ar biomasas atmiruma
raditu augsnes C ienesi, kas pilntba spé&j kompensét ikgadéjos augsnes elposanas
raditos C zudumus. Pétijjuma augsne izcirtumos noveértéta ka CO, emisiju avots, jo,
salidzinot ar mezaudzém, tajas augsnes elposanas raditas CO, emisijas bija lielakas,
bet ikgadéja C ienese — mazaka. Lai gan Cienese ar zemsedzes vegetaciju izcirtumos
(videji 3,55 + 0,37 t C ha™! gada) bija ievérojami lielaka neka mezos (1,65 + 0,37t C
ha™? gada), ta nepéja pilntba kompensét par videji 0,8t CO,-C ha™ gada lielakas
augsnes CO, emisijas un C ieneses ar vainaga nobiram (mezZaudzés vide-
ji 1,8+0,5tCha™? gada), un koku siksaknem trikumu (meZaudzes vidgji
0,71 £ 0,37 t C ha* gada).
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3.3. SEG emisiju ietekméjosie faktori

Atbilstosi pétijuma mérijumu parauglaukumos vidéjo vértibu principalo kom-
ponentu analizes (PCA) rezultdtiem (3.11. att.), zemaks vidéjais GU limenis sasi-
tas ar lielaku C koncentraciju un C/N attiecibu augsnes virskarta. To apstiprina arl
korelacijas (r = 0,5; p < 0,05) analize (3.12. att.). Sakariba starp C/N attiecibu un GU
limena dzilumu norada, ka ilgstosi zema GU limena ietekmé kadras mineralizicijas
pakape ir augstaka, bet mineralizacijas aktivitate zemaka. Tas atspogulojas augsnes

Kadrenis & Purvainis
2 Drained Undrained

Principala komponente 2 / Principal component 2
(=)

izcirtums

-2
-3 -2 -1 0 1

Principala komponente 1/ Principal component 1

3.11. att. Mérifjumu rezultatu vidéjo vértibu principalo komponensu analize
Fig. 3.11. Principal component analysis of mean measurement results

M, D, G, H, vecums — mezaudzes raksturlielumi, attiecigi — kraja, caurmeérs, skérslaukums,
augstums, vecums; pH, Ca, Mg, K, P, C, N, C/N, BD — augsnes raksturlielumi, attiecigi —
vides reakcija, kalcija, magnija, kalija, fosfora, oglekla un slapekla saturs, C un N attieciba;
kidra — kidras slana biezums; siksaknes, ZV, vZV, pZV, nobiras — ikgad€ja C ienese augsné
ar, attiecigi — siksakném, zemsedzes vegetaciju kopa, virszemes zemsedzes vegetaciju,
zemsedzes vegetacijas sakném, nobiram; Rkop, CH4, N20 — gada kumulativas augsnes CO,,
CH, un N,O emisijas; GU — gada vidéjais attalums no augsnes virskartas lidz gruntsiidens
[iTmenim; Ta — gada vidéja augsnes temperatdra.

M, D, G, H, age — forest stand characteristics — stock, diameter, basal area, height, age,
respectively; pH, Ca, Mg, K, P, C, N, C/N, BD —soil characteristic— acidity, calcium, magnesium,
phosphorus, potassium, carbon and nitrogen content, C and N ratio, respectively; peat —
thickness of the peat layer; fine roots, ZV, vZV, pZV, litter — annual C input in soil by — FR,
GV, aGV, bGV, litter, respectively; Rkop, CH4, N20 — annual cumulative soil CO, CH, and N,O
emissions; GU — annual average GW level; Ta — annual average soil temperature.
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3.12. att. Mérijumu rezultatu vidéjo vértibu Spirmena korelacija
Fig. 3.12. Spearman correlation analysis of mean measurement results

AtSifréjumi atbilstosi 3.11. att. skaidrojumiem; Tilpummasa — bulk density; Kidras slanis —
peat layer depth; Vecums, Kraja, Augstums, Diametrs, Skérslaukums — stand parameters —
age, stock, height, diameter, basal area, respectively. See Fig. 3.11 for explanations of other
abbreviations.

SEG emisiju negativa korelacija ar GU [imena dzilumu. Bitiska negativa korelacija ir
ar CH, (p =-0,9; p < 0,05) un N,O (p =-0,4; p <0,05), zemaka GU limena ietekme
visvairak ietekmé CH, emisiju samazinasanos un piesaistes palielinasanos.
Atbilstosi PCA, zemaks vidéjais GU limenis, ka ari biezaks kadras slanis,
norada art uz lielaku ikgad€jo koku stksaknu produkciju un attiecigi ari to atmirumu.
Ka art siksaknu produkcijai ir negativa sakariba ar pZV biomasu un augsnes
auglibas raditajiem — K, Ca, Mg un P koncentraciju. Korelacijas analize apstiprina,
ka stksaknu atmirumam ir batiska negativa korelacija ar pZV (p =-0,6; p < 0,05) un
K koncentraciju augsné (Spirmena un Pirsona korelacijas koeficients —0,6; p < 0,05).
vielu pieejamibas trikumu koki tiecas kompensét ar lielaku stksaknu biomasu. Taja
pasa laika PCA norada, ka minétajiem augsnes auglibas raditajiem ir tieSa sakariba
ar augsnes emisijam, kas visizteiktak ietekmé CH, emisijas, bet vismazak — augsnes
elposanu jeb CO, emisijas. Augsnes auglibas un tas SEG emisiju sakaribas apstiprina
ar1 Spirmena korelacijas analize. Proti, CH, emisijam ir bGtiska korelacija ar augsnes
Ca(r=0,5; p<0,05) un Mg (r=0,6; p <0,05) koncentraciju, savukart N,O emisijam
ir batiska korelacija ar C (r=0,5; p<0,05) un N (r=0,6; p <0,05) koncentraciju,
bet Rkop bitiska korelacija konstatét ar augsnes C koncentraciju (r = 0,5; p < 0,05).
Zimigi, ka gan uz baribas vielu pieejamibu, gan augstakam augsnes CH, emisijam
lielakas augsnes pH vertibas ietekmé norada gan PCA, gan korelacijas analize.
Zinams, ka augsnes skabums ietekmé metanogénu un metanofilu populaciju
(Serrano-Silva et al., 2014). Turklat lielaku makroelementu K, Ca, Mg, ka ar1 P
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pieejamiba atspogulojas arf lielaka pZV biomasa (3.11. att.). pZV biomasai ir biitiska
korelacija ar N un K (r=0,5; p<0,05), ka art P (r=0,7; p <0,05) koncentraciju un
C/N attiecibu (r=-0,6; p < 0,05) augsné. PCA norada ari uz to, ka no vertétajiem
mezaudzes raksturlielumiem, viscieS$aka sakariba ar ikgadéjo vainaga nobiru
biomasu ir meZaudzes vecumam. To apstiprina art korelacijas analize, lielakais
korelacijas koeficients (r = 0,8; p < 0,05) konstatéts sakaribai ar mezaudzes vecumu.
AtbilstoSi korelacijas analizei, mezaudzes raksturlielumi nekorelé ar SEG emisijam,
bet PCA norada, ka meZaudzes vecumam ir apgriezta sakariba ar Rkop. Proti,
augsnes elposana tiecas samazinaties, turpinoties meZaudzes attistibai, pieaugot
tas vecumam (3.11. att.). Tas daléji skaidrojams mezaudzes vecuma bitisku negativu
Pirsona korelaciju ar pZV (r =-0,4; p < 0,05) unvZV (r =-0,6; p < 0,05). Gan PCA, gan
Pirsona korelacijas analize (r=0,7; p < 0,05) norada, ka no zemsedzes vegetacijas
komponentém lielaka ietekme uz autotrofo elposanu ir tas virszemes biomasai.

3.4. Meia ekosistémas SEG emisijas

Purvainu ar VKS B un E noveértéta ikgadéja vidéja SEG piesaiste ir attiecigi
1,8+ 7,57t CO, ekv. ha gada un 2,8 + 8,3 t CO, ekv. ha gada, savukart novérte-
tas melnalksnu purvainu ikgadéjas vidéjas SEG emisijas ir 3,3 + 13,6 t CO, ekv. ha™
gada. Ma meZi novértéti ka neto SEG emisiju avots galvenokart pétijjuma ieglito aug-
snes CH, emisiju empirisko datu ietekmé (3.1. tabula). Empiriskie dati norada, ka
melnalkSnu purvainu ikgadéjas CH, emisijas ir vidéji 4,4 + 3,1t CO, ekv. ha™ gad3,
kamer citas pétijuma objektu grupas ikgadéjas novertétas CH, emisijas ir salidzinosi
nenozimigas (3.13. att.). Lai gan ekstrémas augsnes CH, emisijas tika konstatétas
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3.13. att. Meza ekosistémas ikgadéjas vidéjas SEG emisijas
Fig. 3.13. Mean annual forest ecosystem GHG emissions
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viena no pieciem parauglaukumiem, kas ierikoti melnalk$nu purvainos, sadu emi-
siju sastopamibas varbUtiba purvainos nav ignoréjama. Kidrenu ar VKS E un Ma
novertéta ikgadeja videja SEG piesaiste ir, attiecigi, 4,6 + 12,8 t CO, ekv. ha gada un
4,2 + 17,7 t CO, ekv. ha™ gada. Noveértéts, ka bérzu kidreni tiecas bat klimatneitrali,
to vidéjas ikgadéjas SEG emisijas ir 0,0 + 11,5 t CO, ekv. ha™ gada.

Ikgadéjo SEG emisiju dinamikas kumulativa ietekme uz meza ekosistémas
SEG emisijam ilgtermina redzama 3.14. attéla. Pétijuma iegutie rezultati norada,
ka meZa ekosistéma visu pétijuma objektu grupu sadalijuma (iznemot melnalksnu
purvainus) ilgtermina vidéji ir neto SEG emisiju piesaistitaja. Tomér interpretéjot
novértétas vidéjas ikgadéjas vai ilgtermina kumulativas ekosistémas SEG emisijas
vai to piesaisti, janem véra nenoteiktiba. Ipasi piesardzigi interpretéjams kidrenu
ar VKS Ma un B ilgtermina kumulativo emisiju atspogulojums 3.14. attela. Nemot
véra empirisko datu nenoteiktibu, ilgtermina Ma mezs ikgadéji vidéji var blt gan
SEG emisiju avots, gan piesaistitajs (3.13. att.), bet bérzu kidrenu klimatneitralita-
tes rezultats ieguts, aprékina izmantojot empiriskos datus ar apvienoto nenoteikti-
bu 134%. Purvainu ar VKS E un B kumulativo SEG emisiju tendences norada, ka ar1
bérzu kadrenu klimatneitralitates novertéjums var bat neto SEG emisiju aprékina
komponensu nenoteiktibas kumulativa ietekme. Ari aprékina pienémumiem par
mezaudZu aug$anas gaitu un saimnieciskas darbibas intensitati var bt nozimiga
ietekme uz ieglito meza ekosistémas neto SEG emisiju aprékina rezultatu.

W

(=3

(=}
1

— Kﬁd_rems
Drained

0F € -Vl - -F-N--F2--5- = = Purvainis
Undrained

-

B/ Birch

- L 4 .
\ /\\" ‘\
20, N
\ .
\/\ === E / Spruce

—500 1

-1000 Ma / Black alder

Kumulativas SEG emisijas, t CO: ekv. ha™! gada
Cumulative GHG emissions, t CO; eq. ha™' year™

0 50 100 150 200 250
Gads
Year

3.14. att. MeZa ekosistémas kumulativas SEG emisijas ilgtermina
Fig. 3.14. Long term cumulative forest ecosystem GHG emissions

Nemot véra ikgadéjo augsnes CO, emisiju un augsnes C dinamiku meZa
apsaimniekosanas laika ilgtermina, kas aprékinata atbilstosi pétijuma iegita-
jiem empiriskajiem datiem, kGdrenu un purvainu augsne ikgadéji piesaista videji
attiecigi 0,28 + 0,66t Cha™ gada un 0,42 0,43t Cha? gada. Purvainos ar VKS
B, E un Ma augsne ikgadéji piesaista vidgji, attiecigi, 0,64 £ 0,51t C ha? gad3;
0,30+0,33tCha™? gada un 0,33 +0,33tCha™? gada, bet kidrenu augsne, attie-
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cigi, -0,34+0,26tCha™ gada; 0,35+0,54tCha™* gada un 0,86+0,53tCha™?
gada (3.15. att.). MeZa apsaimniekosanas cikla laika ikgadéji augsnes C uzkra-
jums var gan palielinaties, gan samazinaties. Pétijjuma ievaktie dati norada, ka to
nosaka mezaudzes attistibas stadija. Perioda ar izcirtumu, meZa augsne zaudé C,
bet meZaudzei attistoties ta klast par C piesaistitaju. Augsnes C uzkrajuma
palielinasanos galvenokart nosaka augsnes C ienese ar vainaga nobiram un siksak-
ném, kas tiecas palielinaties lidz ar pieaugoSu mezaudzes vecumu.
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3.15. att. Ikgadéjas augsnes C piesaistes variacija ilgtermina
Fig. 3.15. Variation of annual soil C removals in long term
Negativas vertibas atspogulo C piesaisti / Negative values coresponds to C removals.

Lai gan pétijuma Somija ir novértéts, ka ikgadéjas augsnes CO, emisijas pa-
lielinas Iidz ar augsnes auglibu no 3,8 Iidz 12,10 t C ha™* gada (Ojanen et al., 2010),
kas var noteikt, ka augsne ir neto CO, avots, promocijas darba pétijuma rezultati
norada, ka augligas organiskas meza augsnes var bit neto CO, piesaistitajas. Tas ir
saskana ar virkni lidzsinéjo pétijumu rezultatu, kuri norada, ka borealos meZos péc
augligas organiskas augsnes hidromelioracijas to C uzkrajums var ne tikai nemaini-
ties, bet ari pieaugt (Meyer et al., 2013; Varik et al., 2015). Biitisks aspekts, kas var
ietekmét dazadu pétijumu secinajumus ir augsnes C uzkrajuma dinamikas novérté-
Sana pielietota metodika, kas var nemt vai nenemt véra dazadas augsnes C ieneses
komponentes (Ojanen et al., 2012).

Atbilstosi pétijuma ievaktajiem empiriskajiem datiem un meza ekosistémas
SEG emisiju apréekinu metodikai 240 gadu meza zemes apsaimniekos$anas cikla laika
purvaini piesaista vidéji 0,2 £ 9,7 t CO, ekv. ha™ gada, bet kiidreni piesaista vidgji
2,9+ 14,4 t CO, ekv. ha™® gada. Kidrenu un purvainu ikgadéjo SEG emisiju vértibu
izkliede ir batiski atSkiriga (3.16. att.). Tadéjadi rezultati norada, ka kddreni var no-
drosinat lielaku ieguldijumu klimata izmainu mazinasana.
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3.16. att. Ikgadéjo meza ekosistémas SEG emisiju vértibu izkliede
Fig. 3.16. Density of annual forest ecosystem annual GHG emissions
Logaritmiski traksforméti dati / Logarithmically transformed data.
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SECINAJUMI

Eglu audzés konstatéta lineara sakariba starp Skérslaukumu un ikgadéjo
C ienesi augsné (r=0,9). Bérzu un melnalkSnu audzés, Skérslaukumam sa-
sniedzot aptuveni 10 m? ha™, ikgadéja C ienese augsné strauji palielinas lidz
apjomam, kads eglu audzés prognozéjams ar skérslaukumu 30 m? ha™. Tadé-
jadi lapu koku audzes ar mazaku skérslaukumu var nodrosinat lielaku C ienesi
augsné neka eglu audzes un apsaimniekotos mezos potenciali sniegt lielaku
ieguldijumu augsnes C uzkrajuma saglabasana.

Zemsedzei ir nozimiga loma augsnes C uzkrajuma saglabasana izcirtumos,
jo zemsedzes ikgadéja C ienese augsné potenciali var kompensét C ieneses
trikumu ar vainaga nobiram un koku stksakném. Novértéta C ienese aug-
sné ar zemsedzi analizétajos izcirtumos bija batiski lielaka neka meZaudzés
(p < 0,05), attiecigi 3,3 +0,5un 1,7 £ 0,3 t C ha™ gada. Ari zemsedzes bioma-
sas un audzes vecuma sakariba (r = —0,6) norada, ka zemsedzes biomasa izcir-
tumos ir vidéji divas reizes lielaka neka 80 gadus vecas audzés.

Nav konstatéta butiska audZzu vecuma, caurmeéra un krajas ietekme uz ikgade-
jo koku stksaknu atmirumu (vidéji 1,5 + 0,8 t ha™ gada).

Analizéjot sakaribu starp gada kopéjam augsnes CH, emisijam un vidéjo
gruntsiidens limeni (r = -0,6) noskaidrots, ka augsne ir CH, emisiju avots, ja
vidéjais gruntsiidens limenis ir augstak par 30 cm. Lai gan gruntstdens limena
un augsnes CH, emisiju mérfjumu sakaribas purvainos un kidrenos ir lidzigas,
ievérojami paaugstinatu emisiju sastopamibas varbltiba purvainos nosaka,
ka emisiju prognozésana ir svarigi novértét ari faktisko hidromelioracijas sis-
témas funkcionalitati.

Konstatéta vidéji cieSa sakariba (r =-0,4) starp gruntstidens limena mériju-
mu vidéjam vértibam un gada kopé&jam augsnes N,O emisijam. Gada kopé€jas
augsnes N,O emisijas kGdrenos (vidéji 1,1 + 0,4 kg N ha™* gada) un purvainos
(videji 2,6 £ 0,9 kg N ha™ gada) ir batiski atskirigas (p < 0,01).

Novertéetas, Latvijas klimatiskajiem apstakliem raksturigas ikgad€jas augsnes
kopéjas elposanas CO, emisijas analizétajos izcirtumos (vidéji 7,7 £ 0,5t C ha™
gada) ir lielakas (p < 0,05) neka meZaudzés (vidéji 6,1 + 0,2 t C ha™ gada). Nav
konstatéta bltiska hidromelioracijas vai valdosas koku sugas ietekme uz aug-
snes kopéjas elposanas CO, emisijam.

Oglekla uzkrajuma zudumi eitrofu purvainu un kddrenu izcirtu-
mu augsné (vidéji 0,7tCha? gada) meZa apsaimniekosanas cikla
laika tiek kompenséti ar C piesaisti audzés (vidéji 0,6 t C ha™ gada).

Mezi ar hidromeliorétu augsni var nodrosinat lielaku ieguldijumu klimata par-
mainu mazinasana, jo intensivi apsaimniekotu eitrofu kiidrenu un purvainu
ekosistéma piesaista, attiecigi, vidéji 2,9 un 0,2 t CO, ekv. gada.
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1. GENERAL DESCRIPTION OF THE THESIS

1.1. Topicality

The topicality of this study is determined by the Paris Agreement and re-
lated international regulatory acts, which stipulate that after 2050, the land use,
land use change, and forestry (LULUCF) sector must compensate for Latvia’s total
greenhouse gas (GHG) emissions. Organic forest soils, particularly peat and peaty
soils in Latvia, are a significant source of GHG emissions in the country, and one
of the most effective climate change mitigation measures in the LULUCF sector is
related to their management. However, there is currently a lack of knowledge on
the potential contribution of forests with different nutrient availability organic soil
management scenarios to mitigating climate change. In the national GHG inventory,
a single carbon dioxide (CO,) emission factor (EF) obtained from national studies is
applied to calculate the CO, emissions from drained organic soil, regardless of its
nutrient status. For the calculation of methane (CH,) and nitrous oxide (N,0) emis-
sions, unverified EFs developed in studies in a temperate climate zone are used in
the national GHG inventory. This study aims to develop GHG EFs for drained and
undrained nutrient-rich organic forest soils and to estimate the net GHG emissions
of the forest ecosystem with such soils. The acquired knowledge can be used to
improve the national GHG inventory methodology and to plan climate change mi-
tigation measures.

1.2. Research aim, objectives and thesis

The aim of this thesis is to assess the total greenhouse gas (CO,, CH,, N,O)
emissions of the soil and forest ecosystem with both drained and undrained
nutrient-rich organic soil. The following research objectives have been established:
1. to develop coefficients that characterize the soil carbon input from foliar litter,

fine roots of trees, and ground vegetation in spruce (Picea abies (L.) H. Karst),
birch (Betula spp.), and black alder (Alnus glutinosa (L.) Gaertn) forests with
both drained and undrained nutrient-rich organic soil.

2. To develop emission factors for the estimation of CO,, CH,, and N,O emissions
from drained and undrained nutrien-rich organic soil in spruce, birch and black
alder forests.

3. To estimate the net GHG emissions from spruce, birch, and black alder forests
with both drained and undrained nutrient-rich organic soil.

The research thesis:
1. The carbon stock of drained and undrained nutrient rich organic forest soil is
not decreasing.
2. Forest ecosystems with drained and undrained nutrient-rich organic soil are not
a net source of GHG emissions.
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1.3. Scientific novelty and practical significance of the work, recommendations

Previous studies on soil GHG emissions in managed forests have primarily
focused on drained areas, and the study results provide a limited geographical re-
presentativeness. Most of the previous studies have been conducted in forests of
Finland with drained organic soils of varying nutrient availability. As a result, re-
search on GHG emissions in hemiboreal forests is insufficient. Previous studies have
primarily focused on evaluating changes in soil carbon (C) stocks or GHG emissions
only during the monitoring period of the study. Lack of understanding of the dy-
namics of soil C stock and ecosystem GHG emissions during the forest management
cycle still persists. Studies on undrained organic soil are rare due to insufficient
motivation arising from the methodology of GHG inventory, which only requires
reporting GHG emissions from drained organic soils. The GHG inventory approach
does not provide a comprehensive understanding of the impact of forest organic
soil drainage or preservation of the natural soil moisture regime on a country’s total
GHG emissions. Therefore, quantifying emissions produced by undrained soils is as
crucial as assessing emissions produced by drained soils. The results of the research
presented in this doctoral thesis contribute to filling these critical knowledge gaps.

The study evaluates the net GHG emissions of undrained and drained nut-
rient-rich organic soils, and of the associated forest ecosystem, over the course of
a forest management cycle. The research aims to gain a better understanding of
how forest drainage affects GHG emissions and enable comparison between forest
management scenarios with and without soil drainage. The developed factors and
equations for GHG emission estimation can contribute to refining the GHG inven-
tory methodology for hemiboreal forests.

Recommendations:
1. It is recommended to wuse the following research results
to estimate the annual soil C input in nutrient-rich organic soil:

a. regression equations that describe the C input from deciduous or spruce
forest foliar litter based on the basal area of the forest stand;

b. coefficients for the C input by ground vegetation (GV) biomass in clearcuts
and stands dominated by birch, black alder, and spruce, taking
into account the soil drainage status;

c. and coefficients for the annual mortality of fine root biomass of trees
(FR, fine roots of trees) in deciduous and spruce forests, based on
the soil drainage status.

To enhance the accuracy of soil Cinput forecasting and evaluate the uncertainty

of the results, extensive long-term studies with sampling of biomass of FR and

GV in large number of replicates are required on a nationwide level in Latvia.

2. For calculation if N,O emissions from the soil, EF provided by the study can be
used. The calculation of CH, emissions should consider the average groundwater

(GW) level in the area, as well as the likelihood of extreme emissions. Therefore
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for estimation of CH, emissions equation characterizing emissions depending
from average GW level taking into account occurrence of extreme emissions
should be used. A threshold soil temperature of =5°C can be used to account for
insignificant emissions during winter. However, care should be taken when cal-
culating CH, emissions in areas with shallow mean groundwater level (less than
30 cm), as the uncertainty of the results increases significantly. Further research
is needed in such areas to reduce this uncertainty.

3. The variability of intra-annual air temperature can have an average impact of
+ 1,6t C ha year™ on the annual cumulative CO, emissions by soil respiration,
therefore it is important to consider regional and annual air temperature va-
riability in long-term and national-scale predictions of soil emissions. To accu-
rately predict annual cumulative soil respiration emissions, it is recommended
to use an interpolation approach based on hourly mean air temperature, as
using daily mean air temperature for calculation can potentially overestimate
the emissions by an average of 1,5t C ha™ year™. Similarly, the annual meteo-
rological conditions’ impact on the annual mean GW level should be considered
when forecasting CH, emissions.

4. The annual GHG emissions and CO, removals by the forest ecosystem are in-
fluenced by the development stage of the forest stand, forest management ac-
tivities, and meteorological conditions. It is important to consider these factors
when evaluating and comparing GHG emissions across different forest manage-
ment scenarios.

1.4. Dissemination

The research results have been published in seven scientific articles and
presented in seven international scientific conferences (Chapter 1.4).

1.5. Structure of the doctoral thesis

The structure of the thesis aligns with the research tasks established in the
study. The work is divided into three chapters. The first chapter provides an over-
view of the current knowledge on GHG emissions and C cycling in forest organic
soils. The second chapter outlines the methods used to collect and analyse empiri-
cal data. The third chapter presents and discusses the results of the study according
to the doctoral thesis’s objectives and research tasks.

The volume of the thesis: 106 pages, 19 tables, 39 figures, 5 annexes, and
296 references. The conclusion of the study presents nine key findings and provides
four recommendations.
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2. MATERIALS AND METHODS

The empirical data was collected in 31 forest compartments between Octo-
ber 2019 and May 2022. Each forest compartment was represented by one sam-
ple plot (Figure 2.1), where the characteristics of the stand, depth of the GW level,
soil and atmospheric temperature were measured, and soil GHG emission, soil, soil
water, foliar litter, GV and FR biomass samples were taken for analysis in the labo-
ratory. Data collection took place over a period of 12 consecutive months at each
sample plot.

Samples of foliar litter, GV, and FR biomass were collected and their dry mat-
ter and C content were determined to estimate the annual input of C into the soil.
The results of soil GHG emission measurements, soil C input, and the factors affec-
ting them were analysed to recognize and describe GHG emissions from forests
with nutrient-rich organic soils and to examine the relationships between them.

2.1. Study site desription

To characterize GHG emissions and the affecting factors in forests with both
drained and undrained nutrient-rich organic soil, sample plots were established
in 21 drained (Oxalidosa turf. mel.) and 10 undrained (Dryopterioso-caricosa, Fili-
pendulosa) forest sites of varying developmental stages. The study included 10 to
80-year-old forest stands (26 stands) and five clearcuts. All sample plots were lo-
cated within 30 km of meteorological stations of the Latvian Environment, Geology
and Meteorology Centre (LVGMC) (Figure 2.1). The drained sites consisted of three
silver birch (birch, Betula spp.), two black alder (Alnus glutinosa (L.) Gaertn.), 12
Norway spruce (spruce, Picea abies (L.) H. Karst.) stands, and four clearcuts, while
the undrained sites consisted of three birch, five black alder, one spruce stand, and
one clearcut. Soil and soil water samples were collected and analysed in the labora-
tory, and GW level measurements were taken to characterize the research objects.
Additionally, the characteristics of the tree stands were determined. The results of
these measurements and analyses were used to identify the factors affecting soil
GHG emissions and to characterize the relationships between them.

C content in the upper 20 cm of soil in the study sites ranges from 342 to
507 g Ckg? (mean 455+ 43 gCkg?) in undrained soil and 328 to 569 g C kg™
(mean 487 £ 40 g C kg™?) in drained soil. The mean carbon-to-nitrogen (C/N) ratio,
regardless of soil drainage status, was 19 * 3, with a range of 13 to 31 in individual
research sites. The mean values also of other evaluated chemical elements, pH,
and soil density did not differ significantly between drained and undrained soil.
The mean values of soil chemical parameters were: 0.5+0.1 gKkg™, 21.0+4.5¢g
Cakg? 2.1+0.4gMgkg?, and 1.3+0.4gP kg™. The average soil density was
426.0 + 29.3 kg m™3, and the average soil pH was 4.5 + 0.4.

The average distance of GW level from the soil surface was 55+ 2 cm in
drained sites and 35 + 3 cm in undrained sites. The monthly average GW level in
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forests with drained soil was, on average, 18 + 2 cm lower from the soil surface
compared to the GW level in forests with undrained soil (Figure 2.2).

2.2. Collection and analysis of foliar litter, ground vegetation and fine
root samples

Tree foliar litter was captured using five cone-shaped litter traps with a sur-
face area of 0.5 m?, evenly spaced within each plot. The litter was collected for
12 consecutive months with an interval of 4 weeks and brought to the laboratory.
The dry matter of each sample was determined — all tree foliar litter components
were weighted, including needles, leaves, wood, bark, cones, seeds, and lichens,
excluding branches longer than 10 cm. During the entire 12-month period, the lit-
ter collected from a single litter trap was pooled and ground into a fine powder for
determination of C content.

GV samples were collected in each plot in four replicates, by separately ta-
king samples of above-ground (aGV) and below-ground (bGV) GV biomass. A 1 m?
square area was selected in each plot with the vegetation characteristic of the
forest stand. Sampling was done in four smaller square-shaped plots (side length
20 cm) located at the corners of the selected 1 m? square. To obtain the aGV bio-
mass sample, all the living vegetation of herbaceous plants (herbs and grasses)
plants within the soil surface was collected. The bGV biomass sample was obtained
by collecting the roots of the ground vegetation from the upper 20 cm soil layer. The
samples were collected in August, when the maximum amount of GV biomass was
expected (Uri et al., 2017). In the laboratory, the bGV root biomass was cleaned of
soil particles and tree roots by rinsing (wet sieving) and sorting by root morpholo-
gical characteristics.

FR (diameter less than 2 mm) production samples were collected using a
modified fine root ingrowth core method (Laiho et al., 2014; Bhuiyan et al., 2017).
The method involves the use of a flexible polyester cylindrical mesh bag (ingrowth
cylinder), 80 cm long, 35 mm in diameter, and with a mesh size of 2 x 2 mm, placed
in a 60 cm deep hole in the peat. In each plot, before the beginning of the vegeta-
tion season, six ingrowth cores were installed, spaced one meter apart from the
centre of the plot to its outer border. Soil for filling the core was obtained near its
installation point using a soil auger. Half of the cores were removed after the end of
one vegetation season and the remaining half after two vegetation seasons. The in-
growth cores were carefully removed from the soil to avoid pulling out the ingrown
roots and were taken to the laboratory. In the laboratory, the ingrown roots were
trimmed from the outside along with the surface of the core, and the fine roots
within the cylinder were separated from the soil by wet sieving. Before determining
the dry matter of the FR, only the roots of trees were sorted by morphological cha-
racteristics from all of the sampled roots.

The biomass dry matter content of foliar litter, GV, and FR samples was de-
termined by oven-drying the samples at 70°C until a constant mass was achieved
and then weighing them. The C content of the litter and GV samples was then de-
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termined by grinding the samples into a fine powder and using the dry combustion
method (elemental analysis).

2.3. Collection and analysis of soil greenhous gas emissions samples

The sampling of soil GHG emissions was performed using the manual closed
chamber method (Hutchinson & Livingston, 1993). The GHG emission sampling set
consisted of a collar and a gas sampling chamber made of polyvinyl chloride (PVC)
material. The collar had a diameter of 50 cm, and the chamber had a height of
40 cm, and a volume of 63 litres. In each plot, five permanent soil collars were in-
stalled at a depth of 5 cm and at least one month prior to the first GHG emission
sampling. During collar installation root disruption was avoided and the GV and
litter layer was preserved (Pavelka et al., 2018). The ground vegetation and litter
layer were kept intact throughout the GHG emission monitoring process. There-
fore, the collected gas samples reflect the total respiration of the soil (Rtot), which
is comprised of both the heterotrophic respiration of the soil contained within the
chamber and the autotrophic respiration of the above-ground vegetation and bio-
mass in the soil.

Soil GHG emissions were sampled for a period of 12 months, with intervals of
four weeks between plot surveys. The soil GHG samples were taken by placing the
chamber on top of the soil collar, and collecting four gas samples within 30 minu-
tes, at a 10-minute interval. The gas samples were taken with 100 mL glass bottles
with underpressure of 0.3 mbar and were transported to the laboratory for analy-
sis. The gas content (CO,, CH,, and N,O) was determined using a Shimadzu Nexis
GC-2030 gas chromatograph (Loftfield et al., 1997).

In addition to the soil GHG emissions sampling, the temperature and GW
level were also measured in each sample plot. The temperature was measured
for both the air and soil at a depth of 5 cm (7s) near the soil collar (Pavelka et al.,
2018). The GW level was determined using a measuring tape and previously in-
stalled PVC pipes that reached a depth of 140 cm in each sample plot. These
measurements were taken simultaneously with the soil GHG emissions sampling
to provide additional information about the environmental conditions affecting
GHG emissions.

2.4. Estimation of soil carbon input by foliar litter, ground vegetation and
fine roots

The annual C input to the soil is calculated by extrapolating the measured
C sequestered by the net ecosystem productivity of foliar litter, FR production, and
GV to a 1-hectare area (2.1). The calculations are based on several assumptions:
e the GV biomass estimated at the end of the growing season in August is equal to
its annual net ecosystem productivity and annual mortality;
e theannual FR production is equal to the difference in the biomass of roots grown
into the ingrowth core in two and one growing season (Bhuiyan et al., 2017);
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¢ the production of FR determined by the ingrowth core method is equal to the
annual mortality of FR (Laiho et al., 2014);
¢ all the C from the annual foliar litter, FR production, and GV biomass is annually
transferred to the soil C stock.
My ® 10000 . C
input = S 100
Cinpur — @annual soil C input by foliar litter, FR or GV (aGV or bGV), t C ha™ year™;
Minpue — the biomass of the litter collected from the litter traps during the year, the
annual production of FR or the biomass of the GV (aGV or bGV) collected from the
sampling site, dry matter t;
S —area of litter trap, cross-sectional area of root ingrowth core or area of GV samp-
ling location, m?;
C — C concentration in oven-dry foliar litter, FR, aGV or bGV biomass, %.

C , where (2.1)

2.5. Elaboration of soil greenhous gas emission estimation factors and equations

For the calculation of soil GHG emissions, a linear regression analysis was
initially performed using data on the concentration of GHG in the chamber imme-
diately after the installation of the chamber on the collar and 10; 20; 30 minutes
after taking the first sample. In order to ensure the reliability of the obtained re-
sults, logical data control was performed to exclude data that did not follow a linear
change in gas concentration in the regression analysis. In addition, the coefficient of
determination (R?) of each acquired linear regression equation was evaluated, and
for the subsequent calculation of soil GHG emissions only slope coefficients (variab-
le “b” in Equation 2.2) from equations with R? > 0.7 were used, except when the
estimated difference between maximum and minimum GHG concentrations in the
chamber is smaller than the uncertainty of the applied gas chromatographic sample
testing method. The obtained slope coefficients of the linear equations, which cha-
racterize the change in the GHG concentration in the chamber during gas sampling,
were used to calculate the Rtot, by the equation of ideal gas law:

MePeVep
GHG = —— , where (2.2)
ReTeS

GHG — GHG exchange between the atmosphere and the soil, including the vegeta-
tion contained in the chamber, uyg GHG m2 h™%;
M — molar mass of GHG, g mol™;
P —air pressure in the chamber = 101,300 Pa;
V — chamber volume = 0.063 m3;
b — the slope coefficient of the linear regression equation, which characterizes the
change in gas concentration in the chamber per unit of time, ppm h™;
R — universal gas constant = 8.314 m* Pa K™* mol™?;
T —air temperature, K;
S —soil collar area = 0.1995 m?.
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It is assumed that CH, and N,O exchange estimated by Equation 2.2 is equal

to soil CH, and N,O emissions. In the calculation of annual total soil CH, and N,O

emissions, it is assumed that the results of monthly emission measurements are

equal to the total soil emissions of the relevant month in the sampling plot. Accor-

dingly, the annual soil GHG emissions are calculated as the sum of the monthly soil
GHG emissions:

GHGunnuar = 2 GHG poniry, (Jan...Dec) , where (2.3)

GHG,,,,e — annual soil GHG emissions, kg ha™ year™;
GHG onin1y — Monthly total soil GHG emissions, kg ha™ month™.

The annual cumulative Rtot was calculated by interpolating the results of the
monthly soil CO, emissions measurements using:
* R, and Q,, parameters (Varik et al., 2015; Uri et al., 2017; Kriiska et al., 2019);
e the relationship between air temperature and Ts;
e and hourly average air temperature data from the closest LWVGMC meteorologi-

cal station to the individual sample plot.

Ry, is the rate of Rtot at a soil temperature of 10°C and Q, is the factor that de-
scribes the change in Rtot with every 10°C increase in soil temperature. The values
of R,y and Q, are calculated based on empirical data collected from the individual
sample plots. At first in the process of calculating the interpolated emissions data
The coefficient b of the exponential equation (2.4), which describes the relationship
between soil temperature and Rtot, is determined.

Rtot = ge®™ , where (2.4)
Rtot — soil total respiration, ug CO,-C m=2s?;
a, b — coefficients of an exponential equation;
Ts — soil temperature at a depth of 5 cm, °C.

Then the coefficient b of the exponential Equation 2.4 is used to calculate the
value of Qq (2.5)2
Qo = e, where (2.5)

Q,, — soil respiration temperature sensitivity coefficient;
b — coefficient of an exponential equation.

The Ry, value estimated by Equation 2.4 and the Q,, value estimated by
Equation 2.5, combined with Ts data, were used to interpolate Rtot (2.6) at each
plot. Changes in Ts over time were determined using a regression equation that de-
scribes the relationship between Ts and air temperature measurements in the study
plots and data on the hourly average air temperature from LVGMC meteorological
stations.

Rtot = R,y Q,,(F~19/10 "\where (2.6)

Rtot — soil total respiration, ug CO,-C m=2s7?;
Ts — soil temperature at a depth of 5 cm, °C;
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R, — total respiration of the soil at 7s of 10 °, ug CO,-C m2 s,
Q,, — soil respiration temperature sensitivity coefficient.

To recalculate the obtained Rtot result to soil heterotrophic respiration
(Rhet), the equation developed in previous studies (Bond-Lamberty et al., 2004) is
applied. The equation is suitable for the recalculation of Rtot emissions estimated
in individual plots.

In(Rhet) =1.22 + 0.73In(Rs) R*=0.81 P <0.001, where (2.7)

Rhet — soil heterotrophic respiration, g C m™2 year?;
Rs— total soil respiration without above-ground autotrophic respiration,
gCm>2year™

2.6. Evaluation of ecosystem greenhouse gas emissions

The assessment of GHG emissions of the forest ecosystem was done by
modelling the dynamics of GHG emissions and CO, removals over a 240-year forest
management period. This assessment considered:
¢ annual soil GHG emissions and soil C input from foliar litter, aGV and bGV bio-

mass and FR mortality;

e results from previous studies on annual soil C input from the mortality of mosses
and dwarf shrubs;

e (Csequestration in living and dead biomass of wood based on the development
of the forest stand including annual growth, natural mortality and logging. The
data was provided by national forest inventory and the long-term forest resource
forecasting model (AGM) of LSFRI “Silava”;

e (C sequestration in harvested wood products and the effect of biofuel replace-
ment based on the structure of round wood produced in logging and the pro-
portion of biofuel;

e CH, emissions from drainage ditches according to results reported by Vanags-Du-
ka et al. (2022);

¢ indirect soil CO, emissions from DOC leaching according to IPCC default EFs.

The assessment was carried out in accordance with the approach of the GHG
inventory and methodology of IPCC guidelines for estimation of GHG emissions in
forest land remaining forest land category. Accordingly, the calculation of the dy-
namics of forest GHG emissions is based on the assessment of the annual C stock
changes in various sinks (soil, living tree biomass, dead wood and harvested wood
products), as well as soil CH, and N,0 emissions from soil and drainage ditches. The
assessment of the dynamics of annual C removals and GHG emissions was carried
out using AGM data on the dynamics of forest growth and logging of spruce, pine
and black alder forests with drained and undrained nutrient-rich organic soil. The
annual variability of the age of the forest stand and the annual height, diameter and
growing stock of living, dead, as well as felled trees within the forest management
cycle were used as input values in the amassment.
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Soil C stock changes were estimated by summing the annual C loss as a result
of Rhet and the annual soil C input by foliar litter, GV, FR, mosses and dwarf shrubs.
In the calculation of annual soil C loss by Rhet and soil C input with GV and FR, fixed
values obtained as a result of the study are applied according to dominant tree spe-
cies and forest land status (forest stand or clearcut) that is distinguished according
to the assumption of the dynamics of the annual basal area of managed forests.
The threshold of basal area for land status classification was 6; 4 and 5 m? ha™ for
spruce, birch and black alder forests, respectively. Thus, the fixed values of the soil
Closs and input assessed in the research clearcuts are applied in the calculation, if
the basal area of the forest stand is below the threshold, while the values obtained
in the study sites with forest stands are applied if basal area is greater than the
threshold value.

In the calculation of the annual soil C input with tree foliar litter, mosses and
dwarf shrubs, equations are used that describe the C input depending on the as-
sumption about the dynamics of the basal area or age of the forest stand during
the forest management cycle. Equations developed in the study, which describe the
annual C input depending on the basal area of the forest stand in spruce and de-
ciduous forests, were used in the calculation of C input with tree foliar litter. While,
in the calculation of the annual C input by mosses and small shrubs, equations de-
veloped in previous studies (Muukkonen & Makipaa, 2006) were used, which cha-
racterize the biomass depending on the age of the forest stand. It is assumed that:
annual mortality rates of aboveground biomass of dwarf shrubs and mosses are
25% and 33%, respectively (Muukkonen & Makipaa, 2006) with an average C con-
tent of 47.5% (FAO, 2015); 70% of the total C input by shrubs and mosses comes
from the above-ground biomass (Méalkonen, 1974; Havas & Kubin, 1983; Palviainen
et al., 2005).

It was assumed that the area covered by the drainage ditches was 3% and the
CH, emissions amounted to 10.3 kg CH, ha™* year™ (Vanags-Duka et al., 2022). The
emissions related to DOC in drained and undrained areas were calculated using EFs
of 1.1 and 0.9 t CO, ha™* year™, respectively, and an uncertainty of 66.7% (Hiraishi
et al., 2014).

The calculation of the change in C stock in the biomass of trees was deter-
mined based on: allometric equations applicable for individual trees (Liepa et al.,
2018); as well as AGM data on the dynamics of live, dead, and felled trees in the
forest management cycle; and weighted average C content of tree biomass (Bardule
et al., 2021c). The annual change in the C stock of living biomass was determined
by subtracting the C stock of the previous year from the C stock in the year of esti-
mation, excluding the C stock of harvested trees and the C stock of decayed trees.
When tree is felled it is assumed that its root and crown C stock is transferred from
living biomass to deadwood. While the stem C of harvested trees is used to calcu-
late the C input in the pool of harvested wood products. In cases of natural morta-
lity, all tree biomass associated C stock transfers from living biomass to deadwood
pool. The C stored in deadwood is assumed to return to the atmosphere within
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20 years. To avoid bias in the calculation, it was assumed that the C stock in dead-
wood at the beginning of the 240-year forest management cycle corresponds to
the average C stock in deadwood in the forest, based on the MRM data. The annual
change in the C stock of deadwood was calculated as the difference between the
C stock in deadwood in the calculation year and the previous year, considering 5%
of the C stock that returns to the atmosphere in the calculation year.

The calculation of the annual changes in the C stock of harvested wood pro-
ducts considers the structure of roundwood types produced through harvesting.
A 50% loss in C stock due to the production process is assumed for sawn timber
and pulpwood. The calculation is performed as the difference between the C stock
at the end and beginning of the calculation year, or at the end of the previous year,
following the methodology outlined in the National GHG Inventory (Skrebele et al.,
2021). The C stock in harvested wood products at the start of the 240-year forest
management cycle is assumed to be equal to the average C stock reported in the
GHG inventory (Skrebele et al., 2021).

