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1 Introduction

Most of the present-day peatlands have formed during the last 11 000 years after the last glacial period
(Gajewski et al., 2001). Peatlands are ecosystems with a high water table level (WTL) where carbon
(C) has been fixed through photosynthesis and stored as partly decomposed organic matter called
peat. In thousands of years, they have become large terrestrial reservoirs of C, containing about 30%
(1055 Pg C; Nichols and Peteet, 2019; Scharlemann et al., 2014) of the Earth’s soil C. In addition,
peatlands store around 10% (8-15 Pg N; Batjes, 1996; Limpens and Heijmans, 2006) of total soil
nitrogen (N) pool, even though they cover less than 3% of the Earth’s surface area (Xu et al., 2018).

Peatlands have a warming effect on climate on decadal time scales due to high methane (CHa)
emissions. On the other hand, over millennial timescales, the radiative forcing of CH4 emissions
stabilise because of shorter lifetime of CH4 in the atmosphere compared to carbon dioxide (CO»).
Over the years, the C storage keeps increasing in the formed peat layer (Whiting and Chanton, 2001),
making peatlands climate coolers. However, peatlands have become vulnerable to drying (Swindles
et al., 2019) because of climate change. Also, human activities resulting in land-use changes, such as
peat extraction and drainage for forestry and agriculture, have increased greenhouse gas (GHG)
emissions from peatlands (e.g. Leifeld and Menichetti, 2018). Peatland drainage lowers WTL creating
oxic conditions in the surface peat, which decreases CH, emissions but induces a peat decomposition
process in which C and N are released to the atmosphere as CO; and nitrous oxide (N2O). Drainage
remains a common practice, especially in the tropics, and the cumulative GHG emissions from
drained peatlands in 2015 (globally 80 Pg CO2-eq) are expected to triple by 2100 (Leifeld et al., 2019).

In Finland, more than half of the original peatland area of 100,000 km? has been drained, mostly for
forestry (Paivanen and Hanell, 2012). Drainage was a common practice in the 1960s, and currently
these drained peatland forests are reaching their harvesting age. Yet, there is a lack of research
focusing on different harvesting methods and their effect on GHG fluxes in peatland forests. The most
common forest management method in Finland has been even-aged management (EM), including
clearcutting with stem wood harvest, followed by soil preparation with either incorporated or separate
amelioration of drainage, and forest regeneration by planting or sowing. However, due to the need for
ditch network maintenance, in peatland forests EM requires substantial economic investments to
establish and maintain the forest stand (Nieminen et al., 2018), and it also causes major environmental
issues because of increased GHG emissions and decreased water quality. Large CO, emissions have
been measured for several years after clearcutting upland forests (Amiro et al., 2010; Clark et al.,
2004; Humphreys et al., 2005; Kowalski et al., 2004, 2003; Takagi et al., 2009; Williams et al., 2013).
Also, the net CH. (Sundqvist et al., 2014; Vestin et al., 2020) and N,O (Huttunen et al., 2003; Saari
et al., 2009) emissions have been observed to increase, even though the research is not as
comprehensive as with CO,. These environmental and economic problems have raised a discussion
if continuous cover forestry (CCF) could be a feasible alternative to EM in peatland forests (Nieminen
et al., 2018). In CCF, no clear-cut is made, and the method is not based on stand rotations. Only part
of the tree stand is harvested, and natural regeneration is expected to take place in openings and under
the retained stand. Partial harvests are carried out at 10 to 20-year intervals, depending on site
productivity, instead of traditional clearcutting every 60 to 100 years. No ditch maintenance should
be required since the remaining tree stand is presumed to maintain transpiration that is high enough
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to prevent the WTL from rising to a level that would harm tree growth (Nieminen et al., 2018;
Sarkkola et al., 2010, 2012). Consequently, net CH, emissions should not increase significantly.
Further, stand management including regular partial cuttings are expected to keep WTL higher than
the level resulting from EM due to lower average stand volume and missing ditch network
maintenance operations. Therefore, peat decomposition and CO; emissions should be reduced as less
peat is exposed to oxic conditions, but no research exists to verify this.

Knowledge about the ecosystem and soil C balances can be acquired by directly measuring the stock
changes in soil and vegetation. This method requires, however, a long time interval to obtain an
estimate of the C balance, typically one to several decades, and it does not provide information on the
short-term dynamics of the carbon cycle (Makipéaa et al., 2008; Smith et al., 2019). Alternatively,
balances of CO; and other key GHGs, such as CH4 and N»O, can be determined by measuring the
exchange between ecosystems and the atmosphere. This approach is applicable from hourly to decadal
balances.

The most common flux measurement techniques are the eddy covariance (EC) and closed chamber
methods. Both methods have been commonly used in peatland and forest research for decades. EC
provides a direct way to measure the ecosystem-scale turbulent exchange of a gas, if wind components
and gas mixing ratio can be detected with a high frequency. It is relatively maintenance-free (Aubinet
et al., 2012), does not disturb the ecosystem under investigation, provides continuous measurements
and allows a direct estimation of the ecosystem-scale GHG balances. In contrast, closed chambers are
commonly used to measure gas exchange between the forest floor and the atmosphere. Chambers
allow the investigation of small-scale processes, such as the gas exchange variation among different
microtopographic surfaces (Keller et al., 1990; Singh et al., 1997). Traditionally, the measurements
have been made manually by syringe sampling and subsequent analysis of the samples in a laboratory,
but technical advances have made it possible to replace syringe sampling by portable gas analysers.
In addition, automatic chamber systems have become more common (e.g. Gorres et al., 2016;
Koskinen et al., 2014; Pirk et al., 2016; Savage et al., 2014; Ueyama et al., 2015; Zhao et al., 2018),
which allows using more accurate non-portable gas analysers and higher measurement frequencies,
resulting in more reliable estimates of GHG balances. The EC and closed chamber methods can be
used in parallel to obtain a more comprehensive view of the processes occurring within the ecosystem.

The general aim of this thesis is to quantify the short-term impact of different harvesting practices on
GHG fluxes and balances in a boreal nutrient-rich peatland forest and to find the most optimal
methods to measure them. The more specific research questions this thesis aims to answer are:

1) What is the optimal flux calculation method for the data collected with automated chambers (Paper
1)?

2) What is the CO; balance of a nutrient-rich peatland forest before harvesting?

3) How do the different harvesting practices affect evapotranspiration and WTL (Papers I1, 111 and
1V)?

4) How do the fluxes of CO,, CH4 and N,O change after clearcutting (Paper 11) and partial harvesting
(Paper I11) in a nutrient-rich peatland forest?

12



2 Physical and biological processes driving greenhouse gas
exchange

Ecosystems and the atmosphere interact in many ways. In terms of climate, the most crucial surface-
atmosphere exchange processes are those of energy and GHGs, including CO», CH4, and N2O. Even
though water vapour is a GHG, it is generally measured as an energy flux due to the energy bound to
the phase transitions and its ability to transport energy between different parts of the atmosphere.
Understanding these processes requires direct flux measurements, but it is important to note that the
measured flux is always affected by both physical and biological processes. To deduce something
about biological processes using flux measurements, one also needs to understand the physical
processes affecting the gas flow in soil and the atmosphere above it.

2.1 Atmospheric boundary layer

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere, which is in direct
interaction with the underlying surface (e.g. Stull, 1988). Unlike the layer above ABL called free
atmosphere, the flow field and air composition of the ABL respond to the surface forcing like heating
and friction in hourly or shorter timescales. This interaction with the surface makes the air in the ABL
turbulent where three-dimensional eddies of different sizes effectively mix the air. The turbulent
transport of eddies is especially important in the vertical direction because the mean vertical wind
component is typically small. The origin of the atmospheric turbulence and eddies can be mechanical
or thermal (e.g. Stull, 1988). The mechanical production of turbulence is caused by surface drag
slowing the wind near the ground surface, which leads to a vertical wind speed gradient and wind
shear. Thermal production is caused by increased air temperature at the surface due to solar radiation.
The increased temperature at the surface makes the air column unstable as the warm air rises because
of free convection and turbulence is generated.

ABL can be divided to Ekman and surface layer, which can be split even further into inertial and
roughness sublayer (Garratt, 1994). The height of the Ekman layer is about 90% of the ABL and in it
the wind veers and fluxes decrease with height. In roughness sublayer, individual roughness elements
can dominate the turbulence and affect the fluxes. However, in the inertial sublayer, the fluxes are
almost constant with height, and traditional surface layer theories apply. Also, the wind speed profile
follows a logarithmic behaviour in neutral conditions, which can be modified with Monin-Obukhov
similarity theory under stable and unstable conditions.

The height of the ABL varies by the atmospheric stability (e.g. Kaimal and Finnigan, 1994; Stull,
1988). In the morning, solar radiation starts to increase the air temperature close to the surface.
Because the warm air is more buoyant than cold air, the warm air begins to rise, making the air
unstable and creating turbulence. During the daytime, the air is well-mixed due to this convection,
and ABL height typically varies within 1-2 km, which mostly consists of the convective mixed layer
(Fig. 1). The ABL and free atmosphere are separated by entrainment zone (or capping inversion),
which is a stable layer where turbulence is limited. In that layer, the air from the free atmosphere can
be entrained into the ABL, especially during morning when large convective eddies can penetrate
through the stable layer into the free atmosphere. In the evening, when the solar radiation and
convection stops, the surface starts to cool down. This creates a stable nocturnal boundary layer where
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turbulence is suppressed, limiting the ABL height to hundreds of meters. Some weak turbulence can
develop during the night by mechanical production via wind shear. Above the nocturnal boundary
layer is the residual layer, which is a leftover of the daytime ABL.

¢ ¢

4 Free atmosphere

Entrainment zone e

Capping inversion / -
£ Residual — Residual
o layer vectv Layer

boundary layer

Nocturnal

m
Boundary layer . boundary layer
F=———————=/ T T T T T T T " Sinace layer / -------------- L

| < |
Sunrise Time Sunset

Figure 1. Simplified diel evolution of the atmospheric boundary layer over the course of one day.
Modified after Stull (1988).

2.2 Gas transport in soil and plants

Gas transport in the soil is caused by diffusion, i.e. thermal motion of molecules. A concentration
gradient, created by biological production or consumption, mainly drives diffusive gas flux in the soil
(Fp) while the pressure and temperature gradients are of minor importance in plant and soil processes
under normal circumstances (Jaynes and Rogowski, 1983). In a steady state, F,, in the soil can be
described by Fick's first law (Neira et al., 2015):

Fo = —pyoeE 1)
D — OTSdZ

where Dy is the gas diffusion coefficient (m? s1) or diffusivity in air, 7 is soil tortuosity (m m) or the

geometry of air space in soil, ¢ is the air-filled porosity (m® air m* soil), and dc/dz is the
concentration gradient of the diffusing gas. & and 7 express the soil properties such as texture, water
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retention, bulk density and moisture, which affect the amount, size and connectivity of air-filled pores
(Moldrup et al., 2001; Thorbjgrn et al., 2008).

Peat soils have high total porosity (Caron et al., 2015; Dettmann et al., 2014) consisting of both
relatively large pores, which are interconnected but highly irregular, and relatively small, closed, and
dead-end pores formed from the plant cell remains (Hayward and Clymo, 1982; Rezanezhad et al.,
2010). Peatland draining decreases total porosity and changes pore size distribution by increasing
micropores and decreasing macropores (Silins and Rothwell, 1998; Wallor et al., 2018). Drained
organic soils have very low pore connectivity due to platy and fibrous nature of some organic
compounds (Caron and Nkongolo, 1999), which can cause lower gas diffusivity in peat than in
mineral soils, even when the soils have similar total porosity (Caron et al., 2015). Gas diffusivity can
also be reduced by soil compaction, which decreases the volume of air-filled pore spaces and increases
soil bulk density (Cambi et al., 2015; Czyz, 2004; Neira et al., 2015). However, compared to soil,
water is a more effective barrier for gas diffusion (Call, 1957) as the diffusion coefficient is about
10,000 times as high in air than in water. Increasing soil moisture changes air-filled pore configuration
and adds water-blocked pores that diminish diffusion, which changes soil tortuosity and reduces the
connectivity of air-filled pores (Thorbjern et al., 2008).

In addition to diffusion, other gas transport mechanisms exist especially in water-filled ecosystems
such as wetlands where these processes are primarily attributed to CH4 emissions. Ebullition is a
process in which part of the gas trapped under the surface is quickly released as bubbles to the
atmosphere. The bubbles are kept in place underwater by surface tension forces, and the ebullition
occurs when the buoyancy of the bubbles becomes larger than the surface tension forces (e.g. Strack
et al., 2005). The bubble release can be either steady or episodic (Coulthard et al., 2009; Goodrich et
al., 2011), and it can have a substantial contribution to total wetland CH4 emissions (Stanley et al.,
2019; Tokida et al., 2007; Yu et al., 2014), while in other studies their role has been estimated to be
small (Mannisto et al., 2019; Riutta et al., 2007).

Third, aquatic plants in wetlands can transport CH4 from anoxic soil layer to the atmosphere,
bypassing the oxic soil layer and oxidation (Whalen, 2005). This plant-mediated gas transport
happens through aerenchyma of the plants either by convective flow or diffusion (e.g. Joabsson et al.,
1999; Lai, 2009). The diffusion gradient is created by the concentration difference between the peat
and the aerenchyma of the roots, which can be considered as an extension of the atmosphere (Joabsson
et al., 1999). In contrast, the bulk flow can be created by differences in temperature or water vapour
pressure between the plant and the atmosphere (Lai, 2009). The contribution of plant-mediated
transport to total CH4 emissions is highly variable and dependent on the plant species (Bhullar et al.,
2013; Dorodnikov et al., 2011; Koelbener et al., 2010; Kutzbach et al., 2004; Schimel, 1995). In
general, the presence of plants increases CH, emissions to the atmosphere. However, the number of
roots may enhance methanotrophic activity (Halmeenméki et al., 2017), for example, by creating oxic
pockets around their roots where CH4 oxidation can happen (Le Mer and Roger, 2001). In recent
years, tree stems have been found to emit CH4 and N2O (e.g. Barba et al., 2018; Machacova et al.,
2019). However, their origin, magnitudes and spatial and temporal patterns are still largely unknown
(Barba et al., 2018), but it has been suggested that tropical trees can have similar levels of CH4
emissions than the entire Arctic zone (Pangala et al., 2017).
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2.3 Photosynthesis and respiration

Plants use solar radiation to synthesise CO, and water into oxygen and chemical energy; this process
is called photosynthesis. Chemical energy is stored in the form of glucose that plants require to
survive. The factors affecting photosynthesis described below are based on the plants using C3
pathway, which is the most common method of photosynthesis in the boreal region (Still et al., 2003).
In addition to the C3 pathway, there are also C4 and CAM pathways. These are used by plants living
in hot and dry environments, but some C4 plants have also been found in the boreal region (Kubien
and Sage, 2003; Schwarz and Redmann, 1988). The photosynthetic rate is mainly driven by solar
radiation, atmospheric CO, mixing ratio, temperature, water availability and humidity (IPCC, 2013).
Solar radiation is the key driver of photosynthesis (e.g. Farquhar et al., 1980); if there is no light,
plants cannot photosynthesise. Increasing light intensity increases the photosynthesis rate, but at some
point the rate starts to plateau and increasing light intensity ceases to increase the rate of
photosynthesis (Marshall and Biscoe, 1980). In addition to higher light intensity, higher CO, mixing
ratios enhance photosynthesis and stimulate plant growth (Ainsworth and Rogers, 2007; de Graaff et
al., 2006). Also, too high or low temperatures reduce the rate of photosynthesis (e.g. Hew et al., 1969).
Higher humidity increases photosynthesis by allowing plants to open their stomata wider for gas
transport as there is no risk of losing too much water. In dry conditions, plants close their stomata to
conserve water, but closing stomata also blocks CO, from entering the plant and thus prevents
photosynthesis.

Respiration is a process in which a cell uses glucose and oxygen to produce energy, and water and
CO; are released as by-products. There are two types of respiration: autotrophic and heterotrophic.
Autotrophic respiration originates the metabolism of organic matter by plants and their symbiotic
micro-organisms. Heterotrophic respiration is the metabolism of organic matter by fungi, bacteria and
soil animals (e.g. Scott-Denton et al., 2006). Autotrophs consume the organic matter made by
themselves through photosynthesis, while heterotrophs must consume organic matter produced by
autotrophs. In drained peatland forests, decomposition of organic matter in peat can be a significant
source of CO; to the atmosphere. Soil respiration rate, which can be defined as a sum of root and
heterotrophic respiration, is mainly controlled by temperature (e.g. Conant et al., 2011; Lloyd and
Taylor, 1994; Reichstein et al., 2000), moisture (Carlyle and Ba Than, 1988; Howard and Howard,
1993; Moyano et al., 2013), and substrate availability, quality and accessibility (Dungait et al., 2012;
Fernandez-Martinez et al., 2014; Hattenschwiler and Jgrgensen, 2010; Manzoni et al., 2010). Soil
temperature and moisture together explain most of the variation in soil respiration when neither of
these is too extreme. Respiration rate increases with temperature up to a universal threshold of about
25 °C, above which it starts to decrease with increasing temperature (Carey et al., 2016). However,
soil respiration is not sensitive to moisture at low temperatures (below 5 °C) or to the temperature at
low moisture (below 7.5%,) (Carlyle and Ba Than, 1988).

The net CO; flux is generally, especially when using the EC method (Sect. 3.2), expressed as net
exchange (NEE) between the ecosystem and the atmosphere. NEE is a combination of two processes:
gross primary production (GPP) and ecosystem respiration (ER) (Fig. 2). ER is a sum of autotrophic
and heterotrophic respiration, while GPP describes the gross amount of C the vegetation fixes from
the atmosphere through photosynthesis. In this thesis, micrometeorological sign convention is
adopted, which means that a positive NEE denotes a flux from the ecosystem to the atmosphere (net
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emission) and a negative NEE indicates a flux from the atmosphere into the ecosystem (net uptake).
By definition, soil respiration includes heterotrophic (HR) and root respiration. When the above-
ground parts of the ground vegetation are also included, one is measuring the total autotrophic and
heterotrophic respiration whose sum in this thesis called the forest floor respiration (FFR). The total
autotrophic forest floor respiration (FF, AR) includes the respiration by the tree and plant roots, and
also the above-ground parts of the plants (Fig. 2).

NEE FCH4 FCO FVOC

CO:
—> advection

-}Lateral (o3
transfer

(DIC, DOC, PC)

l Leaching of DIC
and DOC
Figure 2. Most significant carbon (C) fluxes determining the carbon balance of an ecosystem. The
box represents the ecosystem and green line the soil surface. The large black arrows indicate the
vertical net ecosystem CO; exchange (NEE) (emission or uptake) measured by the eddy covariance
method and the components of NEE: gross primary production (GPP) and ecosystem respiration (ER).
ER consists of autotrophic respiration of trees (AR, trees) and total forest floor respiration (FFR),
respiration of forest floor plants and their roots (FF, AR), and heterotrophic respiration (HR). Blue
arrows indicate the fluxes measured with the chamber method in this thesis (FF, AR, HR, and methane
flux (Fcp4)). The grey arrows indicate the fluxes not estimated in this thesis: carbon monoxide flux
(F¢o), volatile organic C flux (Fyoc), leaching of dissolved organic and inorganic C (DOC and DIC),
and movement of particulate C (PC). Advection of CO, was also assumed negligible. The figure is
modified from the original figure by Chapin et al. (2006).

One of the most relevant questions in peatland forestry is what is the long-term C balance of the forest

ecosystem when considering all the negative effects of the harvesting and the positive effect of carbon
uptake by the vegetation. Pristine peatlands are mainly small CO; sinks (e.g. Aurela et al., 2002;

17



Nilsson et al., 2008; Roulet et al., 2007; Sottocornola and Kiely, 2005) due to carbon accumulation
by primary production dominating over the low decomposition rates, which are mostly attributed to
anoxic soil conditions resulting from a high WTL. Draining peatlands exposes peat to oxygen, hence
accelerating the decomposition process and increasing C loss and CO2 emissions; this occurs mainly
on nutrient-rich soils (Ojanen et al., 2010). The growing tree stand uptakes CO», which may offset the
CO loss by peat decomposition, hence turning a peatland forest to a temporary CO; sink (Hargreaves
et al., 2003; Hommeltenberg et al., 2014; Lohila et al., 2011; Meyer et al., 2013; Minkkinen et al.,
2018). Although, mature tree stands with high evapotranspiration may enhance peat decomposition
due to lowered WTL (Ojanen et al., 2010). However, the trees are eventually harvested, and the C in
wood is gradually lost back to the atmosphere. The rate of this C loss depends on the use of the wood.

2.4 CHg production and consumption in soil

The CH,4 production process is run by methanogenic archaea (methanogens; Garcia et al., 2000). This
process is a part of the decomposition of organic matter, in which methanogens use hydrogen and
acetate as energy sources to produce CHa4 (Conrad, 1999). The production rate mostly depends on the
supply of organic matter at low redox potential, soil temperature, and pH (Dunfield et al., 1993;
Kotsyurbenko et al., 2004; Segers, 1998; Wang et al., 1993). The production rate increases with
increasing temperatures until reaching the optimum of around 20-30 °C (Dunfield et al., 1993) and
is lower on acidic soils. In peat and upland soil, anoxic conditions typically occur below WTL, which
is generally the most important factor determining whether the soil is a net CH4 source or sink as it
defines the thickness of the oxic and anoxic soil layers. However, there have been observations of
CH, production in oxic soils (von Fischer and Hedin, 2002, 2007), and it has been proposed that
methanogens also live in oxic soils and activate, for example, in high soil moisture conditions (Angel
etal., 2011, 2012; Angle et al., 2017; Lohila et al., 2016).

CH, oxidation is carried out by methanotrophic bacteria (methanotrophs), which use CH4 as their
energy source and assimilate C. The traditional CH4 oxidation process uses oxygen as an oxidiser.
However, anaerobic oxidation has also been observed in peat soils (Blazewicz et al., 2012), where it
was likely mediated by methanogenic archaea. Independent of the electron acceptor, the final product
of CH,4 oxidation is CO,. CH4 oxidation rate depends on soil temperature, soil moisture, pH, CH, and
oxygen concentrations, and nutrient availability (Boeckx and Van Cleemput, 1996; Dunfield et al.,
1993; Ridgwell et al., 1999; Scheutz and Kjeldsen, 2004). CH4 oxidation increases with temperature
and reaches its optimum at 19-30 °C (Bérjesson et al., 2007; Einola et al., 2008; Scheutz et al., 2009;
Stern et al., 2007). Also, extreme soil moistures inhibit CH4 consumption in the soil, probably due to
physiological water stress on methanotrophs and decreased amount of oxygen in the soil in low and
high soil moistures (Van Den Pol-van Dasselaar et al., 1998), respectively. The net CH4 flux (Fep,)
is a combination of anaerobic production and aerobic oxidation processes.

Generally, wetlands act as net CH4 emitters due to their high WTL and thin oxic layer that is not
enough to oxidise the CH4 produced in the anoxic layer. Unlike wetlands, properly drained peatland
forest soils generally act as CH4 sinks (Lohila et al., 2011; Martikainen et al., 1995; Minkkinen et al.,
2007; Ojanen et al., 2010), but the drainage ditches may still yield significant local emissions (e.g.
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Luan and Wu, 2015; Minkkinen et al., 1997; Minkkinen and Laine, 2006). In some cases, drainage
has been unsuccessful, and the soil has remained a CH. source (Ojanen et al., 2010). Also, upland
forest soils can be CH4 emitters after heavy rainfall or extended wetter periods (Lohila et al., 2016),
which may be true also for peatland forests. Trees have also been found to emit CHy, but currently
the origin, magnitudes, and temporal and spatial variation of these emissions are poorly understood
(Sect. 2.2; Barba et al., 2018).

2.5 N2O production in soil

In soil, N2O is produced as a by-product of two chained processes: aerobic nitrification and anaerobic
denitrification (e.g. Smith et al., 2018). In nitrification, ammonium (NHJ) is oxidised to nitrite (NO3)
and then to nitrate (NO3) by a combination of bacterial and archaea processes (Fig. 3). In
denitrification, NO3 is reduced to NO3, which is further reduced to nitric oxide (NO). Next, NO is
reduced to N0 and finally to molecular nitrogen (N2). N availability is one of the main factors driving
these processes. However, in anoxic conditions in which denitrification process occurs, N is mainly
bound to organic compounds and not readily available for the process, even though increased N,O
emissions have been found from soils with high N supply (Augustin et al., 1998; Nykénen et al., 2002;
Regina et al., 1998). Therefore, nitrification is required for producing inorganic N (NO3) to run
denitrification. However, nitrification is limited to the oxic rooting zone, and those conditions do not
favour denitrification. Finally, N,O can also be produced by non-biological processes in neutral and
acidic soils (Fig. 3).

The other crucial factor driving N2O fluxes (Fy,o) in the soil is oxygen supply, which is driven by
soil moisture. Soil moisture controls the transport of NO, N.O and N out of the soil and the transport
of oxygen into the soil. Fy,, has been found to correlate both positively and negatively (e.g. (Dobbie
et al., 1999; Schaufler et al., 2010; Skiba et al., 1998; Sosulski et al., 2014; Van Der Weerden et al.,
2012) with soil moisture with an optimum value within 60-95% depending on soil type (Balaine et
al., 2013; Christiansen et al., 2012; Davidson et al., 2000; Schindlbacher et al., 2004). Nitrification
dominates in dry soil due to mineralisation of organic N to NH}. As diffusion is also increased in dry
soils because of the larger air-filled pores, more NO can diffuse from the soil to the atmosphere
(Goldberg et al., 2010; Schaufler et al., 2010) before it is reduced to N2O (Bollmann and Conrad,
1997). Wetting the soil decreases the effective gas diffusivity, and more NO reduces to N.O assuming
adequate NO3 supply from nitrification. However, if the soil gets too wet, N.O could reduce to N»
before being emitted to the atmosphere (Davidson et al., 2000). Ultimately, N,O emissions decrease
in very wet conditions as constrained nitrification causes a lack of NO3 and hinders denitrification
(Regina et al., 1999).

19



Fixation Denitrification Denitrification

NH, & 24— N,O ¢—
& o
2 g
7 s
o =
5 8
= =h
S
Denitrification
NH,0OH =——————p NO, & NO:,
Nitrification ’ Nitrification 2 W 3

Figure 3. Nitrogen cycle. Black arrows denote biological and grey arrows non-biological processes.
Modified after Signor and Cerri (2013).

Generally higher soil temperatures enhance N-O emissions (e.g. Dobbie and Smith, 2001; Schaufler
et al., 2010; Schindlbacher et al., 2004; Sosulski et al., 2014), but negative relationships have also
been observed (Dijkstraetal., 2012; Teh et al., 2011) suggesting that temperature alone cannot explain
Fy20, but it should be considered together with other factors such as soil moisture. An essential part
of soil N2O emissions are the freeze-thaw cycles, which results in elevated emissions in times when
the soil freezes and thaws. This phenomenon has been observed in multiple studies in temperate
forests and agricultural soils, and the emissions during these cycles can constitute a substantial part
of the annual N,O balance (Luo et al., 2012; Papen and Butterbach-Bahl, 1999; Peng et al., 2019;
Roéver et al., 1998). N2O fluxes are difficult to predict due to the high temporal variation and the fact
that Fy,, is not directly related to soil temperature and WTL, as is generally observed for CO; and
CH4 (Minkkinen et al., 2008). Predicting is hard even with detailed process models due to multiple N
forms and microbial processes involved in N-O production (Butterbach-Bahl et al., 2013). However,
reasonable success has been achieved in recent years (Leppelt et al., 2014; Péarn et al., 2018).

In pristine boreal peatlands, N2O emissions are generally low (e.g. Klgve et al., 2010; Martikainen et
al., 1993; Nykénen et al., 1995; Regina et al., 1996). In forestry drained peatlands, multiple studies
have observed highly variable emissions (2-104 ug N>.O m2 h') (e.g. Von Arnold et al., 2005;
Aurangojeb et al., 2017; Ernfors et al., 2011; Mékiranta et al., 2007), but on average the emissions
from drained ombrotrophic peatlands are lower than from minerotrophic sites (Maljanen et al., 2010).
Minerotrophic sites have lower C:N ratios than the ombrotrophic ones and it has been shown that high
N2O emissions occur mainly from sites with a soil C:N ratio lower than 25 (Ernfors et al., 2008;
Klemedtsson et al., 2005; Minkkinen et al., 2020).
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2.6 Evapotranspiration as a part of surface energy balance

The surface energy balance is a concept used to explain how short-wave and long-wave radiation are
distributed between sensible and latent heat fluxes and the subsurface storage in an ecosystem. The
surface energy balance can be written as:

(1—a)Rsy + R,y — Ry =Fy + F, + Fg (2)

where Ry, is incoming short-wave radiation, « is albedo denoting how much Ry, was reflected by the
surface, R;, and R, are the incoming and outgoing long-wave radiation, respectively, Fy, is sensible
heat flux, F,, is latent heat flux, and F; is ground heat flux. The left-hand side of Eq. (2) can also be
expressed as net radiation, denoting how much the surface gains or loses energy. F; describes the
transfer of heat by conduction, and it is positive when the heat is transferred from the surface into the
ground. Fy, describes the heat transfer by atmospheric convection, and it is directly proportional to
the temperature difference between the air and the surface. Finally, F, represents the heat absorbed or
released in phase transitions of water and depends on the moisture gradient between the surface and
the atmosphere. Even though small negative water vapour fluxes (deposition of water from the
atmosphere into the surface) are possible during specific conditions when condensation on the surface
occurs, F; is typically positive, i.e. the equivalent water vapour flux is from the ecosystem to
atmosphere, due to evapotranspiration (ET).

ET is a combination of evaporation of water from a surface such as soil, and transpiration, which is
the evaporation of water from vegetation. ET is a key process involved in both the surface energy
balance and ecosystem water balance. It can be either directly measured by the EC method or
indirectly estimated using the Penman-Monteith equation (Monteith, 1965). This equation is based
on energy conservation and parameterisation of surface (or stomatal) and aerodynamic resistances.
Even though the Penman-Montheith equation is widely used, it is challenging to implement due to
problems in parameterising the resistance terms, especially the stomatal resistance (e.g. Fisher et al.,
2008; Polhamus et al., 2013). Stomata are pores found in leaves of plants. Plants use stomata to
exchange gases such as CO,, oxygen and water vapour by diffusion between plant cells and the
atmosphere. One stoma consists of the pore and guard cells, which regulate the stomatal aperture
according to light intensity, humidity and CO- concentration (e.g. Ball et al., 1987; Leuning, 1995;
Wong et al., 1979).

The carbon and nitrogen cycles of peatlands are profoundly affected by hydrological conditions (e.g.
Samson et al., 2018), as WTL is one of the main drivers controlling NEE, F.y, and Fy, in peatlands
(Limpens et al., 2008; Waddington et al., 2015; Wu et al., 2011). A significant amount of water in
peatlands is lost by ET, but this varies considerably by local climate and peatland characteristics such
as vegetation type (Lafleur, 2008). The measurements have shown that boreal peatland ET increases
more than forest ET with warming climate (Helbig et al., 2020), which could lower the WTL in
northern peatlands (IPCC, 2013) and enhance C emissions from peat. However, it is possible that the
emissions from peat could be offset by enhanced C accumulation due to changes in vegetation (Loisel
and Yu, 2013; Strack and Waddington, 2007). Human-induced changes in the peatland water cycle
include peatland drainage. During the first years after the drainage, runoff is increased and ET
decreased (Ahti, 1987). As the tree stand develops, transpiration and interception increase leading to
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declined runoff volumes (Koivusalo et al., 2008). Also, evaporation diminishes as a result of the lesser
amount of available energy at the surface (Kettridge et al., 2013). The enhanced transpiration from
trees lowers WTL (e.g. Hokka et al., 2008; Sarkkola et al., 2010), hence decreasing soil moisture.
Decreasing soil moisture enhances peat subsidence (Grzywna, 2017; Zanello et al., 2011) and alters
the bulk density of peat (Silins and Rothwell, 1998), which affects hydraulic properties of the peat
and could further change WTL (Sarkkola et al., 2010).
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3 Flux measurement techniques in forests

Multiple direct measurement methods exist to estimate the exchange of C and N between ecosystems
and the atmosphere. Changes in soil C and N stocks can be measured by soil sampling, but the vast
background of soil C stock and spatial variation require long sampling intervals and large sample
sizes to detect any meaningful changes (Mékipéa et al., 2008). Other methods, such as spectral (Smith
et al., 2019) and soil gradient (Maier and Schack-Kirchner, 2014) techniques exist, but the most
common methods to estimate changes in soil stocks and especially the GHG fluxes between
ecosystems and the atmosphere are the chamber and EC methods.

3.1 Chamber method

The chambers used for determining the soil-atmosphere GHG fluxes can be divided into two main
categories: closed and open chambers (e.g. Pavelka et al., 2018; Pumpanen et al., 2010). In open,
dynamic (steady-state flow-through) chambers, the air is sampled to a gas analyser, and replacement
air with a known gas mixing ratio is continuously inserted into the chamber to maintain pressure
equilibrium. When the system reaches a steady-state condition, the flux can be calculated as the
difference between gas concentration at the inlet and outlet of the chamber while taking into account
the through-flow rate and the chamber surface area (e.g. Pumpanen et al., 2004, 2010). The closed
chambers can be further divided into closed dynamic (hon-steady-state flow-through) and closed
static (non-steady-state non-flow-through) chambers. In closed chambers, the gas mixing ratio keeps
increasing or decreasing until it equals the mixing ratio in soil, and the flux calculation is based on
the change of gas mixing ratio in time inside the chamber. Static and dynamic closed chambers differ
by the fact that while dynamic chambers are sampled continuously with a gas analyser and the
sampled air is returned to the chamber, the static chambers have no continuous circulation of sample
air between the analyser and the chamber, but are typically sampled intermittently by syringes, the
gas from which is analysed afterwards in a laboratory. Consequently, static chambers are cheaper to
deploy than dynamic chambers, but they may cause considerable uncertainty in the flux estimation
(e.g. Norman et al., 1997; Pumpanen et al., 2004) possibly due to uncertainty of the effective volume
of the closed system, especially the air volume in the soil (Rayment, 2000). In comparison to dynamic
chambers, static chambers markedly alter the diffusion gradient between the chamber headspace and
soil during long incubation times (e.g. Gao and Yates, 1998), unless more frequent initial samples are
taken (Heinemeyer and McNamara, 2011). On the other hand, no significant differences have been
observed between dynamic closed and open chambers in laboratory conditions (Pumpanen et al.,
2004).

Soil chambers are especially useful for studying small-scale processes, but they have their
shortcomings. The geometrical design of the chamber affects the measured flux (Pumpanen et al.,
2004); increasing chamber height, area and volume have been shown to decrease the flux
underestimation (Pihlatie et al., 2013), which complicates comparability between the studies. Also,
chambers disturb the measurement target potentially causing a bias in the flux estimates. The air
circulation in dynamic chambers and inserting a closed chamber can affect the vertical pressure
gradient in the soil, which can result in under- or overestimation of the flux even with minimal
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pressure differences between the chamber headspace and the atmosphere (e.g. (Christiansen et al.,
2011; Fang and Moncrieff, 1996; Hutchinson et al., 2000; Longdoz et al., 2000). The pressure changes
can be minimised by using a vent tube (Hutchinson and Livingston, 2001; Xu et al., 2006). Also, even
though the use of a fan is recommended to mix the air inside the chamber (Christiansen et al., 2011,
Pumpanen et al., 2004), it disturbs the natural turbulent conditions in the chamber headspace.
However, the air inside the closed chambers has to be mixed to determine the flux correctly, but the
fan should spin at the minimum speed (Koskinen et al., 2014) to prevent turbulence-enhanced mass
flow from the soil to the chamber (Pumpanen et al., 2004).

Most of the chamber systems used in the GHG flux measurements are based on the closed chamber
systems (Pavelka et al., 2018; Pihlatie et al., 2013), likely as they are more mobile, making spatial
sampling easier compared to dynamic chambers. Closed chambers require sealing the soil surface by
pushing the chamber into the ground or by using a collar. An advantage of using a collar is the airtight
connection between the chamber and soil, which leads to a lower sensitivity to leakages on porous
soil and windy conditions. However, cutting roots should be avoided during collar installation as roots
contribute significantly to soil respiration (Hanson et al., 2000).

The gas flux (Fy,s, Hg gas m?s) in a closed chamber based on ideal gas law can be calculated as:

P (dC) MPV
828 = \dt/,—o RTA

where M is the molecular mass of the gas (g mol?), P is the air pressure (Pa), R is the universal gas
constant (8.31446 J mol* K1), T is the mean chamber headspace temperature (K) during the closure,
V is the volume (m?) of the chamber and the possible collar, and A is the base area (m?) of the chamber

(3)

or a possible collar. (%) is the rate of change of gas mixing ratio (ppm s?) at the start of the
t=0

chamber closure, which can be estimated by fitting a linear or non-linear model into the gas mixing
ratio time series measured during a chamber closure.

