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1. Introduction
1.1. Background

Compared to other ecosystems, peatlands are characterized by a high water table (e.g., Rydin and
Jeglum 2013), which often is a result of poor soil surface transmissivity and flat topography (Gorham
1991). This leads to specific peatland vegetation, anoxic soil conditions, low primary production and
limited decomposition (Frolking et al. 1998, Bubier et al. 1999, Moore and Basiliko 2006). In peatlands,
biomass production exceeds soil decomposition and thus leads to the accumulation of organic matter,

referred to as peat (e.g., Kuhry and Turunen 2006). As organic matter, peat consists mostly of carbon

(C).

The majority of the present-day peatland ecosystems are located in the northern hemisphere, mostly in
boreal and subarctic regions, and have been formed during the last 11,000 years, after the last glacial
period (Gajewski etal. 2001). The high-latitude climate zones have a humid climate, where precipitation
exceeds transpiration, and thus the conditions are favourable for peatland formation. Peatland formation

is still an ongoing, self-enhancing geological process (Vitt and Wieder 2006).

Globally, peatlands cover about 3% (4 x 10° km?) of the land area (Xu et al. 2018) and the proportion
of boreal and subarctic peat soils within this area has been estimated to be almost 90% (3.46 x 10° km?,
Gorham 1991). Especially northern peatlands constitute a large C storage, estimated to contain up to a
third of the global soil C (Gorham 1991). In Finland, peat soils contribute about 30% (~96,000 km?) of
the total land area (Turunen et al. 2002, Turunen 2008). Two-thirds of the natural state peatlands in

Finland have been drained, mainly for forestry (Pédivénen and Hénell 2012).

The nutrient status of peatlands usually depends on the hydrological features of the peatland ecosystem.
Generally, boreal and subarctic pristine peatlands can be classified by their nutrient status. Fens are in
direct contact with groundwater and thus they gain nutrients from surrounding mineral soils as well as
from rainwater. By contrast, precipitation is the only source of nutrients for the bog vegetation, and
therefore the nutrient availability is lower in bogs than in fens (Rydin and Jeglum 2013). Bogs are
typically dominated by Sphagnum moss, shrubs and sedges, while fens are dominated by sedges and
grasses (e.g., Harenda et al. 2018). The nutrient availability affects ecosystem processes by dictating
the vegetation composition of the peatland and thus also has an effect on primary production.
Furthermore, the nutrient status has an impact on the physical and chemical peat characteristics, which
affect the microbial communities and decomposition processes (Moore 2002). A more recalcitrant, e.g.,
Sphagnum-dominated, vegetation results in more acidic peat, lower nutrient concentration and higher
carbon-to-nitrogen (C/N) ratio, which makes the peat more resistant to decomposition (Scheffer and

Aerts 2000, Moore 2002).
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Northern pristine peatlands sequester atmospheric carbon dioxide (CO>) and emit methane (CHs), which
are the key greenhouse gases, and are typically net sinks of C (Gorham 1991, Clymo et al. 1998,
Turunen et al. 2002, Limpens et al. 2008). Climate change and related land-use changes have an effect
on the C balance of northern peatlands, especially within the permafrost region. Even though
atmospheric warming may degrade permafrost and induce droughts decreasing the C sink of peatlands
(Crowther et al. 2016, Harenda et al. 2018), the high-latitude peatlands have also been suggested to
accumulate more peat in warmer conditions and thus increase the C storage due to greater plant growth
(Jones et al. 2017, Gallego-Sala et al. 2018, Loisel et al. 2021). Improved understanding of the
interactions between hydrology, surface structure and peat formation is needed to predict climate-
change-driven feedbacks that the peatlands may have on the global C cycle (Turetsky et al. 2002, Belyea
and Malmer 2004).

Human-induced land-use changes also modify conditions and characteristics of northern peatlands,
which in turn affect the C balance. For example, when the water table drops due to forestry drainage,
the soil decomposition, tree photosynthesis and litter production increase, and in addition vegetation
and the quality of litter change (Laiho et al. 2003, Laiho 2006, Minkkinen et al. 1999, Strakova et al.
2010). The effect of drainage on the C balance depends on the original peatland type and the properties
of the soil (Minkkinen et al. 1999, Jaatinen et al. 2007, Peltoniemi et al. 2009, 2012). The drained fens
with higher decomposition rates have been reported to act as sources of C to the atmosphere (e.g.,
Ojanen et al. 2013, 2014, Kriiger at al. 2016), while there is evidence that drained bogs can remain as
C sinks or have a close-to-neutral C balance (Lohila et al. 2011, Ojanen et al. 2013, 2014, Kriiger at al.
2016). From a productivity point of view, the more nutrient-rich sites are better environments for
vegetation growth, and thus they are used more commonly for drainage for forestry and agriculture.
Pristine northern peatlands are CO; sinks, while drained peatlands can further act as a sink or turn into
a source of CO, (Minkkinen and Laine 1998, Maljanen et al. 2010, Lohila et al. 2011, Simola et al.
2012, Ojanen et al. 2013). Besides the CO, emissions, C losses from peat soil occur mainly by CH4
release and dissolved organic carbon (DOC) leaching (Moore et al. 1998, Aitkenhead and McDowell
2000). CH4 is formed in anoxic conditions (Rydin and Jeglum 2013) and thus CH4 emissions are
reduced if the peatland is drained (Martikainen et al. 1995). In this thesis, the focus is on the ecosystem

CO; fluxes.

1.2. Definition of the ecosystem CO; balance

1.2.1. Components of the CO; balance

The CO; balance of an ecosystem is defined as the difference between the flux components produced
by plant photosynthesis and ecosystem respiration. To determine and understand this balance and its
total effect on atmospheric interactions, processes occurring both aboveground and belowground must

be examined. Like other ecosystems, peatlands fix CO, in the photosynthesis by plants and release it
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by respiration processes; as a result, C is stored in the vegetation and peat soil as organic matter (e.g.,
Rydin and Jeglum 2013). The rate of photosynthesis is controlled by many environmental factors, such
as solar radiation, air temperature and the availability of water and nutrients (e.g., Keys et al. 1994,
Fatichi et al. 2014). Vegetation releases CO, through respiration processes involved in the growth and
maintenance of aboveground and belowground plant parts. In addition, COs is released from peat soil
through the respiration of decomposers, such as soil animals and microbial communities (e.g., Vasander

and Kettunen 2006).

The exchange of CO; between an ecosystem and the atmosphere can be determined in different ways.
A widely used technique for directly measuring the net ecosystem CO, exchange (NEE) is the
micrometeorological eddy covariance (EC) method. The EC method produces continuous CO; flux data
that is spatially averaged on the ecosystem scale. To better understand the controls of the total CO,
balance, it is important to partition NEE into its components, i.e., the fluxes related to photosynthesis
and ecosystem respiration. Furthermore, there is an interest to divide the total soil respiration flux into
its components, namely heterotrophic and autotrophic respiration, but this partitioning can be
technically challenging. Heterotrophic respiration has been traditionally estimated with trenching, i.e.,
cutting of living roots in soil. However, this method is prone to errors and may not produce realistic
results on the decomposition rate, since respiration is measured in the absence of living roots, while in
reality roots and their exudates interact with soil microbes and thus affect the decomposition processes
(Hanson et al. 2000, Subke et al. 2006, Kuzyakov et al. 2007). With isotopic methods, the different soil
respiration components can be partitioned without disturbance to the intact root—soil system. The effect
of living roots on decomposition rates can be estimated by utilizing the difference in isotopic signatures
of the old C in soil and the fresh C derived from living biomass or artificial compounds (Baggs 2006,
Hanson et al. 2000, Subke et al. 2006, Paterson et al. 2009).

A schematic CO, balance of a peatland ecosystem and its relationship with the methods used in this
thesis are presented in Figure 1, which shows the key aboveground and belowground processes
affecting the total CO, balance. NEE comprises gross primary production (GPP) and ecosystem
respiration (ER). GPP denotes the amount of CO, fixed in photosynthesis, while ER derives from
autotrophic respiration from the aboveground vegetation (ARag) and soil respiration (SR). SR can be
divided into components by the origin of the CO, flux: (1) heterotrophic respiration (HR) is the
decomposition of soil organic matter (SOM) and litter, originating from soil fauna and microbial
organisms (fungi, bacteria and protozoans); (2) the belowground autotrophic respiration (ARyg), on the
other hand, is derived from roots and their associated symbiotic mycorrhizal fungi (e.g., Hogberg et al.
2001, Hopkins et al. 2013). It must be noted that in reality these respiration components overlap. For
example, the mycorrhizal fungi use root-derived substrates and thus contribute to both autotrophic and

heterotrophic respiration (Hogberg and Read 2006, Hopkins et al. 2013). The mycorrhizal respiration

13



has been referred to as rhizosphere respiration (RR), being composed of the respiration of mycorrhizal

fungi and decomposer organisms.
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Figure 1. Schematic CO; balance of an ecosystem with aboveground and belowground processes
(modified from Hopkins et al. (2013) and Chapin et al. (2006)) and the methods used in this thesis. The
net ecosystem CO, exchange (NEE) consists of gross primary production (GPP) and ecosystem
respiration (ER). ER can be divided into soil respiration (SR) and autotrophic respiration from
aboveground vegetation (AR.), and SR can be further divided into belowground autotrophic
respiration (ARyg) and heterotrophic respiration (HR). Root exudates and fresh litter can affect HR
through the priming effect (PE). Rhizosphere respiration (RR) is a process where root exudates are
used by microorganisms (e.g., mycorrhizal fungi) and thus is not strictly autotrophic or heterotrophic.
The dashed line box indicates the soil components affecting the PE. In this thesis, separate components
(GPP, SR, ARy, HR) were examined with process-specific methods: digital cameras for vegetation
greenness used as a proxy for GPP and laboratory-based isotope (“C and '*C) methods for soil
respiration.

