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ABSTRACT

The climate on our planet has been changing at an unprecedented rate over the last
century. The rise in global temperature is attributed to the increase in the con-
centration of greenhouse gases (GHG). Forests are essential components of global
GHG cycles and can damp or enhance the anthropogenic impact. Forest eco-
systems are usually CO; sinks, but their carbon uptake ability depends on various
factors including age, soil type, environmental conditions, and management
practices. A hemiboreal forest zone is located between boreal and temperate forest
biomes and is represented by mixed forest stands with varying tree species ratios
and management practices. The role of hemiboreal forests in GHG cycling remains
understudied due to the high variability of forest stands. Riparian forests are located
in an interface between terrestrial and water ecosystems. The supply of carbon
and nitrogen from the ground and surface waters and the variability in aerobic
and anaerobic conditions makes riparian forests hotspots for N,O and CHas. Grey
alder is a fast-growing pioneer tree frequently found in riparian zones. Due to the
symbiosis with atmospheric nitrogen fixating Frankia bacteria, alders play an
essential role in the forest nitrogen cycle. In the late spring-summer 2018, Europe
experienced a heatwave accompanied by rainfall reduction, creating “hotter
drought” conditions. As the intensity, duration, and frequency of heatwaves will
increase in the future, it is essential to understand the effect of elevated tempera-
tures on the GHG fluxes in various forest ecosystems.

This thesis aimed to analyse the GHG fluxes and the main environmental factors
controlling them in hemiboreal forest ecosystems. It answers the following
research questions: (1) what is the carbon balance of different forest ecosystems
in a hemiboreal zone? (2) what are the main environmental drivers of the carbon
balance? (3) how does the heatwave affect carbon fluxes of different forest eco-
systems? (4) what is the climate forcing role of CH4 and N>O in a riparian forest?

Eddy-covariance method was used to study CO» fluxes on an ecosystem scale
in six forest ecosystems located in the geographical vicinity of Southern Estonia:
coniferous (CON, pine/spruce, Soontaga), deciduous (DEC, riparian alder, Agali),
two mixed (MIX1, spruce/birch, Liispdllu, and MIX2, pine/spruce/birch, SMEAR
Estonia) forest stands and two clear-cut areas (CC1, Kdnnu, and CC2, Tenso).
The heatwave impact on carbon fluxes was studied in the four sites (CON, DEC,
CC2, MIX2). Chamber measurements of soil fluxes were performed in the MIX1
and CCI sites (soil respiration) and DEC site (soil CH4 and N,O fluxes). Eco-
system CH4 and N>O fluxes were calculated with the eddy-covariance technique
and stem fluxes were measured with stem chambers in the DEC site.

Half of the six studied sites were net sinks of CO, (MIX1, DEC and CON).
Both clear-cuts and one mixed forest (MIX2) were net carbon sources on an
annual basis. The presence of clear-cut areas in the MIX2 tower footprint could
contribute to high respiration values and the consequent positive net carbon
exchange (annual carbon release). The net ecosystem exchange seasonal cycle
shape, being closer to a clear-cut than a forest stand, provides further confirmation.



Air temperature is the major environmental driver of respiration. The tem-
perature response curve parameters varied for different forest ecosystems, years,
seasons, and soil moisture conditions. While solar radiation is the major driving
factor of photosynthesis, its effect is modified by the air temperature. High
temperature values (above the temperature optima of the photosynthesis) resulted
in GPP reduction when accompanied by low SWC and high VPD. Light response
curves parameters also differed between ecosystems and exhibited a clear
seasonality.

European heatwave 2018 impact varied for different forest ecosystems of a
hemiboreal zone. The only common trait was the reduction of photosynthesis
(GPP) and respiration during the temperature anomaly, but the magnitude of the
change differed. A mixed conifer-broadleaved forest stand (MIX2) was more
vulnerable to the combination of heat and drought than previously assumed, espe-
cially with clear-cut areas in the forest stand. Riparian alder forest (DEC) sink
strength was higher as a result of favourable conditions in spring before the
temperature anomaly. The upland coniferous forest (CON) was the least affected
of the four studied sites. Its net carbon uptake was slightly decreased due to the
stimulation of respiration, while GPP remained similar to the previous year. The
clear-cut (CC2) experienced the most severe drought and did not benefit from the
warmer spring conditions. A high reduction in GPP leads to the lack of carbo-
hydrate reserves for the upcoming season and a possible increase in the number
of years needed to reach the carbon compensation point. The rise of harvesting
activities in the form of clear-cutting may alter the balancing of the hemiboreal
zone carbon footprint.

A riparian alder forest (the DEC site) was studied for the methane and nitrous
oxide fluxes from soil and stems and ecosystem scale. It was an annual methane
sink and a minor source of nitrous oxide. The climate forcing potential of both
gases was much smaller (0.1% for CH4 and 1-6% for N,O) compared with the
total CO, uptake.

A global increase in the frequency of extreme weather events and distur-
bances causing alterations in the GHG balance of forest ecosystems is very likely
to happen in the following decades. The variability of forest types and their
responses creates a potential for the hemiboreal zone to be sustainable in the
changing climate. However, careful forest management practices are required, as
the increase in clear-cutting may negatively impact the resistance of a forest to
climate extremes and decrease its carbon sequestration.
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1. INTRODUCTION

Over the course of the last century, the climate on our planet has been changing
at an unprecedented rate. The rise in global temperature is attributed to the in-
crease in the concentration of gases that have positive radiative forcing and are
responsible for the “greenhouse” effect (IPCC, 2021). The primary greenhouse
gases (GHG) in the Earth’s atmosphere are water vapour (H,O), carbon dioxide
(CO»), methane (CH4), nitrous oxide (N,O), ozone (O3), as well as halocarbons
and other chlorine- and bromine-containing substances.

Carbon dioxide is the GHG with the most considerable contribution from
human activities. Anthropogenic emissions (fossil fuel combustion, cement pro-
duction, flaring, land-use change) are responsible for increasing global concen-
trations (Pachauri et al., 2015). Out of the total emissions, 81% were caused by
fossil CO;, emissions, and 19% by land-use change (for the period 1959-2019,
Friedlingstein et al., 2020). Terrestrial and marine carbon sinks are formed by
organisms with the ability for photosynthetic carbon uptake (Chapin et al., 2011).

Methane is the second most crucial human-influenced GHG, with 28 times
higher radiative forcing than CO; on a 100 years horizon and 80 times higher over
the 20 years (IPCC, 2021). Atmospheric methane has been responsible for ~20%
of global warming since the preindustrial era (Kirschke et al., 2013). Global
anthropogenic sources of CHy include fossil fuels exploitation, transportation,
and usage; agriculture and waste management, biomass and biofuel burning, and
constitute ~60% of the total CH4 emissions (Saunois et al., 2020). The natural
sources of CHy are represented mainly by wetlands, while upland soils commonly
act as methane sinks.

Nitrous oxide is the third most important contributor to the current radiative
forcing, with a global warming potential 273 times higher than CO, (IPCC, 2021).
Moreover, N>O is the primary ozone-depleting agent in the stratosphere (Saikawa
et al., 2014). The rapid growth of N>O concentration in the atmosphere since pre-
industrial times is primarily associated with nitrogen application to soils (Murphy
et al., 2022).

Forest ecosystems are an essential component of the biosphere. Being sources
and sinks of GHGs and energy, they affect the atmosphere’s chemical composi-
tion and can damp or enhance the anthropogenic impact. Net ecosystem exchange
(NEE) of the forest is a sum of two opposite processes: carbon uptake by plants
(gross primary production, GPP) and the total ecosystem respiration (Reco), the
latter consisting of soil and above-ground plant respiration. When the Reco of an
ecosystem exceeds the GPP over a certain period of time (typically a year), the
NEE is positive, and the ecosystem is a net carbon source. In the opposite case,
when carbon sequestration (GPP) is higher than Reco, NEE is negative, and the
ecosystem is a net carbon sink over the studied period. Forest ecosystems com-
monly act as sinks of CO,, but their sink strength varies and depends on the set
of factors, including stand age and tree species composition, soil type, climatic
conditions, and management practices. Young forests typically sequester less CO»
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than releasing (Amiro et al., 2010; Coursolle et al., 2012; Peichl et al., 2010).
While the mature forest ecosystems are carbon sinks, their net carbon uptake
commonly decreases as stands become older (> 120 years) (Gundersen et al., 2021;
Hadden and Grelle, 2017; Luyssaert et al., 2008; Soloway et al., 2017). Over the
lifetime, a forest ecosystem might switch back and forth from being a sink or
source (Baldocchi et al., 2018; Hadden and Grelle, 2016). Furthermore, forest
management practices such as thinning and clear-cutting can decrease the forest
sink strength or even turn an ecosystem into a source of CO; (Bergeron et al., 2008;
Grant et al., 2007; Lindroth et al., 2018; Mkhabela et al., 2009; Vestin et al., 2020).

Methane flux in the forest depends primarily on the water balance (Dutaur and
Verchot, 2007; Hiltbrunner et al., 2012; Ni and Groffman, 2018). Forest soils are
sinks of methane (Dlugokencky et al., 2011), with decreasing sink strength as the
soil moisture increases (Jungkunst et al., 2008; Shoemaker et al., 2014). The
methane uptake by forest soils has been decreasing over the last decades, espe-
cially in the areas with increasing precipitation (Ni and Groffman, 2018). Trees
were found to be sources of CH4 (Barba et al., 2019; Covey and Megonigal, 2019;
Schindler et al., 2020), with the source strength increasing from upland to wetland
forest (Pitz et al., 2018).

Microbial production of N>O makes soils the dominant source of forest nitrous
oxide (Butterbach-Bahl et al., 2013; Davidson et al., 2000; Mander et al., 2008).
The main pathways from the soil to the atmosphere are direct diffusion, ebullition
in water-logged conditions, and plant-mediated transport (Clough et al., 2005;
Machacova et al., 2016; Pihlatie et al., 2005; Wen et al., 2017). The change in soil
moisture and temperature is the main factor modifying the N>O emissions in the
forest ecosystems (Butterbach-Bahl et al., 2013).

A hemiboreal (boreo-nemoral) transitional zone is located between boreal and
temperate forest biomes (Ahti et al., 1968; Shorohova et al., 2009), approximately
between latitudes 56 °N and 60 °N (Lohmus and Kraut, 2010) and could poten-
tially expand in a northerly direction in the future (Hickler et al., 2012; Saetersdal
et al., 1998). Forests of the hemiboreal zone are represented by the mixed forest
stands with varying tree species ratios and management practices. The role of
hemiboreal forests in GHG cycling remains understudied due to the high vari-
ability of forest stands. Riparian forests are located in an interface between
terrestrial and aquatic ecosystems (Gregory et al., 1991; Naiman and Décamps,
1997). The variability in aerobic and anaerobic conditions and a supply of carbon
and nitrogen from the ground and surface waters makes riparian forests hotspots
for N,O and CH4 (Mander et al., 2008; Martin et al., 1999; Sommer, 2006). Grey
alder (Alnusincana (L.) Moench) is a pioneer tree species, frequently occupying
riparian zones. Alders play an essential role in the nitrogen cycle due to the
symbiosis with nitrogen fixating Frankia bacteria (Roy et al., 2007; Vogel et al.,
1997; Weber et al., 1988).

In the late spring-summer 2018, Europe experienced a heatwave in line with
previously observed “mega-heatwaves” in 2003 and 2010 (Bastos et al., 2020;
Peters et al., 2020). It was characterised not only by the elevated air temperatures
but rainfall reduction, creating “hotter drought” conditions (Allen et al., 2015;
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Buras et al., 2020). During the next century, the heatwaves intensity, duration,
and frequency are projected to increase (Barriopedro et al., 2011; Perkins and
Alexander, 2013; Perkins-Kirkpatrick and Gibson, 2017; Schér et al., 2004); thus,
it is essential to understand the effect of elevated temperatures on the GHG fluxes
in various forest ecosystems.

The aim of this thesis was to analyse the GHG fluxes and the main environ-
mental factors controlling them in hemiboreal forest ecosystems.