The selection of the fitting method can be a large source of uncertainty in flux calculations from
closed chamber data (Levy et al., 2011; Venterea, 2013) as the gas concentration gradient between
the soil and the atmosphere may be disturbed (e.g. Conen and Smith, 2000; Davidson et al., 2002;
Healy et al., 1996). For example, when the chamber is closed during respiration measurements, CO-
accumulates within the chamber headspace, which decreases the diffusion gradient and flattens the
CO, concentration development inside the chamber. Using linear regression in these conditions can
cause significant flux underestimations (e.g. Hutchinson et al., 2000; Kutzbach et al., 2007;
Livingston et al., 2005, 2006; Nakano et al., 2004; Pedersen et al., 2010; Pihlatie et al., 2013) as it
assumes constant concentration development inside the chamber. Non-linear fitting models have been
developed from diffusion theory (Kutzbach et al., 2007; Livingston et al., 2005, 2006) and such a
model has been shown to significantly reduce the flux underestimation due to linear regression when
using the initial concentration change in time (i.e. at the time when the chamber closes) to calculate
the flux (Pihlatie et al., 2013). However, non-linear models are sensitive to initial noise caused by
pressure and turbulence disturbances during chamber deployment (Kutzbach et al., 2007). The initial
noise has to be discarded, and the starting time has to be delayed leading to inherent flux
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underestimation. Also, another disadvantage of non-linear regressions is the fact that they require
more data points than linear regression, hence limiting their usage with data collected with static
chamber.

3.2 Eddy covariance method

The lowest part of the atmosphere, i.e. the atmospheric boundary layer (ABL), can be depicted as a
chaotic system that is composed of numerous turbulent vortices called eddies. The size of the eddies
ranges from millimetres up to several kilometres. The turbulent eddies are the most significant
mechanism behind the vertical transport of trace gases, heat and moisture in the ABL, except in the
first few millimetres above the ground where molecular diffusion dominates. In the EC method,
horizontal and vertical wind speed, and a scalar of interest are measured with a high frequency to
obtain the vertical turbulent flux. The method is based on the conservation of mass, and after Reynolds
averaging the scalar flux (F,) can be written as (e.g. Baldocchi, 2003; Loescher et al., 2006):
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where c is the scalar (ex. gas mixing ratio), p is the air density, u, v and w are the along-wind, cross-
wind and vertical wind speeds, respectively, and x, y, and z are the corresponding Cartesian
coordinates, and t is time. Overbars represent time averaging, while primes denote the turbulent
fluctuations, i.e. deviations from the mean. The mass balance equation can be simplified by noting
that the horizontal flux divergence is significantly smaller than the vertical flux divergence, which
makes it possible to remove the horizontal components from Term 3. Also, when the measurements
are made over a horizontally homogeneous and flat surface, the advection component can be ignored
(Term 2 = 0). After these assumptions, integrating from the surface up to the measurement height
results in:

Zdc
F.=pw'c'(z) + ﬁj Edz = Fgc + Forg (5)
0

where Fg. is the EC flux or the vertical turbulent flux and Fgp; is the storage change flux, which
accounts for the mass changes below the measurement height in the vertical column.

In practice, Fg is estimated by measuring the three wind components with a sonic anemometer, and
the scalar is measured, in the case of a gas mixing ratio, with a fast-response gas analyser. Capturing
all the different-sized eddies contributing to the flux requires that the scalar and wind components are
sampled with an adequate frequency and duration. Using anemometers and gas analysers with fast
response time and sampling frequency of 10 Hz is considered sufficient to capture the smallest eddies
contributing to vertical transport (Rinne and Ammann, 2012). An averaging period of 30 min is
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generally used to sample the large eddies associated with the convective boundary layer (Moncrieff
et al., 2004). After measurements, the covariance can be calculated as:

— 1
wc = —Z w; ¢ (6)

where N is the number of measurements within the averaging period.

Depending on atmospheric conditions and characteristics of the measurement site, the conditions can
be non-stationary, and the storage term can be a significant component of the total flux. For example,
in a forest with a high canopy, gas can build up during the night due to a lack of turbulence, and this
build-up can be moved horizontally and vertically very fast by wind gusts. In this case, Fsr; can
remain undetected or cause overestimation of the F, unless it is corrected by Fgr;. Storage change
fluxes are estimated by vertical gas profile measurements (e.g. Montagnani et al., 2018). Increasing
the measured vertical levels increases the accuracy of Fgy; as long as the vertical configuration of the
profiling system is optimised (Yang et al., 2007). On daily and longer timescales, the storage change
flux is approximately zero (Loescher et al., 2006), meaning it is not a necessary component when
calculating, for example, annual balances.

After calculating the fluxes, their quality must be verified, for example, by discarding the periods
when the flux did not originate from the target area and the periods of low turbulence. The source
area of the measured flux can be estimated by using footprint models based on parameterisations of
boundary layer mixing (Rannik et al., 2012). The footprint function, i.e. the relative contribution of
each surface element to the measured flux, peaks at a certain distance from the measurement tower,
after which it decreases towards the prevailing wind direction. The source area is calculated by
integrating the footprint function up to a point where, for example, 75% of the measured flux
originates from. If the source area does not fit within the target area, the measured flux is discarded.

The use of EC method requires turbulent flow conditions, and thus nighttimes can be problematic due
to a lack of surface heating from solar radiation (no convective mixing) and the stably stratified
surface layer that suppresses sheer-induced turbulence (e.g. Baldocchi, 2003; Loescher et al., 2006).
The lack of turbulent mixing diminishes the vertical gas transport, hence decoupling the surface from
the atmosphere and causing the Fg. to underestimate ER (Baldocchi, 2003). The cases of low
turbulence are usually discarded based on the friction velocity (u,) threshold (Foken et al., 2012;
Moncrieff et al., 2004). When estimating mass and energy balances, the discarded periods need to be
gap-filled. Multiple gap-filling methods based on mechanistic, parametric, statistical and neural-
network methods exist (e.g. Falge et al., 2001; Kim et al., 2019; Wutzler et al., 2018; Zhao and Huang,
2015).

The measured turbulent flux contains uncertainties which can be divided into random and systematic
(bias) uncertainties. Random errors originate from instrument noise caused by the limited precision
of the instruments, and also from the sampling errors related to both the stochastic nature of
turbulence, and the flux footprint heterogeneity (e.g. Flanagan and Johnson, 2005; Lenschow et al.,
1994; Richardson et al., 2012). Random errors cannot be corrected for, but they can be estimated (e.g.
Billesbach, 2011; Finkelstein and Sims, 2001; Moncrieff et al., 1996; Salesky et al., 2012; Wienhold
et al., 1995). Also, random errors decrease when extending the dataset (Moncrieff et al., 1996), and
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in annual ecosystem C balances; for example, they are generally small. Unlike random errors,
systematic errors can remain constant over long time periods (e.g. Post et al., 2015), hence they may
have a severe effect on the annually accumulated flux. On the other hand, some of the systematic
errors can be corrected for, but this requires identification and quantification of the various error
sources. Systematic errors may result from instrument calibration and design, and from data
processing methods such as gap filling (e.g. Richardson et al., 2012). Other systematic errors may
arise from measurements performed in non-ideal conditions (e.g. complex landscape), when the
underlying assumptions of the EC method, most notably no advection or horizontal divergence, are
violated (Loescher et al., 2006; Richardson et al., 2012).
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4 Peatland forest management in Finland

The most common forest management method in Finland has been the even-aged management (EM)
(e.g. Nieminen et al., 2018). In EM, the aim is to grow stands consisting of one or two tree species
with similar age, size and quality. During the growth stage, the forest is thinned to create space for
the remaining trees to grow, until the stem harvest is made by clearcutting. After clearcutting, the
forest is regenerated by soil preparation and seeding or planting tree seedlings. Also, ditch-mounding
is typically needed after clearcutting to lower the temporarily risen WTL, and ditch network
maintenance is further needed every 2040 years to sustain the drainage conditions (e.g. Sikstrém and
Hokka, 2016). However, ditch-mounding decreases the water quality by releasing nutrients and C into
water bodies (Joensuu et al., 1999; Kaila et al., 2014, 2015; Nieminen et al., 2010, 2015; Rodgers et
al., 2010). All these actions require major economic investments. While small revenue can be
achieved from thinnings, most of the income is received usually once during a lifetime after
clearcutting (e.g. Kojola et al., 2012). On the other hand, clearcutting is associated with substantial
adverse environmental impacts. In addition to effects on water quality, clearcutting alters
microclimate, vegetation structure and the amount of biomass (e.g. Jandl et al., 2007; Kowalski et al.,
2004), which affect forest’s C, N and water balances.

Continuous cover forestry (CCF) has been proposed as an alternative to EM due to adverse
environmental impacts of EM, and because EM is less profitable in peatland than upland forests
(Hynynen et al., 2015; Kojola et al., 2012). In CCF, the forest is never clear-cut, and stem wood is
collected by selective harvestings, which are decided depending on the forest features and the aims
of the forest management, but not on stand rotations. Usually, both bigger and smaller trees are
harvested, allowing the remaining stand to grow larger and the open places to regenerate naturally
without planting new seedlings. As a result, the tree stand is uneven-aged and -structured. Also, as
the tree stand is not entirely removed, ET of the remaining tree stand may keep the WTL low enough
for optimal tree growth without ditch-mounding (Sarkkola et al., 2010, 2013). As ditch-mounding,
seeding or planting trees, and ditch network maintenance are not needed, the economic investments
of CCF are lower than those in EM, but the overall economic performance of CCF in peatland forests
is still uncertain. However, using CCF could bring environmental benefits compared to EM as water
quality should remain better due to the lack of ditch-mounding. Also, the GHG emissions could be
lower compared to EM as the environmental conditions like WTL, radiation, and soil temperature
would not change as much because of the remaining tree stand.
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5 Materials and methods

5.1 Experimental site

Lettosuo is a nutrient-rich peatland forest located in the Tammela municipality in southern Finland
(60° 38’ 31°° N, 23° 57° 35>’ E). Lettosuo was originally a sedge fen which was sparsely drained in
the 1930s, but proper drainage was carried out in 1969, after which the site was fertilised with
phosphorous and potassium. Ditches were dug ca. 1 m deep with, on average, 45 m spacing from each
other to lower the WTL to enhance aeration, and thereby larger rooting volume for trees, and
microbial activity of the surface soil. During the next decades, the forest emerged and became
dominated by Scots pine (Pinus sylvestris) and some downy birch (Betula pubescens). The
understorey consisted of mostly Norway spruce (Picea abies) and some small-sized downy birch.
Ground vegetation included herbs, such as Trientalis europaea and Dryopteris carthusiana, and dwarf
shrubs, such as Vaccinium myrtillus (Bhuiyan et al., 2017). The moss layer was dominated by
Pleurozium schreberi and Dicranum polysetum with some Sphagnum mosses, such as Sphagnum
capillifolium, S. angustifolium and S. russowii, in wet patches. According to the site type classification
of drained peatlands (Vasander and Laine, 2008), Lettosuo represents a Vaccinium myrtillus type site
(Mtkg I1).

Measured from 35 sampling points within a circular area with a 200 m radius, the soil organic C
content at the site averaged 58+3%, the C content being rather uniform across different soil layers.
The total soil N content was lowest in the litter layer (1.7%) and varied from 2.2% to 2.5% in the 0-
40 cm soil layer. The C:N ratio averaged at 27+4 from humus up to the 50 cm depth, which is typical
for peatland forests with a fen history. The mean soil bulk density of the 0-40 cm layer was 0.14+0.02
g cm3 (+SD), and the ash content of the peat varied within 3.4-6.5%. The present-day peat thickness
at Lettosuo varies mostly between 1.5 and 2.5 m. The area is flat, with an average slope of 0.2°. The
mean long-term (1981-2010; Pirinen et al., 2012) annual temperature was 4.6 °C, but all the
measurement years (2015-2019; Table 1) were warmer than that average. While the long-term annual
mean precipitation was 627 mm, the measurement years 2016, and especially 2018 were drier than
that. The mean maximum snow depth in 1981-2010 was 28 cm, but all the post-harvest snow depths
were lower than that.

Table 1. Mean annual and summertime (June—August) air temperature and precipitation and the
maximum annual snow depth during the measurement years. The long-term mean values were
acquired from Pirinen et al. (2012).

Air temperature ["C] Precipitation [mm] Maximum snow depth [cm)]
Annual Summer Annual Summer Annual
1981-2010 4.6 15.2 627 218 28
2015 6.3 14.4 680 208 33
2016 5.3 15.5 336 199 19
2017 5.2 14.1 657 240 12
2018 5.8 17.2 437 133 22
2019 5.9 16.2 662 175 52
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5.1.1 Experimental design and timber harvesting

At the beginning of the experiment, Lettosuo was divided into three subsites: partially harvested site
(Spn) (13 ha), clear-cut site (Sc¢c) (2.35 ha), and control site (S¢) (3.1 ha) (Fig. 4). The soon-to-be
partially harvested site included long-term (since 2009) measurements of NEE with the EC technique
and automated soil chambers. F,, had been measured with the automated chamber system in 2011
2013 (Paper 1), and these measurements were restarted in the summer before the harvesting (2015)
in conjunction with Fy,, measurements. A similar automated chamber system was built at the S for
F¢p . measurements in summer 2015; however, the Fy,, measurements were started at the beginning
of 2017. The system at the S¢ was disassembled in May 2018. In addition to the automated chambers,
manual measurements were performed at forest floor and ditch plots to better resolve the spatial
variation in the GHG fluxes at all three sites in 2015-2018 (Fig. 4). The fluxes of CO,, CH4 and N,O
were measured at these points with a varying interval of 1-2 weeks in the summertime and 1-2 months
during the other seasons. After harvesting on, the EC measurements of CO, flux were started at the
Sce on April 8 2016. Around the same time, the logging trail GHG flux measurements at the Sy, were
initiated and continued until autumn 2017.

Table 2. The number of trees classified into species (sp), basal area (ba), mean height weighted by
basal area and stem volumes at the control (Sc), partial harvest (Spn), partial harvest central (Sph (C))
and clear-cut (Sc) sites before and after harvestings. The values include both overstorey and
understorey trees. The partial harvest central data represent the mean values of the five tree stand
inventory plots (see Fig. 4) closest to the eddy covariance mast. N/D means not determined.

Stand stratum  Tree species No of trees [ha™] Basal area [m? ha] Mean height, weighted by Stem volume [m® ha]
tree ba [m]

Sc Sph Spnlc) Scc | Sc Sph Spn(€) Scc | Sc Sph Sphl€) Scc | Sc Sph Spnl€) Scc
all storeys All tree sp 2550 2473 2560 N/D 30 36 37 N/D 17 17 17 N/D | 245 295 294  209*
before Scots pine 483 505 385 N/D 18 21 17 N/D 20 20 20 N/D | 171 198 161 N/D
harvesting Norway spruce | 1333 1172 1505 N/D 5 8 10 N/D 7 10 10 N/D 21 44 55 N/D
Pubescent birch| 733 797 670 N/D 7 7 10 N/D 13 14 17 N/D 53 52 78 N/D

all storeys All tree sp 2550 1168 1405 0 30 11 16 0 17 13 15 0 245 77 113 0

after Scots pine 483 7 9 0 18 0 0 20 1 2 0 171 2 7 0

harvesting Norway spruce | 1333 763 964 0 5 5 7 0 7 10 10 0 21 32 43 0

Pubescent birch| 733 398 432 0 7 5 8 0 13 14 18 0 53 43 63 0

*Stem volume at the clear-cut was determined by harvesting machinery during cutting. The amount of waste wood was estimated from the closest
tree measurement plot to the clear-cut site by using the ratio of stem volume to the waste wood at that specific plot.

Partial harvest and clearcut were performed between 2 February and 16 March 2016. Before
harvestings in 2016, the two-storeyed tree stand was composed of Scots pine (Pinus sylvestris) with
some downy birch (Betula pubescens) in the dominant tree storey. The understorey included mostly
Norway spruce (Picea abies). In the partial harvest, all the overstorey pine trees (ca. 70% of stem
volume, 69% of basal area) were harvested. However, it should be noted that the central area of the
Sph had a denser spruce and birch stand and fewer pine trees than the other parts of the Spn, resulting
in a smaller harvested number of trees (ca. 62% of stem volume, 57% of basal area; Table 2) than at
the other parts of the Spn. Heavy machinery was used to harvest the trees except for nearby the
measurements, where the trees were cut manually to avoid damaging the measurement setups and
instruments. Most of the logging residues were collected on the logging trails and left at the site to
provide support for the harvesting machinery. No mounding or seedling planting was made at the
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partially harvested site. Also, the ditches were left in their original state. In contrast, at the S, all the
trees were harvested. Regeneration was carried out according to the prevailing management
procedures including ditch mounding (on August 1%-2" 2016) and planting of spruce seedlings (in
2017).

60°P o ase

N

i.__1 Clear-cut site
i--_. Partial harvest site
Control site

Eddy covariance mast
Automatic chambers
Transect chambers
Logging trail chambers
Stand inventories
Stand inventories with

WTL measurements

x

0 50 100 150 200 m
—

Figure 4. Location of Lettosuo in southern Finland, and the aerial photograph of the site after
harvestings. The graphics depict the experimental setup.
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5.2 Eddy covariance measurements

The EC measurements at the later Spn started originally in autumn 2009, and the basic methods and
instrument models have remained the same since then. The turbulent fluxes of ET (Paper 1V) and
CO; (unpublished data) were measured on top of a 25.5 m telescopic mast. Also, supporting
meteorological measurements like air temperature (HMP45D, Vaisala Corporation, Vantaa, Finland)
and photosynthetic photon flux density (PPFD; PQS1 PAR Quantum Sensor, Kipp & Zonen, Delft,
the Netherlands) were made at the top of the mast. The height of the mast was not changed after partial
harvest. Fluctuations in wind components were measured with a sonic anemometer (METEK USA-
1, METEK GmbH) and those of CO, mixing ratio ([CO2]) with a closed-path infrared analyser (LI-
7000, LI-COR Inc.). The sampling rate was 10 Hz. The gas analyser was located on a tower next to
the mast at 6 m height, and the sample air was transported with a flow rate of ca. 6 | min from the
top of the telescopic mast using a 20 m long heated tube (3.1 mm Bevaline 1V). CO»-free dry air was
used as a reference gas for the gas analyser. The mean [CO2] was also measured at two levels: at 7 m
with a L1-820 (LI-COR Inc.) and at 1 m with a G1130 (Picarro Inc) that was also used in the automated
chamber system (Sect. 5.3.1). These [CO;] measurements were used in the storage flux calculation.
At the S¢c (Paper I1), the EC measurement height was 2.75 m, where the wind components were
measured with a u-Sonic-3 Scientific sonic anemometer (METEK GmbH) and [CO_] with a L1-7000.
Due to the lower measurement height, the length of tubing was shorter (8 m) than at the Sgn, and no
additional instruments were used for storage flux determination, but otherwise, the EC system at the
Scc was similar to the one at the Syp.

Standard EC methods were used to calculate the half-hourly turbulent CO; fluxes for both EC systems
(Aubinet et al., 2012). First, the 10 Hz raw data were de-spiked and block-averaged. Next, double
rotation of the coordinate system was applied (McMillen, 1988), and the time lag between the sonic
anemometer and gas analyser signals was accounted for by cross-correlation analysis. Also, the effect
of water vapour fluctuations on flux measurements with the L1-7000 was compensated for (Webb et
al., 1980); a corresponding compensation is not necessary for temperature (Rannik et al., 1997). The
systematic losses caused by block averaging and attenuation of the highest frequencies in the co-
spectra between the [CO2] and vertical wind speed were corrected by using the transfer function
method with empirically determined time constants (Aubinet et al., 2000; Moore, 1986). The system
response was determined by using temperature co-spectra as a reference. In order to calculate the
correction as a function of wind speed and atmospheric stability, the transfer function was convoluted
with generic co-spectral distributions (Kaimal and Finnigan, 1994). A source area analysis was carried
out by using a micrometeorological footprint model (Kormann and Meixner, 2001) to estimate how
well the measured fluxes represent the areas under interest.

At the Spn, the storage flux (unpublished data) was calculated with the central difference method
from the mean mixing ratio during the subsequent and preceding 30-min periods and added to the
measured turbulent flux (Eq. 5). The storage flux was calculated using available [CO;] data from
different sources, having the following priority: (1) all heights, (2) [CO2]2s5.5m + [CO2]em, (3) [CO2]25.5m
+ [CO2]im, and (4) [CO2]zs5m. In case of (1), the different measurements from top to bottom were
assumed to represent air columns from 25.5 to 13 m, 13 to 3 m, and 3 to 0 m, respectively. In case
(2), the top and bottom air columns were assumed to be 12.5 and 13 m high, respectively. In case (3),
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the corresponding heights were 17.5 and 8 m, respectively. At the S, the storage flux was estimated
from the change in the mean [CO2] profile between consecutive half-hour periods with an assumption
that the air column from the ground level to the measurement height was constant.

The calculated half-hour flux data were screened by following criteria: suitable wind directions (Spn:
90°-300°, Scc: 80°-315°), relative stationarity (Foken and Wichura, 1996) < 100%, internal LI-7000
pressure > 60 kPa (Sph) or > 75 kPa (Scc), [CO2] > 350 ppm, number of spikes in the vertical wind
speed and [CO.] data < 150 of 18000. In addition, the periods of weak turbulence were removed; the
data were discarded if u, was lower than a site-specific u, limit (Sph: 0.225 m s, See: 0.125 m s2).
Finally, the crosswind-integrated footprint accumulated within the target sectors was required to
exceed 75% to ensure the measured flux originated predominantly from the target site.

5.2.1 Flux gap-filling and uncertainties

In order to calculate CO;, balances on annual or shorter timescales at Scc (Paper Il1) and Spn
(unpublished data), full time series are needed; hence the gaps in the flux time series need to be
filled. To perform this, the measured CO- flux (NEE) was first partitioned into GPP and ER:

NEE = GPP + ER (7)

For gap-filling, GPP was expressed as a function of irradiance (e.g. Aurela et al., 2009; Lasslop et al.,
2008):

A X PPFD X GPy 4y

GPP =
A X PPFD + GPyqay

(8)

where PPFD is the photosynthetic photon flux density, 4 is an approximation of the canopy light
utilization efficiency (i.e. quantum yield, the initial slope of the NEE response to PPFD), and GP,, 4,
is the asymptotic gross photosynthesis rate in optimal light conditions. ER was assumed to follow the
Arrhenius-type model described by Lloyd and Taylor (1994):

1 1
ER = R, X * T 9)

where Ry is the ecosystem respiration at 10 °C, E is the temperature sensitivity of respiration, Tsil is
the measured soil temperature at 5 cm depth, To = 56.02 K and T; =227.13 K.

The parameters E and R were defined from the night-time data (PPFD < 20 umol m2 s) in two parts.
First, the parameter E was determined with a 15-day moving window for each day, with the minimum
number of observations set to 12. If there were not enough observations within a time window, then
the window size was increased by 1 day both at the beginning and at the end until enough data were
found. Next, all the E values that hit the allowed boundary values (200 and 500 K) were discarded
and filled with 14-day moving medians. Finally, a 15-day moving window was used to determine Ro
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by using the fixed E values. Also, using the same moving window, GP,,,, and 4 were determined
from the daytime data.

EC measurements have multiple potential error sources, but many of them are difficult to estimate. In
this thesis, systematic errors of u, (Eustar) and footprint (Esp) filtering were included in addition to an
estimate of the random error. The random error including the statistical measurement error (Emeas)
inherent in EC measurements and the error caused by gap-filling of missing data (Egap) Was estimated
as follows (Réasanen et al., 2017):

2
NEE,5; — NEEpoq;
Emeas/gap = Z( s = l) \/nmeas/gap (10)

7 nobs/mod

where NEE,,,,; is the 30 min flux that passed all the filtering procedures, NEE,,,q is the corresponding
fitted NEE, and Nmeasigap IS the number of the measured or gap-filled data. This method provides a
conservative estimate for Emess (Aurela et al., 2002). Also, Egp includes the effect of random flux
variability on the model fits.

Eustar Was estimated by recalculating the CO, balance with modified data sets that were screened with
two different u, limits (0.075 and 0.175 m s™). Eustar Was calculated as the average difference between
the annual balance calculated with the optimal w, threshold (0.125 m s!) and with the annual balances
calculated with the modified w, limits. Similarly, two additional different footprint limits (0.65 and
0.85) were adopted to estimate the annual error caused by footprint filtering. The total uncertainty of
the annual balance (E:w) was calculated with the standard error propagation principle:

Etot = \/E%leas + Egzap + Eistar + E]gp (11)

5.3 Chamber measurements

5.3.1 Automatic chambers

Automatic chamber systems consisting of six transparent acrylic chambers (Fig. 5a) with dimensions
57 cm x 57 cm x 40 cm (length x width x height) were used at the both Sy, and Sc. The chambers were
used with permanently installed steel collars (height 5 cm, inserted at a depth of 2 cm) to cover
different ground vegetation compositions within a ca. 15 m radius from the measurement cabin
containing the measurement instruments. The cabin was located about 30 m from the 25.5 m tall EC
mast (Sect. 5.2), where the wind speed above the canopy was measured. During the winters 2011
2012,2012-2013 and 20162017, an extension collar (height 16 cm) was placed between the chamber
frame and the soil to raise the frame above the snow level. Also, the snow depth inside the chambers
was recorded each time the site was visited, which took place one or two times a month during winter.
The chambers included a fan for mixing the air inside the chamber headspace and a PPFD sensor
(PQS1 PAR Quantum Sensor, Kipp & Zonen). In addition, there was a temperature probe for
headspace temperature measurement inside each chamber (Pt100, PT4T, Nokeval Oy). In Paper |

34



soil temperature probes were placed at depths of 2, 5, 10, 20 and 30 cm next to the measurement
cabin, while for Paper 111 the soil temperature data were collected at a distance of about 15 m from
the chambers at the 5 and 30 cm depths at both the Syh and Sc. The air temperature was also collected
with similar Pt100 probes at the top of the EC mast at 25.5 m above the ground. The chamber
headspace temperature and PPFD data were collected as 10 s averages, and the soil temperatures as
30 min averages by two data loggers (QML201C, Vaisala Corporation).

a)

Figure 5. The automatic (a) and manual (b) chamber setups used in Papers I, Il and 111 (Photos:
Annalea Lohila).

Chambers generally closed once an hour for 6 min with some exceptions described in Paper 1. When
the chamber started to close, the sampling tubes were flushed with ambient air. After that, the sample
air was drawn from the chamber at a flow rate of about 1 | min! to the gas analysers, after which it
was returned to the chamber. CHa4, CO», and water vapour mixing ratios (Papers | and I11) were
measured approximately every 4 s with a Picarro G1130 cavity ring-down spectroscopy gas analyser
(Picarro Inc.), while N2O mixing ratios (Paper 111) were measured every 2 s with a continuous-wave
quantum cascade laser absorption spectrometer (LGR-CW-QCL, Model N20O/CO-23d, Los Gatos
Research Inc.). Atthe S¢, Gasmet DX4015 based on Fourier transform infrared spectroscopy (Gasmet
Technologies Oy) was also used in 2017 to measure N2O mixing ratio. When none of the chambers
was closed, ambient air was sampled. The delay in the analyser response caused by the long tubing
was taken into account by labelling each data point with the respective chamber number using a 20 s
lag. However, as the flow rate varied slightly in time, some points were removed from the data before
the flux calculation (Sect. 5.3.3).
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5.3.2 Manual chambers
Transects and ditches

Manual chamber (Fig. 5b) sampling transects were set up on the Syn (Paper 1), S¢c (Paper I1), and
Sc (Paper Il and I11) sites before the harvest, in June 2015. Transects were established to cover the
whole range of water levels which are lower closer to the ditch and higher in the middle of the strip.
Measurements of FFR, F.y, and Fy,, Were made between 29 June 2015 and 29 August 2017, mostly
during the snow-free periods. The measurement interval mainly varied between one week and one
month; however, there were a few longer gaps in autumn 2015 and spring 2016.

The transects at the Sph, Scc and S¢ had two parallel flux measurement points (located within 2 m from
each other) in the ditch and at a distance of 4, 8, 12 and 22.5 m from the ditch. Before starting the
campaign in July 2015, 2 cm deep grooves were carved into the soil surface for the chambers, and the
grooves were occasionally renewed when necessary to keep the chamber sealing adequate. However,
if the soil surface was frozen, the measurements were not made as it was not possible to seal the
chamber properly. No above-ground logging residues were introduced into the manual chamber
points. For ditch measurements, extra collars (height 30 cm) were installed into the ditch one hour
before the measurement, and the air volume of the collar was recorded for flux calculation.

The fluxes were measured using a closed-chamber system with an opaque cylindrical chamber (height
30.5 cm, diameter 31.5 cm) including a mixing fan and a vent tube. The analysis of gas concentrations
was made either using (1) a portable analyser or (2) inside-cabin laser analysers which were detached
from the automatic chambers during the manual measurements. A DX4015 analyser (Gasmet
Technologies Oy) was applied in the portable system to measure CO,, CH4 and N>O mixing ratios
every 5 s. In this case, air circulated in a loop between the gas analyser and the chamber with a 10—
11 min closure time. The portable gas analyser was used all the time at the clear-cut transect, but at
the Spn and S, it was used only before the harvest in 2015. From March 2016 onwards, more precise
inside-cabin analysers (Sect. 5.3.1) coupled with the automatic chamber system were exploited in
manual measurements at the partially harvested and control transects. For these measurements, the
automatic chambers were paused, and the manual chamber was connected to the ambient sampling
line using a 50 m tubing. At the control transect, a Gasmet DX4015 was connected to the automatic
chamber system to acquire the Fy,, data from the control transect.

Logging trail

To study the impact of logging trails and residues on GHG fluxes, five parallel plots with four
different types of measurement points were set up on the partially harvested site at the beginning of
May 2016 by installing chamber collars (55 cm x 55 cm x 20 cm, length x width x height) into the
soil (Paper I11). The measurements started on 10 June 2016 and continued until 7 November 2017.
Two of the points were set up on the logging trail where the residues were piled for additional support
for the harvesting machinery. The first and second logging trail points were established on the part of
the trail compressed and uncompressed, respectively, by the wheels of the heavy machinery. The two
other points were located outside the logging trail, and they differed in the amount of logging residues.
The dry mass of the logging residues inside the collars was estimated by taking two similar sample
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groups of which one was dried. The relations of these dry and fresh masses were used to determine
the dry mass of the needles and woody material inside each collar.

The flux measurements were made by exploiting the instruments used in the automatic chamber
system similarly to the transect measurements from 2016 onwards. In contrast to the transect
measurements, a larger chamber (60 cm x 60 cm x 30 cm, length x width x height) was used in the
logging trail measurements. The air volume of the collar was taken into account in flux calculation.
During wintertime, the snow depth inside the collars was measured before the flux measurements.

5.3.3 Flux calculation and uncertainties
Flux calculation

In automatic chamber measurements, the first 30 s of the data was discarded due to slight variations
in flow rate and to allow the air inside the chamber to mix properly. The dilution- and spectrally
corrected CO,, CH4 and N,O mixing ratios reported by the Gasmet DX4015, Picarro G1130 and LGR
N20/C0O-23d analysers were used to calculate the fluxes.

To calculate the flux (Eq. 3; Sect. 3.1), the rate of change of the gas mixing ratio at the beginning of
the chamber closure needs to be determined. In this thesis, this was made by regression analysis with
two models: linear and exponential. Calculating the time derivative of the models yields the slope of

the model ((%) in Eq. 3). The linear regression describing the change in the gas mixing ratio (rgas)
t=0

as a function of time was:
Tgas = Qiin + bynt (12)

where a;;,, and by;,, are model parameters and t is the time from the start of the closure. The slope of
this model at t=0 is by;,,.

The exponential model was:
Tgas = Qexp T bexpeceth (13)

where aeyy, bexp and c.,,, are model parameters. The time derivative of this model at t=0 is the
product of b,,, and c.,,,. The exponential model is sensitive to the initial estimates for the parameter
values, and the fitting commonly fails due to local minima unless good initial estimates are given for
the parameter values. To overcome this and to avoid over-parameterisation, a Taylor power series
expansion (Kutzbach et al., 2007) was used to provide the initial estimates.

When estimating the air volume of the headspace, the pore space of soil and snow was ignored. After
calculating the fluxes by using both linear and exponential models, the fluxes were binned to inspect
the lowest flux rate at which the exponential model still works (Paper I). These flux limits were
estimated for each measurement system separately. If the flux estimated with the linear model was
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above the limit, the flux calculated from the exponential model was considered as the final flux for
later analysis. Otherwise, the estimate from the linear model was adopted.

Filtering of the flux data

For manual chamber flux measurements (Paper 1l and I11), the quality of the measurements was
inspected visually, but for automatic measurements, the large amount of data required using more
quantitative methods. The calculated fluxes were filtered according to several criteria to remove cases
in which the automatic chamber system did not work correctly. The most common problems with the
automatic system were related to mechanical malfunction causing the chamber to remain stuck. These
cases were detected from the [CO;] development during the closure, as the mixing ratio change was
always, even during winter, large enough to be detected reliably. It should be noted that removing
closures when [CO-] did not change may remove closures when uptake by photosynthesis equals
respiration rate, i.e. the net flux is zero. However, the number of such cases is low (Paper 1). The
goodness of the fit was estimated with the normalised root mean square error (NRMSE) (e.g.
Christiansen et al., 2011; Pihlatie et al., 2013):

1
\/ﬁ Y (criei — Ci)z

Cmax — Cmin

NRMSE =

(14)

where n is the number of measurement points, c¢;.; is the CO, mixing ratio calculated with the fit
(Egs. 11 or 12), ¢; is the corresponding CO2 mixing ratio, and ¢4, and c,,;, are the highest and
lowest mixing ratios measured during the closure, respectively. If the NRMSE was larger than 0.05,
the CH4 and N»O data from that closure were discarded.

After NRMSE filtering, random spiking was removed from the flux data by applying a 14-day moving
window in which a running mean (F,,,.4,) and a corresponding standard deviation (c) were calculated.
The fluxes which did not fall within E,,,,,+10c (Paper I) or F,,..,=8c (Paper 111) were discarded.

Gas balances and uncertainties

The gaps in the automatic chamber data need to be filled to calculate the GHG balances. In this thesis,
CH,4 and N2O balances were calculated only from the automatic chamber data (Paper | and Paper
111). First, the gaps shorter than one day were filled with linear interpolation and the daily sums were
calculated from this gap-filled data. Next, the gaps longer than one day were filled with linear
interpolation of the daily sums. The monthly, seasonal and annual sums were calculated from these
gap-filled daily sums.

The uncertainties of the gas balances were estimated for each chamber separately by assuming three
primary error sources: (1) the error of the linear/exponential fit in flux calculation, (2) the error caused
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by gap filling, and (3) the error caused by the correction of the fluxes caused by the 2 min closure
time used in the chamber system in 2011 and partly in 2012 (only in Paper 1). The daily measurement
error was estimated as the squared sum of uncertainties of every single measurement made within the
day. The model fitting was assumed to be the most significant source of the uncertainty in a single
measurement; this uncertainty was quantified by the standard error of the slope. The gap-filling error
was estimated by taking a 12-month set of flux data, removing one month of the data at a time, which
corresponded to a longest gap observed in the data. This one-month gap was filled with linear
interpolation and the resulting annual balance was compared with the original balance estimate. This
was repeated for each month of the year, and the mean absolute difference from the original gas
balance was downscaled to one day. This daily uncertainty was multiplied by the number of missing
days during each year to estimate the uncertainty associated with gap-filling. The uncertainty related
to the transformation of the fluxes calculated from 2 min closures to represent the 6 min closure
(Paper I) was estimated from the median absolute deviation assuming normally distributed medians.
The total error estimate was calculated by using the standard accumulation principle of independent
errors.

5.3.4 Upscaling CH4 and N2O fluxes to the ecosystem level

To be able to make a representative estimate of the areal GHG balances, the areas representing
different surface types (forest, logging trails, ditches) were estimated from drone and satellite images.
The area of the ditches was measured from the images by assuming a 1 m ditch width, which resulted
in surface area of 2.4% of the total Sy, area. The relative coverage of the ditch areas was assumed to
be the same at the Sc. The rest of the surface area at the S; was classified as forest. At the Spn, the
width of the logging trails was measured to be about 4 m. The drone images showed that there were
two logging trails across one strip (width 40 m); therefore, the logging trails constituted 20% of the
forest area at the Syh.

The upscaling was performed for the summers (June-August) of 2016 and 2017, separately for the
Spn and S¢. The upscaling method was based on the relationship between the daily WTL and Fey,.
Any other factors affecting the flux were ignored. Since responses of Fy,, to any environmental
variables were weak, the Fy,, upscaling was based on the dynamic emission levels of the different
surface types and their proportion of the total area. The ditch fluxes of both gases were gap-filled with
linear interpolation separately for harvest and control ditches and later combined by calculating the
daily means between of the sites. For the forest floor, daily mean fluxes of automatic, transect and
logging trail chamber measurements were binned into WTL bins of 5 cm ranging from —10 to —75
cm. The binning was made separately for the logging trails and the forest, and the mean flux for each
WTL bin was calculated. Then, the S¢ and Spn were divided into equally sized plots according to the
number of automated WTL measurements located around the site in different compass directions. To
clarify, one WTL measurement represented an area of total subsite (Spn or Sc) area divided by the
number of WTL dipwells at that respective subsite. The areal coverage of different surface types was
assumed to be the same across the plots. At each plot, the daily mean Fy, was acquired from the
WTL bin corresponding to the daily mean WTL. Finally, the mean fluxes across the plots were
calculated for each surface type and added together to acquire the net Fp, of the whole site.
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The uncertainty of the upscaling was estimated by taking into account the most significant uncertainty
sources. The ditch area uncertainty was estimated at 51% including the uncertainties associated with
the ditch wetness (50%) and the ditch area (10%). The forest and logging trail areas were assumed to
have a 5% uncertainty. The relative uncertainty estimate of the forest fluxes was based on the mean
uncertainty of all the automatic chamber measurements separately for the Syh and Se, and for different
years. The uncertainty of the ditch and logging trail fluxes was estimated by dividing the standard
error of the mean with the mean summertime flux. Individual uncertainties were combined with the
standard error propagation principle.