A camera or a satellite can observe the characteristics and seasonal development of aboveground
vegetation, and such phenological observations can be linked to plant photosynthesis and primary
production (Fig. 1). The aboveground processes affect the belowground processes and vice versa. For

example, fresh C is fed to the soil system through photosynthesis, which affects the soil C
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decomposition. The effect of fresh C on soil decomposition is called the priming effect (PE, Fig. 1),
which refers to a change (increase or decrease) in old C decomposition after the addition of fresh C to
the soil (Kuzyakov et al. 2000). In addition, soil properties affect the aboveground characteristics, such
as vegetation composition and structure, and thus further the CO; fluxes. Furthermore, the type of soil
(mineral or organic) and nutrient availability have a great impact on the respiration fluxes. Both the
above- and belowground properties and characteristics of an ecosystem dictate the ecosystem—
atmosphere interactions and related climatic effects. In this thesis, process-specific methods were used
for studying the CO, fluxes originating from aboveground and belowground sources. First, greenness
indices were derived from digital camera images and used for interpreting CO, flux measurements and
evaluating satellite data, and second, isotopic methods were used for separating peat soil CO, respiration

into its components (ARy; and HR) with laboratory-based incubation and microcosm experiments.

1.2.2. Digital camera-derived greenness index describing vegetation phenology

Vegetation phenology denotes the seasonal changes in plant physiology, biomass and leaf area
(Migliavacca et al. 2011, Sonnentag et al. 2011, 2012, Bauerle et al. 2012). Abiotic factors, such as
precipitation, air temperature, solar radiation and water availability, are the main drivers of ecosystem
functioning and vegetation phenology (Bryant and Baird 2003, Koérner and Basler 2010). Due to
seasonal changes in temperature, the bud burst in spring ignites photosynthesis, and again the
preparation for winter dormancy in autumn appears as plant senescence. Vegetation phenology is
strongly linked with plant productivity and CO; exchange with the atmosphere (Ahrends et al. 2009,
Peichl et al. 2015, Toomey et al. 2015, Koebsch et al. 2020). Vegetation phenology also affects the
surface albedo and aerodynamic roughness, thus having biophysical interactions with the climate
system. The seasonal variation in vegetation phenology can be observed as substantial variation in the

global atmospheric CO, concentration (Keeling et al. 1996).

Since the seasonal phenological phases of vegetation, i.e., different stages of plant development, are
affected by abiotic factors, phenological phenomena are sensitive to changing climate (Richardson et
al. 2013, Migliavacca et al. 2012). The climate warming of recent decades has advanced the start of the
growing season in the boreal zone (Linkosalo et al. 2009, Delbart et al. 2008, Nordli et al. 2008, Pudas
et al. 2008), and the earlier onset of growing season in turn has been observed to increase the annual C
uptake of temperate and boreal forests (Berninger 1997, Black et al. 2000, Richardson et al. 2009, Park
et al. 2016).

Digital cameras have proven to be a solid monitor for detecting vegetation greenness and different
phenological phases (Wingate et al. 2015, Richardson et al. 2007, 2009). In contrast to satellite images,
the resolution of digital images is sufficient to detect the heterogeneous microtopography and vegetation

of peatlands. With digital cameras it is also possible to produce inexpensive, automated, continuous and
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real-time data. A greenness index, namely the green chromatic coordinate (GCC), has been most
commonly linked to vegetation greenness and CO, uptake of forests and peatlands (Richardson et al.
2007, 2009, Ahrends et al. 2009, Ide and Oguma 2010, Sonnentag et al. 2011, Peichl et al. 2015,
Peltoniemi et al. 2018, Koebsch et al. 2020).

1.2.3. Peat soil decomposition and priming effect (PE)

Isotopic methods have been used for separating different components of the total soil CO; flux (Baggs
2006, Hanson et al. 2000, Subke et al. 2006, Paterson et al. 2009). These methods are based on the fact
that heterotrophic soil respiration and autotrophic root and plant respiration have different isotopic
signatures (Trumbore 2006). The isotopic signature (3'*C, %o) denotes the ratio of stable isotopes (12C
and "*C), and it varies approximately between -8%o in the atmosphere and -28%o in C3 vegetation
and -26%o in SOM (Fry 2006). The '“C signature of soils and the atmosphere differ since soil respiration
has an older '*C signal, originating from the moment when the C atom was fixed by the plants (Hahn et
al. 2006). The plants at present fix and respire CO; that has a '“C signature similar to the atmosphere.
The differences in isotopic signatures between soil and vegetation or artificial substrates enable the
application of the two-pool isotope mixing model to separate the respiration derived from old and fresh

C (e.g., Fry 2006, Biasi et al. 2011) and thus the partitioning of soil respiration components.

Many studies have shown that the addition of fresh substrate to soil affects the decomposition of the
old organic matter in soil through the PE (e.g., Kuzyakov and Cheng 2001, Kuzyakov 2002, Subke et
al. 2004). The PE plays an important role not only in soil decomposition as such (Kuzyakov et al. 2000)
but also in the response of ecosystems’ C dynamics to land-use and climate change (Heimann and
Reichstein 2008). Since soils constitute a large C storage and the second largest CO» source to the
atmosphere, the PE is presumed to be a key factor in the global C cycling (Bastida et al. 2019, Canadell
et al. 2019). The PE can be positive or negative: when compared to the preceding level, the SOM
decomposition after fresh C addition increases with positive priming and decreases with negative
priming (Kuzyakov et al. 2000). A positive PE results from growing microbial activity after fresh
substrate addition and the resulting increase in the decomposition of SOM (Kuzyakov et al. 2000). The
addition of nutrients, such as N, further increases the microbial activity and thus amplifies the positive
PE (Kuzyakov et al. 2000, Blagodatskaya and Kuzyakov 2008, Guenet et al. 2010). A negative PE has
been connected to preferential substrate utilization, when soil organisms use the fresh substrate instead
of the more recalcitrant old C in soil (Kuzyakov 2002, Dijkstra et al. 2013). It has also been suggested
that environmental conditions and the quality of fresh C dictate the direction and magnitude of the PE

(Hardie et al. 2011, Walker et al. 2016, Gavazov et al. 2018, Yan et al. 2022).

The PE has been mostly studied in mineral soils, but in recent years increasingly also in organic soils,
such as peat soils. As stated above, the decomposition and nutrient availability of peat soils are likely

to be affected by the C/N ratio and total N content, which may restrict the decomposition rates at more
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nutrient-poor sites (Moore 2002). For organic soils, both positive PE (Hamer and Marschner 2002,
Basiliko et al. 2012, Hartley et al. 2012, Bader et al. 2018, Walker et al. 2016, Mastny et al. 2021) and
negative PE (Bader et al. 2018, Hardie et al. 2011, Yan et al. 2021, Mastny et al. 2021) have been
reported, and there are also observations indicating no significant priming (Bader et al. 2018, Leiber-
Sauheitl et al. 2015). The PE, both its magnitude and direction, still lacks understanding, but with
isotopic partitioning methods it is possible to study the PE even in an intact root—soil system (Kuzyakov
2006, 2010).

1.3.Objectives and scopes

The aim of this thesis was to examine the aboveground and belowground CO, fluxes with process-
specific methods, which support standardized flux measurements by offering additional information on
the studied processes. While these methods differ widely in terms of instrumentation and experimental
design, they address the same overall question as there is a strong link between the aboveground plant

development and the belowground decomposition processes.

In Papers I and II, the seasonal development and greenness of vegetation were observed for different
ecosystems with phenology cameras. The vegetation phenology data were analyzed together with CO»
flux measurements and meteorological data and compared with satellite-derived greenness data. The
combined aims of these phenology camera studies were (1) to evaluate the digital repeat photography
and satellites as a method for monitoring vegetation greenness and development, (2) to examine the
differences in vegetation dynamics between two adjacent but contrasting ecosystems, three different
pristine peatlands and different plant communities within a peatland ecosystem and (3) to assess the

utility of phenology camera data in the interpretation of concurrent CO; flux measurements.

In Papers III and IV, the soil CO; fluxes and PE in two forestry-drained peatlands were studied in the
laboratory with isotope techniques. The combined aims of these PE studies were (1) to examine the
differences in the basal peat soil respiration between two peat soils and (2) to study the magnitude and
direction of the PE of peat soils with different nutrient status after addition of fresh C, and to further
study whether the addition of supplementary nutrients affects the peat respiration and PE and (3) to
analyze whether the peat respiration rates and PE could explain the observed difference in C balance

between the sites.
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2. Material and methods

2.1.Study sites

The phenology cameras employed in Paper I and II are located in northern Finland at three pristine state

aapa mire peatlands: Halssiaapa, Lompolojénkkd and Kaamanen. The study sites of Papers III and IV,

forestry-drained peatlands Lettosuo and Kalevansuo, are located in southern Finland (Fig. 2).

Lompolojankka
Halssiaapa, Sodankyla forest

Figure 2. Location of the study sites (Papers I, II, IIl and IV)

Table 1. General properties of the study sites (Papers I, II, Ill and IV)

Mean Mean annual Mean
Altitude temperature  precipitation Soil vegetation
Coordinates (m.a.s.l.)  Ecosystem type (°O) (mm) type height (m)
Halssiaapa N67°22.117' E26°39.244' 180 Fen 0.3 542 Peat 0.4
Lompolojénkka N67°59.835', E24°12.546' 269 Fen 0.4 644 Peat 0.4
Kaamanen N69°8.435', E27°16.189 155 Fen 0.1 467 Peat 0.3
Sodankylad forest N67°21.708', E26°38.29' 179 Scots pine forest 0.3 542 Sandy 12
pozol
Lettosuo N60°38.510" E23°57.583" 111 Forestry-drained 53 640 Peat 20
peatland
Kalevansuo N60°38.81' E24°21.37"' 123 Forestry-drained 4.6 660 Peat 18
peatland
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Halssiaapa, located in Sodankyl4, about 100 km north of the Arctic circle, is the southernmost of the
sites (Table 1) and studied in Papers I and II. The vegetation in this mesotrophic fen varies between the
higher and drier strings and the wetter and lower flarks. The tree stand is sparse and low, mostly
consisting of Betula pubescens and few small Pinus sylvestris trees. The ground vegetation is dominated
by shrubs (4dndromeda polifolia, Betula nana, Vaccinium oxycoccos) growing mostly on strings, while

the flarks are covered by sedges and herbs (Carex spp., Menyanthes trifoliata) and Sphagnum mosses.