The thesis answers the following research questions:

1. What is the carbon balance of different forest ecosystems in a hemiboreal zone?
(Articles I-I1II)

2. What are the main environmental drivers of the carbon balance? (Articles I-11I)

3. How does the heatwave affect carbon fluxes of different forest ecosystems?
(Article TIT)

4. What is the climate forcing role of CH4 and N>O in a riparian forest? (Articles
IV-V)

13



2. MATERIAL AND METHODS

2.1 Description of study sites

The studies were conducted in Southern Estonia, in the hemiboreal forest zone.
Due to its species heterogeneity, we chose the sites that are the most represen-
tative for the area but vary greatly in dominating tree species composition. The
ensemble included an upland coniferous forest (the CON site, Soontaga station,
Article III), two mixed conifer-broadleaved forests (the MIX1 site, Liispdllu,
Article I and the MIX2 site, Apna, Article III), a riparian alder forest stand (the
DEC site, Agali, Articles I1I-V) and two clear-cut areas (the CC1 site, Kénnu,
Article II and the CC2 site, Tenso, Article III) (Table 1, Fig. 1).

Figure 1. The location of the study sites in Estonia. Map data © OpenStreetMap
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The two sites of SMEAR Estonia (Station for Measurements of Ecosystem-
Atmosphere Relationships, Noe et al., 2015) were chosen to study carbon fluxes
of a mixed conifer-broadleaved forest. The MIX1 site (Article I) footprint area
included two circular study plots (30 m in diameter), where soil flux studies were
conducted. The “mixed” plot had a nearly equal share of Norway spruce (Picea
abies (L.) H. Karst.) and Birch species (Betula pendula Roth., Betula pubescens
Ehrh.), while the “coniferous” plot was spruce-dominated. The MIX2 site
(Article TIT) tower footprint area is a mosaic is of Scots pine (PinussylvestrisL.),
spruce, and birch compartments with prominent clear-cut areas. The CON site
represented an upland coniferous forest (Article III) and is an old (up to 230 y.o)
pine-dominated forest stand with Norway spruce trees in the second layer. The
two clear-cuts chosen for the study differed in age and species composition. The
CCl1 site at the time of the study was a 6—8 years old clear-cut area with young
Scots pine trees (Article II). The second clear-cut, the CC2 site, was a 2—3 years
old clear-cut area with Silver birch seedlings. We chose a riparian grey alder
(Alnus incana L.) forest stand (the DEC site) to investigate CHs and N»O fluxes
(Articles IV and V) in addition to CO, flux (Article III).

2.2. Equipment

All study sites were equipped with EC systems mounted on measurement towers
of varying heights (Table 2). The measurement height was chosen based on the
canopy height and limited by the area of interest size. The same model of an
enclosed infra-red gas analyser (LI-7200, LI-COR Inc., Lincoln, NE, USA) was
installed at every site for high frequency CO, concentration measurements Artic-
les I-1II). For the CH4 and N,O concentration measurements (Articles IV-V),
the DEC site tower was equipped with a 30 m Teflon tube that sampled air conti-
nuously at the speed of 15 L min™' with a high-capacity free scroll vacuum pump
(Agilent, Santa Clara, CA, USA). A filter was installed to protect against pollen
and dust particles. An Aerodyne quantum cascade laser absorption spectrometer
(QCLAS) (Aerodyne Research Inc., Billerica, MA, USA) was installed in the
heated and ventilated cottage near the tower to continuously analyse CH4 and N,O
concentrations from the inlet tube. To obtain the three wind components, fast 3D
sonic anemometers (HS-50, Gill Instruments, Lymington, UK or Metek uSonic
Class A, Metek GmbH, Elmshorn, Germany) were mounted on all the towers near
the gas analysers’ inlets. All EC measurements were performed at 10 Hz, and all
gas analysers reported water-corrected gas concentrations (mixing ratio).

16



0S-SH 'O

STy
(o D0

(ueder

‘0304 ‘nzpewys
#102-09D)
ydei3ojewonyo

se3 +(L10T

‘& 32 BAOORYDIRA])
SIUQUIAINSEOW XN[J
WId)S I0J SWIAISAS
JIoquuetD Wols

— 931 pasold dneIs

(VSN “ouf oxrestd)

805D olredld
+ WAISAS ToqUUIBYD
— | orwreuAp SneWOINY

- SVID0 2ukporoy

V sse[D V SSB[D) d1uosn
OIIOSN RN | YR ‘0S-SH 1D

0€ 1T
(11D TXIN (A-1ID DAd

V SSe[D
ouosn

SO

6€
(11D NOD

- —|  SIoquIeyd Wl
(s10zA[RUY
sen parelyu] OZH/Z0D [enudI)yI(]) 10zAeue
se3 7-SVID B M Joquieyd [-)YS SwaIsAg
dd) WoISAS IoquIBYO OIWERUAP PIsO[d d[qeiod sIoqueyo 10§
O°N pue "HD 10§
- — | IosA[eue se3 DY
¢0D 10§
(VSN “dN ‘ugoourt “oup JOO-IT) 00TL-TT IosAJeue ses :5q

V $Se[D oruogn (s)1910w
0S-SHII'YD Y ‘0S-SH II'D -owLuY -DH
w Y3197 Judw
SEv 144 -oInses|N DY
(ap 120 (D IXIN

juowdmba pue sidowered pamseaj g dAqe L

17



(*oug oynuAIg
[1eqdwe)) £01 DS

(vsn
“UTOOUI] ‘SAIUAIISOIY

"AODTD TS061-11
‘(vsn‘Ln

‘ue30T “-ouf ONUSING
[1eqdwe)) 10330]

e1ep 001D [1eqduwe)
pue (pue[Iazims ‘JIop
-s19sseq ‘DY O1U010Y)
L¢SY /2901d 099N
pIepuelS — £€S-VCOH

((110)40)0)

(wop3uryy
pajyun‘a3pLiq
-we) pry
S92 L-B2)
aqoideRy L, ¢ TN

GIn

‘a3puquie) “py seo1ad( L-#1e()
1jowoueIAd aurysuns [-NJS-L-8ed

(Aueuron
‘uroyswyyg
‘HQUWONALAN)
SHuaWS[d 00 I-Ld

(1D X1

(vsn

‘ou] ‘sar3o[ouyod],
Soyuorep 10SUds
armyerodwa) [euIo)xd
[10S AQ SjuUoWIAINSBIW

snonunuo)) (VSN
“oU] ‘TeuoneUIdIU]

(our  swasAS dd) [-d.LS £q
onuaIdg [[eqdwe)) L0 DS | SIUSWAINSBIW JOAIISI(]

(VSN ‘ujooury

‘saouatosorg YOO-1T) TS061-1T

(VSN ‘LN ‘uedoT “ouf ognualdg [jeqdwe))) 10330]
BIep 00 YD [[0qdwe)) pue (pue[Ioz)img ‘JIopslasseq ‘DY
oTIoN0Y) 1#7SY / 2901 09NN pIepuels — ¢S-VZOH

(A—1ID DA

(1D NOD

ap 120

dop wog 18 VSN
“ou[ ‘reuoneurdu]
SwoIsAS dd ‘1-d.LS
uone)s eyoy

WOIJ SPUBIOYION
‘Yl ‘uouoy % ddry|
‘191owoueikd ¢qND

uone)s eyoy
WoIj pueuI ‘BejuBA
‘elesie A ‘oqoxd
amjerodwo) pue
Aypruny v Sy dINH

(D IX1IIN

ameraduo)
[toS

uonerpes 1e[os
:s1ojowrered
[e9130]0I0939N

Kypruuny oAne[ol
pue axnjeroduwo)
Ire :s1ojowrered
[e9130]0I093N

18



(VSN ‘HO
‘sguridg moqe X
‘parerodioou] [SA)
9Iqed pIeYy oxnend)
B 1M JUOWNYSU]
Airend) 1018 M0
1jowerednny
sn[{ [euoISSaJoIg

ISA -TO paajossid

(;wo £29
BaIR SUI09[[0D

]09s ssa[ure)s)
s10jowIsA 9yerd 9
:3uryors] uoqIes Ay,

VSn ouf
‘sar3o[ouyod L, ‘001 NS
[opolr JOSUIS N0
I91e N AQ SJUQUIDINS
-eow snonunuo)) (3N
Py SQ01AX( L-BI2)
T UOISIO A IO
aISION ZHH 4q

(wop3ury] payun ‘o3pLquie) Py SAIAI(L-eI() 290IJeIdYL TN  SIISWDINSLIU JOIISI(]

(I 200

(1D X1

(A—1ID DA

(1D NOD

I 120

"(3IN *o8puque)
Py S991A9(
L-®ad ‘T oA THH

(D IX1IN

SIUOWINSBIW
Arefqrouy

QIN}SIOW [10S

19



Soil fluxes were measured at the MIX1, CC1, and DEC sites (Table 2). Total soil
respiration (Rs) and heterotrophic respiration (Rh) were measured monthly at the
MIX1, and CCI1 sites (Articles I-II) with a portable closed dynamic chamber
system (Table 2) from PVC collars (10 cm in diameter, 5 cm height) pre-installed
on site. Heterotrophic respiration (Rh) was measured from trenching cylinders
pushed to the depth of 45 cm (Kukumégi et al., 2017). The CC1 site was also
equipped with an automatic CO» exchange system ACE (ADC BioScientific Ltd.,
Hoddesdon, UK). Soil CH4 and N>O fluxes at the DEC site (Articles IV-V) were
measured continuously with 12 automatic dynamic chambers (volume of 0.032 m;
and covered a 0.16 m? soil surface). During the measurement, each chamber was
automatically closed for 9 minutes (after the removal of flushing and stabilization
time, 5 minutes were used for flux calculation). The air was sampled through the
multiplexer tube system and analysed by a Picarro G2508 gas analyser (Picarro
Inc., Santa Clara, CA, USA) installed in a heated and ventilated cottage at the
site. Soil temperature and moisture were manually measured simultaneously with
manual chamber measurements in the MIX1 and CCl1 sites (Articles I-II).
Continuous soil temperature and moisture measurements with automatic systems
were performed at all other sites (Articles II-V, Table 2).

Stem fluxes of CHs and N>O were measured manually with static closed tree
stem chamber systems (Machacova et al., 2017; Schindler et al., 2020). The
chambers were installed on the stems of twelve trees, three per tree on different
heights. The air samples were taken weekly from September 2017 until Decem-
ber 2018 and analysed in the laboratory at the University of Tartu within a week
using a gas chromatograph (GC-2014; Shimadzu, Kyoto, Japan). Auxillary mea-
surements performed on sites can be found in Table 2.

2.3. Eddy-covariance flux calculation

The EC fluxes were calculated as a covariance of gas mixing ratio (CO; in
Articles I-111, CH4 in IV and N>O in V) and vertical wind speed and averaged
over the 30-minute periods using the EddyPro software (LI-COR, Lincoln, NE,
USA). Statistical screening, despiking (Mauder et al., 2013; Vickers and Mabhrt,
1997), and linear detrending (block averaging in Article II) was applied to the raw
data. The anemometer tilt was corrected with the double axis rotation. Time-lag
compensation was performed using the covariance maximisation method. A time
lag window of 5+2 seconds was chosen for CH4 and N»O flux calculation based
on the flow rate and the tube’s length and cross-section. Low and high frequency
corrections were applied for all the gas fluxes (Moncrieff et al., 1997, 2004).
The EC flux data filtering procedure included the removal of technical main-
tenance periods for all the sites’ data. The quality control (QC) flag system (quality
classes 1-9, Foken et al., 2004) based on the developed turbulence and steady-
state tests’ results were used to assess the quality of CO, fluxes in Article I, N,O
and CH4 fluxes in Articles IV=V. The N>O or CH4 flux value was removed from
the analysis if one of the following criteria was true for the half-hour averaging
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period: out of range averaged concentration (300-350 ppb for N,O and 1.8—
2.5 ppm for CH,4), more than 1000 spikes, QC flag exceeding 7. The flux footprint
area of each tower was calculated according to the Kljun et al. (2015) model.
Fluxes that originated outside the area of interest were removed from the analysis.
That included non-forested areas in the DEC site, the lake area in the CON site,
the forest area in the CCl1 site, and guy-wire tunnels in the MIX2 site located
within 90% of the cumulative footprint.

Storage correction was applied. As none of the study sites was equipped with
a profile system under the EC measurement point, storage flux was estimated
using the one-point approach (Greco and Baldocchi, 1996; Hollinger et al., 1994).
The method uses gas concentrations measured by the EC system and assumes a
uniform change in the air column under it (Eq.1, Article V). The calculated storage
flux was then added to the EC flux to obtain net ecosystem exchange (NEE =
CO; EC flux + CO; storage flux) and storage corrected CHs and N,O values. In
all included publications and throughout the thesis text, NEE refers to the
exchange of CO,, and storage-corrected EC fluxes of CH4 and N,O are referred
to as ecosystem flux of respective gas. All EC fluxes follow the atmospheric sign
convention, where the negative value denotes the direction of the flux from the
atmosphere to the ecosystem, while the positive flux is the opposite.