5.3.5 Statistical analysis

A linear mixed-effect model was used for testing the statistical significance of differences in daily
mean FFR, F¢y, and Fy,, between the Spi, Sce, and S¢, and among the years for both automatic and
transect chamber measurements (Paper 11 and I11). In both cases, the measurement point was treated
as a random effect. The normality of the model residuals was visually checked using the quantile-
quantile plot method. Tukey’s HSD post hoc test was used for comparison of the GHG fluxes at the
Sphy See, @and S¢ in different measurement years.

The linear mixed-effect model was also used for explaining the F., and Fy,, variation on the logging
trail. The fixed effects in the initial model were: logging trail (i.e. was the point located on the logging
trail or not), dry mass of the needles, total dry mass of the logging residues (needles, branches and
twigs of pines, spruces and birches), WTL and soil temperature at 5 cm. The measurement point was
treated as a random effect. The best model was selected by reducing the number of variables until the
explanative power of the model, which was inspected with Akaike information criterion (AIC) did
not increase anymore.

The 95% confidence interval (p < 0.05) was used to determine whether the results were statistically
significant.

5.4 The contribution of individual GHGs to total site emissions

The total site emissions were calculated for the periods of July 2016 — June 2017 and September 2016
— August 2017 to capture the rapid year-to-year post-harvest variations and take into account the
limitations of the manual chamber measurements (Sect. 5.3.2). A raw estimation of CH4 and N,O
balances at the Scc was made by linearly interpolating between the chamber measurements for July
2016 — June 2017 while the CO, balances were calculated from the EC data (Sect. 5.2, Paper II). At
the Spn, the CH4 and N2O balances were estimated from the automatic chamber measurements (Sect.
5.3.1, Paper I11) and CO, balances were estimated from the EC data (unpublished data). At the S,
the CH4 balances were calculated from the automatic chamber measurements, and NO balances were
estimated from the manual chamber measurements (Paper I11). However, there was no net CO; flux
measurements at the Sc. Therefore, the CO, balance for S. for the inspected periods was assumed to
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be the six-year annual mean before the harvesting (Table 3, sectors A+B for Sy, and sectors B+C+D
for Scc). After calculating the mean balance of the periods of July 2016 — June 2017 and September
2016 — August 2017, the resulting CH4 and N2O balances were converted into CO-equivalent
balances by using the coefficients of sustained-flux global warming potential over 100 years
(SGWP100) (45 and 270 for CH4 and NO, respectively; Neubauer and Megonigal, 2015, 2019). After
the conversion, the difference in CO.-eq fluxes between the Si and S, and S¢c and S¢ were calculated
to estimate the climatic effect of the harvests.

5.5 Water table level measurements

WTL was monitored hourly with automatic probes (TruTrack WT-HR, Intech Instruments Ltd,
Auckland, New Zealand; Odyssey Capacitance Water Level Logger, Dataflow Systems Limited,
Christchurch, New Zealand) in dipwells (perforated plastic tubes 120 cm long, 3.5 cm diameter) in
multiple locations at the Sy, Scc, and S¢. Four dipwells were set up next to automatic chambers in
December 2015. If the chambers were close to each other, only one dipwell was installed between
them. At the Spn and control transects, dipwells were installed in May 2015 next to the chambers at
four distances (4, 8, 12 and 22.5 m) from the ditch. A similar installation was made at the Sc in June
2015. Also, each flux measurement plot on the logging trails had a WTL probe from May 2016 to
October 2017. In addition to the measurements next to the chamber points, WTL was monitored
automatically and manually around the S¢ and Sy at every 40 m in all cardinal and inter-cardinal
directions from the EC mast. WTL was first monitored manually from weekly to bi-weekly intervals
at these points starting from March 2015. In June 2016, five automatic WTL probes were installed at
the Sc. At the same time, six automatic probes were installed at the Syh and seven additional probes in
November 2016. Manual monitoring was continued from the rest of the dipwells until October 2017.

The WTL measured at the logging trail plots was used to estimate the WTL at each point in the plots
by taking into account the ground elevation. These estimated WTLs were used in the mixed-model
analysis when investigating the environmental variables affecting the logging trail fluxes.

The analysis of harvesting effects on WTL was based on the paired treatment approach (or calibration
period — control area method) (e.g. Kaila et al., 2015; Laurén et al., 2009). First, the linear regressions
were made between the WTL within the Spy and S¢, and S¢c and S for the pre-harvest period using
WTL data from 2015. Next, the regression models and post-harvest WTL data from the S; were used
to predict the WTL at the harvested sites as if they were never harvested. The effect of the harvests
was calculated as a difference between this background model WTL and the actual post-harvest WTL
measured at the sites. However, there were slight differences in the pre-processing of the WTL data
between the Papers I1-1V. In Papers Il and 111, the automatic and manual measurements at the tree
stand inventories were used in addition to the transect measurements to estimate the harvesting effect
on WTL. Linear regression was made annually between the automatic and manual measurements to
model continuous timeseries for the tree stand points lacking automatic loggers. In Paper 1V, only
WTL measurements made at the transects were used.
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5.6 Calculation of the biomass increment

Tree stand properties (spring 2009, autumn 2014) and ground vegetation projection coverage
(summer 2009) were determined at stand inventory plots shown in Fig. 4. The tree stand was measured
twice, in spring 2009 (before annual growth started) and autumn 2014 (after annual growth ended).
The tree stand was measured and biomass increment calculated similarly to Lohila et al. (2011), using
allometric functions for pine, spruce and birch (Laiho and Finér, 1996; Repola, 2008, 2009). Standard
error of the estimate was calculated based on the parameter uncertainty and residual error of the tree
stand models. Also, sampling error was included as the standard error of mean of the plot wise
biomass increments.
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6 Results and discussion

6.1 The effect of flux calculation methods on chamber GHG fluxes

Using linear regression systematically resulted on average 27.5 + 0.3% (£95% confidence interval)
smaller CH, flux estimates with 6 min closure time than the use of exponential regression (Paper I;
Fig. 6a). Even though it is not possible to know the “true” flux in field conditions, it has been shown
in laboratory conditions that linear regression systematically underestimates the actual flux. In
contrast, the exponential regression significantly improves the flux estimation (Pihlatie et al., 2013).
This fact is likely true also in the field, as exponential regression can capture the curvature and the
initial concentration change in time inside the chamber, which best represent the conditions before
the disturbance caused by the chamber placement. However, exponential regression is sensitive to the
initial conditions caused by chamber placement (Kutzbach et al., 2007); hence the data under possibly
disturbed conditions at the beginning of the closure have to be discarded. On a positive note,
discarding data during 30-60 s from the start of the closure does not substantially affect the estimated
flux (difference < 3%, Paper 1), especially when compared to the importance of the fitting method
and the length of the fitting period. Another disadvantage of using exponential regression is the
problem occurring with low fluxes when the signal-to-noise ratio is small. In these cases, the use of
exponential regression could result in unphysically high or low fluxes caused by a sharp slope at the
beginning of the fit (Forbrich et al., 2010) (Paper I; Fig. 6b). The problem of unphysically high fluxes
can be evaded by using the more robust linear regression for these cases, while still using exponential
regression to capture the curvature of the concentration development in the high flux cases. The gas
balances during these low flux periods are likely underestimated by linear regression. However, their
contribution to the annual balance is small as long as the flux limit (Sect. 5.3.3; Paper 1) used to
choose between linear and exponential regressions is significantly lower than the mean annual flux.

a) b)

CH4 concentration (ppm)
CH, concentration (ppm)

11:13:00 11:14:00 11:15:.00 11:16:00 11:17:00 11:33:00 11:34:00 11:35:00
Time Time

Figure 6. Measured CH, concentration data during one chamber closure for a case (a) in which linear
fitting noticeably underestimates the flux estimated from the concentration development and (b) in
which exponential fitting fails due to measurement noise.

The length of the fitting period can have a significant effect on the flux estimate, but its impact
depends on the fitting method. When using linear regression, the estimated flux did not change
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significantly when increasing the fitting window from the start of the closure up to 140 s (Fig. 7;
Paper 1). However, further increases in the fitting window decreased the estimated flux by about
1.3% for every 60 s increase. This decrease in the flux estimate is caused by the failed assumption of
constant gas mixing ratio change in time, which has been recognised by multiple studies (e.g.
Kutzbach et al., 2007; Nakano et al., 2004; Pihlatie et al., 2013). On the other hand, the estimated flux
was strongly affected by the length of the fitting window up to 190 s when using exponential
regression (Fig. 7). Further expansions of the fitting window did not have a significant effect, except
making the regression more stable (Paper I). It should be noted that the effect of the fitting window
size depends on both the properties of the measurement system and flux magnitude; hence these
conclusions cannot be generalised. For example, Kutzbach et al. (2007) showed that using a 120 s
fitting window with linear regression resulted in as much as 40% lower CO; flux estimates than when
using exponential regression.

(a) (b)
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Figure 7. The CH, flux determined by (a) linear and (b) exponential regression as a function of fitting
period. The fluxes are scaled by the flux calculated with the longest fitting period (900 s). The data
are from summer 2012 and the error bars show the 95% confidence intervals. The figure is adopted
from Paper I.

To summarise, when using exponential regression, a long fitting window and a closure time of several
minutes should be used to stabilise the fit. However, care should be taken when increasing the closure
time as it could change the environmental conditions inside the chamber and affect the flux estimate.
So, the choice of the closure time is a balance between optimal fitting window for the exponential fit
and minimising the effect of the closure time on environmental conditions. Linear regression should
be avoided due to its incorrect assumption of constant concentration development inside the chamber,
which can cause flux underestimation even in short fitting windows. The exception to this
recommendation is the case in which the concentration change is small and strongly affected by the
measurement noise, causing the exponential fit to fail.
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6.2 Changes in evapotranspiration and water table level

The WTL significantly rose after both harvesting actions. According to the measurements, the mean
pre-harvest WTL measured from the transects in the period July-August 2015 was —50 ¢cm at both the
Sc and Spn while the WTL at the Scc was higher at —33 cm (Fig. 8, Papers 11 and 111). After harvesting
in July—August 2016, WTL was higher at the S¢c (—22 cm; Paper Il) and Spn (—44 cm; Paper I11) as
compared to the pre-harvest situation, while WTL at the S¢ decreased to —55 cm. In July—August
2017, WTL remained on the similar level (—42 cm) at the Spn as compared to the same period in 2016.
However, WTL was slightly lower at the S¢c at —27 ¢cm in 2017 than in 2016.

According to background models, WTL rise at Scc averaged 24+2 cm (£SD) for July—August in 2016-
2017 (Paper II). In Paper 1V, the WTL rise was evaluated to equal 18+2 cm in May-September
2016-2018, which is in agreement with the estimation made in Paper Il considering the different
periods used to calculate the WTL increase. At the Sph, WTL rose by 12+1 cm in July—August 2016—
2017 (Paper I11). However, in Paper 1V, the observed WTL rise (5£3 cm) at the Spn was slightly
smaller as compared to that reported in Paper 111, but the difference could not be explained by
different time periods used to estimate the WTL rise. The analysis in Paper 1V only included loggers
located close to the chamber measurements where the tree stand was denser than the other parts of
the Spn (Fig. 4). On the other hand, the WTL data in Paper 111 had higher spatial coverage at the Spp,
which also took into account the more harvested areas at the Spn. Expectedly, this results in slightly
higher rise in WTL in Paper 111 than the rise estimated in Paper IV. Nevertheless, both methods
suggested that the WTL increase was significantly different from zero at both Sp, and Sec.
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Figure 8. Daily mean WTL measured at the partial harvest (blue), control (black) and clear-cut (red)
sites. The grey area denotes the period before the harvesting actions. The WTL data shown here is
based on the data used in Papers Il and I11.

The raised WTL at both sites was caused by reduced biomass, which decreased transpiration (Paper
1V; e.g. Sarkkola et al., 2010). At the S, the increase in WTL was more substantial than at the Spn
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due to more radical changes in vegetation and tree stand. On the other hand, an even larger rise in
WTL at the S was prevented by ditch mounding, which enhanced water flow from the subsite. A
slight rise (max. 7 cm) in WTL after thinning have also been observed at Scots pine peatland forest
by Péivanen and Sarkkola (2000), but their heaviest thinning was only 28% of the stand volume, being
less than half of that at Lettosuo. However, Heikurainen and Paivanen (1970) reported that harvesting
60% of the volume of a Scots pine stand resulted in a WTL rise that was half of the response observed
at a parallel Sc. This result is in good agreement with those observed at Lettosuo.

Before the harvests, ET varied within 290-365 mm during the May-September period, and it
exceeded precipitation during this period except the rainiest years of 2011 and 2014 (Paper 1V). This
exceedance is typical for boreal upland and peatland forests (Grelle et al., 1997; Launiainen, 2010;
Sarkkola et al., 2013). On the other hand, the highest pre-harvest ET was observed in 2010, which
was the driest and warmest year. The dominant pines and birches contributed by 47% and 27% to the
total site transpiration while the remaining 17% and 9% originated from the understorey spruces and
ground vegetation, respectively (Paper 1V). After clearcutting, the total ET in May—September
decreased to 176 mm (Papers Il and 1V) in 2016. The drop in ET is consistent with previous studies
conducted in boreal forests (Amiro, 2001; Mamkin et al., 2019; Rannik et al., 2002). The drop in the
May—September ET at the Syn was smaller than at the Sec in 2016. At Spn, the ET equalled 264 mm,
which is 83% of the modelled ET at the S¢ (320 mm, Paper V). In May—September 2017, the Scc
(261 mm) and Spn (263 mm) had a similar ET, but in 2018 the Scc had a considerably smaller ET (268
mm) again, as compared to the similar ET level measured at the Syn (388 mm) and modelled for the
S¢ (380 mm).

The substantial decrease in ET at the S¢c was expected and attributed to harvesting all the transpiring
trees and the destruction of ground vegetation (Paper Il and 1V). The fast recovery in the following
year could be attributed to the quickly recovered ground vegetation (visual inspection, not directly
measured). This is further supported by the fact that in 2018 the ET at the S¢c did not significantly
increase from 2017 (Fig. 9), even though that summer was exceptionally warm and dry. The smaller
decrease in ET at the Sp, was attributed to increased transpiration of spruces and ground vegetation
and to forest floor evaporation, which compensated part of the transpiration by pines prior to the
harvest (Paper 1V). According to the model results, spruce transpiration roughly doubled in response
to the increased light availability after harvesting the overlying pine canopy. Similarly to the increase
in spruce ET, the ground vegetation ET increased after being exposed to increased wind and light,
and higher VPD. The increased ET of spruces and ground vegetation compensated the reduced
transpiration of the pine trees, thus limiting the drop in ET.

According to the model results, the species composition and canopy structure had a substantial effect
on WTL after the harvest. Even though 69% of the tree basal area was removed in the harvest, the
WTL rise was only 60% of that measured at the Sc.. Removing pine trees, but leaving birches and
spruces with high transpiration capacity at the Syh, limited the WTL rise (Paper 1V). This information
could be used in harvest planning to preserve undisturbed growth of the trees as understorey birches
with high transpiration rate per leaf area are commonly found in peatland forests (Sarkkola et al.,
2005). Retaining a high transpiration rate could prevent ditch maintenance and thus reduce costs
associated with peatland forestry.
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Figure 9. Measured mean ET diel cycles at the Spy (blue) and Scc (red) during May—September in
2016-2018. The black line shows the modelled ET for the Sc. The cycles represent periods when
measurements were available from both sites, excluding periods with > 5.0 mm of rainfall within the
past 24 h. The figure is modified from Paper IV.

6.3 The effect of harvesting methods on GHG fluxes

6.3.1 CO- balances before the harvest

The annual CO; balance before the harvesting varied within —170 — 20 g CO, m2 yr? in 2010-2015
and averaged at —50%30 g CO, m2 yr! (=SEM) during these six study years (unpublished data) (area
weighted sectors A-D in Fig. 10). This is in agreement with many of the previous studies in nutrient-
rich peatland forests, which have shown that peatland forests can act as small CO; sinks in the growing
stage while mature and over-matured forests are CO> neutral and sources, respectively (Meyer et al.,
2013; Ojanen et al., 2013; Uri et al., 2017). Interestingly, an almost twice as high mean respiration
rate (after being standardised for temperature) was observed in the sector A (Fig. 10) as in the sectors
B-D. No apparent reason for the higher respiration was found from the supporting data collected.
Also, the possible biases originating from the measurement system and source area variations could
be excluded by thoroughly inspecting the quality of the flux data. Due to this anomalous sector, gap-
filling of the 30-min CO; fluxes had to be done separately for the sector A and sectors B-D. Also, for
an unbiased estimate of the impact of different harvesting actions, the pre-harvest CO, balances (Table
3) were estimated separately for the later partially harvested area (sectors A and B, Fig. 10). To
compare the effect of clearcutting (sector D, Fig. 10) on CO, balances, the pre-harvest balance of the
sectors B-D was used (i.e. the sector with high respiration was excluded here). Because elevated
respiration rates were not observed after partial harvest (based on EC data and spatial chamber flux
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campaign, data not shown), the sectors A and B were not separated in the gap-filling of the post-
thinning data.

Because of the sector with high respiration rates, the area which would be partially harvested in 2016
(sectors A-B in Fig. 10) was a small CO, source in 20102015, the balance averaging at 140+20 g
CO2 m? yr! (+SEM) (Table 3) (unpublished data). This means that this area was already losing
more carbon from peat decomposition than was uptaken by trees. The annual mean biomass increment
at Lettosuo was estimated at 790+70 g CO, m2 yr in 2009-2014. On the other hand, sectors B+C+D,
which would be used as the pre-harvest reference for the later clear-cut site, acted as a CO; sink with
amean annual CO; balance of —400+30 g CO, m2 yr in 2010-2015. The differences in CO; balances
between these two areas were attributed to ER that was on average 16% larger in the later partially
harvested area than in the sectors B-D, which was only partly compensated by a 6% larger GPP.

Figure 10. Aerial view of the site showing the eddy covariance masts (red dots) and their target areas,
as well as the sectors used to draw conclusions about the impact of management on CO; balances.
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Table 3. Annual net ecosystem exchange of CO, (NEE), modelled absolute value of gross primary
production (|GPPJ), and modelled ecosystem respiration (ER) before and after partial harvest and
clearcutting, and changes in the components after harvesting actions compared to the mean pre-
harvest balance. The sectors from which the values are calculated are shown in Fig. 10.

Pre-harvest (sectors A+B) [g CO, m?] Pre-hanvest (sectors B+C+D) [g CO, m’?]
NEE |GPP| ER NEE |GPP| ER
2010 30 + 40 5280 5310 -540 + 60 5000 4470
2011 190 + 50 5620 5810 -300 + 60 5340 5040
2012 180 + 50 5330 5520 -340 + 60 5040 4710
2013 150 + 50 5290 5450 -440 + 60 4990 4550
2014 170 + 40 5070 5250 -370 + 50 4710 4340
2015 100 + 40 5270 5350 -380 + 50 4900 4500
Mean 140 £ 20 5310 + 60 5450 + 80 -400 + 30 5000 + 80 4600 + 90
After partial hanest (sectors A+B) [g CO; m?] After clearcutting (sector D) [g CO; m?]
NEE |GPP| ER NEE |GPP| ER
4/2016-3/2017 730 + 50 3320 4030 3090 + 150 660 3730
2017 190 + 40 3500 3670 2100 + 120 1110 3180
2018 800 + 50 3560 4340 1930 + 140 2010 3920
2019 550 + 80 3900 4440 1690 + 240 2720 4390
Mean 570 + 120 3570 + 100 4120 + 150 2200 + 270 1624 + 399 3800 + 220
Change after partial harvest (sectors A+B) [g CO, m?] Change after clearcutting (sector D) [g CO, m?]
NEE |GPP| ER NEE |GPP| ER
4/2016-3/2017 +590 -1990 -1420 +3480 -4340 -880
2017 +50 -1820 -1780 +2500 -3890 -1430
2018 +660 -1760 -1110 +2320 -2990 -680
2019 +420 -1420 -1000 +2080 -2280 -210

6.3.2 Changes in CO, dynamics

After clearcutting, the site became a substantial CO; source for the first two years (1st year: 3090+150
g CO, m2yr?, 2nd year: 2100+120 g CO, m2 yrt; Paper I1), which was caused by a 87% reduction
in GPP (Table 3, Fig. 11). GPP decreased as a result of the removal of trees and destruction of ground
vegetation. However, the GPP recovery has been fast due to growth of ground vegetation, and in the
second post-clear-cut summer, GPP had almost doubled from the first summer, being ca. 20% of the
pre-harvest level (Table 3; Paper I1). Fast recovery has also previously been observed in a nutrient-
poor peatland forest, where NEE after clearcutting was slightly smaller than at the study site
(Méakiranta et al., 2010). Four years after clearcutting, GPP at Lettosuo was about 46% of the mean
pre-harvest GPP (Table 3; unpublished data). ER also decreased from the pre-harvest level, by 19%
(Table 3; Fig. 11; unpublished data), which is likely due to a decrease in plant respiration caused by
removal of respiring biomass. Also, a decrease in FFR was observed (Paper I1), which is likely
resulted from raised WTL that limited peat decomposition. However, the addition of decomposing
logging residues limited the decrease in ER, as the respiration from the residues was shown to be 49%
of the total ER, while the rest originated from FFR (Paper I1). In the second post-clearcutting year,
FFR did not change significantly. Still, ER continued to decrease further, suggesting that the decrease
in ER was due to the fact that the most easily decomposable residues had already decomposed during
the first summer. In the following years, it is expected that the vegetation will continue to recover,
which would increase GPP and plant respiration. In addition, this would also increase transpiration,
leading to a lower WTL and higher peat decomposition rates. Compared to the first and second post-
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harvest year, the third and fourth years show a recovery of ER closer to the pre-clearcut values (Table
3; unpublished data).
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Figure 11. Time series of monthly sums of (a) CO- net ecosystem exchange (NEE), (b) gross primary
production (GPP), and (c) ecosystem respiration (ER) measured before harvesting (shaded period,
mean of 2010-2015) and after clearcutting (red line) and partial harvesting (blue line). The shading
on the curves shows the standard deviation of the monthly sums before the harvests. The letters in the
legends show the sectors (Fig. 10) from which the monthly sums are calculated.

At the Sy, the increase in NEE after partial harvest was moderate (Table 3; Fig. 11; unpublished
data). During the first four post-harvest years, the annual NEE varied within 190-800 g CO, m2 yr?
(Table 3). The smaller NEE compared to S were caused by the more limited harvest and the
improved light conditions for the ground vegetation and Picea Abies that formed the previous
understorey; this kept GPP relatively high. GPP decreased on average by 37% from the pre-harvest
mean GPP, and remained at a similar level for the two following years. This difference in GPP
between Scc and Spn in the post-harvest years was attributed to the improved light conditions for the
spruce trees of the previous understorey after removal of the overstorey pine trees. This increased
spruce photosynthesis limited the decline of GPP at the Spn, while at the Scc most of the
photosynthesizing biomass was destroyed. However, the recovery of GPP at the Syh has been much
slower than at the Sc (Table 3; Fig. 11). In the first post-harvest year, the recovery might have been
limited by the light stress imposed to spruce trees (Paper 1V), which has previously been observed
to last from four to five years in mineral soil forests after overstorey removal (Koistinen and
Valkonen, 1993). Finally, the retained spruce cover at the Syy still prevent some of the solar radiation
reaching the soil surface, hence limiting the growth of new ground vegetation, while at S there is no
tree cover and the relative increase in the ground vegetation density was much larger (visual
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inspection). In the fourth post-harvest year, a slight recovery in GPP seems to have happened at Sy,
but more data is needed to exclude the role of natural variation in this change.

At the Spn, ER decreased by 26% in the first post-harvest year and declined even further in the next
year (33% lower than the pre-harvest mean). However, in the third and fourth post-harvest year, ER
increased noticeably, but was still 19% lower than before partial harvest (Table 3; Fig. 11). The
observed reduction in ER from the first post-harvest year was likely caused by the same reasons as at
the S, i.e. the decrease in plant respiration due to removal of overstorey trees and some disturbance
to the ground vegetation, especially on the logging trails. The decline in ER was partly offset by the
addition of logging residues. Indeed, elevated CO, emissions were observed from the logging trails
in the first post-harvest summer 2016 compared to the automatic chambers and transect measurements
at the harvest, but not anymore in summer 2017 (unpublished data). However, FFR did not decrease
at Spn contrary to what was observed at S¢c (Fig. 12). This difference between the sites might be
explained by the fact that the removal of fewer trees from the transect, leading to a smaller below-
ground logging residue volume and a smaller rise in WTL at Spn compared to Se.. These respiring
residues and reduced peat decomposition could have balanced each other, resulting in only a minor
change in FFR.

Comparing the partial harvest and clearcut-induced changes in NEE at the study site to other
harvesting studies reveals some important differences. In the clear-cut mineral soil forests the reported
annual balances vary from ca. 400 to 4700 g CO; m yr! (Amiro et al., 2010; Clark et al., 2004;
Humphreys et al., 2005; Kowalski et al., 2004, 2003; Takagi et al., 2009; Williams et al., 2013).
Forests in warmer climates emit more CO;, after clearcutting (Amiro et al., 2010). However, compared
to the studies listed above, Lettosuo, which is located in the boreal zone, was the second-largest CO;
source (3086+148 g CO, m2 yr?) after slash pine plantation in Florida (Clark et al., 2004). The
apparent difference between the mineral soil forests and Lettosuo is due to the decomposition of the
oxic peat layer, which can act as CO; sources up to 1000 g CO, m* yr! (Ojanen et al., 2013; Uri et
al., 2017). Mineral soil forests do not have such C storage, which explains the relatively high CO;
emissions at Lettosuo. Assessment of how NEE depends on partial cuttings is difficult because of the
diversity of approaches (e.g. reduction in the basal area; Nieminen et al., 2018), and no thinning
studies have been made on peat soil to the author’s knowledge. Some studies were made on mineral
soil with a relatively small 21-27% reduction in basal area (Lindroth et al., 2018; Saunders et al.,
2012; Scott et al., 2004; Vesala et al., 2005; Wilkinson et al., 2016), but no significant changes were
observed in annual NEE, except in one study in which NEE increased slightly for the first and third
year after thinning (Lindroth et al., 2018), but otherwise no differences were observed. A slightly
stronger thinning (35% of basal area) in a ponderosa pine forest in Arizona, USA, resulted in an
increased NEE and turned the forest into a CO- source; after four years, however, this ecosystem
returned to an even stronger sink state than before thinning (Dore et al., 2012). These thinnings were
relatively limited compared to the 69% reduction in basal area at Lettosuo. Indeed, the removal of
overstorey trees in this thesis resulted in a noticeable increase in NEE (Fig. 11; Table 3; unpublished
data).
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6.3.3 Changes in CH, fluxes

The net CH, emissions increased significantly at the Scc. The Sec turned from a CHa sink (—94+18 pg
CH4 m2 hl in 2015) into a small CH4 source (1411 pg CHs m2 h't in 2016, 2247 ug CHs m2 ht in
2017; Paper 11). The 24 cm rise in WTL was the most likely reason for this change. The WTL rise
decreased the thickness of the oxic layer in peat, increasing the volume of the soil layer below the
WTL in which the production of CH,4 occurs, and thinning the layer capable of oxidising CH4 before
it reaches the atmosphere. At the S, the decrease of oxic layer thickness was large enough to turn
the soil into a net CH4 source (Figs. 12 and 13). Similar results of the soil turning from a CH, sink to
a source after clearcutting have been found on both peat (Zerva and Mencuccini, 2005) and mineral
soil (Castro et al., 2000; Sundqyvist et al., 2014; Vestin et al., 2020) soil, which were attributed to
increases in WTL and soil moisture. However, opposing results have also been observed on both soil
types. Mazza et al. (2019) recorded an increase in the CHa sink in a Mediterranean upland forest,
while no noticeable changes were observed in some peatland forests despite the substantial rise in
WTL (Huttunen et al., 2003).
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Figure 12. Time series of the daily mean forest floor respiration (FFR), CH. flux (F¢y,), and N.O
flux (Fy,0) measured at the partial harvest (blue), control (black) and clear-cut (red) sites before
(shaded period) and after harvests. Lines and dots show the measurements made with automatic and
manual chambers, respectively.
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Figure 13. Hourly mean (a) forest floor respiration (FFR), (b and ¢) CH4 (F¢y,) and (d and e) N.O
(Fy20) fluxes measured at the partial harvest (blue), control (black), clear-cut (red) sites by automatic
chambers (circle), manual chambers at the transect (square) and the logging trail (triangle) in pre-
(shaded period) and post-harvest summers (JJA) 2015-2017. The error bars show the standard
deviation. Figure is modified from Paper IIlI.

No significant differences could be found when comparing CH4 fluxes between the Sy, and the Sc
(Paper I11). WTL rose by 5+3 cm next to the chambers at the Sy, site (Sect. 6.2), which was apparently
not enough to cause significant changes in Fy, between the sites. The annual post-partial harvest
CHjy sinks (90-170 mg CH4 m2 yr1) were smaller than those measured in 2011-2013 (220 mg CH4
m2 yr; Paper 1), but due to the fact that CH, sink also decreased at the S, in 2016-2017 compared
to 2015, the effect of spatial and year-to-year variation hid the possible changes caused by the small
WTL rise at the Spn. On the other hand, the partially harvested forest was quite heterogeneous, and
the automatic and transect measurements were made at the area with higher tree stand density (Table
2). This could cause a bias in the estimated harvesting effect on the fluxes. The tree stand
heterogeneity was taken into account by upscaling F.y, to the ecosystem level using the WTL
measured around the forest (Fig. 4) as a proxy (Paper I11). As a result, the upscaled CH, sinks (Table
4) for summers 2016 and 2017 were found to be 49% and 34% lower than the sinks estimated from
the automatic chamber measurements, and 49-58% smaller than the upscaled fluxes at the Sc. The
smaller upscaled CHys sink is a result of the 12 cm rise in WTL (Sect. 6.2) outside the transect plot,
which was caused by differences in tree stand densities (more trees were removed outside the
transects). In addition, there were logging trails used by the harvesting machinery at the partially
harvested site where the forest floor was a source of CH4. However, the magnitude of the emissions
from the logging trails was low, making their contribution to ecosystem-level emissions small (Fig.
13; Table 4; Paper I11). The higher net emissions from the logging trails were most likely caused by
the changes in the soil physical properties due to soil compression and lowering of the soil surface
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relative to WTL. As a result, the thickness of the oxic layer decreased, leading to reduced CH4
oxidation. Also, CH4 production could have increased as a result of soil compression creating anoxic
spots in the soil.

6.3.4 Changes in N2O emissions

N20 emissions increased significantly after the clearcutting (Paper I1), but no significant change was
observed after the partial harvest (Paper I11). All sites were relatively small N2O sources before the
harvesting according to the summertime manual measurements at the transects (4+18 pg NoO m2 h-
at S, 180+110 pg N2O m? ht at Spn, 38433 pug N2O m2 ht at S; Fig. 12), but after the clearcutting
the mean summertime flux increased to 1050+210 pg N2O m2 h't (Figs. 12 and 13; Paper I1). The
spatial variation in Spy and Sc resulted in relatively large confidence intervals for the mean flux
estimates (Fig. 13; Paper Il1), and no significant changes in Fy,, were found after partial harvest
from the manual chamber measurements at the transects. This suggests that the harvesting effect on
Fy20 Was either negligible or at least much smaller for partial harvesting than clearcutting. At Syh and
Sc, Fy20 Was also measured with automatic chambers, which allowed capturing the temporal variation
better than when using manual chambers. The automatic measurements showed substantial temporal
and spatial variation in Fy,o (Paper 111) at the Sc and Sph. The annual post-harvest emissions
measured with automated chambers varied from 120 to 1620 mg NoO m2 yr! at the S, while at the
S, this range was 410-2240 mg N2O m= yr'. However, due to the lack of automatic chamber
measurements at S¢ prior to 2017, no conclusions could be drawn about harvesting effects.

Considering the spatial variation, the logging trails at the Sp, contributed substantially to the
ecosystem-scale N2O emissions (Paper I11). The upscaling of the fluxes revealed that the emissions
from the logging trails, which constituted 20% of the total surface area (Paper I11), emitted 35-38%
of the total emissions from the whole harvested area (Table 4). The explanation behind the increased
emissions could be the same as with CH4; the compaction of soil could have created anoxic pockets
in the soil, which enhanced denitrification. Also, logging residues have been shown to increase N.O
emissions (Paper 111, Mékiranta et al., 2012) as they stabilise soil temperature and moisture by
preventing direct sunlight and evaporation, which favour mineralisation and nitrification processes in
the soil organic layer (Roberts et al., 2005; Rosén and Lundmark-Thelin, 1987). This means that the
emissions might have increased due to the reactive N (NO3, NH}) released from the residues and
destroyed ground vegetation.

On the other hand, outside the logging trails, none of the chamber points included above-ground
residues. So, especially at the S¢c where the residues were not piled on any logging trails, our measured
fluxes potentially underestimate the overall N,O emissions from the area. However, below-ground
residues such as roots (Paper 1) have probably provided additional reactive N to the production
processes, especially at the S¢c where all the trees were cut. Also, increased WTL might have moved
the anoxic layer closer to the surface, which allowed anoxic conditions for denitrification to occur
closer to the surface, hence increasing N.O emissions more at the Scc than at the Spn. At the Sy, the
amount of residues was noticeably smaller and the residues were mostly piled on the trails, while at
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Scc they were spread out. Also, WTL stayed relatively low at the Spn; therefore, the conditions for NoO
production after the harvest did not change considerably, and no significant rise in the emissions was
observed. The higher WTL at the S¢c might also be the reason why the N,O emissions at the S¢; were
higher than at the logging trail at the Spn (p < 0.001; Fig. 13) even though the logging trail
measurements included above-ground residues, unlike the transect measurements.

The studies concerning the effects of harvesting practices are scarce, but increased N,O emissions
after clearcutting have been recorded in both mineral and peatland forests (Huttunen et al., 2003; Saari
et al., 2009), although the emissions were an order of magnitude smaller than at Lettosuo.

Table 4. Upscaled CH4 and N»O balances (xuncertainty, see Sect. 5.3.4) from different surface types
weighted by their relative surface area at the Spn and S¢ for summers 2016 and 2017. The summer
(JJA) balances are also reported in CO2-equivalents in terms of the global warming potential over 100
yr. The table is adopted and modified from Paper I1I.

CH, flux [mg CH, m?summer™]

Area & Year Total Ditch Forest  Logging trail| Total [g CO,-eq m?]
Soh, 2016 10+28 43+28 -31+2 -1.8+0.9 0.3+1.0
Soh, 2016 47+43 64143 -19+4 2.1+05 1.6+15
S, 2016 -18+28 43+28 -61+5 NA 0.6+1.0
S, 2016 19+43 64+43 45+3 NA 0.6+15

N,O flux [mg N,0 m™ summer™]

Area & Year Total Ditch Forest  Logging trail| Total [g CO,-eq m?]
Soh, 2016 370+30 -0.2+0.3 240+ 20 130+ 20 110+ 10
Soh, 2016 530£110 0.6¥04  330+110 200%30 160+ 30
S, 2016 120+ 40 -0.2+0.2 120+ 40 NA 36+12
S, 2016 500 + 50 0.6+0.3 490 +50 NA 150+ 14

6.3.5 Contributions to total emissions

The increased total GHG emissions after the forest management were about fourteen times as high as
at the Scc (3650 g CO2-eq m2 yr1) than at the Spn (260 g CO2-eq m2 yr1). Even though the change
from a CHa sink to source was significant at the S, the relatively small increase in emissions (6.5 g
CO2-eq m2 yr?) had a negligible impact (< 1%) on the increased GHG emissions. It should be noted
that the total GHG emissions estimated for Spn do not include CH. and N2O fluxes as they did not
change significantly due to the harvest (chapters 6.3.3 and 6.3.4). However, logging trails were not
included, which likely underestimates the contribution of N.O component at the Syn due to increased
emissions observed on logging trails after the harvest. At the S¢c, N2O emissions increased on average
by 830 g CO;-eq m2 yr?! corresponding to 20% of the total increased emissions, making N.O
emissions an important part of peatland forestry. Even though SGWP1g (sustained emissions) is an
improved approach of GWP (pulse emission), it does not consider temporal dynamics (Frolking et
al., 2006; Neubauer and Megonigal, 2015). The estimation of climatic effect could be improved by
accounting for the temporal dynamics, which would require using a metric based on step change or
using models based on instantaneous radiative forcing due to time-integrated GHG exchange
(Berntsen et al., 2005; Lohila et al., 2010), but this was not considered relevant in this work.
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7 Conclusions

The main objectives of this thesis were to study how WTL, ET and GHG fluxes respond to the partial
harvesting and clearcutting performed in a peatland forest. Related to this, a specific objective was to
improve the flux calculation methods for the data collected with automatic soil chambers, which were
used to investigate the harvesting effects. This examination resulted in a conclusion that the
exponential regression should always be preferred when calculating the GHG fluxes from the
chamber measurements as linear regression has an in-built incorrect assumption of constant
concentration development inside the chamber. However, the use of linear regression is acceptable
when the signal-to-noise ratio is so large that the exponential regression fails. In those cases, using
linear regression does not cause a significant effect on annual balances, assuming the annual mean
flux is markedly higher than the fluxes estimated by linear regression. When using exponential
regression, the fitting period should be long enough so that the fit is stable, but care should be taken
when increasing the chamber closure time as it may significantly change the environmental conditions
inside the chamber. The adequate length of the fitting period, as well as the flux limit for choosing
between the fitting methods, depends on the measurement system characteristics, such as instrument
precision, and they cannot be generalised.