The calculation of the biofuel replacement effect is based on the assumption
that share of wood corresponding to annually C leaving the C stock of the catego-
ry of harvested wood products, the C of wood product production losses, as well
as the share of harvested tree trunks in the category biofuel is used as a fuel that
replaces the amount of unburned natural gas equivalent in energy value. Thus, ac-
cording to the assumptions about the energy value of the fuel and the amount
of GHG emissions attributed to it depending on the type of fuel (Eggleston et al.,
2006), the effect of replacing natural gas with biofuel on GHGs that do not enter the
atmosphere is estimated and result included in the forest ecosystem GHG balance.

2.7. Data processing

The relationships between soil C input, GHG emission measurement results
and affecting factors were assessed by regression analysis, while the strength of
the relationship was evaluated by correlation analysis, determining the Pearson (r)
and Spearman (p) correlation coefficients. The coefficient of determination (R?) and
the root mean square error (RMSE) were used to characterize the quality of the
regression equations. The balance of GHG emissions and CO, removals of the eco-
system or individual C pools is expressed in CO, equivalents, CH, and N,O emissions
are recalculated with global warming impact potential coefficients of 25 and 298,
respectively (Eggleston et al., 2006). The uncertainty of the research results is ex-
pressed with a confidence interval (Cl) at a significance level of 0.05. To characterize
the uncertainty of combined study results, the combined weighted uncertainty was
estimated if not stated otherwise.

Statistical analysis of the data was performed using the R Studio software at a
significance level of p < 0.05. The Kalmogorov-Smirnov test was used to check data
compliance to the normal distribution. The non-parametric method Mann-Whitney
U criterion was used to compare the average values the study results. In order to
take into account the relationship of affecting factors and groups of the variables,
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the relationship is expressed by performing a linear mixed effects regression ana-
lysis. Linear regression equations were compared with the ANCOVA test. Data with
an extreme value were selected using the interquartile range as a criterion, i.e. the
difference between the first and third quartiles of the data (Morillas et al., 2012).
Thus, ensuring consistency with the visual representation of data dispersion in box-
plot diagrams, which reflect the minimum value, first quartile, arithmetic mean (red
point), median (horizontal line), third quartile, maximum value and extreme values
of the sample data, while statistically significant or insignificant differences between
mean values are indicated with letters like “a”, “b”, “c”. Data are plotted using the
R package ggplot2, the interval (shade) around the regression line or curve indicates
its 95% Cl. The relationships between soil GHG emissions and affecting factors are
visualized by the results of principal component analysis (PCA). Bar graphs and tab-
les show uncertainty with a Cl at a significance level of 0.05.
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3. RESULTS AND DISCUSSION

3.1. Soil carbon input by foliar litter, ground vegetation and fine roots

Foliar litter. Age of the stand has the strongest correlation (r = 0.8) with the
total biomass of tree foliar litter. While, the basal area is is more effective in pre-
dicting the annual total litter biomass depending on the tree species, however, its
influence on monthly litter biomass variation and trends is not evident. The month-
ly variation in litter biomass in deciduous and spruce stands averages 120 + 20%
and 71 £ 21%, respectively, and the average C content in litter was 52.1 £ 0.2%. The
relationship between the basal area of the forest stand and the annual litter bio-
mass observed in the plots shows that as the basal area of spruce stands increases
to 40 m? ha™, the annual soil C input through litter increases linearly to an average
of 2.31t C hayear™. Research data indicate that as the basal area of deciduous
stands increases to 10 m? ha™, annual litter biomass increases rapidly to an average
of 1.28 t C ha? year™. As the basal area continues to increase, annual foliar litter
biomass increases more gradually compared to spruce forests and tends to reach a
plateau in deciduous forests. The average annual soil Cinput with litter in deciduous
stands with the basal area between 11 to 46 m? ha was 1.86 £+ 0.46 t C ha™* year™
during the study period (Fig. 3.1).

Another study conducted in forest stands with organic soil in Latvia show
similar trends in the relationship between annual litter biomass and basal area — li-
near growth of litter biomass in coniferous stands over the entire range of basal
area, while, in birch stands it is assumed that the amount of litter biomass is constant
when reaching a basal area of 34 m? ha™® (Bardule et al., 2021d). However, a pre-
vious study estimated a more rapid increase in annual soil Cinput via litter, reaching
2.66t Chatyear?!andabout3.0tC ha?year?for birch and spruce stands, respec-
tively, as the basal area of the forest stand increased to 40 m? ha™. The differences
may be explained by the annual variation in litterfall. To identify the factors affec-
ting the amount of annual soil C input with foliar litter and its variations, long-term
observations are needed, which would allow to evaluate the relationships between
meteorological conditions and the proportions of various litter fractions with diffe-
rent C content. For example, annual variation in needle litterfall in a pine forest has
been observed to be up to 40% (Kouki & Hokkanen, 1992). Also in a long-term study
in Latvia, significant variation of annual total biomass of foliar litter was observed
ranging from 2,198 to 6,085 kg ha™ year™ (Bardule et al., 2021a). Such variation
may be explained by the impact of annual variability of meteorological conditions
and extreme weather events which can significantly affect the dynamics of litterfall
(Sanford et al., 1991).

Ground vegetation. Biomass of bGV (mean C content 49.7 + 7.8%) estima-
ted in the study sites ranges from 0.63 to 3.54 t ha (mean 1.96 £ 0.30t ha™). In
clearcuts, bGV biomass (mean 2.24 + 0.96 t ha™) tends to be higher than in forest
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stands (mean 1.91 = 0.55 t ha™), but significant impact of the dominant tree specie,
forest land status (stand or clearcut) or drainage status on the average bGV biomass
was not observed.

Mean estimated aGV biomass (mean C content 47.4 £ 7.2%) in clearcut plots
of 4.67 £ 0.50 t ha™* (range 4.27 to 5.49 t ha™) at the end of the vegetation season
was significantly higher than in forest stands — mean 1.57 £ 0.30 t ha™* (from 0.39 to
3.82 t ha™). The obtained result on the aGV in forest stands is similar to which can
be calculated using the aGV biomass calculation equations developed for Finnish
conditions, which with a RMSE of 13.6% determine that at the age of 80 years the
biomass of the aGV in forests with peat soil is 1.65 t ha™. The study of the doctoral
thesis indicates that in clearcuts the biomass of aGV can be approximately three
times higher than in forests. The estimated mean aGV biomass in the study clearcut
plot with undrained soil is 5.08 t ha™, and in the clearcut plots with drained soil —
mean 4.57 £ 0.60 t ha™.

The estimated total biomass of GV (weighted mean C content of bGV and
aGV 48.2 £ 0.3%) in the study stands with drained soil ranges from 1.33 t ha™ to
5.93tha™? (mean 3.48 £0.60t ha™), but in forest stands with undrained soil —
from 1.46 to 6.53 tha™ (mean 3.46 £ 0.66 t ha™), respectively, in total average
3.47 £ 0.66 t ha™. In the case of clearcuts, the mean GV biomass in the plot with
undrained soil (8.02 +1.63 t ha™) is above the maximum value of the Cl of the
estimated mean biomass in the clearcuts with drained soil (6.65 + 1.02 t C ha™).
In the calculation, using biomass equations developed for Finnish conditions, as
well as taking into account the age structure of forests, the estimated annual soil
C input in Latvia with GV biomass is 0.34 + 0.01 t C ha™ year in birch forests and
1.29+0.20t C ha™ year™ in pine forests (Bardule et al., 2021d).

Empirical data indicate a positive correlation between GV and soil nutrient
availability. Of the forest stand parameters evaluated, age has the strongest cor-
relation (r=—0.58, p < 0.05) with GV biomass. This relationship with a RMSE of
+1.49 t ha indicates (Fig. 3.2) that in the clearcuts the biomass of GV is on average
5.66 t ha™!, which decreases to an average of 2.46 t ha™ as the forest stand develops
to the age of 80 years.

Fine roots of trees. In the study sites with drained soil, the estimated an-
nual mortality of FR is from 0.19 £ 0.05 to 0.98 + 0.87 t ha* year™ in birch and
black alder stands (mean 0.58 +0.44tha'year?), and from 0.89+0.75 to
3.24+2.46thatyear™ in spruce stands (mean 1.97 +0.72 t ha* year™). While,
in deciduous forest stands with undrained soil, the estimated annual FR morta-
lity is from 0.69 +0.37 to 4.72 £ 1.15t ha year? (mean 2.09 + 1.07 t ha! year™),
but in spruce stand 1.09 + 0.08 t ha™ year™. The annual average mortality of FR in
spruce (1.87 £0.66t ha*year?) and deciduous forests (1.64 £ 0.86 t ha™ year™)
assessed falls within the range of uncertainty of the results of previous studies.
Reported annual mortality of FR in Northern European coniferous forests is on ave-
rage 2.84 + 1.52 t hat year™, and in deciduous forests on average 1.99 + 1.01 t ha™
year?! (Neumann et al., 2020). However, the annual production of FR in birch
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forests with nutrient-rich organic soil estimated in a study carried out in Estonia
ranges from 1.81 to 3.02 t ha* year™ (Uri et al., 2017) is higher than that estimated
in the framework of the doctoral thesis research in drained birch stands (0.59 to
0.97 t hatyear™), but more in line with the estimated range of FR production in
forests with undrained soil (1.43 to 3.29 t ha™* year?). This may be explained by the
effect of uncertainty of the empirical data. The uncertainty of average values of FR
production estimated in the thesis research, depending on dominant tree specie
and drainage status, is from 30 to 161% (71% on average). Another reason may be
different growing conditions in the research sites, as empirical data indicate that
the annual production of fine roots tends to be higher as the average GW level and
soil nutrient availability decrease. Higher FR production in nutrient-poorer soil has
also been observed in other studies (Leppalammi-Kujansuu et al., 2014; Lehtonen
et al,, 2016; Makela et al., 2016; Kriiska et al., 2019). The increased production of
FR in the study sites with undrained soil could be promoted by the dynamics of the
monthly GW level. The average GW level in the study sites with undrained soil du-
ring the summer months, when root growth can be greatest (Varik et al., 2015), was
deeper than 40 cm, which has also been the case in the mentioned Estonian study
with drained soil.

Among the evaluated characteristics of the forest stand, the basal area
has the strongest correlation with annual mortality of FR (r=0.30). The obtained
data indicate that as the basal area of the forest stands increases from 10 to
40 m? ha™l, the annual mortality of FR biomass increases from an average of 0.64 to
0.99 t ha* year™ (Fig. 3.3). However, the regression equation constructed according
to the empirical data obtained in the study has a high RMSE of + 1.43 t ha™* year™®,
or 81% of the average value of annual FR mortality estimated in the study sites.

3.2. Soil greenhouse gas emission estimation factors and equations

Soil CH, emissions. The average coefficient of variation of month-
ly CH, measurement results at study sites with drained soil is 60%, while at
sites with undrained soil it is 268%. The mean value of monthly CH, emis-
sions measured at study sites with drained soil ranges from —7.15+ 2.86 to
2.87 +14.04 kg CH,C ha year?, and at sites with undrained soil it ranges from
—4.56 + 2.35 10 497.15 + 1,558.67 kg CH,-C ha year™.

Monthly measurements of soil CH, emissions show high variation. Monthly
soil CH, emissions below —12.26 kg CH,-C ha™ and above 5.61 kg CH,-C ha™ were
identified as extreme. Extreme values were observed in three sites with undrained
soil (mean value of extreme emissions 877.76 + 1,424.652 kg CH,-C ha™ year™) and
four sites with drained soil (mean value of extreme emissions 27.53 + 23.48 kg CH,-C
ha?year?). In one of the black alder stands with undrained soil, excessive high
values of extreme emissions (mean 1,355.81+ 1,682.84 kg CH,-C ha™ year™)
reaching up to 4,933.09 £ 2,5517.45 kg CH,-C ha year? in nine sampling oc-
casions were observed. A similar observation was made in a study of the nort-
hern peatlands, where three episodes of extremely high CH, emissions resulted
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in 1,020 kg CH,-C ha™ flux from the soil to the atmosphere (Glaser et al., 2004).
In the other nine sites with undrained soil, the mean value of extreme emissions
(17.27 £ 9.3 kg CH,-C ha™* year™) was lower than in sites with drained soil. The re-
sults suggest that highly extreme soil CH, emissions, which can significantly impact
the mean emissions, can be expected in about 10% of forest areas with undrained
nutrient-rich organic soil. Furthermore, the trend of higher CH, emissions is ob-
served in stands dominated by the black alder. Another study assessed the spatial
heterogeneity of soil CH, emissions in the northern peatlands, finding that 10% of
the area with a GW level close to the soil surface (under conditions of soil satura-
tion) can produce up to 45% of total CH, emissions (Sachs et al., 2011).

The study estimates annual soil CH, emissions (Table 3.1) to be between
—8.2 to 15.3 kg CH,-C ha? year™ in sites with drained soil, with a mean value of
—3.47 £ 0.94 kg CH,-C hatyear™. In sites with undrained soil, the estimated
emissions are between -6.5 to 1,016.2 kg CH,-C hatyear?, with a mean value
of 106.6 + 101.0 kg CH,-C ha™' year™®. The black alder stands have higher emis-
sions, with a mean of 199.8 + 393.2 kg CH,-C ha'year™ in undrained soil and
6.8 + 16.6 kg CH,-C ha™* year™ in drained soil. Birch and spruce forest stands have
negative emissions, with a mean of —4.4 + 1.2 kg CH,-C ha™* year™ for both drained
and undrained soil. The clearcut study sites have estimated emissions ranging from
—6.0 to 6.88 kg CH,-C ha!year™, with a mean value of —2.4 + 4.6 kg CH,-C ha™
year?. The range of emissions from drained organic soil estimated is similar to
those estimated in Finland — from —2.8 kg CH,-C ha™ year™ in nutrient-poor soils
to 11.6 kg CH,-C ha* year™ in nutrient-rich soil (Ojanen et al., 2013). While, the
estimated mean annual CH, emissions from undrained soil are within the range
specified by the IPCC guideline (0 to 493 kg CH,-C ha! year™, with a mean of
137 kg CH,-C ha™ year™) for nutrient-rich organic soil with a restored natural mois-
ture regime in the boreal forest (Hiraishi et al., 2014).

There is a strong correlation (r=0.8) between monthly GW level and CH,
emission measurements. However, the uncertainty of the emissions is not uni-
form and is greater when the GW level is shallower than 20 cm. Average CH,
emissions estimated in the study were 87.5 + 97.3 kg CH,-C ha* year when the
groundwater was shallower and —-4.4 + 0.2 kg CH,-C ha™ year? when it was dee-
per (Fig. 3.4). Previous research in peatlands and bogs of the temperate and bo-
real zone shows that significant CH, emissions are expected when the water le-
vel is shallower than 20 cm (Couwenberg & Fritz, 2012). Taking into account the
uncertainty of the data, the results of the doctoral thesis and previous research
are comparable — in the boreal zone, the estimated CH, emissions from peatlands
with GW level shallower and deeper than 20 cm from the topsoil are, respectively,
from —1.7 to 525 kg CH, ha* year™ (on average 56 kg CH, ha* year™) and -1.1 to
51 kg CH, ha* year™ (mean 8.6 kg CH, ha™ year™) (Couwenberg & Fritz, 2012). The
findings are in line with the known observation that a 20 cm soil layer with aerobic
conditions can be sufficient to oxidize most of the CH, produced in the anaerobic
conditions before it enters the atmosphere (Hornibrook et al., 2009).
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The mean value of GW level measurements in the study sites has mode-
rate correlation (r = —0.64) and strong correlation (r = —0.88) with calculated annual
total soil CH, emissions, taking into account and excluding the study site with an
extreme annual cumulative emission value, respectively. The GW level affects the
proportion of CH,-producing (methanogens) and CH,-consuming microorganisms
(methanotrophs), which regulate the balance between CH, emissions and oxidation
(Couwenberg & Fritz, 2012). The average GW level can accurately indicate annu-
al soil CH, emissions, because the methanogens and methanotrophic microorga-
nisms are well adapted to the stress of adverse conditions and remain abundant
at a certain depth below the soil surface, regardless of the GW level fluctuations
(Kettunen et al., 1999; Knorr & Blodau, 2009; Kip et al., 2012). According to the
results of the annual cumulative emissions and the average depth of the GW level
obtained in the study, two depth ranges of the GW level with a limit value of 31 cm
can be distinguished. For the GW level deeper than 31 cm, the lines of the linear
regression plot overlap regardless of whether the statistically extreme annual emis-
sion value is considered in the analysis. The extreme value of annual CH, emissions
(1,036.7 + 834.4 kg CH,-C ha™ year™) when the GW level is shallower than 31 cm
significantly affects the slope coefficient of the linear regression equation (Fig. 3.5).
These ranges correspond to the IPCC-defined threshold of 30 cm separating shal-
lowly or deeply drained soils (Hiraishi et al., 2014).

Soil N,O emissions. The mean measured instantenious N,O emissions from
drained soil ranges from 0.6 £ 0.6 kg N,O-N ha year? in black alder stands to
1.5+ 1.3 kg N,O-N hayear? in clearcuts. On the other hand, the average N,O
emissions from undrained soil range from 0.0+0.1 to 3.3 +4.0 kg N,O-N ha™
year™ in clearcut plots and black alder stands, respectively. In birch, black alder,
and clearcut stands, the soil drainage status has a significant impact on the average
N,O measurement result. However, in spruce stands, the average N,0O emissions
do not significantly differ between drained and undrained soil. The average N,O
emissions from drained soil in birch, black alder, and spruce stands are 0.842 + 0.33,
0.615 + 0.54, and 1.092 + 0.60 kg N,O-N ha™, respectively, and are not significantly
different from each other. However, in study sites with undrained soil, the mean
N,O emissions from birch, spruce, and black alder stands (2.85 + 1.46; 0.64 + 0.33;
and 3.31 + 1.52 kg N,O-N ha™ year™, respectively) are significantly different from
each other. The average N,0 emissions from undrained soil and drained soil in the
study sites are 2.6+0.9 kg N,O-N hayear? and 1.1+ 0.4 kg N,O-N ha*year™,
respectively. The difference between these values is significant (p = 0.01) (Fig. 3.6).

When excluding extreme values of soil N,O emissions, changes in Ts explain
44% of the variation in emissions. The correlation between Ts and emissions from
drained soil is moderate (r=0.48), but weak for emissions from undrained soil.
When all data is used in the correlation analysis, both Ts and groundwater level
measurements have a weak correlation (r = 0.3) with soil N,O emissions.

The average annual N,O emissions of drained nutrient-rich organic forest soil
in the study, estimated at 1.1 £ 0.4 kg N,O-N ha year™?, are lower than the IPCC

58



default EF of 3.2 kg N,O-N ha™ year™ for drained nutrient-rich organic soil in the
boreal zone. However, it falls within the 95% Cl of the default EF for the temperate
zone, which is 2.8 kg N,O-N ha™ year™ with a Cl of —=0.57 to 6.1 kg N,O-N ha™ year™
(Hiraishi et al., 2014). The estimated annual average N,O emissions from drained
organic soils in Finland, based on their nutrient content, range from 0.18 + 0.04
to 2.11 £ 0.64 kg N,O-N ha™ year™, according to Statistics Finland (2014). The IPCC
guidelines consider N,O emissions from organic soils with a restored natural mois-
ture regime to be negligible. However, the average annual emissions estimated in
this study from undrained soils (2.6 + 0.9 kg N,0-N ha™ year™) were found to be
higher than those from drained soils, as shown in Table 3.2.

Soil respiration CO, emissions. The average values of Rtot measurements ta-
ken in the study stands with different dominant tree species do not differ significant-
ly from one another (p > 0.05). The mean values of Rtot measurements (Fig. 3.7) are
also not significantly different between the different forest types (p > 0.05) or soil
drainage status (p = 0.34). Accordingly, the mean estimated Rtot in the study sites
with drained soil and undrained soil are 7.35+0.89 and 7.02 + 0.96 t CO,-C ha™
year, respectively, and these values are not significantly different (p = 0.34). The ave-
rage depth of the GW level in the study sites with drained soil was 55 + 2 cm, while in
the sites with undrained soil it was 35 * 3 cm, with a mean difference of 18 + 2 cm.
However, this difference is not reflected in the Rtot measurements, as the measure-
ment of the GW and Rtot results have a weak correlation (r = 0.3). The average values
of Rtot measurements are significantly different (p = 0.002) between forest stands
(6.84 £ 0.56 t CO,-C ha year?) and clearcuts (10.08 + 1.96 t CO,-C ha year™). It
is likely that soil damage from mechanized logging and decomposition of logging
residues contribute to higher Rtot emissions in clearcuts as reported by James &
Harrison (2016) and Jandl et al. (2007). Similar trends have been observed in a Scot-
tish bog, where the estimated annual Rtot is 4.53 t CO,-C ha™ year™ in drained and
undrained forested areas, and 6.95 t CO,-C ha™* year in areas without forest cover
(Yamulki et al., 2013).

The variation of Rtot measurement results is primarily driven by changes
in atmospheric and, as a result, soil temperatures. There is a strong correlation
between Rtot and Ts measurement results (r = 0.89). The relationship between
Rtot and Ts can be described by an exponential regression equation (as shown in
Fig. 3.8), which shows that as Ts increases from —1.0 to 22.0°C, Rtot increases from
1.5 to 29.2 t CO,-C ha?t year™. The study found that the depth of the groundwater
level had a weak influence (r = 0.30) on Rtot.

The Rtot emissions in clearcuts are higher than those in forest stands across
the range of soil temperatures studied. As the Ta increases from 0 to 20°C, the diffe-
rence in Rtot CO, emissions between clearcuts and stands increases from a mean of
1.5to 15.6 t CO,-C ha! year™. Based on the relationship between Ta and CO, emis-
sion measurements (as shown in Fig. 3.8), if the soil temperature is at 7°C, which
corresponds to the average annual air temperature in Latvia according to LVGMC,
the predicted CO, emissions from Rtot in clearcuts and forest stands would be 4.9
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and 3.7 t CO,-C ha™ year™ respectively, with a difference of 1.2 t CO,-C ha™* year™
and a RMSE of + 3.67 and + 2.4 t CO,-C ha™! year™, respectively.

According to data from meteorological stations in Latvia from 2012 to
2021, the estimated average annual Rtot emissions in clearcuts range from 4.5 to
11.4 t CO,-C ha™%, with an average of 7.70 £ 0.53 t CO,-C ha™ year™. In forest stands,
the estimated average annual Rtot emissions range from 3.8 to 9.9t CO,-C ha™,
with an average of 6.14 + 0.15 t CO,-C ha year™’. Despite the fact that the aver-
age Rtot measurements in sites with different dominant tree species and soil drai-
nage status do not significantly differ, the calculation of annual emissions shows
that both soil drainage status and dominant tree species have a significant impact
on average annual Rtot CO, emissions over a 10-year period (Fig. 3.9). The data
used in the modelling shows that the annual variation in air temperature can affect
the cumulative Rtot emissions annually by 0.3 to 3.3 t CO,-C ha™ (with an average
of 1.6 t CO,-C ha™). This highlights the importance of considering the historical and
projected dynamics of air temperature when predicting soil emissions at a national
level and in the long term. Due to the variation of air temperature from 2012 to
2021, the coefficient of variation of modelled annual Rtot CO, emissions at indivi-
dual sites ranges from 1.2% to 13.4% with an average of 8.2%. The average annual
Rtot CO, emissions over the study year and the following 10 years were found to
be not significantly different (Table 3.3), which can be attributed to the air tempe-
rature dynamics in the study year being representative of the climate. This approach
for estimating annual Rtot CO, emissions has relatively low uncertainty compared
to the Finnish National GHG Inventory, which uses a CO, emission factor with an
uncertainty of 150% (Statistics Finland, 2014).

The estimated mean annual Rhet of 3.80 + 0.44 t CO,-C ha™ for drained soil
(ranging from 2.9 to 4.4 t CO,-C ha™ in study stands) is consistent with other Rhet
estimates found in similar studies in the region. Rhet by direct measurement met-
hods has been most extensively studied in Finnish forests with the following Rhet
results: 1.85 £ 0.09 to 4.26 £ 0.26 t CO,-C ha™* from drained organic soils with va-
rying nutrient availability (Minkkinen et al., 2007); 1.46 to 6.70 t CO,-C ha™ year™
from drained peat (Ojanen et al., 2010); 2.07 to 5.39 t CO,-C ha™ year™ from the
organic soil of afforested cropland and 2.76 to 4.79 t CO,-C ha™ year™ from peat in
a recultivated peat extraction site (Méakiranta et al., 2007). Another study covering
a region from Estonia to Finland estimated the Rhet of drained forest peat between
2.48 and 5.15 t CO,-C ha™ year™ (Minkkinen et al., 2007).

Soil net CO, emissions. According to the empirical data collected in
the study, soil was the net source of CO, in the clearcuts with undrained
(0.49 £ 1.02 t CO,-C hatyear™?) and drained area (0.89 £ 0.99 t CO,-C ha™* year™),
as well as in drained birch stands (0.50 + 1.08 t CO,-C ha™ year™). Undrained and
drained soilin decidious stands were a net CO,sinkof meanof0.32 + 0.93 t CO,-C ha™
year? and 0.94 + 1.38 t CO,-C ha™ year™, respectively, while in spruce stands net
removals of 0.88 + 1.01 t CO,-C ha! year™? and 0.60 + 74 t CO,-C ha™! year™, are es-
timated, respectively (Fig. 3.10).
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In forested areas, both GV and foliar litter are significant sources of annual
soil C input. In the study year, GV and foliar litter in stands with different domi-
nant tree species provided an average of 1.72+0.33tCha?tyear? and
1.79+0.25tChalyear?, or 41+ 8% and 43 + 6% of the total soil C input, res-
pectively. The contribution of FR to the total soil C input was estimated to be
0.71+£0.34t Chatyear?, or 16 + 7% of the total input. In clearcuts, the lack of soil C
input from FR and litterfall is typically compensated by higher GV biomass. The total
estimated soil C input from GV in forest stands was 3.47 £ 0.54 t C ha™! year™?, while
in clearcuts, the estimated GV provided an average of 6.92 £+0.96t C ha year?,
which is approximately two times higher than in forested areas.

The assessment of the study —the soil in forest stands is a net C sink —is in ac-
cordance with the results of the previous study conducted in Latvia on changes in soil
Cstock in forestry drained peatlands (Lupikis & Lazdins, 2017). This can be explained
by the soil C input by biomass mortality, which is fully capable of compensating the
annual C losses caused by soil respiration. In the study, the soil in the clearcuts was
evaluated as a source of CO, emissions and the CO, emissions caused by soil res-
piration were higher but the annual C input was lower compared to forest stands.
Although C sequstrated by GV in clearcuts (on average 3.55+0.37 t C ha™ year™)
was significantly higher than in forests (1.65 + 0.37 t C ha™ year™), it could not fully
compensate for by mean 0.8 t CO,-C ha™* year™ higher soil CO, emissions and ab-
sence of soil Cinputs with foliar litter (in forest stands mean 1.8 £ 0.5t C ha™ year™)
and FR (in forest stands mean 0.71 £ 0.37 t C ha™ year™).

3.3. Soil greenhouse gas emission factors

The results of the PCA of the mean values of measurement in the study sites
(as shown in Figure 3.11) indicate that a lower average groundwater level is asso-
ciated with higher C concentration and C/N ratio in the topsoil. This correlation is
confirmed by the correlation analysis (r = 0.5, p < 0.05) shown in Figure 3.12. The
relationship between the C/N ratio and the depth of the GW suggests that a long-
term low GW increases the degree of peat mineralization but reduces the mineral-
ization activity. This is reflected in the significant negative correlation between soil
GHG emissions and the depth of the GW, with the greatest reduction in net CH,
emissions observed under low groundwater levels (significant negative correlation
with CH,, p =-0.9, p < 0.05 and N,0, p =—0.4, p < 0.05).

According to PCA, a lower average level of GW and a thicker peat layer are
associated with a higher annual production of FR, as a result, higher FR mortality.
Root production has a negative relationship with bGV biomass and soil nutrient
availability indicators, such as K, Ca, Mg and P. Correlation analysis confirms that
FR mortality has a significant negative correlation with bGV (p =—-0.6; p <0.05)
and soil K concentration (Spearman and Pearson correlation coefficient -0.6;
p < 0.05). This aligns with the findings of a previous study (Lehtonen et al., 2016)
that showed that trees tend to compensate for nutrient unavailability with higher
root biomass. At the same time, PCA indicates that soil nutrient availability has a
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direct relationship with soil emissions, most significantly affecting CH, emissions
and least affecting soil respiration (CO, emissions). The relationship between soil
nutrient status and GHG emissions is confirmed by Spearman’s correlation ana-
lysis. Specifically, CH, emissions are significantly correlated with soil Ca (r=0.5,
p < 0.05) and Mg (r=0.6, p < 0.05) concentrations, while N,O emissions are signi-
ficantly correlated with C (r=0.5; p < 0.05) and N (r = 0.6; p < 0.05) concentration,
but Rtot is significantly correlated with soil C concentration (r=0.5; p < 0.05). It is
significant that both nutrient availability and higher soil CH, emissions are influ-
enced by higher soil pH values, as indicated by both PCA and correlation analysis.
Soil acidity is known to affect the population of methanogens and methanotrophs
(Serrano-Silva et al., 2014). In addition, the higher availability of macroelements
K, Ca, Mg, as well as P is also reflected in larger bGV biomass (Fig. 3.11). Biomass
of bGV is significantly correlated with concentrations of N and K (r = 0.5; p < 0.05),
as well as P (r=0.7; p<0.05) and C/N ratio (r=-0.6; p <0.05) in soil. PCA also
indicates that, of the assessed stand characteristics, stand age has the strongest
relationship with annual foliar litter biomass. This is also confirmed by the corre-
lation analysis, the highest correlation coefficient (r = 0.8; p < 0.05) was found for
the relationship with the age of the forest stand. According to correlation analysis,
stand characteristics do not correlate with GHG emissions, but PCA indicates that
stand age has an inverse relationship with Rtot. Namely, soil respiration tends to
decrease as the development of the forest stand continues and its age increases
(Fig. 3.11). This is partially explained by the significant negative Pearson correla-
tion of stand age with bGV (r=-0.4; p <0.05) and aGV (r=-0.6; p <0.05). Both
PCA and Pearson correlation analysis (r=0.7; p <0.05) indicate that of the GV
components, its aboveground biomass has the greatest influence on autotrophic
respiration.

3.4. Ecosystem greenhouse gas emissions

The estimated annual mean GHG removals of forests with undrained soil
and dominant tree specie of birch and spruce is 1.8 + 7.57 t CO, eq. ha* year™ and
2.8 £+ 8.3t CO, eq. ha™ year™, respectively, while the estimated annual mean GHG
emissions of black alder forests with undrained soil are 3.3 +13.6t CO, eq. ha™
year™. Black alder forests are estimated as a source of net GHG emissions main-
ly under the influence of the empirical data of soil CH, emissions obtained in the
study (Table 3.1). Empirical data indicate that annual CH, emissions from undrained
soils of black alder forests are mean 4.4 + 3.1t CO, eq. ha™ year™?, while in other
groups of research objects the annual estimated CH, emissions are relatively in-
significant (Fig. 3.13). Although extreme soil CH, emissions were detected in one
of the five plots located in black alder forests with undrained soil, the probability
of occurrence of such emissions in forests with undrained soil cannot be ignored.
The estimated annual mean GHG removals of forests with drained soils and domi-
nant tree species spruce and black alder is 4.6 + 12.8t CO, eq. ha™ year? and
4.2 £17.7 1 CO, eq. ha year?, respectively. It is estimated that birch stands with
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drained soil tend to be climate neutral, with average annual GHG emissions of
0.0+11.5tCO, eq. ha year™.

The long-term cumulative effect of annual GHG emission dynamics on fo-
rest ecosystem GHG emissions can be seen in Figure 3.14. The results obtained in
the study indicate that, on average, the forest ecosystem of all study object groups
(except for black alder forests with undrained soil) is a net sink of GHG emissions
in the long term. However, uncertainty must be taken into account when interpre-
ting estimated average annual or long-term cumulative ecosystem GHG emissions
or removals. Long-term cumulative emissions of black alder forests and birch fo-
rests with drained soil, as shown in Figure 3.14, should be interpreted with par-
ticular caution. Taking into account the uncertainty of empirical data, in the long
term, the black alder forest can be both an annual source and sink of GHG emis-
sions (Fig. 3.13), but the climate neutrality result of birch forests with drained
soil was obtained using empirical data with a combined uncertainty of 134% in
the calculation. The trends of cumulative GHG emissions of spruce and birch fo-
rests with undrained soil indicate that the climate neutrality assessment of birch
forests with drained soil can also be a cumulative effect of the uncertainty of the
calculation components. Also, the calculation assumptions about the course of
growth of forest stands and the intensity of harvesting can have a significant impact
on the obtained calculation result of net GHG emissions of the forest ecosystem.

Taking into account annual soil CO, emissions and soil C stock dynamics du-
ring forest management in the long term, calculated according to the empirical
data obtained in the study, drained and undrained nutrient-rich organic forest soil
annually sequester on average 0.28 + 0.66t Cha™year™ and 0.42+0.43tCha™
year™, respectively. In birch, spruce and black alder forest forests, the undrained
soil sequestrates an average of 0.64+0.51tCha?lyear?; 0.30+0.33tCha™
year™? and 0.33+0.33tCha*year? but drained soil —-0.34 £0.26 t C ha™ year™,
0.35+0.54tCha?year?® and 0.86+0.53tCha*year?, respectively (Fig.3.15).
During the forest management cycle, soil C stock can both increase and decrease
annually. The data collected in the study indicate that it is determined by the de-
velopment stage of the forest stand. During the period of clearcut, the forest soil
loses C, but as the forest stand develops, it becomes a C sink. The increase in soil
C sequestration is mainly determined by the uptake of soil C by foliar litter and FR,
which tend to increase with increasing age of the forest stand.

Soil CO, emissions in Finland were estimated to increase with soil nutrient
availability, from 3.8 to 12.10t C ha?year? (Ojanen et al.,, 2010). Despite this,
doctoral research showed that nutrient-rich organic forest soils can still be net
CO, sinks, which aligns with previous studies indicating that C stock in boreal fo-
rests may remain unchanged or increase after drainage of nutrient-rich organic soil
(Meyer et al., 2013; Varik et al., 2015). An important aspect that can affect the
conclusions of various studies is the methodology used to assess the dynamics of
soil C stock, which may or may not take into account different components of soil
Cinput (Ojanen et al., 2012).
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According to the empirical data collected in the study and the methodology
of forest ecosystem GHG emission calculations, during the 240-year forest land
management cycle, forest ecosystems with naturally wet nutrient-rich organic soil
areanetGHGsinkofmean0.2 + 9.7 t CO, eq. ha™* year™, but a forest ecosystem with
drained nutrient-rich organic soil a net sink of mean 2.9 + 14.4 t CO, eq. ha™ year™.
The dispersion of annual GHG emission values of forest ecosystems with drained
or undrained soil is significantly different (Fig.3.16). Thus, the results indi-
cate that forests with dried soil can provide a greater contribution to mitigating
climate change.
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CONCLUSIONS

A linear relationship was found between the basal area and annual soil car-
bon input by foliar litter in spruce stands (r=0.9). In birch and black alder
stands, the annual soil C input increases rapidly till the basal area reaches
about 10 m? ha™, resulting in similar levels of soil C input as in spruce stands
with a basal area of around 30 m? ha™. Therefore, deciduous forests with
smaller basal areas have the potential to provide a greater soil C input by
foliar litter than spruce stands and, in managed forests, could potentially con-
tribute more to the preservation of soil C stock.

The ground vegetation has a crucial role in maintaining soil carbon stock
in clearcuts by potentially compensating for the lack of C input by litter-
fall and tree fine roots. Soil C input by the ground vegetation in clearcuts
is significantly higher than in stands (p < 0.05), with values of 3.3 £ 0.5 and
1.7 £ 0.3t Cha?year?, respectively. Additionally, the relationship between
ground vegetation biomass and stand age (r=-0.6) shows that ground
vegetation biomass in clearcuts is approximately twice as large as in 80-year-
old stands.

The study did not find a significant relationship between stand age, tree dia-
meter, or growing stock and the annual mortality of tree fine roots (mean
1.5+ 0.8t ha? year?).

Analysis of the relationship between annual soil CH, emissions and average
groundwater level (r=-0.6) revealed that if the mean groundwater level
depth below ground surface is less than 30 cm, the soil becomes the source
of CH, emissions. While relationships found between groundwater level and
soil CH, emissions measurements are similar in both drained and undrained
sites, the higher probability of significantly increased emissions in undrained
sites highlights the importance of assessing the functionality of the drainage
system when estimating emissions.

The study found a moderate negative correlation (r = —0.4) between the mean
values of groundwater level measurements and the estimated annual total
soil N,O emissions. Furthermore, analysis revealed a significant difference
(p < 0.01) between the annual total soil N,O emissions in drained sites (mean
1.1 £ 0.4 kg N ha year?) and undrained sites (mean 2.6 + 0.9 kg N ha™* year?).

In Latvian climatic conditions, the estimated annual CO, emissions by total
soil respiration were higher in clearcuts (mean 7.7 £ 0.5 t C ha year™) than
in forest stands (mean 6.1 +0.2tCha*year?) with statistical significance
(p < 0.05). There was no significant effect found of drainage or the dominant
tree species on instantenious total soil respiration CO, emissions.
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During the forest management cycle, soil carbon stock losses in nutrient-
rich drained and undrained organic forest soil in clearcuts (mean 0.7 t C ha™
year?) are offset by soil carbon sequestration in stands (mean of
0.6 t Chatyear?).

Managed forests with drained soil have the potential to make a greater
contribution to climate change mitigation, as forests with drained and un-
drained nutrient-rich organic soils can sequester, on average, 2.9 and
0.2t CO, eq. year?, respectively.
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Abstract: We determined the magnitude of instantaneous greenhouse gas (GHG) emissions from
drainage ditches in hemiboreal peatlands in Latvia during the frost-free period of 2021 and evaluated
the main affecting factors. In total, 10 research sites were established in drained peatlands in Latvia,
including active and abandoned peat extraction sites and peatland forests. Results demonstrated
that in terms of global warming potential, the contribution of CO, emissions to the total budget
of GHG emissions from drainage ditches can exceed the CHy contribution. The average CO, and
N,O emissions from drainage ditches in peatland forests were significantly higher than those from
ditches in peat extraction sites, while there was no difference in average CH, emissions from ditches
between peatland forests and peat extraction sites. Emissions from ditches of all GHGs increased
with increasing temperature. In addition, CO, and N,O emissions from drainage ditches increased
with decreasing groundwater (GW) level. They were also negatively correlated with water level
in ditches, but positively with potassium (K) and total nitrogen (TN) concentrations in water. By
contrast, CHy emissions from drainage ditches increased with increasing GW level and water level in
ditches but were negatively correlated with K and TN concentrations in water.

Keywords: greenhouse gases; carbon dioxide; methane; nitrous oxide; drainage ditches; emissions;
peatland forests; peat extraction sites

1. Introduction

Drainage ditch networks are common man-made elements of many landscapes with
peat (organic) soils and are generally dug to lower GW levels for peat drying and sub-
sequent extraction and/or to improve agricultural and forest productivity [1-5]. Estab-
lishment and maintenance of drainage systems ensure sufficient aeration of upper soil
layers to support development and growth of vegetation, including trees [1], but simulta-
neously cause soil disturbances, which alter GHG emissions and removals at the landscape
level [6,7]. In Latvia, drainage of agricultural lands began to be extended at the end of the
16th century and the start of the 17th century, but drainage of forest land started only in
the first half of the 19th century [8]. The first records of peat extraction in Latvia date back
to the second half of the 17th century and the early 18th century [9]. Currently, in Latvia,
drained organic soils comprise 425.1 kha in forest land, 76.0 kha in grassland, 78.6 kha in
cropland, 39.7 kha in wetlands (peat extraction fields), and 9.3 kha in settlements (628.6 kha
in total) [10].

As drained peatlands in general contribute significantly to the global anthropogenic
GHG emissions [11], peatland management has received much attention, especially during
the past several years (e.g., [12]) in the context of ambitious aims to achieve carbon (C)
neutrality by 20502070 under the Paris Agreement [13]. GHG emissions not only from the
drained soils but also from drainage ditches themselves, especially eutrophic ditches with
organic-rich sediment, can appreciably contribute to the total GHG budgets of drained
areas [14-17]. Emissions from ditches, which are anthropogenic in origin, cannot therefore
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be ignored when landscape- or national-scale GHG budgets are estimated [5-7,18]. The
latest Intergovernmental Panel on Climate Change (IPCC) guidelines for national GHG
inventories also provide methodologies and emission factors for CHy emissions from
drainage ditches, while methodologies and emission factors for CO, and N,O emissions
from drainage ditches have until now not been provided [6,19].

Carbon dioxide (CO,) is produced by the respiration of both plants and soil microor-
ganisms and by other biological processes in sediments [16,20]. During the daytime, CO,
emissions may decrease due to CO, uptake by photosynthetically active aquatic plants [20].
Although CO, is highly soluble in water, oversaturation of CO, near the sediment/water in-
terface can release CO, to the atmosphere [16]. The magnitude of methane (CH,) emissions
depends on the dominance of two counteracting microbial processes: methanogenesis,
which is the production of CHy either by acetate fermentation or by CO, reduction in
anoxic conditions (the terminal microbial process of organic matter degradation), and the
following oxidation of the generated CHy into CO, by methanotrophic bacteria [16,21].
Nitrous oxide (N,0O) emissions result from biogeochemical interactions between reactive
nitrogen (N), microorganisms (nitrification and denitrification processes), aquatic plants,
and the environment, and such emissions help to identify drainage ditches, especially those
suffering from eutrophication, as sources of NO [22-25]. In general, GHG is transported
to the atmosphere through water by three main pathways: (1) diffusion between soil and
atmosphere (2) bubble ebullition, and (3) plant-mediated transport [20,26,27].

GHG production is driven by biochemical processes (microbial processes being the
key processes) and emissions as the terminal process is regulated by variables such as
the trophic state of the water body; sediment texture and chemistry, including organic
matter availability; water chemistry, including pH and electrical conductivity (EC), oxygen
(O,) saturation and the presence of electron acceptors such as O,, NO3 ~, Fe3*, and SO4>~
(redox conditions); and sediment and water temperature (e.g., [2,16,25,28-32]). In addition,
GHG emissions from drainage ditches vary depending on factors such as water level and
flow rate in a ditch, frequency and duration of drought, water body morphology, plant
community composition, and dominant land use in the catchment (e.g., [5,7,17,33]).

Our objective in this study was to investigate the magnitude of GHG emissions (CO,,
CHj and N,O exchange at the water/air interface) from drainage ditches in hemiboreal
peatlands in Latvia and to identify the main affecting factors. As research sites were located
both in peat extraction sites (active peat extraction sites, abandoned peat extraction sites
with bare peat and with shrub and herbaceous plant vegetation) and in peatland forests
(dominated by Scots pine and silver birch), the results allowed for indirect assessment
of the potential impact of afforestation of peat extraction sites on GHG emissions from
drainage ditches.

2. Materials and Methods
2.1. Research Sites

This study was conducted in ten research sites in drained hemiboreal peatlands
(former and active peat extraction fields) in Latvia covering different regions (Figure 1)
during the frost-free period of 2021. In 2021, the weather conditions in Latvia were typical
(representative) for the region and no significant deviations from the norm were detected.
In 2021, the mean annual precipitation in Latvia was 676.3 mm, and it was 1% below the
annual norm (685.6 mm). Thus, 2021 was already the 4th consecutive year with less than
usual precipitation. The mean annual air temperature was 7.0 °C, the minimum mean
monthly temperature was —5.2 °C (February 2021), and the maximum mean monthly
temperature was 21.5 °C (July 2021). In 2021, the average air temperature was 0.2 °C
warmer than the climatic standard norm (1991-2020), and thus, 2021 was already the 9th
consecutive year warmer than the climatic standard norm [34].