Friction velocity (U*) filtering was performed for all the nighttime CO, and
CHyj fluxes. The U* threshold was estimated with the moving point test (Papale
etal., 2006) implemented in the ReddyProcWeb online tool (Wutzler et al., 2018).
In the case of the MIX2 site, the test provided a high threshold (0.43 m s™) that
would result in a significant loss of nighttime data; thus, a fixed 0.3 m s thre-
shold was chosen (Lindroth et al., 2020, 2018). The U* threshold calculated for
CO; flux (0.29 m s™') was applied to CHy fluxes at the DEC site (Article IV). As
we found no influence of the friction velocity on N>O fluxes, the U* filtering was
not performed in Article V. The final filtering included the elimination of single
outstanding CO; flux values and CH4 or N>O flux values higher than eight times
the standard deviation (Wang et al., 2013).

In order to acquire cumulative fluxes on different time scales (hourly to com-
pare with soil flux and yearly to obtain the annual budget estimates), filtered NEE,
CHa, and N>O ecosystem fluxes were gap-filled using the marginal distribution
sampling method (MDS, Reichstein et al., 2005; Wutzler et al., 2018) imple-
mented in REddyProcWeb online tool. The MDS method combines lookup
Tables and the mean diurnal course approach. The method assumes that the flux is
similar under similar meteorological conditions within a certain time window.
For the time intervals with insufficient meteorological data coverage, the missing
flux values are filled with the average quality-controlled flux from the same time
of the day within the time window.

The second gap-filling method was utilised to fill the gaps in NEE in Articles
I and III to cross-check the annual sums. The nonlinear regressions method (NLR)
uses Lloyd and Taylor (1994) respiration model (eq.1) to obtain missing night-
time values (assuming that in the absence of sunlight, all NEE values are equal
to Reco).
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where Ej is the activation energy, Trr is a reference temperature set to 15 °C in
the ReddyProcWeb tool, R, is respiration at the reference temperature. Ty is
kept constant at —46.02 °C.

Daytime NEE gaps were filled with values modelled using a rectangular
hyperbolic light-response curve based on Michaelis-Menten equation (Eq. 2)
(Lasslop et al., 2010).

NEE = a X Rg X GPP,., +R 5
~a x Rg+ GPP,,, @

where a is the light use efficiency, Rg is solar radiation, GPPuax is the ecosystem
photosynthetic capacity (gross primary production at saturating light), Raay is
daytime Reco expressed as in Eq. 1.

In order to estimate GPP and Reco, the partitioning of NEE (Articles I-11T)
was also conducted using ReddyProcWeb online tool. The “nighttime” method
(Reichstein et al., 2005) was used in all three CO; studies, while the “daytime”
method (Lasslop et al., 2010) was additionally applied in Articles I and III. As
follows from the names, the “nighttime” method uses nighttime NEE (periods
when solar radiation is less than 15 W m ) to obtain the parameters of the Lloyd
and Taylor model equation (Eq.1) over defined time windows. The model para-
meters are then used to calculate daytime Reco using air temperature measure-
ments for each time window. Daytime GPP is computed as GPP=NEE-Reco,
while nighttime GPP is assumed to be zero.

While being widely used, the “nighttime” method entirely relies on the pre-
sence of a sufficient amount of quality-controlled nighttime measurements. During
the summer months, Northern territories in Europe lack the full extent of low
solar radiation hours, thus limiting the amount of nighttime measurements. The
application of quality control filtering further reduces this amount as periods with
low mixing (below the friction velocity threshold) are usually observed at night
and early morning. Finally, the range of temperatures may not be sufficient to fit
the Lloyd and Taylor curve within a short time span. Considering all the reasons
mentioned above, we chose to add the “daytime” method for the annual budgets
estimates in Articles I and III. The “daytime” method is based on quality-cont-
rolled daytime NEE measurements that are usually more abundant. A sum of Lloyd
and Taylor respiration model representing Reco and hyperbolic light response
curve representing GPP is fitted to the daytime NEE to obtain the models’ para-
meters used to calculate GPP and Reco (Eq. 2).

The GPPmax (ecosystem photosynthetic capacity) in the hyperbolic light
response curve model is modified to account for the decrease in GPP under a high
vapour pressure deficit (VPD). The “daytime” partitioning results are modelled
values and thus do not sum up to the measured NEE (Lasslop et al., 2010). Both
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“nighttime” and “daytime” partitioning procedures were performed within the
same data processing sessions of the ReddyProcWeb tool and are described in more
detail by Wutzler et al. (2018).

2.4 Chamber flux calculation

The CIRAS-2 gas analyser built-in software provided soil CO; flux values in
Articles I and II. CH, and N,O fluxes from soil and stems (Articles [IV-V) were
calculated as a linear change of gas concentration in the chamber headspace over
time (Livingston and Hutchinson, 1995). Stem CH4 and N,O fluxes were filtered
out if the R? of linear fit for the CO, concentration change, measured from the
same sample, was lower than 0.9. To make stem flux values comparable to soil
and ecosystem fluxes, they were recalculated to m? of ground area.

2.5 Data analysis

To compare the carbon balance of different forest ecosystems, we calculated
annually accumulated NEE, GPP and Reco for each study site. While the mea-
surements were performed in different years, we assume that the interannual vari-
ability within the three-year period (2015-2017) is not too high in the absence of
extreme events. The year 2018 featured a heatwave with high air temperatures in
May and drought and temperature anomaly in July. Thus, for the thesis, the annual
balances of the CC2 and DEC sites were computed not by calendar year, taking
into account the data availability (April 2017-March 2018 for the CC2 site and
May 2017-April 2018 for the DEC site). The MIX2 and CON sites had full
calendar years of measurements; thus, 2017 and 2018 are presented separately.
Monthly sums of the GPP, Reco and NEE were calculated for all the measure-
ments span of all six study sites.

The detailed description of soil and stem flux data analysis can be found in
corresponding articles (Articles I and II for the soil respiration data at the MIX1
and CCl1 sites, Article IV for the soil and stem CHjy fluxes, Article V for the soil
and stem N>O fluxes). As there was no forest heterotrophic respiration (Rh) mea-
sured simultaneously with the CC1 site, we used the Bond-Lamberty model (Bond-
Lamberty et al., 2004) prediction to assess if the clear-cut area Rh was elevated.

The influence of air temperature on respiration can be described by an expo-
nential function and various models, including the most widely used Lloyd and
Taylor (Eq. 1, Lloyd and Taylor, 1994) and Q10 (Eq. 3, van’t Hoff, 1898). We
studied the relationship between air temperature and Reco in the MIXI1 site
utilizing the Q10 model at 3-months intervals from July 2014 to December 2015
(Article I).
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Reeo = Rref X Q10 10 G)

where T is the air temperature in °C, Trr is a reference temperature set to 10 °C,
and the fitted parameters are Ri.r, respiration at the reference temperature and Qo,
temperature sensitivity.

Lloyd and Taylor equation (Eq.1) was chosen for growing seasons of 2017—
2018 in the MIX2, CC2, CON and DEC sites in Article III. Reference tempera-
ture was set to 10 °C as in the original publication by Lloyd and Taylor (1994) to
obtain the ER10 value (ecosystem respiration at 10 °C). This parameter allows
for comparing respiration at different time intervals and ecosystems with the
fixed value of the primary driver (air temperature). An exponential function was
utilised to describe the relationship between soil temperature and Rs (or Rh) for
the MIX1 (Article I) and the CC1 (Article II) sites, as well as for the gap-filling
of the discrete Rs and Rh measurements data to obtain the accumulated values.

Solar radiation (Rg) is the primary environmental driver of GPP, but the EC
method does not allow for direct measuring of photosynthesis, as NEE also
includes the opposite flux. Nevertheless, the influence of Rg on NEE follows the
photosynthetic light response curve (LRC). It can be represented as a rectangular
hyperbolic model based on the Michaelis-Menten equation with the addition of
the daytime ecosystem respiration (Rday). The fitted parameters — light use effi-
ciency (o), photosynthetic capacity (GPPmax) and Raay describe the shape of the
curve (Eq. 2).

We analysed LRC parameters monthly for the MIX1 site (Article I). Weekly
fits of LRC were performed for the CC2, MIX2, CON, and DEC sites (Article
III) to acquire the GPPnax and study the factors influencing it. In Article 11, the
presence of some forested areas inside the footprint could affect the conclusions
about the clear-cut area carbon balance. To test it, we separated the forest-domi-
nated wind sectors and used light response curves (Eq. 2) for different tempera-
ture classes to assess the difference.

The influence of air temperature on CO» flux for different ecosystems was
studied in Article III. Nighttime measured NEE (representing nighttime Reco)
was used in Lloyd and Taylor’s respiration model (Eq. 1) to analyse the impact
of air temperature for each vegetation period and site separately. Due to the high
variability of Reco, bin-averaged data was used. We examined the effect of air
temperature on GPP and obtained the temperature optimum of photosynthesis
(Topt), using GPP calculated with the “daytime” method. The GPP computed with
the “nighttime” approach is not suitable for this analysis because the air tempera-
ture is used as the primary environmental driver. Top Was calculated for each year
and site as the air temperature value corresponding to the maximum bin-averaged
GPP after the application of loess smoothing (Bennett et al., 2021). The tempera-
ture anomaly (TA) in Article III was defined as a period lasting five or more
consecutive days when average air temperature exceeded 90% quantile of long-
term measurements.
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To assess the climate-forcing role of all three GHG fluxes, the annual sums
were recalculated in CO»-equivalent units. The global warming potential for the
100 years was based on the IPCC 2021 report: GWP100=1 for CO,, GWP100=27.9
for CH4, and GWP100=273 for N,O (IPCC, 2021). The sums of N,O and CH4
were calculated based on soil only and ecosystem (EC) fluxes separately.

All the EC data handling and analysis were performed in MATLAB (R2017a-
R2020b, The MathWorks, Inc, 236 USA). Statistica 7.1 and 13.0 software
(StatSoft Inc.) and R version 4.0.2 (R Development Core Team, 2020) were used
for soil and stem flux data analysis.
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3. RESULTS AND DISCUSSION
3.1. The carbon dioxide fluxes in different forests
within a hemiboreal zone (Articles I-lll)
3.1.1. Environmental parameters

The studies of CO, fluxes were conducted from the year 2014 till the end of 2018.
All the stations were located in geographical vicinity, and the forests were growing
in the same climatic conditions. Regional weather parameters for the study period
as well as the preceding years are presented in Fig. 2a.
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Figure 2. Regional environmental conditions: (a) yearly average air temperature and
precipitation sums. The lines are the medians of 1999-2016. The highlighted bars and
markers correspond to study years (2017 & 2018); (b) daily average air temperature in
the two study years (2017 and 2018), median of 1999-2016; (c) monthly precipitation for
2017 and 2018 (bars) and median of 1999-2016. The shaded area at (b) and (c) represents
10% and 90% quantiles. All data is measured at Tdravere meteo station, 40km on average
away from the study sites. Source: Article III, Figure 1.
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The highest average yearly air temperature was recorded in 2015, while the
precipitation in this year was just slightly below the long-term median. The coldest
year was 2017, with precipitation close to the median. Out of the five study years,
the lowest total amount of precipitation was recorded in 2018.

In the spring-summer 2018, Europe experienced a heatwave (Bastos et al.,
2020; Peters et al., 2020). In the area of our studies, the air temperature was un-
usually high for several days in May, followed by close to long-term median values
until the middle of July, when the daily average air temperature was constantly
higher than 90% quantile for 19 consecutive days (Fig. 2b). The latter period is
further termed the temperature anomaly (TA). Furthermore, May, July, and No-
vember 2018 received limited precipitation compared to the long-term median
(Fig. 2¢).

Weather conditions of separate studies can be found in Fig. 3 (I), Fig. 3 & 10
(ID), Fig. 2 (III). As our study sites are located in geographical vicinity, the
temperature and solar radiation conditions were similar with only interannual
differences. However, soil moisture conditions varied between the sites, even
within the same year of measurements (Fig. 2¢ in III).