Lompolojénkka is a nutrient-rich sedge fen located in the Pallas area in north-western Finland (Table
1). Of the study sites in Paper II, this is the richest in nutrients, which is reflected in the rich vegetation.
The vegetation is mainly dominated by Betula nana, Menyanthes trifoliata, Salix lapponum and Carex

spp. with Sphagnum and brown mosses (Aurela et al. 2009).

Kaamanen is the northern most of the sites studied in Paper II (Table 1). It is located within the northern
boreal vegetation zone, but the regional climate is already subarctic (Aurela et al. 1998). Vegetation is
distributed to wet flarks and higher strings. The vegetation on the strings consists mainly of
ombrotrophic species, such as forest mosses and Ericales (Maanavilja et al. 2011). Sphagnum-mosses,
sedges, Betula nana and Andromeda polifolia dominate the margins of the strings. The flarks have

mesoeutrophic vegetation with brown mosses and sedges (Maanavilja et al. 2011).

In Paper I, two adjacent but different ecosystems, namely a peatland and a Scots pine forest, were
studied. The peatland site was Halssiaapa, described above. The Scots pine site (N67°21.708',
E26°38.29', 179 m a.s.l.) is located 1 km south-west of Halssiaapa. The site has fluvial sandy podzol
soil. The dominant tree height is 13 m and the tree density is 2100 ha™!. The age of the trees within the
camera scope was about 50 yr during the time of the study. A single-sided leaf area index (LAI) of 1.2
has been estimated for the stand based on a forest inventory. The sparse ground vegetation consisted of

lichens (73%), mosses (12%) and ericaceous shrubs (15%).

The study sites of Papers III and IV were located in Southern Finland about 20 km apart (Table 1). Both
sites were drained for forestry in the beginning of the 1970s, about 40 yr before these studies. The sites
differed in nutrient status, and the nutrient-rich (NR) site (Lettosuo, Tammela municipality) is a drained
herb-rich, tall sedge, birch-pine fen, while the nutrient-poor (NP) site (Kalevansuo, Loppi municipality)
is a dwarf-shrub pine bog. At the time of the peat sampling, the main tree species at the NR site were
Scots pine (Pinus sylvestris) and downy birch (Betula pubescens), with an understorey layer of Norway
spruce (Picea abies). At the NP site, Scots pine dominated the tree stand with an understorey of downy
birch. The tree stand was taller and denser at the NR site (volume 220 m* ha™!, density 2220 trees ha™)
compared to the NP site (volume 130 m® ha'!, density 750 trees ha!). The forest floor vegetation was
sparser and smaller at the NR site, mostly consisting of forest shrubs and mosses. The forest floor

vegetation at the NP site was a combination of forest and mire dwarf shrubs.
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The average water table level and the depth of the peat layer of the study sites in Papers Il and IV were
of the same magnitude, -50 cm and 2.6 m at the NR site and -40 cm and 3.0 m at the NP site, respectively
(Stén 1998, Lohila et al. 2011). The in situ soil C/N ratio and nutrient analysis showed that the C/N
ratio at depths of 0—10 and 10—20 cm was 25.2 + 3.0 and 23.9 + 1.5 (£SD), respectively, at the NR site
(Korkiakoski et al. 2017) and 34.1 = 1.6 and 37.9 + 1.4 (+SD), respectively, in the NP peat soil (Lohila
et al. 2011). The surface peat nitrate (NO5") and ammonium (NH4") concentrations were significantly
higher in the NR peat, 20.5 = 3.0 mg NO3-N kg DW ™! and 39.4 + 10.1 mg NH4"-N kg DW! (£SD),
than in the NP peat, 1.1 £ 1.1 mg NOs"-N kg DW ' and 6.2 + 3.2 mg NH4"-N kg DW! (+SD) (measured
in August 2010, M. Pihlatie, personal communication). The ash content, pH and bulk density were lower
at the NP site. Some of the element concentrations were higher at the NR site, including copper (Cu),
manganese (Mn), phosphorus (P), aluminium (Al), iron (Fe) and calcium (Ca), while some were higher
at the NP site, including potassium (K), magnesium (Mg), zinc (Zn), sodium (Na), lead (Pb), nickel
(Ni), boron (B) and cadmium (Cd) (Lohila et al. 2011, unpublished data). In general, the trace element
concentrations at the sites were about the same with the exception of Fe, for which a six-fold
concentration was found at the NR site compared to the NP site. This difference most probably reflects

the origin of the NR site as a fen and thus is a result of hydrological features.

It has been previously verified, that these two forestry-drained peatlands have a different C balance. EC
and related tree biomass measurements show that the soil in the NP site is a small sink of C and the NR
site is releasing C (Lohila et al. 2011, Minkkinen et al. 2018, Kasimir et al. 2021, Korkiakoski et al.
2023). It was hypothesized that these differences in the C balance could be explained by the differences

in soil respiration rates and particularly by the PE.
2.2. Studies on the aboveground vegetation greenness (Papers I and II)

In Papers I and II, the greenness indices derived from phenology camera images were combined with
ecosystem-scale CO; flux, air temperature and satellite-derived greenness data. Phenology cameras

were mounted within three pristine peatlands and a Scots pine forest.

2.2.1. Digital camera setups

StarDot Netcam SC 5 digital cameras were used for phenology monitoring. The cameras were weather
proofed and connected to line current and a web server (Fig. 3). The images with a 2592 x 1944
resolution in the 8-bit JPEG format were stored automatically every 30 minutes during the daylight
hours and transferred to the server. At peatland sites (Papers I and II), the cameras were facing north in
depression angles of 18° at 2 m height at Halssiaapa, 10° at 3-m height at Lompolojénkké and 10° at
3.5-m height at Kaamanen. The cameras were observing mostly ground vegetation, but also some trees
and skyline were visible. All the cameras had the same image quality setting for saturation, contrast and

colour balance. At the forest site (Paper 1), the cameras were located at two different heights: 29 m
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(‘canopy camera’) and 13 m (‘crown camera’). The viewing angle was 45° for the canopy camera, and
the crown camera was positioned nearly horizontally. The camera view of the canopy camera showed

the forest canopy and general landscape, while the crown camera observed individual trees for a more

accurate detection of phenological development.

Figure 3. Examples of the camera setups at Kaamanen (left) and Halssiaapa (vight). Photos: Courtesy
of FML.

2.2.2. Image processing

For Papers I and II, the digital images were analyzed with the FMIPROT software, an image processing
tool for phenological and meteorological observations (Tanis et al. 2018). The program calculates the
colour fractions of red, green and blue channels in the image pixels. From this information, the GCC is
calculated as:

G

GCC = IR+ZG+ZB

(M

where G, ¥R, B are the sums of green, red and blue channel indices within the image.

We used image data obtained only after the snowmelt, which usually occurs in May at all sites, since

visible snow in the images causes overexposure.

2.2.3. Regions of interest (ROIs)

With the FMIPROT it is possible to crop Regions of Interest (ROIs) within an image. This makes it
possible to analyze a subarea of the image, for example, different plant communities or even individual
plant species. In Papers I and II, both general ROIs and more specific ROIs limited to distinctly

identifiable plant communities were chosen for the analysis.
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2.2.4. Testing of the digital camera setup

In Paper I, the stability of the image colour channels was studied by installing grey reference plates
within the camera view. The aim was to examine if changing conditions, such as changes in solar
radiation, affect the colour balance of the images of reference plates, which should not show any
seasonality (Petach et al. 2014). The reference plate was painted with Tikkurila grey/1948 colour, where
the red, green and blue colour components (RGB) were equal (R = G =B =95). The mean diurnal GCC
cycle was then calculated for the reference plate throughout the year and the stability of reference

images was analyzed for different months and hours of the day.

The effect of cloudiness on the GCC data was tested with the data collected in July 2014, when the
growing season peaked and, in addition, an equal number of sunny and cloudy days was observed. The
images were classified by the observation of cloudiness (from clear sky to completely cloudy, CL = 0—
8) to two groups, sunny (CL = 0-1) and cloudy (CL = 7-8). The daily (11.00-15.00) mean GCC of
these groups was then compared. The effect of sun angle on the images was tested by comparing the

mean minimum and maximum GCC for the sunny and cloudy days within the daytime window.

To test the effect of ROI selection on GCC, four different and clearly identifiable vegetation types were
chosen from the fen site, in addition to the more general ROI including multiple vegetation types. The
dominant vegetation within those ROIs were (1) bog-rosemary (Andromeda polifolia) and other shrubs,
(2) sedges (Carex spp.) and Sphagnum mosses, (3) big-leafed bogbean (Menyanthes trifoliate) and (4)
downy birch (Betula pubescens).

2.2.5. Temperature dependency calculations

In Paper 11, the growing degree day sum (GDDS) was calculated as the cumulative sum of the daily
average temperatures that exceeded 5 °C, subtracting the base value of 5 °C. When the daily mean
temperature had remained over 5 °C for ten days, the growing season was accounted to start. In addition,
short-term changes in GCC were examined by calculating the mean three-day difference, i.e., by
defining AGCC = GCC(day:;) — GCC(dayw3). AGCC was divided into three classes by temperature (< 5
°C, 5-10 °C and > 10 °C) calculated as a two-day average (day: and day+1).
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2.2.6. Fitting of the GCC and daily maximum GPP cycles

To illustrate the seasonal GCC cycle, a double hyperbolic tangent function was fitted in Paper II to both

camera- and satellite-derived GCC time series (Meroni et al. 2014, Vrieling et al. 2018):

tanh((t-ay)az)+1 tanh((t-as)ae)+1 _

GCC(t) = ag + ay 20 g TSR g, 2)

where ¢ is time, ay is the minimum GCC in the beginning of the growing season, a; (a4) is the difference
between the maximum GCC and minimum GCC, a; (as) is the inflection point in GCC development,
and as (as) controls the slope at the inflection point in GCC development during the first (second) half

of the growing season. This function was also fitted to the daily maximum GPP data.