Land 2022, 11, 2233

30f17

N

0 25 S0km Estonia A

Baltic sea

@ Silver birch forest
A Scots pine forest Lithuania
M Active peat extraction site

@ Abandoned peat extraction site not covered with vegetation

@ Abandoned peat extraction site with shrub and herbaceous plant vegetation

Figure 1. Location of research sites in Latvia.

One representative ditch was selected at each research site (Table 1). Research sites
represent and were divided into five different groups according to the type of current land
use (two research sites in each group): (i) active peat extraction sites; (ii) abandoned peat
extraction sites not covered with vegetation (bare peat); (iii) abandoned peat extraction
sites with shrub and herbaceous plant vegetation; (iv) Scots pine forest with organic soil;
and (v) silver birch forests with organic soil (Table 1). All research sites are former peat
extraction fields, with the difference that four sites have been afforested following peat
extraction (Table A1), four sites are abandoned, and two sites are still under active peat
extraction. In all research sites, current management practice has continued for at least
20 years.

Table 1. Characterization of the research sites in Latvia.

Coordinates (LKS92 TM Ditch width at the Soil Ditch Depth,

Current Land Use/Type of Vegetation Research Site Coordinate System) Surface Level, cm m
Active peat extraction site Site 1 (Lambartes Mire) X: 518826; Y: 262233 143 90

p Site 2 (Usuru Mire) X: 661175; Y: 324116 145 123

Abandoned peat extraction site not Site 3 (Cenas Mire) X:498792; Y: 297866 196 65
covered with vegetation (bare peat) Site 4 (Medema Mire) X: 506624; Y: 300175 188 45
Abandoned peat extraction site with Site 5 (Cenas Mire) X: 498615; Y: 298016 130 69
shrub and herbaceous plant vegetation Site 6 (Cepla Mire) X: 649492; Y: 344598 204 59
Scots pine forest Site 7 (Cepla Mire) X: 649724;Y: 344213 214 55

p Site 8 (MPS Mezole) X: 620173;Y: 349117 217 33

Silver birch f Site 9 (Pleces Mire) X: 348265; Y: 289795 260 58

ilver birch forest Site 10 (MPS MeZole) X: 624262; Y: 354836 264 52

2.2. GHG Measurements

GHG flux measurements were done once per month during 2021 except the frost
period of winter (from March to December randomly between 9:30 and 16:00) in 3 replicates
in each ditch (distance between replicates was 10-25 m). To measure GHG fluxes, we used
a closed-type GHG flux measurement chamber, which—perpendicular to the longitudinal
axis of the drainage ditch—covers its entire surface, providing GHG flux measurements
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from a full cross-sectional area including ditch bed or water surface and slopes (ditch sides).
Cross-sectional area of ditches (plane at soil surface) ranged from 0.65 m? to 1.32 m?. The
cover frame was made from metal constructions to which a durable, opaque plastic film
was attached; the outer side was white and the inner side was black to reflect sunlight and
minimize internal temperature fluctuations in the chamber. The metal construction covered
the surface of the drainage ditch, while the plastic film was pressed to the ditch profile
using a stainless steel chain placed along the perimeter of the gas exchange chamber. The
chamber can be used for GHG flux measurements from drainage ditches with different
depths, widths, profiles, and water levels, as its length and height can be changed, ensuring
the possibility of performing measurements in different environmental conditions. During
the measurements, selected width (50 cm constantly), height, and length of the chamber
were fixed. Inside the GHG flux measurement chamber, there was a small ventilator
installed to ensure that air inside the chamber was continuously mixed. A portable Fourier
Transform Infrared (FTIR) spectroscopy (Gasmet DX4040 gas analyzer [35]) was used to
measure GHG fluxes. GHG flux measurements—changes in the average content of CO,,
CHy, and N>O in atmosphere enclosed in the chamber within 2 min time intervals for
30 min period (respectively, every measurement period was characterized by 15 individual
measurements per chamber)—were recorded using software “Calcmet Lite v2.0” [35].

2.3. Measurements of Environmental Variables

At each GHG measurement event, environmental variables were measured. These
variables included GW level and the soil and air temperatures, which were measured
using Comet Data Logger sensors (Comet System s.r.o0., Roznov pod Radhostem, Czech
Republic) [36], and the atmospheric pressure, which was measured using Gasmet DX4040
(Gasmet Technologies Oy, Vantaa, Finland) [35]. The water level in drainage ditches was
also measured (zero means that the ditch was dry). Three GW wells were sunk in each
research site next to the ditch: Positive values mean that the water level was below the soil
surface, negative that the water level is was above the soil surface (that is, the area was
flooded). Cloudiness, windiness and atypical environmental conditions were fixed.

In addition, GW was sampled at each GHG measurement event and the samples were
transported to the LVS EN ISO 17025:2018 accredited laboratory at the Latvian State Forest
Research Institute “Silava” and prepared for analysis. The following general chemistry
parameters were determined: pH according to LVS ISO 10523:2012; electrical conductivity
(EC) according to LVS EN 27888:1993; total nitrogen (TN) and dissolved organic carbon
(DOC) concentrations were determined using a FORMACSHT TOC/TN Analyser (ND25
nitrogen detector) according to LVS EN 12260:2004 and to LVS EN 1484:2000; and potassium
(K), calcium (Ca), and magnesium (Mg) concentrations in water were determined using the
flame atomic absorption spectroscopy (Thermo Fisher Scientific iCE3500, Thermo Fisher
Scientific (Asheville) LLC, USA, Serial No: AA05191115) according to LVS EN ISO 7980:2000
and LVS ISO 9964-3:2000. Water samples from ditches were not collected due to the ditches
being empty for most of the year.

2.4. Statistical Analysis

All statistical analyses were carried out using the R [37]. A Kruskal-Wallis rank sum
test and pairwise comparisons using the Wilcoxon rank sum exact test were used to evaluate
possible differences in the mean values of GHG emissions and environmental variables,
including GW chemistry between different groups (for instance, groups of current peatland
uses), with a significance level of 0.05. Correlations between GHG emissions and different
environmental variables were tested with Spearman’s p (R package “corrplot” [38]), using a
significance level of 0.05 (the function rcorr() from R package “Hmisc” was used to compute
the significance levels for Spearman correlations [39]).

Environmental variables such as temperature, water level in ditches, GW level and
general chemistry (X) were used to explain the variance of instantaneous GHG emissions
from drainage ditches (Y) in partial least squares (PLS) regression—a useful multivariate
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method for dealing with variables that are linearly related to each other, as this method is
robust against intercorrelations among X-variables. R package “mdatools” [40] was used to
compute the PLS regression. In PLS, X variables are ranked according to their relevance in
explaining Y, commonly expressed as variables important for projection (VIP values). Only
X variables with VIP values exceeding 0.5 were used in PLS regression, and VIP values
exceeding 1.0 are considered as important X variables [41-43].

3. Results
3.1. Variation of Instantaneous GHG Emissions among Different Type of Peatlands and Across Seasons

CO; emissions from drainage ditches (Figure 2) tended to be higher in peatland forests
where episodic, exceptionally high values of instantaneous CO, emissions were observed
during the summer and spring seasons (ranging from 3.1 mg CO,-C m~2 h™! in the
frost-free period of the winter season to 727.1 mg CO,-C m~2 h~! in summer) compared
to peat extraction sites (ranging from —4.6 mg CO,-C m~2 h™! in autumn to 83.8 mg
CO,-Cm~2h~}, also in autumn). In peatland forests, the mean value of instantaneous CO,
emissions was 136.6 & 28.7 mg CO,-C m~2h~! (median value 61.0 mg CO,-C m—2hl),
while in peat extraction sites the mean value was 14.7 & 2.4 mg CO,-C m~2 h~! (median
value 10.1 mg CO,-C m~2 h™1). Mean values of CO, emissions from each individual
ditch revealed that all studied drainage ditches acted as sources of CO, emissions to
the atmosphere. Furthermore, the CO, emissions in summer were significantly higher
than the CO, emissions recorded in autumn, winter, and spring (p = 0.008, p = 0.002,
p = 0.008, respectively).

Instantaneous CHy emissions from drainage ditches (Figure 2) ranged from —2.2 mg
CH;-C m~2 h™! in abandoned peat extraction sites with shrub and herbaceous plant
vegetation in summer to 12.6 mg CHy-C m~2 h™! in abandoned peat extraction sites
with bare peat, also in summer. The mean value of CHy emissions was 0.085 + 0.034 mg
CH;-Cm~2 h™! (median value 0.024 mg CHy-C m~2 h™!) in peatland forests, while in
peat extraction sites the mean value was 1.07 4 0.45 mg CH;-C m~2 h™! (median value
0.035 mg CH4-C m~2h~1). Mean values of CH, emissions from each individual ditch
revealed that most of the studied drainage ditches acted as sources of CH4 emissions to
the atmosphere, except for three ditches where a removal of CH was observed (minimum
mean CHj emission value was —0.35 mg CH;-C m~2 h~! in abandoned peat extraction
site with shrub and herbaceous plant vegetation). Significant seasonality impact on CHy
emissions was not observed.

The highest instantaneous N> O emissions (Figure 2) were found in silver birch forests
(ranging from —0.004 mg N>O-N m~2 h~! in summer to 0.076 mg N;O-N m~2 h~! in
spring) compared to peat extraction sites (ranging from —0.107 mg N,O-N m~2 h~! in
summer to 0.065 mg N;O-N m~2 h™! in summer) and Scots pine forests (ranging from
—0.009 mg NO-N m~2 h™! in summer to 0.010 mg N,O-N m~2 h~! in spring). Mean
value of NyO emissions was 0.009 + 0.003 mg N,O-N m~2 h~! (median value 0.001 mg
N,O-Nm~—2h~1)in peatland forests, while in peat extraction sites the mean value was
—0.003 £ 0.004 mg N,O-N m~2h~! (median value —0.001 mg N,O-N m~2h1). Mean
values of N,O emissions from each individual ditch revealed that half (50%) of the studied
drainage ditches acted as sources of N,O emissions to the atmosphere (the maximum
mean N,O emission value was 0.033 mg N,O-N m~2 h~1 in the silver birch forest), but the
other half of the studied drainage ditches acted as sinks of N,O emissions (the minimum
mean N,O emission value was —0.013 mg N,O-N m~2 h~! in abandoned peat extraction
site with bare peat). As with CHy emissions, significant differences in the N,O emissions
between seasons were not found (p > 0.75).
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Figure 2. Variation of instantaneous GHG emissions from drainage ditches in peatlands by types
of current land use. In the boxplots, the median is shown by the bold line, the mean by the black
dot. The box corresponds to the lower and upper quartiles, and the whiskers show the minimal and
maximal values (within 150% of the interquartile range from the median), while dots outside the box
represent outliers of the datasets. Colored dots represent different seasons, and different lowercase
letters show statistically significant differences (p < 0.05) in mean values between groups of current
peatland uses. Figure was prepared with the R package “ggplot2” [44].
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Mean GHG emission in CO, -eq, mg m>h'!

The comparison of the contributions of different GHG emission in terms of warming
potential is given in Figure 3, where CH4 and N,O emissions have been recalculated to
CO; equivalents (CH4 and N> O is 25 and 298 times as potent as CO,, respectively). In all
ditches, except ditches in abandoned peat extraction sites with bare peat, the dominant
GHG in terms of warming potential was CO,. The contribution of CH4 emissions from
drainage ditches in silver birch forests and active peat extraction sites (—0.43 and —0.63 mg
COz-eq. m~2 h™!, respectively), as well as the contribution of N,O emissions from drainage
ditches in Scots pine forests and abandoned peat extraction sites with shrub and herbaceous
plant vegetation (—0.58 and —1.39 mg COy-eq. m~2 h™!, respectively) was negligible.

Abandoned, Silver
Abandoned, with Scots pine birch
bare peat vegetation Active forest forest

Peat extraction sites | | Peatland forests
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Figure 3. Contribution to greenhouse warming of different GHG emissions from drainage ditches,
given in CO, equivalents. Figure was prepared with the R package “ggplot2” [44] and “ggbreak” [45].

3.2. Evaluation of Affecting Factors

The instantaneous CO, emissions from drainage ditches both in peatland forests
and peat extraction sites were positively correlated with water temperature (p = 0.68
and p = 0.37, respectively) and negatively with water level in ditches (p = —0.43 and
p = —0.30, respectively) (Figures 4 and 5). Furthermore, in peatland forests, the average
CO; emissions from dry ditches were significantly higher than from water-filled ditches
(p <0.001) (Figure 6). In peat extraction sites, there was no detectable difference in the
average CO, emissions between water-filled and dry ditches. In addition, in peatland
forests, CO, emissions were positively correlated with the GW level (p = 0.76), K and
TN concentrations in water (p = 0.66 and p = 0.48, respectively), and air temperature
(p = 0.54) (Figures 4 and 5). A PLS model (R? = 0.64, Q% = 0.41) revealed that the variation
in instantaneous CO, emissions from drainage ditches in peatland forests was generally
explained by the GW level (VIP = 1.5), water temperature (VIP = 1.3), K concentrations
in water (VIP = 1.2), and air temperature (VIP = 1.0), while in peat extraction sites a PLS
model was weak (R? = 0.26, Q? < 0.10).

Instantaneous CHy4 emissions from drainage ditches in peatland forests were nega-
tively correlated with the GW level (p = —0.57), pH (p = —0.57), and K and TN concentration
in water (p = —0.60 and p = —0.46, respectively), and positively with the water level in
ditches (p = 0.48). In peat extraction sites, CHy emissions from drainage ditches were
positively correlated with water temperature (p = 0.36) (Figures 4 and 5). Although higher
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average CHj emissions were recorded from water-filled ditches compared to dry ditches,
there was no significant difference in CH4 emissions between water-filled and dry ditches
(Figure 6). A PLS model (R? = 0.60, Q* = 0.32) revealed that the variation in instantaneous
CH, emissions from drainage ditches in peatland forests was generally explained by the
GW level (VIP = 1.5), water level in ditches (VIP = 1.1), and K concentrations in water
(VIP = 1.1), while in peat extraction sites a PLS model was very weak (R?2=0.21, Q% < 0.10).

Instantaneous N> O emissions from drainage ditches in peatland forests were positively
correlated with the GW level, and K and TN concentration in water (p = 0.63, p = 0.63 and
p = 0.48, respectively) (Figures 4 and 5). In peat extraction sites, there was no detectable
difference in the average N>O emissions between water-filled and dry ditches, while in
peatland forests the average N,O emissions from dry ditches were significantly higher than
from water-filled ditches (p = 0.021), similar to the case of CO, emissions (Figure 6). PLS
models explaining variation in instantaneous N,O emissions from drainage ditches were
weak both in peatland forests (R? = 0.48, Q? = 0.14) and peat extraction sites (R? < 0.10,
Q% <0.10).

In addition, cross-correlations were found between GHG emissions. While CO,
emissions from drainage ditches tended to correlate positively with NoO emissions, both
CO; and N> O emissions simultaneously tended to correlate negatively with CH,4 emissions
(Figure 4). Variations and mean values of water level in ditches, GW level, and parameters
of GW chemistry in research sites are summarized in Table 2.
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Figure 4. Spearman’s correlations between instantaneous GHG emissions from drainage ditches and
environmental variables (temperatures, water level in ditches, GW level, and general chemistry).
Positive correlations are displayed in blue and negative correlations in red. Color intensity and the
size of the circle are proportional to the correlation coefficients. Below the correlogram, the legend
color shows the correlation coefficients and the corresponding colors. Correlations with p > 0.05 are
considered insignificant (crosses are added). Figure was prepared with the R packages “corrplot” [38]
and “Hmisc” [39].
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Figure 5. Relationships between instantaneous CO,, CHy, and N, O emissions from drainage ditches
and water temperature, groundwater level below soil surface, and total nitrogen concentration in
groundwater. Figure was prepared with the R package “ggplot2” [44].
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Figure 6. Variation of instantaneous GHG emissions from drainage ditches depending on water

level in ditches. In the boxplots, the median is shown by the bold line. The box corresponds to the

lower and upper quartiles, whiskers show the minimal and maximal values (within 150% of the

interquartile range from the median), and dots outside the box represent outliers of the datasets. In
the boxplots, different lowercase letters show statistically significant differences (p < 0.05) in the mean
values between the dry and water-filled ditches within the groups of current land use of peatland
(peat extraction sites and peatland forests). Figure was prepared with the R package “ggplot2” [44].
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Table 2. Variations and mean values of water level in ditches, GW level, and parameters of GW general
chemistry during the study period in research sites. Different lowercase letters show statistically
significant differences (p < 0.05) in mean values between groups of current land use of peatland.

Peat Extraction Sites Peatland Forests
P ter,
arameter, Value Abandoned, Abanfioned, . Scots Pine Silver Birch
Unit with Active
Bare Peat . Forest Forest
Vegetation
Water level in mean + S.E. 37.6+882 446+ 129 26.6 +8.12P 8.7 +34% 48+20°
ditch, cm range 0-110 0-150 0-70 0-32 0-24
GW level. cm mean + S.E. 18.0 +4.12b 62.1+12.0% 241+ 442 10.6 + 4.7 454496
¢ range —2-53 7-150 8-59 ~18-36 0-108
" mean + S.E. 5240272 524032 63+02P 524032 73+0.1¢
P range 3.8-7.0 3.9-6.7 52-7.0 3864 64-7.9
EC. uS em- 1 mean + S.E. 484 £ 554 64.1£95bd 1109 +165%4 641 +12.8¢9 2929 £24.6°
s Hocm range 32.7-117.2 38.9-160.6 34.4-225 36.5-163.25 142.7-450.5
TN, me L-1 mean +SE.  3.57+0332%de 3844027 8.27 £0.86¢ 2.57 +0.38 9¢ 2.88 £0.87¢
Mg range 0.94-6.52 2.78-5.42 2.65-11.43 1.86-5.77 0.39-8.29
DOC. ma L1 mean + S.E. 99.1 £ 6.7 2 1019 +5.82 125.8 422,52 109.3 + 6.72 412+103P
/Mg range 49.1-140.8 81.4-142.0 64.0-291.7 89.7-149.7 9.2-101.0
K L1 mean & S.E. 0.94 +0.08 ¢ 0.65 + 0.07 be 219 40.28¢ 0.42 +0.04 4 091 4+0.11¢
) range 0.47-1.50 0.23-0.95 0.76-3.96 0.23-0.75 0.38-1.76
c L1 mean =+ S.E. 10.6 + 1.7 24 13.4 +£2.3bd 19.5+2.8¢ 17.0 £ 344 62.5+4.1¢
4 mg range 1.78-28.19 5.42-31.57 476-39.93 414-41.87 34.64-79.93
M L mean + S.E. 0.63 +0.032 1.19 +£0.12° 467 £052°¢ 0.74 £0.132 12.82 £ 1.51¢
& Mg range 0.49-0.85 0.83-1.93 0.73-6.66 0.34-1.62 4.82-18.32

4. Discussion
4.1. CO, Emissions

In most of the studied drainage ditches, CO, was the dominant GHG in terms of
greenhouse warming potential. The highest instantaneous CO, emissions from drainage
ditches were found in peatland forests, especially during the summer season (ranging up
to 727.1 mg CO,-C m~2 h~!) when drainage ditches were dry and GW level was at least
50 cm below soil surface. In peat extraction sites, instantaneous CO, emissions ranged from
—4.6 to 83.8 mg CO,-C m~2 h™!. Although in some cases negative CO; emissions (CO,
removals) were found (for instance, in peat extraction sites during the spring and autumn
seasons), the mean values of CO, emissions revealed that all studied drainage ditches acted
as sources of CO, emissions to the atmosphere, indicating that CO, production exceeded
CO, uptake during photosynthesis by plants [16].

Episodic, exceptionally high instantaneous CO, emissions from drainage ditches
recorded in peatland forests in summer and spring significantly increase the mean value
of CO, emissions, which results in significant differences between the mean and median
values of CO, emissions. Thus, extrapolation and inclusion of these episodic, exceptionally
high instantaneous CO, emissions from drainage ditches in calculations of annual CO,
emissions should be done with caution to avoid overestimating annual CO, emissions. As
CO, emissions from drainage ditches correlate significantly with several environmental
variables, e.g., temperature, GW level, and the presence of surface water, the best approach
for calculation of the annual CO, emissions is very likely to use multivariate equations. Such
an approach, however, requires a wide monitoring (activity) data set. Episodic increases in
CO; emissions from drainage ditches when the ditches were dry can be explained by both
increased mineralization of fresh organic matter (for instance, tree litter in peatland forests)
in oxic conditions and by the intensification of some of the pathways by which CO, was
transported into the atmosphere. However, a longer monitoring period of GHG emissions
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from drainage ditches (at least two years period) and more frequent campaigns would
increase knowledge of the contribution of episodic, exceptionally high instantaneous fluxes
to the annual emissions, and would improve identification and characterization of the main
affecting factors determining GHG emissions.

In general, reported CO, emissions from drained ditches vary widely. For instance,
Peacock et al. (2021) revealed no significant difference in the mean CO, emissions between
drainage ditches in catchments with mineral and peat soils in boreal and hemiboreal regions
and reported the mean CO, emissions of 6016 (range —720 to 32,470) mg CO, m~2 d~! from
drainage ditches in forests in southern Sweden [5]. Hyvonen et al. (2013) reported that the
daily CO, emission from drainage ditches in a boreal cutaway peatland cultivated with reed
canary grass in eastern Finland ranged from —0.4 mg m~' h~! to 468.5 mg m~' h~! [17].
Sundh et al. (2000) reported average CO, emissions from drainage ditches in peat-mining
areas in Sweden of —112-161 mg CO, m~2h~1[18], while Schrier-Uijl et al. (2011) reported
that CO; emission from the drainage ditches in peat areas in the Netherlands ranged from
69.6mgm 2h~!t0199.0mgm~2h~![16].

Nevertheless, several studies have concluded that the ditches do not contribute sig-
nificantly to the total site CO, emissions (e.g., [17,18]). Our estimates of instantaneous
CO, emissions from drainage ditches in peat extraction sites did not exceed the ranges
reported previously for drained peat soils in peat extraction sites in Latvia (e.g., [46]) and
Estonia (e.g., [47]). By contrast, CO, emissions from drainage ditches in peatland forests
in some months even exceed maximum monthly average total CO, emissions from soils
in nutrient-rich organic forest soils in Latvia (15.81 t C ha~! yr1), as recently found by
Butlers et al. (2022) [48]. This is explained by the impact of several episodic, exceptionally
high records of instantaneous CO, emissions in peatland forests in summer and spring, as
discussed above.

Research results regarding relationships between CO, emissions from ditches and envi-
ronmental parameters, ditch parameters, presence of vegetation, water chemistry, and other
parameters are not unambiguous, but mostly no correlations are reported (e.g., [16-18]).
Nevertheless, Schrier-Uijl et al. (2011) found that a higher trophic status correlates posi-
tively with CO, emissions, while the depth of the water and the pH correlate inversely
with CO, emissions [16]. Similarly, we found positive correlations between CO, emissions
from drainage ditches and K and TN concentrations in water, and negative correlations
with water levels in the ditches. In addition, we revealed positive correlations between
CO; emissions from drainage ditches and the GW level (cm below soil surface) and tem-
peratures (water and air). Although CO; is highly soluble in water and can be leached [17],
the dependence of CO, emissions on temperature confirms the existence of biological
(microbial) processes that regulate CO, emissions [16].

4.2. CHy Emissions

CH,4 emissions from the studied drainage ditches ranged from —2.2 mg to 12.6 mg
CH4-Cm—2h~L. The highest recorded instantaneous CH4 emissions can be characterized
as episodic, exceptionally high emissions most likely caused by bubble ebullition [20,26,27].
Most of the studied drainage ditches acted as sources of CH, emissions to the atmosphere,
except for a few ditches where small CHy removals were observed. However, our es-
timates are in the range of the CH4 emissions from drainage ditches reported by other
studies. For instance, Peacock et al. (2021) reported a CH4 emission range from 0.1 to
386 g CHy m~2 y~! with a mean of 64.6 + 11.1 g CHy m~2 y~! based on a literature syn-
thesis covering both boreal, temperate, and tropical climate zones [7]. In Sweden, the mean
CH, emissions of 33.9 (range —1.3 to 1390) mg CH; m~2 d~! were reported from drainage
ditches in forests [5], while in peat-mining areas CH4 emissions from drainage ditches
reached 93 mg CHy m~2 h™! with a mean rate of 15.1 + 23.9 mg CH; m~2 h~! [18]. In
Finland, daily CH, emissions from drainage ditches in a boreal cutaway peatland culti-
vated with reed canary grass ranged from -1.87 mg m~2 d~! t0 99.32 mg m~2 d~! [17],
while CHy emissions from drainage ditch bottoms and ditch sides in Lakkasuo mire
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(central Finland) ranged from 0 to 595 and from 0 to 78 mg m-2d-1, respectively; further-
more, the highest emissions were measured from the ditch bottoms covered by water [2].
Hyvonen et al. (2013) also highlighted that waterlogged ditches showed the highest CHy
emissions, which the authors explained by their having anaerobic conditions that favor
CHy production but limit CHy oxidation [17]. Moore and Roulet (1993), Liblik et al. (1997)
in Canada [49,50], and van den Pol-van Dasselaar (1998) in the Netherlands [51] found
strong relationships between the average seasonal CHy emissions and GW level. Our
results support this relationship: CH, emissions from water-filled ditches were higher than
from dry ditches (although the difference was not significant). As well, we also found
a positive correlation between CH, emissions from drainage ditches and water levels in
ditches, and a negative correlation between CHy emissions and the GW level.

Several studies have highlighted that CH, emissions from ditches tend to increase
with temperature and that higher CHy4 emissions were found from more eutrophic ditches
(e.g.,[7,16,51]. The impact of temperature is related to the decreased activity of methanogens
and other bacteria implied by methanogenic fermentation at low temperatures [28]. Our
results also showed a positive correlation between CH, emissions from drainage ditches
and water temperature; in contrast, we found a negative correlation between CHy emis-
sions and TN and K concentrations in water, which indirectly indicates the trophic status
of the water. Although the activity of methanogens producing CHy is optimum around
neutrality or under slightly alkaline conditions, methanogens can partly adapt to acidic
environments [28,52]. A negative correlation between CHy4 emissions from drainage ditches
and water pH was also found. The mean GW pH over the study period did not drop below
5.2 at our research sites, indicating that the environment in the research sites was not
extremely acidic, which could have limited CH4 production.

We found no significant differences in CHy emissions from ditches of peat extraction sites
and those of peatland forests. A similar observation was made by Peacock et al. (2021) [7]. An
earlier study from Latvia [46] and Estonia [47] demonstrated that CH, emissions from drained
peat soils (ranging from —32.12 to 170.44 ug CH,4-C m~2h~! in Latvia and from —82 to
12,037 pg CHy-C m~2 h~! in Estonia) were significantly lower in Latvia and similar in Estonia
to those from the drainage ditches recorded within this study. The finding confirms that
CH, emissions from the ditches can contribute significantly to the total site CHy emissions,
including emissions from the peat soils and drainage ditches as reported by, for instance,
Peacock et al. (2021) [5], Sundh et al. (2000) [18], and Roulet and Moore (2011) [21].

IPCC (2014) provided CH4 emission factors for drainage ditches in forest land with
drained organic soils and peat extraction sites of 217 and 542 kg CHy ha-! yr’l, respec-
tively, in boreal and temperate climate zones [6]. Our mean CHy emission factor was
10.3 kg CHy ha~! yr~! for drained peatland forests and 122.5 kg CHy ha~! yr~! for peat
extraction sites with the highest annual CH, emissions in abandoned peat extraction sites
with bare peat (244.3 kg CH; ha™! yr!). Although our estimates demonstrated that
annual CHy emissions (emission factors) for drainage ditches in hemiboreal peatlands
are notably smaller than those provided by the IPCC guidelines [6], the calculated CHy
emission factor for peat extraction sites lay in the uncertainty range of the IPCC default
emissions factor (102-981 kg CHy ha™! yr~!). Moreover, estimates within this study demon-
strated a significantly narrower range of variation of annual CHy4 emissions from drainage
ditches than that provided by the IPCC guidelines. However, our annual CHy emissions
were calculated as the mean of instantaneous CHy emissions expressed in annual units
(yr~1) including episodic, exceptionally high instantaneous CH4 emissions identified in
abandoned peat extraction sites. As with CO, emissions, the best approach to calculate
annual CHy emissions would very likely be to use multivariate equations that would avoid
potential overestimations.

4.3. N,O Emissions

NO emissions from the drainage ditches in the studied research sites were negli-
gible in terms of greenhouse warming potential and ranged from —0.107 to 0.076 mg
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N,O-Nm~2h~!. The highest mean N>O emissions from ditches were found in silver birch
forests (the mean value of 0.033 mg N,O-N m~2h 1. Negative N,O emission values can
be explained by complete denitrification, resulting in N>O conversion into inert N, under
anaerobic conditions [53]. It is supported by the findings in peatland forests, where the
average N,O emissions from dry ditches were significantly higher than from water-filled
ditches. As Hyvonen et al. (2013) [17] also found, a significant temporal variation of N,O
emissions from ditches (difference between seasons) was not found, nor was temperature
found to be a significant factor affecting NoO emissions.

An earlier study from Latvia [46] demonstrated that N>O emissions from drained
peat soils were even lower and varied in a narrower range from —0.001 to 0.013 mg
N,O-N m~2h~! compared to emissions from drainage ditches. Findings in Estonia [47],
however, revealed that N,O emissions from peat soils (the average reported emissions of
N,O-N varied between —22.7 and 328.8 g N,O-N m~2 h~1) were higher than from the
drainage ditches recorded in this study.

4.4. Impact of Afforestation of Peat Extraction Areas

There is some evidence of increasing tree cover both in pristine and managed boreal
and temperate peatlands due to changes in climate and land use [54,55]. Increased tree
cover in peatlands has a strong impact on the peat’s physical, chemical, and microbial
properties [54,55] and consequently on biogeochemical cycling of elements including GHG
fluxes. The results of this study indirectly demonstrated that afforestation of drained peat
extraction areas would most likely lead to increased GHG emissions from drainage ditches,
although only CO, and N,O emissions were observed to be higher in peatland forests
(especially in more fertile silver birch stands) than in peat extraction sites. Most probably,
increased CO, and N>O emissions from drainage ditches in peatland forests compared to
peat extraction sites can be a result of mineralization of fresh tree litter especially in oxic
conditions when ditches were dry. Furthermore, decomposition of litter has been faster in
the deciduous stands than in the coniferous stands (e.g., [56-60]) and this may generally
be explained by higher lignin content in coniferous litter (e.g., [56,57]). The higher CO,
and N,O emissions from drainage ditches in silver birch forests compared to the Scots pine
forests observed in this study support this interpretation.

Nevertheless, the potential increase in GHG emissions from drainage ditches after
afforestation of former peat extraction areas could be compensated with CO, sequestration
in tree biomass and other C pools. Recent findings also demonstrated that soils in drained
and afforested peatlands can be a net sink for C (considering C input through tree litter and
forest floor vegetation as well), since the amount of C entering the soil can substantially
exceed the C released due to the heterotrophic decomposition of soil organic matter [59,60].

5. Conclusions

In terms of warming potential, the contribution of CO, emissions to the total budget
of GHG emission from ditches in drained peatlands can be higher than the CHy contri-
bution. For this reason, both GHGs must be considered (included) in calculations of a
total landscape-level GHG budget. Average instantaneous CO, and N,O emissions from
drainage ditches in peatland forests were significantly higher than those from ditches in
peat extraction sites, while there was no difference in the average CH, emissions from
ditches between peatland forests and peat extraction sites.

Emissions from ditches of all GHGs increased with increasing temperature. In addi-
tion, CO, and N, O emissions from drainage ditches increased with a fall in the GW level.
They were also negatively correlated with water levels in ditches, but positively corre-
lated with K and TN concentrations in water. By contrast, CH4 emissions from drainage
ditches increased with increased GW level and water levels in ditches, but were negatively
correlated with K and TN concentrations in water and water pH.
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Appendix A

Table A1. Characterization of the forest stands (afforested peatland after peat extraction).

Current Land U.selType Research Site Tr.ee Diameter at Breast Tree Height
of Vegetation Height (Mean + S.E.), cm (Mean + S.E.), m
Scots pine forest site 7 (Cepla Mire) 79+04 8.6 £ 0.5
Site 8 (MPS MeZole) 213 +£09 188 +£1.3
Silver birch forest site 9 (Pleces Mjre) 1424+ 0.8 137+£14
Site 10 (MPS MeZole) 153+ 0.3 16.8 + 0.7
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Abstract: The impact of the moisture regime on the carbon budget of organic soils with different
nutrient statuses has not been fully studied in hemiboreal forests thus far. This study evaluated
soil carbon (C) stock changes in forests with drained and undrained nutrient-rich organic soils by
estimating C loss through respiration and C input through the litter. The study sites included forest
stands dominated by Norway spruce (Picea abies), silver birch (Betula pendula), black alder (Alnus
glutinosa), and clear-cuts. Soil respiration was measured using the chamber method, and to estimate
the soil C input by litter—the biomass and the C content of the foliar litter, ground vegetation, and
fine-root production were measured. The soil in forest stands acted as a C sink. The carbon dioxide
(CO,) removal rates of 0.4 + 0.4 t C ha™! year‘l and 0.1 £ 04 tCha™! year‘l were estimated
for undrained and drained soil in forest stands, respectively. The soil in the clear-cuts acted as
a CO; source, and the annual emissions ranged from 0.4 £ 0.4 t C ha~! year’1 in undrained to
0.9 £ 0.7 t Cha~! year~! in drained conditions. The reason for the soil in clear-cuts being a C source
was increased C loss by respiration and reduced soil C input by litter. Furthermore, the mean soil C
input by ground vegetation biomass in the clear-cuts was considerably higher than in the forest stands,
which did not compensate for the increase in soil respiration and the absence of C input by foliar
litter and the fine roots of trees. The results of the study on annual soil C stock changes can be used
as an emission factor in national greenhouse gas inventories of forest land in the hemiboreal zone.

Keywords: nutrient-rich organic soil; drainage; soil respiration; litterfall; ground vegetation; fine
roots; soil carbon stock changes

1. Introduction

In accordance with the Paris Agreement, the European Union, including Latvia, has
committed to achieving climate neutrality by 2050. These policy targets promote seeking
forest management practices that contribute to C sequestration [1-4], reflected in the topical-
ity of related studies, including the estimation of ecosystem greenhouse gas (GHG) balance.
Reducing the GHG emissions from the main national sources, such as the transport, energy,
and agriculture sectors, which currently account for around 88% of Latvia’s total GHG emis-
sions, will not be sufficient to achieve the climate neutrality target set by Paris Agreement.
To compensate for the irreducible GHG emissions in these sectors, the land use, land-use
change, and forestry (LULUCF) sector must ensure the equivalent sequestration of carbon
dioxide (CO,). Boreal forests are often identified as ecosystems with carbon (C) sequestra-
tion potential [5]. Therefore, forest land is the only land-use category of the LULUCF sector
in which an increased rate of CO, sequestration by the implementation of climate change
mitigation measures has the potential to offset the country’s total GHG emissions.

Efforts to achieve the C sequestration and GHG mitigation potential of the forest
ecosystem can be implemented with targeted activities that promote C sequestration in
biomass, soil, and harvested wood products, as well as by replacing fossil fuels with
biomass. The role of forest management in tree biomass C sequestration is well understood
and modeled, but understanding the process of C sequestration and assessing changes
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in the C stock of the soil remain limited [6]. Previous studies show that climate change
mitigation measures targeted at organic soil management are often the most effective, but
the climate change mitigation potential of organic soils is not being used fully [7,8]; this
is largely related to the lack of knowledge. The most frequently identified climate change
mitigation measures related to the management of organic forest soils are the afforestation
of organic soils and the restoration of the natural moisture regime [9]. However, there is
a lack of scientific evidence that the restoration of the natural moisture regime of organic
soils promotes reductions in GHG emissions and an increase in the C sink of the boreal
forest ecosystem in the current climate conditions. GHG emissions from undrained forest
soil are not within the scope of the national GHG inventory (Inventory) reports, hindering
interest in such studies. However, quantitative awareness of such emissions is crucial for
the comparison of carbon stock change (CSC) of drained organic soil relative to undrained
soil to fully understand the climate impact of drainage and to enable possibilities of imple-
menting the potentially most effective climate change mitigation measures in forest land
management. The drainage of organic soils is often considered a climate-harmful manage-
ment practice, although knowledge of annual soil GHG emissions is highly uncertain [8].
Currently, there is a lack of common understanding of the impact of soil drainage on forest
ecosystem GHG emissions and the C balance. Some studies indicate that the drainage of
nutrient-poor organic soils in boreal forests has a significant impact on ecosystem CO,
sequestration [10], while the drainage of nutrient-rich organic soils may turn forest ecosys-
tems into GHG emission sources when soil C and nitrogen (N) loss is not compensated by
increased forest growth [11].

The most commonly mentioned shortcoming of previous scientific articles on net CO,
emissions from forests with drained organic soils in boreal and temperate climate regions
is a necessity to subtract below- and above-ground biomass respiration from the reported
results and incorporate litter production or decomposition rates [8]. Thus, the results
reported require further processing or additional data to enable the quantification of annual
s0il CSC. Another shortcoming is the uneven site spatial coverage of the previous studies.
Most of the organic soil CSC estimate results were obtained from drained boreal peatland
studies carried out in Finland, while most of the study sites representing a temperate zone
are located in the southern part of Sweden [8]. The results of organic soil CSC estimates in
the Baltic states representing hemiboreal forests are reported by four articles on drained
peatlands [12-15]. Despite the fact that the availability of study results on drained organic
forest soils has increased, they are still scarce, considering the variability of the factors
affecting CSC in forest ecosystems. No CSC estimates of undrained organic forest soils
have been reported in the region, as studies on undrained organic soils are usually carried
out in pristine or recently recultivated peatlands.

According to the acknowledgment that there is a lack of studies evaluating the impact
of different long-term soil moisture regimes on soil CSC [8] and observations that organic
forest soil CO, emissions can be comparably higher in forest sites with increased soil
fertility [16], room for improvement in the Inventory and capabilities to plan climate
change mitigation measures is recognized. The estimated GHG emissions of 1.7 million t
CO; equivalents (14.4% of the total emissions of Latvia) from drained organic soil in the
forest land category in 2020 [17] show the significance of accurate organic soil emission
estimates in the national Inventory. The currently applied country-specific emission factor
(052t Cha™?! year’l) for the estimation of CO, emissions from drained organic soil in
forest lands in Latvia is developed by the C stock inventory method conducted in forests
with nutrient-poor to moderately rich (Callunosa turf. Mel., Vacciniosa turf. Mel. Additionally,
Myrtillosa turf. Mel.) soils according to the national forest site type classification [18]. The
country-specific emission factor is applied to all organic soils in forests, while according
to the national forest inventory, the share of drained (17%) and undrained (4%) forest site
types with nutrient-rich organic soils, where potentially higher soil CO, emissions may be
expected, is 21%. Therefore, the currently used emission factor may introduce accuracy
errors in the estimations.
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This study aimed to estimate the CSC of drained and undrained nutrient-rich organic
soils using empirical data on soil CO, emissions and soil C input by:
e  Foliar litter (LF);
e Ground vegetation (above- and below-ground biomass of herbs and grasses, GV);
e Fine roots of trees (FR);
e Moss and dwarf shrubs.

This study contributes to the improvement of the national GHG inventory and pro-
vides a scientifically valid assessment of potential soil drainage effects on CO, emissions to
support decision-making on climate change mitigation measures.

2. Materials and Methods
2.1. Study Site Description

The study was carried out in central Latvia (Figure 1) on the forest stands of a hemibo-
real zone with undrained (Dryopterioso-caricosa and Filipendulosa) and drained (Oxalidosa
turf. mel.) forest site types characterized by nutrient-rich organic soil. For the forest stands
to be accepted as study sites, the compliance with drainage status, the average peat layer
depth (>30 cm in undrained sites and >20 cm in drained sites), and the characteristic
vegetation, as defined in the national forest site type classification (Table 1), were analyzed.
One round sample plot (500 m?) was established in each of the selected study sites. The
distance to the nearest drainage ditches from the sample plots was at least 300 m and 100 m
in the study sites with undrained and drained soil, respectively.

%

Meteorological stations 5 100 km| ~
e Study sites

Figure 1. Location of study sites and closest meteorological stations with the indicated radius
of 30 km.

Table 1. Dominant ground vegetation in the study sites.

Forest Site Type Ground Vegetation

Thelypteris palustris Schott, Carex (L.), Iris pseudacorus (L.) Fuss,

Dryopterioso-caricosa Scirpus (L.), Lysimachia vulgaris (L.), Cirsium oleraceum (L.) Scopoli,

Filipendula ulmaria (L.) Maximowicz, Angelica sylvestris (L.)
Filipendula ulmaria (L.), Urtica dioica (L.), Geum rivale (L.), Paris

quadrifolia (L.), Caltha palustris (L.), Solanum dulcamara (L.)

Cirsium oleraceum (L.) Scopoli, Hylocomium splendens (H.)
Oxalidosa turf. mel. Schimper, Rhytidiadelphus, Brachythecium,
Vaccinium myrtillus (L.), Dryopteris filix-mas (L.) Schott

Filipendulosa

During the collection of the empirical data (from October 2019 to June 2021), the air
temperature in the study sites ranged from 8.0 + 0.7 °C to 31.4 £+ 0.1 °C (mean 9.2 + 0.8 °C)
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and the annual precipitation ranged from 472 mm to 860 mm (average 668 + 136 mm)
according to the data provided by the meteorological stations of the Latvian Environment,
Geology, and Meteorology Centre (distance from study site less than 30 km).

The scope of the study included 31 forest stands in total, with the dominant tree
species being Norway spruce (Picea abies (L.) Karsten), silver birch (Betula pendula Roth),
and black alder (Alnus glutinosai (L.) Gértner) at different stages of stand development
(hereafter spruce, birch, and alder, respectively), from clear-cuts to mature stands (Table 2).
The results of the individual peat-layer thickness measurement replicates varied from 23 cm
to >100 cm (mean 75 £ 7 cm) in the undrained sites and from 25 cm to >100 cm (mean
54 £ 12 cm) in the drained sites.

Table 2. Characteristics of forests sites.

N Undrained Forest Sites Drained Forest Sites

Spruce  Birch Alder  Clearcut Spruce  Birch Alder  Clearcut
Number of study sites 1 3 5 1 12 3 2 4
Age, years 67 21-77 10-80 14-86 18-60 26-53
Diameter, cm 31 12-29 4-23 2-27 9-27 17-24
Height, m 28 12-28 4-29 2-24 9-22 17-26
Basal area, m® ha™" 61 17-71 8-57 8-72 19-60 32-56
Growing stock, m® ha~! 335 78-365 35-325 7-521 38-210  123-254
Thickness of peat layer, cm 68 31-52 30-99 47 37-99 25-75 60-70 63-99

The table shows the range of characteristics of forest sites.