3.1.2. Ecosystem CO; flux
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Figure 3. The annual sums of net ecosystem exchange (NEE, circles), ecosystem respi-
ration (Reco, blue bars) and gross primary production (GPP, green bars) in the eight study
site-years: MIX1 2015; CC1 April 2016-March 2017; CC2 April 2017-March 2018;
DEC May 2017-April 2018; MIX2 2017 and 2018; CON 2017 and 2018
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Among all eight studied site-years, half was a net carbon sink (negative annual
NEE): the MIX1 and DEC sites and the CON site over the two study years. Both
clear-cut areas, the CC1 and the CC2, and the MIX2 site over the two years were
net carbon sources (positive annual NEE) (Fig. 3). The MIX1 site in 2015 was
the most substantial net carbon sink out of all the studied site-years with the
annual NEE of —586 + 45 ¢ C m? y'. The value is in the same range previously
reported for a spruce/fir forest in Denmark (Jensen et al., 2017) and a spruce
forest in Germany (Griinwald & Bernhofer, 2007). While the DEC site showed
higher monthly uptake than the MIX1 site during the summer months, it was a
stronger carbon source during the rest of the season, especially in autumn months
(Fig. 4), resulting in a slightly weaker annual net sink (473 £57 gCm?y™).
Uri et al. (2017) have previously estimated the DEC site net ecosystem pro-
duction (NEP) of 386 £ 40 g C m 2y (average + sd of 2013-2014). Given that
NEE can be viewed as an approximation of NEP with an atmospheric sign con-
vention (Chapin et al., 2011), our annual estimate is in line. The CON site was a
net carbon sink in both study years with values similar to other boreal pine forests
(Kolari et al., 2004) (Table 3)

The MIX2 site was the strongest net carbon source, especially in 2018,
followed closely by the two clear-cuts (the CC1 and CC2 sites). Both the MIX2
and the CC2 sites demonstrated exceptionally high positive NEE fluxes in the
second part of the growing season and autumn months (Fig. 4b). The CC1 site
was also a net carbon source in August-December but gained smaller values than
the CC2 and MIX2 sites. After the harvesting in the form of clear-cutting, a forest
site becomes a net carbon source (Aguilos et al., 2014; Humphreys et al., 2005;
Ney et al., 2019; Noormets et al., 2015; Vestin et al., 2020). The direct removal
of trees results in the elimination of canopy photosynthesis. At the same time,
heterotrophic respiration is stimulated with the increased rates of decomposition
and extra heating (Grant et al., 2010; Ney et al., 2019; Vestin et al., 2020).

While forests typically act as net carbon sinks (Harris et al., 2021; Luyssaert
et al., 2010), there are reported cases of forests, similar to the MIX2 site, being
annual net carbon sources. For example, spruce/pine/birch mixed forest in
Sweden (Norunda station) was previously reported to be a consistent annual net
carbon source since the start of the measurements in 1994, with the range of 270
to 688 g C m 2 year ' in 2007-2016 (Janssens et al., 2001; Lindroth et al., 2018).
A mixed temperate-boreal forest in Canada was a net carbon source in two out of
seventeen years of carbon flux study (Froelich et al., 2015). Based on long-term
research, Hadden & Grelle (2016) showed a Swedish spruce forest turning from
net carbon sink to a source due to enhanced Reco in spring and autumn. A forest
can be a source of carbon due to its age and/or species composition and in
response to disturbance or environmental factors (Baldocchi, 2008; Froelich
etal., 2015; Luyssaert et al., 2008).
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Figure 4. Seasonal cycles of forested ecosystems (left panels) and net annual source
ecosystems (right panels) NEE (a,b), Reco (¢ & d, positive values), GPP (¢ & d, negative
values)

Most of the studied site-years’ NEE seasonal cycle followed the expected pattern
for the site type and climatic zone (Baldocchi, 2008; Xiao et al., 2008), with the
pronounced period of net carbon uptake of varying magnitude in summer months
and net carbon release during the dormancy period (Fig. 4a,b). The beginning and
the end of vegetation season depends on the air temperature and solar radiation,
and thus their direct comparison obtained from different years is meaningless.

The CON site NEE seasonal cycle represents a typical coniferous forest with a
gradual beginning and end of a vegetation period and mild net carbon uptake
(Kolari et al., 2004; Xiao et al., 2008). The NEE seasonal cycle of the DEC site
is typical for a deciduous forest (Chapin et al., 2011; Liu et al., 2022), with a more
steep change from positive to negative NEE values in spring (the leaves expan-
sion) and the opposite in the end of the vegetation season (senescence) (Fig. 4a,
solid line). The vegetation season of 2018 (Fig. 4a, dashed lines) was affected by
the heatwave and is discussed in the corresponding chapter. The MIX1 site is a
mixed conifer-broadleaved forest, and this can be traced in the shape of its NEE
cycle: the spring transition is more gradual compared to a deciduous forest, as
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coniferous species start photosynthesis earlier and slowly increase the carbon
uptake. At the same time, in the summer months, NEE reaches more negative
values than the CON site. The MIX2 site features a seasonal cycle of NEE that
resembles a coniferous forest in the first half of the year (similar to the CON site
in this study). The second half is characterised by high positive NEE values and
has a shape reminiscent of a clear-cut area (Fig. 4b). Indeed, the footprint of the
MIX2 site tower includes several clear-cuts of varying age and size. The seasonal
NEE cycle of both clear-cut areas (CC1 and CC2) in our study included two
periods of high positive NEE (the lower one in spring and much higher one in late
summer/early autumn) and separate short periods of carbon consumption (negative
daily NEE). The CCI1 site has less intensive respiratory parts in the cycle, while
the pattern remains similar to the CC2 site, and clear-cuts in other studies (Grant
et al., 2010; Mamkin et al., 2019; Ney et al., 2019).

NEE is a net value calculated as a difference between GPP and Reco, and thus
its dynamics is consequential to the variability in its composing fluxes. The shift
of NEE towards a more negative value may be a result of a GPP increase but also
a Reco decrease. The same holds true for the opposite case. Annual GPP and Reco
estimates in our sites as well as in similar sites from the literature can be found in
Table 3. The seasonal cycle of GPP followed a similar pattern across all sites,
with the maximum uptake in July and close to zero values during the dormancy
period (Fig. 4c.d, negative values).

The MIX2 site was the most productive (the highest annual GPP), followed
closely by DEC and the MIX1 sites. Similarly high GPP was previously reported
for more southern forests in Poland and Germany (Griinwald and Bernhofer,
2007; Ziemblinska et al., 2016), while a boreal pine forest in Finland had lower
values (Ilvesniemi et al., 2009); net carbon source forest in Sweden had GPP in
the same range as the MIX2 site in our study (Table 3). As expected, the lowest
annual GPP was observed for the clear-cuts (the CC1 and CC2 sites), with the
CC2 site, having slightly higher GPP but also the highest uncertainty. Both clear-
cuts’ annual GPP exceeded previously reported values for clear-cuts of various
ages in Sweden and Canada (Coursolle et al., 2012; Vestin et al., 2020) but was
close to a GPP of a 3—4 year old clear-cut in Germany (Ney et al., 2019). The
CON site exhibited similar annual GPP values as observed in both clear-cuts in
our study and a pine forest in Finland (Ilvesniemi et al., 2009). In contrast, a pine
forest in Poland had 1.5-2 times higher values (Ziemblinska et al., 2016). As
annual GPP depends on the daylight and growing season length, southern forests,
in general, sequester more carbon per year than more northern ones (Baldocchi,
2008). Air temperature and water availability also influence the annual sum.

The total annual Reco of the DEC site was higher than other sites in this thesis
with the exception of the MIX2 site, and featured noticeable peaks in the summer
months. The MIX1 site Reco was of similar magnitude as that of the CON site.
Both ecosystems’ Reco seasonal cycle was similar, although the CON site had
higher Reco in July and slightly higher in autumn months (Fig. 4c, positive
values). The values were similar to the pine forest in Finland and smaller than all
other forest sites (Table 3).
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The MIX2 site Reco was consistently higher than all other study sites with the
peak in July/August and the biggest annual Reco, in the same range as previously
reported for a mixed forest in Sweden (Fig. 4c,d, positive values; Table 3). The
second-highest annual Reco was estimated for the CC2 clear-cut, although the
uncertainty was the highest out of all sites. The CC2 site Reco reached the highest
values in the beginning of July, while the CCl1 site Reco peaked slightly later.

High Reco values of the MIX2 site could also be a result of clear-cut areas
within the atmospheric tower footprint. This is further confirmed by the seasonal
cycle more typical for a clear-cut than a forest (Fig. 4b). Moreover, the footprint
area includes roads and guywire tunnels that can accumulate CO, from the clear-
cuts during the calm periods, while developed turbulence can bring it upwards in
the later hours. The nighttime flux partitioning method would then overestimate
the daytime Reco and, as a consequence, the GPP values. This could be a reason
for the higher difference between the methods, with “daytime” partitioned fluxes
being smaller.

3.1.3. Soil CO; flux

Total soil respiration (Rs) and heterotrophic respiration (Rh) were measured at
the MIX1 (Article I) and the CC1 (Article II) sites. In the MIX1 site, Rs was
measured at two sample plots differing in species composition: ’coniferous” and
“mixed”. The sum of Rs over the growing season (May-October 2015) was slightly
higher for both sample plots than the accumulated Reco over the same period:
615+30and 576 = 83 g C m ™ period ' for the average Rs and Reco respectively
(Table 5 in I). The discrete chamber measurements of Rs followed a similar
seasonal pattern as Reco (Fig 4 in I) except for July and September 2015, when
Reco was much smaller than Rs. Coniferous plot Rs demonstrated a decrease in
July 2015 that was reflected in Reco, while the Mixed plot exhibited the seasonal
peak at the same time (Fig 2A in I). The opposite was observed for September
2015, when Mixed plot Rs decreased, while the Coniferous plot demonstrated a
slight increase in Rs. The difference between the Rs of the two sample plots was
significant. As there was no difference in Rh, the variability was rather caused by
the autotrophic component of Rs. The Rh/Rs ratio of the two sample plots was
0.65. Wind sectors analysis revealed no difference between the Reco calculated
for the sectors corresponding to sample plots’ locations.

The average cumulative Rs was within the range of values previously reported
for temperate and boreal forests (Bond-Lamberty and Thomson, 2010; Gaumont-
Guay et al., 2014; Kukumégi et al., 2017; Subke et al., 2006; Wei et al., 2010),
while total Reco was closer to boreal forests than temperate ones (Table 3 and
Table 7 in I). Among the six sites in this study, the MIX1 site annual Reco was
one of the smallest, similar to the Reco of upland pine forest (the CON site in this
thesis).

As Reco is the sum of Rs and above ground plant respiration, the accumulated
Reco cannot logically be smaller than the total Rs over the same period. The
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upscaling of Rs to a site level in a mixed forest is challenging due to the intrinsic
heterogeneity in the carbon sources distribution (Knohl et al., 2008; Leon et al.,
2014; Yuste et al., 2005). While our measurements represent two different plots,
they do not cover all the footprint area variety. Moreover, the chambers were
located within 30% of the cumulative footprint area and not in the main wind
direction (Fig. 1 in I). The uncertainty introduced by the flux partitioning method
was 14% of the annual Reco, and the nighttime method estimate was higher than
Rs, while the daytime one was lower. The nighttime method relies on nighttime
measurements when the footprint is bigger compared to the daytime and may
include more carbon sources. In general, Reco is a spatially integrated signal ori-
ginating from various sources in the heterogeneous footprint, while the chamber
method allows for comparing Rs of different parts of a heterogeneous landscape
(Yuste et al., 2005).

The accumulated Rs of the CC1 site (497 g C m? period ') was smaller than
the MIX1 over the growing season (May—October 2016), while Reco was much
higher (Table 3, Fig 3). The Rs/Reco ratio was 0.54 for the annual estimate as well
as the growing season, falling within the range of previously published values
(Davidson et al., 2006). A very similar seasonal cycle with a clear peak in July
and August was observed for Reco, Rs and Rh (Fig. 5 in II, Fig. 4d, positive
values). Rh/Rs ratio over the year was 0.7. The Rh is expected to be elevated on a
clear-cut area due to the increased amount of detritus, more active decomposition
and higher soil temperature (Grant et al., 2010; Radler, 2010; Vestin et al., 2020).
Indeed, the value obtained in our study (420 g C m? y') was higher than the
Bond-Lamberty model (Bond-Lamberty et al., 2004) estimate (354 gC m?2y ")
for the forest ecosystem.

3.1.4. Environmental drivers of CO, fluxes

NEE represents the fluxes of CO; on the ecosystem scale. In the absence of solar
radiation during the night, the photosynthesis is zero, measured nighttime NEE
represents nighttime Reco. Air temperature is the leading environmental driver
of the ecosystem and soil respiration (Greco and Baldocchi, 1996; Lloyd and
Taylor, 1994).