The fit for camera- and satellite-derived data was fixed to start on 1 May with a fixed GCC value. This
GCC value was averaged for each site from the annual minima right after the snowmelt. Similarly, the
end point of the fit was fixed to 31 October, with the average of the annual GCC minima at the end of
the growing season. The same procedure was applied to the daily maximum GPP data. The fitted GCC
functions were used to define parameters describing different phenological phases and vegetation
development. The start of season (SOS25), calculated as 25% of the GCC difference between the
maximum and 1 May, the maximum GCC (MAX) and the end of season (EOS25), calculated as 25%
of the GCC difference between 30 October and the maximum, were used as descriptive parameters for

comparison between the camera- and satellite-derived data.

2.2.7. Autocorrelation between GCC and daily maximum GPP data

Autocorrelation in the residuals of the regression between GCC and the daily maximum GPP was tested
with the Durbin—Watson test. Autocorrelation was taken into account by regressing the first differences
of the data, i.e., by applying the transformation x'; = x; — x.1, where x; and x.; are consecutive

observations.

2.2.8. [Ecosystem scale CO; exchange and meteorological measurements

The CO, exchange between ecosystems and the atmosphere was measured with the
micrometeorological EC method at all sites (Papers I and II). The EC method is based on determining
the covariance between the high-frequency fluctuations in vertical wind speed and CO, mixing ratio
(Baldocchi 2003). The EC measurement systems included USA-1 (METEK GmbH) three-axis sonic
anemometers/ thermometers and closed-path LI-7000 (Li-Cor., Inc., Lincoln, NE, USA) CO»/H,O gas
analyzers. In addition, air temperature, photosynthetic photon flux density (PPFD) and water table level
were measured at the sites. Cloudiness data were obtained from the observatory in Sodankyld. For more

detailed information about the measurement systems and data processing, see Aurela et al. (2009).
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EC measures the net ecosystem exchange which, as depicted in Figure 1, consists of gross
photosynthetic production and ecosystem respiration. The daily maximum GPP (GPPnma.x, denoted by
GPI in Paper I) expresses the maximal photosynthetic activity in optimal radiation conditions and is
here calculated as the difference between the daily average of the daytime (PPFD > 600 pmol m™? s)
and night-time (PPFD < 20 umol m?2 s') NEE.

2.2.9. Satellite (Sentinel-2) data

In Paper 11 the GCC was also derived from the Sentinel-2 data collected in 2016-2019. The satellite
data consisted of bottom-of-atmosphere products (Level-2A) which were atmospherically corrected.
The bands that were used were B2 (blue, 490 nm), B3 (green, 560 nm) and B4 (red, 665 nm). The
spatial resolution was 10 m. The Sentinel Scientific Data Hub (https://scihub.copernicus.eu) was used

for downloading the products.

If there was no Level-2A product available for a certain day, the Level-1C product was processed with
the Sen2Cor software (version 2.8) to correspond with the Level-2A product. The cloudy, cloud-
shadowed and snowy satellite images were filtered with the scene classification data (SCL Band)
available in the Level-2A products. Although the satellite data were available at least every other day,

the filtering decreased the number of valid images.

The GCC from the satellite images was calculated as an average from the multiple ROIs within each
site. The ROIs were chosen to represent different vegetation types and microtopography. Due to the

difference in spatial resolution of the images, the ROIs were not the same as in the camera images.
2.3.Studies on the belowground CO; fluxes (Papers III and IV)

The belowground decomposition of the old SOM was studied in Papers Il and IV with natural
abundance and *C-labelling experiments. The peat soil for both studies was collected from two sites
with different nutrient status. The sites were defined as nutrient-rich (NR) and nutrient-poor (NP)

peatlands based on their original peatland type.

2.3.1. Soil sampling

The peat for both incubation experiments (Papers III and IV) was collected from the sites from four
locations within a distance of 100 m. From each location, three peat core samples were collected from
an area of about 1 m? In total, 12 peat core samples with two depths were collected from both sites. For
the natural abundance study, the core samples included two depths: 10-20 cm (younger surface peat)
and 40-60 cm (older, deep peat). For the 1*C-labelling study the peat samples were taken just below the
litter and humus layer. All the peat samples were homogenized and roots were removed. For the natural

abundance experiment the peat was incubated for six months at 5 °C before the experiment. During the
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long incubation period, the easily decomposable material was decomposed. For the '*C-labelling study

the peat was stored in cold for two weeks before the experiment started.

2.3.2. Methods of the natural abundance study of *C

For the experiment of natural abundance of '*C (Paper III) a 6-month laboratory study was established.
Pine seedlings were planted in microcosm systems, as described by Pumpanen et al. (2009). The
microcosm was built from a compartment for the soil and roots and a transparent lid (Fig. 4). The soil
compartment had carved channels for air transport and tube connection holes. The size of the microcosm
was 200 mm x 300 mm. A 5-mm layer of peat was spread to 56 microcosms (28 with deep peat and 28
with surface peat). To 32 of the microcosms a 2-month-old seedling (Pinus sylvestris) was planted while
24 microcosm remained as bare peat controls. Half of these microcosms represented the NR site and
half the NP site. The microcosms were set in a greenhouse in insulated boxes (Fig. 4). The boxes were
cooled by circulating water cooled to 10 °C by a Lauda cooling system (model RM, Lauda-
Konigshofen, Germany) at the bottom. The soil and root compartments were covered to block the light
access to the roots. The light in the greenhouse was turned on for 18 h per day with a light intensity set
approximately to 300 umol m™ s'. In addition, the temperature in the greenhouse was controlled and

recorded.

"

Figure 4. Example of a microcosm system with peat and a pine seedling (left) and setup for the
microcosm systems in a greenhouse with the Lauda cooling system (vight). Photos: Maiju Linkosalmi

The planted seedlings were germinated from seeds collected nearby the study sites. The germination
was conducted in sterile conditions as described by Heinonsalo et al. (2001). To ensure the presence of
natural microflora, the seedlings were also inoculated with a solution extracted from the peat soil of the
study sites. Later, when the seedlings were observed to suffer from nutrition deficiency, they were
fertilized with PK fertilization extract (7% P, 11.3% K and 0.23% Fe). In addition, the control

microcosms were fertilized to preserve the difference in the nutrient content between different peat
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soils. All the microcosms were watered every second day with distilled water and weighed before and

after the watering to keep the moisture content stable.

The CO; fluxes (respiration of peat with and without a seedling and seedling photosynthesis) were
measured from 3-, 5-, 6- and 8-month-old seedlings. Compressed air was led through the microcosm,
and the difference between incoming and outgoing concentrations of CO, and water vapour was
analyzed with a LI-7000 gas analyzer (LI-COR Inc., Lincoln, NE, USA). Photosynthesis was measured
with an attachable transparent chamber, and the gas analysis was conducted as described above. The
PPFD was set approximately to 450 pmol m™ s'. The procedure is described more precisely by

Pumpanen et al. (2009).

According to the percent modern carbon (pMC) analyses, conducted in advance, the surface peat at both
sites is younger than the deeper peat; at the NR site, pMC was 100.9% and 78.4%, in the surface and
deep peat and at the NP site 92.3% and 67.7%, respectively. Thus, the difference in isotopic composition
between the deeper peat and surface peat or living plants was sufficient for a reliable application of the
mixing model (Biasi et al. 2011). Molecular sieves were used for collecting *CO; samples from the
respiration of bare peat and peat with roots (Hamaéléinen et al. 2010, Palonen and Oinonen 2013). After
the experiment, all the components (peat, root, seedlings) were separated and weighed. The samples

were dried to determine the dry weight and moisture content.

2.3.3. Methods of the 1*C-labelling study

The '}C-labelling experiment (Paper IV) included 120 peat sample bottles (60 per site), with
approximately 20 g of peat in each bottle, which were incubated at 15 °C during the experiment. Half
of the peat samples were labelled with 500 ug g DW! of 13C-glucose. To examine the effect of nutrients
on decomposition, 30 labelled and 30 non-labelled samples were fertilized with a solution containing
N, P and K. 30 peat samples were control samples without nutrients and '*C-glucose. The treatments
for both sites were sorted to three batches, each batch consisting of 20 samples (5 control samples, 5
samples with nutrient addition, 5 samples with *C-glucose addition and 5 samples with nutrient and
BC-glucose addition). The CO> and '*CO; emissions were measured from one batch throughout the
experiment. The additional analyses (C, N, NOs", microbial biomass C) were conducted three times

during the experiment for each batch.

The CO; production rates were analyzed by taking syringe samples from closed, air tight sample bottles
first after 30 min and again after 5 h after closure of the bottles. The CO, concentration in syringe
samples was analyzed with a gas chromatograph (Hewlett Packard 5890 Series IT). The *CO, -samples
were taken after 5 h with vacuum degassed vials, and the samples were analyzed with an IRMS (Isotope
Ratio Mass Spectrometer). This was repeated during the first four days of the experiment, then every

second day and lastly after three days.
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The concentrations of NO3;™ were determined with an ion chromatograph (Dionex DX-120) from
extractions of fresh peat. The amount of microbial biomass C in the peat samples was determined with
chloroform fumigation extraction. The concentrations of dissolved organic C (DOC) and dissolved N
(DN) contents were analyzed with a Shimadzu (Japan) analyzer from fumigated and non-fumigated
extracts. The isotopic ratio was also determined from the fumigated and non-fumigated samples with

the IRMS.

2.3.4. Two-pool mixing model

In Papers III and 1V, the observed respiration fluxes were partitioned with the two-pool mixing model
(Fry 2006, Hahn et al. 2006, Biasi et al. 2011). In Paper III, the '*C dating results, i.e., the pMC values,

were used for the calculation of the fraction of peat-derived respiration:

_ PMCpix—PMCrmodern 3
freat = - (3)
PMCpare—PM modern

where pMChix denotes the *CO signal from peat and seedling respiration, pMCpar is the 'C signal of
CO; from bare peat respiration, and pMCnmodern Stands for the modern C pMC (here we use the value of

105%). The fpeat fraction was calculated for both the NR and NP deep peat treatments.