2.2. Sampling and Laboratory Analysis of Soil and Soil Flux

Soil CO; flux monitoring was conducted using the manual closed static nontransparent
chamber method [19] for 12 consecutive months. Chamber collars were installed at a depth
of 5 cm in 5 replicates in each study site. During collar installation, root damage and
disturbance of the litter layer were avoided as much as feasible, and GV was left intact
throughout the whole monitoring period. Therefore, the flux monitoring represents the
CO; exchange between the soil surface (including vegetation enclosed in the chamber) and
the atmosphere, the sum of soil heterotrophic respiration, and the autotrophic respiration of
roots and aboveground ground vegetation (Rfloor), respectively. Soil flux was sampled with
an interval of 4 weeks from the chambers in each of the collar positions immediately and at
10, 20, and 30 min after positioning the chambers on the collars. The samples were collected
using underpressurized (0.3 mbar) glass vials and tested using the gas chromatography
method [20]. The atmosphere and soil temperature at a 5 cm depth (Ts), as well as the
groundwater level (using a PVC pipe installed up to a depth of 140 cm), were recorded
during the soil flux sampling.

The soil samples were collected with 100 cm® cores from fixed soil depths of 0-10
and 10-20 cm in 2 replicates [21]. The soil samples were prepared according to LVS ISO
11464:2005, and the bulk density was determined according to LVS ISO 11272:2017. The
soil chemical parameters were determined using standard methods (Table 3). The content
of organic C was calculated by subtracting the value of carbonate C from the total C value.
In addition, the soil organic C/total N ratio (C/N ratio) was calculated as a proxy to
characterize the decomposition of soil organic matter.

2.3. Estimation of Soil Respiration

The acquired analysis results of the CO, concentration in the chambers during soil
flux sampling were used to calculate the slope values of the linear regression equations
characterizing the gas concentration changes over time. The instantaneous Rfloor was
calculated using the following equation:

M PV slope

Rfloor = RTA

()]

where Rfloor is the instantaneous Rfloor, ug CO, m?2 h~1; M is the molar mass of CO,,
44.01 g mol~; R is the universal gas constant, 8.314 m® Pa K~!-mol~}; P is the assumption



Forests 2022, 13, 1790

50f18

of air pressure inside the chamber, 101,300, Pa; T is the air temperature, K; V is the chamber
volume, 0.063 m?; slope is the CO, concentration changes over time, ppm h™!; and A is the
collar area, 0.1995 m?2.

Table 3. Standard methods used in analyzing soil samples.

Parameter Unit Method Principle Standard Method

Bulk density kgm~3 Gravimetry LVSISO 11272:2017
Elementary analysis

Total C gkg ! (dry combustion) LVS ISO 10694:2006
Total N gkg! Eig;“;g:{)i;iﬁ‘s LVS ISO 13878:1998
Carbonate (CaCO3) g kg’] Volumetry LVS EN ISO 10693:2014
pH unit Potentiometry LVS ISO 10390:2021
HNO;3 extractable potassium
(K), calcium (Ca), magnesium gkg! ICP-OES LVS EN ISO 11885:2009
(Mg) and phosphorus (P)

The annual Rfloor was estimated by summing the calculated hourly Rfloor. We
calculated the hourly Rfloor by interpolating the measured instantaneous Rfloor using the
Ryo and Q;o parameters [22-24], the relationship between the atmospheric temperature and
Ts evaluated within the study and the hourly average air temperature data from the nearest
meteorological stations. The hourly Rfloor was calculated using the following equation:

Tg-10

Rfloor = R19Qyy™ 2

where Rfloor is the hourly Rfloor, kg CO, ha=! h™'; Ryg is the Rfloor at a soil temperature of

10°C, kg CO ha='h~1; Qg is the temperature sensitivity; and Tg is the soil temperature, °C.

The following equation (R? = 0.81, p < 0.001), elaborated by the results from previ-

ous studies [25], was used to recalculate the annual Rfloor to soil heterotrophic respira-
tion (Rhet):

In(Rhet) = 1.22 4 0.73In(Rs) 3)

where Rhet is soil heterotrophic respiration, t CO, ha~! year~!, and Rs is soil respiration,
tCO, ha!year—!.

The annual Rfloor and Rhet were estimated by stratifying the empirical data acquired
in the study according to soil moisture regime (undrained and drained), forest land status
(forest stand or clear-cut), and forest type (deciduous or coniferous) to allow the application
of study the results for the improvement of the national GHG inventory.

2.4. Estimation of Soil C Input by Litter

The LF samples for the estimation of the annual LF biomass were collected using five
conically shaped litter traps (surface area 0.5 m?) installed in each study site according to
the manual methods and criteria for harmonized sampling, assessment, monitoring, and
analysis of the effects of air pollution on forests, prepared on behalf of the Programme
Co-ordinating Centre and Task Force of ICP Forests [26]. The samples were collected for
12 consecutive months with an interval of 4 weeks.

Separate above- (aGV) and below-ground ground vegetation (bGV) samples were
collected in 4 replicates from 20 cm x 20 cm square fields in each study site at the end of
the vegetation season when the vegetation biomass had peaked [23]. The FR production
samples were collected using the modified ingrowth core method based on a flexible
polyester cylindrical bag (diameter 35 mm) with a mesh size of 2 cm x 2 cm installed 60 cm
deep in the soil in three replicates in each study site [27,28]. Mesh bags were installed in
autumn and removed from the soil after a year by cutting the roots around the bag. The
roots of trees were removed from the collected bGV samples, while the roots of GV were
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Basal area, m? ha™!

removed from the collected FR samples. The soil particles from both types of below-ground
biomass samples were removed by wet sieving.

The litter sample dry matter was determined by oven drying (70 °C) the samples; the
C content was analyzed by dry combustion using an element analyzer according to LVS
15O 10694:2006. It was assumed that the biomass of the collected foliar litter, GV, and FR
production was equal to the annual mortality and respective soil C input:

m x 10000 x C

Cinput = S 100 4)

where Cinput is the annual soil C input by litter, t ha=! year™!; m is the dry matter of
litter, t; C is the C content of litter, %; and S is the area of the litter sampler (cross-sectional
area of root ingrowth bag, area of LF trap, and area of GV collection field), m2.

2.5. Estimation of Forest Soil Annual CSC

The soil CSC was calculated as the sum of the soil C input by annual biomass mortality
(LE, GV, FR, mosses, and shrubs) and soil C loss by Rhet. The estimated soil CSC was
expressed as the mean annual CSC within 240 years of forest management in a business-
as-usual scenario. Assumptions of yearly stand age and basal area development within a
period of 240 years of forest management (including the impact of harvesting), which were
used as variables for the annual soil CSC calculations (Figure 2), are based on the National
Forest Inventory data and national stand growth models [29-32].

— = =Undrained, birch - - =Undrained, alder - - -Undrained, spruce

Drained, birch

Drained, alder

('

Drained, spruce

N

L/

Year

Figure 2. Assumptions of stand basal area dynamics within a 240-year forest management cycle.

The assumptions of the yearly dynamics of the basal area were used as variables
for the calculation of the annual soil C input according to the study results. The annual
LF C input was calculated using equations for the relationship between the basal area
and C content in the annual LF biomass, while the annual soil C input by FR and GV
was estimated according to forest land status (forest stand or clear-cut). It was assumed
that forest stand or clear-cut status could be determined by the national stand basal area
thresholds identifying unproductive stands: 6, 4, and 5 m? ha~! for spruce, birch, and alder
stands, respectively.
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The study results for soil C input and Rhet are supplemented by data on the annual lit-
ter biomass of dwarf shrubs and mosses. The biomass of shrubs and mosses was calculated
using the equations elaborated within a study conducted in boreal forests [33]:

B(spruce) gps = (10.375 — 0.033A + 0.00LA% — 0.000004A%)* — 0.5) ©)
B(broadleves),y,, s = (7102 — 0.00044%) — 0.5) ®)
B(spruce),,,, = (19, 282 +0.164A — 0.000001A4%)% — 0.5) @)
B(broadeleves),,,, = (13.555 +0.056A)% — 0.5) ®)

where B(spruce)shrybs and B(broadleaves)g, ps are the aboveground biomass of shrubs
in coniferous stands and broadleaves forests (kg ha™1), respectively. B(spruce)moss is the
aboveground biomass of moss in coniferous forests (kg ha~1), and B(broadleaves)moss-is
the aboveground moss biomass in deciduous forests (kg ha~1). A is stand age (years).

The annual soil C input by shrubs and mosses was calculated with the assumption that
the share of C in the biomass was 47.5% [34] and by multiplying the biomass values with a
turnover rate of 0.25 and 0.33 for shrubs and mosses, respectively [33]. It was assumed that
70% of the total C input by dwarf shrubs and mosses contributed to belowground biomass
mortality [35-37].

2.6. Statistical Analysis

Statistical analyses were carried out using R (R version 4.0.3; RStudio version
2022.07.1 + 554). A Mann-Whitney U test was used to compare the differences between
the two data groups. The correlations were tested with Spearman’s p. A significance level
of & = 0.05 was applied in all the tests. The uncertainty of the study results was expressed
with confidence intervals (« = 0.05).

3. Results
3.1. Soil Characteristics of the Study Sites

The mean organic C content in the top 20 cm of the soil in the studied stands with
drained soil was 48.7 & 4.0% and 45.5 + 4.3% in stands with undrained soil. Thus, the soil
in the studied stands complies with the definition of organic soil [38]. The mean soil C/N
ratios in the drained and undrained soil were 19.4 + 2.8 and 19.2 + 2.9, and the soil bulk
densities were 420 + 40 kg m 3 and 435 + 43 kg m3, respectively.

3.2. Soil Respiration

During the soil CO, flux monitoring period, the measured Ts ranged from —1.3 to
22.3 °C, while the instantaneous Rfloor ranged from 0.6 to 97.8 ug C m2s71 (Figure 3).
The highest mean instantaneous emissions were found in clear-cuts. The difference be-
tween the measured mean Rfloor in the clear-cuts with drained (31.5 £+ 7.0 ug C m2s71)
and undrained (33.4 + 14.4 ug C m~2 s!) soil is not significantly different. The mea-
sured mean Rfloor in the forest stands with different dominant tree species, and the soil
moisture regimes were also not significantly different from each other and ranged from
18.5 £ 7.1 ug C m~2 s~ ! in spruce stands with undrained soil to 25.9 + 7.2 ugC m 2 s~
in birch stands with drained soil. However, the difference between the measured mean
Rfloor in the clear-cuts (31.9 & 62 ug C m~2s71) and forest stands (21.7 £ 1.8 pCm 2s71)
is significantly different.
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Figure 3. Relationship between soil temperature and Rfloor. Confidence intervals are shown around
the smooth lines.
The relationship between the Ts and Rfloor can be expressed by exponential regression.
The equation (Rfloor = a x exp (b x Ts) coefficients a and b are summarized in Table 4.
According to the study results, the Rfloor tended to be more sensitive to Ts changes in
deciduous forests and drained clear-cuts (Qjo from 3.9 to 4.18) as compared to the other
study sites, namely, clear-cuts with undrained soils and coniferous forests (Qjo from 3.25
to 3.46).
Table 4. Summary of the models for the prediction of soil Rfloor by soil temperature at a depth
of 5 cm.
Moisture Forest Site Characterlstl(CIs{:lié\/Iaeasured Data Model Coefficients Model Characteristics
Regime Characteristics
Ts, °C Rfloor, uyg Cm—2s-1 a b RMSE Q1o
Clear-cut —-13...9.0 05...772 5.784 0.141 119 4.10
Drained Deciduous 05...223 12...978 4.476 0.143 10.3 4.18
Coniferous —0.6...182 42...59.7 6.235 0.118 6.2 3.25
Clear-cut 1.1...213 63...785 7.298 0.124 10.6 3.46
Undrained Deciduous 0.7...193 0.6...613 4.700 0.136 8.5 3.90
Coniferous 14...174 6.2...459 5.798 0.124 3.0 3.46

The annual Rfloor was estimated by applying the prediction models developed by
the study and hourly air temperature data within the study period in combination with
the observed relationship between the temperature of the atmosphere and Ts (R? = 0.87,
p <0.05):
©)

where Ts is the soil temperature at a 5 cm depth, °C, and t,;, is the air temperature, °C.
The estimated annual Rfloor ranged from an average of 5.1 &= 0.2 t C ha~! year™! and
5.1+ 2.6 t Cha~! year ! in alder stands with drained soil and birch stands with undrained
soils, respectively, to 7.9 + 3.3 t Cha~! year ! in clear-cut stands with undrained soil. The
estimated annual mean Rfloor in the forest sites and clear-cuts was 6.2 - 0.4 t Cha~! year~!

Ts = 0.715t4i, + 1.719
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and 7.7 £ 1.7 t Cha~! year~!, respectively. The empirical data acquired show a correlation
between the Rfloor and GV biomass (r was 0.4 to 0.55 for bGV and GV, respectively). It was
also observed that the soil C content (r = 0.51) and LF biomass (r = —0.59) had a moderate
correlation with Rfloor, while stand age had a weak (r = —0.36) but significant (p < 0.05)
impact on Rfloor (Figure 4).
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Figure 4. Correlation analysis of the soil C stock balance components and affecting factors.
Size and color of the bubbles indicate correlation strength; starred bubbles show significant
(p < 0.05) correlations.

3.3. Soil C Input by Litter

In the study sites, the aGV (mean C content 47.1 & 0.7%) and bGV (mean C con-
tent 49.7 4 0.8%) at the end of vegetation season ranged from 6.1 to 8.2 t ha™! (average
6.9 + 1.0 t ha~!) in clear-cuts to 1.3 to 6.5 tha~! (average 3.5 + 0.7 t ha™!) in forest stands.
While there was no statistically significant relationship identified between the aGV and soil
chemical parameter data, the bGV data had a relationship with the parameters indicating
soil fertility. The bGV data had a moderate correlation with soil N (r = 0.51), K (r = 0.49),
P (r=0.69) content, and C/N ratio (r = —0.62). Although GV had a moderate correla-
tion (r = 0.51) with stand age, due to the lack of study data available to elaborate models
based on stand variables, soil CSC modeling was chosen to be performed by fixed ground
vegetation biomass values stratified according to forest land status (forests stand or clear-
cut), moisture regime (drained or undrained soil), and dominant tree species (coniferous
or deciduous).

The same approach was applied regarding the FR litter data. The estimated FR
production in the forest stands ranged from 0.1 to 1.8 t ha~! (average 0.8 & 0.2 t ha™1).
Although moderate correlations between the estimated FR production and soil fertility
characteristics data exist, these relationships were not found to be significant, except in the
case of soil Mg content. The study data show that a lower annual average groundwater
level tended to increase FR production (r = 0.38).
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The estimated annual LF biomass ranged from 0.5 to 5.7 t ha™? (average 3.3 £ 05t ha™1)
with a mean C content of 52.1 & 0.2%. The annual foliar litter biomass data had a moderate
(r from 0.44 to 0.65) correlation with average tree diameter, basal area, height, and growing
stock (in order of increasing correlation) to a high correlation with stand age (r = 0.84). The
basal area was chosen as a predictor for the explanation of the annual foliar litter biomass
due to its better representation of the impact of deciduous or coniferous tree species. The an-
nual soil C input by litter in the spruce stands had a linear relationship with the stand basal
area; in the study sites, the estimated C input increased from 0.26 to 2.34 t Cha~! year™!
in stands with a basal area of 8 m? ha~! and 45 m? ha~!. The acquired data suggest that,
in the case of deciduous forests, the LF stands had a steeper biomass increase until the
basal area reached around 20 m? ha~!. When the annual C input by litter reaches around
1.5t Cha~! year~!, further increases in the basal area have a more gradual impact on litter
biomass increases (Figure 5).
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Figure 5. Relationship between C stock in annual foliar litter and stand basal area.

3.4. Summary of Estimated Annual Soil CSC

According to the empirical data of the annual average Rfloor recalculated to Rhet and
the soil C input estimated in the study, summarized in Table 5, the soil C loss by Rhet is
compensated by the annual soil C input in forest stands with drained and undrained soils,
while drained and undrained soil in clear-cuts is a net CO, source.

Table 5. Summary of estimated soil respiration and soil C input (t C ha~! year~!) in the study sites.

Moisture Forest Site Net
Regime Characteristics Rfloor Rhet aGv bGV R LE Balance
Clear-cut —76+22 —-43+£09 22+03 1+£02 02+£02 —-09+£07
Drained Deciduous —624+12 -37+£053 07+£03 13403 03+£03 1.6+03 02404
Coniferous —-63+05 -37+023 08+£02 08+02 04+£0.1 17+£05 00+03
Clear-cut 79412 —-44+£050 24+03 14403 01+04 —-04+04
Undrained Deciduous —-61+07 -37+£032 07+03 1.0+£04 03+0.1 1.7+£0.6 0.0+04
Coniferous -514+12 -33+£050 05+03 08+03 05+0.1 22+04 0.8+ 0.4

According to the modeling exercise explained in Section 2.4., within a 240-year for-
est management cycle, the annual soil CSC ranged from —1.0 to 2.6 t C ha~! year™!
(mean 0.4t Cha™! year’l) in deciduous forests and from —0.6 to 2.9 t C ha~! year’1
(mean 0.7 t C ha~! year™!) in coniferous forests with undrained soil, whereas in forests
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with drained soil, the annual net C balance ranged from —1.3 to 1.0 t C ha™! year~!
(mean 0.1t Cha~! year™!) in stands with deciduous-dominant species and from —1.3
to 0.1t Cha~! year~! (mean —0.6 t C ha~! year~!) in stands with coniferous-dominant
species (Figure 6). These results indicate that long-term drainage reduces C uptake by
nutrient-rich organic soil in managed forests. After drainage, the soil in deciduous forests
may remain C-neutral, but in coniferous forests, the soil may become a CO, source.

Undrained, deciduous - 4{ | X '7
Undrained, coniferous 4 —| }—
Drained, deciduous 1 .
Drained, coniferous ﬂ—

T T T T T

-1 0 1 2 3
Annual soil C balance, t C ha™ yr™'

X

Figure 6. Inter-annual soil CSC variation within a 240-year forest management cycle. In the boxplots,
the median is shown by the bold line; the mean is shown by the cross; the box corresponds to the
lower and upper quartiles; whiskers show the minimal and maximal values (within 150% of the
interquartile range from the median).

The soil CSC modeling results showed that aboveground litter, on average, contributed
to the annual soil C input by 60 + 4%, of which 40 & 10% was from LF and 57 £ 9%
from aboveground ground vegetation. The main component of the soil C input was GV,
contributing 60 + 7% of the total annual soil C input (Table 6).

Table 6. Summary of estimated forest management cycle’s annual average soil CSC (t C ha~! year~1)
for the study site measurements.

Soil CSC Drained Undrained
Component Deciduous Coniferous Deciduous Coniferous
Rhet —3.82 £ 0.45 —3.85+0.36 —388+07 —354+1.38
LF 114 £ 021 0.81 % 0.24 112 £ 0.46 0.73 +0.22
FR 031+ 0.25 044 +0.13 032 £ 0.29 053 +0.16
aGV 0.93 4 0.61 114031 1.79 4 0.61 1.59 & 0.45
Aboveground 0.01 £ 0.01 0.01 4 0.01 0.01 4 0.01 0.01 % 0.01
shrubs
Aboveground 0.02 £ 0.02 0.09 + 0.04 0.02 £ 0.02 0.11 + 0.04
mosses
bGV 1.27 £ 042 059 + 0.17 113 £ 0.52 1.00 £ 0.28
Belowground 0.07 + 0.07 0.25+0.1 0.07 + 0.07 0.28 +0.12

shrubs, mosses
Net balance —0.08 +0.03 —0.55 + —0.12 043 +0.17 0.71 £0.25

4. Discussion
4.1. Method of Rhet Calculation

Previous studies in boreal forests mainly focused on the direct evaluation of Rhet [8].
In our study, the decision to estimate soil respiration by Rfloor measurements is a result of
a methodological compromise allowing the acquisition of collected gas sample analysis
results for soil CHy and N,O flux estimates as well [39]. For this reason, in our study, the
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Rfloor measurements were recalculated to Rhet using an equation elaborated from the data
of previous studies. While such an approach may introduce additional uncertainty in the
results of Rhet estimates, it allowed us to maintain the simplicity of the soil CSC calculation.
Although the use of direct Rhet measurement results would avoid such unknown potential
errors, the method (trenching) required to acquire such Rhet data may introduce other
errors in the flux estimates due to altered soil conditions [40—42]. The soil CSC calculation
method based on the Rhet data was also favored by a study that compared different soil
CSC estimation methods based on chamber measurements against reference estimates using
eddy covariance measurements. In this study, it was concluded that an approach based on
Rhet data provided results that agreed better with the reference results, as compared to
methods that use Rfloor measurement data [25]. It was found that, although both soil CSC
estimation methods are sensitive to biases introduced by the soil C input and output data
used in the calculations, the approach based on Rhet data was more applicable due to the
relatively simple calculation approach of subtracting Rhet measurement results from the
soil C input data, while complicated modeling of ecosystem photosynthesis and respiration
is needed to calculate soil CSC using Rfloor measurement data.

To recalculate the study results of the Rfloor for individual study sites to Rhet, a factor
ranging from 0.52 to 0.66 (mean 0.6) was used. Therefore, the calculated Rhet may be
overestimated, as the equation applied to determine the Rhet/Rfloor recalculation factor
was elaborated by comparing the data of Rhet and Rfloor, excluding aboveground au-
totrophic respiration (Rs), from studies conducted in both boreal and temperate zones [25].
However, such an assumption may be speculative as, according to the data compiled by
more recent metanalytical reviews, the Rhet/Rs determined by the trenching method in
boreal coniferous forests ranges from 0.36 to 1.03 (mean: 0.73, with a standard deviation of
0.18). Therefore, the approach used to calculate the Rhet in the study may be considered
conservative from the GHG inventory perspective as underestimation of soil C loss is not
favorable in the elaboration of soil emission factors.

The results of Rhet calculated for individual study sites with forest cover ranging from
29 to 4.4t Cha! year! fall within the range of results of the Rhet estimated by direct
measurement in other studies in boreal forests. The Rhet of forestry-drained peatlands
reported in the results of a Finnish study ranges from 1.46 to 6.70 t C ha~! year~!. [16]. The
Rhet estimated in a 30-year-old Scots pine plantation (former cropland) with organic soil
situated in the middle of a boreal climatic zone was 4.80 t C ha~! year’1 [43], while the
quantified Rhet of 12 afforested organic soil cropland sites and six cutaway peatlands in
Finland ranged from 2.07 t0 5.39 t C ha™?! year’1 and from 2.76 to 4.79 t Cha~! year’l, re-
spectively [44]. The results of another study carried out in Finland showed an average Rhet
0f 2.38 t Cha~! year~! in a pine-dominated drained mire. It was estimated that the annual
Rhet of forestry-drained peatlands in central Estonia and southern and northern Finland
ranges from 2.48 to 5.15 t C ha~! year™! [13]. The consistency of the Rhet estimated in our
study with previously reported values indicates that the use of the Rfloor recalculation
method is applicable for studies conducted in the hemiboreal zone.

4.2. Soil Respiration

In our study, the difference between the mean measured instantaneous Rfloor in
drained sites (7.35 & 0.89 t C ha™! year’]) and undrained (7.02 # 0.96 t C ha™! year’i)
forest stand sites were found to be insignificant (p = 0.34). However, the differences between
the measured mean instantaneous Rfloor in forest stands (6.84 + 0.56 t C ha™! year’l)
and clear-cuts (10.08 £ 1.96 t C ha~! year™!) were significant (p = 0.002). The tendency of
similar soil respiration in drained and undrained sites, as well as increased emissions in
areas with no forest cover, was also observed in a previous study. For instance, in afforested
lowland raised peat bogs in Scotland, it was found that Rfloor was slightly higher in drained
sites (4.53 t C ha~! year’l) compared to undrained sites (3.35t C ha—! year’l), while in
undrained areas with no forest cover, the estimated Rfloor was 6.95 t C ha™! year’1 [45].
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In our case, the insignificant difference between average soil respiration in drained
and undrained study sites is mainly determined by the absence of correlation between
the measurement data of the Rfloor and groundwater level. The average groundwater
level in the drained study sites (mean 55 + 2 cm) was on average 18 + 2 cm deeper than
in the undrained sites (mean 35 £ 3 cm); however, the groundwater level measurement
results have weak, insignificant correlation (r = 0.3) with soil respiration data. We were
not able to find empirical reasons for having a significantly higher soil respiration rate
in clear-cut study sites compared to sites with forest cover. By evaluating the data of Ts
and atmospheric temperature measurements, we observed that there was no higher Ts
sensitivity to variation in atmospheric temperature. Linear regression models of charac-
terizing the relationship between Ts and soil temperature in forest stands and clear-cuts
were not statistically significant. Therefore, we concluded that Ts response to changes
in atmospheric temperature was not different in both study site groups and increased
warming of soil in clear-cuts was not the reason for elevated soil respiration. Most likely,
the increased emissions are induced by soil disturbances of mechanized harvesting [46]
and the decomposition of harvesting residues [47].

The annual Rfloor in clear-cuts with peaty gley soil, estimated by the previous study
as ranging from 6.5 £ 1.6 to 7.1 £ 1.7 t C ha~! year™! [48], which is similar to our es-
timation of the annual Rfloor in drained and undrained clear-cuts, i.e., 7.6 + 2.2 and
7.9 £1.2tCha~! year™!, respectively. Additionally, the estimated Rfloor in the study sites
with forest cover, which ranged from 4.4 to 8.0 t C ha™! year™, is similar to the range of
the Rfloor estimated in other studies (2.73 4 0.55 to 5.18 + 1.09 t C ha~! year~!) conducted
in boreal forests [49,50]. Furthermore, the mean Rfloor was found to be significantly higher
in drained coniferous forests with organic soil (from 2.45 to 5.18 t C ha™! year™!) than
in undrained mire forest sites (from 2.18 to 3.27 t C ha™! year‘l), although the drained
sites were all moist [51]. This may be in line with the observations made in our study that
the groundwater level may have no significant impact on Rfloor. Additionally, in a study
aimed at creating soil respiration prediction models, it was concluded that by adding the
water table depth into the models as an explanatory variable, the goodness of fit was not
improved and the prediction power was not statistically significantly improved [52]. Even
though, in some cases, the average water table depth can be significantly correlated with
annual respiration values in peatlands [53], soil temperature alone is generally sufficient to
explain the variation in soil respiration. The reasons why groundwater level can be used as
a Rfloor predictor only in some areas can be further studied.

4.3. Soil C Input by Litter

The study results of the average annual soil C input by LF in drained and undrained
forests with nutrient-rich organic soils ranging from 1.6 + 0.3t0 2.2 £ 0.4 C ha~! year’l,
respectively, are within the uncertainty range of the average observed values in the conif-
erous and deciduous forests of Northern Europe, 1.7 + 1.1 and 1.5 £ 0.7t C ha~! year’l,
respectively [54]. While similar relationship tendencies with the basal area have been
recognized, higher estimated values of the average soil C input by LF of coniferous
(1.82 £ 0.02tCha™! year’l) and silver birch stands (2.07 #+ 0.03 t C ha~! year’l) with
drained organic soils were found in a recent Latvian study [55]. This points out that the
average soil C input values used in the estimates of forest C balance or comparison of
litterfall biomass across different studies can lead to considerable inaccuracies. In our
study, as well as in a previous local study [55], it is recognized that basal area provides the
highest prediction power of litterfall biomass compared to other commonly used forest
stand characteristics. Therefore, the variation in the LF data acquired in the study can
be explained with the basal area of the forest stands studied. A limited number of study
sites restricted the ability to compare the relationship between the basal area and LF in the
drained and undrained sites separately.

The mean tree fine-root production, ranging from 0.6 £ 0.6 t ha=! year~! in drained
deciduous forests to 1.0 £ 0.2 t C ha~! year™! in undrained coniferous forests with nutrient-
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rich organic soil, as estimated in this study, is significantly lower than those mostly reported
in previous studies. The mean fine-root production reported for Northern Europe was
2.84 +1.52 tha~! year ! in coniferous forests and 1.99 + 1.01 t ha~! year~! in deciduous
forests [56]. Lower estimated fine-root production values may be explained by methodolog-
ical underestimation or the phenomenon whereby the growth of trees in nutrient-rich soil
requires less biomass of the fine roots to ensure a sufficient intake of water and nutrients.
Higher fine-root productivity in stands with less fertile soils has been noticed in several
studies [22,57-59]; however, the opposite relationship has also been found [60]. Such
assumptions may also be contradicted by the annual fine-root production in forests with
drained nutrient-rich soil, which ranged from 1.81 to 3.02 t ha~! year™!, as reported in an
Estonian study [12]. Most likely, the reason for underestimation arises from methodology,
as the average uncertainty of acquired results also ranges from 30 to 161 % (mean 71 %)
in study sites with different dominant tree species and soil moisture regimes. The study
period of one year was not sulfficient for fine root production estimates by the ingrowth
method, as one vegetation season was not sufficient to mitigate the effects of disturbance
introduced by the installation of ingrowth bags.

The annual soil C input by GV has not been studied extensively, and the available
results are often not comparable due to different study methods and the different vegetation
components included in the calculations. In Estonia, the estimated primary production of
dwarf shrubs and grasses reached 0.4 t C ha~! year™! in spruce stands and ranged from
0.6t0 1.0t C ha™! year™! in pine stands [22]. By using the biomass of herbs and grasses,
the prediction models elaborated by a study conducted in Finland [33], taking into account
the age distribution of Latvian forests, the average weighted annual soil C input by aGV
and bGV ranged from 0.34 & 0.01 to 1.29 £ 0.202 t C ha~! year ! in birch and pine stands
with drained organic soil, respectively [55]. The higher annual soil C input by herbs and
grasses, which ranged from 0.6 to 3.2 t C ha~! year~! in forest stands and from 2.9 to
4.0tCha~!year! in clear-cuts estimated in our study, can be explained by the forest site
types characterized by nutrient-rich soils included in this study and the positive correlation
found between GV biomass and soil fertility characteristics.

4.4. Annual Net Soil CSC

According to general opinion, the drainage of organic soil increases CO, emissions
and reduces soil C stock; however, the results of previous studies on the effect of or-
ganic soil drainage on GHG emissions are ambiguous. The empirical data collected dur-
ing this study shows that nutrient-rich organic soil in forest stands is a net CO, sink,
but the soil in clear-cuts is a net CO; source. We estimated that during the study pe-
riod, the average annual soil CSCs were 0.4 + 0.4 t C ha~! year’1 in undrained and
01+04tCha! year’1 in drained forest sites, while in clear-cut estimated soil net C bal-
anceis —0.9 + 0.7 and —0.4 + t Cha~! year~! in drained and undrained sites, respectively.
The observation of soil in forest stands acting as a C sink is in agreement with the con-
clusion reached in a previous local study on the CSC of drained moderately nutrient-rich
forest soils [14] and can be explained by site productivity induced increased C input by
litter that fully compensates soil C loss by respiration. The reason for soil in clear-cuts
being a C source was increased C loss by respiration and reduced soil C input by litter.
Although mean soil C input by ground biomass in clear-cuts (3.55 & 0.37 t C ha—! year™!)
was considerably higher than in forest stands (1.65 & 0.40 t C ha~! year™?), that did not
compensate for the increase in Rhet by average 0.8 t C ha—! year~! compared to forest sites
and the absence of C input by litterfall (average 1.8 + 0.5t C ha~! year™!) and the fine
roots of trees (0.4 + 0.2t Cha~! year™?).

In addition to calculating the annual soil CSCs as a sum of soil C balance components
quantified in a monitoring year of the study, we modeled an inter-annual soil CSC within a
240-year forest management period by using variables of stand characteristics as predictors.
As a result, by taking into account the impact of forest stand development (age and
basal area) and the stages of forest land (forest stand and clear-cut), the average soil
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CSC with high variability was estimated. The range of estimated annual soil CSCs is
mainly determined by two soil C balance components with high inter-annual variability
determined by the stage of forest stand development—LF and ground GV. The most
significant impact on variability is introduced by GV, which determines on average 63%
of the total soil C input by litter, while LF impacts on average 24% of annual soil C input.
Empirical data with the highest uncertainty is soil C input by FR, aGV, and bGV with
confidence intervals of 71%, 41%, and 37%. The annual soil C input by GV ranges from
an average of 1.68 = 0.36 to 4.88 £ 1.40 t C ha~! year in clear-cuts and forest stands with
various dominant tree species signifying the importance of reducing the uncertainty of
annual soil CSC estimations introduced by data on GV.

The results of the study are in line with the previous studies, which showed that the
soil C stock does not change and can even increase after the drainage of organic soil in
boreal forests [11,24,33,34]. It can be expected that soil respiration may be considerably
higher in nutrient-rich site types compared to site types with less fertile soils [13], which
may lead forests with fertile drained organic soils to be a source of CO, emissions for the
following reason. The Rfloor of forestry-drained peatlands estimated in Finland showed a
clear diminishing trend in annual soil respiration from the most to the least fertile site types,
and ranged from 3.8 t0 12.10 t Cha~! year™! [16]. However, the results of this study indicate
that both undrained and drained nutrient-rich organic soil in forest stands can still be a net
C sink. The differences in the calculated annual soil CSC across various studies may be due
to the different methods applied and the inclusion of different soil C input components
in the calculations [52], as well as the uncertainty of these values, since the data available,
especially for belowground litter, are highly uncertain, most often due to difficulties in
acquiring such data [56]. For example, drained forest peatlands were identified as a CO,
source also in Sweden; however, the estimated annual soil C loss of —2.29 t C ha™! year‘l,
calculated by subtracting Rhet from the soil C input [61], is considerably higher than that
in our study, whereas in Finland, peatlands drained for forestry were found to be a net
CO, sink (removals from 0.2 to 0.252 t C ha™! year’l) estimated by the soil C inventory
method [62]. In our study, the inclusion of forest land status as a clear-cut estimation of
annual soil CSC determined if nutrient-rich drained organic forest soil acts as a CO; sink
or source. The differences highlight the importance of harmonizing soil CSC estimation
methods to improve the comparability of country-level GHG inventory results.

The results of soil CSC acquired in this study can be further improved by both more
extensive studies and by conducting direct Rhet measurements or evaluating the proportion
of Rhet/Rfloor under national conditions. Instead of using static annual soil C input
value, approaches to model inter-annual litter biomass variations based on forest stand
variables and climatic conditions should be elaborated for the estimation of soil C balance
by offsetting the annual Rhet modeled using the annual data of air or soil temperature.
The inter-annual variation in hourly or diurnal temperature data may have a significant
impact on modeling soil respiration using previously elaborated equations characterizing
the relationship between soil respiration and soil or atmosphere temperature. The choice of
using temperature data of one year or time period characterizing climate, as well as the use
of daily mean or hourly mean temperature data, may have a considerable impact on soil
respiration modeling results, which should be considered in future studies.

5. Conclusions

The drained and undrained nutrient-rich organic soils in the forest stands monitored
for one year in this study were a CO; sink, while the soil in clear-cuts acted as a CO, source.
The soil in clear-cuts acting as a CO, source was determined by increased soil respiration
rates and the absence of soil C input by litterfall and the fine roots of trees. The significantly
increased soil C input by ground vegetation in clear-cuts mitigated this effect; however, the
significantly increased soil respiration rate and reduced soil C input by other sources were
not fully compensated. If forest management cycles are considered, including forest land
state as a clear-cut, drained nutrient-rich organic soil in managed forests is a CO, source,
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while the soil C stock increases in undrained soil, according to the methodology applied in
the CSC calculations.
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Abstract: We assessed total mercury (THg) concentrations and greenhouse gas (GHG) emissions
in pristine and managed hemiboreal peatlands in Latvia, aiming to identify environmental factors
that potentially affect their variation. The THg concentrations in soil ranged from <1 pg kg~ to
1944 ug kg’lA No significant differences between THg concentrations in disturbed and undisturbed
peatlands were found, however, the upper soil layer in the disturbed sites had significantly higher
THg concentration. During May-August, the mean CO, emissions (autotrophic and heterotrophic
respiration) from the soil ranged from 20.1 4 5.0 to 104.6 + 22.7 mg CO,-C m~2h~1, N,O emissions
ranged from —0.97 to 13.4 £ 11.6 ug N,O-N m~2 h~!, but the highest spatial variation was found
for mean CH, emissions—ranging from 30.8 + 0.7 to 3448.9 + 1087.8 pg CH;-C m~2 h~'. No
significant differences in CO, and N,O emissions between disturbed and undisturbed peatlands
were observed, but CHy emissions from undisturbed peatlands were significantly higher. Complex
impacts of environmental factors on the variation of THg concentrations and GHG emissions were
identified, important for peatland management to minimize the adverse effects of changes in the
biogeochemical cycle of the biophilic elements of soil organic matter and contaminants, such as Hg.

Keywords: mercury; GHG emissions; peatland; peatland management; hemiboreal zone

1. Introduction

Organic soils, formed where the intensity of decomposition is lower than the produc-
tion of organic matter, comprise approximately 2% of the ice-free land surface globally,
and their majority is wetlands. Relatively pristine organic soils still occur in peatlands
in northern European countries, mostly in Norway, Sweden and Finland [1]. Peatlands,
which cover 4.23 million km? worldwide, are terrestrial ecosystems (a type of wetlands)
with or without vegetation that have naturally accumulated at least a 30-cm-thick layer of
peat, formed from carbon-rich dead and decaying plant material under permanent water
saturation and low oxygen (O,) conditions. In Europe, more than half of the soil organic
carbon (C) stocks are present in peatlands [2]. Historically, a substantial area of peatlands
has been drained for production purposes such as agriculture, forestry, grazing and peat
extraction [3-5]. In Latvia, drained organic soils comprise 628.6 kha in total, including
425.1 kha of forest land, 39.7 kha of wetlands (peat extraction fields), 76.0 kha of grassland,
78.6 kha of cropland and 9.3 kha of settlements [6].

Peatlands provide many important ecosystem services, including water supply regula-
tion and flood risk mitigation, global biodiversity preservation, climate change mitigation
and material for energy production and recreation [4]. Peatlands play an important role
in the control of atmospheric greenhouse gases (GHGs) such as carbon dioxide (CO»),
methane (CHy) and nitrous oxide (NO) and thus affect global climate change [7-9]. The
dynamics of C balance and GHG flux in peatlands depend greatly on peatland hydrol-
ogy [3]. Peatlands usually act as long-term C and GHG sinks [3,9-11]. In the anaerobic
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zones of submerged soils, CHy is produced by methanogens and substantial quantities of C
are emitted as CHy in the terminal step of anaerobic organic matter mineralization [3,5,12].
Drainage immediately decreases the ground water (GW) level [13], which increases the
availability of O, and stops anaerobic decomposition and the associated emission of CHy
by decreasing CHy production and increasing the oxidation of CHy into CO, by methan-
otrophs [3,12,14-16]. At the same time, aeration results in the aerobic decomposition of
peat, releasing CO, and N,O into the atmosphere [17]. Unmanaged peatlands generally
emit negligible N>O [3], but after drainage, N>O emissions increase, especially in fertile
sites such as nitrogen-rich minerotrophic peatlands [3,18,19] due to nitrification, a process
that produces nitrate and N>O as by-products in oxic conditions [16].

The soil becomes a source of net GHG emissions when C and nitrogen (N) loss through
organic matter decomposition is not balanced by input via biomass mortality. Soil respi-
ration, especially heterotrophic respiration, is a major cause of soil C loss [20-22], while
the main soil C input source is aboveground litter and fine root turnover [23]. Soil res-
piration and C input are mainly affected by the soil temperature, moisture regime and
fertility [14,18,24-26], indicated by the share of organic matter [27] and the C/N ratio [28].
Heterotrophic CO, emissions correlate with soil bulk density [18] and chemical composition,
which determine the rate of organic matter decomposition [29]. Furthermore, a low C/N ra-
tio increases soil N> O emissions [30,31], while the soil moisture regime, which is affected by
GW level, influences the balance between CH, emissions and removal via methanogenesis
and methanotrophy [32].

In Latvia, most of the knowledge about the effect of peatland management on GHG
emissions and C sequestration is recent and incomplete, especially concerning the most
appropriate peatland management measures to mitigate climate change. There is evidence
that draining peatlands does not necessarily reduce the soil C sink. Establishing a forest
site of Myrtillosa turf. mel. with moderate nutrient-rich drained organic soil did not
reduce the soil C stock of the former transitional mire, indicating that C stock can increase
after drainage due to an increased above- and below-ground litter production [33]. In
addition, direct GHG emission measurements with the chamber method revealed a neutral
impact of draining nutrient-poor forest organic soils on GHG emissions [34]. In forest sites
with nutrient-rich organic soil in Latvia, drained soil is not necessarily a source of CHy
emissions, while the estimated CHy emissions from naturally wet soils are highly variable.
Soil becomes a source of CH, emissions when the GW level decreases below 20 cm, while
the difference in N,O emissions from drained and naturally wet sites is not significant [35].

Another important environmental issue in the research focus on peatlands is the large
store of mercury (Hg) in them that could function as a Hg source for over a century [36]
even if deposition of Hg is significantly reduced [37]. Peatlands are often considered bio-
geochemical hot spots [38,39] of Hg transformation through biotic methylation processes,
and they are significant sources of methylmercury (MeHg) to hydrologically connected
aquatic ecosystems such as streams and lakes (e.g., [36,40-45]). However, a precondition of
higher MeHg concentrations is elevated total Hg (THg) pools in peatlands, mostly resulting
from increased atmospheric Hg deposition over the decades [46,47] and the high affinity
of soil organic matter (SOM) to Hg, as well as abundant reduced sulphur (S) sites on
organic matter molecules that provide strong binding sites for Hg [48]. One of the main
pathways of Hg deposition is the wet and dry deposition of oxidized atmospheric Hg
(Hg?*) by precipitation directly onto soils or indirectly from plant surfaces via through-
fall [49,50]. In terrestrial ecosystems, litterfall has been revealed as the main pathway
for the atmosphere—surface transfer of Hg [51,52]. After its deposition through litterfall,
biogeochemical reactions limited by different environmental factors determine the further
transformation and flow of Hg in ecosystems [52]. Concerns in Latvia have been raised
over Hg concentrations in freshwater biota exceeding the threshold of 0.02 mg kg ! (wet
weight) set by the national environmental quality standard (Regulations Regarding the
Quality of Surface Waters and Groundwaters) [53].
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This study sought to compare GHG emissions and the THg concentration in the soil
of undisturbed (pristine) and disturbed (managed) peatlands to examine the effect of man-
agement and identify the environmental parameters including soil general chemistry and
vegetation composition affecting these aspects. In the context of this research, disturbed
peatlands are peatlands where anthropogenic influences, such as drainage for agriculture,
forestry or peat extraction, have lowered the originally high GW level and changed the veg-
etation composition. We hypothesize that peatland management is one of the major factors
influencing both studied environmental threats—GHG emissions and THg concentration
in soil.

2. Materials and Methods
2.1. Research Sites

This study was conducted in 2019 in Latvia (in a hemiboreal zone). In Latvia, the
mean annual precipitation in 2019 was 629.2 mm, which is 9% below the annual norm
(692.3 mm). The mean annual air temperature in 2019 was +8.2 °C, the minimum mean
monthly temperature was —4.0 °C (January 2019) and the maximum mean monthly tem-
perature was 18.6 °C (June 2019) [54].

In total, 22 research sites were selected in peatlands located mostly in central and
northern Latvia (Figures 1 and S1-S11). At the research sites, the peat layer thickness

was >50 cm.
A

paltic sed Estonia
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Figure 1. Location of the research sites in Latvia.