The impact of partial harvesting on GHG emissions in a nutrient-rich peatland forest was noticeably
smaller than that of clearcutting. NEE increased after the harvest for both methods, but the CO,
emissions were more substantial after clearcutting as a result of a major decline in GPP following the
complete removal of trees and destruction of ground vegetation. At the Scc, total ecosystem respiration
decreased due to decreased forest floor respiration, as more peat was exposed to anoxic conditions
than before clearcutting as a result of raised WTL, which was caused by a decline in ET. The reduction
in GPP was even more considerable, leading to large net CO, emissions at the Scc. Similar phenomena
with decreased GPP and ER were observed after partial harvest, but the reductions were slighter as
fewer trees were removed. This led to a smaller rise in WTL, because the remaining tree stand was
able to maintain a relatively high ET. At S, the recovery of ground vegetation and GPP was relatively
fast, whereas no significant recovery in GPP was observed at Sy, during the four post-partial harvest
years. The limited recovery could be attributed to the previously understorey spruces suffering from
light stress, and also to the fact that spruces were still shading the forest floor limiting the
photosynthesis of ground vegetation.

The S turned from a CH4 sink to a CH4 source due to the relatively large (24 cm) rise in WTL caused
by the decrease in ET, which limited CH4 oxidation in soil and increased the anoxic layer where CH,
is produced. Also, CH, emissions increased at the logging trails at the Spy possibly due to soil
compaction increasing soil moisture and creating anoxic spots in the soil; therefore, limiting CH4
oxidation and promoting CH. production. On the other hand, the 5 cm rise in WTL at the flux
measurement points at the Sp, was insufficient to cause considerable changes in CH4 fluxes outside
logging trails. To account for the heterogeneity of the tree stand at the Spn, the CH4 flux data were
upscaled to the ecosystem level by using WTL measurements made at multiple locations within the
Sph. This revealed that the ecosystem-level CH4 sink was 54% smaller at the Sy, than at the S¢ and
42% smaller than the fluxes estimated only from the automatic chambers within the Sp,. The lower
CHa sink estimates after upscaling were attributed to the smaller tree stand density and larger rise in
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WTL (12 cm) outside the chamber measurement points. However, the CH4 fluxes were insignificant
when considering their climatic effect after partial harvest and clearcutting in terms of SGWP1qo at
bOth Scc and Sph.

N20O emissions increased markedly at the Sc, but not significantly at the Syh, except on the logging
trails. The increased emissions at the Scc and on the logging trails could be attributed to the reactive
nitrogen released from residues. Also, the raised WTL at the S¢c and the compressed soil on the
logging trails may have improved conditions for denitrification, hence increasing N.O production.
However, because none of the measurement points outside the logging trails included above-ground
logging residues, the true N2O fluxes are likely underestimated. Indeed, upscaling N2O fluxes to an
ecosystem-level revealed that the logging trails at the Spr, with only a 20% surface coverage, emitted
more than a third of the total ecosystem N2O emissions. Outside the logging trails, at the S¢ and Spn,
the NO fluxes were highly variable both in time and space, making it impossible to distinguish the
harvesting effect. This means that the change in N.O fluxes due to partial harvest was so small that it
was not observable with the methods used in this thesis. However, the observed increases in N2O
emissions after clearcutting and from logging trails suggest that N.O fluxes should be considered
when inspecting the climatic impact of peatland forestry.

ET decreased at both the S¢c and Syn after the harvestings as a result of the removal of transpiring trees
and destruction of forest floor vegetation. The drop in ET was more substantial at the S, and, as
WTL and ET are tightly coupled to each other, the WTL increase was greater at the Sc than Spn. The
improved light conditions for the understorey spruces and ground vegetation compensated for the
decreased ET from the pine trees. Because of this, the forest-scale ET at the Sy, recovered to the
similar ET level of S in the third post-harvest summer. This suggests that removal of the overstorey
as a harvesting practice does not lead to a significant WTL rise that could affect the tree growth.
However, tree stand characteristics should be considered when deciding on the harvesting practice,
as some species such as birches have a higher transpiration capacity than coniferous trees. In
conclusion, by favouring mixed stands and maintaining an admixture of deciduous species, one could
avoid ditch cleaning, a large investment in peatland forestry, and support biodiversity.

One of the major harmful effects of peatland forestry is its impact on water quality. The increased
amount of humus, dissolved carbon and nutrients cause eutrophication and increase the turbidity of
water, which among other consequences lowers the recreational value of lakes and ponds. Especially
the ditch network maintenance affects negatively the water quality, possibly even the groundwater
quality. The leached nutrients can cause oxygen deficiency, killing aquatic organisms. Also, nutrients
can be transported to lakes, increasing algae growth, thus affecting the living conditions of humans
and animals within a larger area. This thesis did not consider the effects of harvests on water quality.
Excluding the water component means that a potentially essential part of the carbon cycle, namely
the runoff of dissolved organic and inorganic carbon, was not considered. However, partial harvesting
should not decrease water quality as much as clearcutting, as it causes less disturbance to the forest
and requires no ditch network maintenance.

This thesis demonstrated the immediate climatic effects of peatland forestry by direct ecosystem-
atmosphere flux measurements of the key GHGs and ET. Based on these results, it seems evident that
in terms of changes to Earth’s radiative balance, the climatic impacts of harvest are much smaller
after partial harvesting than clearcutting. However, it should be noted that Syn was already before
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partial harvest a CO; source due to peat decomposition exceeding tree growth and harvesting further
increased the source, at least temporarily. This study does not answer to the critical question which
forest management method is better when considering the whole forest rotation. Nevertheless, the
collected data can be used by modellers to address that question. In addition to the climatic effect
there are other critical issues, such as water quality, biodiversity, recreational values and economic
questions that should be taken into account when assessing the overall impact of peatland forestry.
An analysis of flux measurements carried out over a few years obviously cannot address these issues,
but it provides an invaluable contribution to a bigger picture that can be achieved by collaboration of
different research fields and a combination of measurements and models.
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Abstract. We measured methane (CHy) exchange rates with
automatic chambers at the forest floor of a nutrient-rich
drained peatland in 2011-2013. The fen, located in south-
ern Finland, was drained for forestry in 1969 and the tree
stand is now a mixture of Scots pine, Norway spruce, and
pubescent birch. Our measurement system consisted of six
transparent chambers and stainless steel frames, positioned
on a number of different field and moss layer composi-
tions. Gas concentrations were measured with an online cav-
ity ring-down spectroscopy gas analyzer. Fluxes were cal-
culated with both linear and exponential regression. The
use of linear regression resulted in systematically smaller
CH4 fluxes by 10—45 % as compared to exponential regres-
sion. However, the use of exponential regression with small
fluxes (< 2.5ug CHym~2h~") typically resulted in anoma-
lously large absolute fluxes and high hour-to-hour deviations.
Therefore, we recommend that fluxes are initially calculated
with linear regression to determine the threshold for “low”
fluxes and that higher fluxes are then recalculated using ex-
ponential regression. The exponential flux was clearly af-
fected by the length of the fitting period when this period
was < 190s, but stabilized with longer periods. Thus, we
also recommend the use of a fitting period of several minutes
to stabilize the results and decrease the flux detection limit.
There were clear seasonal dynamics in the CHy4 flux: the for-
est floor acted as a CHy sink particularly from early summer
until the end of the year, while in late winter the flux was very
small and fluctuated around zero. However, the magnitude
of fluxes was relatively small throughout the year, ranging
mainly from —130 to +100 ug CHg m~2h~'. CHy4 emission

peaks were observed occasionally, mostly in summer dur-
ing heavy rainfall events. Diurnal variation, showing a lower
CHy uptake rate during the daytime, was observed in all of
the chambers, mainly in the summer and late spring, partic-
ularly in dry conditions. It was attributed more to changes in
wind speed than air or soil temperature, which suggest that
physical rather than biological phenomena are responsible
for the observed variation. The annual net CH4 exchange var-
ied from —104 &30 to —505 4 39 mg CHy m~2 yr—! among
the six chambers, with an average of —219 mg CHy m~2 yr~!
over the 2-year measurement period.

1 Introduction

Methane (CHy) is one of the most important atmospheric
greenhouse gases due to its capability to absorb thermal
radiation and warm the climate (IPCC, 2014). One of the
main sources of CHy globally is peatland (e.g., Denman et
al., 2007), where CHy is produced by the decomposition
of organic matter in anaerobic conditions. Around 3 % (ca.
4000 000 km?) of the Earth’s land surface is covered by peat-
lands (Clarke and Rieley, 2010) and the majority of these are
located in the boreal region (Fischlin et al., 2007). About one
third (104 000 km?) of European mire and peat resources are
located in Finland (Montanarella et al., 2006) and more than
half (55000 km?2) of this area has been drained for forestry
(Pdivinen and Hanell, 2012).

Methane can be both produced and consumed in soil so
that the net CHy flux depends on the rate of CHy produc-
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tion in anoxic soil layers and on the rate of CHy4 oxidation in
the oxic soil layers. In peatlands, the thickness and depth of
CHj4 producing and oxidizing layers are largely determined
by the water table (Bubier and Moore, 1994), which controls
the vertical distribution of oxygen in the soil profile. CHy is
produced under anaerobic conditions by microbes known as
methanogens. The production rate is dependent on the avail-
ability of organic substrates at low redox potential (Eh) val-
ues and is controlled by soil temperature and pH (Dunfield et
al., 1993; Wang et al., 1993; Segers, 1998; Kotsyurbenko et
al., 2004). In contrast, oxidation of CHy4 occurs in the oxic
soil layer closer to the surface and potentially also in the
moss layer (Larmola et al., 2010). Like the production rate,
the oxidation rate is controlled by soil temperature and pH
(Dunfield et al., 1993; Scheutz and Kjeldsen, 2004; Boeckx
and Van Cleemput, 1996), but many other factors also af-
fect oxidation processes, such as soil water content, soil tex-
ture, nutrients, and CH,4 and oxygen concentration (Boeckx
and Van Cleemput, 1996; Ridgwell et al., 1999; Scheutz and
Kjeldsen, 2004). In addition to the direct control of produc-
tion and oxidation rates, there are other phenomena which
may affect the observed net CHy flux above the soil surface,
including lateral CHy transport in the soil (Christophersen
and Kjeldsen, 2001) and subsurface storage (Hutchinson et
al., 2000).

In environments with low soil CH4 production, such as
upland forest soils, grasslands, and tundra, uptake of at-
mospheric CH4 by the methanotrophic microbes dominates
(Dutaur and Verchot, 2007). This is also what commonly
happens after the drainage of peatlands, which results in
water level drawdown and increased oxic layer thickness.
Thereby, CHy4 production is decreased and the fraction of
oxidized CHy increased (e.g., Moore and Knowles, 1989;
Roulet et al., 1992). Consequently, the CHy4 oxidation rate in
the aerated surface soil and mosses typically exceeds CHy
production that occurs deeper in the soil, thus turning in
particular well-drained peatlands into net CHy sinks (Mar-
tikainen et al., 1995; Minkkinen et al., 2007; Ojanen et al.,
2010; Lohila et al., 2011). However, poorly drained sites may
remain to act as CHy sources (Ojanen et al., 2010). In addi-
tion, the drainage ditches even at well-drained sites typically
continue to emit CHy at rates similar to pristine boreal peat-
lands (Minkkinen et al., 1997; Minkkinen and Laine, 2006;
Luan and Wu, 2015).

Closed chambers are commonly used in the measurement
of greenhouse gas exchange between the forest floor and
the atmosphere (e.g., Denmead, 2008; Forbrich et al., 2010;
Koskinen et al., 2014). Unlike the eddy covariance (EC)
method, which is more suitable for measuring fluxes at the
ecosystem level, the chamber method permits the investiga-
tion of small-scale processes, such as the gas exchange of
different microtopographic surfaces, and enables the quan-
tification of spatial variation (Keller et al., 1990; Singh et
al., 1997). However, there are various details related to the
chamber design and the deployment of this measurement
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technique in practice that may have a significant impact on
the flux that is estimated from the observed concentration
change in the chamber headspace. For example, the flux es-
timate seems to depend on the dimensions of the chamber
(Pihlatie et al., 2013). In addition, chambers should include
a fan to evenly distribute the air in the chamber headspace
(Pumpanen et al., 2004; Christiansen et al., 2011) although
the rotational speed of the fan should be kept low to avoid ex-
cessive turbulence (Koskinen et al., 2014). A major source of
uncertainty is the impact of the chamber itself on the gas con-
centration gradient in the soil (Healy et al., 1996; Hutchinson
et al., 2000; Conen and Smith, 2000; Davidson et al., 2002;
Livingston et al., 2005) and in the boundary layer just above
it. The concentration gradient is critical as it drives the soil—
atmosphere gas exchange and thus any aerodynamic distur-
bance may impact the observed flux.

The gradient between the soil and the air inside the cham-
ber changes when the gas concentration inside the cham-
ber changes during the measurement. This changes the flux,
which makes the concentration change nonlinear in time.
However, nonlinearity of the concentration during the cham-
ber closure may also result from chamber leaking. For exam-
ple, Pirk et al. (2016) demonstrated that the degree of convex
curvature in the increasing methane concentration correlated
positively with wind speed (WS) outside the chamber. Fur-
thermore, in the case of soil acting as a methane sink, the
methane consumption by soil methanotrophs obeys the first-
order reaction kinetics, which should lead to curvilinear con-
centration dynamics in the chamber (e.g., Sabrekov et al.,
2016). However, the different processes responsible for the
curvature in the concentration time series may be difficult to
separate from each other (Kutzbach et al., 2007).

There are many studies that have recognized that the use
of linear regression in flux calculation can cause significant
underestimation of the flux (e.g., Healy et al., 1996; Hutchin-
son et al., 2000; Nakano et al., 2004; Livingston et al., 2005,
2006; Kutzbach et al., 2007; Kroon et al., 2008; Pedersen et
al., 2010; Pihlatie et al., 2013). However, many studies have
used linear regression (e.g., Laine et al., 2006; Alm et al.,
2007; Jones et al., 2011; Bergier et al., 2013; Fassbinder et
al., 2013), because under field conditions it is more robust to
random measurement errors than nonlinear methods. More-
over, the use of linear regression is preferred when compar-
ing measurement sites as it is not as sensitive as nonlinear
models to small differences in soil properties (Venterea et
al., 2009). The selection of the optimal fitting method is im-
portant as it can be a large source of uncertainty in flux cal-
culations (Levy et al., 2011; Venterea, 2013).

Although several studies have examined the different fit-
ting methods for calculating fluxes from chamber data, there
exist only a few papers exploring the dynamics of CH4 flux
data that mainly consist of small uptake fluxes and are mea-
sured with automatic chambers coupled to a high-resolution
gas analyzer (e.g., Savage et al., 2014; Ueyama et al., 2015).
In this study, we measured the CHy4 flux between a forest
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Table 1. CN ratio, bulk density, and ash content (£SD) of the peat
at Lettosuo (n = 4).

CNratio Bulk density (g cm_3) Ash content (%)
Humus 29.2+1.8 0.005 £ 0.003 3.1+£04
0-10cm 239+1.0 0.107£0.014 6.5+1.5
1020cm  24.34+0.7 0.170£0.011 34+04

floor and the atmosphere continuously throughout 2 years
at a boreal nutrient-rich forestry-drained peatland site with
typically small CHy exchange rates. We used six automatic
soil chambers and a cavity ring-down spectroscopy analyzer,
which allowed us to measure with a relatively high sampling
rate during each chamber closure and to perform multiple
daily measurements with each chamber. Our particular aims
with this setup were to answer the following questions:

1. What is the optimal fitting method for calculating the
CHy flux?

2. How large are the diurnal, seasonal, and interannual
variations in the CHy flux?

3. What is the annual CHy4 balance of the study site?

2 Materials and methods
2.1 Site description

The measurements were made in southern Finland at Let-
tosuo (60°38'N, 23°57'E) (Fig. Sla in the Supplement),
which is a nutrient-rich peatland forest that was drained in
1969 and fertilized with phosphorus and potassium soon
after. The open ditches, located in approximately 45 m in-
tervals (Fig. S1b), were originally about 1m deep but
have since been partly filled with new vegetation. Before
drainage, the tree stand was dominated by Scots pine (Pinus
sylvestris) with some pubescent birch (Betula pubescens).
After drainage, the stand has developed to a mixture of Scots
pine and pubescent birch in the dominant canopy layer, with
an understorey of Norway spruce (Picea abies) with some
scattered small-sized pubescent birch. The stem volumes at
the time of this study equaled 174, 46, and 28 m3ha~! for
Scots pine, pubescent birch, and Norway spruce respectively.
The tree stand is quite dense, which results in irregular shad-
ing and, consequently, patchy and variable ground vegetation
layer. For example, herbs such as Dryopteris carthusiana and
Trientalis europaea and dwarf shrubs such as Vaccinium myr-
tillus are common in the ground vegetation (Bhuiyan et al.,
2017). In addition, the moss layer is patchy and is dominated
by Pleurozium schreberi and Dicranum polysetum with some
Sphagna (Sphagnum girgensohnii, Sphagnum angustifolium,
and Sphagnum russowii) appearing in moist patches.

www.biogeosciences.net/14/1947/2017/

Table 2. Ground vegetation, all-sided maximum vascular green area
(VGAmax; vascular green surface, m2, divided by forest floor, m2)
and coverage (%) of forest mosses (Cpnv) and Sphagnum mosses
(Csp).

Chamber  Vegetation VGAmax Crm  Csp

1 Pleurozium schreberi 2.04 56 0
Dicranum polysetum
Vaccinium myrtillus

2 Pleurozium schreberi 0.85 60 0
Dicranum polysetum
Vaccinium vitis-idaea

3 Maianthemum bifolium 0.01 3 0
Pleurozium schreberi
Dicranum polysetum

4 Dryopteris carthusiana 2.34 26 0
Vaccinium myrtillus
Vaccinium vitis-idaea
Pleurozium schreberi

Dicranum polysetum

5 Pleurozium schreberi 0.11 30 0
Dicranum polysetum

6 Sphagnum girgensohnii - 0 90

CN ratio of the surface peat, sampled at four points located
at a 2040 m distance from the chamber plots, averaged 24
for the 0-20 cm layer (Table 1). The relatively low CN ratio is
typical for fertile peatland forests and reflects the fen history
of the site. The bulk density of these samples was 0.11 and
0.17 gem ™3 for the 0—10 and 10-20 cm layers, respectively,
while the average bulk density of the 0-20 cm layer below
each chamber varied from 0.03 to 0.13 gcm™3 (Koskinen et
al., 2014). The ash content of the peat varied from 3.4 to
6.5%.

The vascular green area (VGA) was estimated for each
chamber and vascular plant species every 2 weeks during the
growing seasons 2011 and 2012 (Ojanen, unpublished data).
This was done by estimating the number and dimensions of
leaves within each chamber and calculating green area by
species-specific regression models between leaf dimensions
and green area. For Vaccinium myrtillus, the surface area of
the green stems was also included into VGA. The coverage
of the mosses was estimated visually. The maximum VGA
and the coverages for each chamber are shown in Table 2.

2.2 Flux measurement system and ancillary
measurements

The automatic chamber measurement system is the same as
used for CO, exchange by Koskinen et al. (2014). The CO»
flux measurements started in autumn 2010, and the CHy4 ana-
lyzer was added to the system in March 2011. Here we report
the CH4 fluxes measured from then until April 2013. Forest
floor gas exchange, including the tree roots, was monitored
using six transparent soil chambers connected to an instru-
ment cabin. The cabin was located at a distance of about 30 m

Biogeosciences, 14, 1947-1967, 2017
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from the 25.5m tall EC mast (Koskinen et al., 2014) from
which the WS above the canopy was measured. The loca-
tions of the chambers were selected to maximize the number
of different ground vegetation compositions (Table 2) within
a circle of ca. 15 m radius around the cabin.

The details of the chamber system can be found in Kosk-
inen et al. (2014), and thus here we only describe the main
features of the system. The size of the chamber boxes were
57 cm x 57 cm x 30 cm (Iength x width x height). We used a
permanently installed steel collar (height 5 cm, inserted at a
depth of 2 cm) below each chamber to minimize the distur-
bance to the soil and to enhance the sealing between the soil
and the chamber. There was a U profile at the bottom of the
chamber edges, insulated with a foam tape, to further im-
prove the sealing. In winter, the whole chamber frame was
raised above the snow level by placing one or two extension
collars (height 16 cm) between the frame and soil.

A 24V fan (Maglev KDE2408PTV 1, Sunon Ltd, Kaohsi-
ung, Taiwan) (size 8§ cm x 8 cm) was used to mix the air in-
side the chamber headspace. The voltage of the fan was regu-
lated to keep the mixing steady, but as low as possible (Kosk-
inen et al., 2014). Sample gas was drawn from the chamber
typically once an hour (with some exceptions explained be-
low) at a flow rate of about 1 Lmin~! and returned back to
the chamber from the gas analyzers. CHy, CO, and water
vapor concentrations were measured approximately every 4 s
with a Picarro G1130 cavity ring-down spectroscopy gas an-
alyzer (Picarro Inc., Santa Clara, CA, USA). The inlet and
outlet gas tubes (Festo Oy, Vantaa, Finland) were made of
polyurethane and were 15 m in length and had an inner and
outer diameter of 4 and 6 mm respectively.

The tubes were flushed with ambient air just before the
chamber was closed. When all the chambers were open, am-
bient air was sampled. The delay in the analyzer response
caused by the long tubing was taken into account using a
flagging system in the computer program collecting the data,
which labeled each data point with the respective chamber
number using a 20s lag. However, as the flow rate varied
slightly in time, some points were removed from the data be-
fore the flux calculation (Sect. 2.4).

Air and soil temperature data were collected every 10 s us-
ing Pt100 probes (PT4T, Nokeval Oy, Nokia, Finland) and
Nokeval 680 loggers (Nokeval Oy, Nokia, Finland). One
probe was located inside each chamber at a height of 30 cm
and positioned next to the fan under a metal heat shield to
prevent direct solar radiation from affecting the measure-
ments. Furthermore, soil surface temperature was monitored
inside each chamber just below the surface of the moss or lit-
ter layer. In addition, soil temperature probes were placed
at depths of 2, 5, 10, 20, and 30cm at one location near
the chambers. Water table level (WTL) was monitored ev-
ery hour at four different points at the site (TruTrack WT-
HR data loggers, Intech Instruments Ltd, Auckland, New
Zealand). The air pressure, precipitation, and snow depth
data were acquired from the nearby Finnish Meteorological
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Institute observatory at Jokioinen (~ 35 km northwest of Let-
tosuo).

2.3 Meteorological conditions

The climate at the site has both continental and maritime
influences. The annual mean temperature and precipitation
at the nearby weather station in 1981-2010 were 4.6°C
and 627 mm respectively (Pirinen et al., 2012). During this
study, the first measurement year (April 2011-March 2012)
was significantly warmer (annual mean temperature 5.8 °C)
than the second measurement year (April 2012—March 2013)
(1.4°C) (Fig. 1). The first year was slightly warmer and the
second year was significantly colder than the long-term mean
recorded at the nearby weather station (4.6°C). Both the
summer (JJA) (17.6°C) and winter (DJF) (2.7 °C) temper-
atures in 2011 were warmer than those of 2012 (12.1 and
—2.3°C). In particular, the beginning of summer 2012 was
much colder than the same period in 2011.

Annual precipitation during the first (976 mm) and sec-
ond (780 mm) measurement years was higher than the long-
term mean (627 mm). Summertime precipitation was 9 %
higher in the first (309 mm) year as compared to the second
(284 mm) year, while in winter the difference was 18 % (577
and 490 mm in the first and second winters respectively). The
first snow appeared on 5 December in 2011 and 25 October
in 2012, and the first permanent snow was recorded on 7 Jan-
uary in 2012 and 28 November in 2012. In spring (MAM)
2011, the snow had melted by 13 April. For spring 2012,
we do not know the exact day of snowmelt due to missing
data, although the snow had melted at latest by 4 April. From
the temperature data we estimate that the snow cover disap-
peared sometime in mid-March.

WTL varied from —8 to —59cm from the soil surface
(negative sign denotes WTL below the surface) and was
highest in the spring and late autumn (SON). The lowest (i.e.,
deepest) values were recorded at the end of summer. The av-
erage WTL in summer 2011 was —47.2 + 7.4 cm (£SD) and
—49.1 £ 7.1 in summer 2012. Occasional sudden increases
in WTL were observed after rainfall events and it usually
took 1-2 weeks to reach the WTL observed prior to the event.

2.4 Flux calculation

During the study period, the chambers were operated with
varying closure times ranging from 2 to 16 min. In 2011,
2 min closures were used with the exception of 6 min mea-
surements made four times per day. After mid-March 2012,
the minimum closure time was 6 min. Thus, each chamber
was typically sampled once an hour, with the exception of
summer 2012 (JJA) when a longer closure time of 16 min
was tested and each chamber was sampled every 2 h. For the
analysis of CH4 exchange dynamics (Sect. 3.3-3.4), we used
the fluxes calculated with a 6 min closure time (as justified in
Sect. 3.2). In addition to removing 20 s from the start of the
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Figure 1. (a) The daily mean of air temperature (red) and soil temperature at 2cm depth (blue) at Lettosuo during the measurement period
(1 April 2011 to 31 March 2013) and the daily snow depth (bars) measured at the nearby Jokioinen observatory. (b) The daily mean water
table (WTL) (line) and its standard deviation (shading) from four different points at Lettosuo and the daily precipitation (bars) measured at

Jokioinen.

measurement due to lag caused by long tubing (Sect. 2.2),
18 s was discarded from the start of a measurement to ensure
that the air inside the chamber was properly mixed. Dilu-
tion and spectral corrected CHy concentrations reported by
Picarro G1130 were used to calculate the fluxes.

Two different regression types were fitted to the data:
linear and exponential. The linear function describing the
change in the concentration, C, as a function of time was
C (1) = atin + biint, )]
where ayjy, and by, are parameters and ¢ is the time from the
start of the closure. In this model, the slope by, equals the
concentration change in time.

The exponential function we fitted was
C(1) =aexp+ bexp exp(Cexpl), 2
Where dexp, Dexp, and cexp are parameters. When differentiat-
ing Eq. (2) with respect to time and inspecting the moment
when the chamber closes (¢t =0), it follows that the concen-
tration change with time is the product of parameters bexp
and cexp. It is generally considered that this initial rate of
concentration change best represents the flux at that time.
However, when fitting the exponential function to the data
using the least-squares approach, the fitting frequently fails
due to local minima. To overcome this and to avoid over-
parameterization, a Taylor power series expansion (Kutzbach
et al., 2007) was fitted to the data to determine initial esti-
mates of the parameters of the exponential regression.

The exponential regression should capture the flux better
than the linear regression as it takes into account the change
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in the gradient between soil and chamber headspace during
chamber closure, which is evident when diffusion flux is de-
creasing the concentration difference. However, exponential
regression is very sensitive to possible disturbances to the
data at the beginning of chamber closure. In our study, we at-
tempted to minimize these disturbances by closing the cham-
ber slowly and smoothly, which seemed to prevent pressure
fluctuations related to chamber closing. For the analysis of
CH4 exchange dynamics (Sect. 3.3-3.4), we used flux data
that are based on a combination of linear and exponential fits:
first all fluxes were calculated using the linear regression, and
below and above a limit of 2.5ug CH;m~2h~! the fluxes
were calculated with the linear and exponential method re-
spectively (for justification see Sect. 3.1).

The CH4 flux (F, pgCHym™2h™!) was calculated ac-
cording to Eq. (3), which is based on the ideal gas law:

dc(t) MPV s
( ” ) 3600 .
where (%

—o RTA

ear (byn) or exponential (bexp X Cexp) regression at the be-
ginning of the closure, M is the molecular mass of CHy
(16.042gmol_1), P is air pressure (Pa), R is the universal
gas constant (8.31446]J mol~!' K~1), T is the mean cham-
ber headspace temperature during closure (K), and V and
A are the volume (m?) and the base area (m?) of the cham-
ber headspace respectively. Here, a micrometeorological sign
convention is used: a positive flux indicates a flux from the
ecosystem to the atmosphere (emission) and a negative flux
indicates a flux from the atmosphere into the ecosystem (up-
take).

3

is the time derivative (ppms~!) of a lin-
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When estimating the volume of the chamber headspace,
the height of the moss and snow surfaces was assumed to rep-
resent the interface between the soil and air. In other words,
the pore space in the soil and snow was ignored from the
headspace volume. The error caused by this in flux calcula-
tions was estimated to be only a few percent (Koskinen et
al., 2014). To create a continuous data set of snow depth, the
manual measurements carried out irregularly at the site were
combined with those measured daily at the Jokioinen obser-
vatory. In addition to snow depth, the height of the chamber
headspace was measured at the start and end of the growing
season from 16 points inside each collar by gently placing the
end of a tape measure on top of the surface mosses (Koskinen
et al., 2014). The height of the chamber headspace between
these manual measurements was determined with linear in-
terpolation.

All the calculations and analyses were made with the
Python programming language (Python Software Founda-
tion, version 2.7, https://www.python.org) using the fol-
lowing libraries: NumPy (http://www.numpy.org/), SciPy
(http://www.scipy.org/), Pandas (http://pandas.pydata.org/),
and matplotlib (http://www.matplotlib.org). All the Python
scripts were developed specifically for this study. For the
fits, the least-squares method was used through the “polyfit”
function of NumPy library for the linear regression and the
“curve_fit” function of SciPy library for the nonlinear fits.

2.5 Filtering of the flux data

After the fluxes were calculated, several filters were applied
to remove cases where the measurement system did not work
adequately. The most common reason for discarding data
was due to the problems with the chamber operation, for
example, for the improper functioning of a linear actuator,
which caused the chambers to remain stuck either open or
closed. These cases were detected by monitoring the simulta-
neously measured CO; concentration data during the closure.
The goodness of fit was checked by calculating the normal-
ized root mean square error (NRMSE) (e.g., Christiansen et
al., 2011; Pihlatie et al., 2013) for each fit:

\ 3 2 (Cei — C)?
i=1

NRMSE = o “4)
max min

where 7 is the number of measurement points, Crq; is the
CO, concentration calculated from the fit, C; is the mea-
sured CO; concentration, and Cpax and Cpi, are the high-
est and lowest concentrations measured during closure. If the
NRMSE was larger than 0.05, the CH4 data from that closure
were discarded. It should be noted that the application of this
criterion removes closures with no change in CO, concen-
tration, which may result when photosynthesis rate equals
respiration rate. Here we found < 20 of such cases, mean-
ing that this criterion could be applied without removing a
significant amount of potentially suitable data.
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Figure 2. Concentration data during one chamber closure for
a case with a higher (a linear and exponential: —90 and
104 ug CHy m~2p~! respectively) and lower (b lin —3.5, exp
—43pgCHy m~2h1) flux.

In addition to NRMSE filtering, the running mean of CHy
flux (Fcn,) with a time window of 14 days (shifting one day
at a time) and the corresponding standard deviation (o) were
calculated to remove random spiking in the data. The data
points that failed to fall within Fcy, £ 100 were removed it-
eratively. In total, 71229 closures were recorded from which
14 % (n = 9987) were discarded due to large NRMSE values
(problems with the chambers) and < 0.001 % (n = 40) were
removed with the o filter as outliers.

2.6 Detection limit

The minimum detectable flux (MDF) was estimated by using
the metric originally developed by Christiansen et al. (2015),
which was modified by Nickerson (2016) to make it more
suitable for high-frequency measurements:
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MDF =

VP )M, )

Py (7
tc\/% ART

where P is the analytical precision of the instrument (ppm),
tc is the closure time of the chamber (h), and ps is the sam-
pling periodicity (h). The P; for the Picarro G1130 analyzer,
tested and reported by the manufacturer for the specific in-
strument used in this study, was 0.256 ppb and ps was 5s. On
a typical summer day (7 = 20°C), the MDF of the system
was about 0.06 ug CHy m~2 h~'. However, during winter the
MDF was higher due to lower temperatures and the use of the
extension collars, which together about double the headspace
volume (without snow) and therefore also the MDF.

2.7 The annual balance and its uncertainty

The annual balance of CH4 was estimated for each chamber
by first calculating the daily flux sums from the hourly fluxes
and then summing these over a year. The gaps in the data
were filled by using linear interpolation between the existing
hourly and daily fluxes. As most of the fluxes in 2011 and in
the first quarter of 2012 were measured with a 2 min closure
time, which was considered too short for the exponential re-
gression (Sect. 3.2), we corrected the fluxes calculated with
linear regression from the 2 min closures to correspond to
those measured using a 6 min closure available four times a
day during this period as a reference. This correction was im-
plemented by calculating the daily median ratios between the
fluxes from 6 and 2 min closure times, which were smoothed
by a running median with a moving window of 14 days. Fi-
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nally, the 2 min data from 2011 to March 2012 were multi-
plied by this ratio (Fig. S2).

The uncertainty of the CHy4 balance estimate derived from
the measurements was evaluated by identifying three key er-
ror sources: (1) the random error of regression, (2) the error
caused by gap filling, and (3) the error caused by the cor-
rection of the fluxes measured using the 2 min closure time
during the first measurement year. First, because the annual
balance of each chamber was calculated from the mean daily
fluxes, we estimated the daily random error as the squared
sum of the uncertainties of the hourly flux data of each day.
Assuming that the goodness of fit reflects all the uncertainties
related to a single flux measurement, the standard deviation

of the slope estimate obtained ((%)1:0; Eq. 3) provides

a measure of this uncertainty.

Next, the error caused by the gap-filling procedure was es-
timated by removing 1 month of flux data from different parts
of the whole data set and inspecting how this affected the an-
nual balance of the different chambers. The average value of
the effect of these monthly gaps was calculated and down-
scaled to represent the effect of one missing day. Multiply-
ing this value by the number of missing days during the year
gives an estimate of the gap-filling error. It must be noted that
the length of the removed period was similar to the longest
gap observed in our data.

Last, the error estimate related to the ratio used to trans-
form the fluxes calculated from 2 min closure to represent the
6 min closure was estimated from the median absolute devi-
ation assuming normally distributed medians. Finally, these
three error estimates were added together by using the stan-
dard accumulation principle of independent errors.

Biogeosciences, 14, 1947-1967, 2017
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Figure 4. The linear (a) and the exponential flux (b) as a function
of fitting period. The fluxes are scaled by the flux calculated with
the longest fitting period (900 s). The error bars show the 95 % con-
fidence intervals. The data are from summer 2012.

As our measurements started in April 2011 and ended in
March 2013, after exactly 2 years, from now on in this pa-
per the expressions “first year” and “second year” denote
the time periods of April 2011-March 2012 and April 2012—
March 2013 respectively.

3 Results

3.1 Flux calculation method

Examples of typical concentration development inside a
chamber during one measurement are shown in Fig. 2, for

both “high flux” case in summer (Fig. 2a) and a “low flux”
case in winter (Fig. 2b). In summer and autumn, when the
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fluxes were the highest, the concentration development in-
side a chamber usually was not adequately approximated by
a linear function and thus the slope calculated with the lin-
ear regression (Eq. 1) did not properly represent the initial
“undisturbed” slope from which the flux should be calcu-
lated. As a result, linear regression resulted in lower flux es-
timates for these cases than exponential regression (Eq. 2).
However, during the periods when the flux approached the
detection limit and the concentration data became noisier,
the use of exponential regression resulted in noisier flux data.
Often, exponential regression created a sharp slope at the be-
ginning of the fit in the concentration time series that resulted
in unphysically high fluxes. To be able to reliably estimate
the CHy exchange for the whole range of fluxes, we deter-
mined the flux limit below which the exponential regression
resulted in unreliable flux estimates and the linear fit should
be preferred. This limit was estimated by comparing bin
(n =500) averages of linear and exponential fluxes for the
whole data set (using a 6 min closure time) (Fig. 3). When the
linearly calculated fluxes fell below ca. 2.5 ug CHym~2h~!,
the noise in the flux calculated using the exponential re-
gression increased steeply and the shape of the relationship
changed (Fig. 3). Therefore, we decided to first calculate the
flux with the linear regression and to recalculate all the fluxes
exceeding the limit of 2.5 ug CHy m~2 h~! with the exponen-
tial regression. Henceforth, all the data shown in this paper
have been calculated in this way unless stated otherwise.
The whole 2-year data set showed that the CH4 fluxes cal-
culated with linear regression (Eq. 1) were systematically
and significantly lower than those calculated with exponen-
tial regression (Eq. 2) (Table 3). The seasonal average flux
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difference between the linear and exponential regressions
varied within 10.9-44.4 % (average over 2 year 27.5 0.3 %,
+95 % confidence interval). The mean relative difference
was dependent on the time of the year: it was largest during
the winter and spring (24.9—44.4 %) when the soil CHy4 sink
was at its lowest and smallest in summer and autumn (10.9—
14.4 %) when the sink was at its highest. When compar-
ing individual measurements, the average relative difference
between the linear and exponential regression was slightly
smaller in 2012 compared to 2011. Also, the uncertainties
associated with the fluxes were slightly larger in 2011 due
probably to the fewer measurements available with 6 min clo-
sure time.