In Paper IV, which reports the '*C-labelling study, the fraction of peat-derived respiration (fpear) was

calculated from the analyzed 6'°C results as:

513¢,-813C
foear = g, —swc, (4)

where 8'°C; denotes the 3'°C-value of labelled peat, 3'°C, is the §!*C-value of non-labelled peat, and
8!3C, is the 8'*C-value of the added '*C-glucose. The fyea fraction was calculated for both the NR and
NP peat treatments.
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3. Results
3.1.Studies on the aboveground vegetation greenness (Papers I and II)

The digital camera-derived greenness index was determined for different sites and measurement years,

and combined with CO; measurements, air temperature and satellite data in Papers I and II.

3.1.1. Testing of the digital camera setup

In Paper I, the experimental setup for phenological monitoring was tested by analysing the grey

reference plate data.

The periods with sufficient light levels for the GCC analysis were determined from the daily data, which
showed that GCC remained stable from March to October (Paper I: Fig. 4). During winter months, the
solar radiation is low in northern Finland, which decreased the GCC levels and increased the short-term
variance of GCC. In the night-time GCC data, the variance was high all year round, even though in high
latitudes the summer nights are not completely dark. The daytime period for the final GCC analysis was
limited to 11.00—-15.00 (UTC+2).

The examination of the effect of cloudiness on the GCC data showed no significant difference in the
mean GCC between sunny and cloudy conditions (Paper I: Fig. 4). The significance of solar angle was

tested by comparing GCC data obtained before and after noon and no difference was found.

To test the effect of ROI selection on GCC, four different and clearly identifiable vegetation types were
chosen from the fen site, in addition to the more general ROI including multiple vegetation types. The
GCC of'these different ROIs showed significant differences in their seasonal cycle, such as in the timing
of phenological phases and the maximum GCC values (Paper I: Fig. 5). The downy birch-dominated
ROI showed the fastest growth onset in spring, and the ROI with big-leafed bogbean showed the highest
maximum GCC. At the forest site, the effect of ROI selection was tested by subjectively selecting three
separate ROIs from the general canopy view. There were no differences in the daily mean GCC values

of these ROIs.

The GCC values of forest were lower when determined from the canopy camera images than from the
crown camera images (Paper I: Fig. 6). Most probably, this was due to the different viewing angles of
these cameras and the different distances between the camera lenses and the objects. In addition, soil
and snow may be visible in the background in the canopy images, which affects the GCC observation.

For further analysis, only the crown camera images were used.
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3.1.2. Development of GCC and GPP., at peatland sites

In Paper I, the vegetation greenness was derived from digital images of the Halssiaapa fen for two
growing seasons, 2014 and 2015. For Paper II, the digital camera setup observing peatland vegetation
was extended to cover also two other pristine peatlands and five growing seasons (2015-2019). The
images from all the study sites visually show the seasonal development of vegetation greenness: spring
development, greening, peak season and senescence (Fig. 5). The development of GCC was clear at all
sites: as the vegetation starts to develop in the spring after snowmelt, also the GCC starts to increase
(Fig. 6). The snowmelt occurs in northern peatlands on average in May. The period between snowmelt
and vegetation growth onset is visible in the GCC data as a decrease due to the moist and dark soil (data

not shown).

Halssiaapa

May

Kaamanen

September

Figure 5. Seasonal development of vegetation and surface water from May to September 2015 at the
Halssiaapa, Lompolojénkki and Kaamanen fens, and at the forest site in Sodankyld. The pictures
were taken on the 15" of each month. Figure modified from Paper I1.

The GCC data over the five measurement years 2015-2019 demonstrated that GCC was systematically
highest at Lompolojankka (p < 0.05) (Fig. 6). In addition, the difference between Halssiaapa and other
sites was significant in mean growing season GCC values in 2017, 2018 and 2019. At Lompolojénkka

and Kaamanen the maximum GCC was observed in 2017 and at Halssiaapa in 2016.
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Figure 6. Development of GCC during six growing seasons (2014-2019) at Halssiaapa, and five
growing seasons (2015-2019) at Lompolojinkkd and Kaamanen. The different symbols denote different
vears and the bands with different colours denote the 95% confidence intervals of the fitted hyperbolic
tangent function. The red dots indicate the fixed start and end days defined for the fitting. Figure
modified from Paper I1.

The differences in GCC among different plant communities were examined in Paper II. The differences
were significant at all sites (p < 0.05), with the exception of 2017 at Halssiaapa and Kaamanen. The
GCC of birch species differed at all sites significantly from the GCC of other plant communities.

Comparisons of the maximum GCC values of different plant communities showed that the annuals and

woody plants with bigger leaves produced a higher GCC than Carex species and shrubs.

The seasonal pattern throughout the growing seasons was similar in the GCC and GPP .« data (Figs. 6
and 7). No differences in the GPPmax Were observed among the sites in 2015, but in 2016 and 2019 a
significant difference between Kaamanen and the other two sites was found, and in 2017 and 2018
between Lompolojankkd and Kaamanen. A linear relationship existed between GCC and the GPPay,
but also a significant autocorrelation in the model residuals was found in Paper II (Paper II: Table 5).
After taking the autocorrelation into account, the coefficient of determination was generally reduced to
close to zero. Even though some short periods showed correlated variation in GCC and the GPPax
(Papers I and II), it was concluded that most of the common variation was explained by the common

seasonal cycle.
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Figure 7. Development of the daily maximum GPP (GPP ) during six growing seasons (2014-2019)
at Halssiaapa, and five growing seasons (2015—2019) at Lompolojinkkd and Kaamanen. The different
symbols denote different years and the bands with different colours denote the 95% confidence intervals
of the fitted hyperbolic tangent function. The red dots indicate the fixed start and end days defined for
the fitting. Figure modified from Paper II.

3.1.3. GCC and GPPn.y at forest site during two growing seasons

In Paper I, GCC was also determined for a pine forest site located close to the Halssiaapa fen. The
meteorological conditions were similar due to the proximity of the sites. As the pine forest site has
evergreen vegetation, photosynthesis can start quickly as soon as air temperature reaches a sufficiently
high level. For example, the effect of the few warm days in the beginning of May 2015 was visible in
the GCC of the forest, but not in the GPPax at the fen whose vegetation was not yet active (Paper I:
Figs. 7 and 8). In addition, due to this warm period, the growing season in 2015 started earlier than in
2014 at the forest site, but this was not observed at the fen site. As also observed for the fen, the warm
period in May—June 2014 enhanced the forest growth and by mid-June the GPP.x and GCC exceeded
the corresponding levels in 2015. However, the cold period later in June 2014 decreased both the CO,
uptake and GCC at both sites. The reduction in GCC was more distinct for the forest than for the fen.

3.1.4. Temperature dependence of GCC and GPP

The GCC and GPPuax data in Paper I show that due to warm spells the fen vegetation developed rapidly
during May—June 2014 and thus the growing season development was faster in 2014 than in 2015 (Paper
I: Fig. 7). The earlier onset in 2014 also resulted in an earlier occurrence of the maximum GCC. Both
GCC and the GPP...x show a stabilization and reduction in late June 2014, which occurred at the same
time as a colder period. The maximum GCC was similar in these two years, and so was the rate of GCC

decline during August and September. In 2014, a warm period took place in mid-September, which
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most likely was the explanation for the slightly higher GCC values observed. When the daily
temperatures dropped below 0 °C in October, GCC decreased close to the values observed before the

growing season start.

Consistently, warmer conditions in spring and an earlier snowmelt led to an earlier green-up of the
vegetation. The late snowmelt in 2017 delayed the start of GCC development and photosynthesis
compared to the other study years (Paper II: Figs. 7-9). However, no connection was found in Paper I1
between the timing of growing season start and the maximum GCC or GPPmax at Lompolojénkkd or
Kaamanen. At Halssiaapa, the earliest growing season start, the maximum value and the earliest timing

of GCC and the GPPuax all happened in 2016, i.e., during the same year (Paper II: Table 3).

In Paper II, the temperature dependence of GCC was studied by creating a normalized cumulative GCC
and GDDS for all the sites and growing seasons. These results showed that the increase of GCC started
later than the accumulation of GDDS. The cold spring and later melting snow cover in 2017 delayed
both the GDDS and GCC compared to the other growing seasons studied (Paper II: Fig. 5). Although
the start of the growing season started later in that year, the vegetation was able to reach its typical
development rate, and the highest summer maximum GCC was observed at Lompolojankki and

Kaamanen (Paper II: Table 3).

The year 2018 was the warmest of the study years 2015-2019 at all the sites. At Halssiaapa, drought
with a substantial water table drop was observed in July 2018, and again in July and August 2019, and
it was reflected in both GCC and the GPPnax (Paper II: Fig. 7). The drought periods also affected the
WTD and GCC at Kaamanen, but not at Lompolojénkka.

The short-term GCC change (AGCC), indicative of vegetation development within different
temperature classes, depended on both the month and temperature range (Paper II: Fig. 6). In May, the
mean AGCC was substantially smaller for temperatures below than above 5 °C. In the lowest
temperature class (< 5 °C), no significant differences were found among the sites during any month.
The vegetation growth was found to benefit from lower temperatures at Lompolojankkad, and it was
overall larger than at the other sites. In June, the temperature limit for positive AGCC was over 10 °C
at Halssiaapa, while at Lompolojankka this limit was lower and at Kaamanen the mean AGCC of June
was similar in all temperature classes. The mean AGCC started to stabilize during July, but at Kaamanen
a significant positive change was observed for temperatures between 5 and 10 °C, and at Halssiaapa for
temperatures over 10 °C. The mean AGCC was negative due to senescence in August and September.
The AGCC indicator was calculated also separately for different plant communities, and the results
showed that Betula spp. started a rapid growth in May at all sites, but already in June the AGCC of
birches was lower than in other plant communities. As in the spatially averaged AGCC data, the highest

plant community-specific AGCC values were found at Lompolojénkka.
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3.1.5. GCC derived from satellite data

The GCC and phenological phases derived from satellite (Sentinel-2) data were compared to digital
camera-derived data in Paper II. The GCC values obtained from the Sentinel-2 were generally higher
than those derived from the camera images. The different viewing angles, the atmospheric effect (the
scattering and absorption of radiation due to atmospheric molecules and aerosols) and the consequent
correction of the satellite data most probably contributed to the difference. However, the digital camera-
and satellite-derived GCC showed similar seasonal patterns. The Sentinel-2 data agreed with the in situ
observations of a later season start in 2017 at all sites and a lower GCC at Halssiaapa in 2018 compared
to other years (Paper II: Fig. 10). The satellite data were scarcer than camera data, and consequently

there were larger uncertainties in the function fitted to describe the seasonal course.