In the context of this study, anthropogenic interventions that altered the natural peat-
land ecosystem, e.g., establishing drainage systems and lowering the GW level, extracting
peat, using land for forestry and agricultural purposes and other management practices
were considered disturbances. Undisturbed research sites were located in pristine (natural)
peatland with no documented management history. In disturbed research sites, drainage
systems (ditches) were established, and at most sites, peat had been extracted (Table 1).
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2.2. GHG Sampling and Measurements

During the measurement period (May—August 2019), soil GHG flux monitoring was
conducted with the closed opaque manual chamber method [55]. At each research site, five
chamber collars were evenly distributed with at least 3 m between individual collars. The
collars were installed in approximately 5 cm of soil at least one month before the collection
of the first GHG flux samples. Root damage was avoided as much as possible and ground
vegetation and the litter layer, if present, were left intact during collar installation and field
surveys, therefore, the monitored GHG flux represents the total soil emissions, including
the heterotrophic respiration and autotrophic respiration of above- and below-ground
vegetation enclosed in the soil collar and chamber during GHG sampling. Once per month,
4 soil flux samples were taken from chambers at each of the collar positions within 30 min
of each other (10 min between each sampling) after positioning chambers on the collars.
Due to potential diurnal patterns of soil GHG emissions [55] dynamic schedule of study site
visits were applied to randomise gas sample collection time of the day [56]. The samples
were collected in 100 mL vials at 0.3 mbar underpressure and transported to the laboratory
(University of Tartu) to be tested with gas chromatography [57].

During GHG sampling, several environmental factors were determined: the ground-
water (GW) level was measured manually inside a PVC pipe installed up to 140 cm deep in
the soil at each research site; soil moisture and temperature by measurement probe inserted
5 cm into the soil and the air (ambient) temperature was taken with Comet data logger
with temperature sensor.

2.3. Soil Sampling and Chemical Analysis

To avoid disturbing the soil inside the GHG chamber collars, it was sampled at two
fixed depths (0-10 cm and 50 cm) on the outside opposite sides of each of the five collars at
the research site. To better represent each research site, soil composite samples were made
to represent two depths at the research site level. The 0 cm reference was at the top of the
peat layer (the H horizon). Soil samples were taken using a 50-cm-long stainless-steel soil
sample probe, sterilized instruments and plastic containers. Soil sampling was conducted in
June-August 2019. Soil samples were transported to the LVS EN ISO 17025:2018 accredited
laboratory at the Latvian State Forest Research Institute Silava and were prepared for
analyses according to the LVS ISO 11464:2005 standard.

The THg content in the soil samples was determined with thermal decomposition,
amalgamation and atomic absorption spectrophotometry (Milestone DMA—80 AC-N)
according to the United States Environmental Protection Agency (US EPA 7473). The
soil sample analysis results of THg < 1 ug kg~! (n = 5) were replaced by half of the
method limit of detection (0.5 ug kg™!). The following parameters of general chemistry
were determined: pH (KCl) according to the LVS EN ISO 10390:2022; organic C (OC, in
gkg1), total N (TN, in g kg 1) and total sulphur (TS, in mg kg~!) content was determined
with the elementary analysis method per the LVS ISO 10694:2006, LVS ISO 13878:1998
and ISO 15178:2000, respectively; the HNOs-extractable phosphorus, potassium, calcium,
magnesium and iron (respectively, P, K, Ca, Mg and Fe, in g kg 1) content was determined
with the inductively coupled plasma-optical emission spectrometry (ICP-OES) method
and the electrical conductivity (conductivity, in uS cm~!) was determined per the LVS ISO
11265:1994.

In addition, the OC/TN (C/N) ratio and OC/TS (C/S) ratios were calculated as
proxies to characterize the decomposition of soil organic matter (SOM) [58,59]. To compare
the Hg concentrations in soils and Hg storage, the relationships between THg and the
major biophilic elements of the SOM (respectively, the THg/OC (Hg/C) ratio, the THg/TN
(Hg/N) ratio and the THg /TS (Hg/S) ratio) were also calculated to overcome the effects of
organic matter accumulation [51,52,58,60-64].
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2.4. Vegetation Survey

A vegetation survey was conducted at all 22 research sites in summer (Table 1). Ateach
study site, five circular sample plots were inventoried. The selected plots coincided with
the edges of the installed chamber collars for GHG assessment. All vascular plant species,
bryophytes and lichens were recorded, and the percentage coverages of each species were
determined in the established plots. In total, 110 circular plots were described.

2.5. Statistical Analysis

A Wilcoxon rank-sum test with continuity correction was used to evaluate possible
differences in THg concentrations, the values of the Hg/C, Hg/N and Hg/S ratios and
the mean GHG emissions from the soil according to the pooled research soil in groups
of management-induced disturbance and between soil depths (0-10 and 50 cm), with
p < 0.05 considered significant. Correlations between THg concentrations, GHG emissions,
the selected variables of soil general chemistry, environmental factors and vegetation cover
were tested with Spearman’s p, using a significance level of p < 0.05.

Soil chemical variables, environmental factors and vegetation cover variables (X) were
used to explain the variance of THg concentrations and GHG emissions from soil (Y) via
partial least squares (PLS) regressions. PLS regression is a useful multivariate method to
address chemical variables that are linearly related to each other as the method is robust
against intercorrelations among X variables. In PLS, X variables are ranked according to
their relevance to explaining Y, commonly expressed as variables important for projection
(VIP values). VIP values exceeding 1.0 are considered important X variables [65-67].

Statistical analyses (Wilcoxon rank sum test with continuity correction, Spearman’s
p and PLS) were performed with R [68]; the R package ‘mdatools” was used for PLS.
Figures 2 and 3 were prepared with the R package ‘ggplot2’, Figure 4 was prepared
with the R packages ‘corrplot” and ‘Hmisc’, Figures 5 and 6 were prepared with the R
package ‘ggplot2’.

A canonical correspondence analysis (CCA) was applied to assess the differences in
species composition related to environmental variables. The species abundance (per cent
coverage) data were used in the ordination as the main matrix and the environmental
variables—the research site (abandoned peat extraction site, commercial berry plantation
or active peat extraction site and coniferous forest, grassland, raised bog, broad-leaved
forest or transitional mire), THg, CHy, CO,, N,O, herbaceous cover, Sphagnum species
coverage and total vegetation cover—as the second matrix. The CCA was carried out in
PC-ORD 6 [69].

3. Results
3.1. Management-Induced Disturbance and Environmental Factors” Impact on the Soil
THg Concentration

The spatial variation in soil THg concentrations at 0-10 cm deep across research
sites was relatively high and ranged from <1 pg kg~! in undisturbed pristine peatland
(transitional mire) to 194.4 g kg ™! in a research site disturbed by drainage that currently
supports coniferous forest. At 50 cm deep, soil THg concentrations varied within a narrower
range, from <1 pg kg ! in both undisturbed and disturbed research sites to 75.8 g kg ™!
in undisturbed pristine peatland (raised bog). At the individual research site level, soil
THg concentrations at 50 cm deep were mostly lower than at 0-10 cm deep, except at
two disturbed research sites (an abandoned peat extraction site with ground vegetation
and a commercial berry plantation) and one research site located in undisturbed pristine
peatland (transitional mire). The difference between the soil THg concentrations at 0-10 cm
and 50 cm deep (the concentration in the upper soil layer minus the concentration in the
deeper soil layer), at each site, varied from —41.2 pg kg~! in undisturbed pristine peatland
(transitional mire) to 166.3 g kg~! in a research site disturbed by drainage and currently
supporting a coniferous forest. When the mean THg concentrations in soil samples at
0-10 cm and 50 cm from all research sites were compared (Figure 2), statistically higher
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mean THg concentrations were found at 0-10 cm in disturbed research sites (67.6 & 14.2
and 17.7 4+ 3.7 ug kg1, respectively, p = 0.004); the differences in mean THg concentrations
at 0-10 cm and 50 cm deep in undisturbed research sites were not statistically significant.
Neither at a depth of 0-10 cm nor at 50 cm were statistically significant differences in mean
THg concentrations between disturbed and undisturbed research sites found (p = 0.902 and
p = 0.313, respectively).

Disturbed I | Undisturbed | Disturbed I I Undisturbed |
200] Aa Ba Aa Aa Aa Ba Aa Aa
15 <
150 1 -
o
o 104 |
100 1 =
z
<
= a T 5] |H- b -
50 1 [] °
— =2 T =is
o | " [
0-10 cm 50 cm 0-10 cm 50 cm 0-10 cm 50 cm 0-10 cm 50 cm
Disturbed | | Undisturbed | Disturbed | | Undisturbed |
0.5 0.06 1
Aa Ba Aa Aa Aa Ba Aa Aa
0.41 l
2 0,04
031 €
‘ 2
L]
021 ) L |
] S 0.02
AR -
0.1 L
# I
I
0.0 I 0.00 1 | ’
0-10 cm 50cm 0-10 cm 50 cm 0-10 cm 50 cm 0-10 cm 50 cm

Figure 2. THg concentrations and relationships between Hg and the biophilic elements of soil organic
matter (Hg/C, Hg/N and Hg/S ratios) in organic soil at 0-10 cm and 50 cm deep, grouped by
management-induced disturbance. In the box plots, the median is shown by the bold line, the mean
is shown by the dark red square, the box corresponds to the lower and upper quartiles, the whiskers
show the minimal and maximal values (within 150% of the interquartile range from the median)
and the black dots represent outliers of the datasets. Different uppercase letters show statistically
significant differences (p < 0.05) between depths within the same group of management-induced
disturbance; different lowercase letters show statistically significant differences (p < 0.05) between
disturbed and undisturbed research sites within the same depth.

At a depth of 0-10 cm, the mean value of the Hg/C ratio at all research sites was
0.16 £ 0.03 ug Hg g~ C (up to 0.41 pg Hg g~! C). At 50 cm, the Hg/C values occupied
a narrower range (up to 0.15 pg Hg g ! C), and the mean value at all research sites was
0.05 + 0.01 ug Hg g~! C. The mean value of the Hg/N ratio at all research sites was
542 + 091 ug Hg g~' N (from 0.08-15.42 ug Hg g~' N) at a depth of 0-10 cm and
1.86 & 0.39 ug Hg g~ N (0.05-5.36 ug Hg g~ N) at 50 cm. The mean value of the Hg/S
ratio was 0.023 = 0.004 ug Hg mg™! S (up to 0.057 pg Hg mg~' S) at 0-10 cm deep and
0.010 + 0.002 pg Hg mg ™! S (up to 0.028 pg Hg mg~! S) at 50 cm.
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Hg/C ratio
°
N

Atboth analysed depths, the management-induced disturbance was not identified as a
factor that introduced significant variation in the Hg/C, Hg/N and Hg/S ratios. However,
as was found for THg concentrations, comparing the mean values of the Hg/C, Hg/N and
Hg/S ratios at 0-10 cm and 50 cm deep (Figure 2) revealed statistically higher mean ratio
values at 0-10 cm in disturbed research sites (p = 0.002, p < 0.001, and p = 0.002, respectively).
The differences in the mean values of the Hg/C, Hg/N and Hg/S ratios between 0-10 cm
and 50 cm deep in undisturbed research sites were not statistically significant.

The relationships of the Hg/C ratio to the C/N and C/S ratios in the soil at 0-10 cm
reflect a logarithmic increase of the Hg/C ratio with the decay of SOM (Figure 3). The
Hg/C and the C/N and C/S ratios displayed negative significant correlations at 0-10 cm
(Figure 3) and 50 cm deep.
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Figure 3. Relationships of the Hg/C ratio to the C/N and C/S ratios in the soil at 0-10 cm deep.

The general soil chemistry and GHG fluxes from the soil and vegetation cover of
the peatlands were screened for relationships with the soil THg concentration (Figure 4).
The soil THg concentration at 0-10 cm was positively correlated with TP (p = 0.66), TN
(p =0.65), TS (p = 0.65) and Ca concentrations (p = 0.43), but negatively correlated with the
soil C/S ratio (p = —0.59), soil temperature during the measurement period (May-August)
(p = —0.55) and the soil C/N ratio (p = —0.49) (Figure 4). Additionally, a PLS model
revealed that the variation in the soil THg concentration at 0-10 cm between research sites
was explained by soil chemistry parameters such as the TP, TN and TS concentrations
and the soil C/S ratio (1.35 > VIP > 1.0), the soil temperature during the measurement
period (VIP = 0.98) and the soil C/N ratio and Ca and Fe concentrations at 0-10 cm deep
(VIP = 0.88, VIP = 0.77 and VIP = 0.65, respectively). The PLS model including these
parameters had a goodness of fit (R?) of 0.66 and a goodness of prediction (Q?) of 0.57,
indicating a moderate model. The variables that were negatively related to the THg
concentration were the soil temperature during the measurement period and the C/S and
C/N ratios.

The soil THg concentration at 50 cm deep was positively correlated with CHy emissions
from the soil (p = 0.71) and the soil TS concentration at 50 cm (p = 0.59) but negatively
correlated with the soil C/S ratio (p = —0.67) and the soil C/N ratio (p = —0.54).
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Figure 4. Spearman’s correlations between the THg concentrations in soil at 0-10 cm deep, the mean
GHG emissions from the soil during the measurement period (May-August 2019), the soil’s general
physico-chemical parameters at 0-10 cm and different environmental factors and vegetation cover.
Positive correlations are displayed in blue and negative correlations in red. Colour intensity and the
size of the circle are proportional to the correlation coefficients. In the right side of the correlogram,
the legend colour shows the correlation coefficients and the corresponding colours. Correlations with
p > 0.05 are considered as insignificant (crosses are added).

3.2. Management-Induced Disturbance and Environmental Factors” Impact on GHG Emissions
from the Soil

The mean CO, emissions (sum of autotrophic and heterotrophic respiration) from
research site soil during the measurement period (May-August) ranged from 20.1 + 50 mg
CO-C m~2 h™! (abandoned peat extraction site, bare peat) to 104.6 & 22.7 mg CO,-C m~2 h™!
(vesearch site disturbed by drainage and peat extraction, currently managed as grassland). The mean
N,O emissions from research site soil ranged from —0.97 pg NpO-N m~2 h™! (research site disturbed
by drainage, currently coniferous forest) to 13.4 4 11.6 ig N;O-N'm~2 h~! (research site disturbed by
drainage and peat extraction, currently managed as a commercial blueberry plantation). The highest
spatial variation across research sites was found for mean CH4 emissions—ranging from 30.8 4 0.7 ug
CH;-Cm 2 h! (research site disturbed by drainage and peat extraction, currently coniferous forest)
to 34489 -+ 1087.8 pg CHy-C m ™2 h™! (undisturbed site, transitional mire).

Comparing the mean GHG emissions from the soil in undisturbed and disturbed
research sites (Figure 5) revealed a statistically significant difference only for CH4 emissions
(p < 0.001). The higher CH, emissions of undisturbed research sites are related to soil
moisture conditions. This is confirmed by the negative correlation between average CHy
emissions and GW level (p = —0.49) and sequentially positive correlations between average
CHj emissions and soil moisture (p = 0.52), Sphagnum species cover (p = 0.81) and total
vegetation cover (p = 0.65) (Figure 4). A PLS model revealed that the variation in average
CH, emissions between the research sites was explained by the average soil moisture,
Sphagnum species cover and total vegetation cover (1.6 > VIP > 1.0). Although the PLS
model including these parameters, as well as those with a 1.0 > VIP > 0.5 PLS model
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(average GW level, average air temperature, herbaceous cover, soil conductivity at 0-10
cm deep and average CO, emissions from the soil), had a goodness of fit (R?) of 0.61, the
goodness of prediction (Q?) was 0.27, indicating a weak model.
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Figure 5. GHG emissions from organic soils during the measurement period (May-August 2019)
in hemiboreal Latvia. In the boxplots, the median is shown by the bold line, the mean is shown by
the black dot, the box corresponds to the lower and upper quartiles, whiskers show the minimal
and maximal values (within 150% of the interquartile range from the median) and dots outside the
box and whiskers represent outliers of the datasets. Different lowercase letters show statistically
significant differences (p < 0.05) between disturbed and undisturbed research sites.

Soil CO, emissions were negatively correlated with soil OC content (p = —0.47), but
soil NoO emissions were positively correlated with soil electrical conductivity (p = 0.46)
(Figure 4).

3.3. Vegetation Survey

In total, 103 species were recorded at the studied sites. The vascular flora was more
diverse than the bryophytes and lichens. Altogether, 71 vascular plant species, 30 bryophyte
species and two lichen species were recorded. Almost half of all determined bryophytes
belonged to the Sphagnum genus (14 species). The undisturbed study sites were mostly
covered by Sphagnum species, while the Sphagnum genus presented very low coverage at
disturbed sites (Figure 6).

CCA ordination showed the relationships between species, research sites and environ-
mental variables. The eigenvalues for axes 1 and 2 were 0.926 and 0.906, respectively. The
variable THg was correlated with axis 1 (the Pearson and Kendall correlations were 0.763).
In turn, the variables CHy, Sphagnum species cover and Hg/C ratio were associated with
axis 2 (the Pearson and Kendall correlations were —0.524, —0.618 and 0.645, respectively)
(Figure 7).
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Figure 7. Canonical correspondence analysis (CCA) ordination of research site groups and environ-
mental factors.

Two distinct species groups (clusters) were recognized in the CCA ordination. One of
the species clusters was more related to study plots in forest sites (coniferous forest and
broad-leafed forest), indicating higher mean values of THg per studied stand. The other
species group was related to undisturbed sites—transitional mires and raised bogs. The
results showed that undisturbed mires tended to have more CH, emissions, closer-to-soil-
surface GW levels and greater Sphagnum species cover (Figure 7).
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4. Discussion
4.1. Disturbance and Environmental Factors’ Impact on Soil THg Concentrations

The THg concentrations in hemiboreal organic soils in peatlands ranged from
<1 pg kg~! to 194.4 pg kg~! corresponding to concentrations found in uncontaminated
soils [70-72]. Among peatland types, research sites disturbed by drainage and currently
covered by coniferous forest had the highest average THg concentration in organic soil
(103.0 + 45.3 pg kg !, average from 0-10 cm and 50 cm deep).

In disturbed research sites, the mean soil THg concentration at 0-10 cm was statistically
higher than at 50 cm, but in undisturbed research sites, no depth-related trends were observed,
as in Giulio et al.’s study of North Carolina peatland [73]. Management-induced disturbance
was found not to be a factor that introduced significant variation in THg concentration or
Hg/C, Hg/N and Hg/S ratios. However, Hg cycling across peatland ecosystems (including
Hg(II) methylation and demethylation processes) and exchange across the peat to surface
water or atmosphere, including the uptake of Hg by vegetation and re-emission of gaseous
elemental Hg, is complex [36,74-79]. From an international perspective, the average THg
concentrations observed at the research sites (81.7 & 17.8 pg kg~! at 0-10 cm deep and
28.6 £ 6.9 ug kg ™! at 50 cm deep) in Latvia align with the concentrations reported for many
other peatlands, although the overall variation in THg concentrations across and within
peatlands is relatively large [46,58,80].

The strong relationship between Hg and SOM controls the transport and transfor-
mations of Hg in terrestrial ecosystems [46,81]. In natural systems, Hg binding to SOM
occurs via thiol or other reduced S groups (mostly, Hg?* predominates by bonding to two
thiol groups or one thiol and either an N- or an O-containing group) [46,48,81]. Positive
correlations between the soil THg and TS and TN concentrations at 0-10 cm depth were
observed. This highlights the S and N functional groups as the key ligands for Hg retention
in organic soils. Furthermore, S can enhance the net formation of MeHg by influencing both
the activity of some types of Hg-methylating bacteria (as SO42~) and the availability of Hg
to methylating microorganisms (as $>7), including those that do not use S-reduction in their
metabolism [43,82-88]. In peatlands, where climate effects increase GW level fluctuation,
previously reduced S can be re-oxidized or the opposite, resulting in further S legacy effects
with potential consequences for MeHg production [39,84].

During SOM decomposition, C is lost from SOM more rapidly than N and S; thus,
the C/N and C/S ratios reflect the process of SOM decomposition [58,63]. An increasing
soil Hg/C ratio with decreasing SOM decomposition proxies (C/N and C/S ratios) was
observed both at 0-10 cm and 50 cm deep (Hg/C and the C/N and C/S ratios correlated
negatively and significantly). Similar trends were observed in forest soils in a recent study
by Navratil et al. [58] and Méndez-Lépez et al. [52], where the Hg/C ratio trends were
explained by the greater availability of Hg binding sites as organic matter decomposed.
Soil N and S are usually positively correlated with organic matter [63] as they are in our
study. Thus, the Hg/N and Hg/S ratios show similar trends to the Hg/C ratio.

There was a negative correlation between the soil temperature and THg concentration,
a similar trend as the one found in a EU-level study along north-south gradient [72]. This
is explained by enhanced Hg volatilization rate to the atmosphere with the temperature
increase [89], a process that may have negative environmental consequences as global
warming continues. MacSween et al. [90] predict that atmospheric warming by 1-2 °C may
increase global Hg emissions by up to 43%.

Hg deposition could be affected by many factors, including differences in vegetation
type and species composition. For instance, different vegetation types could affect the
interception and retention of Hg differently [91,92]. Our results showed that the THg
concentration varied between studied sites with different plant species compositions.
The CCA ordination showed the tendency towards higher THg concentrations in forest-
covered peatlands (broad-leafed and coniferous forests), while more open areas with higher
Sphagnum species cover (undisturbed sites) had lower THg concentrations. In addition, the
CCA ordination also indicated differences between forest types. A higher Hg concentration
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at 0-10 cm was more common in coniferous forests, but the Hg/C ratio was higher in
broad-leafed forests. In addition, our results indirectly point towards the idea that the
forest canopy could effectively collect Hg from the atmosphere through the tree leaves and,
by litterfall and throughfall, mercury could be sequestered within the soil [79,92-95] and
that coniferous trees have a higher capacity for Hg accumulation than deciduous trees [96].

In summary, this research shows the importance of vegetation as an influential factor
for the deposition of Hg in the soil and of further study to better understand different Hg
content in various ecosystems, especially as forested areas are one of the key sinks of Hg
deposition in terrestrial ecosystems [94].

Vegetation tissue is not only important for supplying Hg but also to stimulate microbial
activity, including methylation [75,97]. Non-vascular plants such as Sphagnum mosses
(dominant in nutrient-poor bogs), tend to support acetogenesis and acetate accumulation.
Vascular plants (dominant in richer fens), especially sedges, which can produce easily-
degraded and high-quality C substrates via root exudation, support the accumulation of
acetate, a low molecular weight organic substance used by bacteria as a C source to produce
MeHg, for example, to a lesser degree [98].

4.2. Disturbance and Environmental Factors” Impact on Soil GHG Emissions

We compared GHG emissions (the sum of autotrophic and heterotrophic respiration,
CHy and N O fluxes) from organic soil in undisturbed (pristine) and disturbed (managed)
peatlands to examine the effect of management-induced disturbance and different environ-
mental factors during the warmest season when, theoretically, the highest GHG emissions
were expected as soil temperature is one of the main factors controlling GHG emissions [99].
Several studies have demonstrated that human-impacted peatlands (especially peatland-
to-agriculture-converted sites) show significantly higher GHG emissions (mainly through
N,O and CO,) than their natural counterparts [3,99,100], but our results revealed no signif-
icant differences in CO;, and N,O emissions between disturbed and undisturbed peatlands.
Although slightly higher average CO, emissions were observed in undisturbed peatlands,
a higher total variation in CO, emissions was observed in disturbed peatlands and, among
peatland types, perennial grasslands showed the highest average CO,-C (95.1 £ 9.5 mg
CO,-C m~2 h™!) flux. High variation in CO, emissions monitored over a 2-yr period
was observed among disturbed peatlands in Latvia also by previous study, furthermore,
pristine peatlands tended to have even higher CO, emissions than some types of disturbed
peatlands [34]. Similarly, a study in Scotland [101] revealed that CO, effluxes in lowland
raised peat bog increased in the following order: undrained afforested < drained and
afforested < pristine area of bog. Thus, our current results on CO, emissions are in line
with previous findings in Latvia and elsewhere demonstrating that management effects are
not always consistent in this regard.

Several studies have concluded that soil temperature, OC content in the soil, soil C/N
ratio, soil bulk density and water table depth are the main environmental and soil chemistry
factors explaining the amount and quality of respiring tissue and decomposing material,
thus controlling CO, emissions within and between peatlands with different management
history [18,99]. Our results show that variation in CO, emissions negatively correlates with
OC content in organic soil. Thus, in peatlands where intensive peat mineralization occurs
and OC content in soil is lower, higher CO, emissions are observed. No significant impact
of GW level on CO, emissions was observed, likely because the GW level at research sites
fluctuated widely both in disturbed and undisturbed research sites (from 13 to >130 cm
from the soil surface with average 60 = 3 cm and from 4 to 32 cm from the soil surface
with average 16 & 2 cm, respectively), during the study period. Thus, not only in disturbed
but also in pristine peatlands GW level decreased below 10-cm layer where a major part
of the new organic matter (including fine root litter) with the highest potential rate of
decomposition is located, and, with reduction of water saturation and increase in aeration,
the decomposition rate of this new organic matter increased [18]. In the region, in pristine
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peatlands, natural lowering of GW level below 20 cm from soil surface is usual especially
in summer months and at the beginning of the autumn (e.g., [34]).

No significant impact of soil C/N ratio and only a weak impact of soil temperature
measured at 0-5 cm deep on CO, emissions was observed during the study period. Weak
correlation between soil temperature and CO, emissions may be explained by the limited
temperature range in our study (covering only warm season), in combination with high
variety of management practices with potentially different impact on emissions covered
in research site group of disturbed peatlands. This results in highly variable vegetation
composition and vegetation cover and subsequently in high variety of quality and quantity
of vegetation litter which have significant impact on GHG emissions from soil [102].

Similar to CO, emissions, N,O emissions do not show significant differences between
disturbed and undisturbed peatlands, although slightly higher average N,O emissions
were observed in disturbed peatlands and, among peatland types, commercial berry
plantations showed the highest average N;O emissions (5.1 £ 3.0 ug NO-N m~2 h~1).
Several studies have concluded that N content, C/N ratio and soil temperature are the
main factors controlling N>O emissions [30,99]. No clear trends emerged. This could
be explained by data obtained from peatlands with different current management and
land-use history, potentially including fertilization and ploughing. The combination of
these management methods may challenge the development of models to estimate N,O
emissions [18]. Our results show that variation in N>O emissions positively correlates with
soil conductivity, which is a good indicator of soluble salt concentrations in soil affecting
the activity of soil microorganisms, which in turn influence such key soil processes as GHG
emissions [103].

In contrast with CO, and N, O emissions, CHy emissions from undisturbed peatlands
were significantly higher than those from disturbed sites. Pristine transitional mire was the
largest emitter of CHy-C (2.1 + 1.3 mg C m~2 h™!) during the study period. The higher
CHy emissions at undisturbed research sites are related to soil moisture conditions. Despite
large fluctuations both at disturbed and undisturbed research sites, the mean GW level
at undisturbed sites was still considerably higher. A lower water table directly reduces
the production and increases the oxidation of CHy in the soil [18]. Our results indicate
that GW level has a more significant impact on CHy emissions than on CO, emissions.
Furthermore, a positive correlation between average CHy emissions and Sphagnum species
cover was observed, although, in general, non-vascular plants such as Sphagnum mosses
tend to inhibit terminal processes such as methanogenesis, while vascular plants, especially
sedges, support increased methanogenesis by importing substrate to methanogenic mi-
crobes in anoxic soil layers and exporting CHy to the atmosphere past the methanotrophic
microbes [98,104]. Conversely, bryophytes have been proven to predict CHy flux better than
vascular plants, except for sedges. This is related to bryophytes’ ability to better indicate
the GW level long-term, thus reflecting zones of CH4 production year-round [105].

Apart from contributing to the rather scarce data on GHG emissions from soils and
THg concentrations in hemiboreal peatlands, our study also provides insight into differ-
ences between disturbed and undisturbed sites. In general, our results show that peatland
management causes considerable changes in ecosystem processes, resulting in a high varia-
tion in environmental factors potentially affecting (directly and indirectly) GHG emissions
from soil and THg concentration in peatland soils. Targeted ecosystem management to
restore and enhance natural ecosystem functions is crucial to sustainable delivery of peat-
land ecosystem services. At the same time, the restoration efforts may simultaneously
have contrasting effects on the cycling of biophilic elements of SOM (including C and N
cycling) and contaminants, and the effects may differ in different biogeoclimatic regions.
Not only current management decisions made on a local or regional scale, but also any
broader policy aimed at promoting the restoration of a particular set of ecosystem functions
should carefully consider all implications of the proposed measures. Complex, highly
instrumented studies of ecosystem processes on a wider set of research sites where various
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parameters are assessed simultaneously and over a longer period of time will provide the
much-needed basis for practical recommendations in peatland management.

5. Conclusions

Results revealed complex impacts of management-induced disturbance and envi-
ronmental factors on the variation in THg concentrations and GHG emissions. The
management-induced disturbance impact was mostly indirect, driving changes in environ-
mental factors and vegetation cover. The most apparent impact of peatland disturbance
was observed on CHy4 emissions, which were significantly higher in pristine peatlands.

Our results highlight the need for complex studies in managed peatlands, including
a wider set of research sites and vegetation surveys, to clearly identify factors that may
enhance Hg accumulation and increase GHG emissions as these sites harbour a high diver-
sity of environmental variables and vegetation. As both Hg cycling and GHG emissions
are largely microorganism-driven processes, microbial analysis should be included in
further studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1and11091414/s1, Figures S1-S11: Visualizations of research sites.
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NITROUS OXIDE (N:0) AND METHANE (CH4) FLUXES FROM TREE STEMS IN BIRCH
AND BLACK ALDER STANDS — A CASE STUDY IN FORESTS WITH DEEP PEAT SOILS

Andis Lazdins, Aldis Butlers, Ritvars Ancans
Latvian State Forest Research Institute “Silava”, Latvia
andis.lazdins@silava.lv, aldis.butlers@silava.lv, ritvars.ancans@inbox.lv

Abstract. The aim of the study is to evaluate greenhouse gas (GHG) fluxes from stems in black alder (Alnus
glutinosa (L.) Gaertn.) and birch (Betula pendula Roth) stands with drained and naturally wet nutrient rich peat
soils, as well as to evaluate correlation between the GHG fluxes, soil temperature and groundwater level. The
study was implemented in 8 forest stands — three black alder stands with nutrient rich peat soil (stand types
according to national classification — Dryopterioso-caricosa and Filipendulosa) and 5 birch stands with peat soil
(stand type Oxalidosa turf. mel. and Dryopterioso-caricosa). Measurement of GHG fluxes was continued for
12 months using Gasmet DX4040 FTIR analyser and removable non-transparent chambers of fixed volume and
area. GHG fluxes were measured at 0.5, 1.0 and 1.5 m height on 3 trees in every stand. According to the study
results the average CH4 emissions from stem surface in birch stands are 6.9 + 6.2 g CO; eq m™2-yr'! and in black
alder stands 1.0 +3.2 g CO, eq m?-yr'!. Groundwater level significantly effects CH4 emissions — if it remains
above 15 cm during summer, the CH, emissions from stem increases to 84.0  25.2 g CO, eq. m?-yr™'. Tree stems
in drained peat soils are not a source of CH4 emissions. According to the study results tree stems in peat soils are
not producing N>O emissions.

Keywords: GHG, emissions, tree stems, alder, birch.

Introduction

Organic soils are the largest source of GHG emissions in Latvia contributing to more than 6,1 mill.
tons CO,-yr! according to the national GHG inventory [1]. However, only part of the sources of GHG
emissions in organic soils can be reported using country specific emission factors [2]. To calculate
emissions from organic soils in Latvia, so far country specific methods [3-5] and default methods
provided by the IPCC guidelines [63x 7] have been used. The review of the methods proposed by the
IPCC guidelines points to large diversity of scientific approaches applied in the referred studies leading
to large uncertainty of the elaborated emission factors [8]. This review also highlights importance of
elaboration of the country specific methodological approaches for evaluation of GHG fluxes from
organic soils.

The recent studies in neighbouring countries prove that trees can be a significant source of methane
(CH4) emissions, especially in areas with seasonally fluctuating or continuously high groundwater level.
Increase of CH4 emissions during seasonal floods and periodic increase of the groundwater level can
contribute to more than 70% of the net CH4 emissions in forests with water saturated soils [10]. This
and earlier studies [10x 11] studies have significantly clarified the processes affecting GHG fluxes in
organic soils and pointed to underestimated sources of GHG emissions — pristine, naturally wet organic
soils and tree stems. Comprehensive studies are necessary to prove the effect of certain climate change
mitigation measures, e.g., seasonal adjustment of groundwater level in deciduous tree stands and use of
selective harvesting (openings and bends of limited area) instead of regenerative clear-felling. Limited
and controversial knowledge about GHG fluxes in organic soils in combination with high uncertainty
hampers implementation of climate change mitigation measures aimed at reduction of the largest source
of GHG emissions in Latvia.

The urgent need to improve knowledge base required to eliminate GHG emissions in organic soils
is also determined by the Regulation (EC) No. 2018/841, recently published proposal for amendment of
the regulation [12; 13] and the European Commission communication document No. COM(2018)773.
According to the amendment to the regulation No. 2018/841 the neutrality target in LULUCF sector is
set in 2030, requiring reduction of GHG emissions by at least 4 mill. tons CO» eq-yr' [14].

Accounting of GHG emissions and CO; removals in LULUCF sector in Latvia recently has been
significantly improved, because of LIFE REstore project [15-17] and other studies. However, CHs fluxes
from tree stems are not yet addressed resulting in potential underestimation of GHG emissions in forests
with organic soils. This is limiting the ability to forecast the climate effect of different forest
management scenarios.
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ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

To address the most urgent needs of the climate policy in Latvia’s LULUCF sector this project is
aimed at evaluation CHs and N>O fluxes from the tree stems in birch and black alder stands and to
evaluate the effect of the groundwater level and other factors on the CHs and N2O emissions. The study
results are unique at European level and are applicable in countries with similar climatic conditions.

Materials and methods
GHG measurements were implemented in eight forest stands — tree black alder stands with nutrient
rich peat soil (stand types according to national classification — Dryopterioso-caricosa and
Filipendulosa) and five birch stands with peat soil (stand type Oxalidosa turf. mel and Dryopterioso-
caricosa). Additionally, stem fluxes from birch were measured in one of the black alder stands.
Information on stands including location is provided in Table 1. The study was implemented from
November 2020 till October 2021, 12 months. Frequency of sampling — once per two weeks between
April and October and once per month during winter months (in total 20 measurement campaigns).
Table 1
Stand characteristics in measurement plots

Dominant | Stand ID | Age | Height, | Diameter, Basal Density, = Location, WGS84
species m cm azrea,_l trees-ha™ X v
m?-ha
Birch 031-99-9 | 20 15 14 21 1180 57.3218 | 26.0641
Birch | 502-457-2 | 30 17 12 20 498 56.6873 | 25.0482
Birch 504-408-3 | 59 21 27 16 462 56.6942 | 24.5836
Black alder | 508-45-11 | 23 11 9 17 1890 56.6596 | 24.1421
Birch 012-186-1 | 60 16 18 25 1243 57.2906 | 25.9987
Birch 501-20-15 | 70 22 22 11 289 56.9289 | 24.9666
Black alder | 501-20-17 | 53 24 22 12 265 56.9280 | 56.9280
Black alder | 505-84-3 72 26 29 31 584 56.5737 | 56.5737

GHG fluxes were measured at 0.5, 1.0 and 1.5 m height on three trees in every stand, excluding the
stand where two plots — for measurement of the fluxes from birch and black alder were installed. Height
and diameter of the measured trees are provided in Table 2.

Measurement of GHG fluxes was done using Gasmet DX4040 FTIR analyser and removable non-
transparent chambers of fixed volume and area. Different chambers (Table 3) were used depending on
the diameter of trees. Before the measurement the area of the bark surface, where the chamber is attached
to the stem surface, was treated with silicone to avoid air exchange, when the chamber is installed.

Measurement continued for 30 minutes per tree, simultaneously at all heights. Manual multiplexers
were used to switch between different chambers. Content of gases was determined after installation of
the chamber and after 8, 10, 18, 20, 28 and 30 minutes. If different intervals are used, it is noted out
during the measurement and later considered in the calculation. In parallel to the flux measurements, the
groundwater level, soil and air temperature were recorded.

Table 2
Dimensions of the measured trees
. Diameter of trees at 1.3 m .
D;)::,lclil:snt Stand TD height, cm Height of trees, cm
tree 1 tree 2 tree 3 tree 1 tree 2 tree 3
Birch 031-99-9 20.5 16.4 11.5 18.5 17.8 16.0
Birch 502-457-2 | 20.3 14.7 12.7 21.4 18.2 19.4
Birch 504-408-3 28.6 25.9 19.5 22.7 22.4 18.2
Birch 508-45-11 14.5 10.6 9.2 12.6 12.2 12.0
Birch 012-186-1 20.5 18.0 12.9 224 21.3 20.2
Birch 501-20-15 29.9 21.0 14.0 254 23.6 20.8
Black alder | 508-45-11 11.3 11.1 8.7 11.4 11.4 9.7
Black alder |501-20-17 | 24.3 19.3 14.2 23.7 21.3 19.8
Black alder | 505-84-3 36.9 23.9 21.2 30.2 27.1 26.7
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Table 3
Dimensions of the measurement chambers
Chamber ID Height, cm Width, cm |Thickness, cm| Volume, m* Area, m*
1 20.1 25.0 2.2 0.00111 0.05025
2 20.5 42.0 2.3 0.00198 0.08610
3 20.0 56.5 2.5 0.00283 0.11300
4 19.0 73.0 2.8 0.00388 0.13870

R? of the linear regression of the CO, concentration changes is used to ensure that outliers are
excluded from the flux calculation. Only data series with R*>0.95 are used in the calculation. GHG
fluxes were calculated using the following equation [15]:

o a1 Mg-mol [ P[Pal ¥ [m? [ svppm-htx £ % £, % 1,
€0 C[ng meh ]_ Rjm’-Pa-K " -mol ' [# T[K]*¢[h]* 4|m’ |

>

where P — air pressure in the chamber, assumed constant 101300 Pa);

V — chamber volume, m* (Table 3);

ov — slope of regression representing gas concentration changes per hour;

R — universal gas constant (8.3143 m*Pa-K™'-mol™);

T — soil temperature, K;

t — measurement time, hours;

M — molar mass of measured gases, 16.04 CHa4, g-mol™;44.01 N>O, g-mol™;
A — chamber surface area, m? (Table 3);
/1, /2 and f3 — recalculation coefficients (Table 4).

Table 4
Coefficients for calculation of GHG fluxes
Gas fi b [
CHy 0.75 1.00 1.00
N>O 0.64 1.00 1.00

Emissions were extrapolated to an area by calculation of the stem surface of an average tree,
assuming that it is cone and by multiplication the average surface area with the number of trees per ha.
Branches are not considered in the estimation due to lack of published information on the surface area
of crown and a ratio between the GHG fluxes from stem and from branches.

Results and discussion

CH4 emissions were observed in birch stands during summer months. In autumn, spring and winter
months no CHs emissions were observed (Fig. 1). In black alder stands only one occurrence of
significant CHs emissions was found in spring. The main reason for the difference was higher
groundwater level in several birch stands. No N>O emissions were observed during most of the time,
birch stem surface is acting as net sink of N>O removals; however, the effect is negligible.

pg (CH+-C)ym2h!
[N
(=]
ng (N2O-N) m2h~
I RIS

S10 e S O M 00 OV D — (A — N en S 10 O 1 (00O S| —( | Q|| M0 \O[1~[00| N O | | — | N[ e[ N0 t~| 00| O |

Birch Black alder Birch Black alder

Fig. 1. Results of measurements — average monthly fluxes
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Comparison of GHG fluxes and the groundwater level demonstrates significant correlation with
CH4 emissions in birch stands and no correlation in black alder stands (Fig. 2). It was also found that
only in two birch stands the groundwater level increased above 15 cm during the vegetation season. As
soon as the groundwater level drops below 15 cm, no CH4 emissions from the stem surface appear;
however, when the groundwater level increases, particularly in spring and summer, CHs emissions
increase. No correlation was found with N>O emissions and the groundwater level.

400 A  Birch —— Black alder 10 A  Birch —— Black alder
_ 350 A -
= 304 - = 5 f(lx):().3410 exp(—0.0054 x )
T s f(x) = 68.1708 exp( — 0.0815 x ) s R>=0.0059
£ 2004 R2=0.6567 Z N
o Z G‘ﬁ‘lf A AA;“ A A7 a
= 150 £(x) = 6.2315 exp( — 0.0644 x ) Q A A
o 100 2=0.0717 £ 5 f(x) =0.5897 exp( — 0.0527 x )
o 50 & A R*=0.3050
= 0 éAh; A =

-10

-20 0 20 40 60 80 100 120 140
Groundwater level, cm

-20-50 0 20 40 60 80 100 120 140
Groundwater level, cm

Fig. 2. Correlation between groundwater level and GHG fluxes

Increase of soil temperature is also increasing CH4 emissions; however, only in case of high

groundwater level (Fig. 3). No correlation was found between temperature and N>O emissions from
stems.

A Birch Black alder A Birch Black alder
= 300 o) =0.1117x"2.1506 )y - 10 f(x) = 0.0863 x"0.2580
NE 400 R2=0.1951 A f s R2=0.0154
Q 300 f(x) = 1.6252 x0.2494 ; "
5 200 R2=0.0293 A ON 0 W
2 100 M ¢ s A f(0=03763 x0.4814
0 Adaatamaamtabs e A % A R=0.0432
1100 O 5 10 15 20 25 30 0 s o s 2 ’s 20
Soil temperature, C

Soil temperature, C

Fig. 3. Correlation between soil temperature and GHG fluxes

According to the study results the emissions seem to be more relevant to the groundwater level than
the species, since the emissions are determined only if the groundwater level remains above 15 cm. If
the groundwater level is high during most of the vegetation season or the area is flooded, the CHy
emissions from stem increase to 325 + 81 kg CO, eq. ha'-yr' (84.0 £25.2 g COz eq. m?-yr'"). These
results point out the importance of regulation of the water regime to eliminate hotspots of CH, emissions
in forest lands with organic soils. According to earlier studies [15], CH4 emissions in flooded areas equal
to 100.6 CHa, kg CHa-C ha!-yr! (3.3 tons CO; eq ha'-yr!). According to this study results stem fluxes
in average conditions are negligible; however, high groundwater level or increase of the groundwater
level during the vegetation period significantly increases CH4 emissions. In one of the birch stands stem
fluxes of CH4 reached 10% of the total CH4 emissions from soil and stem surface, if the soil CHs
emission factor applied in the national GHG inventory is used to estimate CH4 emissions from soil. The
study does not approve findings by other authors, e.g. [15] that increase of the groundwater level in alder
stands increases N>O emissions. This may be associated with different periods of the increase of the
groundwater level, in our study it was high in alder stands in spring, till June. Significant increase of
CH4 emissions from the stem surface due to increase of the groundwater level is reported by several

authors, e.g. [10; 18]. According to these authors changes are correlating with soil fluxes — reduction of
CO; emissions and increase of CH,4 emissions from soil.
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Conclusions

1. The research proves the results of earlier studies that the deciduous tree in organic soils can be a
significant source of CH4 emissions, while no significant N>,O emissions are detected.

2. Tree stem surface becomes a source of CHs emissions only in areas, where the groundwater level
is above 15 cm, and the emissions rapidly grow if the groundwater level is higher.

3. CH, emissions are correlating also with temperature; however, the correlation is weak and CHy4
emissions only increase in case of high groundwater level, therefore both factors — groundwater
level and temperature — should be used in projections of CHs emissions from the tree stem surface.