3.2 Effect of closure time on fluxes

The effect of the different fitting time windows was tested
by both increasing the fitting period from the beginning of
the closure with 10s steps and by keeping the fitting win-
dow constant but moving its starting point. For these tests,
we used the data from summer 2012, when the measurements
were made with a 16 min closure time. The flux from the ex-
ponential fit was clearly affected by the length of the fit when
the fitting period was < 190 (Fig. 4b). After that, the mean
difference was mostly statistically insignificant (p > 0.05),
as compared to the flux calculated with the 900s period.
However, the estimated linear flux stayed about the same for
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the first 140 s resulting in 16.2 & 0.6 % higher fluxes than ob-
tained with the 900 s fitting window (Fig. 4a). However, fur-
ther increase of the fitting period systematically decreased
the estimated flux by about 1.3 % per 60s. A decrease of
17.3+3.0 % was also observed when the starting point of
the fit was delayed by 530, but the fitting period was kept
constant at 6 min (Fig. 5).

Even though the results above might support the selection
of a fitting period of 190 s, a 6 min fitting period was applied
in further analysis. This was selected based on three argu-
ments: (1) it made the exponential regression results more
stable; (2) we wanted to use the same fitting period in both
linear and exponential regressions; and (3) a longer fitting
period decreases the detection limit (Eq. 5). The last point
was mainly related to winter measurements when the detec-
tion limit was increased by lower temperatures and the use
of extension collars (increasing the effective volume before
the collars were filled with snow). However, in 2011 and in
the first quarter of 2012, a 2 min closure time was mostly
used, which proved to be too short for accurate estimates
with the exponential fit. As a result, the results from these
shorter measurements were corrected to correspond to those
obtained with the 6 min closure time (Sect. 2.7).

Biogeosciences, 14, 1947-1967, 2017
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3.3 Seasonal dynamics of CH4 flux and comparison
between the chambers

During the 2-year measurement period, CHy fluxes varied
mainly between —120 and +20 pg CH; m~2h~! (Figs. 6 and
7). Higher uptake rates (70 ug CHy m~2 h~!) were measured
more often during the first year (Fig. 7a) and during summer
2011 (Fig. 7b) than in the second year and in summer 2012.
The number of emission cases was low in both years and the
soil acted as a CHy sink for most of the time in all chambers,
although a few emission peaks of up to 200 ug CHy m~2h~!
were recorded during and following heavy rainfall events.
The data filtering (Sect. 2.5) was designed to be flexible to
prevent the removal of these short-lasting CHy bursts from
the accepted data set. While some emission peaks were ob-
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Figure 8. (a) Annual CH4 exchange for each chamber for two 1-
year monitoring periods and (b) cumulative CH4 exchange for each
chamber from 1 April 2011 to 31 March 2013. The error bars (a)
and shading (b) include estimations of the random error, the error
caused by gap filling, and the uncertainty of the correction of the
fluxes measured using the 2 min closure time (see Sect. 2.7).

served in most of the chambers, the peaks were largest in
chamber 6. However, the peaks did not necessarily occur at
the same time in different chambers.

CH,4 fluxes showed a clear seasonal variation. In spring,
when the snow melted and thawing of the soil surface had
started, CH4 emissions fluctuated around 2 uyg CHy m~2h~!
in all chambers (Fig. 6). As the temperature rise continued,
increasing CHy uptake was observed. In both years, CHy
uptake was largest in August, when fluxes varied between
—30 and —130pg CHy; m~2h~!. In September, the uptake
decreased and by the end of November it had dropped to half
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of that in the summer. However, the soil acted as a sink un-
til the soil surface froze, after which CHy fluxes fluctuated
around zero.

Considerable systematic differences in fluxes between the
chambers were detected. The largest 2-year average sinks
were measured in chambers 5 and 2 (Fig. 8), which were
dominated by forest mosses Pleurozium schreberi and Di-
cranum polysetum (Table 2). The third largest sink was ob-
served in chamber 6 (Fig. 8) with a Sphagnum sp. carpet,
while the remainder of the chambers showed similar fluxes.
Annual net CH4 exchange rates were on average —267 £+ 55
and —172+31mgCHym~2yr~! (& standard error of the
mean) in 2011-2012 and 2012-2013 respectively. The for-
est floor sink was 10-44 % lower during the second than
first annual period and this difference was statistically sig-
nificant (p < 0.05) for all the chambers except chamber 4.
The largest absolute year-to-year reduction in annual CHy
exchange was observed in the two chambers dominated by
Pleurozium schreberi and Dicranum polysetum (5 and 2),
followed by the chamber dominated by Sphagnum sp. (6).
However, the largest relative decrease in net CHy exchange
happened in chamber 6 (44 %) while in the rest of the cham-
bers the decrease varied within 10-37 %.

The sink period, i.e., the period when all chambers acted
as CHy sinks (daily mean flux < —2pg CHy m~2h~1), was
slightly longer in the first than in the second year. In the
first year, all chambers acted as sinks from 14 May 2011 to
20 February 2012, a total of 282 days. During the second
year, the sink period lasted for 269 days from 10 May 2012
until 3 February 2013. In addition, chamber 6 acted as a sink
over the whole winter and spring in 2012, while from cham-
bers 2 and 5 daily mean fluxes of < —2 pug CHym~2h~! were
measured already at the start of the study in April 2011.

3.4 Factors controlling the short- and long-term
variations in CH4 exchange

3.4.1 Seasonal cycle

There was an observable, exponential relationship between
the mean daily CH4 fluxes and the deeper soil temperatures
when the data from the spring and summer of 2011 were
pooled (Fig. 9a). Splitting these data into shorter periods
showed that the relationship was rather strong in April-May
and in June—early July, but after that, when the soil temper-
ature at 30 cm depth exceeded 12 °C, the relationship was
absent. It is evident that there is some covariation between
soil temperature and WTL with typically higher CH4 uptake
taking place at lower WTL. The plot between the residuals
of the temperature response against WTL (Fig. 9b) suggests
that the variation in the CHy4 uptake during the latter half of
July and August was better explained by the WTL than tem-
perature. All the chambers recorded similar behavior in 2011
and 2012, although in 2012 the data were noisier and the re-
lationships observed in 2011 were not as clear.
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Figure 9. (a) Daily CHy exchange plotted against soil temperature
at 30 cm in chamber 6 for spring (April and May) (triangles), for
the first half of the summer (1 June to 15 July) (circles) and for the
second half of the summer (16 July to 31 August) (crosses) in 2011.
Red curve in (a) denotes the exponential fitting (Eq. 2) to the data.
(b) Residuals of the exponential fitting in (a) against water table
level. (c) Daily CHy exchange in chamber 6 against water table level
(the same flux data as in panel a).
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3.4.2 Diurnal cycle

In addition to seasonal dynamics, diurnal variation was ob-
served in CHy fluxes at least occasionally in all chambers,
mostly in May and in the first half of June. Such variation
was more common in 2012 and was observed in all of the
chambers, while in 2011 the variation occurred mostly in
chambers 2, 5, and 6. For example, during the first 2 weeks
of June 2011 a clear diurnal cycle coinciding with the vari-
ation in air temperature was observed (Figs. 10 and 11a-b).
Higher CHy4 uptake was observed during the night and morn-
ing hours, while the sink decreased towards the midday and
started to grow again towards the night (Fig. 11a). This par-
ticular 2-week period was associated with high daytime air
temperatures, reaching almost +30 °C, and a relatively low
WTL (Figs. 10 and 11a-b). After that, at about mid-June, the
weather type changed to cool and wet and the diurnal vari-
ation was diminished or absent (Figs. 10 and 11d—e). Such
behavior, illustrated in Fig. 10, was typical for the rest of the
growing season data: diurnal variation occurred more often
with dry weather, while during and after the rain the varia-
tion ceased for a while. However, WTL itself did not have an
impact on the diurnal cycle.

Pooling the data of these 2-week periods into hourly
means implies that the soil temperature may exert a strong
control on the CHy exchange (Fig. 11). However, as temper-
ature often — though not always — tends to correlate with wind
speed, particularly in the summer, it is necessary to consider
the effect of both these variables. The correlations calculated
from hourly data indicate that it was the wind speed and not
the temperature which played the major role in causing the
diurnal variation in CHy flux (Figs. S6-S27). However, this
relationship was not comprehensive, as the correlation with
wind speed was absent during some periods. In qualitative
terms, we observed that the drier the soil was, the greater the
impact of wind speed.

To explain this correlation, we investigated the relation-
ship between the parameter cexp (Eq. 2) and ambient WS in
2-week to 1-month periods to diminish the possible impact of
seasonality (Figs. S28-S40). cexp represents the curvature of
concentration time series during each chamber closure. For
example, the cexp determined for chamber 2 became less neg-
ative when WS exceeded 2 m s~ !. This means that the curva-
ture was weaker for cases of high WS.

3.4.3 Correlation between the flux and
meteorological variables

To understand the general driving factors behind all the vari-
ation, either diurnal or seasonal, Pearson correlation coef-
ficients between the hourly CH4 flux and key environmen-
tal variables were calculated for different seasons, averaging
the correlations determined separately for each chamber (Ta-
ble 4).

www.biogeosciences.net/14/1947/2017/



M. Korkiakoski et al.: Methane exchange at the peatland forest floor 1959

430

~
v

1

1gCH,4
m?h
!
IS
3
N
3

&
Temperature ['C]

CH4 Flux [
1
Water table level [cm]

=
1S

5 40

-5
Jun 27,2011

-65
Jun3,2011  Jun6, 2011 Jun 92011  Jun 12,2011 Jun 152011 Jun 182011 Jun21,2011 Jun 24,2011

Figure 10. Hourly CHy flux (black circles), air temperature (red curve), and water table level (WTL) (blue curve) in June 2011 in chamber
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Table 4. Correlation coefficients (r) between hourly CHy flux and environmental variables averaged for six chambers during different
seasons. All six chambers with p <0.01 are bolded and underlined; five chambers with p < 0.01 are bolded; four chambers with p <0.01
are underlined; three chambers with p < 0.01 are italicized. AirT is air temperature, ST is soil surface temperature, PAR is photosynthetically
active radiation, WS is wind speed measured above the canopy, Tx is soil temperature at a depth of x cm, and WTL is water table level. For
clarity, negative r values typically denote situations where CH, uptake increases when the value of explaining variable increases. The season

definitions are the same as in Table 3.

Season AIrT ST PAR WS T2 TS T10 T20 T30  WTL*
Spring 2011 —003 —0.04 —078 —008 —041 —052 —061 —067 —070 052
Summer 2011 —0.05 005 017 030 0.08 -026 —037 —054 —061  0.60
Autumn 2011 -019 -0.16 016 040 -019 -019 -02 -021 -—0.22 0.39
Winter 2011-2012  —0.34  —023 —0.17 -0.05 -070 —075 —059 —0.83 —0.83 — 083
Spring 2012 -048 —0.57 0.00 015 -0.69 —0.74 nd -082 —0.82 047
Summer 2012 -0.16  —-0.17 0.14 021 -030 -—042 nd -0.60 —0.65 0.59
Autumn 2012 -047 —-0.53 011 028 —-058 -—-0.61 —045 —0.64 —0.64 0.60
Winter 2012-2013 029 037 0.07 002 -037 -073 -079 -079 -079 -—035

* Negative WTL denotes water level below the soil surface, i.e., positive correlation results from increasing uptake with decreasing WTL. nd means not determined

There was a highly significant negative correlation be-
tween CHy flux and soil temperature (i.e., higher uptake at
higher temperature). The deeper soil temperatures (at 20 and
30cm depths) showed the best correlation in all seasons.
Also, T5 and T2 often correlated with CHy4 flux. The high-
est correlations were observed in springs, winters, and in au-
tumn 2012, and all these correlations were significant in all
the chambers with the exception of summer 2011. Also, the
correlations of ambient and soil surface temperature were
systematically lower than those of the deeper soil tempera-
tures. The correlation with surface soil temperatures was ab-
sent or very low in summer 2011, when only the deeper soil
temperatures showed a significant correlation.

WTL and CH4 flux correlated positively in both summers
(i.e., the deeper the WTL, the higher the uptake), while a
negative correlation (i.e., the deeper the WTL, the higher the

www.biogeosciences.net/14/1947/2017/

emission) was found for the winters. The correlation between
the flux and PAR was always low (|r| < 0.2) or absent.

A significant positive correlation between WS and the
flux was found in both summers and autumns and in spring
2012, meaning that the estimated sink decreased when WS
increased. This correlation was especially clear in the time
periods when there was diurnal variation in the flux, but it
was nonexistent when no diurnal cycle was observed, which
is consistent with the result reported above. However, even
though the correlation was high in autumn 2011, no statis-
tically significant diurnal variation in the flux was observed
at that time (data not shown). Of all the inspected quantities,
WS was the best explanatory factor of the diurnal cycle of
CHy flux; this was followed by temperature quantities.

Biogeosciences, 14, 1947-1967, 2017
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4 Discussion
4.1 Chamber closure time and flux calculation method

In this study, we found that using the linear regression
method in flux calculations resulted in 20-50 % lower flux
estimates for most of the time, in comparison to fluxes
calculated with an exponential fit. However, in winter and
early spring, i.e., at the time of low absolute CH4 fluxes
(<2.5ugCHym™?h~!), linear regression gave more reli-
able results with clearly lower hour-to-hour noise in the
fluxes. The uncertainty associated with exponential regres-
sion with low fluxes was caused by the decreased signal-
to-noise ratio in the concentration data, leading to more or
less arbitrary values of the concentration change estimated at
t = 0. This explains why the difference between the fluxes
estimated by the linear and exponential models was highest
during winter and spring.

The use of exponential regression can be considered es-
pecially justified during summer and autumn when the con-
centration development inside the chamber is strongly non-
linear. During these periods, linear regression gave signif-
icantly lower flux estimates with an average difference of
12.8 + 1.8 %. In winter and spring, however, the average sea-
sonal difference was as high as 44 %. Concerning the an-
nual balance, it should be noted that this difference has a
greater influence during summer and autumn when the fluxes
are up to 2 orders of magnitude larger. The mean differ-
ence during the whole measurement period (27.5 £ 0.3 %) is
in agreement with many previous studies; for example, An-
thony et al. (1995) and Pedersen et al. (2010) reported a 35
and 34 % decrease in flux values, respectively, when using
linear regression instead of exponential regression. Kutzbach
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et al. (2007) reported that underestimations for multiple sites
varied mostly within 20-60 %, while Pihlatie et al. (2013)
found an average underestimation of 30% under labora-
tory conditions at different flux levels. However, the above-
mentioned studies focused on either CH4 and CO; emissions
or COy uptake and did not include measurements related to
a small soil sink of CHy. Since the exponential fit results in
larger uptake estimates, which we consider to better repre-
sent the correct flux at the time of the chamber closure, we
agree with the previous studies that recommend the use of
exponential regression in flux calculation. However, due to
the considerable noise generated for small fluxes, we rec-
ommend that, in future studies employing temporally high-
resolution data, the fluxes should be calculated initially with
both methods to determine the threshold for “low” fluxes. As
this threshold value is dependent on the measurement system
and method, it cannot be generalized.

We found that increasing the fitting period up to 15 min
from the beginning of the concentration time series system-
atically decreased the flux estimated by the linear regression
model, but only after this period exceeded 140s. In con-
trast, the flux estimated by the exponential regression de-
creased until the fitting window covered 190s after which
the estimated flux was stabilized. To disentangle whether
these anomalous patterns in the beginning of both curves
were caused by an initial disturbance to the measurement or
they represented a real phenomenon affecting the flux, we
removed 2 min of data from the beginning of concentration
time series. This removed the plateau with large variation
from the linear fit results but did not change the shape shown
for the exponential fit in Fig. 4b (results not shown). This
suggests that the concentration data during the first minute
of measurement are perturbed by chamber closure and that
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the linear fit is more sensitive to this than the exponential fit,
when using a short fitting period. However, the exponential
fit seems to overestimate the flux if the fit is limited to a short
time window, but this overestimation is not related to a pos-
sible disturbance in the beginning of the data.

Because the concentration development is nonlinear, it is
not only the length of the fitting period but also the start of
this period, which is important for the flux estimate. The
more data are removed from the beginning, the smaller the
estimated CH,4 uptake becomes. Ueyama et al. (2015) no-
ticed that the flux estimates by linear and exponential re-
gressions both decreased with increasing closure time. Their
slopes of linear regression (14 &2 % over 5 min) decreased
faster than those in our study (16.24+0.2 % over 13 min),
suggesting that their concentration data were more nonlin-
ear. The difference could be partly explained by the fact
that Ueyama et al. (2015) used smaller chambers and mea-
sured higher fluxes, which both result in a faster decrease of
the vertical concentration gradient between the soil and the
chamber headspace.

4.2 CHy4 exchange dynamics in a peatland forest
4.2.1 Annual balances

The measurement site (excluding the ditches) was a
small annual CHy sink (varying from 172431 to
267+ 55mg CHy m—2 yr—!, + standard error of the mean)
over the 2-year measurement period. While we do not have
measurements prior to drainage, it is possible to roughly esti-
mate the pre-drainage fluxes from measurements conducted
at similar sites. As Lettosuo was originally a herb-rich, tall
sedge birch-pine fen, it can be considered similar to the site
reported by Nykénen et al. (1998). That site has high CHy4
emissions of 25 gCHy m—2 yrfl, so it is obvious that the
drainage of Lettosuo has turned the peat soil from a CHy
source to a small CHy sink. However, it should be noted that
our calculations of annual and daily CH4 exchange do not in-
clude the emissions from the ditches, which have been found
to be highly variable: from 0 to 600 mg CHy m~2 day~! (e.g.,
Minkkinen et al., 1997; Minkkinen and Laine, 2006; Luan
and Wu, 2015). At Lettosuo, where the ditches cover 2-3 %
of the area, we estimated, based on 41 manual chamber flux
measurements from six points made in the latter half of 2011,
that CH, emissions (per m? ditch) from the ditches averaged
22 (438, +SD) g CHy; m~2 yr~! (unpublished data). Simple
upscaling suggests that, when ditches are accounted for, Let-
tosuo is a small annual source of CHy to the atmosphere, al-
though the high uncertainties associated with this calculation
should be noted.

Previous studies of drained peatland forests in Fin-
land have reported uptake rates varying between 10 and
970 mg CHy m~2 yr‘1 (Alm et al., 1999; Minkkinen et al.,
2007; Ojanen et al., 2010; Lohila et al., 2011). The aver-
age annual uptake in boreal upland forests typically varies
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from about 100 to 500 mg CH4 m~2 yr~! (Smith et al., 2000;
Dutaur and Verchot, 2007; Lohila et al., 2016), but also an-
nual net emissions from upland forests have been reported
(e.g., Sundqyvist et al., 2015; Lohila et al., 2016). Thus, the
net annual CHy4 exchange measured at Lettosuo (excluding
the ditches) was well within the typical range of the average
CHy sinks reported for boreal upland forests.

4.2.2 Emission peaks

A few larger CH4 emission peaks were observed during and
after heavy rainfall events in summer, but not all chambers
responded to the same rainfall events. The largest number
and magnitude of these short bursts of CHy were recorded
with the Sphagnum-dominated chamber (6), which was ex-
pected as Sphagnum mosses favor wet spots. These rain-
fall events turned the soil from a sink to a source (up to
200 ug CHy m~2h~! in chamber 6) for a short period ranging
from a few hours to few days. This was possibly due to in-
creased water saturation and decreased air-filled pore space
leading to reduction in oxygen diffusion, which could pro-
mote methanogenic activity and suppress methane oxidation.

Similarly to our results, Nykénen et al. (1995) ob-
served that a drained peatland soil can switch to a CHy
source (up to 200 ug CHym~2h~!) during water saturation
event. However, the emission peaks at Lettosuo were rel-
atively small when compared to upland mineral soil for-
est sites, where emissions of up to 3.7mgCHz;m 2h~!
have been observed in wet conditions (e.g., Savage et
al., 1997; Lohila et al., 2016). Similarly, the maximum
hourly uptake in summer at Lettosuo was rather similar to
the fluxes reported for the above-mentioned upland forests
(from —50 to —120ug CHym~2h~! at Lettosuo vs. —40 to
—80ug CHy m~2h~! at upland forests).

4.2.3 Spatial variation

There were relatively large differences in the an-
nual net CH4 exchange rates between the cham-
bers (from —104mgCHym2yr~' in chamber 3 to
—505mg CHym~2yr~! in chamber 5), even though all the
chambers were located within a maximum distance of about
15m from each other. The difference in the soil surface
temperature between the chambers was usually less than 2 K,
which indicates that the soil temperature was not the main
factor determining the observed spatial variation in fluxes.
Since we do not have WTL data for each of the chambers
separately, we cannot quantitatively evaluate its role in the
spatial variation of fluxes. It is unlikely that the variation in
the WTL solely could explain the difference: even though
chambers 4 and 5 were located at the same distance from a
ditch, and probably had the deepest WTL, chamber 5 showed
the highest uptake, while chamber 4 was one of the smallest
sinks. Hence, although WTL is likely to explain part of the
spatial variation in the CHy fluxes, there are potentially

1
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many other factors, such as the vegetation composition and
small-scale soil properties. The smallest sink was observed
in chambers 1, 3, and 4, which were characterized with the
lowest (3) and highest (1, 4) vascular green area (VGApax)
values. Thus it seems that it was not the amount of ground
vegetation which affected the sink, but a more relevant factor
could have been the coverage of mosses vs. that of vascular
plants within the collar, especially that of the forest mosses
Pleurozium schreberi and Dicranum polysetum, which were
particularly abundant in the highly oxidizing chambers 2
and 5. Due to the small number of chambers, however, the
relationship between the forest floor vegetation and the CHy
exchange may be coincidental and can only be speculated.

4.2.4 Diurnal variation

All the chambers recorded diurnal variation in CHy flux at
some time during the study period with most of the varia-
tion observed during late spring and early summer. Typically,
CHjy uptake was at its highest during the night and decreased
towards the afternoon. The diurnal variation was more com-
mon and occurred more often in all chambers in 2012, while
in 2011 it occurred mostly in chamber 2. This variation usu-
ally ceased or was at least greatly diminished during and after
rainfall events, but usually it appeared again after a couple of
days. WTL as such, however, did not have an impact on the
diurnal cycle, which suggests that the conditions in the soil
surface were much more important for this phenomenon.

Although the diurnal variation seemingly followed the pat-
terns in the air and soil surface temperatures, it was best
explained by the WS measured above the canopy (below
canopy WS is not available). To further study this relation-
ship, we tested the correlation between the parameter cexp
(Eq. 2) and WS. cexp represents the curvature in the exponen-
tial fit, being negative whenever the concentration increase
during a chamber closure shows a slowing shape. As we only
selected negative, i.e., uptake, fluxes here, it follows that a
more negative cexp indicates a higher curvature in the con-
centration evolution. Should leaking be responsible for the
smaller CHy uptake during daytime, as the observed rela-
tionship between WS and CH4 exchange implied, it would
be logical to find higher curvatures with higher WS. Such a
relationship was recently found by Pirk et al. (2016) for CHy
emission chamber flux data from pristine peatlands. How-
ever, we did not observe such a relationship in our CHy4 up-
take data. For example, in chamber 2, in which the diurnal
cycle was most explicit, an increasing cexp Was determined
for most of the periods studied. There were only a few cham-
bers and periods when cexp decreased with increasing WS.
Thus we must conclude that the diurnal variation in our data
is related to the technical operation of the chamber rather
than environmental conditions. Nevertheless, as the temper-
ature and WS correlated strongly, it is possible that some of
the observed pattern was due to some microbial or environ-
mental factor.
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We hypothesize that, rather than chamber leaking, the
main underlying factor for the clear negative correlation be-
tween WS and CHy uptake is related to changes in the soil
storage and thus the changes imposed by chamber closure to
the concentration gradient within the top soil and the adja-
cent air layer. Prior to the closure, this gradient is controlled
by atmospheric mixing and hence strongly affected by the
ambient WS. During a calm night with a cool soil surface,
turbulent mixing is strongly suppressed and molecular diffu-
sion gains importance, while windy and sunny conditions re-
sult in much smaller vertical gradients due to vigorous turbu-
lence that is also able to perturb the top-soil pore space. Af-
ter the chamber is closed, the concentration gradient adjusts
to the constant mixing generated by a fan. Thus, the change
in concentration gradient depends on the mixing conditions
that prevail above the target surface just before the chamber
is introduced and how these relate to the mixing rate of the
chamber headspace air. In the nocturnal case outlined above,
mixing is enhanced after the chamber closure, resulting in a
higher CH4 uptake in the chamber.

The absence of the diurnal cycle in winter, and during
and after the rain in summer, can be explained by the in-
creased soil moisture content, which decreases the air-filled
pore space in soil, thus hampering the wind-induced mixing
effect at the soil-atmosphere interface and by slowing down
the diffusion rate (Pirk et al., 2016).

It should be noted that the situation is different when CH4
exchange is measured above a forest canopy with the EC
method. In that case, the measurement does not significantly
disturb atmospheric mixing and increased mechanical turbu-
lence potentially enhances vertical gas exchange. Such pos-
itive correlation between the downward CHy4 flux and WS,
with higher sinks during the daytime, has been reported by
Wang et al. (2013). This is consistent with the results of our
fan-speed test, described in Koskinen et al. (2014) who mea-
sured CO» respiration by the same chamber system. The CHy
flux data from the same test showed a higher CHy uptake
with higher fan speed (data not shown).

A wind-induced diurnal cycle suggests that the current
chamber setup potentially leads to an over- or underesti-
mate of the actual uptake rate during lower or higher fan-
induced mixing, respectively, as compared to ambient mix-
ing by wind. The chamber construction could be improved by
making the fan speed vary as a function of the ambient wind
speed, so as to mimic the variations in atmospheric mixing.
However, we can expect that the systematic bias resulting
from the wind response is minimized when employing au-
tomated sampling that facilitates continuous measurements.
Our results imply that sporadic sampling with manual cham-
bers, which is typically limited to the daytime, would have
resulted in lower uptake estimates for this site than the ex-
tensive data collected with our automatic system.
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4.3 Driving factors for the CHy efflux

The seasonal CHy fluxes correlated best with soil temper-
atures at the depths of 20 cm and 30cm, but significant
correlations occurred also with soil temperatures at other
depths for most of the study period. The correlations with
air and soil surface temperatures were lower. The correla-
tions were always negative, indicating that higher tempera-
tures promoted the soil CHy uptake. This observation could
be attributed to increased consumption of CH4 by methan-
otrophs in higher temperatures that enhance methanotrophic
activity (e.g., Mohanty et al., 2007). However, it is likely that
in addition to — or even instead of — the increased methan-
otrophic activity, there are other reasons behind this rela-
tionship. The covariation of temperature with other variables,
such as ground water level and phenology, all typically peak-
ing in July—August, may lead to spurious correlation between
temperature and CH4 flux. Indeed, the flux was also corre-
lated with WTL, the correlation being significantly positive
(higher uptake with lower WTL) in spring, summer, and au-
tumn, but negative in winter. At our site, the soil layers most
favorable for methane production and oxidation are located
at clearly different depths in the soil, the first being found
below the water table and the latter much closer to the soil
surface (A. Putkinen, unpublished data). Both of these have
distinct temperature and moisture responses, which are prac-
tically impossible to disentangle by examining the net CHy
flux observed at the surface.

In addition to the correlations found in the hourly data, we
found evidence that lowering WTL increases the daily CHy
uptake in the latter part of summer, when WTL < —40 cm.
In the beginning of the summer, the daily fluxes were better
explained by the soil temperature, while after mid-July the
WTL overshadowed the temperature as a control of the daily
fluxes.

In pristine peatlands, temperature has been shown to cor-
relate positively with the CH4 emission rate (e.g., Mikkeld et
al., 1995; Bellisario et al., 1999; Mastepanov et al., 2013).
In drained peatland forests, significant correlations between
CH4 flux and temperature have been found in CHy-emitting
ecosystems (Nykénen et al., 1998; Minkkinen and Laine,
2006), although the direction of the correlation has been
found to differ between fens and bogs. In contrast, no signif-
icant correlations with temperature were found in peatland
forests that mainly showed CHy4 uptake (Ojanen et al., 2010;
Wang et al., 2013). Both CH4 emission and uptake have been
found to correlate with WTL (e.g., Bellisario et al., 1999;
Ojanen et al., 2010).

In addition to temperature, WTL, and WS, CHy4 flux has
been found to correlate with tree stand volume (Ojanen et
al., 2010; Minkkinen et al., 2007), which is, in contrast, an
indirect measure of the WTL. Also, PAR has been observed
to correlate positively with CH4 emissions in a Sphagnum-
dominated mixed mire (Mikkeld et al., 1995). In this study,
however, the correlations with PAR were low or absent.
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5 Conclusions

In this paper, we have presented a 2-year data set of CHy
exchange measured at the forest floor of a boreal forestry-
drained fen. These results show that automated chamber
measurements with an accurate online gas analyzer make it
possible to observe small CHy fluxes even during the winter
with snow cover. Although the fluxes at our site were rela-
tively low throughout the year, we succeeded in catching the
annual cycle in the CHy uptake. Our results indicate that the
forest floor of this peatland site acted as a small annual CHy
sink (mean balance —219 mg CH4 m~2 yr~1), although com-
pleting the balance with the emissions from ditches indicates
that the site is likely to be a small CHy source.

In spite of the low flux detection limit of the measurement
system, our results indicate that it is necessary to pay atten-
tion to the flux calculation methods, and instead of choosing
between linear and exponential fits we decided on a combi-
nation of both. Even though the fit based on linear regression
was observed to typically result in a smaller flux than an ex-
ponential fit, its use was justified for low fluxes by showing
that it produced more robust estimates when the concentra-
tion change during chamber closure was small and thus more
affected by measurement noise. In addition, we demonstrated
that both the length of the fitting period and the starting time
of this window had a significant effect on the flux estimates
and thus cannot be selected arbitrarily.

The CHy4 uptake, measured with closed chambers, was ob-
served to correlate with wind speed, which caused a corre-
sponding diurnal cycle. However, this was partly attributed
to aerodynamic effects due to chamber closure, which are
dependent on atmospheric mixing prior to the closure. Thus,
the chamber construction could be potentially improved by
adjusting the chamber fan speed according to the ambient
wind speed. As this variation is partly related to changes in
the soil CHy storage, the error introduced in the annual bal-
ance estimated from short-term fluxes can be diminished by
continuous measurements fully covering the diurnal cycle.
Continuous long-term measurements also facilitate the anal-
ysis of the environmental factors that control CH4 exchange.
However, in order to understand the biological processes in-
volved in CH4 production and oxidation, i.e., the processes
behind the net CHy4 flux observed, additional measurements
are necessary, focusing on the production and oxidation po-
tentials and the within-soil gas gradients.

Since the considerations of the measurement system per-
formance are site and system specific, we recommend that
any future study should address the procedures involved in
flux calculation, including the fitting method and the length
and delay of the fitting period, based on the analysis pre-
sented above. In particular, we recommend using the flux
limit method applied in this study, i.e., using linear regression
for low fluxes and exponential regression for fluxes above a
threshold to be determined.
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Abstract. The most common forest management method in
Fennoscandia is rotation forestry, including clear-cutting and
forest regeneration. In clear-cutting, stem wood is removed
and the logging residues are either removed or left on site.
Clear-cutting changes the microclimate and vegetation struc-
ture at the site, both of which affect the site’s carbon bal-
ance. Peat soils with poor aeration and high carbon densities
are especially prone to such changes, and significant changes
in greenhouse gas exchange can be expected. We measured
carbon dioxide (CO3) and energy fluxes with the eddy co-
variance method for 2 years (April 2016-March 2018) af-
ter clear-cutting a drained peatland forest. We observed a
significant rise (23 cm) in the water table level and a large
CO; source (first year: 3086 + 148 g CO; m—2 yr~!; second
year: 2072+ 124 gCO,; m~2 yr~!). These large CO; emis-
sions resulted from the very low gross primary production
(GPP) following the removal of photosynthesizing trees and
the decline of ground vegetation, unable to compensate for
the decomposition of logging residues and peat. During the
second summer (June—August) after the clear-cutting, GPP
had already increased by 96 % and total ecosystem respira-
tion decreased by 14 % from the previous summer. The mean
daytime ratio of sensible to latent heat flux decreased after
harvesting from 2.6 in May 2016 to 1.0 in August 2016, and
in 2017 it varied mostly within 0.6—1.0. In April-September,
the mean daytime sensible heat flux was 33 % lower and la-
tent heat flux 40 % higher in 2017, probably due to the re-
covery of ground vegetation that increased evapotranspira-
tion and albedo of the site. In addition to CO, and energy
fluxes, we measured methane (CHy) and nitrous oxide (N,O)

fluxes with manual chambers. After the clear-cutting, the site
turned from a small CHy sink into a small source and from
N;O neutral to a significant NoO source. Compared to the
large CO, emissions, the 100-year global warming potential
(GWPqqo) of the CH4 emissions was negligible. Also, the
GWPg due to increased N, O emissions was less than 10 %
of that of the CO, emission change.

1 Introduction

Northern peatlands cover approximately 3 % of the Earth’s
land surface (Clarke and Rieley, 2010), most of which is
located in the boreal region (Fischlin et al., 2007). Boreal
and subarctic peatlands are substantial reservoirs of carbon
(C), storing 270-550 Pg C in total (Turunen et al., 2002; Yu,
2011). These reservoirs are affected by peatland drainage,
which has been a common practice in northern countries.
In Finland, more than half of the original peatland area of
100 000 km? has been drained, mostly for forestry (Piivinen
and Hanell, 2012). Drainage lowers water table level (WTL),
which accelerates the peat decomposition rate due to the in-
creased availability of oxygen (Drzymulska, 2016). This of-
ten leads to higher carbon dioxide (CO;) emissions from
the soil (Maljanen et al., 2010; Ojanen et al., 2013). On the
other hand, a well-performed drainage increases root aera-
tion and nutrient availability, which enhances tree growth and
CO; uptake by trees (Minkkinen et al., 2001). In addition,
methane (CHy4) emissions decrease, and the soil may even
turn into a net CHy sink if the site is well-drained (Maljanen
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et al., 2010; Ojanen et al., 2010). This results from the thick-
ening of the oxic peat layer, which enhances CH4 oxidation
in the soil and from the disappearance of deep-rooted vas-
cular plants, which in natural mires feed anaerobic microbes
with fresh carbon and transport methane from the anoxic peat
layer to atmosphere through their aerenchyma. In contrast
to CHy, nitrous oxide (N;O) emissions often increase after
drainage in nitrogen-rich minerotrophic peatlands (Maljanen
et al., 2010; Ojanen et al., 2010, 2018) because nitrification
(the process that produces nitrate and N,O as a by-product)
needs nitrogen and oxic conditions.

The most common method of forest management in Fin-
land is rotation forestry including clear-cutting and forest re-
generation. In clear-cutting, stem wood is removed, while
the logging residues, i.e. foliage biomass, branches, stumps
and roots, are either removed or left on site. After clear-
cutting, the site is prepared, e.g. by mounding or scalping,
and a new tree generation is established by planting or sow-
ing or naturally from surrounding seed trees. Removing the
trees changes the local microclimate as more solar radia-
tion reaches the soil surface, which increases soil tempera-
ture (Edwards and Ross-Todd, 1983; Londo et al., 1999) and
its diel variation. This affects the carbon cycle, as higher soil
temperature potentially increases soil respiration. In peatland
forests, however, removing tree biomass raises the WTL by
diminishing transpiration (Sarkkola et al., 2010), which in
turn may decrease soil respiration and slow down the peat de-
composition rate due to the reduced volume of aerated peat.
On the other hand, photosynthesis is diminished due to the
removal of trees and decline of ground vegetation. Mikiranta
et al. (2010) found that ground vegetation recovers rather
fast in a peatland forest after clear-cutting; however, after
3 years the recovery was still insufficient to compensate for
the high ecosystem respiration produced by the large amount
of fresh organic matter. The increase in ecosystem respira-
tion is accounted for by the decay of logging residues and
possibly also by increased soil organic matter decomposition
under these residues (Mikiranta et al., 2012; Ojanen et al.,
2017). As boreal forest grows slowly, it may take from 8 up
to 20 years to turn the forest back to a net carbon sink (Fre-
deen et al., 2007; Kolari et al., 2004; Miikiranta et al., 2010;
Pypker and Fredeen, 2002; Rannik et al., 2002; Schulze et
al., 1999).