The phenology parameters calculated, from the fitted seasonal function showed differences between the
satellite and camera-derived data (Paper II: Table 6). The Sentinel-2 data corresponded to an earlier
growing season start at Halssiaapa and Kaamanen. At Lompolojiankk, the satellite-based start-of-
season indicator SOS25 and the maximum GCC were estimated to occur later than those obtained from
the camera-based data. At Halssiaapa and Kaamanen, the Sentinel-2 data suggested a later occurrence

of the end-of-season indicator EOS25, but no systematic difference was found at Lompolojankka.
3.2.Studies on the belowground CO, fluxes (Papers III and 1V)

The peat soil decomposition and PE were determined with isotopic methods (*C and '3C) in laboratory-

based studies from two peat soils collected from nutrient-rich and nutrient-poor sites in Papers III and

V.
3.2.1. CO; fluxes

According to the bare peat respiration measurements in Paper III, the surface peat generally respired
more than the deep peat. The microcosms with planted pine seedlings respired more than the bare peat
microcosms. The share of the heterotrophic respiration out of the total soil respiration was calculated
as the proportion of bare peat CO, production to the total soil CO,. On average, the bare peat respiration
was between 42% and 80% of the total soil respiration (Paper III: Fig. 3). No significant difference
between the NR and NP samples was found. The NR surface peat was better soil for the seedling growth
(Paper III: Table 1), and thus the average net photosynthesis rates were highest in those seedlings
growing in the surface peat microcosms (Paper III: Fig. 2). As stated above, the seedlings growing in
surface peat, especially in NR peat, gained also most biomass and the net photosynthesis rate correlated
significantly with the mass of the seedlings. The peat and root respiration exceeded the seedling

photosynthesis and thus the microcosms were sources of COa.
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The results of Paper IV show that the basal, control samples of NR peat without nutrient or *C-glucose
addition respired almost twice as much as the basal NP peat and the difference was significant (p <
0.001) (Fig. 8). Within the NP peat treatments, the nutrient addition affected the respiration significantly
(p < 0.05), but not within the NR peat treatments.

3.2.2. Priming effect in peat soil

According to the results of the *C dating in Paper III, the CO, of peat respiration of the microcosms
with seedlings was derived from a younger source than the CO; respired from the bare peat microcosms
(Paper III: Table 2). The results also showed that the CO, respired from the NR peat was produced by
a younger source than the CO; of the NP peat respiration. The NR peat with roots showed on average a
bit higher (16%) and the NP peat with roots on average a lower (20%) respiration rates than the bare
peat, but these differences were not statistically significant (Figs. 7 and 8). The proportion of the peat
respiration to the total soil respiration with roots was 55% in NR peat and 76% in NP peat. The peat
respiration was significantly higher (46%) in the NR peat than in the NP peat.

A negative PE was observed in Paper IV for both the NR and NP peat soils; soil respiration of the non-
labelled control peat samples was significantly (p < 0.001) higher than the calculated soil-derived
respiration of the '*C-labelled samples (Fig 8). In the NR peat, the soil-derived respiration rate of the
BC-glucose labelled samples without and with nutrient addition was on average 29.1% and 28.2%,
respectively, lower than in the control, non-labelled peat. The corresponding percentages in the NP peat
were 39.1% and 33.6%, respectively. The nutrient addition had a significant (p < 0.001) impact on the
respiration rates in the NP control treatments and on the PE, respiration being higher with nutrient

addition. This was not observed for the NR peat.

The calculated '*C-glucose-derived respiration in the beginning of the experiment was significantly
higher in the NR peat than in the NP peat, both with and without nutrients (Paper IV: Figs. 1 and 2). No
significant difference was found within the different NR or NP peat treatments. It has to be noted that
the '*C-glucose-derived respiration declined fast; already on the second measurement day the
respiration of NR peat was reduced to 18% and 11%, and the respiration of NP peat to 12% and 7%,
without and with nutrient addition, respectively. The calculated cumulative CO; flux over 14 days was

significantly (p < 0.001) higher in the NR peat than in the NP peat.
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Figure 8. Control peat respiration and the partitioned peat respiration components of NR (above) and
NP (below) peat determined in Papers Il (left) and IV (vight). Respiration was partitioned by the
natural abundance method (**C) in Paper III and ">C-glucose labelling in Paper IV. The results from
the 3C-labelling and respiration partitioning are shown from the beginning (day 1) and the end (day
14) of the experiment. In the "*C-labelling experiment, additional nutrients (+N) were added to half of
the samples. Error bars describe standard deviation (n = 5). Figure modified from Papers Il and IV.

3.3.The DOC and DN content, net nitrification rate and microbial biomass C and *C (Paper IV)

The DOC content did not differ significantly between the NR and NP peat samples or among the
different NR peat treatments (Paper IV: Table 2). In contrast, there was a significant difference in the
DOC content between different NP treatments (p < 0.05): a lower DOC content was observed in the
samples with added '*C-glucose. There was no significant difference in the DN content among either

the different NR or NP peat treatments, but the DN content was significantly (p < 0.05) lower in the
13C-labelled NP peat than in the 3C-labelled NR peat.
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The net nitrification rate differed significantly (p < 0.05) between the NR and NP samples (Paper I[V:
Table 2). In the NR peat, net nitrification was detected, while immobilization was observed in the NP
peat. In addition, there was a significant difference (p < 0.05) between the NP peat samples with and
without nutrient addition. Hence, the nutrient addition seemed to further strengthen the observed

immobilization.

The *C-labelled samples had a significantly (p < 0.05) higher microbial biomass C (MBC) content than
the non-labelled samples (Paper IV: Table 2). The nutrient addition had no significant effect on the
MBC content, and the MBC content did not differ between the NR and NP samples. The *C in MBC
(MBC-3C) was lower in the NR peat than in the NR peat, but there was no differences among either
the NR or NP treatments. The labelled samples had naturally higher 3'*C values of the MB. The NP
peat had in general higher 5'*C values of the MB than the NR peat, but no significant differences were

found in mean 8'°C values of the MB between the sites.
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4. Discussion
4.1. Studies on the aboveground vegetation greenness (Papers I and II)

Many studies have demonstrated, and this thesis further confirms, that it is possible to detect the
development of vegetation greenness of different ecosystems from digital camera-derived images
effectively and automatically (e.g., Richardson et al. 2007, 2009, Ahrends et al. 2009, Ide and Oguma
2010, Sonnentag et al. 2012). The derived vegetation indices can be related to changes in the ecosystem—
atmosphere CO; flux, and they can complement the satellite-based observations (Peichl et al. 2015,
Peltoniemi et al. 2018, Vrieling et al. 2018, Koebsch et al. 2020). In the studies of this thesis, clear
differences in the green chromatic coordinate (GCC) were found among different sites, years and plant
communities and, based on these findings, it can be concluded that vegetation greenness of northern
boreal ecosystems can be reliably monitored with digital cameras, even on a plant community level.
Currently, studies on the greenness of smaller regions of interest covering, for example, individual plant
communities are still scarce. In addition to the small-scale results presented in Paper II, vegetation
indices have been derived at the scales of a chamber plot (< 0.5 m?) (Davidson et al. 2021, Juutinen et

al. 2022) and individual trees (Menzel et al. 2015, Cheng et al. 2020).

The highest GCC and photosynthetic productivity (expressed as the GPPmax) among the three northern
peatlands studied in this thesis were observed at Lompolojankka. This site is characterized by high
nutrient availability, rich vegetation and a high LAI. In addition, the surface at Lompolojénkka is the
flattest among the study sites, and the stream running through the fen feeds water and nutrients to the
fen ecosystem (Lohila et al. 2010, Aurela et al. 2009). At the other peatland sites, i.e., Halssiaapa and
Kaamanen, the microtopography is more variable, creating a wide range of hydrological features with
differing habitats, which further creates variability in the trophic status and vegetation; especially the
string—flark formations impact the species distribution and productivity of plants (Shi et al. 2015). The
GCC varied also between different measurement years. The results of Paper II suggest that the annual
differences in GCC in the early phase of the growing season were well explained by air temperature,
here expressed as a degree day sum. Similar correlation has also been observed for a more southern

boreal peatland (Peichl et al. 2015).

Several studies have demonstrated for different ecosystems (forests, grasslands, crops, peatlands) that
GPP correlates strongly with a greenness index derived from digital images (Migliavacca et al. 2011,
Keenan et al. 2014, Peichl et al. 2015, Toomey et al. 2015, Knox et al. 2017, Jarveoja et al. 2018, Peichl
et al. 2018, Koebsch et al. 2020). Papers I and II of this thesis confirm this correlation: highly similar
seasonal cycles of GCC and the GPPrax were observed. Also, related short-term variation in GCC and
the GPPmax was found, for example, in 2014 and during the drought period in 2018 at Halssiaapa, and

in the early part of the growing seasons 2016 and 2017 at Kaamanen. In addition, the results illustrate
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that both the maximum GCC and GPPnax over the measurement years occurred during the same growing
season, but this year differed between the sites Despite these similarities, the regression analysis
conducted in Paper II suggests that most of the GPPax variation is associated with the common seasonal
cycle rather than GCC as such. This is understandable as green leaf area controls both GCC and GPP
and is mainly driven by air temperature and day length (Bauerle et al. 2012, Peichl et al. 2015, Koebsch
et al. 2020).