4. Significant improvements of activity data (dynamic maps of groundwater level) are necessary to
estimate CH4 emissions from tree stems at a national or regional scale.
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CARBON DIOXIDE (CO;) EMISSIONS FROM NATURALLY WET
AND DRAINED NUTRIENT-RICH ORGANIC FORESTS SOILS
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Abstract Implementation of climate change mitigation measures in forestry has a key role to successfully fulfil
the climate change policy goals of Land use, land use change and forest sector set by the Paris Agreement to fully
offset total GHG emissions in the country by CO, removals in 2050. GHG emissions from organic soils in forest
land have significant impact on total emissions of Latvia, however, high emissions also indicate the potential of
climate change mitigation measures. This study aims to evaluate CO, emissions from drained and naturally wet
nutrient-rich forest soils to improve knowledge of forest management practice impact on GHG emissions. The
study is conducted in 21 drained (Myrtillosa turfmel. and Oxalidosa turf. mel.) and 10 naturally wet
(Dryopterioso—caricosa and Filipendulosa) forest sites with nutrient-rich organic soils for 12 consecutive months.
Soil total CO, emissions were measured by closed manual non-transparent chamber method. The groundwater
level, soil and air temperature were measured to evaluate factors affecting CO, emission. Empirical data collected
within the scope of the study showed high correlation (» = 0.85) between CO; emissions and temperature, however,
the groundwater level depth had no considerable impact on emissions. Total soil CO, emissions from drained
nutrient-rich organic soils ranged from 5.44 t + 0.1 tC-ha'-yr! in black alder stands to 9.76 + 2.47 tC-ha™-yr! in
clearcut areas (average 7.35 & 0.89 tC-ha-yr™'), while CO, emissions from forest sites with naturally wet soil ranged
from 5.73 £2.23tC-ha’-yr! in spruce stands to 10.41+4.33 tC-ha'-yr! in clearcut areas (average
7.02 £ 0.96 tC-ha'-yr'). The study results demonstrate that drainage does not have significant effect on CO,
emissions.

Keywords: organic soil, naturally wet, drained, CO; emissions

Introduction

Organic soil is one of the largest carbon (C) storages of terrestrial ecosystems globally [1] and also
in Latvia [2]. Depending on the land use and management practices organic soil can act as C sink or
source [3]. Share of organic soils is 19% of total area of Latvia [4]. According to the national forest site
type classification system [5] and information provided by the national forest inventory (NFI) the area
of organic soils in forest land is 723 kha of which 53% are drained.

According to the Intergovernmental panel on Climate change (IPCC) guidelines [6] for National
GHG inventories human induced GHG emissions shall be estimated — regarding organic forest soils
only GHG emissions from drained and rewetted organic soils are reported in Latvia, respectively. IPCC
guidelines divide organic soils as nutrient-poor and nutrient-rich, however, if the IPCC default
methodology is applied, the most of forest organic soils in Latvia can be considered as nutrient-rich,
since they are receiving nutrients with groundwater and precipitation. The IPCC default emission factor
(2.6 t CO,-C-ha!-yr™) for calculation of CO, emissions from drained organic forest soils [7] is replaced
by the national emission factor 0.52 t CO>-C-ha™!-yr'! developed as a result of multiple studies evaluating
long term C stock changes after drainage [2; 8; 9]. The national emission factor characterises emissions
from organic soils in forest site types Callunosa turf. mel., Vacciniosa turf. mel. and Myrtillosa turf.mel.
with nutrient-poor to moderate-rich soils [10], yet it is applied to all drained organic forest soils in the
national GHG inventory. While for rewetted organic soils the IPCC default emission factor
0.5t CO,-C halyr! is used [7]. According to this approach total estimated human induced CO,
emissions from organic forest soils in forest lands were almost 800 kt CO; or 7% of total GHG emissions
in Latvia in 2020.

Although it is not mandatory to report GHG emissions from naturally wet organic forest soils,
information on such emissions is necessary to elaborate and implement knowledge-based climate
change mitigation measures in forest management to work towards climate neutrality policy goals set
by the Paris Agreement, as well as to provide scientifically substantiated assessment of the effect of
drainage and rewetting of forest soils. This study aims to work towards better understanding of
differences between the net CO; emissions from drained and naturally wet nutrient-rich organic forest
soils.
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Materials and methods

The study was conducted in 31 forest sites in central Latvia with nutrient-rich (the most fertile site
types for drained and naturally wet soils) organic soils [5]. One sample plot (500 m?) was established in
each of the selected forest stands: 10 sample plots in naturally wet (Dryopterioso—caricosa and
Filipendulosa) and 21 sample plots in drained (Myrtillosa turf.mel. and Oxalidosa turf. mel.) sites (Table
1). Dominant tree species of Norway spruce, silver birch, black alder, as well as 1 year old clearcuts of
deciduous, mixed stands. To check the forest site conformity to the specified site type the peat depth
was determined (threshold value of at least 20 cm in drained and 30 cm in naturally wet soils by 5
measurement replicates. Additionally, ground floor vegetation was characterized to select areas
representing plant communities typical for certain site types. The centre of the sample plots was at least
20 m from the stand border.

Table 1
Study site characteristics
Naturally wet forest sites Drained forest sites
Parameter Value Norway | Silver | Black Norway | Silver | Black
. Clearcut . Clearcut
spruce | birch | alder spruce | birch | alder
Number of | ber 1 3|5 1 2 | 3 |2 4
study sites
Age of Average 67 56 43 - 55 39 40 -
dominant
tree species,| . 2NEC - |21-77] 10-80 - 14-86 | 18-60 |26-53 -
(min...max)
years
Growing average 446 225 170 - 269 135 | 189 -
stock, range 123-
m*ha! | (min..max) - 78-365|35-325 - 7-521 (38-210 254 -
average 41 59 47 81 43 65 90
Peat layer,
cm range - 31-52]23-99 . 37-99 | 25-75|60-70| 63-99
(min...max)

During the study period from October of 2019 till June of 2021 soil CO, emissions were monitored
for 12 consecutive months by the closed manual non-transparent chamber method [11], when the mean
air temperature was 9.2 + 0.8 °C (min 8.0 = 0.7, max 31.4 + 0.1) and annual precipitation 668 + 136 mm
(ranged from 472 mm to 860 mm) according to 5 meteorological stations in a range of up to 30 km from
the sample plots. 5 collars were installed in every plot at least 1 month prior the first CO, emission
measurement. Sides of the collars reached approximately 5 cm depth. Roots were not trenched and
ground vegetation as well as the litter layer were left intact, therefore CO, emissions measured include
soil heterotrophic and both above- and belowground ground vegetation autotrophic respiration (soil total
emissions).

Sample plots were surveyed once per month by taking 4 gas samples from each chamber position
on each collar installed. Gas samples were collected with the interval of 10 minutes: 0; 10; 20 and
30 minutes after carefully positioning chambers on the collars. The samples collected in
underpressurized 100 mL glass vials were transported to the laboratory to be analysed by a gas
chromatograph equipped with an electron capture detector [12]. Simultaneously with gas sampling the
air and soil temperature at 5 cm depth, as well as the ground water level in the groundwater level
monitoring wells (140 cm long PVC pipe) installed at time of establishment of the sample plots were
measured.

Soil total CO; emissions are estimated by using the slope acquired form the linear regression curve
representing CO: concentration changes in the chamber during the measurement period of 30 minutes.
For quality assurance purpose only slopes with R?>0.7 were used for further analysis. The ideal gas
equation is used for calculation of soil total CO, emissions:
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MPVslope

co, =
RTtA

ey
where  CO; — soil total CO; emissions, pg CO> m*h;

M — molar mass of CO», g'mol;

R — universal gas constant, 8.314 m* -Pa-K!-mol";

P — assumption of air pressure inside the chamber, 101 300, Pa;

T — air temperature, K;

V — chamber volume, 0.063 m?;

t—time, 1 h;

slope — CO; concentration changes in time, ppm-h’';

A — collar area, 0.1995 m?.

All soil total CO, emission measurement results in the paper are expressed in unit of tC-ha'-yr!,
indicated uncertainty is the confidence interval. Data compliance to normal distribution is checked by
Shapiro-Wilk test and differences of mean values — by Mann-Whitney test. Significance level a = 0.05
is applied in statistical analysis.

Results and discussion

According to the data acquired in the study monthly average total CO, emissions from soil in
naturally wet and drained sites are not significantly different (p =0.25) and ranged from 2.39 to
15.81 tC-ha!-yr! in February and June, accordingly (Fig. 1).
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= 4 4 &
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0 o 5
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® Naturally wet sites Drained sites @ Soil temperature at 5 cm depth, °C

Fig. 1. Variation of monthly soil total CO; emissions

The groundwater level has low correlation with CO; emissions (7 = -0.30). Variations of soil CO,
emissions can be explained with changes of the soil temperature. Relationship of CO, emissions and
soil temperature at 5 cm depth is characterized by exponential regression (Fig. 2). While the air and soil
temperature have significant correlation (r = 0.89) characterised by linear equation:

tsoit = 0.641- +1.96 Q)

where  #,i— soil temperature at 5 cm depth, °C
tqir — air temperature, °C.

Total annual CO, emissions from soil range from 5.44 £ 0.10 to 9.76 = 2.47 tC-ha!-yr'! in drained
black alder dominated stands and clearcuts and from 5.81 + 2.23 to 10.55 + 4.33 tC-ha™-yr'! in naturally
wet Norway spruce stands and clearcuts, accordingly (Fig. 3). The impact of drainage conditions
(naturally wet or drained soil) on the total CO; emissions from soil with different dominant tree species
and difference of the mean annual emission between the dominant tree species is not significant
(» <0.05).
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Fig. 3. Intra annual variation of soil total CO; emissions in forest stands
with different dominant tree species and soil drainage status

Consequently, statistically significant differences between mean total CO; emissions from soil in
different forest site types (p > 0.05) as well as in drained (7.35 = 0.89 tC-ha'-yr'") and naturally wet
(7.02 £ 0.96 tC-ha'-yr") study sites (p = 0.34) were not found (Fig. 4). Intra annual total CO, emissions
from soil in the study sites with tree cover ranged from 0.38 to 31.66 tC-ha™'-yr’!, while in clearcuts —
from 0.17 to 25.74 tC-ha'-yr'. It was found that the CO, emissions above 22.13 tC-ha-yr'! are
statistical outliers as indicated in Fig. 4 and differences between annual mean CO, emissions in forest
stands (6.84 + 0.56 tC-ha!yr!) and clearcuts (10.08 +1.96 tC-ha-yr') are statistically significant

(» = 0.002).
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Fig. 4. Intra annual variation of soil total CO; emissions in different forest
site types and by drainage status and tree cover

It is important to note that total reported CO, emissions from soil are gross soil emissions and
include both soil heterotrophic and autotrophic respiration and do not consider soil C input by above-
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and belowground litter. It is reported in similar ecosystems studied that total CO, emissions from soil
can be recalculated to heterotrophic respiration by the factor 0.5 [13-15]. It is estimated according to the
NFI data on tree species and age distribution in Latvia that the weighted mean annual carbon input with
above ground and belowground litter in drained organic soil is 0.27+0.01 tC-ha'-yr! and
0.65 £ 0.01 tC-ha™'-yr'! in silver birch and Norway spruce stands, accordingly; while weighted average
C annual input by fine roots is 1.43 +0.07 tC-ha'-yr'! in Norway spruce dominated stands and
1.70 £ 0.07 tC-ha'l-yr! in silver birch stands; and annual carbon input by tree foliar litter is
2.0 tC-ha'yr' and 1.86 tC-ha™-yr" in silver birch and Norway spruce dominated stands with basal area
of 20 m? ha'! [16]. By combining the above mentioned data on soil CO, emissions an C input and
estimating combined uncertainty, annual net soil CO, emissions are -0.55 = 0,29 tC-ha!'-yr in silver
birch stands and -0.52 = 0.29 tC-ha-yr! in Norway spruce stands. To improve the net soil CO, emission
estimate, additional national data on soil carbon input stratified by dominated tree species, soil fertility
and drainage status as well as the proportion of heterotrophic and autotrophic respiration are necessary.

Conclusions

1. The study results show no significant impact of the forest site type, dominant tree species or
drainage status on annual mean total CO, emissions from nutrient-rich organic soils (sum of soil
heterotrophic and ground vegetation autotrophic respiration).

2. Differences between annual mean total CO, emissions from nutrient-rich organic soils in forest
stands (6.84 + 0 .56 tC-hal-yr') and clearcut areas (10.08+1.96 tC-ha'-yr') are statistically
significant.

3. Combining the study results on the CO, emissions from nutrient-rich organic soils with the
estimates from earlier studies on the soil C input in forest sites with drained organic soils, the
calculated net CO, emissions from the soil in the studied areas in silver birch stands are -
0.55+0.29 tC-ha'-yr! and -0.52 + 0.29 tC-ha™!-yr! in Norway spruce stands; respectively, they are
net sinks of CO; removals.
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According to general knowledge rewetting of drained organic soils is a measure that can reduce net greenhouse gas emissions from
ecosystem, however there is lack of evidence that approves such an assumption in hemiboreal forests. The aim of the study was to
quantify N2O and CH4 flux from nutrient-rich organic soils in naturally wet (NWS) and drained (DS) hemiboreal forest sites in
Latvia.

In central Latvia, 26 NWS (Dryopterioso—caricosa and Filipendulosa) and DS (Oxalidosa turf. mel.) were selected to evaluate annual
N20 and CHas soil flux by manual chamber method. Gas sampling was performed once a month in five replicates in every sampling
plot for period of one year covering all seasons from October of 2019 till November of 2020. During gas sampling soil temperature
and groundwater level were measured. In addition, soil and groundwater was sampled and tested.

Study results show that soil CHa4 flux has strong correlation with groundwater level and weak correlation with soil temperature in booth
DS and NWS. Moderate correlation between soil temperature and N2O flux were found in DS, however in rest of the study sites
significant impact of soil temperature and groundwater level on N2O flux was not found. Estimated annual average soil CHa4 flux is
average -3.5+1.0 kg C-CHa ha! yr'! in DS and average 100.6+101.0 kg C-CHs ha™' yr' in NWS. While estimated annual average soil
N20 flux is average 1.1+0.4 kg N-N2O ha! yr'! in DS and 2.6+0.9 kg N-N20 ha! yr'! in NWS.

Keywords: drained organic soil, naturally wet organic soil, CHy flux, N>O flux
INTRODUCTION

Paris agreement signed by 195 parties worldwide, in enhancing the implementation of the United Nations
Framework Convention on Climate Change (Convention), aims to hold the increase in the global average temperature
to well below 2 °C above pre-industrial levels (United Nations..., 2015). Despite the efforts dedicated for reaching
climate mitigation goals greenhouse gas (GHG), including nitrous oxide (N20O) and methane (CH,4), concentration in
atmosphere continues to increase. According to data of National Oceanic and Atmospheric Administration and
Advanced Global Atmospheric Gas experiment, since the Convention took into force on 1994 till 2018, total GHG
concentration in atmosphere has been consistently increasing by 17.2 %, from 389.6 to 456.8 ppm CO; eq. (Prinn et
al., 2021). It is estimated if GHG concentration in atmosphere persists between 430 and 480 ppm CO; eq. in 2100,
probability of exceeding atmospheric temperature increase threshold of 1.5 °C is 49 to 86 % (Clareke et al., 2014).
During period from 1994 till 2016, CH4 and N2O emissions in atmosphere have increased by 6 % from 1742 to 1842
ppb and from 311 to 329 pbb accordingly (Prinn et al., 2021) and continues to increase. Although GHG emissions,
including emissions of land use, land use change and forestry (LULUCF), from European Union have been reduced
by 27 % and reduction of N>O and CHy is as high as 37 % since 1990 till 2018, N,O and CH4 emissions still constituted
18 % of total GHG emissions (in CO2 eq.) in 2018 (Mandl Nicole (EEA) et al., 2020). Neither N>O and CH4 emissions
are a key source of LULUCF in EU level, however these emission from drained organic soils are a key source of
LULUCEF sector in national GHG inventory of Latvia (Latvia’s National..., 2021; Mandl, Pinterits, 2020). Total area
of forest organic soils in Latvia is 696.5 kha or 10.8 % of total state area, furthermore 54.8 % of organic forest soils
are drained. CH4 and N>O emissions from drained and rewetted organic soils in forest lands accounted for 7.3 % of
total national GHG emissions in CO; equivalents in 2019 (Latvia’s National..., 2021).

Climate change mitigation targets set at global, European Union as well as at national levels has increased scientific
focus on ecosystem GHG emission studies. Furthermore, Regulation of the European Parliament and of Council on the
inclusion of greenhouse gas emissions and removals from LULUCF into the 2030 climate and energy framework
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promotes role of LULUCEF sector in achieving climate change mitigation goals by setting a binding commitment to ensure
that accounted emissions from land use are entirely compensated by CO, removals in LULUCF sector. Regulation aims
to fully offset the country's total GHG emissions by CO, removals in the LULUCF sector in the second half of the 21st
century. Furthermore, Proposal for a Regulation of the European Parliament and of the Council amending Regulation
(EU) 2018/841 on the inclusion of GHG emissions and removals from LULUCF in the 2030 climate and energy
framework aims to set a target of GHG removal of the LULUCF sector in 2030 thus making the sector even more crucial
in reaching overall EU climate targets.

In the national GHG inventory of 2019 Latvia used default Tier 1 CH4 (2.5 kg CHs ha™! yr'!) and N>O (2.8 kg N>O-
N ha'! yr') emission factors (EF) from 2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories (2013 Wetlands Supplement). To improve accuracy of Latvia's national GHG inventory and to support policy
makers this study aims to elaborate national CH4 and N2O emissions factors for drained and naturally wet nutrient-rich
organic soils.

RESEARCH METHODS

The study was conducted in 31 forest sites with W \
nutrient-rich drained and naturally wet organic soils J /.
located in central Latvia from October of 2019 till [’ -
November of 2021 (Klaida! Nerastas nuorodos ’ |
Saltinis.). Annual average air temperature within the
study period according to 5 closest meteorological

stations within range of 30 km from atleast 1 study site ’ l&
was 9.24+0.8 °C (min 8.0+0.7, max 31.4+0.1), while O

annual precipitation ranged from 472 mm to 860 mm >, o
(average 668+136 mm). L A \

Selection of study sites
) Ppmary stud.y sites selecthq was based on site 0 100 200 km

soil moisture regime and fertility characteristics /

according to the national forest site type classification system (Buss, 1981). For further evaluation from 4 soil fertility
classes forest stands characterized as compliant to 2
most fertile forest stands classes with drained
(Myrtillosa turfmel. and Oxalidosa turf. mel.) and
naturally wet (Dryopterioso—caricosa and Filipendulosa) organic soils were selected. Sample plots were established
in naturally wet and drained sites with peat layer atleast 30 cm and 20 cm accordingly (checked at atleast 5 places
within sample plots). During the study period soil GHG monitoring was conducted for 12 consecutive months in each
of the study sites. In each of the study site 1 round (500 m?) sample plot was established atleast 20 m from forest stand
or clearcut border. Soil GHG fluxes measurements were done by closed opaque manual chamber method (Pavelka et
al., 2018). 5 chamber collars were installed evenly within sample plot with distance between individual collars at least
3 m. Collars were installed in soil depth aproximately 5 cm at least one month prior to first GHG measurements. Root
damages were avoided as far as possible and ground vegetation was left intact during collar installation and field
surveys. Sample plots were visited once per month and 4 soil flux samples were taken from chambers in each of collar
positions within 30 minutes (10 minutes between each sampling) after positioning chamber on collar. Samples were
collected in 100 mL vials with 0.3 mbar underpressure and transported to the laboratory to be tested by gas
chromatograph. During gas sampling soil temperature at 5 cm depth as well as groundwater level was measured, in
addition groundwater samples were collected from groundwater level monitoring wells for further tests in laboratory.
For site fertility characterisation soil samples were collected from each sample plot in depth up to 80 cm (within step
of 10 cm) (Cools and De Vos, 2016).

GHG flux samples were analysed in University of Tartu by gas chromatograph (Loftfield et al., 1997). Physio-
chemical analysis of soil and water samples were done in Laboratory of Forest Environment of Latvian State Forest
Research Institute “Silava”. The soil samples were prepared for analyses according to the LVS ISO 11464 (2005)
standard. Chemical parameters were determined to organic soil milled till fine powder and fine earth fraction (D <2
mm) of mineral soil (prepared according to LVS ISO 11277) according to standard methods (Table 1). Organic carbon
concentration (g kg™') in soil was calculated as the difference between total carbon concentration and inorganic carbon
(carbonate) concentration. Water samples analysed by photometry and ion chromatography were filtered through
0.45 um and 0.2 pm filters accordingly.

Figure 1. Location of study sites in Latvia

GHG flux calculation

GHG flux is calculated using slope of linear regression that represents hourly GHG concentration changes in
chamber. Acquired slope data was discarded if R><0.7 except cases when difference between maximum and minimums
concentration in chamber was less then gas chromatograph method uncertainty. Acquired slope information was further
expressed as GHG flux from area of soil:
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M PV slope

flux:RTt A’

where flux — soil GHG flux, pg GHG m? h*';
M — molar mass of GHG, g mol’';
R — universal gas constant, m* Pa K!'[ Tmol!;
P — assumption of air pressure inside the chamber, 101 300 Pa;
T — air temperature, K;
¥ — chamber volume, 0.063 m’;

1

t — time period between first and last GHG flux
sampling, 0.5 h;

slope — slope of the hourly GHG concentration
changes inside of chamber;

A — collar area, 0.1995 m?.

Table 1. Standard methods utilised for soil and groundwater sample analysis

Parameter Unit Method principle Standard method
Soil samples
Bulk density kg m Gravimetry LVSISO 11272:2017
Total carbon gkg! Elementary analysis (dry combustion) LVS ISO 10694:2006
Total nitrogen gkg! Elementary analysis (dry combustion) LVS ISO 13878:1998
CaCO3 gkg'! Volumetry ISO 10693
HNO; extractable K, Ca, Mg and P gkg'! ICP-OES LVS EN ISO 11885:2009)
Groundwater samples
pH log unit Potentiometry LVSISO 10523:2012
Conductivity (EC) uS cm! Conductometry LVS EN 27888:1993
Total nitrogen (N) mg L Catalytic oxidation LVS EN 12260:2004
Nitrates (NO5"), phosphates (PO4*) mgL! Ton chromatography 1SO 10304-1:2007
Ammonium ion (NH4") mgL’! Photometry LVS ISO 7150-1:1984

Statistical analysis

Data statistical analysis was carried out using RStudio (Rstudio Team, 2019). The compliance of the data
distribution with the normal distribution was checked using the Kalmogorov-Smirnov test. Statistical differences of GHG
fluxes between forest site groups with drained and naturally wet soils were evaluated by Wilcoxon signed-rank test.
Correlation between GHG flux and affecting factors were determined by Pearson and Spearman correlation. Data
uncertainty within this paper is expressed as confidence interval, significance level 0=0.05 is applied.

RESEARCH RESULTS
Characteristics of study sites

Mean peat layer in study sites ranged from 25 cm to at least 100 cm (average 75+7 cm) and 23 cm to at least
100 cm (average 54+12cm) in DS and NWS respectively. Study site topsoil (upper 20 cm layer) characteristics are
summarised in

Table 2.

Table 2. Study site characteristics

Naturally wet forest sites Drained forest sites

Parameter Value Norway  Silver  Black Norway  Silver  Black
X Clearcut . Clearcut
spruce birch alder spruce birch alder
Number of study number 1 3 5 1 12 3 2 4
sites
Forest stand characteristics
Age of dominant tree average 67 56 43 - 55 39 40 -
species, years range (min...max) - 21-77 10-80 - 14-86 18-60 26-53 -
Growing stock, m? average 446 225 170 - 269 135 189 -
ha'! range (min...max) - 78-365  35-325 - 7-521 38-210 123-254 -
Peat layer, cm average 41 59 47 81 43 65 90
range - 3152 23-99 - 3799 2575 60-70 63-99
(min...max)
Topsoil (upper 20 cm layer) characteristics
Corg, g kg! average +SE 490 463+26 344496 447 483+37 316497  430+£53 546+17
Niot, g kg! average +SE 32 25+4 1945 28 23+8 23+2 27+4 27+8
P, gkg! average +SE 1.9 1.240.6  1.7+0 3.8 1.540.3  2.1£0.6 3.2+0.7 1.320.1
K, gkg! average £SE 19 21+4 18+2 16 21+1 14+0.5 16+1 15+1
Ca, mg kg'! average +SE 0.3 0.40.02 0.5 0.6£0.1  0.3£0.03 0.7£0.3  1.0+4 0.6+0.01
Mg, g kg'! average +SE 18 10+6 14+4 42 1642 24+8 32+8 1243

During the study period of 1 year depth of groundwater level in both drained and naturally wet forest sites ranged
from atleast 140 cm to 0 cm. Mean distance from topsoil to groundwater level was 55+2 cm and 35+3 c¢m at drained and
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naturally wet forest sites respectively. Monthly mean groundwater level was by 18+2 cm deeper in drained forest sites
(Figure 2).

Drainage status $ Drained E Naturally wet

-100+

Groundwater level, cm

-1204

.
-1404 .

Feb Apr Oct

Jun Jul  Aug  Sep Nov  Dec

Month

Jan Mar May
Figure 2. Monthly groundwater depth variation in study sites. In the boxplots, the median is shown by the bold line, the box
corresponds to the lower and upper quartiles, whiskers show the minimal and maximal values (within 150% of the
interquartile range from the median) and black dots represent outliers of the datasets.

Soil GHG flux and affecting factors

Study results shows that soil CH4 flux is a subject of high uncertainty. Difference of estimated soil CH4 flux within
same survey of single study site reaches 2 and 4 orders of magnitude in DS and NWS accordingly, thereby spatial
variability of soil CHy flux is considerable higher in NWS. During the study period estimated annual average soil CH4
flux in DS ranged from -5.5+1.0 kg C-CHy4 ha™! yr'! in Norway spruce stands to 6.8+16.6 C-CH4 ha™ yr! in Black alder
stands (average -3.5+1.0 kg C-CH4 ha! yr'"), while in NWS estimated soil CHy4 flux ranges from -3.7+2.8 kg C-CH4 ha”
!yr!in Silver birch stands to 199.8+393.2 kg C-CHs ha! yr'! in Black alder stands (average 100.6+101.0 kg C-CHy4 ha”
P'yr!). Study results indicate that Black alder forest stands tend to have considerably higher average soil CHs flux
compared to other tree species dominated forest stands included in this study, however also uncertainty of estimated
annual soil CHy flux results for Black alder stands is considerable higher (Table 3). Pattern of exceedingly high emissions
were found in 10 % of NWS.

Table 3. Annual soil CHs flux (kg C-CHa ha! yr'!) in study sites

Dominant tree specie

Drained forest sites

Naturally wet forest sites

Silver birch -1.742.0 -3.7£2.8
Norway spruce -5.5¢1.0 -2.4+1.2
Clearcut -4.7£1.0 6.9+6.2
Black alder 6.8+16.6 199.8+393.2
Black alder (hotspot excl.) - -0.9+0.4
Black alder (hotspot) - 10036.7+834.4
Average -3.47+£0.94 100.6+101.0

Estimated average soil CHs flux of Black alder stands ranges from -1.7£1.0 kg C-CHsha yr! to
15.5+12.7 kg C-CH4 ha! yr'! in DS (2 study sites) and from -1.9+1.1 kg C-CHs ha! yr'! to 1036.7+834.4 kg C-CH, ha*
Tyr!in NWS (5 study sites), furthermore if soil CHy flux hotspot site is excluded, average CHy flux from rest of 4 NWS

Black '
Black Norway Silver
alder Clearcut 5
_ alder hotspot spruce Birch
' 6079 50001 = 304 . .
504 p=0024 p=194.08| 151p=36e.05 154 p=0.019
"o 4000 104
£ 401 o 201 104
o 30001 - 54
<%0 101 ol e |8
é‘ 20 . 20004 N
510 ] 04 -5+
X g | 1000 % . E’:ﬂ
T 54
o0 :F'-r | -104
o 01 -101 J -10

EI Drained EI Naturally wet

Figure 3. Intra-annual soil CH4 flux variation. In the boxplots, the median is shown by the bold line, the mean is shown by
“x”, the box corresponds to the lower and upper quartiles, whiskers show the minimal and maximal values (within 150% of
the interquartile range from the median) and black dots represent outliers of the datasets.
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study sites ranges from -1.9+1.1 kg C-CHs ha'! yr'! to -0.240.7 kg C-CHs ha'! yr'! (Figure 3Klaida! Nerastas nuorodos
Saltinis.Klaida! Nerastas nuorodos $altinis.).

Acquired soil CH4 flux data has weak == Drained == Naturally wet
correlation  with  soil  temperature and .
groundwater chemical analysis result data but
has strong nonlinear correlation  with
groundwater level data in both DS and NWS,
however it was not possible to elaborate model
with good fit to raw empirical data set due to
high proportion of CHy flux data outliers with
considerably high concentrations. If outliers are
excluded relationship between groundwater
level and soil CHy flux is characterised by i ;
exponential regression (Figure 4). “1%_Drained: y = -7.900(1-0.970¢ **'®) R*=0.605

These results indicate that during " " a0 o o e on an
majority of measurements soil has not been a Figure 4. Relationship between groundwater level depth and soil CHs flux
source of CH4 emissions in booth DS and NWS,
however as groundwater raised CH4 removals decreased till gradually turned into CH4 emissions as groundwater level
reached topsoil and soil were saturated by water respectively. Similar observations are made if also statistical outliers are
included in data evaluation. Regardless of drainage status soils become a source of CH4 emissions when groundwater
depth decreased below 20 to 30 cm. If whole dataset is considered average soil CHy flux from DS and NWS is significantly
different in all groundwater depth ranges, except in depth between (0 to 9 cm) (p=0.27) (Table 4). Furthermore, if the one
sample plot mentioned above with excessively high soil CHs flux at NWS is excluded from evaluation, average flux
differences remain significant (p<0.05) in all groundwater depths except from 0-9 cm (p=0.95) and in conditions when
GHG flux sampling ring is flooded (p=0.90).

® Naturally wet: y = -3.922(1-1.180e %™ R?=0.418
Combined data: y = -9.102(1-1.001e"*°""™) R?=0.560
L]

C-CH, flux, kg ha ' yr™'

Sbbidbhbhbbliosnveas

Table 4. Average soil CH4 flux by different groundwater level depths

Drained forest sites Naturally wet forest sites
Groundwater kg C-C]HA ha n kg C—C]H4 ha n kg C-C]HA ha n kg C»CIHA ha
level, cm - - -
Total data Total data Without hotspot site Hotspot site
Flooded 1.6+0.9 45 448.1+869.9 37 12.1+11.9 14 1025+1184.7 23
0-9 52+43.2 107 366.1+409.3 104 2.3+3.7 87 2233.5+£2377.6 17
10-19 0.4+3.3 123 20.7£22.5 104 0.3£1.7 99 510.2+302.5 5
20-29 -2.8+0.4 105 -1.9+1 60 -1.9+1 60 - 0
30-39 -3.8+0.5 90 -2.7+1.1 60 -2.7+1.1 55 -2.1£1.6 5
40-49 -2.3£2.3 65 -2.4+0.6 25 -2.2+0.7 20 -3.3+1 5
50-59 -5+0.6 80 -2.1+1.2 65 -2.1+1.2 65 - 0
60-69 -5.1+0.5 105 -2.60.5 60 -2.6+0.5 55 -2.6+£0.9 5
70-79 -5.6£0.5 115 -2.7£1.5 35 -2.7£1.5 35 - 0
80-89 -6.4+0.6 60 -3.9+1.2 20 -3.9+1.2 20 - 0
90-99 -7+0.6 70 - 0 - 0 - 0
100-119 -7.240.5 175 -5.6+1.1 20 -5.6x1.1 20 - 0
120-140 5.8+ 20 7317 10 7317 10 - 0
According to the study results average annual soil N,O
flux in DS (l.liO.é'i kg N—N?O halyr'!) and NWS (2.6+0.9 kg Black Norway Silver
N-N,O ha! yr) differ significantly (p=0.01). Average annual ~ 7_ alder Clearcut spruce Birch
s0il N2O flux in DS ranged from 0.6£0.6to 1.5£1.3 kg N-N,O > e |81 25 * 204 .
ha! yr' in Black alder dominated stands and clearcuts ‘g 301p= oot 64 =J3e-06 20 p3034 154 p=016
accordingly (Table 5). While in NWS highest average soil o 20+ . .
N,O flux where found in Black alder dominated stands i» 4 15 . 101
(3.344.0 N-NO ha'' yr'") and lowest flux — in clearcut sample 2 10+ i, 10 : 5/
plot (0£0.1 kg N-N>O ha! yr'!). Furthermore, in case of O : i = 5 L dﬁ
Black alder dominated stands (p=0.001) and clearcuts Z:“ 01 = 0 =]o 01 —
(p<0.05) difference between DS and NWS soil N,O flux is £ E3 Drained £3 Naturally wet

significant. According to data acquired, soil temperature had

moderate (r = 0.48) impact on soil N>O flux in DS only, while Figure 5. Intra-annual soil N2O flux variation
groundwater level had weak impact on N>O flux in neither

DS and NWS. From groundwater quality parameters monitored NOs™ and N as well as Ca and Mg concentration had the
most notable impact on soil N>O flux. NO3™ and N concentration had moderate linear correlation in DS (r = 0.54 and 0.52
accordingly) and weak linear correlation in NWS (r = 0.42 and 0.32 accordingly). While Ca and Mg concentration had
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weak nonlinear correlation in DS (r = 0.44 and 0.42 accordingly) and moderate correlation in NWS (r = 0.57 and 0.62
accordingly). Regarding pH and EC, weak linear correlation was found in NWS only (r = 0.42 and 0.43 accordingly).

Table 5. Annual soil N20 flux (kg N-N20 ha'! yr!) in study sites

Dominant tree specie Drained forest sites Naturally wet forest sites
Silver birch 0.9+0.6 2.7£3.1
Norway spruce 1.0£0.9 0.6+0.3
Clearcut 1.5+1.3 0+0.1
Black alder 0.6+0.6 3.3+4.0
Average 1.1£0.4 2.6+£0.9

CONCLUSIONS AND DISCUSSION

Study results show that groundwater level depth threshold found for nutrient-rich organic forest soils to become a
source of CH4 emissions around 20 to 30 cm complies with assumption of 2013 Wetlands Supplement guidelines regarding
drainage class classification — threshold of groundwater level depth of 30 cm to distinguish between shallow or deep drained
soils (IPCC, 2014). Estimated average soil CHy flux in NWS monitored in this study (100.6+101.0 kg C-CHy4 ha'! yr') is
similar but with considerably less uncertainty if compared to default EF for CH4 from rewetted nutrient-rich organic soils in
boreal climate zone (0 to 493 kg C-CH, ha! yr'!, average 137 kg C-CHy ha! yr'') and considerably lower compared to EF
for CH, from nutrient-rich organic soils in temperate climate zone (0 to 856 kg C-CHy ha™! yr! average 216 kg C-CH, ha!
yr'!") provided by 2013 Wetlands Supplement indicating that. Lower uncertainty is achieved also for calculated annual
average soil CHy flux in DS (-3.47+0.94 kg C-CH, ha'! yr'!) compared to default EF for drained organic soils in temperate
(-0.6 to 5.7 kg C-CHy4 ha™! yr!, average 2.5 kg C-CHy ha! yr') and drained nutrient-rich organic soil boreal (-1.6 to 5.5 C-
CHg ha'! yr!, average 2.0 C-CH, ha! yr'") climate zones. Estimated annual soil N2O flux in both DS (1.140.4 kg N-N,O ha
Tyr!) and NWS (2.6£0.9 kg N-NO ha! yr') is within uncertainty of default NoO EF for drained organic soils in temperate
climate zone (-0.57 to 6.1 kg N-N,O ha! yr'!, average 2.8 kg N-N>O ha™! yr'') and EF for nutrient-rich drained organic soils
in boreal climate zone (1.9 to 4.5 kg N-N,O ha™! yr'!, average 3.2 kg N-N,O ha™' yr™!).

Acknowledgements. The study was implemented within the scope of the Forest Sector Competence Centre of Latvia -No.
1.2.1.1/18/A/004 P11 ,Elaboration of guidelines and modelling tool for greenhouse gas (GHG) emission reduction in forests on
nutrient-rich organic soils”.
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Abstract: In the forest land of many European countries, including hemiboreal Latvia, organic soils
are considered to be large sources of greenhouse gas (GHG) emissions. At the same time, growing
efforts are expected in the near future to decrease emissions from the Land Use, Land Use Change and
Forestry sector, including lands with organic soils to achieve enhanced contributions to the emissions
and removals balance target set by the Paris Agreement. This paper aims to describe the distribution
of organic soil layer thickness in forest land based on national forest inventory data and to evaluate
soil organic carbon stock in Latvian forests classified as land with organic soil. The average thickness
of the forest floor (organic material consisting of undecomposed or partially decomposed litter, O
horizon) was greatest in coniferous forests with wet mineral soil, and decreased with increasing soil
fertility. However, forest stand characteristics, including basal area and age, were weak predictors of
O horizon thickness. In forests with organic soil, a lower proportion of soil organic matter layer (H
horizon) in the top 70 cm soil layer, but a higher soil organic carbon stock both in the 0-30 cm layer
and in the 0-100 cm layer was found in drained organic soils than in wet organic soils. Furthermore,
the distribution of the soil H horizon thickness across different forest site types highlighted the
potential overestimation of area of drained organic soils in Latvian forest land reported within the
National GHG Inventory.

Keywords: hemiboreal forests; litter layer; organic soils; organic carbon stock

1. Introduction

The carbon (C) stock in the world’s forests including soil, live biomass, deadwood,
and litter is estimated to be 861 £ 66 Gt C [1]. Globally, almost half of the total organic
carbon (OC) in forest ecosystems is stored in the forest floor and in soils down to 1 m
depth [1,2]. De Vos et al. (2015) estimated that forests in the European Union store ~3.7 Gt C
in forest floors and ~22 Gt C in soils down to 1 m depth [3]. In general, soil organic carbon
(SOC) stock reflects the equilibrium between inputs of organic matter produced mainly by
overstory trees and understory vegetation to soils and the loss of C through decomposition,
biotic respiration, leaching and erosion of soil organic matter [2]. As SOC stored and cycled
in forests is a considerable share of the global C stock [1,4], even negligible changes in the
SOC stock induced, for instance, by land management or climate change could have large
impacts on the atmospheric carbon dioxide (CO;) concentration and thereby accelerate
global warming [5-7].

Although organic soils, especially in drained areas, are large sources of greenhouse
gas (GHG) emissions in forest land of many European countries [8], forests are expected to
increase CO, removals and to decrease GHG emissions [3,4,9] to achieve implementation
of the climate change mitigation goals, such as those set by the Paris Agreement [10] and
formulated in long-term low GHG emission development strategies of the European Union
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(Resolution on the European Green Deal) [11] and its member states (including the Strategy
of Latvia for the Achievement of Climate Neutrality by 2050 [12]). Therefore, international
and national policymakers developing policy targets to limit GHG concentrations in the
atmosphere, experts and institutions performing National GHG inventories, as well as policy
implementers and forest managers require accurate data of past and current SOC stocks in
forest soils and more knowledge to predict the potential future role of forest in GHG emissions
and CO, sequestration [1,9,13]. A detailed review of the literature of the influence of forest
management activities on SOC stocks and the key drivers and indicators for soil C stocks can
be found in Mayer et al. (2020) and Wiesmeier et al. (2019), respectively [2,14].

The soil cover of the Baltic States is characterised by high diversity due to the varied
composition of geological deposits and parent materials, diverse water conditions, and a
comparatively large share of organic soils [15,16]. In Latvia, soils developed and evolved
during the Holocene after the deglaciation of the territory are thus relatively young [16,17].
Forests are situated on soils formed on varying, mostly unconsolidated Quaternary de-
posits, and in some places on weakly consolidated pre-Quaternary terrigenous or hard
carbonate sedimentary rocks [18]. Within the National GHG Inventory, the total reported
forest area in Latvia (including afforested lands) was 3243.60 kha (50.2% of the total country
area) in 2019 [19]. The distribution of organic soils in forest land is quantified based on
the distribution of forest site types (data provided by the national forest inventory (NFI))
according to the national forest site type classification system [20], in addition to other
ecosystem attributes, forest site typologies integrate soil types (organic or mineral) and soil
moisture conditions (naturally dry, naturally wet or drained). Four forest site types with
wet organic soils (upper organic soil or peat layers exceeding 30 cm thickness) and four for-
est site types with drained organic soils (upper organic soil or peat layers exceeding 20 cm
thickness) are distinguished in Latvia [21], differing from one another in their distribution,
structure, properties and the ways that they are used and managed. Forest site types with
organic soil are linked to Histosols due to similar determination criteria [18], although the
Intergovernmental Panel on Climate Change (IPCC) definition of organic soils [22] covers
a much wider range of soils than the Histosols group [23].

In Latvia, drained organic soils in forest land (384.76 kha in 2019) are considered a
key source of GHG emissions in the Land Use, Land Use Change, and Forestry (LULUCF)
sector [19]. As Latvian forest typology is based on a combination of different ecosystem
attributes and soil characteristics that may vary significantly within the boundaries of
one compartment, the use of the distribution of forest site types to evaluate the area of
organic soils in forest land in Latvia may introduce some error into the assessment of total
GHG emissions from drained organic soils. The growing need to make recommendations
for climate change mitigation measures in the LULUCF sector requires highly accurate
evaluation of the SOC stock in forests and characterisation of the distribution of organic
soils across different forest site types. This paper aims to describe the thickness of organic
soil layers (O and H horizons) in all forest site types (both with mineral and organic soils)
and to evaluate SOC stock in Latvian forests classified as land with organic soil to overall
improve the National GHG Inventory.

2. Materials and Methods
2.1. Study Area

Our study was conducted in hemiboreal forests in Latvia. The hemiboreal zone is a
transitional zone between the boreal and temperate forest of nemoral Europe, characterised
by the coexistence of boreal coniferous species on poor soils and temperate broadleaved
tree species on the most fertile soils [24]. According to data from the Latvian Environment,
Geology and Meteorology Centre, the average annual air temperatures in the territory
range from +5.2~+ 5.3 °C in the Altiksne and Vidzeme highlands to +6.8~+ 7.4 °C on the
Baltic Sea coast. The warmest month of the year is July, with an average air temperature
of +17.4 °C and an average maximum of +22.3 °C. February is the coldest month of the
year, with an average air temperature of —3.7 °C and an average minimum air temperature
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of —6.6 °C. The annual precipitation in Latvia is 692 mm. The months with the highest
precipitation are August and July, with averages of 77 and 76 mm, while the driest is April
with an average of 34 mm.

2.2. Measurements of Soil Organic Layer Thickness in Forest Land

Soil organic layers were stratified into forest floor and peat layers (O and H horizons,
respectively) according to the World Reference Base for Soil Resources (WRB) [25]. O horizon
was defined as horizon dominated by organic material consisting of undecomposed or partially
decomposed litter, such as leaves, needles, twigs, moss, and lichens, which has accumulated
on the surface; it may be on top of either mineral or organic soils [25]. H horizon was defined
as horizon dominated by organic material, formed from accumulations of undecomposed or
partially decomposed organic material at the soil surface which may be under water; it may be
on top of mineral soils or at any depth beneath the surface if it is buried [25].

The thicknesses of the O and H horizons were measured for 4599 NFI plots (Table 1) in
forest land, evenly covering the whole country area in 2017-2019 (within the third cycle of the
NFI). The thicknesses of the O and H horizons were measured at 4 points outside the plots:
the measuring points were located approximately 1 m from the edge of the plot on the N, E,
S, and W sides corresponding to azimuth angles of 0°, 90°, 180° and 270°. Measurements
were made using a probe with a length of 70 cm. The thicknesses of the O and H horizons
were measured using an undisturbed soil sample and ruler (accuracy 0.1 cm).