The CO; and energy fluxes between ecosystems and the
atmosphere are commonly measured with the eddy covari-
ance (EC) method (Aubinet et al., 2012). Previous work con-
cerning clear-cutting in forests with mineral soil has involved
both EC (Clark et al., 2004; Humphreys et al., 2005; Kolari
et al., 2004; Kowalski et al., 2004, 2003; Machimura et al.,
2005; Mamkin et al., 2016; Takagi et al., 2009; Williams et
al., 2013) and soil chambers (Howard et al., 2004; Londo et
al., 1999; Zerva and Mencuccini, 2005). Also, soil chambers
have been used on clear-cut peatland forests (Mékiranta et
al., 2010; Pearson et al., 2012), whereas EC measurements
have been lacking. In addition, most of this peatland forest
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gas exchange research has concentrated on carbon dynamics
and overlooked the possibly important variations in energy
and water fluxes.

Exchange of sensible and latent heat constitutes an impor-
tant part of the surface energy balance, driving many local-
, regional- and global-scale climatological processes. The
available energy for these turbulent fluxes is determined pre-
dominantly by net radiation and the ground heat flux. The
partitioning of available energy between the sensible and
latent heat fluxes, which can be described in terms of the
Bowen ratio, is strongly influenced by vegetation and soil
properties (Betts et al., 2007). Also, release of latent heat
to the atmosphere, i.e. evapotranspiration, is a key compo-
nent of the water cycle in peatlands and forests, also affecting
soil moisture and forest productivity, which further affect the
GHG fluxes in a forest. In a temperate deciduous broadleaf
forest, evapotranspiration has been found to recover rapidly
after clear-cutting: the latent heat flux increased over the first
3 years, while the sensible heat flux declined correspondingly
(Williams et al., 2013). It is unknown if this also happens in
peatland forests.

In this study, we investigated the GHG and energy fluxes
between the forest floor and the atmosphere and their envi-
ronmental drivers after clear-cutting in a boreal peatland for-
est in southern Finland. The study was based on EC mea-
surements made for 2 years (April 2016-March 2018) after
clear-cutting and on soil chamber measurements performed
during the period of June 2015—-August 2017. Our specific
aims were as follows:

1. to estimate the magnitude of CO; fluxes and their envi-
ronmental drivers after clear-cutting,

2. to quantify the development of surface heat fluxes after
clear-cutting,

3. to investigate how soil CHy and N, O fluxes change due
to clear-cutting.

2 Materials and methods
2.1 Measurement site

The measurements were set up in a nutrient-rich peatland
forest called Lettosuo, which is located in southern Fin-
land (60°38’ N, 23°57"E). The site was drained with widely
spaced, manually dug ditches probably during the 1930s,
then drained more effectively in 1969 and fertilized with
phosphorus and potassium. The distance between the ditches
is on average 45 m, and they were dug ca. 1 m deep but have
since been partially filled with vegetation. After drainage and
before clear-cutting in 2016, the tree stand was dominated
by Scots pine (Pinus sylvestris), with some pubescent birch
(Betula pubescens). The understorey included mostly Nor-
way spruce (Picea abies) and some small-sized pubescent
birch. The tree stand was quite dense, which made the ground
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vegetation and moss layer patchy and variable due to ir-
regular shading. Ground vegetation included herbs, such as
Trientalis europaea and Dryopteris carthusiana, and dwarf
shrubs, such as Vaccinium myrtillus (Bhuiyan et al., 2017).
The moss layer was dominated by Pleurozium schreberi and
Dicranum polysetum, with some Sphagnum mosses, such as
Sphagnum capillifolium, S. angustifolium and S. russowii, in
moist patches.

Before clear-cutting, the average soil organic carbon con-
tent at the site was 58 % and carbon distribution was rather
uniform across different soil layers (Table 1). The total soil
nitrogen content was lowest in the litter layer (1.7 %) and
varied from 2.2 % up to 2.5 % among the other soil layers.
The C:N ratio averaged at 27, which is typical for peat-
land forests with a fen history. The mean soil bulk density
of the 0-40 cm layer was 0.14 gcm™>. The present-day peat
thickness at Lettosuo varies mostly between 1.5 and 2.5 m.
Assuming a thickness of 2m results in soil organic car-
bon and nitrogen stock estimates of 1564 72kg Cm™2 and
6.4+2.9kgNm~2 (£ SD), respectively.

Clear-cutting was performed within a trapezoidal area of
23500 m? (Fig. 1) between 29 February and 16 March 2016.
After clear-cutting, the logging residues were left at the site.
The previous ground vegetation was almost totally destroyed
in the harvesting operation and the following drastic increase
in solar radiation. In the following summer, some species
adapted to the open, well-lit conditions; for example, Rubus
idaeus, Carex canescens and Dryopteris carthusiana were
observed here and there within the clear-cut site. Mounding
was performed on 1-2 August 2016, and spruce (Picea abies)
seedlings were planted in 2017. In addition to the clear-cut
site, we conducted GHG measurements on a similarly sized
control site located southwest of the clear-cut site, where the
forest was left in its original state with similar tree stand and
vegetation composition to at the preharvest clear-cut site.

2.2 Measurement system

An EC system to measure turbulent CO, and energy fluxes
was set up in the northeastern part of the clear-cut (Fig. 1),
and the measurements started on 8 April 2016, approxi-
mately 3 weeks after the clear-cutting had ended. The mea-
surements continued until 7 April 2018. From this point
on, the time periods of 8 April 2016-7 April 2017 and
8 April 20177 April 2018 are referred to as the first and
second EC measurement year, respectively. The EC system
included a three-axis sonic anemometer (uSonic-3 Scientific,
METEK, Elmshorn, Germany) for wind speed and air tem-
perature and a closed-path infrared gas analyser (LI-7000,
Licor Biosciences, Lincoln, NE, USA) for CO; and H,O
mixing ratios. A sampling rate of 10 Hz was used for the EC
system. The measurement height was 2.75 m, the flow rate
was about 6 L min~! and the length of the inlet tube (inner
diameter 3.1 mm, Bevaline IV) was 8 m. The mouth of the
inlet tube was positioned 15 cm below the sonic anemometer.
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3705

Air with a zero CO; concentration was used as the reference
gas when calibrating the gas analyser. The micrometeorolog-
ical sign convention is used throughout the paper: a positive
flux indicates a flux from the ecosystem to the atmosphere
(net emission) and a negative flux indicates a flux from the
atmosphere into the ecosystem (net uptake).

Auxiliary meteorological measurements were installed at
the centre of the clear-cut (80 m south of the EC mast) on
24 July 2015, i.e. before the clear-cutting. A similar sys-
tem was installed 2 weeks earlier for the control site (180 m
southeast of the EC mast). Air temperature and relative hu-
midity were measured at 2 m height (HMP155, Vaisala Cor-
poration, Vantaa, Finland) and soil temperature profile was
measured at 5, 10, 20 and 30 cm depths (Pt100, Vaisala Cor-
poration, Vantaa, Finland); the measurements also included
net radiation (NR Lite2 Net Radiometer, Kipp & Zonen,
Delft, The Netherlands), photosynthetically active photon
flux density (PPFD) (PQS1 PAR Quantum Sensor, Kipp &
Zonen, Delft, the Netherlands) and ground heat flux (HFPO1,
Hukseflux Thermal Sensors B.V., Delft, the Netherlands). In
addition to these, global radiation (Pyranometer CMP3, Kipp
& Zonen, Delft, The Netherlands) was measured from an-
other EC mast above the canopy of the surrounding forest
(250 m south from the clear-cut EC mast). The data were
collected by data loggers (QML201C, Vaisala Corporation,
Vantaa, Finland) as 30 min averages.

2.3 EC data processing

Half-hourly turbulent fluxes were calculated using standard
EC methods (Aubinet et al., 2012). The 10 Hz raw data were
block-averaged, and a double rotation of the coordinate sys-
tem was applied (McMillen, 1988). The time lag between
the gas analyser and sonic anemometer signals was deter-
mined by cross-correlation analysis for each flux variable
and 30 min period. Water vapour fluctuations affecting flux
measurements with LI-7000 were compensated for (Webb et
al., 1980); a corresponding compensation is not necessary for
temperature (Rannik et al., 1997). The fluxes were corrected
for systematic losses due to block averaging and attenuation
of the highest frequencies in the cospectra between vertical
wind speed and mixing ratio; the transfer function method
of Moore (1986) was used for this. For the high-frequency
losses, the transfer functions describing the flux attenuation
were determined separately for CO» and water vapour fluxes
(with half-power frequencies of 1.3 and 0.6 Hz, respectively)
using temperature cospectra as the reference. These func-
tions were convoluted with generic cospectral distributions
(Kaimal and Finnigan, 1994) to calculate the flux correction
as a function of wind speed and atmospheric stability.

The 30 min averaged data were screened according to
the following acceptance criteria: relative stationarity (Fo-
ken and Wichura, 1996) < 100 %, internal LI-7000 pres-
sure > 60 kPa, CO; mixing ratio > 350 ppm, wind direction
within 80-315°, number of spikes in the vertical wind speed

Biogeosciences, 16, 3703-3723, 2019
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Table 1. Mean soil organic carbon, nitrogen, C : N ratio, bulk density and their standard deviation in different soil layers determined before

the harvest (n = 3-33).

Layer Soil organic carbon (%)  Soil nitrogen (%) C:Nratio Bulk density (g cm_3)
Litter 56.2+£2.3 1.7+£04 332423 0.005 +0.003
0-10cm 55.24+2.1 22402 249+2.1 0.124+0.03
10-20 cm 589+1.6 25+02 238+1.6 0.18+0.02
20-30cm 59.1+0.8 24402 24.6+0.8 0.134+0.03
30-40cm 59.2+0.3 22+0.1 264+0.3 0.134+0.04

A

First year

Figure 1. Aerial view of the clear-cut site and the surrounding forest at Lettosuo. The red dot shows the location of the eddy covariance
mast, and the red lines surround the target area (80-315°). The meteorological measurements were conducted at the location indicated by the
orange dot, while the orange line marks the water table, soil temperature and chamber measurements (4, 8, 12 and 22.5 m from the ditch).
Similar measurements of greenhouse gas fluxes, water table and soil temperature within the control site, surrounded by the green lines, are
shown with a light blue line. The wind roses on the left show the cumulative footprint contributions (in percentage) of the accepted flux data.

and CO; concentration data < 150 of 18 000. Also, the pe-
riods of weak turbulence were discarded by applying a fric-
tion velocity (u,) limit of 0.125ms~! (Fig. S1 in the Sup-
plement). In addition, the footprint accumulated within the
target area shown in Fig. 1 was required to exceed a limit
of 0.75 to ensure that the measured flux originated predomi-
nantly from the clear-cut site. The footprints were calculated
using the model developed by Kormann and Meixner (2001)
and input data measured with the sonic anemometer.

In addition to the vertical turbulent fluxes, the CO; fluxes
associated with the storage of CO, below the measurement
height were calculated from the change in the mean CO; con-
centration profile between consecutive half-hour periods. It
was assumed that the CO; concentration in the air column
from ground level to the measurement height of 2.75 m was
constant.

There were only two periods when a measurement gap in
the data was longer than 5d: 30 September—5 October 2016

Biogeosciences, 16, 3703-3723, 2019

and 28 April4 May 2017. After applying all the data fil-
ters described above, 30 % of the 32635 half-hour peri-
ods recorded within the measurement period were accepted
for further analysis (Table S1, Fig. S2 in the Supplement).
The gap-filling procedure and uncertainty analysis of the net
ecosystem exchange of CO, (NEE) are described in Appen-
dices A and B.

2.4 Surface energy balance and Bowen ratio

The surface energy balance can be expressed as

Ou+ Qe =0On— 0 — Qs, (1)

where Qy is sensible heat flux, Qg is latent heat flux, QO is
net radiation, Qg is the ground heat flux, and Qs is the sum
of storage fluxes from other energy sinks and sources. In this
study, we assumed that Qg = 0.

www.biogeosciences.net/16/3703/2019/
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The Bowen ratio, defined as

_u

Ok’
is used to describe the partitioning of On — Qg to Oy and
Qg at the surface. When B < 1, more available energy at the
surface is released to the atmosphere as latent heat than as
sensible heat (and vice versa when 8 > 1). In this study, we
present monthly Bowen ratios that were calculated from the
monthly mean daytime (10:00-16:00, UTC+2) fluxes of On
and Q.

Gap-filling of the energy fluxes is described in Ap-
pendix C.

B (@)

2.5 Chamber measurements of GHG fluxes

For manual chamber measurements, sampling transects were
set up within the clear-cut and control sites, where the GHG
fluxes were measured between 29 June 2015 and 29 Au-
gust 2017, mostly during the snow-free periods. The mea-
surement interval varied between 1 week and 1 month, but
there were longer gaps in autumn 2015 and spring 2016.
The transect had two flux measurement plots at a distance
of 4, 8, 12 and 22.5m from the ditch, and at each distance
there was an automatic WTL logger close to the flux mea-
surement plots (see Sect. 2.7 for details). In addition, all the
flux plots included a soil temperature data logger (iButton
DS1921G, Maxim Integrated Products) at 5cm depth and
two of them (8 and 22.5m from the ditch) also had a sim-
ilar logger at 30 cm depth. Before starting the measurements,
2 cm deep grooves were carved into the soil surface for the
chambers, and the grooves were occasionally renewed when
necessary to keep the chamber-sealing adequate. It should
be noted that, even though logging residues were left at the
site, the measurement plots did not have any above-ground
residues. The fluxes were measured using a closed-chamber
system with an opaque cylindrical chamber (height 30.5 cm,
diameter 31.5 cm) including a mixing fan. The measurements
were made in two different ways: using (1) a portable anal-
yser and (2) a stationary analyser. As a portable analyser,
we employed a Gasmet DX4015 (Gasmet Technologies Oy,
Helsinki, Finland), based on Fourier transform infrared spec-
troscopy, to measure CO,, CH4 and N>O mixing ratios every
5s. At the clear-cut site, only the portable gas analyser was
used. In this setup, the sampled air was circulated in a loop
between the gas analyser and the chamber, and the closure
time was 10—11 min. At the control site, the portable analyser
was used in 2015 for all the gases, but from 2016 onwards
the analyser was used only for measuring the NoO mixing
ratios. Starting from 2016 at the control site, we connected
the portable gas analyser in series with a Picarro G1130 cav-
ity ring-down spectroscopy gas analyser (Picarro Inc., Santa
Clara, CA, USA) to acquire more precise CO, and CH4 mix-
ing ratios. In this system, the gas analysers were stored in
a cabin and connected to the chamber with 50 m long tub-
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ing. The instruments were compared against each other and
observed to result in very similar flux estimates with the 10—
11 min closure time. The error caused by not returning the
sampled air back to the chamber was corrected for in the data
analysis.

The fluxes were calculated the same way for all the gases
(Korkiakoski et al., 2017). In short, both linear and expo-
nential regression models were first fitted to the mixing ratio
time series using the least-squares approach. The start and
end points of the chamber closure were visually identified
from the data for each closure. The first minute of each mea-
surement was discarded to ensure that the sample air was
properly mixed inside the chamber. After fitting, the mass
flux (F) was calculated as

F_(dCOY MPY
T\ dt J,_oRTA’

3

where (%) is the mixing ratio change in time deter-
t=0

mined from a linear or exponential model at the beginning of
the closure; M is the molecular mass of CO,, CH4, or N,O
(44.01, 16.04 and 44.01 gmol~!, respectively); P is air pres-
sure; R is the universal gas constant B8314Tmol ' K1), T
is the mean chamber headspace temperature during closure;
and V and A are the volume and the base area of the cham-
ber headspace, respectively. The snow depth and the height of
mosses and other vegetation in the chamber headspace vol-
ume were taken into account, ignoring the pore space in the
soil and snow. However, if the soil surface was frozen, the
measurements were not made as it was not possible to prop-
erly seal the chamber. Finally, analyser-specific flux limits
were determined to choose between the linear and exponen-
tial models (Korkiakoski et al., 2017). If the flux calculated
with the linear model was smaller than the limit, then this
estimate was considered more robust for the noisy data and
adopted for the later analysis. These limits for the portable
system were 5.6 ug COz m~2s~1 97 ng CHy m~2s~! and
12.5ngN,0Om~2s~!. We did not define a corresponding
limit for the CO; flux measured with the Picarro gas anal-
yser at the control site as the fluxes were always sufficiently
large for using exponential fitting, but for CH4 the limit was
sett0 0.7ng CHym 251,

The CO; flux measured with chambers represents forest
floor respiration (Ryr), which is defined as the sum of het-
erotrophic and autotrophic respiration. As clear-cutting af-
fects soil processes, it should be noted that the Ry before and
after clear-cutting consists of different components. Before
the clear-cutting (the 2015 data), Ry includes ground vege-
tation and living roots of trees and ground vegetation, but af-
ter clear-cutting (2016-2017) it instead includes the survived
and regrown ground vegetation and living and dead roots.

The summertime sum of R¢g was calculated for each sum-
mer separately by using Eq. (A3) with hourly soil tempera-
ture at 5 cm depth. The uncertainty of this sum was estimated
from the minimum and maximum sums based on the stan-
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dard errors of model parameters (Rp and E). The minimum
and maximum sums were slightly asymmetrical around the
mean sum, so the largest deviation from the mean sum was
adopted as a conservative uncertainty estimate.

2.6 Water table level measurements and analysis

The water table levels within both the clear-cut and non-
managed control site were measured for 1 year before (2015)
and 2 years after the clear-cutting (2016-2017). Four au-
tomatic monitoring plots consisting of dipwells (perforated
plastic tubes 120 cm long and 3.5 cm in diameter) were set up
at the centre of each site (Fig. 1), located at a distance of 4, 8,
12 and 22.5m in a transect perpendicular to the ditch (ditch
spacing was 45 m). In addition, in order to calibrate the au-
tomatic water table measurement data, manually monitored
dipwells were installed close to the automatically monitored
dipwells within the clear-cut and control sites. WTL was
measured manually at weekly or fortnightly intervals during
March-November. From the automated dipwells, WTL was
recorded with automatic probes (TruTrack WT-HR-logger,
Intech Instruments Ltd, Auckland, New Zealand; Odyssey
Capacitance Water Level Logger, Dataflow Systems Lim-
ited, Christchurch, New Zealand) at hourly intervals. The
recorded values were then calibrated with linear regression
using the manually measured WTL data from both the con-
trol and clear-cut site.

2.7 Statistical analysis

The linear mixed-effect model was used for testing for dif-
ferences in the daily mean CO,, CH4 and N,O fluxes be-
tween the clear-cut and control sites and between the years
in the chamber measurement data. In both cases, the cham-
ber plots were treated as a random effect. The fixed effects
of the model were the site type (clear-cut or control) and the
measurement year when comparing the measurements made
at different sites and in different years, respectively. The lin-
ear mixed-effect model was carried out with the R program-
ming language (R Core Team, 2018, version 3.5.0) using the
“lme4” package. The normality of model residuals was visu-
ally checked using quantile—quantile plots. The differences
were tested with Tukey’s honestly significant difference post
hoc test.

The analysis of the clear-cutting effects on WTL was
based on the paired treatment approach (also called calibra-
tion period — control area method) (e.g. Kaila et al., 2014;
Laurén et al., 2009). We first calculated linear regressions be-
tween the WTL within the control and clear-cut sites for the
pretreatment period using the WTL logger data from 2015.
Then we used this regression model and the post-treatment
WTL data from the control site to predict WTL for the clear-
cut site as if it had not been harvested. The clear-cut effect
was calculated as the difference between the calibrated post-
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clear-cut WTL measurements and the predicted background
WTL values in the clear-cut site after the harvest.

3 Results
3.1 Meteorological and hydrological conditions

The long-term (1981-2010) mean annual, winter (DJF) and
summer (JJA) air temperatures at the nearby (Jokioinen,
35km northwest of Lettosuo) weather station were 4.6,
—5.3 and 15.2°C, respectively (Pirinen et al., 2012). The
mean annual temperature before the clear-cutting in 2015 at
Jokioinen was 6.2 °C. Also, the winter (2015-2016) before
the clear-cutting was warmer (—3.4 °C), while summer 2015
was colder (14.4°C) than the long-term mean. The mean
post-clear-cut annual air temperatures at the EC site dur-
ing the first and second EC measurement year were 5.6 and
4.4°C, respectively (Fig. 2a); this difference was reflected
in soil temperatures (Fig. 2b). Both post-clear-cut winters
were warmer (2016-2017: —3.0°C; 2017-2018: —3.4°C)
than the long-term average. However, the mean summer tem-
perature at the EC site in 2016 was similar to (15.3 °C), and
in 2017 was cooler (by 1.6 °C) than, in 1981-2010. In addi-
tion, compared to the precipitation at Jokioinen (long-term
average 627 mm), the first EC measurement year was drier
(502 mm) and the second year similar (656 mm) (Fig. 2c),
while the pre-clear-cut year of 2015 was wetter (680 mm)
than both post-clear-cut years. The autumn (SON) 2016 and
winter 2016-2017 were especially dry, while the springs and
summers were quite similar to the long-term average condi-
tions.

Both winters had a shallower snow cover than the long-
term average annual maximum (28 cm; Pirinen et al., 2012).
The maximum snow depths at Jokioinen were 12 and 22 cm
in 2016-2017 and 2017-2018, respectively. Due to the es-
pecially shallow snow cover in the first winter and the
high temperatures in March, all the snow had melted by
23 March 2017 (Fig. 2d). However, in 2018, the snow cover
was still intact when the measurement period ended on
7 April.

The preharvest soil temperatures at 30 cm depth were simi-
lar within the clear-cutting and control sites, but clear-cutting
increased their temporal variation (Fig. S3). After clear-
cutting in late spring, the daily mean 30 cm soil temperature
rose faster and was higher throughout the summer within the
clear-cut than at the control site. Also, the 30 cm tempera-
ture within the clear-cut started to decline earlier in autumn
and was lower during winter within the clear-cut than the
control site. The monthly mean diel variation in soil tem-
perature at 5cm depth ranged from 0.8 to 1.3°C in July—
September 2015 before clear-cutting (Fig. S4). After clear-
cutting, this variation increased to 2.3-2.9 and 2.1-3.7°C in
2016 and 2017, respectively. On average the diel variation
was 1.8 °C larger in July—September after the clear-cutting
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Figure 2. Time series of (a) daily mean air temperature (7y;;) and (b) hourly mean soil temperatures at 5, 10, 20, and 30 cm depths (Toi1)
measured at Lettosuo, and (c) daily precipitation sum and (d) daily mean snow level recorded at the Jokioinen observatory (35 km northwest
of Lettosuo). The clear-cutting (red vertical line) was carried out in February—March 2016.

than before it (Figs. 2b and S4). Increases in the diel tem-
perature range were also observed at the 10cm (1.2°C) and
20 cm (0.33 °C) depths but not at 30 cm.

The mean WTL in July—August 2015 was —33 cm within
the clear-cut area, while at the control site it was —50cm
(Fig. 3). After clear-cutting, the WTL rose and remained con-
tinuously at a markedly higher level than the predicted back-
ground WTL and the measured WTL at the control site. At
the clear-cut site, the WTL rose to —22 and —27 cm in July—
August 2016 and 2017, respectively. On the other hand, the
WTL at the control site sank to —55 cm during these months
in both post-harvest years. The largest post-treatment rise oc-
curred in July—October when the average WTL was —23 and
—24 cm in the clear-cut and —46 and —49 cm in the back-
ground model, corresponding to a 23 and 25 cm rise in WTL
in 2016 and 2017, respectively (Fig. 3). As a consequence of
heavy rain episodes in summer and autumn in 2017, the am-
plitude of WTL variations was larger then than the previous
year.

www.biogeosciences.net/16/3703/2019/

3.2 CO; exchange on an ecosystem level

3.2.1 Seasonal and diel variations

When the measurements started at the beginning
of April 2016, the daily mean NEE was mainly
<0.08mgCOy;m~2s~! but started to increase with

temperature at the end of April, after the daily mean temper-
ature exceeded 5 °C (Figs. 2a and 4). There was a substantial
temporary drop in NEE in the first half of June after a cold
spell when the daily mean temperature decreased from 20
to 10°C. By the end of June, NEE stabilized at around
0.21 mgCO; m~2s~!. From the end of August, NEE de-
creased until reaching a stable level of 0.03 mg CO, m~2s~!
in January 2017. At the end of March 2017, NEE started
to gradually increase, and in mid-May it quickly rose to
0.08mgCO,; m~2s~!. After this, NEE continued to in-
crease, stabilizing at around 0.13mg CO, m~2s~! in August
and then decreasing from the end of September onwards.

Biogeosciences, 16, 3703-3723, 2019
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Figure 3. Mean daily water table level at the control site (measured;
green) and the clear-cut site with (measured; black line) and with-
out (estimated; grey line) the harvesting effect averaged over all
the measurement points (4, 8, 12 and 22.5m from the ditch) from
June 2015 to October 2017. The clear-cutting (red vertical line) was
carried out in February—March 2016.

Even though all the big trees were removed in clear-
cutting and most of the ground vegetation was destroyed,
some small understorey trees were left at the site and weak
photosynthesis could be observed simultaneously with the
increased respiration in the end of April 2016 (Fig. 4). In
May, the estimated magnitude of gross primary production
(|GPP|, Appendix A) increased to 0.05mgCO;m~2s~!,
which was about 25 % of the respiration rate at that time.
However, |GPP| decreased to 0.02 mg CO, m~2s~!in June,
after which it started to increase again, reaching its maxi-
mum at 0.08 gCO, m~2 s~ at the end of July and the begin-
ning of August. From that point on, photosynthesis started
to weaken, marking the ending of the growing season, and
ceased in mid-October, about a month before the first snow.
In 2017, |GPP| increased from mid-May until July, when
it stabilized at around 0.11 mg CO, m~2s~!. Similarly to in
2016, |GPP| decreased from August onwards.

The correlation between the night-time NEE (i.e. Reco in
Eq. A3) and the 5 cm soil temperature was stronger in sum-
mer 2017 than 2016 (Fig. 5a). The model fits (Eq. A3) indi-
cate that the temperature response of ecosystem respiration
(parameter E) was also stronger in 2017. However, the base
respiration rate Ry (Reco at 10 °C) was larger in the first than
the second summer (0.199 vs. 0.173 mg CO, m2s71). In
addition, no correlation was found between the model resid-
uals and WTL in either summer (Fig. S5). Like the tempera-
ture response of Reco, the light response of GPP was stronger
in summer 2017 than 2016 (Fig. 5b). Also, the corresponding
maximum gross photosynthesis rate (GPmax, Eq. A2) more
than doubled (—0.226 vs. —0.100mg CO; m~2s~1).
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The site was on average a CO» source throughout the day
during the summer as well. It should be noted, however, that
there were still multiple half-hour periods, especially in Au-
gust 2017, when the site acted as a CO; sink. A noticeable
diel variation in NEE was observed mainly from April to
October (Fig. 6). Between April and August, the mean diel
NEE cycle had a minimum during the morning hours (05:00-
10:00, UTC+2) and the highest emissions during the evening
and night (21:00-01:00). After August, the lowest emissions
took place later, at around noon. On the other hand, the high-
est emissions were observed earlier, at 20:00 in September
and at 18:00 in October. In October, the diel cycle of NEE
was still noticeable; it vanished in November and reappeared
in March 2017. In spite of the different mean fluxes, the
amplitudes of their diel cycle were rather similar in 2016
and 2017, except from July to September when the ampli-
tudes were much larger in 2017. Also, unlike in 2016, sys-
tematic diel variation was still obvious in November 2017.
Even though such variation indicates significant photosyn-
thesis during the midday hours, the monthly mean diel NEE
cycle consistently showed positive fluxes.

3.2.2 CO; balances

The annual CO; balances of the first and the second year after
clear-cutting were 3086+ 148 g CO, m~2 (& uncertainty; see
Appendix) and 2072 & 124 g CO, m~2, respectively. About
half of the annual CO, emissions during both EC measure-
ment years took place during the summer months (JJA),
totalling 1558 +99 g CO, m~2 (Table 2, Fig. 7), and 73 %
(2256146 g CO, m~2) of the annual total was accumulated
during the May—September period. In 2017, however, these
emissions decreased to 915 +79 gCO; m—2 (June—August)
and 1401 & 109 g CO, m~2 (May—-September), i.e. by 41 %
and 38 %, respectively. The effect of storage fluxes on the
CO, balance was negligible as the daily mean storage flux
typically varied within £0.009 mg CO, m~2s~! during sum-
mer and within £0.004 mg CO, m~2s~! during the other
seasons.

The most significant period of CO; uptake was from June
to September (Fig. 7). Considering only the summer months
(JJA), the integrated GPP was 389 and 761 gCO;, m~2 in
2016 and 2017, respectively (Table 2); i.e. the mean CO,
uptake in the second summer after clear-cutting increased by
96 % from the first summer. On the other hand, the total sum-
mertime Reco decreased by 14 %, from 1928 g CO, m~2 in
2016 to 1652 g CO, m~2 in 2017 (Table 2).

3.3 Soil GHG fluxes

The summertime (JJA) Rg measured at the soon-to-be clear-
cut site in 2015 was 1611 4 191 gCO» m~2 (< uncertainty;
see Sect. 2.5), and the measured CO; fluxes varied
from 0.04 to 0.36gCO,m~2s~! (Fig. 8a). The CHy
flux averaged over all the measurement plots was —26 +
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5ng CHy m~2s~! before the clear-cutting. All the measured
CHy fluxes were negative (Fig. 8b) ranging from —103 to
—2ng CH; m~2s~!. N,O fluxes varied mostly from —17 to
33ngNoOm~2s! and averaged at 1+ 5ngN,Om=2s~!
(Fig. 8c). At the control site, the summertime fluxes of
CO; (from 0.03 to 0.39gCO; m~2s~!) and N,O (mean:
11+9ngN,0O m~2s~!)in 2015 were not significantly differ-
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ent from those at the soon-to-be clear-cut site. However, the
CHy fluxes (mean: —10+ 3 ng CHy m~2s~ 1) at the control
site were significantly (p < 0.02) larger than at the soon-to-
be clear-cut site.

After the clear-cutting, the total summertime Rgr decreased
to 9804299 g CO, m~2 in summer 2016 and remained at
the same level (1047 £ 113 gCO, m~2) in 2017. These num-
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Table 2. Annual and summertime (JJA) balances of net ecosystem exchange (NEE), modelled gross primary production (GPP), and modelled
total ecosystem respiration (Reco), as well as the modelled summertime sums of forest floor respiration (Rgr).

Annual ‘ Summer (JJA)
Apr2016-Mar 2017 Apr 2017-Mar 2018 | 2016 2017
NEE [gCO, m—2] 3086+ 148 2072+ 124 | 1558 +99 915+79
|GPP| [gCO, m™2] 659 1106 389 761
Reco [gCOr m™2] 3727 3135 1928 1652
Ryt [§COy m—2] - — | 980£299 1047+113

2016
— 2017
— 2018

010

NEE [mg CO, m=2571]

Figure 6. Monthly mean diel cycles of gap-filled net ecosystem ex-
change (NEE) measurements in the first (2016, grey), second (2017,
black) and third (2018, blue) calendar year after the clear-cutting.
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Figure 7. The monthly sums of net ecosystem exchange (NEE),
gross primary production (GPP) and ecosystem respiration (Reco)
based on EC data in April 2016-March 2018.

bers were 51 % and 63 % of the Rec, for the summers of
2016 and 2017, respectively (Fig. 9). Also, the temperature
response of Rg got weaker, and the Ry parameter (Rg at
10°C) decreased, while at the control site the responses re-
mained quite similar over the years (Fig. 10). The strength
of temperature response and Ry partly recovered in 2017 but
were still weaker than before the clear-cutting. In contrast
to the Ry at the clear-cut, the summertime Rg at the con-
trol site increased from 1852 = 1353 g CO, m~2 in 2015 to
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22804346 g CO; m~2 and 2438 £225gCO, m~2 in 2016
and 2017, respectively. However, the increase was signifi-
cant only when comparing the summers of 2015 and 2017
(p < 0.05). The clear-cut and control sites were significantly
different from each other in both summers (p < 0.001) after
clear-cutting.

CH4 fluxes changed markedly after the clear-cutting, as
the previously small mean CHy sink turned into a small CHy
source in the first (4 =3 ng CHy m2s~!) and second (6 £+
2ng CHy m~2 s~ 1) year after the clear-cutting (Fig. 8b); the
changes were significant for both years (p < 0.001). How-
ever, the post-clear-cut years were not significantly different
from each other (p = 0.85). The post-clear-cut fluxes var-
ied mostly from —14 to 28 ng CHy m~2s~1, with some oc-
casional emission peaks reaching up to 140ng CHy m 2 s~ 1.
Most of the measured fluxes were positive (emission), even
though a single measurement plot could act both as a source
and a sink on different measurement days. The control site
remained as a CHy sink in 2016 and 2017 and neither of
the mean summer fluxes were significantly different from
the preharvest summer mean. However, the mean CHy4 fluxes
were significantly different (p < 0.001) between the sites in
both post-harvest summers.

Similarly to CHg, the post-clear-cut N, O fluxes were sig-
nificantly higher than the pre-clear-cut ones (p < 0.001), and
the post-clear-cut years did not differ significantly from each
other. After the clear-cutting, the mean annual fluxes were
228 +26 and 212£21ngN,Om~2s~! in 2016 and 2017,
respectively (Fig. 8c). All the measurement plots turned to
large N2O sources, and the largest measured emission was
1339ngN>Om~25s~!. All the measured fluxes were posi-
tive, except for a plot furthest from the ditch that acted as a
temporary N, O sink in 2017, especially in the June—July pe-
riod. The N, O fluxes at the control site remained low in sum-
mer 2016 (mean: 16 + 11 ngN,O m~2s~ 1) but increased in
summer 2017 (mean: 7010 ng N,O m~2s~1). However, the
post-harvest emissions at the control site were significantly
lower than those at the clear-cut site (p < 0.001). Both the
spatial and temporal variations were large: the largest emis-
sions occurred in June while from July onwards the emis-
sions decreased (Fig. 8c).
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Figure 9. The division of ecosystem respiration (Reco, based on
EC measurements) to forest floor respiration R (chamber measure-
ments) and respiration of logging residues (Ryegique = Reco — Rff)
for the summers of 2016 and 2017.

3.4 Energy fluxes
The daily sums of sensible heat (Qy) were about
IMIm~2d~! on average at the start of the EC measure-

ment period in April 2016 and increased to a maximum
of 47MJIm~2d~" in June (Fig. 11). In July, the daily Oy
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sum was already decreasing with the decreasing net radia-
tion (Qn) and turned negative in October. On the other hand,
the daily sums of latent heat flux (Qg) were quite stable
from April until August, averaging at 1.040.04 MJm~2d~!
(£ standard error of mean). In September, QF started to de-
crease and reached zero at the end of October. The ground
heat flux (Qg) varied within 0-0.5MJm~2d~! from April
to August, after which it varied mostly between —0.5 and
OMJIm~2d~! until the end of April 2017.

In 2017, the seasonal dynamics of the energy fluxes were
similar to 2016, but the magnitude of fluxes changed con-
siderably. The summertime average daily sum of Qy de-
creased from 1.8 to 1.2MJm~2d~!, while that of Qg in-
creased from 1.3 to 2.3 MJm~2d~!. Also, the monthly sums
of these fluxes were markedly different in the second year af-
ter the clear-cutting. During the period of the highest fluxes
(April-September), the Qy sum was 33 % smaller in 2017
than 2016, while the Qg and QN sums were higher by 40 %
and 13 %, respectively. The changes in Qg were minor.