Changes in environmental conditions, such as the timing of the growing season start, mean growing
season temperature and warm or cold spells, affect differently not only ecosystems differing in
characteristics and habitats but also different plant communities and even different species. For
example, Wipf and Rixen (2010) observed that a later start and shorter duration of the growing season
decreased the overall plant productivity of arctic and alpine ecosystems. They also noted that the timing
of snowmelt had a different effect on different plant functional types; for example, the growth of forbs
increased and the growth of grasses decreased with delayed snowmelt. Wipf (2010) stated that the
GDDS, rather than the timing of the growing season start, controls the later phenological phases, which
also suggests that the conditions prevailing later during the growing season play an important role in
the annual plant productivity. The earlier phenological phases, especially for those earlier species that
can start their development soon after the snow cover disappears, are more affected by the timing of the
snowmelt. The results of this thesis indicate that the vegetation of northern boreal peatlands can quickly
start developing after a late growing season start and is capable of reaching the same, or even higher,
maximum GCC level, compared to a year with an average spring, if the conditions later in the summer
are favourable for vegetation growth. The results in Paper II demonstrate that air temperature (GDDS)
is the most important factor in explaining the annual variation of the growing season start dates, which

was also observed by Peichl et al. (2015) for a more southern boreal peatland.

As observed by Rinne et al. (2020), the widespread drought detected in 2018 affected the net CO; sink
of many northern peatland ecosystems. The drought did not affect Lompolojénkka, however, as WTD
did not decrease there, most probably due to the hydrological features of the site. The net CO, uptake
during the growing season of 2018 even increased at Lompolojénkka. In contrast, the drought decreased
the COs sink of the Kaamanen fen in 2018 (Heiskanen et al. 2021) and, according to the results of Paper
11, affected the CO, sink even more at Halssiaapa. The GCC at Halssiaapa, derived both from the digital
images and the Sentinel-2 satellite data, was lowest in 2018 among the measurement years. Both at

Kaamanen and Halssiaapa, WTD was substantially reduced during the drought.

As stated above, the peatland vegetation is often spatially highly variable, and such heterogeneous
ecosystems are challenging environments for remote sensing. In Papers I and II of this thesis, it was
demonstrated that digital cameras are able to detect differences even at the scale of individual tree

crowns and plant communities. In Paper II, the GCC was also derived from the Sentinel-2 satellite data,
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and the growing season development was clearly visible in these data, even though the GCC values
were generally higher than the camera-based GCC. A similar mismatch between digital camera- and
satellite-derived greenness indices has also been observed in other studies (e.g., Liu et al. 2021), and
there are various reasons why the GCC derived from these sources can be expected to differ. Vrieling
et al. (2018) proposed that the differences result from the non-photosynthetic vegetation mass (dead
plant matter, stems, flowers) in the images, which affects the visibility of green biomass in an oblique
view. In addition, the camera-derived indices are extracted from raw digital numbers corresponding to
the red, green and blue colour channels of the pixels in an image, while satellite-based analysis applies
the observed surface reflectance (Vrieling et al. 2018). It has been suggested that images taken at nadir

could provide a better correlation with satellite data (Vrieling et al. 2018).

In Paper II, the basic phenological cycle was characterized and different phenological phases were
determined by fitting a hyperbolic tangent function to GCC data from both camera and satellite images.
The same function was also fitted to GPP data. Large differences were detected in the determined
growing season phases between the camera- and satellite-based data, the latter indicating longer
growing seasons at Halssiaapa and Kaamanen. Poor satellite data availability deteriorated the fitting
and determination of phenological phases, resulting in uncertain parameter estimates, especially in the
beginning and end of the growing season. High uncertainty was also involved in the fits of the GPPax
at Halssiaapa in 2018 and at Kaamanen in 2019 in the beginning of growing seasons, due to the poor
data coverage. While the camera-based monitoring and EC measurements usually produce high-
frequency data, the temporal coverage of satellite data is limited; for the study sites of this thesis, a non-
cloudy image was produced typically every 5 to 10 days. The satellite data used in Paper Il were
especially limited in 2016 and 2017, when the Sentinel-2 constellation consisted of a single satellite
(Sentinel-2A). Since 2018, the Sentinel-2 satellite data have been available from two satellites

(Sentinel-2A and Sentinel-2B).

In addition to observing differences between years and sites, the digital cameras employed in this thesis
demonstrated the potential for detecting small-scale and short-term changes in vegetation due to, for
example, droughts, as well as for the long-term ecosystem surveillance especially for tracking possible
climate change effects. By limiting the images to the scale of a chamber measurement plot, GCC can
be related to small-scale measurements of fluxes (Davidson et al. 2021, Juutinen et al. 2022). With the
help of GCC observations of differently developing vegetation types, it may be possible to partition a
spatially integrated CO- flux observation gained from EC measurements into its components separating,
for example, the different plant communities within a heterogeneous peatland. The digital image data
could also provide support for parameterization of phenological events in ecosystem models and for
model evaluation, especially for developing dedicated phenology models incorporated into ecosystem
models. Furthermore, the digital camera observations complement the remote sensing data with limited

temporal and spatial resolution. For example, continuous digital image data have been used for
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verification and interpretation of satellite data (Filippa et al. 2018, Richardson et al. 2007, 2009,
Sonnentag et al. 2012).

4.2.Studies on the belowground CO; experiments (Papers I1I and IV)

The basal respiration rates were measured from NR and NP peat samples in Papers I1I and IV. Although
no differences in respiration rates between NR and NP bare peat control samples were detected in Paper
111, the peat respiration rate calculated from the total peat and root respiration (i.e., the basal respiration
in the presence of vegetation) was 47% higher in the NR peat than in the NP peat. In contrast, the results
of Paper IV indicate that the NR control peat without *C-glucose addition respired significantly more
than the NP peat. It must be noted that the peat used for the natural abundance study (Paper I1I) was
incubated for six months before the experiment and thus all the easily decomposable material was
supposedly employed, but the peat used in the *C-labelling study (Paper IV) was fresh. This difference
in incubation time, and thus the difference in the amount of easily decomposable C in peat, most likely

affected the results of bare peat respiration.

The natural abundance study (Paper III) applying “C-dating indicated no significant PE in either of the
soils. Thus, it was not possible to conclude that the nutrient status of these peat soils affected the PE.
However, a negative PE was found in the '*C-glucose addition study (Paper IV) for both peat soils, i.e.,
for NR and NP peats. In addition, the PE was significantly stronger in the NP peat, implying that the
negative PE may be more pronounced in peat soils with less available nutrients. In Paper III, deep, old
peat was used for partitioning the respiration to peat- and root-derived components, since the application
of the mixing model required a sufficiently large difference in the pMC -values between the two sources.

In contrast, only surface peat was used in the '*C-labelling experiment in Paper IV.

The studies on the PE in peat soil are still relatively few and contradictory. The studies have reported
both positive (Hamer and Marschner 2002, Basiliko et al. 2012, Hartley et al. 2012, Bader at al. 2018,
Walker et al. 2016, Mastny et al. 2021) and negative priming (Bader et al. 2018, Hardie et al. 2011, Yan
et al. 2021, Mastny et al. 2021), and some no priming at all (Bader et al. 2018, Leiber-Sauheitl et al.
2015, Aaltonen et al. 2022, Miiller et al. 2022). For example, no priming was detected in organic soil
by Aaltonen et al. (2022) after glucose addition, by Miiller et al. (2022) after artificial root exudate
addition and by Leiber-Sauheitl et al. (2015) after the addition of isotopically labelled sheep excrement.
In a study conducted on managed organic peat soils, the PE was found to be insignificant in cropland
soil, negative in forest soil and positive in grassland soil (Bader et al. 2018). These contrasting results
indicate that the PE in peat soils depends on other, probably multiple, variables than land use. Compared
to mineral soils, where positive priming has been widely detected (e.g., Luo and Weng 2011,
Zimmerman et al. 2011), the organic soils do not seem to support priming the same way as the mineral

soils.
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As mentioned above, negative PE is believed to result from preferential substrate utilization (Kuzyakov
et al. 2000, Kuzyakov 2002, Kuzyakov and Bol 2006, Werth and Kuzyakov 2010, Wang et al. 2015).
With nutrient depletion, microbes tend to switch the primary energy source to compounds that are easily
available (Kuzyakov 2002, Werth and Kuzyakov 2010, Wang et al. 2015). The results of Paper IV
indicate that this was the case in the studied peat soils. In addition, the negative priming was further
dampened with higher nutrient availability. The C/N ratio and N content affect the soil fertility and
decomposability (e.g., Moore 2002), and Ekblad and Nordgren (2002) suggested that with C/N ratios
greater than 30 the activity of microbes is limited. The NP site had a higher C/N ratio (over 30 in situ),
and while the microbes might therefore be inhibited at the site, the direction of PE did not differ between
the sites (Paper IV). However, the negative PE was significantly larger in NP than NR peat, compared
to the total amount of CO, respired, and the lower nutrient availability seemed to enhance the negative

priming.

The results of Paper IV indicate that the microbial biomass was significantly higher in the '*C-labelled
samples, although no difference was detected between NR and NP peat. The amount of glucose
remaining in the microbes (MBC-!*C) after the two-week experiment was significantly higher in NP
peat with nutrients and glucose addition than in either of the NR treatments. The proportion of the
glucose-derived respiration in the labelled samples was high on the first day, but it decreased rapidly.
This suggests that microbes used the fresh and easily decomposable C fast. The amount of respired
glucose was lowest in NP peat without added nutrients. These results indicate that the additional C from
sugars is used for microbial growth and maintenance instead of respiration, and further confirm the

depletion of nutrients in NP peat.