Table 1. Characteristics of plots in forest land where soil organic layer thickness was measured (NFI plots) and soil was

sampled for physico-chemical analyses.

Characteristics of NFI Plots * Where Thickness of Soil Organic Soil
Soil Type and . Relative Layers Was Measured Sampling ®
Moisture Forest Séte oil N
Conditions ! Types Fertility3 ~ Numberof  Average Age®  Average Standing Volume + Number of
NFI Plots (min-max) S.E. (min-max), m® ha—1 Plots

Cladinoso—callunosa very low 42 70 (18-165) 163 + 15 (10-466) -
Vacciniosa low 148 67 (1-165) 213 + 11 (<0.1-595) -
D ineral soil Muyrtillosa low 157 68 (1-170) 268 + 14 (<0.1-696) -
Ty mineratsot Hylocomiosa medium 818 53 (1-201) 259 + 8 (<0.1-1123) -
Oxalidosa above average 950 38 (1-182) 216 + 6 (<0.1-1753) -
Aegopodiosa high 151 56 (1-173) 264 + 15 (<0.1-836) -
Cladinoso—sphagnosa very low 2 42 (31-53) 75 + 50 (25-125) -
Naturally wet Vaccinioso—sphagnosa low 73 53 (2-153) 140 + 13 (<0.1-395) -
minera]ysoi] Myrtilloso-sphagnosa medium 178 54 (1-193) 204 + 13 (<0.1-780) -
Myrtilloso-polytrichosa ai‘};‘r’;’ge 154 45 (1-181) 187 + 12 (<0.1-567) -
Dryopteriosa high 11 47 (10-80) 248 + 57 (7-525) -
Callunosa mel. low 2 25 (24-25) 64 + 20 (44-83) -
Drained mineral Vacciniosa mel. medium 69 60 (1-141) 259 + 20 (<0.1-645) -
soil Myrtillosa mel. aj};‘r’:ge 511 48 (1-182) 247 + 9 (<0.1-1046) -
Mercurialiosa mel. high 236 40 (1-103) 223 + 13 (<0.1-1458) -

Sphagnosa low 137 76 (3-178) 88 & 6 (<0.1-373) 13

Naturally wet Caricoso-phragmitosa medium 168 64 (1-168) 147 + 8 (<0.1-445) 28
organic soil Dryopterioso—caricosa high 195 47 (4-143) 172 + 10 (<0.1-643) 25
Filipendulosa high 8 57 (31-91) 243 + 64 (28-523) 5

Callunosa turf. mel. low 22 57 (27-210) 110 =4 14 (9-294) 13

: e Vacciniosa turf. mel. medium 102 67 (1-190) 202 + 13 (<0.1-577) 17
Drained organic soil 1 ittosa trurf mel. high 327 56 (1-195) 229 % 10 (<0.1-759) 36
Oxalidosa turf. mel. high 138 44 (2-129) 208 + 14 (<0.1-916) 37

Total all all 4599 51 (1-210) 220 + 3 (<0.1-1753) 174

! Based on forest site type according to the national forest classification system [20]. 2 According to the national forest classification system
[20]. 3 According to Karklins et al. (2009) [[7] based on the national forest classification system [20]. 4 Plots in forest land (excluding clear
cut areas and afforested agricultural land). > Age of the dominant tree species in overstorey. ® Soil sampling for physico-chemical analyses.

2.3. Soil Sampling and Analyses

For physico-chemical analyses, soil was sampled in 174 sample plots located in forest
land with organic soil according to the national forest site type classification system [20]
simultaneously meeting the organic soil criteria set by definition of IPCC [22]. O horizons
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were sampled separately using a square probe with an area of 100 cm?. Fixed-depth
sampling was applied to H horizon and mineral soil layers underlying the peat layer. Two
replicates at 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm and 50-100 cm depth were
taken using undisturbed soil sample probes (100 cm® volume steel cylinders) [26]. The
0 cm reference is at the top of the peat layer (H horizon) [26]. Soil sampling was carried
out in 2012-2019.

Soil samples were prepared and analysed in the Laboratory of Forest Environment
at the Latvian State Forest Research Institute ‘Silava’ following the reference methods
outlined in Part X of the ICP Forests Manual on Sampling and Analysis of Soil [26]. The
soil samples were prepared for analysis according to the LVS ISO 11464:2006 standard [27].
The following physico-chemical parameters were determined in the soil samples: soil
bulk density (BD, kg m~3) according to LVS ISO 11272:2017 [28], coarse fragments and
fine earth fraction of soil (diameter (D) < 2 mm) according to LVS ISO 11277:2020 [29],
total carbon (TC) concentration using elementary analysis (dry combustion) according
to LVS ISO 10694:2006 [30], and carbonate concentration using an Eijkelkamp calcimeter
according to ISO 10693:1995 [31]. The OC concentration (g kg ™) in soil was calculated as
the difference between TC concentration and inorganic carbon (carbonate) concentration.
For chemical analyses, the fine earth fraction of soil (D < 2 mm) was used.

2.4. Soil Organic Carbon Stock Calculation

To compute the SOC stock in each individual organic soil layer down to 1 m depth
(SOCypay, tCha™1), equation No. 1 was applied [3]:

SOCay = (OC x BD x THICKNESS x (1 — (P¢/100)))/ucf, o)

where OC is the OC concentration in the fine earth of the layer, g kg~!; BD is the soil bulk
density, kg m~3; THICKNESS is the layer thickness, cm; P is the proportion of coarse
fragments, %; and ucf is a unit correction factor of 10,000. The SOC stock below 1 m depth
was not estimated.

To estimate SOC stock in forest land with organic soils at the national level, data on
the distribution of forest site types in Latvia provided by NFI [32] were used.

2.5. Statistical Analysis

Data on soil organic layer thickness and SOC stock is pooled in groups according to
forest site types, which integrate within themselves soil type (organic or mineral) and soil
moisture conditions (naturally dry, naturally wet or drained) according to the national forest
site type classification system [20]. Pairwise t-tests (pairwise comparisons using t-tests
with pooled standard deviations (SD)) were used to evaluate differences in the thickness of
soil organic layers and SOC stock between individual forest site types and pooled groups
of forest site types according to soil types and moisture conditions. Correlations between
the thickness of soil organic layers and stand characteristics were tested with Pearson’s r.
Both pairwise t-tests and Pearson’s r were conducted using a significance level of p < 0.05.
All statistical analyses were carried out using R [33].

3. Results
3.1. Thickness of Organic Soil Layers in Forest Land

NFI data shows that the thickness of the O horizon in forest land in Latvia ranged
up to 20 cm (detected in Myrtilloso—polytrichosa stands dominated by black alder (Alnus
glutinosa (L.) Gaertn.)). When differences between each individual forest site type (Figure 1)
were compared, the highest average thickness of the O horizon was found in Vaccinioso—
sphagnosa stands (3.4 £ 0.4 cm). When differences in the O horizon thickness between
average values of groups of soil types and moisture conditions were compared, the highest
average thickness of the O horizon (2.4 & 0.2 cm) occurred in forests with wet mineral soil.
Furthermore, the average thickness of the O horizon in forests with wet mineral soil was
statistically significantly higher than in other groups of soil types and moisture conditions
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(p <0.001). In forest land with mineral soil, the average thickness of the O horizon varies
with soil fertility: the average thickness of the O horizon decreases with increasing soil
fertility. Such a trend is not observed in forest land with organic soils.
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Figure 1. Average thickness of the O horizon in forest land in Latvia by forest site types. The division into groups based on
soil types and moisture conditions is based on forest site types according to the national forest classification. Error bars
represent standard errors. Different lower-case letters (black) show statistically significant differences (p < 0.05, « = 0.05) in
average values between forest site types within a group of soil type and moisture conditions; different upper-case letters
(red) show statistically significant differences (p < 0.05, « = 0.05) in average values between different groups of soil type and
moisture conditions.

Figure 2 shows the average thickness of the O horizon in forest land in Latvia by dominant
tree species. In forest land with mineral soil, the highest average thickness of the O horizon
was detected in stands dominated by Scots pine (Pinus sylvestris L.) (2.7 & 0.1 cm) followed by
stands dominated by Norway spruce (Picea abies (L.) H.Karst.) (1.7 & 0.1 cm). Furthermore,
in forest land with mineral soil, the average thickness of the O horizon in stands dominated
by Scots pine was statistically significantly higher than in stands with other dominant tree
species (p < 0.001). In forest land with drained organic soil, the highest average thickness
of the O horizon (2.1 £ 0.2 cm) was detected in stands dominated by Scots pine (p < 0.022)
as well, but in forest land with wet organic soil, the highest average thickness of the O
horizon (2.4 £ 0.6 cm) was detected in stands dominated by Norway spruce, furthermore,
statistically significant difference between this and other dominant tree species (p < 0.030)
was found.

No significant correlations were found between the thickness of the O horizon and
forest stand characteristics such as basal area, standing volume, site index or age of the
dominant tree species (Figure 3).
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Figure 2. Average thickness of the O horizon in forest land in Latvia by dominant tree species (Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies (L.) H.Karst.), silver Birch (Betula pendula Roth) and other deciduous trees). The division into
groups based on soil types and moisture conditions is based on forest site types according to the national forest classification.
Error bars represent standard errors. Different lower-case letters show statistically significant differences (p < 0.05, « = 0.05)
in average values between different dominant tree species within a group of soil type and moisture conditions.
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Figure 3. Distribution of thickness of the O horizon in forest land in Latvia depending on basal area. The division into

groups based on soil types and moisture conditions is based on forest site types according to the national forest classification.

Figure 4 shows the proportion of the H horizon in the top 70 cm soil layer in forest
land in Latvia by forest site type. As expected, a higher proportion of the H horizon in
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the top 70 cm was detected in land classified as forest land with organic soil (p < 0.001).
If differences between individual forest site types are compared, the highest average
proportion of the H horizon in the top 70 cm soil layer was detected in Callunosa turf. mel.
stands characterised by drained organic soil (90 £ 6% of the top 70 cm soil layer). However,
in general, a higher average proportion of the H horizon in the top 70 cm soil layer was
detected in forests with wet organic soils (67 £ 2% of the top 70 cm) if compared with
forests with drained organic soils (54 % 2% of the top 70 cm). Furthermore, in forest land
with organic soil (both in drained and wet conditions), the average proportion of the H
horizon in the top 70 cm soil layer decreases with increasing soil fertility.

1004

Proportion of H horizon in 70 ¢cm soil layer, %
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Figure 4. Proportion of the H horizon in the top 70 cm soil layer in forest land in Latvia. The division into groups based on
soil types and moisture conditions is based on forest site types according to the national forest classification. Error bars
represent standard errors. Different lower-case letters (black) show statistically significant differences (p < 0.05, « = 0.05) in
average values between forest site types within a group of soil type and moisture conditions; different upper-case letters
(red) show statistically significant differences (p < 0.05, « = 0.05) in average values between different groups of soil type and

moisture conditions.

In forests with mineral soil, a statistically higher average proportion of the H horizon
in the top 70 cm soil layer was detected in wet conditions (12 £ 1% of the top 70 cm)
compared with forests with drained (4.4 & 0.4% of the top 70 cm) and dry (2.0 & 0.2% of
the top 70 cm) mineral soils (p < 0.001).

In total, in forest land with mineral soil, the thickness of the H horizon was >20 cm
in 3.5% of all NFI plots; relatively higher proportions were detected especially in wet
mineral soils where the thickness of the H horizon was >20 cm, making up 12.9% of all NFI
plots with wet mineral soils (Figure 5). In forest land with organic soils, as expected, the
thickness of the H horizon was >20 cm in most NFI plots; nevertheless, in a relatively high
proportion of NFI plots, the thickness of the H horizon was <20 cm (33.9% of all NFI plots
with drained organic soils and 25.9% of all NFI plots with wet organic soils). The thickness
of the H horizon was >70 cm in 0.6% of all NFI plots classified as plots with mineral soils,
in 24.3% of all NFI plots classified as plots with drained organic soils and in 38.0% of all
NFI plots classified as plots with wet organic soils (Figure 5).
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Figure 5. Distribution of NFI plots based on the thickness of the H horizon in forest land in Latvia. The division into groups

based on soil types and moisture conditions is based on forest site types according to the national forest classification.

3.2. Soil Organic Carbon Stock in Forest Land with Organic Soil

In forest land with organic soil with an H horizon > 20 cm, the average OC concentra-
tion in the O horizon (Table S1) ranged between 490.6 g kg ~! (Dryopterioso—caricosa) and
554.9 g kg1 (Vacciniosa turf. mel.). In the 0-20 cm soil layer, the average OC concentration
variation was wider and ranged from 415.2 g kg~! (Oxalidosa turf. mel., 10-20 cm soil
layer) to 539.7 g kg~ (Vacciniosa turf. mel., 10-20 cm soil layer). The average mass of the
O horizon per area unit (Table S2) ranged from 12.7 g 100 cm~2 (Filipendulosa) to 45.0 g
100 cm~2 (Sphagnosa), but the average soil bulk density in the 0-20 cm soil layer ranged
from 77.1 kg m~> (Sphagnosa, 0-10 cm soil layer) to 302.5 kg m~2 (Oxalidosa turf. mel.,
10-20 cm soil layer).

Figure 6 shows the SOC stock per area unit in the O horizon, in the 0-30 cm layer, and
in the 0-100 cm layer in forest land with organic soils (H horizon > 20 cm) in Latvia by
forest site types. In the O horizon in forest land with wet organic soils, the forest site type
average SOC stock ranged up to 23.9 = 0.7 t C ha~! in Sphagnosa stands (which had the
lowest soil fertility in the group of wet organic soils). The weighted average SOC stock
in the O horizon, which takes into account the distribution of forest site types in Latvia
according to the NFI data, was 17.7 & 2.3 t C ha~!. In forest land with drained organic
soil, forest site type average SOC stock varied up to 19.8 + 2.8 t C ha~! in Myrtillosa turf.
mel. stands, while the weighted average SOC stock in the O horizon, considering the
distribution of forest site types, was 17.4 £ 1.1t C ha= L.

In the 0-30 cm layer, the forest site type average SOC stock ranged up to
319.7 + 21.9 t C ha™"! (in Filipendulosa stands), while the weighted average SOC stock
in the 0-30 cm layer that considers the distribution of forest site types in Latvia according
to the NFI data was 256.0 + 7.8 t C ha~! in drained organic soils and 189.3 + 9.3 t Cha™!
in wet organic soils. Forest site type average SOC stock in the top 100 cm ranged up
to 642.1 £91.3tCha~! (also in Filipendulosa stands), and the weighted average SOC
stock in the 0-100 cm layer was 546.5 & 22.3 t C ha™! in drained organic soils and
371.3 £ 20.9 t C ha~! in wet organic soils.
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Figure 6. SOC stock per unit area in the O horizon, in the 0-30 cm layer and in the 0-100 cm layer in forest land with
organic soils in Latvia. The division into groups of soil moisture conditions is based on forest site type according to the
national forest classification. Error bars represent standard errors. Different lower-case letters (black) show statistically
significant differences (p < 0.05, a = 0.05) in average values between forest site types within a group of soil type and moisture
conditions; different upper-case letters (red) show statistically significant differences (p < 0.05, a = 0.05) in weighted average
values between different groups of soil type and moisture conditions.
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Both in the 0-30 cm soil layer and in the 0-100 cm soil layer, a statistically significantly
higher average SOC carbon stock per area unit was found in drained organic soils if
compared with forests with wet organic soils (p < 0.001). Furthermore, both in the 0-30 cm
soil layer and in the 0-100 cm soil layer, average SOC stock increases significantly with
increasing soil fertility, especially in forest land with wet organic soil (Figure 6).

Within the 0-100 cm layer, vertical SOC distribution showed that ~50% (ranging
from 42 to 57%) of soil OC was stored in the upper 30 cm of the soil. The national-level
assessment of SOC carbon stock in forest land with organic soils is summarised in Table 2.

Table 2. National-level assessment of soil organic carbon stock in the O horizon, in the 0-30 cm layer and in the 0-100 cm
layer in forest land with organic soils in Latvia.

Soil Organic Carbon Stock, Mt C

Soil Type and Forest Site Types 2 Relative Soil Total Area in
Moisture Conditions ! P Fertility 3 Latvia, Kha 4 O Horizon 0-30 cm 0-100 cm

Sphagnosa low 87.6 2.09 9.86 20.65

N 1L . Caricoso—phragmitosa medium 105.5 2.48 18.06 40.72
aturally W,le‘ OTgANIC  yyopterioso—caricosa high 137.3 1.32 34,07 60.17

sot Filipendulosa high 42 0.03 135 271
total - 334.6 5.92 63.34 124.25

Callunosa turf. mel. low 17.2 0.29 2.77 5.05

Vacciniosa turf. mel. medium 68.4 1.03 17.32 35.58
Drained organic soil Muyrtillosa turf.mel. high 216.4 4.29 53.77 127.46
Oxalidosa turf. mel. high 99.0 1.38 28.83 51.12
total - 401.1 6.99 102.69 219.20
Total all - 735.7 12.90 166.02 343.45

! Based on forest site type according to the national forest classification system [20]. 2 According to the national forest classification system
[20].3 According to Karklins et al. (2009) [17] based on the national forest classification system [20].  NFI data [32].

4. Discussion

Sequestration and storage of C in organic soil layers in forest land is currently dis-
cussed for many reasons, but recently the main emphasis has been on the achievement of
climate change mitigation targets in the framework of international and national climate
neutrality strategies by 2050.

4.1. Thickness of the O Horizon

The results presented in this study demonstrate that the O horizon thickness in conif-
erous forests is higher than in deciduous forests, with statistically significant differences
were observed in all groups of soil type and moisture conditions except in wet organic soils.
In Latvia, silver Birch (Betula pendula Roth; the dominant deciduous tree species in the
country) has a slightly higher production rate of litter than coniferous tree species [34]. In
the present study, production and decomposition of litter were not directly measured, but
the thinner O horizon and lower mass of the O horizon per area unit in deciduous forests
indicated faster decomposition of litter in the deciduous stands compared with the spruce
and pine stands. Slower decomposition of coniferous litter can be explained by higher
lignin content (e.g., [35,36]), although lignin concentrations vary within species (e.g., [37]).
The soil moisture condition strongly influences the O horizon thickness. For instance, in
forests with mineral soils, a statistically higher O horizon thickness was found in wet soils
than in dry and drained soils both for coniferous and deciduous forests. This is related
to a lower water table in dry and drained areas leading to an increase in the air-filled
porosity of the organic matter layers, which in turn affects microbial processes and thus
decomposition rates [38], whereas in wet soils decomposition is anaerobic and generally
slow (e.g., [39]). In contrast, in forests with organic soil, a higher O horizon thickness
was found in drained soils than in wet soils (although the difference was not statistically
significant). This is explained by increased soil fertility after drainage [40] followed by
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increased tree biomass growth and higher litter production rates in drained soils [41,42]
compensating for accelerated organic matter decomposition [38,43,44], as forest floor mass
is the difference between litter accumulation (production) and decomposition [45]. The
results presented in this study demonstrate that, in forest land with mineral soil, the av-
erage thickness of the O horizon decreases with increasing soil fertility. In addition, the
differences in thickness and mass of the O horizon between stands in similar conditions
can be explained by differences in the chemical composition of litter (soluble substances
and labile compounds of litter are rapidly degraded, but cellulose and lignin decompose
slowly [46]), root activity [7], bacteria and ectomycorrhizal fungal symbionts (e.g., [47]),
microclimate, temperature (e.g., [48]) and presence of earthworms (e.g., [49]). When as-
sessing the potential impact of climate change in the Baltic basin (higher annual average
temperature and precipitation), it is hypothesised that changes in climate would result
in higher N content in litter (a lower C/N ratio) and lower decomposition, and thus a
considerable increase in organic matter accumulation [37].

A relatively large number of studies, both large-scale and regional, have found that
the main drivers of forest litter production are climate (temperature and precipitation) and
biomass abundance [50,51]. We tested correlations between the O horizon thickness and
stand characteristics, but no significant relationships were found, although relationships
between the litter production and stand characteristics such as basal area were previously
found in hemiboreal regions [34]. This indirectly confirms the importance of decomposition
rate on O horizon thickness and mass in forest land.

4.2. Thickness of the H Horizon

Although the national forest site type classification system states that forest land is
classified as land with organic soils if the organic soil or peat layer is thicker than 30 cm
in wet conditions and thicker than 20 cm in drained conditions [20], evaluation of the
distribution of the H horizon thickness in NFI plots in forest land revealed that in 30% of
forest land classified as land with drained organic soil, the H horizon was thinner than
20 cm, whereas in 4% of forest land classified as land with drained mineral soil, the H
horizon was thicker than 20 cm. This is related to the unevenness of organic soil layer
thickness in forest land; furthermore, previous forest soil research in Latvia has revealed
that spatial distribution correlations do not always exist between forest site types, soil
groups and prefix qualifiers according to the international WRB soil classification [18]. In
addition, NFI plots are located in a regular grid regardless of major landforms, position and
microtopography, and therefore soil at sampling points may not always be representative
of the dominant soil type in the area as a whole.

As the specific IPCC definition of organic soils complies neither with the WRB soil
classification nor with the Latvia Soil Classification, use of regular soil survey materials, to
assess the area of organic soils within the National GHG Inventory, is either not possible or
remains complicated [23]. In Latvia, within the National GHG Inventory, emissions from
drained organic soils in forest land are estimated using NFI data on the area of drained
organic soils based on the distribution of forest site types. In 2019, the total reported area
of drained organic soils in forest land remaining forest land was 383.95 kha [19]. Taking
into account the distribution of H horizon thicknesses estimated within this study, the
corrected area of drained organic soil with an H horizon >20 cm was 274.67 kha in 2019
(less than reported in Latvia’s National GHG Inventory by 28.5%). Within the Latvia’s
National GHG Inventory, GHG emissions from drained organic soils in forest land are
estimated based on multiplying the area of organic soils by the relevant emission factors.
Thus, overestimation of areas of organic soils in forest land could most likely reflect the
overestimation of GHG emissions from drained organic soils in forest land in Latvia by
approximately 360 kt CO, eq. (the sum of CO,, CHy and N,O emissions from soil and
CH4 emissions from drainage ditches calculated according to the methodology used in the
Latvia’s National GHG Inventory [19]) in 2019.
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4.3. Soil Organic Carbon Stock in Forests with Organic Soils

In forest landscapes, variations in the determining factors of soil formation, i.e.,
parent material, topography, long-term interactions with organic matter input, organisms,
dominant tree species, and climate and disturbances, result in large variability in SOC
stocks [52]. De Vos et al. (2015) assessed SOC stocks based on data originating from 22 EU
countries belonging to the UN/ECE ICP Forests Monitoring Level I network [3]. They
estimated that the average SOC stock is 22.1 t C ha~! in forest floors and 578 t C ha~! in peat
soils in the top 1 m [3]. In Latvia, Butlers and Lazdins (2020), in an earlier study of forests
with organic soil, estimated that the largest values of OC stock in the O horizon were found
in coniferous forests: up to 24.8 t C ha~! in Norway spruce forests (~13 decades in age)
and up to 20.5 t C ha~! in Scots pine forests (~8 decades in age) [53]. They also concluded
that C stock dynamics in the O horizon depend on the forest age according to polynomial
regression, which demonstrates lower C stocks in young stands and an increase of C in
mature forests with a subsequent decrease in decaying forests [53]. We calculated that the
weighted average SOC stock in the O horizon, taking into account the distribution of forest
site types in Latvia, was 17.7 + 2.3 t C ha~! in wet organic soils and 17.4 £ 1.1t Cha™!
in forests with drained organic soil. The weighted average SOC stock in the 0-100 cm
layer, considering the distribution of forest site types, was 546.5 + 22.3 t C ha~! in drained
organic soils and 371.3 £ 20.9 t C ha~! in wet organic soils. A higher soil bulk density
and a lower proportion of the H horizon in the top 70 cm soil layer, but a higher SOC
stock both in the 0-30 cm layer and in the 0-100 cm layer, were found in drained organic
soils than in wet organic soils. This indicates a potential subsidence of organic matter
caused mainly by physical shrinkage after drainage [43,54]. The weighted average soil
bulk density in 0-10 cm soil layer in drained organic soils exceeded the soil bulk density
in wet organic soils by 31 kg m~3, and the difference between drained and wet organic
soils increased up to 96 kg m~3 in 40-50 cm depth. These differences in soil bulk density
resulted in higher weighted average SOC stock in the 0-100 cm soil layer in drained
organic soils by ~175 t C ha~! in total (97% of this value is due to differences in soil bulk
density). It must be considered that SOC stock below 1-m depth was not estimated and
this limits interpretations of the management (drainage) impact on SOC stocks in organic
soils. In general, conclusions concerning drainage impact on SOC stock in organic soils
in the boreal and hemiboreal vegetation zone are contradictory. For instance, Simola et al.
(2009) reported a marked decrease of peat mass (C loses) in drained forestry peatlands in
Finland [55]. Several other studies also carried out in the boreal and hemiboreal vegetation
zone have revealed that SOC stock in forests with organic soils can remain stable or even
continue to increase after drainage [42,43,56-58], but in warmer climate (temperate) regions,
drained organic soil is mostly a net source of GHG emissions (e.g., [9]).

According to the results of this study, in Latvia, in forest land with organic soil
(735.7 kha [32]), the total estimated SOC stock in the O horizon was 12.9 Mt C, but was
343.5 Mt C in the upper 100 cm soil layer. Butlers and Lazdins (2020) recently estimated
that the total C stock in organic soil layers, including the litter layer and peat in the upper
70 cm soil layer (excluding potential C stock in mineral soil layers underlying the peat
layer), in forests with organic soils in Latvia is 242 Mt C [53]. This indicates a considerable
SOC stock stored under organic soil layers (litter and peat layers) up to 100 cm deep. The
EU Forest Focus BioSoil study [59,60] approximated the total SOC stock in the O horizon
and 0-80 cm soil layer in Latvia (at all forest site types both with mineral and organic soil)
as ~754 Mt C [59]. Although SOC stock per unit area in forest land with mineral soil in
Latvia is considerably lower (~ 195t C ha~! in the upper 80 cm [59]) than estimated within
this study for forests with organic soil, most of the total SOC stock is located in forests with
mineral soil, as forests with mineral soil cover most (2505.5 kha or 77%) of the total forest
area in the country (3241.2 kha [32]).
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5. Conclusions

In hemiboreal forests in Latvia, the highest average thickness of the O horizon was
detected in coniferous forests with wet mineral soil. The average thickness of the O
horizon in forests with mineral soil decreased with increasing soil fertility, but forest stand
characteristics were weak predictors of O horizon thickness. By contrast, in forests with
organic soil, higher O horizon thicknesses were found in drained soils than in wet soils,
indicating that accelerated organic matter decomposition in drained soils [38,43,44] can
be compensated by increased tree biomass growth followed by higher litter production
rates [41,52] as a result of increased soil fertility after drainage [40].

In forests with drained organic soil, soil physico-chemical parameters (especially
soil bulk density) indicate a potential subsidence of organic matter, caused mainly by
physical shrinkage after drainage. Furthermore, distribution of the soil H horizon thickness
across different forest site types highlighted the potential for overestimation of the area of
organic soils and thus GHG emissions from drained organic soils in forest land in Latvia
by approximately 360 kt CO; eq. in 2019 within the National GHG Inventory.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/£12070840/51, Table S1: Organic carbon concentrations in soil in forest land with organic soil in Latvia,
Table S2: Soil bulk density in forest land with organic soil in Latvia.
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Abstract: This study was designed to estimate the variation in non-volatile carbon (C) content
in different above- and belowground tree parts (stem, living branches, dead branches, stumps,
coarse roots and small roots) and to develop country-specific weighted mean C content values for
the major tree species in hemiboreal forests in Latvia: Norway spruce (Picea abies (L.) H. Karst.),
Scots pine (Pinus sylvestris L.), birch spp. (Betula spp.) and European aspen (Populus tremula L.).
In total, 372 sample trees from 124 forest stands were selected and destructively sampled. As the
tree samples were pre-treated by oven-drying before elemental analysis, the results of this study
represent the non-volatile C fraction. Our findings indicate a significant variation in C content
among the tree parts and studied species with a range of 504.6 + 3.4 g-kg ! (European aspen, coarse
roots) to 550.6 + 2.4 g-kg’1 (Scots pine, dead branches). The weighted mean C content values for
whole trees ranged from 509.0 + 1.6 g-kg ™! for European aspen to 533.2 + 1.6 g-kg™! for Scots
pine. Only in Norway spruce was the whole tree C content significantly influenced by tree age and
size. Our analysis revealed that the use of the Intergovernmental Panel on Climate Change (IPCC)
default C content values recommended for temperate and boreal ecological zones leads to a 5.1%
underestimation of C stock in living tree biomass in Latvia’s forests. Thus, the country-specific
weighted mean C content values for major tree species we provide may improve the accuracy of
National Greenhouse Gas Inventory estimates.

Keywords: living biomass; greenhouse gas inventory; Norway spruce; Scots pine; birch; European aspen

1. Introduction

Forest ecosystems continuously exchange carbon dioxide (CO,) with the atmosphere
and are significant components of the global carbon (C) cycle [1-3]. In forests, living tree
biomass is a key CO; sink due to the photosynthetic assimilation of CO, from the atmo-
sphere [4,5]. During photosynthesis, atmospheric CO, is converted into carbohydrates
and further integrated into the organic compounds that make up a plant’s structure [4-6].
The durability and inertness of tree tissue maintain C in organic form over a relatively
long period before it is returned to the atmosphere through respiration (oxidation of carbo-
hydrates), decomposition or disturbance [4,5,7]. Worldwide since 2020, many countries
have begun to count CO, sequestration and storage in living tree biomass in their national
climate-change mitigation efforts as part of international climate policy agreements [2,8].
Thus, precise knowledge of the variation in C content of living tree biomass by species and
biome is required to accurately quantify forest C stocks, validate forest C accounting models
and support forest management strategies intended to maximize CO, sequestration [9-11].

In tree tissues, C is bound in organic compounds, mainly cellulose, hemicelluloses,
lignin, extractable components and low molecular weight volatile compounds such as
alcohols, phenols, terpenoids and aldehyde [9,10,12]. As the C content of these compounds
varies considerably, the variation in total C content in tree tissues is largely determined
by the proportions of these organic compounds. The proportions of organic compounds
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also vary widely among tree species and are affected by a particular tree’s genetics and
age, the location in the tree (including tissue type and proportion of heartwood to sap-
wood and earlywood or latewood), environmental and growth conditions such as cli-
mate, soil characteristics, sunlight and concentration of tropospheric ozone (O3) and
other factors [5,9,10,12-17]. The lignin content and ratio of lignin to cellulose are com-
monly considered the most important predictors of C content in tree tissues because lignin
contains proportionally higher C content (up to 72% C) compared with other organic
compounds [9,13,18].

An increasing number of studies conclude that the widely used assumption of 50% C
content for all tree species and tissues as well as the simplified conversion factors recom-
mended by the Intergovernmental Panel on Climate Change (IPCC) [19] may significantly
over- or underestimate forest C stock in living biomass [5,9,10,13,15,18,20-22]. Thus, rec-
ommendations to use region-, species- and tissue-specific C fraction values aimed to reduce
the uncertainty of forest C stock estimates are becoming increasingly important for calcu-
lations for National Greenhouse Gas (GHG) Inventories [9-11,20,23]. The importance of
developing higher tier methods for calculating C turnover in the land use, land-use change
and forestry (LULUCF) sector is determined by the targets set to transform the European
Union (EU) economy and society to meet climate goals. According to the Revision of
the Regulation on the inclusion of GHG emissions and removals in the LULUCEF sector,
Latvia must decrease GHG emissions in the LULUCF sector by more than 25 million tons
of CO,-eq (double the annual GHG emissions excluding LULUCEF in Latvia in 2019) by
2030 and ensure continuous reduction of GHG emissions to compensate for emissions
in the agricultural and other sectors before 2050. Meanwhile, the ageing of forests and
disturbances caused by climate change is increasing pressure on forest ecosystems and tend
to turn forests into a net source of GHG emissions. These processes require urgent action
to ensure the resilient increase of forest C pools and to avoid increased GHG emissions
from soils. Accurate and verified tools for modelling C turnover in forests are key to
implementing the climate policy, particularly in the selection and projection of the effect
of measures intended to reduce GHG emissions and increase CO, sequestration. Latvia’s
GHG inventory uses static (tree species and dimensions determined) biomass expansion
factors and default IPCC values to estimate C content in biomass, which leads to potential
over- or underestimation of C stock changes in living biomass and other C pools.

The main aims of this study were: (1) to evaluate variation in non-volatile C content
across different above- and belowground parts of major tree species in Latvia (Norway
spruce, Scots pine, birch and European aspen); (2) to develop country-specific weighted
mean C content values for major tree species and species-dominated forest stands.

2. Materials and Methods
2.1. Study Area

Our study was conducted in the hemiboreal forests in Latvia. The hemiboreal zone is
a transitional zone between the boreal and temperate forest of the nemoral zone in Europe
characterised by the coexistence of boreal coniferous species on poor soils and temperate
broadleaved tree species on fertile soils [24]. In total, 124 forest stands dominated by
4 different tree species (Norway spruce (Picea abies (L.) H.Karst.), Scots pine (Pinus sylvestris
L.), birch spp. (mainly silver birch (Betula pendula Roth)) and European aspen (Populus
tremula L.)) were selected. The selected forest stands represent different regions and tree
populations in Latvia. In this study, we analysed material chosen to study the national
biomass equations in Latvia [25]. In each of the selected forest stands, 3 sample trees
representing the range of the dimensions of the dominant tree species in the stand were
selected. Thus, the study material comprised a total of 372 sample trees (Table 1). Damaged
and rotten trees were not accepted as sample trees. The collection of study material was
performed from 2012 to 2014 during the dormant period when deciduous trees were leafless
and young shoots had matured.
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Table 1. Characteristics of sample trees.

Tree Species

Parameter, Unit Value . .
Norway Spruce  Scots Pine Birch European Aspen
Number of total number 81 102 105 84
sample trees
Ace ! vears average 41 54 35 23
8¢, years range 9-97 6-141 8-92 576
Stem height, m average + S.E. 16.6 £ 1.0 17.3+£0.9 18.1£0.8 16.6 0.9
ety range 2.8-30.8 1.9-345 4.9-32.3 3.7-29.9
Diameter at breast ~ average = S.E. 175+£1.0 19.0 £0.9 147 £0.7 13.8+£0.9
height, cm range 24-36.3 1.5-45.3 2.7-37.2 2.8-34.1

1 Average tree age in stand.

2.2. Sampling Design and Chemical Analysis

A detailed sampling design for biomass estimation is described in Liepin3 et al.
(2018) [25]. The biomass was estimated by individual tree part: stem, living branches
(including needles for coniferous tree species), dead branches, stump and roots. Foliage as
a separate tree part was not included in the analysis. Not all the biomass fractions were
measured for all the sampled trees. In addition, there was a technical problem during
sample pre-treatment, during which several samples were damaged and excluded from
further analysis. The entire root system of the sampled trees was excavated manually
for 145 trees. The total fresh weight of the stem and branches was measured in the field
using field scales. The total weight of the stump and roots was determined in the spring or
summer following tree felling.

After tree felling, the crown was divided into 3 sections of equal length, and one
average-sized live branch was selected subjectively from the middle of each section. The
3 sample branches were weighed together in the field and sampled to determine 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. The dry matter of the crown was calculated using the fresh to oven-dried
weight ratio.

The stems were cross-cut into 1 or 2 m sections starting from the base of the stem and
depending on the stem length (1 m sections for stems shorter than 20 m, 2 m sections for
stems longer than 20 m). To calculate the dry stem biomass, sample discs were collected at
the beginning of each stem section. Sample discs were also collected at the height of 1.3 m
and the midpoint of the first section. The section biomass was calculated by multiplying
the section mass by the section fresh to dry weight ratio calculated from the sample discs
located at the ends of the stem sections; for the top section, however, only the base sample
disc was used. The biomass of individual stem sections was summed to obtain the total
stem biomass.

The entire root system of the sampled trees was excavated manually with hand tools
to minimise the loss of the smallest roots. After root excavation and transportation to the
processing location, the belowground parts were washed with a high-pressure water pump
to remove all soil particles. To calculate the dry root biomass, each root system was divided
into 3 sections:

e Stump—monolith (both above- and belowground portions), nondifferentiated parts
of some roots;
e Coarse roots—diameter greater than or equal to 2 cm;
e Small roots—diameter less than 2 cm.
To calculate the dry weight of each belowground fraction, 1 sample disc was collected
from the middle of the stump, 3 different diameter root discs were collected from the coarse
roots, and 3 full-length roots less than 2 cm in diameter were collected to represent the
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small root biomass. 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 part.

The dry weight of all samples was measured in the laboratory after drying at a
temperature of 105 °C until a constant weight was reached.

For C content analysis, 1 medium-sized live branch (including needles for coniferous
tree species), 1 dead branch and the belowground samples used for dry weight determina-
tion were used. In addition, 2 sample discs were collected from the stem at 1/6 and 2/3 of
the total height (Figure 1). All samples used for dry weight and C content determination
contained proportional shares of heartwood, sapwood and bark.

Live branch

Stem 1/6

Stump

0=
= 7 : — .
Codrse roofs Smallmots<2em 7
it -
Figure 1. Tree part sampling design for C content analysis. All samples contained proportional shares

of heartwood, sapwood and bark. Living branches of coniferous tree species contained proportional
shares of needles, deciduous trees were leafless.

In the laboratory, each of the individual tree part samples (oven-dried at 105 °C until
a constant mass was reached) was cut into small pieces and ground into a homogenous
powder using Retsch SM 100 (Retsch GmbH, Hahn, Germany). Samples were analysed for
non-volatile C content using the LECO CR-12 elemental analyser (LECO Corporation, St.
Joseph, MI, USA) and recorded as C (g-kg’l).



Forests 2021, 12, 1292

50f14

2.3. Data Analysis

The C content data were grouped according to tree species and part. Normality
of data distribution was tested with Quantile-Quantile plots (QQ Plots) and Shapiro—
Wilk tests, which approved that not all tested groups follow the normal distribution.
Thus, non-parametric Kruskal-Wallis tests were used to evaluate differences in average
C content values (including weighted mean C content values) between different tree
parts or species. Correlation (Pearson’s r) and regression analyses were used to quantify
associations between the C content in different tree parts and several tree parameters (age,
stem height, diameter at breast height). Both Kruskal-Wallis tests and Pearson’s r were
conducted with a significance level of p < 0.05. All statistical analyses were carried out with
R [26].

Using the biomass and C content values of each tree part, the weighted mean C content
(WMCGC) for a single tree was calculated as follows [21]:

L(Bi x Ci)
LBi

where B; is the dry biomass of tree parts (kg tree~1), C; is the C content in tree parts (g~kg’1)
and i is the tree part.

The total C stock in living trees, including both above- and belowground tree parts in
Latvian forests, was calculated using the species-specific weighted mean C content values
determined within the present study (Table 2) and the National Forest Inventory (NFI)
data (3rd cycle, 2014-2018) on tree biomass in forest land in Latvia. Values for tree species
not included in the present study were estimated by type; the average weighted mean
C content value of Scots pine and Norway spruce was used for other conifers, and the
average weighted mean C content value of birch and European aspen was used for other
deciduous tree species.

WMCC = x 100, @

Table 2. Weighted means of C content in the tree for four main tree species in Latvia. Weighted means
were calculated based on the proportional distribution of biomass of different tree parts. Different
letters show statistically significant differences (p < 0.05) between different tree species within the
same tree part.

Weighted Mean C Content in Tree, g-kg 1

Tree Part Values
Norway Spruce Scots Pine Birch European Aspen

average + S.E. 5244 +£14° 5304 +13° 5206+ 14°¢ 5102+ 134

Aboveground parts median 5242 531.3 520.4 509.8
range 483.9-551.7 467.2-562.9 487.8-559.7 480.9-534.6
average + S.E. 5299 £26° 531.5+24°% 5279+17° 507.4 +2.1°

Belowground parts median 529.0 529.4 5289 508.4
range 497.2-559.3 486.5-567.0 502.9-549.6 482.1-531.9
average + S.E. 5265 +23° 5332+ 16" 5214+15¢ 509.0 + 1.6 9

Whole median 526.4 535.5 521.5 507.9
range 489.8-546.2 502.1-554.7 501.3-550.5 490.0-527.4

Figure S1 shows the differences between C content values of different tree species
estimated within the present study (WMCC) and the IPCC 2006 [19] or Martin et al.
(2018) [18] values for temperate and boreal biomes.

3. Results

The C content in different tree parts varied significantly both within tree species
(Figure 2) and across tree species (Figure 3). The mean C content in different tree parts of
the studied tree species ranged from 504.6 + 3.4 g-kg ™! (European aspen, coarse roots) to
550.6 + 2.4 g-kg~! (Scots pine, dead branches).
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Figure 2. C content in different tree parts for the main tree species in Latvia. In the box plots, the median is shown by the
bold line, the mean is shown by the dark red square, the box corresponds to the lower and upper quartiles, the whiskers
show the minimal and maximal values (within 150% of the interquartile range from the median) and the black dots represent
outliers of the datasets. Different letters show statistically significant differences (p < 0.05) between different tree parts
within the same tree species. The number of samples (N) for each grouping is shown.
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Figure 3. C content in different tree parts for the main tree species in Latvia. In the box plots, the median is shown by the
bold line, the mean is shown by the dark red square, the box corresponds to the lower and upper quartiles, the whiskers
show the minimal and maximal values (within 150% of the interquartile range from the median) and the black dots represent
outliers of the datasets. Different letters show statistically significant differences (p < 0.05) between different tree species
within the same tree part. The number of samples (N) for each grouping is shown.

In aboveground tree parts, living and dead branches were found to have the highest
mean C content for all tree species, while in belowground tree parts, small roots were found
to have the highest mean C content for all tree species except for Scots pine (Figure 2). The
smallest difference between the C content of dead branches and stem was 0.8% in birch,
whereas the largest difference was 2.5% in Norway spruce. The mean difference between
the C content of living branches and stem varied in a slightly narrower range from 1.1%
(Scots pine) to 2.5% (Norway spruce). Stumps and small roots tended to have higher C
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content than the stem for all tree species, reaching a maximum difference of 2.2% between
the mean C content values of small roots and the stem in Norway spruce.

Among the studied tree species, the highest C content in dead branches, stem and
stump was found for Scots pine; in living branches and coarse roots for Norway spruce
and small roots for birch. European aspen showed the lowest mean C content in all tree
parts (Figure 3).

Because the C content varied significantly between different tree parts (Figure 2), the
weighted mean C content was calculated for each tree species (Table 2) based on biomass
allocation in different tree parts. The largest weighted mean C content both in above- and
belowground parts was found in Scots pine, while the lowest weighted mean C content
was found in European aspen. More generally, conifers showed larger (p < 0.001) weighted
mean C content compared with deciduous tree species: 527.7 + 1.0 g-kg ™' (N = 183) in
conifers to 516.0 = 1.0 g-kg ™! (N = 189) in deciduous species for aboveground parts and
530.8 + 1.8 g-kg ™! (N = 67) in conifers to 518.9 & 1.8 g-kg ™! (N = 75) in deciduous specie
for belowground parts.

Our estimated C content values were higher than the IPCC 2006 [19] or Martin et al.
(2018) [18] values, and the greatest differences were observed when they were compared
with Martin et al. (2018) [18] values for angiosperms in temperate biomes (Figure S1).
The smallest difference (less than 2%) was observed for Norway spruce when compared
with IPCC 2006 [19] values and for European aspen when compared with Martin et al.
(2018) [18] values for boreal biomes (Figure S1).