In the MIX1 site, temperature sensitivity (Q10 from Eq. 3) varied from 1.93 =
0.14 in December 2014 — February 2015 and 1.94 =+ 0.09 in September—December
2015 to 2.75 £ 0.19 in March—-May 2015. In June—August 2015, air temperature
influence on Reco was absent (Fig. 6 in I). The reasons could include low soil
moisture in July—September 2015 (Fig. 2D in I) and a small range of air tempera-
tures. While the impact of air temperature on Reco in other periods was signi-
ficant (p<0.001), air temperature described a very low portion of Reco variability
(7-31%) at a half-hourly scale. Residual analysis indicated that the majority of
outstanding values attributed to the low wind speed periods (< 1 m s™'). Con-
sequently, air mixing is another essential factor in ecosystem-scale flux analysis.
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Reco at reference temperature (ER10) was the lowest in winter (1.03 =+
0.07 umol m s™') and the highest in summer 2014 (2.41 £ 0.18 pmol m 2 s™') in
the MIX1 site. ER10 calculated from Lloyd and Taylor model for growing
seasons 2017 and 2018 in the MIX2, CON, DEC, and CC2 sites can be found in
Fig. 6 in Article III. The CON site ER10 was the lowest across the sites (2.50—
2.59), in the same range as the MIX1 site in the summer months. The MIX2 site
had the highest ER10 in 2017 (8.83 umol m? s™') out of all site-years. For the
CC2 site, air temperature influence was not significant in 2017 and Lloyd and
Taylor’s model described a very low part of the variability in 2018 (R* =0.26).
The DEC site had the second-highest ER10 in 2017 (3.58 pumol m? s™). Air
temperature described a high portion of average Reco variability in 2017 in the
MIX2 and DEC sites (R* =0.90), but much lower in the heatwave year (0.76 and
0.48 respectively), demonstrating the presence of a confounding factor (soil
moisture).

The influence of soil temperature on Rs and Rh was assessed with the
exponential equation for the MIX1 and CCl sites. In the MIX1 site, Ts described
84% of Rs variation in 2014 but only 54% in 2015. The relationship was stronger
for Rh (96% and 66% in 2014 and 2015, respectively). In the case of the CCl1
site, soil temperature described 72% of the variation in Rs and 66% of the varia-
tion in Rh (Fig. 6 in II). We found no significant direct effect of soil moisture on
the Rs or Rh in both sites.

Ecosystem respiration is the sum of above-ground plant and soil respiration,
the latter consisting of heterotrophic and autotrophic components (Chapin et al.,
2011). In the absence of drought stress, both of these components increase with air
temperature (Wang et al., 2014). GPP modifies the response of root respiration
to temperature through the allometric allocation of photosynthates (Schindl-
bacher et al., 2009). Heterotrophic respiration also depends on the fresh litter
input, as short-lived fractions of SOM are preferable energy sources for micro-
organisms (Schimel et al., 1994; Schulze et al., 2000). Janssens et al. (2001) found
that while the air temperature was the major factor on the site scale, productivity
better explained the difference in Rs between different sites.

Solar radiation is the primary environmental driver of daytime NEE. We found
that LRC parameters have a clear seasonality with the maximum in summer
months, and their values differ for different ecosystems (Table 4 in I; Fig. 8 in I1I).
In heterogeneous forests, parameters of LRC may vary depending on the footprint
sector from which the signal originated. In the MIX1 site, different wind direction
sectors yielded slightly varying LRC parameters, while the weather conditions in
the data subsets were similar (Fig. S2 in I). In the case of the CC1 site, LRC
curves of wind sectors with forested parts and pure clearcut area (Fig. 1 in IT) were
similar under warmer temperatures (Fig. 9 in II), but their parameters differed.

Weather conditions modify the impact of solar radiation on carbon fluxes. The
influence of air temperature on the ecosystem photosynthetic capacity (GPPmax)
was studied in Article III for MIX2, CC2, CON and DEC sites. GPPp,, increased
with temperature, but the slope varied for different sites (Fig. 9 in III). The
smallest slope for the growing season 2017 was observed for the CON site (1.44,
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R?=0.68, p<0.001) and the biggest for the DEC site (4.37, R?=0.57, p<0.001).
The MIX2 and CC2 sites had similar slopes (1.94, R?=0.75, p<0.005 for the
MIX2 site and 2.02, R*=0.74, p<0.001 for the CC2 site). For all the four study
sites, the periods with high T.i: and VPD (green to yellow colour in Fig. 9 in III)
and low soil moisture (small circle size) were characterised by the reduction of
GPPmax.

Plant photosynthesis increases with air temperature until a certain value (Top)
with a subsequent decrease (Fig. 7 in IIT) due to the elevated VPD that constrains
stomatal conductance (Cowan and Farquhar, 1977; McAdam and Brodribb, 2015;
Novick et al., 2016). Furthermore, temperature above T, affects maximum rates
of carboxylation and electron transport (von Buttlar et al., 2018). Top of the CC2
site was the highest (27 °C) out of the four study sites, but the curve had the lowest
upslope. The MIX2 site showed the lowest Top (20.5 °C), but the upslope was
more considerable than that of the CC2 site. The upslope was the highest for the
DEC site, with Top at 22.5-24.5 °C. The CON site Ty varied between 21.5—
22.5 °C. The values found for our forested ecosystems fall within the range re-
ported previously for other forests at similar latitudes (Huang et al., 2019). Bennett
et al. (2021) analysed Top for a wide variety of ecosystems in Australia. They
found that the mean daily T,;r and its daytime range, and maximum GPP were the
main parameters impacting the Top:. The curve upslope was influenced by down-
welling shortwave radiation, and the VPD influenced the downslope. It has to be
noted that GPP obtained by the daytime partitioning method, used for this
analysis in Article III is modified to account for the possible decrease under the
elevated VPD as part of the flux partitioning procedure (Lasslop et al., 2010)

3.1.5. The heatwave influence on CO; fluxes

The effect of heatwave 2018 on CO, fluxes was studied in four ecosystems in
Article I1II (the CON and DEC sites are named the same, the MIX2 is MIX, and
the CC2 is CC in III). Already in the spring months, the air temperature was
higher than in previous years (Fig. 2b). At the same time, the amount of pre-
cipitation was much lower, especially in May 2018 (Fig. 2c). Nevertheless, the
SWC was still moderately high in all the study sites due to the snowmelt in March
and April (Fig. 2c in IIT). High air temperature led to elevated VPD in May 2018:
higher values in sites with lower SWC, the CON and CC?2 sites (Fig. 2d in III).
June 2018 was a “usual” month by air temperature and precipitation (Fig. 2b,c),
but the air temperature started to increase again in July. We identified the
temperature anomaly (TA) period lasting nineteen consecutive days in the second
part of July (Fig. 2b). The TA was accompanied by high VPD and low SWC in
the upper horizon in all the sites (Table 2 in III). The lowest SWC during the TA
was recorded for the CC2 site, the steepest decline was observed for the DEC
site. The CON site featured a low SWC during all the study period due to the
sandy podzolic soil and low groundwater table. The topographic position of a site
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and soil structure play an essential role in the extent to which the forest carbon
exchange may be affected by rainfall reduction and drought (Kljun et al., 2006).
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Figure 5. Upper panels: Accumulated net ecosystem exchange (NEE), gross primary
production (GPP, negative values) and ecosystem respiration (ER, positive values) over
the vegetation period (a) and temperature anomaly (b). Lower panels: the difference
between the NEE, ER and GPP over the vegetation period (a) and temperature anomaly
(b) in 2018 and the matching periods of 2017.

The diurnal cycle of NEE during the TA had a peak in carbon sequestration
occurring earlier in the morning (Fig. 3 in III), as was previously observed for
other ecosystems under drought conditions (Baldocchi, 1997). Such a diurnal
cycle pattern persisted even after the temperature decreased for all sites except
the CON site. The shape of the seasonal cycle also varied between the non-heat-
wave (2017) and heatwave (2018) years for all four sites (Fig. 4 and Fig 4 in I1I).

The DEC site exhibited high GPP in spring — beginning of summer (compared
to the previous year). At the same time, Reco was slightly higher in May but
similar in June, leading to the higher net carbon uptake (more negative NEE)
before the TA. Elevated carbon uptake in response to a warm spring was previously
observed for deciduous forests in Canada (Barr et al., 2002; Black et al., 2000),
various forests in the US (Wolf et al., 2016) and Europe (Smith et al., 2020).
During the TA, both AGPP and AReco were similar, thus gaining NEE in the same
range as in the same period of the previous year (Fig. 5b). GPP and Reco remained
smaller in August, but in September 2018, GPP was higher and Reco smaller than
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in 2017, resulting in one more period of higher net carbon uptake. Consequently,
over the growing season with the heatwave, the DEC site in our study was a
stronger net carbon sink than in the previous year, gaining similar cumulative
GPP but smaller Reco (Fig. 5a). The higher annual GPP and smaller Reco were
also observed for an aspen forest in Canada during the first year of drought,
resulting in the 2.5 times increase in net carbon uptake (Kljun et al., 2006). How-
ever, a beech forest in Denmark was characterised by a significant decrease of
both GPP and Reco during the drought 2018, resulting in decreased net carbon
uptake (Lindroth et al., 2020). Warmer spring conditions in the presence of
available water could mitigate the effect of summer drought on the cumulative
net carbon uptake (Pan and Schimel, 2016; Smith et al., 2020; Wolf et al., 2016).
This effect may not be achieved as Reco also increases with temperature reducing
the sink strength of the site (Barr et al., 2002).

In the case of the CON site, high temperatures of May 2018 stimulated Reco
but only slightly increased GPP, thus reducing the net carbon uptake. Richardson
et al. (2009) found the annual net carbon uptake increase due to the early spring
to be twice higher for a deciduous-dominated forest than for a conifer-dominated
one. Similar to our study, they observed that the higher spring temperature
enhanced Reco in a coniferous forest more than in a deciduous forest. Both Reco
and GPP in our study were reduced in July during the TA; net carbon uptake in
this period was smaller as compared to the previous year (Fig 5b). However, unlike
the DEC site, the CON site Reco was higher in the August and autumn months
of 2018. GPP also recovered faster, and total monthly values after the TA were
slightly higher than in the same months of 2017 (Fig. 4). Annual GPP was similar
between the two years. As a result, the total net carbon uptake of the CON site
was slightly smaller over the vegetation period and the calendar year due to the
higher total Reco, while total GPP was similar to the previous year (Fig. 10c
in III).

In the MIX2 site, both GPP and Reco were higher in May 2018 compared to
2017, but like in the CON site, Reco was more enhanced. As a result, the MIX2
site exhibited smaller net carbon uptake already in May and June 2018. Accumu-
lated NEE of the MIX2 site during the TA period was positive, making it a net
carbon source (while being net carbon sink during the same period in 2017). Both
GPP and Reco were reduced, but AGPP was much more prominent (Fig. 5b).
After the TA, Reco gained higher monthly values in August-December 2018,
while GPP was just slightly enhanced in September and October (Fig. 4). The
MIX2 site was a net carbon source with higher NEE than the previous year during
these months. Annually accumulated NEE was as well more elevated than over
the 2017 due to lower GPP, while Reco was slightly higher (Fig. 10 in IIT). Mixed
forests were previously shown to be more resilient to various biotic and abiotic
disturbances (Gonzalez et al., 2007; Griess and Knoke, 2011; Jactel et al., 2017;
Pretzsch et al., 2013). Lower competition in the mixed forest is achieved by niche
partitioning (Jucker et al., 2014) and facilitation (Ammer, 2019; Pretzsch et al.,
2013; Steckel et al., 2020), especially in broadleaf-coniferous forests (Pardos et
al., 2021). On the other hand, in the study of drought impact on mixed forests in
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Eastern Finland, Grossiord et al. (2014) found lower soil moisture availability
during the dry year in the stands composed of spruce, pine, and birch trees com-
pared to pure coniferous forest stands. The birch competitiveness for the water
resources could increase the drought exposure for spruce and pine trees. Another
reason explaining the lower resistance of the mixed forest in this study could be
the presence of clear-cuts. Judging by the shape of the NEE seasonal cycle
(Fig 4b), their influence on the overall forest carbon balance might have been
underestimated, especially in the second part of the year.