The monthly mean midday Qg in May and June 2016
were 206 and 165 W m~2, respectively (Fig. 12a). After June,
the midday Qpy started to decrease with decreasing Qn, and
the night-time Qpy turned from zero to slightly negative.
The midday Qg also increased from April to June, reaching
88 Wm~2, and remained quite stable until September. The

Biogeosciences, 16, 3703-3723, 2019
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Figure 11. Daily sums of net radiation (Qn), sensible heat flux (Qp), latent heat flux (Qg) and ground heat flux (Qg).

resulting monthly mean daytime Bowen ratio (8), increased Correspondingly, B was lower than 1 (0.6-1.0) during the
from 1.7 in April to 2.6 in May 2016 and then declined to 0.8 period of high fluxes in 2017, except in May when it was 1.7.
in August. In 2017, the mean midday Qg was similar to that
in 2016, except in July and September when the fluxes were
34 % and 23 % lower, respectively, than in 2016 (Fig. 12b).
However, the daily maximum Qg was either similar to or
higher (up to 48 %) than Qp in all months except May 2017.
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4 Discussion
4.1 Dynamics of the CO; fluxes and flux components

The study site was a large source of COy during the 2 EC
measurement years after clear-cutting, but the emissions
were 33 % smaller in the second than the first year. |GPP|
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remained low and stable during the first summer after clear-
cutting, reflecting the fact that neither vascular ground veg-
etation nor moss cover had developed substantially by that
time. However, during the second summer, the total |GPP|
increased by 96 % from the first post-clear-cut summer, and
the increase in the coverage of ground vegetation was al-
ready noticeable (although not directly measured). This rela-
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tively fast recovery of ground vegetation is similar to the leaf
area index changes observed by Mikiranta et al. (2010) af-
ter clear-cutting in a nutrient-poor peatland forest. Reco Was
larger in the first summer than in the second post-harvest
year, which could be due to the first year being warmer or
due to changes in the respiration of either residues or forest
floor in the second year. The chamber measurements, which
were not affected by aboveground logging residues, showed
a39 % and 35 % decrease in Ry after clear-cutting in the first
and second summer after clear-cutting, respectively. Possible
reasons for this decrease include reduced peat decomposition
due to raised WTL, ceased autotrophic respiration of (the
harvested) trees roots and decreased autotrophic respiration
of ground vegetation, even though the latter slightly recov-
ered during the summer as the ground vegetation started to
regrow. The CO; flux from the decomposing below-ground
logging residues (roots) was not sufficiently large to com-
pensate for this decrease in Ry. In summer 2016, R was
51% of the Reco, suggesting that half of the Rec, during
that time originated from the above-ground logging residues,
which were not included in the chamber measurements of
Rir. In summer 2017, however, Reco decreased by 14 %, but
Rir remained about the same, indicating that a larger propor-
tion (63 %) of Reco originated from the forest floor respira-
tion than in the previous summer. This could be due to the
decrease in decomposition rate of the aboveground logging
residues due to lower temperatures and because the residues
had already partly decomposed during the previous summer.
However, the lower temperatures would also decrease Riyr,
but this did not happen because in 2017 WTL was 5cm
lower, which enhanced peat decomposition. In addition, the
NEE in summer 2017 was approximately equal to Rg, which
means that the increase in |GPP| was sufficient to balance
the CO, emissions from the logging residues but not from
soil and plants.

After the removal of the canopy, more solar radiation
reached the ground surface, heating it more during the day-
time, while the heat transfer from the soil to the atmosphere
was enhanced during the night; together these resulted in a
higher diel variation in soil temperature. On the other hand,
the insulating impact of logging residues may have partly
dampened the amplitude of the diel temperature cycle, as ob-
served by Ojanen et al. (2017). The higher soil temperatures
during the daytime may have enhanced peat respiration in
the layer closest to the surface. However, it has been shown
in previous studies that the temperature response of respira-
tion weakens when the soil gets dry, often resulting in lower
respiration rates (Mékiranta et al., 2009, 2010). Such weak-
ening of the temperature response was also observed at Let-
tosuo, especially in the first summer after the harvest when
the almost bare soil surface was exposed to more solar ra-
diation after clear-cutting. Also, summer 2016 was warmer
and drier than on average, which probably enhanced this ef-
fect. Moreover, the addition of logging residues may have in-
creased Reco substantially, as demonstrated by Mikiranta et
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al. (2012), who observed that the plots with logging residues
had a CO; efflux twice as high as the plots without them.
However, a later study by Ojanen et al. (2017) did not show a
consistent increase in soil organic matter decomposition rates
at similar sites. In previous studies, a decrease has been ob-
served in both Reco (Kowalski et al., 2004, 2003; Takagi et
al., 2009) and Rg (Mikiranta et al., 2010; Takagi et al., 2009;
Zerva and Mencuccini, 2005) after clear-cutting in peatland
and upland forests. However, also increasing Rec, and Rgr
have also been reported (Kowalski et al., 2004; Londo et
al., 1999). The differences between these results are most
likely caused by a different effect of the harvest on soil
microbial activity, which is mostly controlled by soil tem-
perature, moisture and nutrient availability (Davidson et al.,
1998; Fontaine et al., 2004, 2007; Lloyd and Taylor, 1994).
Other possible reasons for this variability include differences
in, for example, root respiration, the type and amount of log-
ging residue, and WTL, especially in peatland forests.

In peat soils, the decomposition of organic matter is
mainly controlled by soil temperature and WTL (Blodau et
al., 2004; Mikiranta et al., 2009; Silvola et al., 1996), but
soil temperature is typically the most influential factor for ex-
plaining the temporal dynamics in Ry (e.g. Mikiranta et al.,
2008; Ojanen et al., 2010). At Lettosuo, the correlation be-
tween the half-hourly Rec, and soil temperature was mostly
weak. This could be due to logging residues, as their decom-
position rate probably does not depend as much on soil tem-
perature as on the temperature and moisture of the logging
residues themselves. At times, especially when the temper-
ature range was larger (in May and June), a significant re-
lationship (correlation coefficient peaking at 0.57) was ob-
served, and there was also an obvious temperature response
that followed the annual cycle. Also, when WTL is closer
(> —15 cm) to the surface, it is usually a significant predictor
of Ry in peat soils (Chimner and Cooper, 2003; Riutta et al.,
2007). At Lettosuo after clear-cutting, WTL varied mostly
within 20-30 cm below the soil surface, and there was no cor-
relation between Reco and WTL after removing the effect of
soil temperature on Reco (Fig. SS5). Because Reco combines
many respiration components in addition to Ry, it is likely
that the high CO; efflux from logging residues, for example,
masks the possible WTL effect on Ry;.

Our results show that, after clear-cutting, a peatland for-
est is a large source of CO; to the atmosphere. Nutrient-
rich drained peatland forests with a growing tree stand have
generally been found to be CO; neutral or small sinks of
CO; (Meyer et al., 2013; Ojanen et al., 2013; Uri et al.,
2017), as the carbon accumulated by trees typically bal-
ances the carbon emissions caused by the decomposing peat
layer. This suggests that Lettosuo was probably also close
to a CO;-neutral state before the clear-cutting. Thus, the im-
pact of clear-cutting from CO, neutral to a source of 3086 +
148 g CO, m~2 yr~! in the first year after clear-cutting must
be considered substantial. This also means that the site may
need to be considered a net CO; source in terms of the long-

www.biogeosciences.net/16/3703/2019/



M. Korkiakoski et al.: Greenhouse gas and energy fluxes in a boreal peatland forest after clear-cutting

term balance even if the forest had been a CO; sink at a par-
ticular growth stage (Hommeltenberg et al., 2014), depend-
ing on how long the post-clear-cut emissions continue. In this
study, however, we only focus on the immediate impact of
clear-cutting.

Maikiranta et al. (2010) measured CO» exchange in
a clear-cut nutrient-poor peatland forest with soil cham-
bers during a growing season (May—October) and reported
slightly smaller NEE (1990 g CO, m~2 season™!) than the
NEE we measured at Lettosuo during a similar timeframe
(2340 g CO, m~2 season™'). Among mineral soil forests, on
the other hand, the annual CO, exchange measured with the
EC method right after the clear-cutting varies a lot; the an-
nual balances ranging from ca. 400 to 4700 g CO; m—2 yr~!
(Amiro et al., 2010; Clark et al., 2004; Humphreys et al.,
2005; Kowalski et al., 2004, 2003; Takagi et al., 2009;
Williams et al., 2013). If considering only mineral soil
forests, the forests in warmer climates typically emit more
carbon after the harvest, but they also recover faster than the
boreal forests (Amiro et al., 2010). Compared to the stud-
ies cited above, the clear-cut site at Lettosuo was the second
largest source of CO, immediately after clear-cutting, being
second only to the slash pine plantation in Florida (Clark et
al., 2004). The high CO, emission at Lettosuo as compared
to other clear-cut sites on mineral soil is apparently due to
the decomposition of the oxic peat layer in this nutrient-
rich forest, which are known to act as CO; sources up to
1000 g CO, m~2 yr~! (Ojanen et al., 2013; Uri et al., 2017).
Mineral soil forests do not have a peat layer or any other
carbon storage that could cause CO; emissions of such mag-
nitude.

4.2 Soil CH4 and N,O fluxes

The CH4 flux in peat soils is mostly controlled by WTL
(Martikainen et al., 1995; Roulet et al., 1993), which divides
the peat column into anoxic and oxic layers in which CHy
production and oxidation occur, respectively. After clear-
cutting, the WTL rose from —33 cm in 2015 to —22cm in
2016 during July—August, and the highest estimated rise in
WTL occurred in July—October when clear-cutting was es-
timated to raise WTL by 23 cm on average when compared
to the background model. This made the topsoil oxic layer
much thinner and the conditions less favourable for CHy oxi-
dation, allowing a smaller amount of the CH4 produced in the
anoxic layer to be oxidized before reaching the atmosphere.
The WTL rise was enough to turn the clear-cut site from a
CHy sink into a small CHy4 source, while the control site re-
mained a consistent CHy sink. A similar turn of a clear-cut
site from a CHy4 sink to a source has previously been found
for both peat (Zerva and Mencuccini, 2005) and mineral soils
(Sundqvist et al., 2014). However, Huttunen et al. (2003)
measured mostly net CHy uptake in two drained peatland
forest sites in southern Finland also after clear-cutting, and
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the difference between the control and clear-cut sites was not
statistically significant in either case.

The N,O fluxes were highly variable both before and af-
ter clear-cutting. However, there was a strong increase from
the mean pre-clear-cut average flux of 1 £5ngN,Om 25!
to the post-clear-cut flux of 228 +26ngN,Om~2s~!. On
the other hand, the emissions were small at the control site
in 2016 but increased in 2017, especially in June, even
though the increase was markedly smaller than at the clear-
cut site. This is probably due to higher precipitation in 2017,
which increased soil moisture and enhanced denitrification.
Increases in N, O emissions after clear-cutting have also been
observed in peat and mineral soil forests by Huttunen et
al. (2003) and Saari et al. (2009), but the fluxes at these
sites were an order of magnitude smaller than at Lettosuo.
It should be noted that the NoO measurements in this study
do not include any above-ground logging residues, which
are expected to raise NoO emissions further; Mékiranta et
al. (2012) found N, O emissions about 3 times as large from
the plots with logging residues as those from the plots with-
out them.

Compared to the change in NEE (i.e. CO; fluxes) at the
site, the change in CH4 emissions is negligible when con-
sidering its climatic impact in terms of the global warm-
ing potential over 100 years (GWP g9 = 34; IPCC, 2013).
Even though the change in N,O fluxes to the present level
at our site was large, the climatic effect of NoO was only
about 10 % of that due to the even larger change in NEE,
when considering GWP over a period of up to 100 years
(GWPq00 =298; IPCC, 2013).

4.3 Energy fluxes

The mean daily Qg at Lettosuo during the spring and sum-
mer right after the clear-cutting varied mostly within 0.5—
25MIm2d~! and within 1.0-4.0MIm~2d~! during the
second spring and summer. Compared to the values of 2—
10 MJI m~2 d~! measured in an upland forest in western Rus-
sia (Mamkin et al., 2016), our numbers are low. In the case
of Qp, the fluxes at Lettosuo were systematically lower than
those reported by Mamkin et al. (2016), but the difference
was not as large as for Qg.

At Lettosuo, § was lower in the second summer after the
clear-cutting as compared to the first summer: in summer
2016 B was > 1 most of the time, whereas in summer 2017 it
was < 1 for the whole summer. Thus, the pattern was some-
what different from the results of Mamkin et al. (2016), who
reported that 8 < 1 already throughout the first summer after
the clear-cutting. One reason for the smaller Qg at Lettosuo
could be the drier-than-normal summers in 2016 and 2017
and the drier surface layer of the peat.

In summer 2017 at Lettosuo, Qy decreased slightly and
Qg almost doubled compared to 2016, suggesting a recov-
ery of transpiration due to the gradual recovery of ground
vegetation. This is in agreement with the results obtained by
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Williams et al. (2013) for a clear-cut Norway spruce plan-
tation in the northeastern USA, where a recovery of evapo-
transpiration and a decrease in Qg were observed across the
years after the clear-cutting. Moreover, the recovered ground
vegetation at Lettosuo most likely increased albedo and thus
prevented the soil from heating as much as in 2016, resulting
in a smaller Qg over the whole summer. The clear-cut site
at Lettosuo is small, but a larger-scale clear-cutting would
probably affect local and regional climate due to changes in
surface energy balance fluxes. This is because Qy and QF af-
fect the properties and growth rate of the planetary boundary
layer, influencing convection and the long-range transport of
heat and humidity.

5 Conclusions

Based on our measurements, we conclude that after clear-
cutting a nutrient-rich peatland forest is a large CO; source.
This is due both to the decomposition of peat and logging
residues and to the reduction of gross primary production
as a result of the removal of photosynthesizing trees and
the decline of ground vegetation and understorey. Remov-
ing the trees decreased transpiration, which caused the WTL
to rise by 23 cm compared to the background model during
July—October, which in turn likely decreased the peat decom-
position rate due to the decreased volume of aerobic peat.
Plant respiration also decreased as the plants were removed
or destroyed. On the other hand, decomposition of logging
residues increased CO;, emissions from the site; the emis-
sions from the residues were estimated to be 49 % of the
total ecosystem respiration in the first summer after clear-
cutting. In the second summer, ground vegetation and its pri-
mary production recovered noticeably. On the other hand, the
CO; emissions from the logging residues decreased, as part
of the residues had decomposed during the previous summer.
In total, these changes reduced the net CO, emissions of the
site by 41 % compared to the first summer.

Biogeosciences, 16, 3703-3723, 2019

The soil turned from a small CHy sink into a small source
after clear-cutting due to the WTL rise. However, the radia-
tive forcing related to this change was insignificant compared
to that due to the change in NEE. Clear-cutting turned the
soil into a substantial source of N»O. This change produced
a 100-year GWP of about 10 % of that due to the increased
NEE at the site.

The mean daytime latent heat flux almost doubled from
the first to the second year after clear-cutting, suggesting that
the transpiration of ground vegetation had recovered. The re-
covered ground vegetation most likely also increased albedo
and thus prevented the soil from heating as much as in 2016,
which resulted in a smaller sensible heat flux.

Overall, the results of this study show that clear-cutting
peatland forests exerts a strong climatic warming effect
through accelerated emissions of greenhouse gases. How-
ever, this study only demonstrates a short-term impact of
2 years, and more extensive measurements are required to
gain knowledge of the long-term effects of clear-cutting in
peatland forests.

Data availability. The measured flux and meteorological data are
available at Zenodo (https://doi.org/10.5281/zenodo.3384791, Ko-
rkiakoski et al., 2019).
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Appendix A: Gap-filling CO, data

To calculate seasonal and annual CO; balances, full time se-
ries are needed and thus any gaps in the CO; flux data need
to be filled. For this reason and to analyse the components of
the carbon balance, we partitioned the measured CO, flux,
i.e. net ecosystem exchange (NEE), into gross primary pro-
duction (GPP) and total ecosystem respiration (Reco):

NEE = GPP + Reco. (A1)

For gap-filling, we expressed GPP as a function of irradiance
(e.g. Aurela et al., 2015):

o x PPFD X GPpyay

GPP= ———,
o X PPED + GPax

(A2)
where PPFD is the photosynthetic photon flux density, « is
the initial slope of the NEE response to PPFD and GPpax
is the asymptotic gross photosynthesis rate in optimal light
conditions. Reco Was assumed to follow the Arrhenius-type
model described by Lloyd and Taylor (1994):

1 1
R = R, E{——— s A3
eco 0 X €Xp |: (TO T — T )] (A3)

where Ry is the ecosystem respiration at 10°C, E is the
temperature sensitivity of the respiration, 7y is the mea-
sured soil temperature at 5 cm depth, 7o = 56.02K and 77 =
227.13K.

The parameters E and Rp were defined from the night-
time data (PPFD < 20 umol m~2 s~!) in two parts. First, the
parameter E, which was allowed to vary within 200-500 K,
was determined with a 15d moving window for each day,
with the minimum number of observations set to 12. If there
were not enough observations within a time window, then
the window size was increased by 1d both in the beginning
and at the end until enough data were found. The resulting
window size varied between 15 and 27 d, but only 22 gap-
filled days had a longer window than 15d. Next, all the E
values that hit the allowed boundary values (200 and 500 K)
were discarded and filled with 14 d moving medians. Finally,
a 15 d moving window, similar to the one in the first part, was
used to determine R( by using the fixed E values. Also, us-
ing the same moving window, GPp,,x and o were determined
from the daytime data. However, from 1 November 2016 un-
til 8 March 2017, with no significant CO, uptake, a 5d mov-
ing average was used to fill the gaps in the measured NEE.

All the calculations and analyses were made with the
Python programming language (Python Software Foun-
dation, version 2.7, https://www.python.org, last access:
5 September 2019). For the fits, the least-squares method
was used through the “polyfit” function of the NumPy (http:
/lwww.numpy.org/, last access: 5 September 2019) library
for the linear regression and the “curve_fit” function of the
SciPy (http://www.scipy.org/, last access: 5 September 2019)
library for the nonlinear fits.
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Appendix B: Uncertainty analysis of NEE

The CO; balance obtained from EC measurements has mul-
tiple potential error sources due to instrumental, statistical
and methodological uncertainties. We included the most sig-
nificant, although not all, random error sources. The random
error including the statistical measurement error (Emeas) in-
herent in EC measurements and the error caused by gap fill-
ing of missing data (Eg,p) was estimated as follows (Résinen
etal., 2017):

(NEE; obs — NEE; moa)”

Nobs/mod

/Mimeas/gap B

i

Emeas/gap = J Z

where NEEps is the 30 min flux that passed all the filter-
ing procedures, NEE,oq is the corresponding fitted NEE
(Egs. A1-A3), and nyeas/gap is the number of the measured
or gap-filled data. This method provides a conservative esti-
mate for Emeas (Aurela et al., 2002) and for Eg,p includes the
effect of random variability on the model fits.

The annual systematic error caused by the friction veloc-
ity filtering (Eystar) Was estimated by recalculating the an-
nual balance with modified data sets that were screened with
two different u, limits (0.075 and 0.175ms™1). Eygar was
calculated as the average difference between the annual bal-
ance calculated with the optimal u, threshold (0.125 m s7h
and with the annual balances calculated with the modified
u, limits. Similarly, two additional different footprint lim-
its (0.65 and 0.85) were adopted to estimate the annual error
caused by the footprint filtering (Efp).

The total uncertainty of the annual balance (Eo) was cal-
culated with the standard error propagation principle:

Eior = \/El%leas + Eé‘dp + El%“a' + E?P' (B2)

Appendix C: Gap-filling energy fluxes

Energy fluxes were gap-filled in several steps following the
procedure described by Kowalski et al. (2003). First, the gaps
in daytime Qu (On > 0) were filled with monthly linear re-
gressions with net radiation. Next, the night-time (On < 0)
gaps in Qg were replaced by the corresponding On. Finally,
the daytime gaps in Qg were filled in such a way that the
monthly mean energy balance closure was achieved, while
during the night the missing Qg data were set to 0.
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Supplement. The supplement related to this article is available on-
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ARTICLE INFO ABSTRACT

Keywords: Rotation forestry including clearcutting is a common method of practising forestry in Fennoscandia. Clearcutting
Methane in peatland forests markedly increases environmental loading: leaching of nutrients and methane (CH,) and
Nitrous oxide nitrous oxide (N»O) fluxes from soil. Continuous cover forestry has been suggested as an alternative because it
Flux

does not include clearcutting but partial harvesting. However, impacts of partial harvesting on greenhouse gas
fluxes are not well understood and in peatlands have not been studied at all. We conducted a partial harvest by
removing 70% of the total stem volume in a mature nutrient-rich peatland forest in Southern Finland. The aim
was to investigate how partial harvesting a peatland forest affects CH, and N,O balances, and how much dif-
ferent surface types contribute to the balances. We used automatic and manual chamber methods to measure
fluxes from both harvest and uncut control site. Fluxes were measured from the forest floor, logging trails, and
ditches. Fluxes from these surface types were upscaled to obtain net ecosystem-level fluxes during two post-
harvest summers (June-August 2016 and 2017). After the harvest, forest floor CH, fluxes did not change sig-
nificantly at the harvested site compared to the control site. However, fluxes at logging trails increased sig-
nificantly. N,O fluxes increased at the harvest site in the post-harvest years, but so did those at the control site as
well. Upscaling CH,4 fluxes to ecosystem-level indicated that despite their small area (2.4%), emissions from
ditches could be large on ecosystem-scale, but their uncertainty was high, while the logging trail CH, fluxes
(20% of the total area) were small. In contrast, N,O fluxes from ditches were low, but the logging trail fluxes
comprised 35-38% of the total surface balance. The overall conclusion is that partial harvesting did not cause
considerable changes in CH, and N,O fluxes from a forestry-drained peatland.

Peatland forestry
Selective harvest
Disturbance

Introduction are located in the boreal region (Fischlin et al., 2007).
About 15 million hectares of the boreal peatlands and more than

The most important greenhouse gases (GHG) behind climate half of the original 10 million ha mire area in Finland has been drained

change, after carbon dioxide (CO,), are methane (CH,) and nitrous
oxide (N,O). Their atmospheric concentrations are much smaller than
that of CO,, but due to their stronger radiative forcing on per-mass, CHy4
and N,O constitute about 20% and 7% of the global radiative forcing
(Myhre et al., 2013), therefore significantly contributing to global cli-
mate change. Peatlands store about a third of the global soil carbon (C)
pool (Gorham, 1991; Turunen et al., 2002), making them an essential
part of global C and nitrogen (N) cycles and contributing significantly
to ecosystem-atmosphere exchange of CH, and N,O. They cover ca. 3%
of the Earth's land surface (Clarke and Rieley, 2010), and most of them
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for forestry (Péivinen and Hénell, 2012). Forestry on peatlands, where
drainage of the site is one of the most profound measures, affects the
conditions for CH4 and N,O production significantly. Drainage of
peatlands lowers the WTL, which leads to increased oxygen availability
in the peat soil above the WTL (Prévost et al., 1997), and thus decreases
the CH, fluxes from the soil. This is because the CH,4 production ceases
in the oxic peat, but also because there is more CH4 oxidation in the
thicker oxic peat layer. In minerotrophic sedge-dominated mires, an
even more important factor is the disappearance of sedges following
drainage: the input of easily decomposable substrate (labile C) to the
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anoxic peat layers through sedge roots (Joabsson et al., 1999) ends, and
so does the transport of CHy4 from the anoxic layers to the atmosphere
through sedge aerenchyma. However, the drainage ditches still emit
CH, and may negate much of the emission-reducing impact of the
drainage (Minkkinen et al., 1997; Minkkinen and Laine, 2006). Drai-
nage typically increases N»O fluxes only from fertile/nutrient-rich sites
(Martikainen et al., 1993). In peatlands, high N,O fluxes occur mainly
from sites with a soil C:N-ratio lower than 25 (Ernfors et al., 2008;
Klemedtsson et al., 2005). About 40% of drained peatlands in Finland
represent herb-rich and Vaccinium myrtillys types (Korhonen et al.,
2017), with C:N-ratios typically below 25 (Minkkinen et al. 2020, un-
published results).

Rotation forestry, which is the most common forest management
method in Finland and other Nordic countries, includes clearcutting
with stem wood harvest at the end of the rotation. Most of the logging
residues produced in the harvesting operation are typically placed on
the logging trails to create support for the heavy harvesting machinery,
and after the harvest, the residues are either collected or left on the site.
After clearcutting, the site is typically mounded or harrowed, and the
new tree seedlings are planted or seeds sown. In addition to a radical
change in hydrological conditions, the soil preparation method after
clearcutting influences the CH4 and N,O fluxes (Pearson et al., 2012).
Clearcutting has been shown to switch forest sites from net CHy sinks to
sources in both peat (Korkiakoski et al., 2019) and mineral soils
(Sundqvist et al., 2014) due to the rise of WTL, although in some studies
CH, fluxes did not change significantly despite increased WTL
(Huttunen et al., 2003; Saari et al., 2009). According to Ojanen et al.
(2010, 2013), CH4 emissions only increase when the WTL is higher than
-30 cm. Also, N,O emissions usually increase after clearcutting
(Huttunen et al., 2003; Korkiakoski et al., 2019; Neill et al., 2006;
Robertson et al., 1987; Saari et al., 2009), although contrary results
with no effect have also been reported (Nieminen, 1998). The reasons
behind the increase in N,O fluxes are unclear, but logging residues have
been suggested to enhance N,O fluxes (Mékiranta et al., 2012). Clear-
cutting has also been shown to influence forest micrometeorology by
changing surface albedo, net radiation, surface roughness and conse-
quently the energy fluxes (McCaughey & Brintnell 1984; Amiro 2001;
Rannik et al. 2002; Kowalski et al. 2003), which indirectly affect CH,4
and N,O exchange between soil and the atmosphere.

Shifting from rotation forestry towards methods applied in con-
tinuous cover forestry (CCF) has been suggested to mitigate the harmful
environmental impacts resulting from clearcutting in peatlands
(Nieminen et al., 2018). In CCF, only part of the tree stand is removed
in cuttings. The cuttings usually include harvesting from above and
below (bigger and smaller trees), so that the remaining stand can grow
larger and the open places are naturally regenerated. Thus the stand is
typically uneven-aged and uneven-structured, it is never clear-cut, and
the forestry is not based on stand rotations. The effects of partial har-
vesting have been studied on various upland forests (Li et al., 2010;
Mazza et al., 2019; Sundqvist et al., 2014) but measurements from
peatland forests are lacking.

This study investigates how partial harvesting in a mature, drained
boreal pine-dominated peatland forest affects the exchange of CH4 and
N,O between the forest floor and the atmosphere, and what is the
contribution of ditches and the logging residues and trails on site-level
CH,4 and N»O balances. WTL raise after partial harvesting is expected to
remain smaller than after clearcutting, and therefore, CH, emissions
should increase less than after clearcutting. Also, N,O emissions are
expected to increase from pre-harvest conditions as mineral N is lib-
erated from decomposing logging residues while fewer trees are taking
it up. In this study, the purpose of the partial harvesting was to re-
generate the stand naturally by releasing the spruce understorey,
leaving most of the birches for contributing to the transpiration po-
tential of the retained stand and as shelter wood for the desired new
spruce seedlings expected to show up after harvesting. Should the
transpiration potential of the retained stand prove sufficient regarding
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drainage and, thereby, proper recovery and future growth of the re-
leased understorey, ditch network maintenance may not be needed in
this connection. Further, with sufficient regeneration of new seedlings,
the development towards an uneven-structured, mixed birch-spruce
stand could be enabled.

2. Materials and methods
2.1. Site description

The measurements were carried out in a nutrient-rich peatland
forest called Lettosuo located in southern Finland (60°38’ N, 23°57’ E).
The site was sparsely drained in the 1930s, but proper drainage was
carried out in 1969. After the drainage, the site was fertilised with
phosphorus and potassium. The distance between the ditches is on
average 45 m, and they were dug ca. 1 m deep but have since been
partially filled with vegetation. Before partial harvesting in 2016, the
two-storeyed tree stand was composed of Scots pine (Pinus sylvestris)
with some pubescent birch (Betula pubescens) in the dominant tree
storey with stem numbers of 470 and 190 per ha, dominant heights of
21 and 18.5 m, and standing stem volumes of 184 and 41 m® ha™?,
respectively. The understorey included mostly Norway spruce (Picea
abies) (ca. 1000 stems ha~'; 34 m® ha™?!) and some small-sized pub-
escent birch (ca. 450 stems ha™'; 7 m® ha™!). The tree stand was quite
dense, and its irregular shading resulted in patchy and variable ground
vegetation. Detailed description of the ground vegetation and soil can
be found from (Bhuiyan et al., 2017) and (Korkiakoski et al., 2017,
2019), respectively. At present, the site represents the minerotrophic
Vaccinium myrtillus site type (Mtkg II) of drained peatlands (for the site
type classification in more detail, see Vasander and Laine, 2008).

The partial harvesting (hereafter harvesting) at Lettosuo was per-
formed in 2016 between February 29" and March 16" in an area of 13
ha (Fig. 1a) where all the pine trees (ca. 70% of the total stem volume)
were harvested. The logging residues were left at the site, mostly on the
logging trails to improve bearing capacity for the harvesting machinery.
The trees close to the automatic and manual chambers were harvested
without heavy machinery to avoid breaking the measurement setup and
instruments. No soil preparation or seedling planting was performed at
the harvest site. Also, the ditches were left intact.

A control site of 3.1 ha, with a similar tree stand and vegetation
composition (Fig. 1a), located north-east of the harvest site, was left
intact. On average, total stem volume on the control site was ca 20%
smaller than on the harvest site (245 and 295 m> ha ™!, respectively);
this ratio applied similarly to the dominant pine and the understorey
spruce. For birch, the basal areas (7.1; 6.8 m? ha~') and stem volumes
(53; 52 m® ha™ 1) were very similar on both sites. When selecting the
locations for the intensive study plots (automatic chambers, manual
chamber transects), we preferred locations where spruce understoreys
were as similar as possible. After harvesting, basal areas of retained
spruce around these intensive study plots were 6.8 and 7.4 m? ha™?,
and stem volumes 31 and 43 m® ha~?, in the control and harvest site,
respectively.

2.2. Automatic chamber measurements

The automatic chamber system at the harvest site was the same as
used in CO, flux measurements by Koskinen et al. (2014) and CH,4 flux
measurements by Korkiakoski et al. (2017). In addition to the system
used by Korkiakoski et al. (2017), we added a NO gas analyser in the
line (see below). A similar automatic chamber system was installed to
both the harvest site (Fig. 1c) and the control site (Fig. 1b); however,
two different N,O gas analysers were deployed at the control site for a
shorter period (Fig. S1).

Both chamber systems consisted of six transparent chambers with
dimensions 57 cm x 57 cm x 40 cm (length x width x height). The
chambers equipped with a fan, photosynthetically active radiation
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Fig. 1. Aerial view of the site taken in August 2016 (a) and the zoomed view of the chamber measurements at the control (surrounded by the green lines, b) and
harvest (surrounded by the orange lines, c) site. The dark blue squares (a) show the automatic WTL measurements started in June 2016 and the light blue squares (a)
show the WTL measurements added November 2016. Transect and ditch measurements were located in the cyan rectangles (b, c) and the yellow rectangles (c) show
the locations of the logging trail measurements. The automatic chambers were located in the green squares (b, c). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

(PAR; PQS1 PAR Quantum Sensor, Kipp & Zonen, Delft, The
Netherlands) and a radiation-shielded temperature sensor were used
with permanently installed steel collars (height 5 cm, inserted at a
depth of 2 cm) to cover different ground vegetation compositions
(Table S1) around ca. 15 m radius from the measurement cabin con-
taining the measurement instruments. During winter 2016-2017, an
extension collar (height 16 cm) was placed between the chamber frame
and the soil to raise the frame above the snow level. In addition, there
was a soil temperature profile at 5 and 30 cm depths (Pt100, PT4T,
Nokeval Oy, Nokia, Finland) about 15 m distance to the chambers at
both harvest and control sites. Air temperature was measured with
HMP45D (Vaisala oyj, Vantaa, Finland) from top of a mast at 25.7 m
height, and from 2 m height at harvest and control site. A more detailed
description of the chamber system can be found in
Koskinen et al. (2014) and Korkiakoski et al. (2017).

A Picarro G1130 cavity ring-down spectroscopy gas analyser
(Picarro Inc., Santa Clara, CA, USA) was used to measure the CH, and
water vapour concentrations with about 4 s interval, and a continuous-
wave quantum cascade laser absorption spectrometer (LGR-CW-QCL,
Model N20/CO-23d, Los Gatos Research Inc., Mountain View, CA,
USA) was used to measure N,O concentration with 2 s interval.
However, at the control site, Gasmet DX4015 based on Fourier trans-
form infrared spectroscopy (Gasmet Technologies Oy, Helsinki,
Finland) was also used in 2017 to measure the N>O concentration (Fig.
S1). The chambers closed once an hour for six minutes. Linear and
exponential regressions were applied for flux calculation as described in
more detail in Appendix A. Data was filtered with normalised root mean
square (NRMSE) and iterative standard deviation methods

(Appendix B).

Snow depth inside the automatic and manual (Section 2.3) cham-
bers was measured 1-2 times per month during winter. The precipita-
tion and air pressure data was acquired from the closest official weather
station operated by Finnish Meteorological Institute at Jokioinen (~35
km northwest of Lettosuo).

2.3. Manual chamber measurements

2.3.1. Transect and ditch measurements

Manual chamber sampling transects (Fig. 1bc) were set up on har-
vest and control sites similarly as described in Korkiakoski et al. (2019).
Measurements were made between 29 June 2015 and 29 August 2017,
mostly during the snow-free periods. The measurement interval mainly
varied between one week and one month; however, there were a few
longer gaps in autumn 2015 and spring 2016.

To have a spatially representative sampling in relation to the ditches
at the harvest and control sites, two parallel flux measurement points
were established (located within 2 m from each other) in the ditch and
at a distance of 4, 8, 12 and 22.5 m from the ditch (hereafter ‘transect’).
2 cm deep grooves were carved into the soil surface for the chambers,
and were renewed when necessary to keep the chamber sealing ade-
quate. However, if the soil surface was frozen, the measurements were
not made as it was not possible to seal the chamber properly. No above-
ground logging residues were introduced into the manual chamber
points. For ditch measurements, extra collars (height 30 cm) were in-
stalled into the ditch one hour before the measurement.

The fluxes were measured using a closed-chamber system with an
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opaque cylindrical chamber (height 30.5 cm, diameter 31.5 cm) in-
cluding a mixing fan. The analysis of gas concentrations was made ei-
ther using (1) a portable analyser or (2) inside-cabin laser analysers
which were detached from the automatic chambers during the manual
measurements. As a portable analyser, we employed the same Gasmet
DX4015 (Gasmet Technologies Oy, Helsinki, Finland), which was also
used in the automatic chamber system at the control site. The air cir-
culated in a loop between the gas analyser and the chamber with a
closure time of 10-11 min. The portable gas analyser was used at the
transects in harvest and control sites in 2015 (Fig. S1). However, after
the harvest in March 2016, more precise inside-cabin analysers coupled
with the automatic chamber system were exploited in manual mea-
surements at both transects. This method allowed capturing lower
fluxes, especially CH4, more precisely with a shorter closure time (5
min). At the control transect, N,O fluxes were measured with the
Gasmet DX4015 connected to the automatic chamber system, with a 10
min chamber closure time.

2.3.2. Logging trail and residue measurements

Five parallel plots with four different types of measurement points
were set up on the harvest site (Fig 1c.) at the beginning of May 2016 by
installing chamber collars (55 X 55 x 20 cm, length x width x height)
15 cm deep into the soil. The measurements continued until November
2017 (Fig. S1). Two of the points were located on the logging trail
where the residues were piled for additional support for the harvesting
machinery. The first point was established on the ground compressed
by the wheels of the heavy machinery while the second one was set up
on the uncompressed ground. The other two points with a small amount
and no logging residues were located outside the logging trail. One of
these two points simulated a case where trees were harvested, but a
small amount of residues were left on the ground while the other one
simulated an area which was left untouched during the harvest. Each
point had a temperature sensor (iButton DS1921G, Maxim Integrated
Products) inserted at 5 cm depth. Also, the points on the logging trail
had a similar sensor on the soil surface under the residues. The dry mass
of the logging residues in each collar was determined in May 2016 as
follows: The residues inside the collars were temporarily removed from
the collars and divided into five groups: Pinus Sylvestris twigs with
needles and branches without needles, Picea abies twigs with needles
and branches without needles, and Betula pubescens branches and twigs.
The fresh weight of each of these groups was recorded, and then the
residues were returned inside the collars. Also, similar sample groups
nearby the collars were taken and weighed and dried at 105 °C. After
drying the needles were separated from the twigs, and the dry weight of
the sample groups was measured. The relations of these dry and fresh
masses were used to determine the dry mass of the needles and woody
material (branches and twigs) inside each collar (Table S2). The vege-
tation composition at the points was recorded on 6 September 2016
(Table S3).

The flux measurements were made by exploiting the instruments
used in the automatic chamber system similarly to the transect mea-
surements from 2016 onwards (Sect. 2.3.1) using an angular chamber
(60 x 60 x 30 cm, length x width x height).

2.4. WTL measurements and calculations

WTL was monitored hourly with automatic probes (TruTrack WT-
HR, Intech Instruments Ltd, Auckland, New Zealand; Odyssey
Capacitance Water Level Logger, Dataflow Systems Limited,
Christchurch, New Zealand) in dipwells (perforated plastic tubes 120
cm long, 3.5 cm diameter) in multiple locations at both partially harvest
and control site. Four dipwells were set up at both automatic chamber
systems (Sect. 2.2) next to the chambers in December 2015. When the
chambers were close to each other, only one dipwell was installed be-
tween them. At the transects, dipwells were installed in May 2015 at
each four distance (4, 8, 12, 22.5 m) from the ditch next to the chamber
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points (Sect. 2.3.1). Also, each plot on the logging trails (Sect. 2.3.2)
had one WTL probe since May 2016 until October 2017. In addition to
WTL measurements next to the chambers, WTL was also monitored
around the control and harvest sites. Five dipwells with automatic WTL
probes were installed at the control site (Fig. 1a) in June 2016. Also, at
the harvest site, six dipwells were installed in June 2016, and 7 addi-
tional dipwells were installed in November 2017 (Fig. 1a). All these
WTL measurements were later used in flux upscaling (Sect. 2.5). The
WTL measured at the logging trail plots was used to estimate the WTL
at each point in the plots by taking into account the ground elevation.
These estimated WTLs were used in the mixed-model analysis when
investigating the environmental variables affecting the logging trail
fluxes (Sect. 2.6).