A significant correlation (r > 0.50, p < 0.05) was found only between the C content
of the stem at 1/6 and 2/3 of tree height as well as between the C content in the stump
and coarse roots. In addition, correlation and regression analysis was used to identify the
most influential variables affecting both tree part-specific and weighted mean C content.
For Norway spruce, we found a moderate negative correlation between the C content of
belowground parts (stump and coarse roots) and tree age and stem height (r values from
—0.53 to —0.57, p < 0.01), but moderate positive correlations were found between the C
content of small roots and tree age, stem height and diameter at breast height (r values
of 0.54, 0.57 and 0.59, respectively, p < 0.01). For European aspen, a moderate negative
correlation was found between the C content of dead branches and stem height (r = —0.57,
p <0.001), but for birch, moderate negative correlations were found between the C content
of living branches and tree age, stem height and diameter at breast height (r values of
—0.58, —0.62, —0.62, respectively, p < 0.001). In analyses of weighted mean C content
values for each tree species separately, only the Norway spruce weighted mean C content
of the whole tree was significantly influenced by tree age and size (Figure 4).

Norway spruce
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Figure 4. Relationships in Norway spruce between the weighted mean C content of the whole tree and tree age, stem height
and diameter at breast height. Confidence interval is shown around smooth.
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Considering the proportional distribution of the living biomass of admixed tree species
in stands dominated by different tree species, weighted mean C content values for forest
stands were developed (Table 3). This confirmed that the effect of admixed tree species on
average weighted means of C content was negligible—the difference in weighted mean
C content values between dominant tree species and forest stands dominated by those
species was 0.01% for birch, 0.2% for Norway spruce, 0.4% for Scots pine and 0.7% for
European aspen, respectively.

Table 3. Weighted means of C content for forest stands dominated by Norway spruce, Scots pine,
birch or European aspen in Latvia. Weighted means were calculated based on the proportional
distribution of whole tree biomass of different species in forest stands, taking into account the
proportional distribution of admixed tree species. Different letters show statistically significant
differences (p < 0.05) between stands with different dominant tree species.

Weighted Mean C Content for Forest Stands, g-kg—1

Values Stands Dominated ~ Stands Dominated  Stands Dominated  Stands Dominated
by Norway Spruce by Scots Pine by Birch by European Aspen
Average + S.E. 525.6+0.12 531.3+0.1° 5214 +0.1°¢ 5127 +0.19
Median 526.4 532.1 521.4 512.0
Range 518.7-529.6 518.4-533.2 513.9-527.9 509.0-523.4

For all tree species other than coniferous tree species between 0 and 20 years old, most
of the C in living trees was stored in stems followed by living branches. The percentage
of C stock allocated to the stem trended higher with age for all tree species, reaching a
maximum mean value of 77.5% of the total C stock in birches more than 60 years old. On
the contrary, the C stock allocated to living branches trended lower with age for all tree
species, with a maximum mean value of 53.2% found in Norway spruces 0 to 20 years old.
The minimums mean value of 5.5% was found in birches more than 60 old. Similarly, the C
stock allocated to small roots trended lower with age for all tree species; the highest mean
value of 9.0% was found in birches 0 to 20 years old, and the lowest mean value of 1.9%
was found in Scots pine more than 60 years old (Figure 5).

In forest land in Latvia covering 3472 thousand ha, including proportional shares of
burned forest areas (0.06%), clear-cuts (1.39%), windrows (0.04%) and forested agricultural
lands (10.39%), the estimated total C stock in living tree biomass was 251.6 Mt, including
198.5 Mt C in aboveground parts and 53.1 Mt C in belowground parts. The use of IPCC
(2006) default C fraction values (48% for broad-leaved tree species and 51% for conifers [19])
may lead to an underestimation of the total C stock in living tree biomass in forest land
in Latvia by 12.8 Mt C or 5.1%. The underestimation of C stock in living whole tree
biomass using IPCC (2006) default C fraction values [19] may reach 18.8 t C ha~! in forest
stands dominated by Scots pine, 24.1 t C ha™! in forest stands dominated by Norway
spruce, 39.5tC ha! in forest stands dominated by birch, and 27.1tC ha! in forest stands
dominated by European aspen.
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Figure 5. Carbon stock allocation in tree parts (including above- and belowground parts) of four main tree species.

4. Discussion

The total C content in tree tissues can be divided into fractions of non-volatile C and
volatile C, in which the volatile C fraction consists of C compounds of low molecular
weight [9,10]. As the tree samples were pre-treated by oven-drying before elemental analy-
sis, the results of this study represent the non-volatile C fraction. We estimated that the
weighted mean C content (whole tree) in the main tree species of hemiboreal forests in
Latvia ranged from 50.9 & 0.2% (European aspen) to 53.3 £ 0.2% (Scots pine), respectively.
Although conifers showed statistically significantly higher weighted mean C content com-
pared with deciduous tree species (53.0 & 0.1% vs. 51.6 £ 0.1%), the variation in weighted
mean C content within tree species exceeded the variation in weighted mean C content
between species. Substantial variations in wood C content both among tree species as
well as within individual trees were reported by both global level synthesis (e.g., [9,15,18])
and regional level studies (e.g., [5,21,27]). Our results were also consistent with previous
findings that conifers have higher wood C content than deciduous tree species [5,9] and
agree that the lignin content in the wood of conifer tree species is approximately 10% higher
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than that of deciduous tree species; lignin has the highest percentage of C compared with
all other organic compounds in the wood [5,28].

Within recent global estimates of wood C content across the world’s trees and forests,
Martin et al. (2018) calculated that mean C content in trees (divided into conifers and an-
giosperm trees) in boreal and temperate forests ranged from 46.5% (angiosperm, temperate
forests) to 50.1% (conifer, temperate forests) [18]. Ma et al. (2018), based on global estimates,
reported that the mean C content in stem wood was 47.7% in deciduous broad-leaved trees
and 50.5% in conifers but 46.6% and 48.4%, respectively, in roots [15]. Furthermore, they
concluded that plant C content showed significant latitudinal trends induced by climatic
factors and life forms [15]. Previously, Thomas and Martin (2012) estimated that, in tem-
perate/boreal biomes, the wood C content across species ranged from 43.4% to 55.6%, but
observed that the mean C fraction in stem wood was 48.8% in angiosperm tree species and
50.8% in conifer tree species [9]. The values Martin et al. (2018) [18], Ma et al. (2018) [15] and
Thomas and Martin (2012) found for mean C content in the wood of boreal and temperate
forests [9], as well as the IPCC 2006 values [19] (based on Lamlom and Savidge (2003) [5]),
were lower than those estimated in this study. Nevertheless, species-specific and regional
scale studies show C content values that are more similar to our estimates. For instance,
Laiho and Laine (1997) in Finland reported C content values in different tree parts ranging
from 51.8% (stem wood without bark) to 53.8% (foliage) for Scots pine; 50.9% (stem wood
without bark) to 54.0 (foliage) for Norway spruce and 49.7% (stem wood without bark) to
55.7% (bark) for birch, respectively [29]. In north-western Turkey, the weighted mean C
content in aboveground parts of Scots pine was found to be 52.0% [21], but, in Belgium,
Janssens et al. (1999) reported C content in different tree parts of Scots pine ranging from
48.9% (stem) to 55.4% (fine roots) [27]. In North America, the mean C content of poplars
(Populus tremuloides Michx. and Populus trichocarpa Torr. & Gray) wood was found to be
48.2% [5]. Gao et al. (2016) reported that the average total C content (sum of volatile and
non-volatile C) in the stem wood and bark of the major tree species in the boreal forests of
Canada were 50.5% and 56.2%, respectively [10]. When interpreting results and comparing
C content values obtained in different studies for selected tree species both natural aspects
(e.g., geographical location, climate, soil conditions, tree age, provenance, social position in
the stand) and methodological nuances such as the sampling method (for instance, stem
sample with or without bark), the selected sampling point on the tree, the sampling time
(as the content of mobile C compounds varies by season), the sample pre-treatment method
(for instance, oven-drying, ambient-temperature desiccating or freeze-drying) and the
analysis method must be considered [5,9,10,13,21,30]. Thus, any comparison of C content
values must be performed cautiously.

In comparing the C content of different tree parts, living and dead branches (wood
with a proportional share of bark) were found to have the highest mean C content of above-
ground tree parts for all tree species, while small roots were found to have the highest mean
C content of belowground tree parts for all tree species except Scots pine, which showed
the highest mean C content in the stump. Similarly, Tolunay (2009) [21] and Janssens et al.
(1999) [27] reported that the highest C content in the aboveground parts of Scots pine was
found in the branches, which aligns with our results. Furthermore, a trend of decreasing
C content in branches by diameter was found [13]. In our study, stem bark and foliage
(needles and leaves) were not included as separate tree parts, but several other studies
showed relatively higher C content values in these parts in particular (e.g., [10,29,31]). This
may be explained by a higher proportion of C-rich organic compounds, such as extractives,
lignin and suberin, in stem bark compared with other tree parts [10,13]. For instance,
Martin et al. (2015) [23] and Gao et al. (2016) [10] found extremely high bark C content
in boreal paper birch (Betula papyrifera) (65.0 & 3.6% and 60.7 + 1.4%, respectively) and
stressed that much of the variation in wood C content attributable to tissue type can be as-
sociated with variable C content in the bark. Furthermore, they revealed that the difference
in C content between bark and stem wood was generally higher for boreal tree species than
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for temperate tree species [10,23]. Our results represent wood with a proportional share of
bark for all tree parts.

The tree part-specific C content values obtained in the present study tend to show
negative correlations with stand age and tree size (stem height and diameter at breast
height). A similar pattern was found for Scots pine by Bert and Danjon (2006) [13], Be-
mbenek et al. (2015) [30] and Wegiel and Polowy (2020) [31]. Tree age determines the
sapwood to heartwood ratio as well as the proportional distribution of juvenile and mature
wood [9,13]. Juvenile wood generally has a higher proportion of earlywood [30,32] and
thus a higher extractive and lignin content than mature wood to support mechanical stabil-
ity and defence mechanisms [10]. Juvenile trees, therefore, have a higher C content [5,9,13].
More recent findings by Gao et al. (2016) [10] and Martin et al. (2013) [33] highlighted that
the tree age- and size-associated trend of total C content was likely led by variations in
the proportion of volatile C compounds. Furthermore, they speculate that the amount of
volatile C was the most important predictor of the overall variation in the total C content in
trees [10,33]. Most importantly, increasing evidence shows that disregarding the differences
in C content among different tree parts as well as the size- and age-dependent changes in C
content in tree biomass could lead to errors in estimating the C stock in living tree biomass
(e.g., [31,34]).

Along with other factors, tree age strongly determines the total C stock in living tree
biomass and the allocation of C stock across different tree parts [27]. The results of this
study showed that the relative contribution of living branches and small roots decreased
with tree age for all tree species, but the contribution of the stem trended higher with tree
age, reaching 77.5% of the total C stock in birches more than 60 years old. The C stock sum
of all aboveground parts ranged from 74.4% in European aspens 0 to 20 years old to 84.4%
in Scots pines 21 to 40 years old, and the highest C stock of belowground parts was found
in young European aspens (25.6%), with the lowest found in Scots pines 21 to 40 years old
(15.6%). In general, our estimates of C stock distribution across tree parts fell within the
ranges reported by previous studies (e.g., [21,27,29,35]).

Other studies have reported a much wider range of tree species- and tree part-specific
C content values for different biomes [9,15,33] than the default IPCC (2006) values [19].
Thus, the use of the default IPCC (2006) C content values may over- or underestimate C
stock in living tree biomass. Our study shows that using the default IPCC (2006) C content
values to estimate C stock in the living biomass of forest land in Latvia may lead to an
underestimation of 5.1% or 12.8 Mt C.

In forest stands dominated by Norway spruce, Scots pine, birch or European aspen,
the admixture of other tree species is common in hemiboreal forests. A combination of
weighted mean C content values for each tree species and NFI data (3rd cycle) showed that
the average proportion of C stock in living biomass formed by admixed tree species ranged
from 17% in forest stands dominated by Norway spruce to 30% in forest stands dominated
by European aspen. Customised weighted mean C content values were developed for forest
stands dominated by Norway spruce, Scots pine, birch or European aspen considering
the admixture of other tree species (Table 3). The difference in weighted mean C content
values for living tree biomass between dominant tree species and forest stands dominated
by those species reached 0.7% for European aspen (509.0 + 1.6 vs. 512.7 4 0.1 g-kg~!). The
difference for stands dominated by birch, Norway spruce and Scots pine was even more
negligible (<0.4%).

5. Conclusions

The results of this study provided tree part-specific and weighted means of C content
values for the main tree species in Latvia. Statistically significant C content variation
was found among different tree parts as well as among tree species with a range of
504.6 + 3.4 g-kg~! (European aspen, coarse roots) to 550.6 + 2.4 g-kg~! (Scots pine, dead
branches). Weighted mean C content values based on proportional biomass distribution of
different tree parts for each tree species are recommended to increase the accuracy of C
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stock in living tree biomass estimates in the National GHG Inventory (weighted mean C
content values for whole trees: 526.5 & 2.3 g-kg~! for Norway spruce, 533.2 = 1.6 g-kg ™!
for Scots pine, 521.4 + 1.5 g-kg ™! for birch and 509.0 g-kg~! for European aspen). Fur-
thermore, the results highlight that using the default IPCC C content values [19] results in
underestimation of the C stock in living tree biomass in Latvia.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/£12091292/51, Figure S1: the difference in C content of different tree species between values
as estimated in this study (weighted means) and IPCC 2006 values for temperate/boreal biomes or
Martin et al. (2018) values for temperate and boreal biomes separately.
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Abstract

Assessments of net greenhouse gas (GHG) emissions in forest land with drained organic soils conducted within the scope
of National GHG Inventories require reliable data on litter production and information on carbon (C) input to soil. To estimate
C input through tree above-ground litter, sampling of above-ground litter was done in 36 research sites in Latvia representing
typical forests with drained organic soils in the hemiboreal zone. To estimate C input through tree below-ground litter and litter
from ground vegetation, modelling approach based on literature review and data on characteristics of forest stands with drained
organic soils in Latvia provided by the National Forest Inventory (NFI) was used. The study highlighted dependence of C input
to soil through litter production on the stand characteristics and thus significant differences in the C input with litter between
young and middle-aged stands. The study also proved that drained organic soils in the middle-aged forests dominated by
silver birch, Scots pine and Norway spruce may not be the source of net GHG emissions due to offset by C input through litter
production. However, there is still high uncertainty of C input with tree below-ground litter and ground vegetation, particularly,

mosses, herbs and grasses which may have crucial role in C balance in forests with drained organic soils.

Keywords: forests, drained organic soils, litter production, carbon input, National GHG Inventory

Introduction

Worldwide, organic soils have large carbon (C) and
nitrogen (N) stores, and they can both remove and emit
greenhouse gases (GHGs), thus contributing to the at-
mospheric GHG concentrations (Jauhiainen et al. 2019,
Ziche et al. 2019). Organic soils are formed from partial-
ly decayed plant remains in anaerobic conditions through
generally slow accumulation and compaction below the
high water-table (WT) in peat-forming ecosystems (Moore
1989, Jauhiainen et al. 2019). Organic soil layer accumu-
lation depends on the equilibrium between production and
decay of organic matter that is highly sensitive to major cli-
mate change and management impacts (Joosten 2015). In
the Nordic and Baltic countries, peat-forming ecosystems
have been widely converted into forest land (Paavilainen
and Pdivinen 1995, Jauhiainen et al. 2019). These land use
changes commonly involve drainage by ditching to promo-
te forest growth, but it changes soil conditions enhancing
mineralization of organic matter under aerobic conditions
and results in activation of soil C and N stores (Jauhiainen
et al. 2019). Drainage diminishes the emission of methane

(CH,), but simultaneously increases emissions of carbon
dioxide (CO,) and nitrous oxide (N,O) from soil. In addi-
tion, drainage ditches itself are a large source of CH, emis-
sions and carry dissolved organic carbon (DOC) and other
C-forms out of the ecosystem, which is then largely emitted
off-site as CO,. Furthermore, deeper drainage and warmer
climates increase emissions from organic soils (Joosten
2015). Globally, 15% of the organic soils are drained (Joo-
sten 2015), but in Europe even 48% of the organic soils
are drained, especially in the temperate zone (RRR 2017).
Although drained organic soils comprise about 0.4% of the
global land area, these soils contribute significantly (~5%)
to global anthropogenic GHG emissions (Joosten 2015).
Within the National GHG Inventory reports under
the United Nations Framework Convention on Climate
Change (UNFCCC) and the Kyoto Protocol, anthropogen-
ic CO,, CH, and N,O emissions from organic soils in for-
est land are reported under the Land use, Land use change
and Forestry (LULUCF) sector (IPCC 2006, Tiemeyer et
al. 2020). Although organic soils have a large impact on
the total GHG budget in the LULUCF sector (Lazdins and
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Lupikis 2019) and there are growing international require-
ments for improved accuracy of estimates of CO, removals
and GHG emissions from organic soils (IPCC 2014), an-
nual GHG emission factors (EFs) from organic soils are
still characterized by high uncertainty rate (Jauhiainen et
al. 2019) and significant differences between regions even
in the same climate zone (Lazdins and Lupikis 2019).

After drainage of organic soils EFs reflect the impact
of climatic conditions on the decomposition rate of organic
matter. Consequently, moving from higher to lower lati-
tude, emissions from drained organic soils increase (Bian-
calani and Avagyan 2014). This explains the differences
between the IPCC default EFs for temperate climate/veg-
etation zone calculated on the basis of results obtained in
the central and northern parts of Europe and recent findings
in Latvia located in the hemiboreal zone — the transitional
zone between the boreal and temperate forests of nemoral
Europe. For instance, Lupikis and Lazdins (2017) estimat-
ed that emissions from drained organic soils in forest land
in Latvia equal 0.52 t CO,-C ha™' yr!, but the IPCC default
EF for temperate climate/vegetation zone is significantly
higher — 2.6 t CO,-C ha! yr!. Similarly, research in decid-
uous and coniferous forest stands in extracted peat fields in
Latvia (LIFE REstore 2020) reflected that the IPCC default
EF given in the 2013 IPCC guidelines most probably over-
estimate emissions from organic soils in Latvia (Lazdin$
and Lupikis 2019).

Litter production is a key parameter in estimating,
modelling and predicting forest soil organic carbon (SOC)
stocks and its changes responding, for instance, to man-
agement practices or climate change (Wutzler and Mund
2007, Hansen et al. 2009, Cao et al. 2019, Feng et al.
2019). Thus, GHG assessments would benefit from reli-
able litter production information (Neumann et al. 2018).
Soil organic matter is primarily plant-derived, contribut-
ing to the accumulation of SOC due to humification after
plant death, or root-borne organic substances released into
the rhizosphere during the plant growth (Kuzyakov and
Domanski 2000). It is important to quantify contributions
from both above-ground inputs and below-ground inputs
to understand the amount of C ultimately stored in the soil
(Ekberg et al. 2007, Cao et al. 2020).

Although it is considered that C input through above-
ground litter is well investigated (Kuzyakov and Doman-
ski 2000), reports on relationship between inputs of plant
above-ground litter and SOC dynamics are still in con-
troversy. Numerous studies have been done to estimate
regional drivers of litter production using both field mea-
surements of litter production and modelling approaches
(e.g. Wutzler and Mund 2007, Hansen et al. 2009, Becker
et al. 2018, Cao et al. 2019, Ziche et al. 2019). Although
forest ecosystems are highly complex and various factors
exert large spatial heterogeneity (Qin et al. 2019), there are
some large-scale efforts to develop litter production mod-
els and determine total litter contribution to C cycling in
forests addressing climat-, region- and species-specific dif-
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ferences, and its temporal trends. For instance, Liu et al.
(2004) determined the relationships between climatic fac-
tors and litter production in forests of Eurasia. The results
indicate that annual mean temperature has a greater effect
on litter production compared to the annual precipitation
across Eurasian forests. Furthermore, the results highlight-
ed a difference in climate control between coniferous and
broadleaf forests at a continental scale, and consequently
different litter production responses to climate change (Liu
et al. 2004). Based on data obtained within pan-European
forest monitoring of the International Co-operative Pro-
gramme on Assessment and Monitoring of Air Pollution
Effects on Forests (ICP-Forests), Neumann et al. (2018)
recently improved existing litter production estimation
models that require climate information (Liu et al. 2004)
by adding biomass abundance approach (leaf area index
and stand density index) to quantify litter fluxes aggregated
by bioregions and by forest types across Europe. In Latvia,
continuous data on litter production in forests is available
from the ICP-Forests Level II monitoring plots located in
Scots pine stands, but this data set represents forest stands
only on dry mineral soils.

While it is relatively easy to collect above-ground litter
and estimate its production, quantification of below-ground
litter still remains a challenge. The below-ground litter
consists of dead roots, mycorrhizae and root exudates. Fine
roots are commonly defined as non-woody, short-lived
roots that are 2 mm or less in diameter and they represent
one of the largest fractions of below-ground litter (Leh-
tonen 2005, Clemmensen et al. 2013, Leppdlammi-Ku-
jansuu et al. 2014, McCormack et al. 2015). The fine root
turnover rate is a number that represents the times fine
root biomass is replaced annually (Hendrick and Pregitzer,
1992). The fast turnover rates of fine roots ensure a major
long-term contribution to below-ground C stocks, although
fine root biomass constitutes less than 5% of the total forest
biomass (Vogt et al. 1996). The direct methods to measure
fine root turnover are ingrowth cores and minirhizotrons,
whereas the indirect methods are C isotopic measurements,
sequential soil coring, N budget, C budget and correlations
with abiotic resources (Lukac 2012, Yuan and Chen 2012).

Excavation of roots for direct measurements is la-
bour-intensive, changes the natural environment and
causes artefacts, so that the measurements are no longer
fully representative. Therefore, modelling approaches are
widely used instead of field measurements to determine
fine root biomass and turnover from other easily measur-
able stand variables. The input data most often include
foliage and above-ground biomass, leaf area index (LAI),
climate, latitude, net primary production, and land cover
type (Liski et al. 2002, Liu et al. 2004, Hérkonen et al.
2011, Yuan et al. 2018). The main principle of allometry is
that for trees growing under the same conditions there are
certain proportions between their dimensions, e.g., height
and diameter, biomass and diameter. This principle can be
used to predict one variable from another, using allometric
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equations. Remotely sensed information from satellites or
inventory-based gridded forest data also can be applied to
predict fine root characteristics at large scale (Yan et al.
2016, Moreno et al. 2017). Above-ground litter values
can also be used to estimate below-ground litter. Chen et
al. (2018) extended the pipe model analysis proposed by
Shinozaki et al. (1964) and estimated that the ratio of fine
root production against leaf production at the stand level is
about 0.8. Fine root biomass also correlates positively with
stand basal area (Vanninen and Mékeld 1999, Helmisaari et
al. 2007, Finér et al. 2011, Lehtonen et al. 2016).

Ground vegetation is another important yet less stud-
ied component of forest ecosystems. The C budgets of trees
and forest soil have been modelled extensively, but vegeta-
tion is usually excluded from these analyses. According to
studies carried out in pine and spruce upland forest stands
in Finland, ground vegetation comprises about 4-13% of
the C stock (Mélkonen 1974, Havas and Kubin 1983). Oth-
er studies show that the proportion of the C stock in ground
vegetation is 1-2% (Lakida et al. 1996, Pussinen et al.
1997). Although ground vegetation constitutes only a small
proportion of biomass in forests, it contributes significant-
ly to nutrient cycles because of the fast turnover and eas-
ily decomposable litter (Malkonen 1974, Palviainen et al.
2005). Consideration of ground vegetation biomass is par-
ticularly important during the early-successional stages of
forest after clear-cutting or fire disturbances, when it is the
main living vegetation component (Palviainen et al. 2005).
Ignoring ground vegetation may lead to underestimation of
net primary productivity, litter production and the C stock
of soil. Biomass of ground vegetation decays and regener-
ates rapidly, therefore removals in biomass re-growth bal-
ance the emissions from decay. In peatlands the proportion
of ground vegetation is mainly influenced by the WT level
and the structure of the tree layer (Finér and Nieminen 1997,
Minkkinen et al. 1999).

There are several methods to estimate ground vege-
tation biomass. The point-intercept method determines the
number of contacts between plants by passing a pin through
the vegetation at many positions (Levy and Madden 1933,
Goodall 1952). This method gives highly accurate bio-
mass estimates; however, it is destructive, labour-intensive
and not suitable for large-scale inventories. Percentage
cover analysis is a non-destructive alternative that can be
applied extensively; however, it is less accurate, due to
differences in visual estimates of each observer. Several
studies show a relation between the percentage cover and
biomass (Chiarucci et al. 1999, Rottgermann et al. 2000).
Muukkonen and Mikipdd (2006) developed equations
for pine, spruce and broad-leaved forest stands to calcu-
late ground vegetation biomass using stand age and site
attributes. There are models for specific vegetation types
such as dwarf shrubs, herbs and grasses, mosses, lichens,
total field layer, total bottom layer and all ground vegeta-
tion together. Models, where only stand age is an explan-
atory variable, can also be used in other boreal countries.
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Stand age is considered a significant predictor of ground
vegetation because of the influence of structural changes
stands undergo during their development. Light availabil-
ity changes along with leaf area index, and there are shifts
in vegetation from heliophilous species (herbs and grass-
es) towards species adapted to shady environments (e.g.
mosses) as well as changes in abundance and occurrence
of certain species (Lindholm and Vasander 1987, Luyssaert
et al. 2007).

The specific aim of the study was to contribute to im-
provement of knowledge on C input to soil through plant
litter production, including tree above- and below-ground
litter and ground vegetation litter in the hemiboreal region
(Latvia is a target area) to generally improve the National
GHG Inventory.

Materials and methods

Tree above-ground litter collection and analysis

We conducted the study in central Latvia. Sampling of
tree above-ground litter was performed in 36 research sites
representing typical forests with drained organic soils in the
hemiboreal region (Figure 1). The forest site types based
on Buss (1981) in the order from relatively nutrient poor
to nutrient rich soils (Karklin$ et al. 2009) are: Callunosa
turf. mel. (relatively low soil fertility), Vacciniosa turf. mel.
(moderate soil fertility), Myrtillosa turf. mel. (relatively
high soil fertility), and Oxalidosa turf. mel. (relatively very
high soil fertility). The research sites were dominated by
Scots pine (Pinus sylvestris L.), Norway spruce (Picea ab-
ies (L.) H. Karst.), or silver birch (Betula pendula Roth).
The mean annual precipitation in the study region was
732 mm and the mean annual temperature was 8.1 °C in
2019 (calculated as average using data obtained from two
nearest observation stations in Sigulda and Skriveri; Latvi-
an Environment, Geology and Meteorology Centre). More
detailed characteristics of the research sites are presented
in Table 1.
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Figure 1. Location of the research sites (forest stands with
drained organic soils) in Latvia

Lithuania

/



BALTIC FORESTRY 27(2)

ESTIMATION OF LITTER INPUT IN HEMIBOREAL FORESTS WITH DRAINED /.../

BARDULE, A. ET AL.

Table 1. Characteristics of the research sites located in the typical forests with drained organic soils in the hemiboreal zone in Latvia

. Dominant tree Number of .

Forg/s’;tesne Soil type gfpreecsizzrghugtbeir) tr:(;i?a‘?g’r D|a:;nrﬁter, Height, m Bans]:zalh:;l:?a, r§§°h° :j' Age, years

count ha™'
Vacciniosa Fibric Scots pine (2) 550+30 222+08 21501 22403 238+ 4 905
turf. mel. histosols (520-580) (21.4-23.0) (21.3-21.6) (22.1-22.8)  (234-241) (85-95)
Oxalidosa Terric silverbirch (8) ~ 1,488+295 152+19 165+13 265+35 264 %50 47+8
turf. mel. histosols (360-3,080)  (8.6-21.8) (10.2-20.6) (16.8-42.7)  (138-500) (22-68)
Norway spruce (10) 1,000+ 141  20.0+14 187+1.0 32.9+24 348 + 40 51+5
(620-2,040) (10.3-27.7) (12.1-23.6) (20.7-44.5)  (153-586) (26-78)
Myrtillosa turf.  Terric silverbirch (5)  1,400+135 14.1+15 159+11 246+4.0 229 + 49 60+5
mel. histosols (1,120-1,860) (10.8-19.4) (13.1-18.6) (15.9-40.0)  (115-407) (45-70)
Norway spruce (1) 1,100 10.2 9.8 10.5 68 59
Scots pine (3) 693+216 23.0+4.6 191%45 282+63 310122 63 +22
(420-1120) (14.2-29.7) (11.3-26.9) (18.6-40.1)  (112-533) (23-98)
Callunosa Fibric silver birch (3) 2,047 + 704 9524 114%16 13112 90 £ 17 30£0
turf. mel. histosols (840-3,280)  (6.3-14.1)  (9.5-14.7) (11.5-155)  (67—125) (30-31)
Scots pine (4) 1460214 106+18  97%17 14539 93 £32 42412
(980-2,020)  (6.6-13.8)  (5.4-12.6) (5.3-23.8)  (21-163) (21-70)
Average - silver birch (16)  1,565+195 13.8+12 15309 234+24 221433 48+5
(360-3,280)  (6.3-21.8)  (9.5-20.6) (11.5-42.7)  (67-500) (22-70)
Norway spruce (11) 1,009+127 19116 17912 30.9+3.0 323+ 44 51+5
(620-2,040) (10.2-27.7)  (9.8-23.6) (10.5-44.5)  (68-586) (26-78)
Scots pine (9) 1,002+£181 17.3+26 155+24 208+32 197 + 51 59+ 10
(420-2,020)  (6.6-29.7) (5.4-26.9) (5.3-40.1)  (21-533) (21-98)

Note: Mean values + S.E. (minimum — maximum values) are summarized in the table.

Tree above-ground litter was collected using 5 litter
collectors placed randomly in each research site under uni-
form forest canopy during the period from October 2018
till December 2019 (covering one full calendar year). Tree
above-ground litter included everything falling from trees
(foliage, branches, twigs, bark, fruits, seeds, rest of fruit-
ing, fines, frass, insects, lichen, moss, etc.) excluding large
dimension branches which are not perceived by collectors.
This fraction of large dimension branches was not collected
by collectors and is accounted under dead wood pool (nat-
ural mortality) within the National GHG Inventory. Thus,
double accounting of C input to soil is avoided. The litter
collector design — the collecting area of individual traps —
0.42 m?, solid funnel (0.7 m deep) with a bag of inert mate-
rial (nylon fabric) with mesh size of 0.2 mm. Above-ground
litter was collected monthly (Ukonmaanaho et al. 2016).
After transporting the tree above-ground litter to the lab-
oratory, dry matter was determined by drying samples at a
temperature of 105 °C to complete desiccation. Total C and
N concentration of the grounded litter samples (dried at a
temperature of 70 °C) were determined by total combustion
at 950 °C with elemental analyser Elementar EL Cube ac-
cording to the LVS ISO (2006) and ISO (1998), respectively.

Carbon input with tree below-ground litter
(modelling approach using the NFI data)

Neumann et al. (2019) compiled data from 454 plots
across forests in Europe and 19 estimation models of fine

root biomass and production. We chose this model to es-
timate fine root biomass, which requires stem biomass as
input data (given in Equation 1).
Fine root biomass (t ha ") = stem biomass (t ha™') - 0.02 (1)
Subsequently, we multiplied the biomass value by fine
root turnover rate (yr') to obtain the value of annual tree
below-ground litter input. Yuan and Chen (2010) reviewed
fine root characteristics in boreal forest ecosystems, and
we used the turnover rates for Betula (1.22 + 0.56), Picea
(0.84 £0.07) and Pinus (0.61 +0.17) species from their
study. To calculate C input with fine roots, it was assumed
that the C content in biomass is 48% for broadleaves and
51% for conifers (Lamlom and Savidge 2003, IPCC 2006).

Carbon input with ground vegetation litter
(modeling approach using the NFI data)

We used the equations elaborated by Muukkonen
and Mékipai (2006). Ground vegetation biomass (kg ha™)
was calculated for spruce, pine and birch forest stands and
for different plant forms such as mosses, lichens, dwarf
shrubs, herbs and grasses separately (Equations 2—11). The
input variable is stand age (years).

Pine forest stands:

Above-ground biomass (y), dwarf shrubs:

Ay +0.5=16.68 +0.129 - stand age —0.0004 - stand age* (2)

Above-ground biomass (y), herbs and grasses:

Ay +0.5=11.725-0.098 - stand age + 0.0002 - stand age* (3)
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Above-ground biomass (y), mosses:
4y +0.5=27.329 +0.138 « stand age —0.0005 - stand age* (4)

Above-ground biomass (y), lichens:
Ay +0.5=7.975-0.0002 - stand age’

()
Spruce forest stands:
Above-ground biomass (y), dwarf-shrubs:
Jy+0.5=10.375-0.033 - stand age +
+0.001 - stand age* —0.000004 - stand age®*  (6)

Above-ground biomass, herbs and grasses:
4y +0.5=15.058 —0.113 - stand age + 0.0003 - stand age* (7)
Above-ground biomass (y), mosses:
Ay +0.5=19.282 + 0.164 - stand age —
—0.000001 - stand age® ®)
Broad-leaved forest stands:
Above-ground biomass (y), dwarf-shrubs:
yJy+0.5=7.102 + 0.0004 - stand age*
Above-ground biomass (y), herbs and grasses:
Yy +0.5=20.58-0.423 - stand age +
+0.004 - stand age* — 0.00002 - stand age®
Above-ground biomass (y), mosses:

Ay +0.5=13.555-0.056 - stand age

()]

(10)
(1

To calculate above-ground vegetation litter, the ob-
tained values were multiplied by the turnover rates of the
respective plant forms — 0.25 for dwarf-shrubs, 1 for herbs
and grasses, 0.33 for mosses and 0.1 for lichens (Muuk-
konen 2006). It was assumed that the proportion of the
ground vegetation biomass located in the below-ground
parts is 70% of the total biomass (Mélkoénen 1974, Havas
and Kubin 1983, Palviainen et al. 2005). To calculate C in-
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put with ground vegetation litter, it was assumed that the C
fraction in biomass is 0.475 (Magnussen and Reed 2015).

The National Forest Inventory data used for
calculations

Characteristic parameters of the forest stands with
drained organic soils (Table 2) provided by the 3™ cycle
of the National Forest Inventory (NFI) were used to mod-
el tree fine root biomass according to the Equation 1 and
above-ground biomass of ground vegetation according to
the Equations 2—11.

Applied soil emission factors

Table 3 summarizes the applied GHG EFs for for-
ests with drained organic soils in the hemiboreal region.
The range of basal areas in the forests, where the applied
heterotrophic respiration values (GHG EFs) were mea-
sured, is from 12.8 to 28.3 m? ha! (mean 20.5 m? ha™)
for Scots pine stands and from 14.9 to 28.1 m*ha’!
(mean 20.7 m? ha™!) for silver birch stands (Lazdin§ and
Lupikis 2019). Forests, where the applied GHG EFs
were measured, correspond to Myrtillosa turf. mel. (rel-
atively high soil fertility) forest site type (Lazdin$ and
Lupikis 2019).

Net GHG emissions were calculated as a sum of GHG
emission from soil and total C input to soil. Emissions are
usually expressed with a positive sign, but removals in-
cluding C input to soil — with a negative sign. Respectively,
negative net GHG emissions mean that the system is a net
sink contributing to reduction of GHG emissions, and if
net GHG emissions have a positive sign — the system is a
net source of GHG emissions contributing to increase of
GHGs in atmosphere (IPCC 2006).

Table 2. Average characteristic parameters of the forest stands with drained organic soils in Latvia (NFI, 3" cycle)

Parameter Value

Dominant tree species

Scots pine Norway spruce Silver birch
Number of plots number 349 242 503
Age of dominant tree average + S.E. 79+2 51+2 41 +1
species, years range (min...max) 1-221 1-195 1-19
Total basal area, m> ha='  average + S.E. 26.7+15 228+15 18.0+ 0.6
range (min...max) 0.0079-90.7 0.0079-130.8 0.0028-85.4
Stem biomass, t ha™! average + S.E. 210772 167.2+8.5 1453 +5.8
range (min...max) 0.008-760.8 0.011-787.7 0.002-924.2

Table 3. Applied GHG emission factors for the forests with drained organic soils in the hemiboreal zone
SO Com0 ey Oneo gy oo Gl IR | oo TE

Silver birch 5.60 22.39 0.62 217 5.91
Norway spruce 5.25 -1.39* —-0.05 ** 217 5.27
Scots pine 5.25 -1.39 -0.05 217 5.27

Data source Lazdin$ and Lupikis Lazdin$ and Lupikis Lazdin$ and Lupikis IPCC 2014 Calculated

2019 2019

2019

Note: * Soil heterotrophic respiration; ** Emission factor estimated for Scots pine dominated stands (Lazdin$ and Lupikis 2019) was used;
**% A fraction of the total area of drained organic soil which is occupied by ditches is 2.5% (IPCC 2014).
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Data analysis

Data processing and all statistical analyses were per-
formed in the R environment (R Core Team 2017). Statistical
differences between average values were analysed with the
pairwise comparison using  test with pooled SD (function
pairwise.t.test()). Correlations (including their significance)
between biomass of tree above-ground litter and character-
istics of the forest stands were tested using Pearson’s prod-
uct-moment correlation test (function cor.test()). We consid-
ered relationships significant if p values were lower than 0.05.
To gain a better understanding of relationships between annu-
ally produced biomass of tree above-ground litter and char-
acteristics of forest stand, a linear equation models were con-
structed. For all analyses, a 95% confidence level was used.

Results

Above-ground litter of tree

The research site average annually produced bio-
mass of tree above-ground total litter in the forests
with drained organic soils was within the range from
1.08 £0.16 tha' yr' in the Scots pine dominated stand
which is the youngest forest stand included in the study
and characterized with the lowest stem biomass parameters
to 7.26 £0.39 tha' yr' in the Norway spruce dominated
stand with relatively high stem biomass parameters. Aver-
age annually produced biomass of tree above-ground litter
in the research sites was 3.77 £ 0.23 tha™' yr'.

Table 4 summarizes statistical data on the relationships
characterizing a dependence of annually produced biomass
of tree above-ground litter on characteristics of the forest
stands with drained organic soils. For the silver birch and
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Norway spruce stands strong and statistically significant
correlations (> 0.7, p < 0.05) were found between annual-
ly produced biomass of tree above-ground litter and forest
stand characteristics such as average height, basal area and
stock which in turn correlate with each other. For the Scots
pine stands moderately strong, but statistically insignifi-
cant correlations (0.5 <7< 0.7, p > 0.05) between annually
produced biomass of tree above-ground litter and average
diameter and basal area of the forest stands were revealed.

Annually produced biomass of tree above-ground litter
was best described by stand basal area as the most signifi-
cantly influencing factor (independent variable) of nonlin-
ear regressions. The best models for annual production of
tree above-ground litter (polynomial regression for the sil-
ver birch stands and power regression for the Norway spruce
and Scots pine dominated stands) are shown in Figure 2.

Average total C and N concentration, as well as average
C/N ratio of tree above-ground litter are shown in Figure 3.
In general, statistically significantly higher (» < 0.001) total
C concentration was found in Scots pine (540.7 £ 2.6 g kg™ ")
and silver birch (537.9 + 2.1 g kg') above-ground litter if
compared to Norway spruce (521.2+2.1 gkg™') above-
ground litter. Total N concentration in Scots pine above-
ground litter (8.0 + 0.3 g kg~') was significantly smaller if
compared to Norway spruce (14.2 + 0.4 g kg™) and silver
birch (14.2 £0.2 g kg™') above-ground litter. Consequent-
ly, significantly higher (p <0.001) C/N ratio was found in
Scots pine litter (70.6 + 2.1) if compared to Norway spruce
(37.9 £ 0.9) and silver birch (38.7 + 0.8) above-ground lit-
ter (Figure 3).

The comparison of calculated total C and N annual
input with tree above-ground litter between stands with
different dominant tree species in the forests with drained

Table 4. Statistical data (correlation coefficients r, p-values, equations and adjusted R? of linear regressions) on the relationships
characterizing dependence of annually produced biomass of tree above-ground litter on characteristics of the forest stand with

drained organic soils

Pearson’s correlation

Linear regression

Tree species Independent variable

p equation adjusted R?

Scots pine Number of trees per hectare, count ha'
Diameter, cm

Height, m

Basal area, m?* ha™'!

Stock, m® ha-!

Stand age, years

Number of trees per hectare, count ha-!
Diameter, cm

Height, m

Basal area, m? ha™'

Stock, m* ha™'

Age, years

Number of trees per hectare, count ha'
Diameter, cm

Height, m

Basal area, m* ha™'!

Stock, m® ha-!

Age, years

Silver birch

Norway
spruce

-0.37 0.330 y=-0.00061x + 3.61 0.012
0.50 0.175 y =0.056x +2.03 0.14
0.42 0.258 y=0.054x +2.17 0.061
0.56 0.120 y=0.051x+1.93 0.21
0.40 0.282 y=0.0024x + 2.53 0.043
0.16 0.674 y =0.050x + 2.68 -0.11

-0.29 0.270 =-0.00046x + 4.76 0.021
0.46 0.075 y=0.12x+2.45 0.15
0.71 0.002 y=0.24x+0.31 0.47
0.75 <0.001 y=0.09x +1.88 0.52
0.73 0.001 y =0.0068x + 2.55 0.50
0.46 0.073 y=0.32x+2.41 0.16

-0.13 0.698 y =-00045x + 5.83 -0.092
0.59 0.055 y=0.17x+2.20 0.28
0.73 0.011 y=0.26x+0.72 0.48
0.82 0.002 y=0.12x+1.65 0.65
0.78 0.005 y=0.0077x + 2.87 0.56
0.10 0.771 y =0.096x + 4.84 -0.10
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Figure 2. Nonlinear regressions describing dependence of annually produced biomass of tree above-ground litter on basal area in

the forests with drained organic soils
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Figure 3. Total C and N concentrations and C/N ratio in tree above-ground litter in forests with drained organic soils based on field

measurements

Note: In the boxplots, the median is shown by the bold line, the mean is shown by the dark red square, the box corresponds to the lower and upper quartiles,
whiskers show the minimal and maximal values (within 150% of the interquartile range from the median) and black dots represent outliers of the datasets.
Characters a and b label statistically significant differences (p <0.05, a = 0.05) in average values between stands with different dominant tree species.
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Figure 4. Calculated total C and N input through above-ground tree litter in stands characterized with basal area in the range from
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organic soils is shown in Figure 4. We calculated the input
of total C and N by applying equations of nonlinear re-
gressions of annual input of above-ground litter biomass
depending on stand basal area (Figure 2) and average C
and N concentrations in litter of different tree species (Fig-
ure 3). In the stands with a range of basal area from 10 to
40 m? ha'', the highest total C and N annual input was esti-
mated in the Norway spruce dominated stands with a basal
area of 40 m? ha', but the smallest total C and N annual
input was estimated in the silver birch and Scots pine dom-
inated stands, respectively, with a basal area of 10 m* ha!
(Figure 4).

Modelled carbon input through tree below-
ground litter

Modelled C annual input through tree below-ground
litter in the forests with drained organic soils based on stem
biomass data provided by the NFI (3" cycle) is shown in
Figure 5. In the Scots pine dominated stands, weighted
average C annual input through below-ground tree litter that
takes into account the distribution of forest stands according
to the NFI data was 1.31 £0.05 t ha! yr !. In the Norway
spruce dominated stands it was 1.43+0.07 tha'!yr',
but in the silver birch stands — 1.70+0.07 tha' yr',
furthermore, differences in av