The CC2 site was a net carbon source during all months of 2017, while in June
and July 2018, the total monthly NEE was negative (Fig 4b). Unlike the three
forested sites in our study, the clear-cut area accumulated GPP and Reco were
lower in all the months of 2018 compared to 2017. Warmer spring 2018 did not
lead to the increase in either of the carbon balance components; a short net carbon
uptake period in the end of May — the beginning of June was caused by the
reduction of Reco (Fig. 4 in III). Already in spring 2018, SWC of the CC2 site
was much lower than in other sites and went to near-zero values during the TA
(Fig. 2 in III). Young trees plantation was previously shown to speed up the clear-
cut recovery (Aguilos et al., 2014). In the absence of drought stress, temperature
increase could positively affect the carbon uptake of the birch seedlings (Kello-
miki and Wang, 2001; Pumpanen et al., 2012). However, water limitation and
other stresses impact are more severe for young trees as they lack non-structural
carbohydrates (Niinemets, 2010) and more shallow roots limit the access to
deeper soil water table (Chan et al., 2018). Over the vegetation period, the CC2
site had the highest absolute AGPP and AReco out of all the studied sites and thus
was the most vulnerable to the heatwave impact (Fig 5).

Our findings describe the state of the ecosystems’ carbon balance before and
during the heatwave year. It was previously shown that the impact of the weather
extremes is more severe during the time after the events took place (Kljun et al.,
2006; van der Molen et al., 2011). Lower GPP leads to lower carbohydrate reserves
in trees that can manifest in the decrease in plant growth, leaf area, and plant
resilience to possible new disturbances over the upcoming years (Bréda et al.,
20006)

We demonstrated that a broadleaf-coniferous mixed forest with clear-cuts
within the hemiboreal zone might not be more resistant to the weather extremes
than a pure coniferous forest. Heat-drought combination, in particular, may push
it towards becoming a more substantial net source of CO,. A riparian alder forest
could act as a booster for the net carbon uptake, albeit a short-lived one due to
the usual life cycle and usage of such forest stands. Low but stable carbon sink
might be supported by upland coniferous forests acclimated to low soil moisture
in the upper soil level. We found a clear-cut, even with tree seedlings, to be the
most vulnerable to the weather extremes; thus, the increase in forest harvesting
of this type can be detrimental to balancing the hemiboreal zone carbon footprint.
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3.2. Methane fluxes in a hemiboreal riparian forest
(Article IV)

The study of CH4 fluxes in a riparian alder forest (the DEC site) was conducted
from September 2017 till the end of 2019 (soil and ecosystem (EC) fluxes) and
published in Article IV (Mander et al., 2022). Stem fluxes were measured till the
end of 2018. Environmental conditions in 2019 were milder compared to 2018,
with lower air temperatures and higher precipitation (Fig. 6, upper panel). During
the study period, the highest ecosystem CH4 emission was observed in autumn-
winter 2017/2018, when SWC was similarly elevated (Fig. 6). In late spring-
summer 2018, when SWC was the lowest, ecosystem CH4 flux remarkably varied
with CH4 consumption and release periods. It has to be noted that due to technical
difficulties, a considerable portion of EC fluxes in the second part of summer
2018 (Fig. 8 in IV) was gap-filled (MDS methodology, Wutzler et al., 2018). On
most days of the autumn 2018 — spring 2019, the forest was a net sink of methane,
followed by much more variable but on average negative fluxes in summer and
autumn 2019. Soil CH4 fluxes followed a more apparent seasonal cycle, switching
between a consistent source and sink periods (Fig. 6, lower panel). The stems
were always a net methane source with a clear maximum in the wet period and
close to zero values during the dry period and the rest of 2018.
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Figure 6. The dynamics of environmental characteristics (upper panel) and CH4 fluxes
from soil, stem and ecosystem level (lower panel) in the DEC site. Lines of CH4 fluxes
denote 5-day median values; the shaded area shows 25™ and 75" percentiles. Source:
Article IV, Figure 2.
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Not all the variability in soil CHy4 fluxes was successfully “mapped” in the eco-
system scale flux. The most noticeable peak of soil CH4 emission observed in
spring 2018 was not reflected in ecosystem net flux; moreover, the average eco-
system flux during this period was negative (Figure , lower panel). One of the
likely explanations is methodological constraints, as the corresponding period
was characterised by the increased amount of “calm” nights when methane released
from soil could stay undetected by the eddy-covariance system in the absence of
sufficient mixing. Furthermore, the limitations of the chamber method described
above (see Chapter 3.1.3) are also valid for methane flux chamber measurements.
Microbial CH4 consumption within the canopy (Putkinen et al., 2021) and canopy
microclimatological conditions could contribute to this effect (Mikkelsen et al.,
2011). Further detailed study of CH4 flux movement under and within the canopy
is needed (Rebmann et al., 2018).

On an annual scale, the riparian forest in our study was a minor net CHy sink,
with the sum of the ecosystem-scale flux of 43 and 96 mg CHs-C m 2y ™' in 2018
and 2019, respectively. These values are smaller than was previously reported for
various forests (Flanagan et al., 2021; Nakai et al., 2020; Shoemaker et al., 2014
and Table S2 in IV). On the other hand, our site released 344 mg CH4-C m™ over
the span of four months in September-December 2017. Accumulated soil methane
flux for the same period was only 62 mg CH4-C m period ' while stems released
a total of 285 mg CHs-C m? period™. Over 2018, soil methane uptake was
—54 mg CH4-C m™ year ' and stem flux methane release was 38 mg CH,-C m ™
year . Total soil flux for 2019 was very close to ecosystem-scale flux (91 and
—96 mg CH4-C m? y ! for soil and ecosystem fluxes, respectively).

According to the water regime, upland forest soils are usually methane sinks
(Dlugokencky et al., 2011; Dutaur and Verchot, 2007; Saunois et al., 2020), while
wetland forest soils are considerable sources of CHs4 (Covey and Megonigal,
2019; Salm et al., 2012; Turetsky et al., 2014). Riparian forests are located at the
interface between aquatic and upland environments bearing the features of both
(Gregory et al., 1991; Naiman and Décamps, 1997). Variation in aerobic and
anaerobic conditions and a high supply of carbon from surface and ground water
can result in methane hot spots formation (Hagedorn and Bellamy, 2011;
McClain et al., 2003; Sommer, 2006). Consequently, the variability of CH4 sinks
and sources within an EC tower footprint area in a riparian forest could lead to a
close to neutral annually accumulated net methane flux and reflect the dis-
crepancy between the point-based measurements by chamber method and spatially
integrated approach of EC technique.

Recently established methane exchange between forest plants and the atmo-
sphere suggests that the net methane sink capacity of the forest might decrease
(Covey and Megonigal, 2019; Feng et al., 2020; Pitz and Megonigal, 2017). Over
the wet period in our study, stems CH4 emissions exceeded soil fluxes and con-
tributed 83% to the ecosystem flux. Flanagan et al. (2021) analysed soil, stem and
ecosystem methane fluxes in a riparian forest in Canada. They found that the
positive CHy4 emissions from stems offset the soil methane consumption. Although
some studies suggest direct methane production in stems (Barba et al., 2021, 2019;
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Yip et al., 2019), we found that CH4 was more likely to be produced in soil and
transported to the atmosphere through trees. This is further confirmed by a negative
correlation between stem CH4 fluxes and groundwater oxygen concentration and
the decrease in stem flux with height (Fig. 7 in IV).

The soil water content was the main environmental factor that determined the
fluxes of all the compartments with a strong positive correlation (Fig. 4 in IV). A
high water table provides the anaerobic conditions required for methanogenesis
in soil (Feng et al., 2020; Le Mer and Roger, 2001). The highest soil fluxes were
observed in an SWC range of 0.4-0.5 m’ m, while the optimum for the stems
was around 0.6-0.7 m* m~* of SWC (Supplementary Fig. 4 in IV). This difference
was reflected in the ecosystem scale flux with the maximum values in the SWC
range of 0.45 to 0.65 m®> m™ (Supplementary Fig. 5 in IV), illustrating a likely
reciprocal alteration of the role of soil and tree stems in the total ecosystem flux
depending on soil water conditions. Soil moisture was also previously found to
be a major driver of soil CH4 fluxes in both upland and wetland soils (del Grosso
et al., 2000; Dutaur and Verchot, 2007; Jungkunst et al., 2008; Sakabe et al., 2018;
Shoemaker et al., 2014; Smith et al., 2000), tree stems (Barba et al., 2019; Pitz
et al., 2018; Schindler et al., 2020) and ecosystem-scale fluxes (Hommeltenberg
et al., 2014; Iwata et al., 2015; Nakai et al., 2020; Wong et al., 2018).

The temperature was the second influencing factor for both soil and stems
(negative correlation) with no impact on the ecosystem methane flux (Fig. 4 in
IV). The increase in soil methane uptake with soil temperature is most likely
related to the concurrent decrease in soil moisture and the rise in soil diffusivity
(Dijkstra et al., 2012; Peterjohn et al., 1994; Sjogersten and Wookey, 2002). The
lack of a strong correlation between half-hourly air temperature and ecosystem
CHy4 flux was also previously shown for a larch forest in Siberia (Nakai et al.,
2020) and a temperate forest in Canada (Wang et al., 2013).

The influence of temperature on ecosystem methane fluxes depends on the
soil water content, season, and time scale. Iwata et al. (2015) found a significant
positive correlation between soil temperature and ecosystem CHj fluxes observed
for wet parts of a spruce forest in Alaska, while dry parts exhibited no influence.
Similarly, Hommeltenberg et al. (2014) reported a positive correlation between
CHs4 production and air temperature in the wetland forest in Germany, but only
for periods with a high water table. Desai et al. (2015) studied CH4 fluxes from a
tall tower over a mixed landscape with forested areas and open wetlands in the
US. They found no air temperature impact on the hourly and monthly scales but
a strong positive impact on the daily and weekly values. Savi et al. (2016)
demonstrated that the leading environmental drivers of the ecosystem CH4 fluxes
varied not only with the time scale but also with the season. In spring/summer,
half-hourly fluxes in their study correlated the most with stomatal conductance
and global radiation, while at the daily scale, the air temperature and RH were
positively correlated in addition to stomatal conductance. On the other hand, in
autumn/winter, VPD had the strongest positive correlation with CHs fluxes on
both the half-hour and daily scales. The second strongest factor was SWC on a
half-hourly scale and RH on a daily scale. The authors highlighted the fact the air
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temperature on a daily scale had a positive correlation with ecosystem CHy4 during
the spring/summer period and a negative correlation in autumn/winter, and sug-
gested that water availability controls the sign of temperature influence.

Our study demonstrates that the ecosystem scale CHy4 flux in a riparian alder
forest results from a complex array of plant and soil processes, varying greatly in
both source and sink directions depending on the season and the combination of
environmental conditions. A more comprehensive understanding of the forest
CHs cycle, the interdependence of its compartments and their response to the
environmental drivers is needed to forecast the possible variability in methane
sink strength in light of the changing climate.

3.3. Nitrous oxide fluxes in a hemiboreal
riparian forest (Article V)

We studied N»O flux from the three compartments of the DEC site (soil, stems
and ecosystem) from September 2017 till December 2019 (till December 2018
for the stem fluxes). The results are presented in Article V (Mander et al., 2021).
Soil N>O fluxes were the most variable out of three compartments, with pre-
dominantly positive fluxes and prominent peaks of N>O emission (Fig. 7).
McClain et al. (2003) termed such brief periods of time with disproportionally
high reaction rates the “hot moments”. The highest and the most noticeable hot
moment of soil N>O emission (almost eight times higher than the period average)
was observed in May 2018. The increased soil N,O emission rates were measured
from the majority of soil chambers (Supplementary Fig. 3 in V) during the onset
of the drought in the absence of precipitation but were not reflected in the eco-
system scale. We found a strong negative correlation (r = —0.93) between the
speed of SWC decrease and soil N,O flux (Supplementary Fig. 7a in V) during
this hot moment. The presence of peaks and hot moments in soil N>O fluxes in
relation to changes in SWC was previously observed for various agricultural and
forest soils (e.g. Anthony and Silver, 2021; Jungkunst et al., 2004; Parkin and
Kaspar, 2006), the incubation (Harrison-Kirk et al., 2013) and plot experiments
(Leitner et al., 2017). Temporary waterlogging, observed in our site in May 2018,
and drying and rewetting cycles create beneficial conditions for the transition
from microbial oxygen to NOs respiration (Barrat et al., 2020; Butterbach-Bahl
et al., 2013; Groffman et al., 2009). Likewise, fluctuating SWC in the autumn
months of 2017 created anaerobic conditions resulting in elevated N,O emission
rates in both soil and ecosystem, although with smaller emission peaks if com-
pared to May 2018 (Fig. 7).
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Figure 7. Dynamics of ecosystem-level N,O fluxes in the riparian alder forest (the DEC
site) during the study period Sep 2017-Dec 2019. Lines are 5-day median values, and
shaded areas are 25th and 75th percentiles. The air temperature was measured at 50 cm
from the soil surface, representing the near-ground air temperature. Note that the origins
are on opposite ends of the left- and right-side axes. Source: Article V, Figure 1.