It must be noted that the '*C-glucose used in Paper IV is a simple compound compared to the more
complex real root exudates. Wild et al. (2016) reported variable PE results in arctic soils after the
addition of different kinds of substrates, and Hamer and Marschner (2002) and Basiliko et al. (2012)
reported a positive PE after root exudate addition to peat soil. Nevertheless, the *C-glucose addition
can indicate the short-term potential in the soil microbial reservoir. In addition, the natural bulk peat is
a combination of different layers with different degrees of decomposition. Since deep peat was used for
the respiration partitioning in Paper III, the results do not entirely represent field conditions. Although
most of the roots locate in the active surface layer where litter is gained (Laiho and Finér 1996), the
roots and root exudates can also enter deeper peat layers and feed fresh C to these more recalcitrant
sections. The results of this thesis could also be applied to re-planted mined peatlands where the plants
grow on old, exposed peat. The deep peat is not favourable for the growth of seedlings. This was further
verified with the seedling biomass results of Paper III, which showed that the seedling growth rate in

surface peat was comparable to that observed for mineral soil by Pumpanen et al. (2009).
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Figure 9 summarizes the different C flux components and the role of PE determined for the NR and NP
sites. As stated before, the in situ CO, balances of the study sites indicate that the peat soil at the NR
site is a C source, whereas the NP peat soil is a C sink (Lohila et al. 2011, Minkkinen et al. 2018,
Kasimir et al. 2021, Korkiakoski et al. 2023). The soil C balance, derived from NEE and tree biomass
sequestration indicates that the peat soil at the NR site is annually a net source of C (210 g C m2 yr'!),
while the NP soil is a net C sink (-60 g C m? yr'!) (Fig. 9). The results of Papers Il and IV accord with
these studies emphasizing the difference between the sites: the decomposition rates are lower in NP
peat and simultaneously the negative PE was found to be stronger than in NR peat. The difference in
the respiration rates results from differences in the vegetation and litter characteristics and in peat
quality and decomposability, indicating that NR peat is more easily decomposable. The observed
negative priming might even further inhibit the surface peat decomposition in the NP peat soil in the
presence of vegetation. We can conclude that more studies are needed to fully understand the peat
decomposition in the presence of roots; especially, the quality of the peat, such as nutrient status, state

of humification and C/N ratio, should be taken into account.
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Figure 9. Ecosystem C balance of a nutrient-rich (NR) and a nutrient-poor (NP) forestry-drained
peatland in Southern Finland. Net ecosystem exchange (NEE) (sum of gross primary production (GPP)
and ecosystem respiration (Rec,)), and tree biomass sequestration are given in a unit of g C m™ yr”'. The
numbers for the NR site are obtained from Korkiakoski et al. (2023) and for the NP site from Minkkinen
et al. (2018). The soil C balance was derived from the difference between the annual NEE and tree
biomass sequestration. The basal peat respiration (in ug C g DW' h'; blue spiral) for surface and
deeper peat layers was obtained from laboratory-based isotope (°C and "*C) studies. A negative
priming effect (i.e., the decrease in old C decomposition when fresh C is added to the soil; red cross)
was found in surface peat, while no significant priming (i.e., no change in old C decomposition) was
found in deeper peat. The size of the arrows, crosses and spirals approximates the strength of the flux
or effect. Figure modified from Paper IV.

4.3. Applications of the results

Earth system, ecosystem and ecosystem process models provide a means to predict how ecosystems
respond to climate and land-use changes, in addition to describing the functioning and interactions of
ecosystem components. Modelling results are also utilized in policy making, and thus the reliability of
these predictions is important. Both vegetation phenology and the PE are affected by climate and land-
use change, and both have feedbacks on climate. Hence, integrating them to ecosystem models could

improve policy-relevant predictions (Richardson et al. 2012, Cheng et al. 2014, Perveen et al. 2014).
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However, the underlying mechanisms driving both phenology and the PE are still not completely

understood, which hinders model development (Piao et al. 2019, Bernard et al. 2022).

While satellite-derived phenology-related data have been used in process and ecosystem-level
modelling (e.g., Viskari et al. 2015, Dokoohaki et al. 2022, Nevalainen et al. 2022), the camera-derived
data have been utilized less frequently. Digital camera-derived greenness indices have been employed
for modelling phenology and for simulating daily GPP (Migliavacca et al. 2011, Zhou et al. 2013, Knox
et al. 2017). Knox et al. (2017) compared greenness indices in a light-use efficiency model and found
that satellite-derived data resulted in a poorer data—model agreement than camera-derived data at a
wetland site with heterogeneous surface (open water and vegetation), while for a more homogeneous
wetland the model performed well with both data. It has been shown that species-level observations are
highly useful for developing vegetation phenology models from the community to ecosystem scale
(Tang et al. 2016, Piao et al. 2019). Piao et al. (2019) also acknowledge that there are differences in
phenological phases between plant-level and remote sensing observations, as also observed in this thesis
between camera- and satellite-derived data. This further emphasizes the need for high-resolution and

high-frequency digital camera data.

As Dietze et al. (2018) suggest, ecological forecasting is critically needed to understand how ecosystems
will respond to changing climate, for example to predict the changes in phenological and
biogeochemical cycles. Automated, high-resolution and real-time data production is needed for
developing robust tools for ecological forecasting (Besson et al. 2022). For example, Nevalainen et al.
(2022) designed a near-term forecast system to monitor agricultural C sequestration, in which the
forecast is adjusted with CO; fluxes and satellite-derived LAI observations. Since digital cameras can
produce greenness data more frequently than satellites, these kinds of forecasts could potentially be
improved with the continuous data obtained from repeat photography. This thesis has amply

demonstrated the availability and validity of such data.

Data for model development are not only needed on the aboveground phenology, but also the
belowground phenology is just as important (Piao et al. 2019). A study addressing the root phenology
implies that the effects of climate change may affect the above- and belowground phenology differently
(Blume-Werry et al. 2016), and the belowground phenology is moreover connected to root exudate-
driven processes, such as the PE. Conceptual models with a timescale from hours to days describing
the soil C decomposition have been integrated to global land biosphere models, but the interaction
between labile and recalcitrant C has been mostly dismissed (Guenet et al. 2016). In some studies,
however, the PE has been integrated to process and ecosystem models (Cheng et al. 2014, Perveen et
al. 2014, Guenet et al. 2016, Bastida et al. 2019, Liu et al. 2020). Cheng et al. (2014) and Perveen et al.
(2014) demonstrated that it is possible to incorporate the PE into ecosystem models with additional

parameters and thus improve the accuracy of predictions. In addition, Guenet et al. (2016) introduced a
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simple conceptual model for priming, which reproduces priming experiments conducted in the
laboratory and in the field. Recently, Liu et al. (2020) presented a mechanistic model which predicts
the soil C replenishment and PE and the processes contributing to them, such as litter input and
decomposition. Since the PE and its drivers are still not fully understood, the rhizosphere process is
difficult to model. However, as Bernard et al. (2022) suggest, the objectives of PE modelling should be
divided into two groups: firstly, understanding the PE and secondly, quantifying the PE.

It is worth noting that all of the sites studied in this thesis located in the boreal zone and are mostly
peatland habitats, which obviously restricts the representativeness of the results presented. For example,
it has been previously reported that the GCC of evergreen forests show a weaker correlation with GPP
during the early growing season than ecosystems with deciduous vegetation (Toomey et al. 2015,
Wingate et al. 2015). This accords with the results of Paper I, which show that forest site there was
more fluctuation in the correlation between GCC and CO; flux data at the evergreen than at the peatland
site, although the GCC and photosynthesis developed simultaneously also at the forest site. The PE
studies of this thesis were conducted with soil sampled from forestry-drained peatlands and as discussed
above, previous PE studies have reported contradictory results with differently managed organic soils,
thus it is difficult to estimate the representativeness of the results of this thesis. It has to be also noted
that the laboratory-based peat decomposition studies do not completely represent natural conditions.
Further studies combining different methodologies would be needed to gain more knowledge about the

PE in peat soils.
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5. Conclusions

In this thesis, both above- and belowground CO; fluxes were examined with process-specific methods
to support standardized flux measurements by additional information. In Papers I and II, digital repeat
photography was evaluated as a method for monitoring vegetation greenness and development. The
digital camera setup was capable of detecting even small-scale differences and changes in vegetation,
in addition to producing continuous data for long-term ecosystem monitoring. Differences in vegetation
dynamics were detected between two adjacent ecosystems, three pristine peatlands and different plant
communities within a peatland site. The differences in GCC were found to be associated with the
nutrient availability and vegetation composition at the site or within the region of interest. The seasonal
vegetation greenness data derived from digital cameras were combined with seasonal CO; flux
measurements. Although the seasonal development of GCC and CO; uptake were correlated, the short-
term variation in GCC did not in general explain the corresponding variation in the daily maximum

GPP.

Differences in vegetation dynamics were also observed between different measurement years. The
peatland vegetation was demonstrated to compensate for the late growing season start; the maximum
daily maximum GPP over the measurement years was reached during a summer with the latest growing
season start. The effect of drought on GCC and the daily maximum GPP was observed to depend on
the hydrological features of the site. The camera- and satellite-derived GCC data indicated the same
seasonal cycle, but the poorer temporal resolution of the satellite data undermined the reliable

determination of the timing of different phenological phases.

In Papers III and 1V, the soil CO, fluxes and PE of two forestry-drained peatlands were examined in
the laboratory with isotope techniques. The basal surface peat respiration and the peat respiration in the
presence of plants were significantly higher in the more nutrient-rich peat soil. The results are in
accordance with the observed differences in the CO; balances at the sites from which the peat samples
were collected: the peat soil has been observed to lose C at the nutrient-rich site and accumulate C at
the nutrient-poor site. This emphasizes the difference in the quality of the peat between the sites, which
is a result of vegetation and litter quality. In these studies, no priming ('“C-experiment) or negative
priming (}3C-experiment) was found. Thus, it can be concluded that the addition of fresh C (in the form
of seedling roots or glucose) did not increase, or it even decreased, the old peat decomposition. The

negative priming was more pronounced in the peat soil with less available nutrients.

This thesis demonstrated that the phenology cameras are a useful method for tracking changes in
ecosystem greenness, including both the seasonal course and shorter-term perturbances due to extreme
weather conditions. In the long term, repeat photography provides a tool for monitoring the possible
effects of climate change. In addition to monitoring, the phenology camera-derived data could be used

in ecosystem models and in model evaluation, as well as for verification of satellite data. Importantly,
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the changes in the aboveground ecosystem affect the belowground processes. Although climate
warming and peatland drainage are likely to increase the rate of peat decomposition, the results of this
thesis indicate that the fresh C addition from increasing biomass and root exudates, for example, does
not further enhance old peat decompositionin the studied forestry-drained peatlands. Since the PE
contributes to C cycling, further studies on the PE mechanisms and related ecosystem and process
modelling would be important, although this presents a major challenge. However, this thesis showed
that these process-specific methods for studying above- and belowground CO; fluxes improve our
understanding of ecosystem C balances, which is necessary for assessing the effects of climate change

and human-induced land-use changes.
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