The second-largest observed soil N,O emission hot moment was recorded in
February 2019, when the air temperature varied around zero degrees C, resulting
in the snow melting and SWC increase and freeze-thaw conditions (Fig. 7). The
peaks in N>O emission rates during freeze-thaw periods were previously reported
for various ecosystems: croplands and arable fields (Johnson et al., 2010; Regina
et al., 2004; Wagner-Riddle et al., 2017), grasslands and steppe (Holst et al.,
2008; Miiller et al., 2002; Wolfet al., 2010), wetlands (Yu et al., 2007) and forest
soils (Guckland et al., 2010; Papen and Butterbach-Bahl, 1999; Wolfet al., 2010).
In frozen soil, a part of soil water remains in liquid form, and the lack of oxygen
supply creates favourable conditions for denitrification (Oquist et al., 2004). The
disruption of soil aggregates during the freeze-thaw cycle exposes physically
protected organic matter (Chen et al., 2020; Urakawa et al., 2014). Moreover, the
death of fine roots and microorganisms creates additional rapidly decomposable
organic matter (Christensen and Christensen, 1991; Christensen and Tiedje, 1990).
Increased concentrations of soil N>O trapped during freezing are released to the
atmosphere when the ice is melting over a short period, resulting in a hot moment
of N>O emission (Teepe et al., 2001). Furthermore, our site exhibited increased
soil N>O emissions following the freeze-thaw peak in winter 2019. In a laboratory
study, Oquist et al. (2004) discovered that denitrification processes still occurred
in the anoxic parts of frozen boreal forest soils.
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Figure 8. Temporal dynamics of ecosystem (eddy covariance) N>O flux, soil water content
and air temperature in the Agali riparian grey alder forest from September 2017 to Decem-
ber 2019. 7-day running means are shown. Source: Article V, Supplementary figure 6.

Ecosystem N,O flux has not exhibited a distinguishable seasonal cycle but rather
periods of increased emissions related to a combination of air temperature and
SWC conditions (Fig. 8). Higher ecosystem fluxes were observed during the
periods of changing air temperature (both increasing and decreasing), accom-
panied by the elevated SWC. Periods of low SWC and elevated air temperature
(summer months of both study years) were characterised by near-zero N,O emis-
sions. Nevertheless, we found no significant correlation between environmental
parameters and ecosystem fluxes on a half-hourly scale over the whole measure-
ment period.

The average yearly accumulated soil N,O flux was 208.65 mg NoO-Nm 2y !
(over 2018 and 2019), almost one order of magnitude higher than the average
annual ecosystem-scale N>O flux for the same period (27.7 mg N O-N m~? y™').
The annual soil N,O flux was higher than previously reported for a temperate
spruce forest in Germany (120 mg N>O-N m? y!, Wu et al., 2010), but more
than two times smaller than soil N>O flux measured by Wen et al. (2017) in an
alder forest over March—October 2015 (503.7 mg N,O-N m 2 period ). In a meta-
analysis by Zhang et al. (2020), the average global forest N,O flux was reported
14291 + 14.1 mg N m? year '. Eddy covariance N,O fluxes were previously
measured over agricultural lands (Hargreaves et al., 1996; Lognoul et al., 2019),
grasslands (di Marco et al., 2005; Goodrich et al., 2021), mires (Hargreaves et al.,
2001), and even over a rice-dominated landscape (Xie et al., 2022). Unfor-
tunately, we found no studies of eddy-covariance N»O fluxes over similar forests
for comparison with our study at the time of the manuscript preparation.

The stems were minor sources of N>O in the lower positions and small sinks
in the upper ones. Compared to soil and ecosystem fluxes, stems N>O emissions
were considerably smaller. Nevertheless, the periods of increased N,O emission
from stems were observed in September—October 2017, January—February 2018
and June 2018 (Fig. 3 in V). Over September 2017—September 2018, stems N.O
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emissions totalled 3.64 + 0.18 mg N,O-N m™ y', comprising 2% of total
soil flux (215.5+7.7mgN,O-Nm~?y"') and 13% of total ecosystem flux
(28.8 £ 5.22 mg N,O-N m? y'). Over the calendar year 2018, stems released
1.97 £ 0.11 mg NoO-N m2 y ', which was only 1% of total soil (196.3 + 7.1 mg
N,O-N m~?y ™) and 8% of total ecosystem flux (24.30 £+ 4.07 mg N;O-N m~2 y ™).

We expected ecosystem-scale measurements to represent the sum of its
compartments or at least to be of the same scale of magnitude. This hypothesis
was not confirmed, as soil fluxes exceeded ecosystem ones during continuous
measurement periods. The notable intervals when ecosystem flux exceeded soil
flux were observed in October 2017, January—February 2018, July 2018, March—
April 2019, and all autumn months of 2019 (Figure 7). Neither of the soil flux
hot moments described above was reflected in the ecosystem flux. A decoupling
of the air masses above and below the canopy could be one of the likely
explanations (Jocher et al., 2018). Such decoupling may be caused by canopy
roughness and atmospheric stratification divergence across the canopy (Finnigan,
2000) as well as by the effect of a dense canopy that can suppress vertical mixing
presenting a mechanical barrier (Jocher et al., 2018; Thomas et al., 2013; Wang
et al., 2017). Therefore, during the periods of decoupling, an above-canopy EC
system measures only a part of the total N>O emission, while below canopy and
soil emissions can be removed from the measurement volume by the horizontal
advection (Belcher et al., 2008; Jocher et al., 2018; Thomas et al., 2013).

While our site is located on a relatively flat terrain, drainage flows are still
possible during the low mixing periods. For example, the peaks of soil fluxes of
N>O (and CHa4, see Chapter 3.2) in May 2018 coincided with the periods of low
wind speed and friction velocity. While the soil was emitting several times higher
amounts of N,O, the measured concentration above the canopy was not increased
(Supplementary Fig. 8 in V). Under- and in-canopy wind measurements could be
implemented to detect the decoupling periods (Thomas et al., 2013). Moreover,
as canopies can alter air flows (Finnigan, 2000; Lee, 2000) and even exhibit
counter gradient fluxes (Denmead and Bradley, 1985), the change in N>O con-
centration in the volume below the EC system also has to be assessed in more
detail, than a simplified one point-based approach (McHugh et al., 2017; Mon-
tagnani et al., 2018). Other causes, such as UV-induced photodissociation (Bao
et al., 2018) and potential N>O dissolution in atmospheric water, could also play
arole. A better understanding of an N,O budget in a riparian alder forest requires
concentration profile measurements as well as canopy- and leaf-level studies.
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3.4. Synthesis of the climate-forcing role of CO2, CHa,
and N:20 in hemiboreal forests

We studied GHG fluxes in a variety of forest ecosystems in the hemiboreal forest
zone over the span of five years (2015-2019). The yearly accumulated fluxes
represented in CO,-equivalents to assess the GHGs global warming potential
over 100 years (GWP100=1 for CO,, GWP100=27.9 for CH4, and GWP100=273
for N,O; IPCC, 2021) are presented in Table 4. Carbon dioxide was the main
driver of the GHG balance, with yearly values much higher than N,O and CH4 of
a riparian alder forest (the DEC site). While the two studied clear-cut areas (the
CCI and CC2 sites) and one mixed forest (the MIX2 site) were net annual CO;
sources, their total climate forcing impact was still smaller than the joint net CO,
sinks comprised of a mixed, coniferous and alder forests (the MIX1, CON, DEC
sites). It has to be noted that the values under comparison are obtained from
different years, one of which includes a heatwave.

Table 4. The annual balance of hemiboreal forests expressed in CO2-eq. (GWP100 = 1
for CO,, GWP100=27.9 for CH4 and GWP100=273 for N,O; IPCC 2021). For the MIX2
and CON sites, the average values for the years 2017/2018 are presented

Site Gas Annual sum, g COz-eq m~ year™!
MIX1 CO; -2143.60
CCl1 CO, 436.33
CcC2 CO, 1262.64
MIX2 CO; 1066.82
CON CO, -803.18
DEC CO; -2326.13
Site Gas Base 2018 2019 Average
DEC CH,4 EC-based -1.60 -3.57 -2.59
Chambers-based -2.03 -3.41 -2.72
N,O  EC-based 20.85 26.69 23.77
Chambers-based 147.08 189.61 168.35

In 2018, a full calendar year of measurements was available for all three GHG in
the DEC site (the 2019 CO, data of this site are subject to future publications and
were not included in the thesis). The total carbon budget (all three GHGs) was
—2306.89 g COx-eq. m?y' for EC-based assessment of CHs and N,O, and
—2181.08 g CO»-eq. m 2 y ' if to use soil chambers-based CH4 and N>O accumu-
lated annual values. The DEC site was a net methane sink, but it contributed less
than 0.1% to the CO,-based carbon uptake. In the case of N»O, the DEC site was
anet source of nitrous oxide, but it was only 0.9% of the CO,-based sequestration.
The chambers-based estimate of N>O was much higher, but it still was only 6%
of CO,-based NEE. Most of the NoO emitted from the soil during the hot
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moments (drought and freeze-thaw period) was not detected above the canopy,
whereas the mechanisms are largely unclear (Article V). However, the riparian
alder forest under study remained a strong net carbon sink in 2018, even when
CH4 and N,O fluxes were taken into account.

While a combined effect of all studied ecosystems is still below zero (i.e.,
carbon sequestration), clear-cutting weakens their joint sink strength. Moreover,
a heatwave led to a decrease in the sink strength of the coniferous forest and an
increase in source strength of the mixed one, adding to the vulnerability of the
hemiboreal forests in the face of changing climate.
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4. CONCLUSIONS

We studied six forest ecosystems varying in age (from 2—3-year-old clear-cut to
a 200-year-old forest) and tree species composition (coniferous, deciduous and
mixed) and growing in the geographical vicinity of a hemiboreal forest zone. A
mixed spruce/birch forest (the MIX1 site) was the strongest net sink of CO,,
followed closely by a riparian alder forest (the DEC site). The higher net carbon
uptake resulted from lower Reco than that of the DEC site. Upland coniferous
forest (the CON site) was a weaker net carbon sink and kept net carbon uptake
even in the heatwave year. Both clear-cuts in our study were net sources of carbon
with elevated respiration values. The mixed forest with the clear-cut areas in the
footprint (the MIX2 site) exhibited similarly high Reco and a positive net result
(net carbon source). The seasonal cycle of NEE was reminiscent of that of clear-
cut areas, illustrating their high contribution to the forest carbon balance.

Air temperature is the primary factor affecting the ecosystem and soil respi-
ration. The temperature response curve parameters vary between the forest eco-
systems and years and exhibit apparent seasonal variability. Soil moisture condi-
tions, especially drought, reduced the respiratory activity of all ecosystems. Solar
radiation is the major driving factor of GPP, while air temperature modifies the
parameters of light response curves. The ecosystem photosynthetic capacity is
linearly increasing with temperature. High temperature values (above the tempera-
ture optima of the photosynthesis) accompanied by high VPD and low soil
moisture lead to the GPP reduction. Light response curves parameters also differ
between ecosystems and have a clear seasonality.

The studied hemiboreal forest ecosystems responded differently to the Euro-
pean heatwave 2018, with the photosynthesis (GPP) and respiration reduction of
varying magnitude during the temperature anomaly being the only common trait.
Our study demonstrated that mixed conifer-broadleaved forests might be more
vulnerable to the heatwave than previously assumed, especially with clear-cut
areas in the forest stand. More careful planning and forest management practices
are needed in order to sustain them as carbon sinks under the influence of changing
climate. Riparian alder forests could act as a shorter-term booster due to their
high sink strength in combination with relatively small nitrous oxide emissions.
However, they have a shorter storage capacity because of the typical lifecycle
and usage of such forest stands in short-rotation forestry. The upland coniferous
forest acclimated to the low soil moisture conditions is essential in sustaining a
stable, albeit low, carbon sink regime. Clear-cut areas are the most vulnerable to
the changes in temperature regime, especially in the absence of available soil water.
A high reduction in GPP leads to the lack of carbohydrate reserves for the up-
coming season and a possible increase in the number of years needed to reach the
carbon compensation point. The rise of harvesting activities in the form of clear-
cutting may alter the balancing of the hemiboreal zone carbon footprint.

A riparian alder forest (the DEC site) was an annual methane sink and a source
of nitrous oxide, but the role of both GHG in the total climate forcing was minor
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compared with the total CO, uptake. During the period of elevated soil moisture,
tree stem CHj4 flux exceeded that of soil; the ecosystem CH,4 flux was equal to the
sum of both, highlighting the importance of trees as conduits of soil-produced
methane to the atmosphere. During the drought, the soil was a sink of methane
and tree stem fluxes were close to zero; the canopy was the most likely source of
CHa.

The annual dynamics of N>O was characterised by “hot moments” of gas
emission comprising 56% of total soil N>O flux over 2.5 years of measurements.
The change in soil water content and freeze-thaw cycles were indicated as the
leading hot moments’ causes. The soil N>O variability was not reflected in eco-
system-scale flux, while stem fluxes were an order of magnitude smaller. Possible
explanations include the decoupling between the under- and above the canopy
processes, photochemical reactions and dissolution in canopy-space water.
Complex simultaneous measurements of GHG fluxes in all compartments of a
forest ecosystem are needed to fully assess the impact of N,O and CH4 on the
climate forcing.

In the following decades, we anticipate a global increase in the frequency of
extreme weather events and disturbances causing alterations in the GHG balance
of forest ecosystems. Hemiboreal forest zone has the potential for mitigating the
negative impact due to the variability in forest types and their responses. How-
ever, the increase in clear-cutting is a worrying trend that can be detrimental to
the whole hemiboreal zone.
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SUMMARY IN ESTONIAN

Kasvuhoonegaaside vood hemiboreaalsetes metsaékosiisteemides

Viimase sajandi véltel on meie planeedi kliimamuutused olnud enneolematult
kiired. Globaalne soojenemine pdhjustab aga kasvuhoonegaaside (KHG) inten-
sitvsemat lendumist ning sisalduse kasvu atmosfédris, mis omakorda kliima
soojenemist Ohutab. Siisihappegaas (CO.) on kasvuhoonegaasidest suurima kogu-
sega inimtekkelise péritoluga gaas, mis Maa kliimat enim mojutab. Ehkki kahe
tlejaidnud KHG metaani (CH4) ja dildmmastikoksiidi ehk naerugaasi (N,O)
heitkogused atmosfaéri on CO; kogustest viiksemad, on nende kliimat soojendav
kiirguslik toime vastavalt 28 ja 273 korda suurem kui samal kogusel siisihappe-
gaasil.

Metsad etendavad KHG globaalses ringluses olulist rolli, olles iildiselt CO»
sidujateks, kuid selle efektiivsus sdltub metsade vanusest, mullastikust, paljudest
keskkonnateguritest ning majandamisviisist. Metsamullad tildiselt seovad metaani,
kuid mullaniiskuse suurenedes intensiivistub nii metaani kui ka naerugaasi
lendumine. Mitmed uuringud on ndidanud, et ka puud ise vdivad olla KHG alli-
kaks, enamasti juhtides mullas tekkinud gaase atmosfaari, kuid metaani vdidakse
toota ka tiivede ja vorade sees. Veekogudirsetes metsades on tinu oma asukohale
nii siisiniku (C) kui ka limmastiku (N) aineringlus intensiivsem kui piirnevates
maaismaa- ja veekogudkosiisteemides, mistdttu nad on nii CH4 kui ka N,O
kuumadeks tappideks. Halli lepa (Alnusincana (L.) Moench) enamusega metsad
on tavalised parasvootme veekogudirsed kooslused. Tanu leppade siimbioosile
ohuldmmastikku siduvate mullas elavate Frankia aktinobakteritega on kalda-
ddrsete lepikutes ringluses osalevad lammastikukogused suuremad kui muudes
oOkosiisteemides.

Kodik kédesolevas doktoritdds uuritud metsadkosiisteemid asuvad hemibo-
reaalses (boreonemoraalses) voondis, mis paikneb boreaalse (pdhjapoolse) ning
parasvootme metsabioomi vahel, kattes suuri alasid Pohja- ja Ida-Euroopas.
Tiitipiliselt levivad selles tileminekuvéondis paljude puu- ja pddsaliikidega esin-
datud segametsad, kus majandamisviisid varieeruvad intensiivsest majanda-
misest kuni range kaitsereziimini. Vaatamata tildiselt heale uuritusele on senised
teadmised nende metsade KHG bilansi kohta puudulikud.

2018. aasta kevadel ja suvel tabas Euroopat kuumalaine, mida iseloomutas nii
tavaparasest korgem Shutemperatuur kui ka sademete vihesus, kuid mille véltel
ilmnesid kohati ka selged pduatunnused. Kliima soojenemisest tingituna pduad
sagenevad, mistottu nende mdju uurimine metsade KHG bilansile on véga oluline.

Doktorit6d peamiseks eesmdrgiks on selgitada erinevate hemiboreaalsete
metsade KHG voogusid ning analiiiisida nende voogude secoseid keskkonna-
tingimustega. Peamine tédhelepanu on pdoratud hemiboreaalsete metsade siisiniku-
bilansile ning selle muutustele kuumalaine tingimustes, samuti veekogudirsete
hall-lepikute metaani- ja naerugaasivoogude diinaamikale.

Siisihappegaasi voogude uurimiseks kasutati turbulentse ohuvoo (eddy
covariance) meetodit, mida rakendati aastatel 2017-2018 kuues Louna-Eesti
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metsadkosiisteemis: okasmetsas Soontagal (CON; harilik ménd/harilik kuusk),
veekoguidrses lehtmetsas Agalis (DEC; hall-lepp), segametsas Liispdllul (MIX1;
harilik kuusk/arukask), segametsas Apne-Jérvseljal (MIX2; harilik ménd,/harilik
kuusk/ arukask/ sookask; Eesti SMEAR uurimisala), raiesmikul Kénnus (CCl1,
endine méannik) ning raiesmikul Tensos (CC2, endine kaasik). Eddy covariance
meetodit rakendati aastatel 2017-2019 CH4 and N2O voogude analiiiisiks Agali
hall-lepikus, mis on esmakordne pikaajaline N,O 6kosiisteemi tasandi uurimus ja
iiks esimesi CH4 bilansi uuringuid.

Uurimistes selgus, et selged siisiniku sidujad olid (kahanevas jérjekorras)
MIX1, DEC ja CON metsad. Suurem C sidumine MIX1-s oli tingitud véiksemast
Okostisteemi hingamisest (Reco; CO, lendumine) kui DEC-s. Polispuudega okas-
metsas (CON) oli C sidumine kiill madalam, kuid sdilis muutusteta ka pdua-
tingimustes 2018.a. kuumalaine ajal. Mdlemad raiesmikud (CC1 ja CC2) osu-
tusid siisiniku emiteerijateks (kliima soojendajateks) eeskétt tinu suuremale CO2
lendumisele mullast. MIX2 segamets oli samal pdhjusel kliima soojendaja.
PShjuseks voib siin tuua 130 m korguse SMEAR-masti tugitrosside lageraie-
sihid, kus puudus fotosiinteetiline C sidumine puude poolt ja Reco oli kdrge. Ka
CO, bilansi aastase kéigu sarnasus MIX2-s ning raiesmikel viitab sellele pdhjusele.

Ohutemperatuur osutus peamiseks keskkonnategurika, mis reguleeris nii
Okosiisteemi- kui ka mullahingamist, kuid temperatuurist sdltuvuse diinaamika
varieerus nii metsatiiiipide, aastate, aastaaegade kui ka mullaniiskuse 1dikes. Ohu-
temperatuur on ka oluline fotosiinteesi reguleerija. Optimaalse taseme iiletavad
ohutemperatuurid (nt kuumalaine ajal), mis kombineeruvad Shuniiskuse vajaku
ja madala mullaniiskusega, pdhjustavad taimede poolt fotosiinteesis CO, mada-
lamat sidumist ja nn puhta koguproduktsiooni (GPP) langust. Ka pdikesekiirguse
ja GPP vahekorra diinaamika varieerus nii metsatiiiibiti kui aastaajaliselt.

Uuringutest selgus, et segametsad osutusid kuumalaine ja pdua suhtes eel-
datust vdhem vastupidavaks. Oodatult haavatavamad olid raiesmikud, kus GPP
oluline kahanemine viib ka fotosiinteesiks vajaliku karbohiidraatide sisalduse
vihenemisele jérgnevatel aastatel, mis voib pikaajaliselt C sidumist pérssida.
Seetdttu on lagereaiete planeerimisel véga oluline arvestada vdimalike poua-
olukordadega. Kokkuvottes peaks hemiboreaalsete metsade majandamine tule-
vikus olema rohkem suunatud stabiilsuse tOstmisele sagenevate ekstreemsete
ilmastikunédhtuste tingimustes. Veekogudirne hall-lepik (DEC) osutus selgelt
stisinikusidujaks ka pouatingimustes, kuid selle metsatiiiibi liihiajalisus ja suhte-
liselt piiratud levik {ildise metsamajanduse 10ikes ei taga veel metsade C bilansi
stabiilsust. Kiill aga vdib see osutuda tuleviku kiire tsiikliga metsamajandamise
tingimustes oluliseks tasakaalustavaks komponendiks. Liivasel mulla kasvav
kiips okasmets (CON), mis on kohanenud madalale mullaniiskusele, sdilitas CO»
sidumise ka poua ajal. Taoliste vanade metsade séilitamine, mis vaatamata oma
vanusele siisinikku seovad, peaks olema tuleviku metsamajanduse praktikas
olulisel kohal.

Uuenduslikud pikaajalised ja suure mdotmissagedusega metaani ja naerugaasi
bilansi uuringud veekogudirses hall-lepikus (DEC) niitasid, et see mets oli
aastases tsiiklis CHs siduja, kuid N,O emiteerija. Tdnu aga suurele CO;
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sidumisele oli nii metaani kui ka naerugaasi roll iildises kliimat mojutavas kiirgus-
likus toimes suhteliselt madal. Huvitav oli aga CH4 ja N>O aastaajaline diinaamika.
Niiteks mdddeti kdrge mullaniiskusega perioodil 2017.a. siigisel mullas endiselt
CHy, sidumine, kuid puutiivedest korge CH4 lendumine, mis andis ligi 100% kogu
Okosiisteemi CH4 bilansist. See viitab, et antud dkosiisteemis CHjy ei teki puu-
tiivedes, vaid toodetakse sligavamas mullakihis ja juhitakse puude kaudu atmo-
sfadri. Ulejasnud perioodidel puutiivedest CH4 emission puudus, kusjuures mullas
seoti CH4 pidevalt. Kiill aga lendus pduaperioodil CH4 voradest, mis viitab selle
fiitisikalis-kemilisele péritolule ja véariks kindlkasti edasist uurimist.

Naerugaasi aastases diinaamikas ilmnesid véga selgelt suhteliselt liihiajalised
korged emissioonid, nn kuumad perioodid, mille véltel emiteerus iile poole kogu
2,5 aastase vaatlusperioodi N,O mullaemissioonist. Maédravaks oli siin mulla-
niiskuse diinaamika, mis oma kiires muutuses pouaperioodi algul andis koige
suurema N>O lendumise. Teiseks oluliseks emissioni kdrgpunktiks oli talve-
perioodi 18pp 2019. veebruaris, mil pdhjuseks oli iilemise mullakihi kiilmis-
sulamistsiiklite kordumine. Selle fenomeni pohjused on veel detailselt selgi-
tamata, kuid voib arvata, et ka sel perioodil méngis olulist rolli iilemise mullakihi
veesisalduse pulseerimine. Kdige tillatavam oli aga tulemus, et suured N,O mulla-
emissioonid ei kajastunud eddy covariance meetodil vorade kohal moddetud
voogudes. Toendoliselt pole siin tegu bioloogiliste protsessidega, vaid fiilisikalis-
keemiliste teguritega, mis N>Od voogusid kahandasid, nt vorades oleva ohu-
niiskuse ja kastepiiskade N,O lahustav mdju niiskemal perioodil ning foto-
keemilised reaktsioonid intensiivse péikesekiirguse perioodil kevadel ja suve
algul. Taolised komplekssed CH4 ja N>O uuringud, mis hélmavad kd&iki 6ko-
siisteemi komponente, on vajalikud ka teistes metsadkosiisteemides.

Lahikiimnetel on {ildise kliima soojenemise taustal oodata ekstreemsete
ilmastikunéhtuste sagenemist, mis paratamatult mojutavad metsadkosiisteeme.
Seetdttu on kliimateadlik metsamajandus iilimalt oluline. Eeskdtt on muret-
tekitavaks hemiboreaalsete metsade raiemahtude suurenemine, mis voib mdju-
tada kogu regiooni C bilanssi ning olla kliima soojenemise kiirendajaks.
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