2.5. Upscaling of the CH4 and N0 chamber measurements

To upscale the chamber measurements to the whole harvest and
control sites, we used a combination of drone and satellite images to
identify the sizes of the different surface types at the site. First, the
length of the ditches was measured from the drone images assuming a
ditch width of 1 m. Due to lack of any data about the wetness of the
ditches, we assumed half of the ditches dry like the ditch measured at
the control site, and half wet like the measured ditch at the harvest site.
For the harvest site, the ditch area was estimated at 0.315 hectares,
which was about 2.4% of the total harvest area (13 ha). For compar-
ison, the share of the ditch area was assumed to be the same for the
control site as well. The remaining surface type was forest floor, which
at the harvest site was further divided to logging trails and non-logging
trails while the whole forest floor at the control site was classified as
forest floor without logging trails. The width of the logging trails was 4
m. There were usually two logging trails across one strip (width ~40
m); therefore, the area of the logging trails was assumed 20% of the
total forest floor area.

The upscaling was performed for summers (JJA) 2016 and 2017 for
harvest and control site separately. The upscaling was limited to sum-
mertime only when the measurement interval of all forest floor types
was the highest. The method was based on the relationship of daily
WTL and CH, flux (Fig. S2) and any other possible factors affecting the
flux were ignored. However, there was no clear correlation between
N,O flux and environmental variables (data not shown). Therefore, the
N,O flux upscaling was based only on the emission levels of the dif-
ferent surface types and their share of the total area. The ditch fluxes of
both gases were gap filled with linear interpolation separately for the
ditches located at the harvest and control sites, and later combined by
taking a daily mean between the sites. This averaging assumes that 50%
of the ditches were wet and 50% were dry and that the harvesting did
not affect the ditch fluxes. For the forest floor, daily mean fluxes of
automatic, transect and logging trail chamber measurements were
binned into WTL bins with a size of 5 cm ranging from -10 to -75 cm.
The binning was made separately for logging trails and non-logging
trail forest floor. Logging trails included the chamber measurements
made on the logging trails while the forest floor measurements included
the automatic chamber and transect chamber measurements, but also
the logging trail chamber measurements made outside the logging trails
(Sect. 2.3.2.). Next, the mean flux for each WTL bin was calculated.
Then, control and harvest sites were divided into equally sized plots
according to the number of automated WTL measurements located
around the site in different compass directions. The areal share of dit-
ches, forest floor with logging trails and forest floor without logging
trails were assumed to be the same across the plots (for harvest: 2.4%,
20% and 77.6%). The control site had five automated WTL loggers;
therefore, it was divided into five plots, and the harvest site, due to a
different amount of WTL dipwells in summers (Sect. 2.4), was divided
into 6 and 13 plots in 2016 and 2017, respectively. At each plot, the
daily mean CH4 flux was acquired from the WTL bin corresponding to
the daily mean WTL. Finally, the mean fluxes across the plots were
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Table 1 fluxes were estimated from the summertime balance uncertainties
Annual and summertime (JJA) mean air temperatures and precipitation, and (Appendix C) measured by the automatic chambers. The mean un-
the annual maximum snow depth during the measurement years (2015 - 2017) certainty between the chambers was calculated for the harvest and
and the previous climatological normal period (1981 — 2010; Pirinen et al., control site separately for each year. For the ditch and logging trail
2012). fluxes, the uncertainty was estimated by dividing the standard error of
Air temperature [°C] Precipitation [mm] Maximum snow the mean with the mean summertime flux. The estimated uncertainties
depth [cm] and their sizes are shown in Table S4. The errors of the areas and the
Annual  Summer  Annual  Summer  Annual fluxes were combined with the standard error propagation principle to

1981-2010 4,6 15,2 627 218 28 acquire the total uncertainty of the upscaling.
2015 6,3 14,4 680 208 33 The flux calculations and data analysis excluding statistical tests
2016 53 15,5 536 199 19 mentioned above were made with the Python programming language
2017 52 141 657 240 12 (Python Software Foundation, version 2.7, https://www.python.org)

using NumPy (http://www.numpy.org/), SciPy (http://www.scipy.
org/), Pandas (http://pandas.pydata.org/), and matplotlib (http://
www.matplotlib.org) libraries. The flux calculation methods for the
automatic chambers were the same as used in Korkiakoski et al. (2017).
For the fits, the least-squares method was used through the “polyfit”
function of NumPy library for the linear regression and the “curve_fit”
function of SciPy library for the nonlinear fits.

calculated for each surface type and added together to acquire the CHy4
balance of the whole forest.

The uncertainty of the upscaling was estimated by taking into ac-
count the most significant uncertainty sources. The ditch area un-
certainty was estimated at 51%, which included both the uncertainty of
the ditch area (10%) and the uncertainty of the wetness of the ditches
(50%). We did not know how wet the ditches were, which can have a
large impact on the CH, fluxes. The uncertainties of the forest floor
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Fig. 2. Time series of (a) daily mean air temperature (T,;;) and (b) hourly mean soil temperatures at 5 and 30 cm depths (T;,;) measured at the harvest and control
sites, and (c) daily precipitation sum (black) and annual cumulative rainfall sum (blue), and (d) daily mean snow level recorded at the Jokioinen observatory (35 km
northwest of Lettosuo) in January 2015 — April 2018. The harvesting (red vertical line) was carried out in February—March 2016. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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2.6. Statistical analysis

Linear mixed-effect model was used for testing the statistical sig-
nificance of differences in daily mean CH, and N,O fluxes between the
harvest and control sites, and between the years for both automatic and
transect chamber measurements. In both cases, the chamber points
were treated as a random effect. The linear mixed-effect model was
carried out with the R programming language (R Core Team, 2018,
version 3.5.0) using ‘lme4’ package (Bates et al., 2015). The normality
of the model residuals was visually checked using quantile-quantile plot
(Q-Q plot) method. Tukey's HSD post hoc test was used for comparison
of harvest and control sites, and different measurement years for CH,
and N,O fluxes.

The linear mixed-effect model was also used for explaining the CH,4
and N,O fluxes. The logging trail (LT, i.e. was the point located on the
logging trail or not), dry mass of the needles (DM,), total dry mass of
the logging residues (DM, including needles, and branches and twigs
of pines, spruces and birches), water table level (WTL) and soil tem-
perature at 5 cm (ST) were included as fixed effects in the initial model.
Chamber points were treated as a random effect (u). The best model
was selected by using stepwise selection. We started with a full model
and reduced the number of variables one by one using the Akaike in-
formation criterion (AIC) as the criteria, which was conducted using the
dropl function in R. The initial model including all factors was:

Fong = By + BLT + 3,DM,, + ;DM + B,WTL + B;ST + B, (u + e)

@
where Fgyg is either CHy or N,O flux, e is the model error, f3, is the
intercept of the model, and parameters from f; to ¢ are the regression
coefficients of the explaining variables. We used 95% confidence in-

terval (p < 0.05) to determine whether the results were statistically
significant.

3. Results
3.1. Meteorological and hydrological conditions

The mean annual air temperature at the nearby (Jokioinen, 35 km
northwest of Lettosuo) weather station before the harvest in 2015 was
6.2 °C, which was about 1 °C higher than the post-harvest mean tem-
peratures in 2016, 2017 (Table 1; Fig. 2a). The annual temperatures of
these three years were higher than the long-term (1981-2010) average
at Jokioinen weather station (Table 1), which was also reflected in soil
temperatures (Fig. 2b). All three winters (DJF) during the measurement
period were warmer than the long-term average (Table 1). The mean
summer (JJA) temperatures were variable; summers 2015 and 2017
were 0.8 °C and 1.1 °C cooler, respectively than the long-term average
(Table 1), while the mean summer temperature in 2016 was similar to
the long-term average. In addition, compared to the precipitation at
Jokioinen (Table 1), 2015 and 2017 were slightly wetter while 2016
was drier (Fig. 2c; Table 1). In particular, autumns (SON) 2016 and
winter 2016-2017 were much drier, while the springs and summers,
were quite similar to the long-term average.

The snow cover was shallower than the long-term average annual
maximum every winter during the measurement period (Table 1;
Fig. 2d). Only the winter before starting the measurements (i.e. the
beginning of 2015) had thicker snow cover than the long-term average
annual maximum.

The seasonal inspection of pre-harvest soil temperatures at 5 and 30
cm depth shows that the temperatures were 0.4 °C higher at the control
than at the harvest site in summer 2015 (Fig. 2b). However, the soil
temperatures were on average 0.3 °C higher at the partially harvest site
in both post-harvest summers in 2016 and 2017 as compared to the
control site. The summertime soil surface temperatures measured under
the logging residues had smaller diel amplitude than the 2 m air tem-
perature measured at the harvest site, but larger than the soil
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temperatures (Fig. S3). Also, the diel amplitude of the 5 cm soil tem-
perature was smaller when there were residues on top of the soil. The
monthly mean summertime diel amplitude of the 2 m air temperature
varied within 7.3-11.2 °C, while the surface temperature under the
residues varied within 4.0-6.5 °C. The mean differences between the air
and surface temperature amplitudes were 3.9 and 4.3 °C in summer
2016 and 2017, respectively. Similarly, the soil temperatures varied
within 1.0-2.0 °C with residues on the surface and within 2.4-3.9 °C
without residues. The mean differences between the soil temperatures
with and without residues were 1.7 and 1.5 °C for summer 2016 and
2017, respectively.

Comparing the summertime PAR measured from six points at each
site during daytime (06:00 — 18:00, UTC+ 3) revealed that the light
conditions between the sites were quite similar (harvest mean: 41 umol
m~ 25!, control mean: 32 pmol m ~2 s~ !). However, after the harvest,
the amount of PAR reaching the surface increased markedly (Fig. S4),
averaging at 104 and 109 pmol m~2 s~ in 2016 and 2017, respec-
tively. At the control site, the PAR remained similar to the pre-harvest
mean (2016: 31 umol m~2s71 38 pmol m-2s7 Y.

The mean WTL in the harvest (<48 cm) and control (=49 cm)
transects were similar during the pre-treatment summer (JJA) in 2015
(Fig. 3). The mean WTL at the harvest site was 10 cm and 14 cm higher
than at the control site in summer 2016 and 2017, respectively. There
was, however, a lot of spatial variation around the site during summers.
Outside the transects, the WTL typically varied within -15 and -45 cm,
and -25 and -75 cm (Fig. S5) in the harvest and control sites, respec-
tively.

WTL was higher in the middle of the strip (22.5 m from the ditch) at
the harvest site, inferred from transect WTL measurements (Fig. S6). On
average, the summertime WTL was 23 cm higher in the middle of the
strip when compared to the point located 4 m from the ditch. However,
at the control site, there was not such a clear trend, and generally, the
WTL was higher at the 12 m point while the WTL was similar at the rest
of the points.

3.2. Automatic chamber fluxes

3.2.1. CH4 exchange

CH,4 fluxes showed an apparent seasonal variation at both harvest
and control sites (Fig. 4a). Generally, the fluxes were close to zero in the
February-April period, but noticeable sink started to develop in May
after the soil surface had thawed. The soil sink continued increasing
until September when the sink started to decrease with decreasing soil
temperatures. In February and March, the CH, flux was close to zero.
CH, emissions were rare and observed only after some heavy rainfall
events.

Here we report the CH, balances in 6-month periods because this
allowed us to compare the balances after the harvest directly to those
before the harvest. Before the harvest in 2015, the mean half-year
(July-December) CH, balances were -156 = 10 mg CH, m ™2 ( % un-
certainty, see Sect 2.6) and -167 = 8 mg CH, m~2 6 months ™! for
harvest and control site (Table S5), respectively; and did not differ
significantly from each other. The variation between the measurement
points was high at both the harvest and the control sites (from -60 *+ 5
to —248 = 57 mg CH, m~ 2 and from -75 = 10 to -215 = 36 mg CH,4
m™3?), respectively. After the harvest, in 2016, the half-year net CH,
uptake decreased on average by 44% at the harvest site and by 31% at
the control site (Table S5). The net uptake decreased in all 12 mea-
surement points, but the relative and absolute changes varied. Even
though the decrease in net CH,4 uptake from 2015 was significant (p <
0.001) in both sites, the harvest and control sites still did not differ
significantly from each other in 2016. In 2017, the net CH, uptake at
the harvest site was similar to the 2016 values in three measurement
points while in the three other points the net uptake decreased further
(Table S5). In contrast to the harvest site, the net CH, uptake at the
control site in 2017 was in between the uptake rates measured in 2015
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Fig. 3. Daily mean water table level in the control (grey) and harvest site (black line) averaged over all the forest transect measurement points (4, 8, 12 and 22.5 m
from the ditch) from May 2015 to April 2018. The harvesting (red vertical line) was carried out in February-March 2016. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

and 2016 (Table S5). However, the difference in net CH4 uptake was
still not statistically significant between the sites on half-annual nor
seasonal timescales; in other words, the harvest did not have a sig-
nificant impact on the soil CH, uptake, when inferred from the auto-
matic chamber measurements.

3.2.2. N30 exchange
At the harvest site, the magnitude of the N,O fluxes varied markedly
between the measurement points. However, the temporal dynamics

remained quite similar before and after harvesting. The emissions were
typically highest in summer (JJA, Fig. 4b) when on average 34% (April
2016 — March 2017) and 47% (April 2017 — March 2018) of the annual
emissions were recorded. In autumn (SON), the emissions were rela-
tively low, but typically in December or January, the emissions in-
creased again after the soil froze (Tscm < O °C). These elevated emis-
sions after soil freezing could last up to three months and have a large
contribution to the annual balance. The contribution to annual balance
varied between 15 — 48% when inspecting the annual period of April
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Fig. 4. Monthly mean sum time series of CH,4 (a) and N,O (b) exchange of six automatic chambers at the harvest (black) and control (grey) sites in June 2015 — April
2018. The error bars show the estimated uncertainty of the monthly balance (Appendix C). The harvesting (red vertical line) was carried out in February-March 2016.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2016 — March 2017. The contribution of these elevated winter emis-
sions was higher in points with relatively low annual emissions. Unlike
in previous years, no elevated emissions in winter were observed in late
2017 or early 2018. Between elevated emissions in winter and summer,
there was a period of low emissions typically in March and April si-
milarly to autumn.

Before the harvest, the half-year (July-December) N,O balance at
the harvest site averaged at 138 = 12 mg N,O m ™2 ( * uncertainty, see
Appendix C), with considerable variation between the measurement
points (52 + 17 — 222 + 23 mg N,O m™2). After harvesting in 2016, all
six points recorded increased emissions, but the relative and absolute
increases varied (Table S5). The mean post-harvest N,O emission across
all the points in 2016 was 498 = 10 mg N,O m 2, and the change from
2015 was statistically significant (p < 0.001). The mean N,O balance at
the harvest site in 2017 was in between the balances of 2015 and 2016
at 277 + 52 mg N,O m~ 2 and was significantly different from previous
years (p < 0.001).

At the control site, we only had automatic chamber measurements
in 2017. The half-year cumulative emissions from the measurement
points C1-C6 averaged at 600 + 39 mg N,O m~? varying from
145 * 20 to 1449 + 178 mg N,O m 2 (Table S5). Comparing this same
period to the measurements at the harvest site (mean: 277 * 52 mg
N,O m~2) showed that the emissions from the control site were not
significantly different during the latter half of 2017. Also, comparing
annual periods of 1/2017 - 12/2017 and 4/2017 - 3/2018 did not
reveal significant differences between the sites.

3.3. Manual chamber fluxes at the transects

Both the harvest and control site acted as CH, sinks both before and
after the harvest (Fig. 5 and S7a). CH,4 emissions were observed at 12
out of 16 possible points across the sites at least once, but only at five of
them emissions were observed more than once. Again, there was a lot of
spatial and temporal variation in fluxes, which varied between -484
and 24 pg CHy m2h™!, and -158 and 51 pug CH, m™> h™* during summer
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(JJA) at the harvest and control site, respectively. At the harvest site,
measurement points 4 m from the ditch had significantly higher sink (p
< 0.05) in all calendar years than the points farther from the ditch. In
contrast, at the control site, the fluxes generally did not differ sig-
nificantly between the measurement points. Even though the mean pre-
harvest summertime CHy4 uptake rate at the control site was only 49%
of that of the harvest site (harvest: <95 = 34 ug CH, m~2 h™!, control:
-47 + 11 pg CH, m™2 h™'; + standard error of the mean; Fig. 5), the
sites were not significantly different. The net uptake decreased after the
harvest by 41% (mean flux: -56 + 6 ug CH, m™ h™') in 2016 and re-
mained so also in 2017, both post-harvest summers were significantly
different from the pre-harvest summer (2016: p < 0.01, 2017: p <
0.001). At the control site, the post-harvest CH, sink was similar to the
pre-harvest sink. Comparing the harvest and control sites against each
other showed that they did not differ significantly in either of the post-
harvest summers.

The pre- and post-harvest N,O fluxes were spatially and temporally
highly variable at both harvest and control site (Fig. S7b). Before the
harvest, the mean summertime fluxes were 178 = 109 pg N,O m= h™*
( + standard error of the mean) and 38 + 33 ug N,O m™= h™' at the
harvest and control site, respectively. However, the two sites were not
significantly different with respect to mean summer (JJA) N,O fluxes
before the harvest. At the harvest site, the fluxes did not change sig-
nificantly after the harvest. At the control site, summertime fluxes in
2017 (mean: 251 + 37 pg N,O m™2 h™!) were significantly higher when
compared to two previous summers (2015: p < 0.01, 2016: p < 0.001).
However, the post-harvest summertime fluxes in 2016 and 2017 did not
differ significantly between the harvest and control sites. In conclusion,
the transect measurements did not show any significant harvest-related
changes in N,O fluxes.

3.4. Logging trail and logging residue fluxes
Three of the four measurement point types acted most of the time as
CH, sink; fluxes were varying mostly between —40 and 0 pg CH, m™>
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Fig. 5. Summertime (JJA) mean of the hourly CH, (a, b) and N,O (c, d) fluxes ( + standard deviation) measured at the harvest (black) and control site (grey) by
automatic chambers (circle), manual chambers at the transect (square) and the logging trail (triangle).
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Fig. 6. Daily mean (a: n=>5, b: n=4) CH, flux ( *+ standard error of the mean) time series measured with manual chambers on the tyre pressed (black circle) and not
tyre pressed (black triangle) part of the logging trail, and on the side of the logging trail with small amount (grey square) and without (grey cross) logging residues in
May 2016 — November 2017. The time series represent data with (a) and without (b) plot #5.

h™!, while the points located in the uncompressed part of the logging
trail commonly acted as CH,4 sources (Fig. 6). In 2016, small CH,
emissions (< 30 pg CH, m~2 h™) were sporadically observed also from
the compressed points on the logging trail, whereas in 2017 the emis-
sions from the compressed points were frequent from all plots except
#2 (Fig. S8). The fluxes from the logging trail were also significantly
higher when compared to the transect measurements at the harvest site
(p < 0.001; Sect. 3.3). The points on the side of the logging trail were
mostly CH,4 sinks in 2016 in all but plot #5 where several relatively
high CH,4 emissions were recorded (> 600 ug CH, m~2 h™'; Fig. $8). In
2017, small emissions were also observed on plots #3 and #4 from the
points on the side of the logging trail. Also, the emissions on plot #5
increased from the previous year (Fig. 6a; Fig. S8). When inspecting the
whole dataset, no significant differences between the point types were
found. Also, none of the inspected variables influenced the CH, fluxes
significantly. Because plot #5 was noticeably wetter than the other
plots, the analysis concerning the dependence of CH, fluxes on en-
vironmental variables was also carried out without plot #5 (Fig. 6b).
Removing plot #5 enhanced the statistical significance observed in CHy
flux between the points in and outside the logging trail (p < 0.01; Table
S6). Also, now using the whole dataset the points on the uncompressed
part of the logging trail differed significantly from both points outside
the trail. Without plot #5, explanatory factors for CHy4 flux were found,
and the best model indicated that the CH,4 flux was most influenced by
WTL (p < 0.001) and the location of the measurement point in or
outside of the logging trail (p < 0.04). The model explained 36% of the
variation in CH,4 fluxes, and the contribution of the fixed effects was
24%.

All the plot types acted as N,O source (Fig. 7) during the whole
measurement period. During the first two months of the measurements
(May-June 2016) the emissions within plots were somewhat similar,
but N,O emissions started to increase in July commonly from the points
located on the logging trail (Fig. S9). Again, the emissions were highly
variable varying within two orders of magnitude, and none of the plot
types differed significantly from each other when inspecting the whole
dataset. However, the fluxes from the points on the logging trail were
significantly (p < 0.03) higher than those outside of the trail. Gen-
erally, the daily mean N,O flux over all the points outside the trail was
< 200 pg N,O m ™2 h™! while the mean emissions from the trail were
more variable (generally between: 100 — 900 ug N,O m~2h™?; Figs. 7
and S9). Also, the logging trail points had significantly higher emissions
than the emissions measured from the forest floor with automatic
chambers at harvest (p < 0.01; Sect. 3.2.2; Fig. 5). The best model
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Fig. 7. Daily mean (n=5) N,O time series measured with manual chambers on
the tyre pressed (black circle) and not tyre pressed (black triangle) part of the
logging trail, and on the side of the logging trail with small amount (grey
square) and without (grey cross) logging residues in May 2016 — November
2017. The error bars show the standard error of the mean.

explaining the N,O fluxes showed that the N,O flux was most influ-
enced by WTL (p < 0.001) and 5 cm soil temperature (p < 0.01) fol-
lowed by the location of the point on the logging trail (p < 0.02) and
the total dry mass of the residues (p < 0.03). The model explained 48%
of the variation in N,O fluxes, but it was mostly due to random effects
as the 1? of the fixed effects was only 14% (Table S6).

3.5. Ditch fluxes

The mean CH,4 emissions from the ditches were significantly (p <
0.001) higher during the whole measurement period at the harvest site
than at the control site. However, as the ditches were so different
(water-filled at the harvest and moss-filled at the control site) and the
number of measurement points in the ditches was small, it was not
sensible to estimate the effect of harvest on ditch fluxes. The means of
all the measured CH, fluxes from the ditches were 2754 = 642 ug CH,
m~2h~?! ( = standard error of the mean) and 127 + 45 ug CHy m~?
h~!, and the fluxes varied within 0-10894 pyg CH, m~2 h™! and
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—238-1905 pg CH, m~2 h™~! (Fig. S10a) at the water- and moss-filled
ditch, respectively. The fluxes at the water-filled ditch were more
temporally variable than at the moss-filled ditch. Also, the fluxes were
mostly zero in both ditches during November-March. In the moss-filled
ditch, occasional net CH4 uptake was measured, but fluxes were always
zero or above at the water-filled ditch. No statistically significant dif-
ferences were found when comparing the CH, fluxes between the years
or summers in the water-filled ditch. However, the year and summer
2015 were significantly (p < 0.05) different from both respective
periods in 2016 and 2017 at the moss-filled ditch.

The N,O fluxes from the ditches were low; the mean fluxes over the
whole measurement period were 13 = 5 ug N,O m™2 h™ ( * standard
error of the mean) and 40 + 19 ug N,O m™2 h™' (Fig. S10b) at the water-
and moss-filled ditch, respectively. The fluxes were more variable in the
moss-filled ditch ranging from —140 ug NoO m2h™' to 690 ug N,O m~2
h™! than in the water-filled ditch where the fluxes varied within -39 and
150 pug N,O m™2 h™! (Fig. S10b). The N0 fluxes in the moss-filled ditch
were not significantly different between years. However, in the water-
filled ditch, the year 2017 was significantly different from the re-
spective periods. In the water-filled ditch, the fluxes were < 54 pg N,O
m~2h™ in 2015 and 2016, but in 2017 several emission peaks up to 150
ug NoO m™2 h™* were observed. In addition, summer 2015 was the only
period when water- and moss-filled ditches differed significantly (p <
0.01) in N,O fluxes.

3.6. Upscaling CH,4 and N0 fluxes to ecosystem level

Upscaling the CHy fluxes on ecosystem-scale using all the chamber
measurements in previous chapters (Sects. 3.2, 3.3, 3.4), except data
from logging trail plot #5, revealed that both the harvest and control
sites were around CH,4 neutral during summertime (Table 2). In 2016,
the harvest site was a small CHy source (10 = 21 mg CHy m~2) as the
emissions from the ditches (43 + 21 mg CH, m~2) were larger than the
net CH, uptake in the forest floor (-31 + 2 mg CH4 m™2). During the
following summer, the emissions from the ditches increased, and the
forest floor uptake decreased; therefore, the CH4 balance of the harvest
site increased to 47 *+ 33 mg CH, m™2 The fluxes from the logging
trails had no significant impact on ecosystem-level balance during the
summers of 2016 or 2017. The estimated forest floor uptake was more
substantial at the control site than at the harvest site, which resulted in
smaller net CH, emissions at the control site during both summers. In
2016, the control site acted as a net CH, sink (-18 *+ 22 mg CH; m™~?)
while in 2017, the site was a small source (19 + 33 mg CH, m~2).

Both the harvest and control sites acted as N,O sources during the
summers (Table 2). At the harvest site, forest floor contributed the most
to the ecosystem N,O balance (2016: 65%, 2017: 62%), while the rest
of the ecosystem-level N,O emissions originated from the logging trails.

Table 2
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The fluxes from the ditches were insignificant. At the control site, only
the emissions from the undisturbed forest floor were significant on
ecosystem-scale. The N>O emissions at the harvest site (368 = 29 mg
N,O m~2) were larger than the emissions at the control site (120 + 39
mg N,O m~?) in 2016. However, in 2017 the emissions increased in
both sites, but the increase at the control site was so large that the total
emissions became similar between both sites (harvest: 533 + 114 mg
N,O m™2, control 495 + 46 mg N,O m™~2). When considering the cli-
matic effect of these gases in terms of their global warming potential up
to 100 years with climate-carbon feedbacks (CH4: GWP1oo = 34; N,O:
GWP;p = 298; IPCC, 2013), the total emissions of CH4 were on
average only 0.8% of the N,O emissions (Table 2).

4. Discussion
4.1. Partial harvest has lower N,O and CH,4 emissions than clearcutting

In this study, we found that the partial harvesting did not have a
significant impact on CH4 and N,O fluxes in a drained nutrient-rich
peatland forest when comparing the pre- and post-harvest situations at
the harvest site. Decrease in CH,4 uptake have previously been observed
in partially harvested boreal upland forests (Sundqvist et al., 2014), but
increase in CH, uptake was recorded in a Mediterranean upland forest
(Mazza et al., 2019). Papers studying the effects of thinning on N,O
fluxes are scarcer, but increases in emissions have been observed
(Li et al., 2010). However, it is difficult to compare different thinning
studies as the method of thinning varies, which affects the measured
greenhouse gas fluxes (Mazza et al., 2019). According to the previous
study at the site made in the same time period as this study
(Korkiakoski et al.,, 2019), clearcutting increased N,O emissions
markedly and turned the clear-cut forest floor from CH, sink into a
small CH,4 source, and raised WTL by 23 cm. Despite a slight increase of
10 - 14 cm in water level, the forest floor at the partial harvest site
remained as a small CHy sink (Fig. 5), which was due to WTL staying
mostly under -30 cm (Fig. 3) that has been considered a limit above
which CH,4 emissions may occur in peatland forests (Ojanen et al., 2010,
2013). Also, the mean annual CH,4 balance measured by the automatic
chambers (from -87 =+ 4 to -169 + 4 mg CH, m™~? year ') was smaller
than measured at the same forest in 2011-2013 (-219 mg CH, m ™2
year ™ %; Korkiakoski et al., 2017), but still within typical uptake rates of
10-970 mg CH, m~2 year™ ' reported in drained peatland forests in
Finland (Lohila et al., 2011; Minkkinen et al., 2007; Ojanen et al.,
2010). It should be noted, however, that the CH, emissions (mean
balance: 0.8 g CO,-eq m~2 summer ') at Lettosuo after partial har-
vesting and even after clearcutting (Korkiakoski et al., 2019) were
negligible compared to N,O emissions (mean balance: 113 g CO,-eq
m ™2 summer ') when considering their climatic impact in terms of the

Upscaled CH,4 and N,O balances ( + uncertainty, see Sect. 2.5) from different surface types weighted by their respective share of surface area for summers 2016 and
2017. The balances are also reported in CO,-equivalents in terms of the global warming potential up to 100 years.

CHy4 flux [mg CHy4 m ™2 summer ']

Area & Year Total Ditch Forest Logging trail Total [g CO»-eq m-2 summer-1]
Harvest 2016 10 =28 43 + 28 -31+2 -1.8 £0.9 03 *=1.0

Harvest 2017 47 = 43 64 + 43 19+ 4 21+05 1.6 £15

Control 2016 -18 = 28 43 + 28 61 =5 NA 0.6 £1.0

Control 2017 19 + 43 64 + 43 -45+ 3 NA 0.6 £1.5

N0 flux [mg N,O m~?2 summer ']

Area & Year Total Ditch Forest Logging trail Total [g CO,-eq m-2 summer-1]
Harvest 2016 368 + 29 -0.2+0.3 240 £ 17 129 = 24 110 =9

Harvest 2017 533 + 114 0.6 = 0.4 331 £ 111 201 + 26 159 + 34

Control 2016 120 + 39 -0.2+0.2 120 = 39 NA 36 £ 12

Control 2017 495 *+ 46 0.6 £0.3 494 + 46 NA 148 = 14

10
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global warming potential up to 100 years.

Based on both manual and automatic chamber data, the effect of
partial harvest on N,O fluxes was not significant. Nevertheless, this
means that the partial harvest did not cause a similar increase in N,O
emissions as the clearcutting of the same forest (Korkiakoski et al.,
2019) where the change was apparent. Smaller changes in N,O fluxes
were expected as clearcutting removes more trees, raises the WTL,
produces more logging residues and severely disturbs ground vegeta-
tion, which releases a large amount of reactive nitrogen (NO3, NHZ).
Thus, an increased amount of mineral N is converted to N,O as the
uptake by vegetation is diminished. Partial harvesting produces less
logging residues as not all the trees are harvested, and ground vegeta-
tion is less disturbed, except on the logging trails where most of the
vegetation is covered by logging residues. Indeed, N,O emissions from
the logging trails were significantly larger than the emissions outside
the logging trails (Fig. 7). Comparing these two harvesting methods at
the same site shows that the mean N,O flux measured by the automatic
(368 + 10 ug N,O m2 h™) and manual chambers (178 + 109 nug N,O
m~2 h™") after harvesting in summer 2016 is noticeably smaller than at
the clear-cut site where the fluxes increased markedly from about zero
up to 1000 pg N,O m™ h™ on average (Korkiakoski et al., 2019).
Comparing the automatic chamber measurements made in this study
shows that the mean annual N,O balances at Lettosuo (0.69 = 0.06 —
0.92 + 0.04 g N,O m™2 year™!) are at the higher end of the range
(-0.03-0.92 g N,O m™~2 year™ ') previously reported at drained peat-
land forests in Finland (Lohila et al., 2011; Ojanen et al., 2010).

4.2. The effect of partial harvesting on CH, fluxes

Partial harvesting did not significantly affect the forest floor CH,4
fluxes (Sect. 3.2.1; 3.3). There were significant differences between the
years, but these were unlikely due to the harvest as similar changes
were observed at the control site as well. Harvesting raised the WTL on
average by 10-14 cm due to decreased transpiration. Higher WTL
makes the oxic layer on the top soil thinner and conditions for CH,
oxidation less favourable, which allows less CH4 produced in the anoxic
layer to be oxidised before reaching the atmosphere (e.g. Lai, 2009).
The decreases in net half-year CH4 uptakes in both harvest (2016: 49%)
and control (2016: 26%) sites (Sect. 3.2.1) are likely attributed to
higher WTLs during autumn 2016 than in 2015, which was further
increased at the harvest site due to reduced transpiration after the re-
moval of transpiring trees. Removal of the trees also increased photo-
synthetically active radiation under the canopy, which could have dried
the exposed soil surface due to increased soil temperatures during the
daytime (Londo et al., 1999). This could have counteracted parts of the
decreased CH,4 oxidation due to WTL rise after the harvest. Soil tem-
perature is also known to affect CH4 production and oxidation (e.g.
Malyan et al., 2016), but the difference in temperature between the
sites was rather small (2015: < 0.4 °C; 2016 and 2017: < 0.3 °C). A
previous study concerning the changes in forest floor GHG fluxes after
clearcutting at Lettosuo concluded that the site turned from CHy4 sink
into a small CH,4 source due to a 23 cm rise of mean summertime WTL
to the level of -24 c¢cm (Korkiakoski et al., 2019). Partial harvesting
raised WTL less (10-14 cm) than the clearcutting, keeping WTL gen-
erally below —30 cm, which did not significantly affect the soil CH, sink.
Similar results have been found from a boreal forest in central Sweden
where clearcutting turned the site to a CH, source, but after the thin-
ning, the site continued acting as a CH, sink (Sundqvist et al., 2014).

The net CH, emissions were higher from the plots located on the
logging trail than at the plots outside of the logging trail (Fig. 6b). The
emissions could have increased due to the compression of soil by heavy
machinery used in the tree harvesting. The compression of soil lowered
the soil surface, probably decreasing the thickness of the oxic layer and
the amount of oxygen in the soil, which then either reduced CH, oxi-
dation or increased production by creating anoxic spots in the soil.
Contrary to other plots, the CH, emissions at plot #5 were higher from
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the plots outside of the logging trail. This was probably caused by
higher soil moisture leading to the growth of Eriophorum vaginatum
which acts as a conduit for CH, release (Greenup et al., 2000) and is a
relatively high CH, source compared to other vegetation communities
(Minkkinen and Laine, 2006). Logging residues change the soil en-
vironmental conditions by decreasing soil temperature and conserving
soil moisture (Ojanen et al., 2017; Roberts et al., 2005), which both are
known to affect CH, fluxes. We also observed a dampened diel cycle on
the soil surface under the residues when compared to the air tem-
perature. However, we did not measure soil moisture close to these
measurement points, and we did not find a significant relationship
between the soil temperature nor any other environmental variables
and CHy fluxes. However, after ignoring the wet plot #5, CH, flux was
found to be significantly influenced by the location on the logging trail
and by the WTL, which affects the thickness of the aerated layer in the
soil. Our findings agree with Mikiranta et al. (2012) that logging re-
sidues do not impact significantly to CH, fluxes. At our site, the changes
in soil physical properties on the logging trail were behind the higher
CH,4 emissions at the logging trail than in the forest.

Even though the CH, fluxes were small, there was some spatial
variation observed on different surface types (Sect. 3.6). Therefore, we
combined all our measurements to upscale the measured fluxes to
ecosystem level by using WTL as a proxy. As a result, the cumulative
CH, balances at the partial harvest forest floor during summers 2016
and 2017 were -31 = 2 mg CHy4 m~2and -19 * 4 mg CH4 m~2, re-
spectively, which were 49% and 34% lower than the sinks estimated
from the automatic chamber measurements. This was due to higher, but
also variable WTL inside the harvested site. The contribution of logging
trails to the ecosystem balance was negligible due to a combination of
small fluxes and relatively small surface area (20% of total area).
However, even though the ditches constitute only 2.4% of the total
harvested area, they could play a considerable role in the total eco-
system CH, balance due to their relatively high CH, emissions. The CH,4
emissions from the ditches on the ecosystem level were higher than the
forest floor sink at the harvest site during both summers and also at the
control site in summer 2017 (Table 2). However, the ecosystem-level
ditch fluxes had high uncertainty due to high variability in fluxes, and
the fact that only two ditches were measured.

In conclusion, the partial harvest site was likely a CH,4 neutral or a
small source due to high emissions from the ditches and decreased sink
in the forest floor. However, it should be noted that even though the
uncertainties were relatively large, even in the worst-case scenario, the
site would still be only a small source of CHy. Also, the climatic impact
of CH,4 emissions in terms of global warming potential over 100 years
(mean: 0.8 + 0.6 g CO,-eq m~ 2 summer ') is negligible when com-
pared against N,O emissions (mean: 113+ 10 g COyeq m™?2
summer ~ ') at Lettosuo.

4.3. The effect of partial harvesting on N,O fluxes

Forest floor N,O fluxes were temporally and spatially variable at
both harvest and control sites, and no significant difference between
them was found due to the harvest (Sect. 3.2.2; 3.3). Based on the data
from the automatic chambers at the harvest site, the fluxes were sig-
nificantly different between all the years. However, no such differences
were found in the manual chamber measurements. The contradiction
between the automatic chamber and manual chamber measurements
was at least partly due to the high spatial variation between the plots
and due to lower measurement interval in the transect. Despite the
slight, unexplained discrepancy between the methods, it is good to note
that at the clear-cut site of the same forest (Korkiakoski et al., 2019), a
large increase in N,O fluxes was observed during the same time period
using the same manual measurement system as in this study. Com-
paring the results of this study to Korkiakoski et al. (2019) suggests that
the effect of the partial harvest on N,O fluxes was negligible as it was
not observable by manual nor automatic measurements.
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An interesting result from the automatic chambers was the bimodal
behaviour of N,O fluxes during the year, showing high emissions in
summer and in winter (Fig. 4b). This phenomenon has been observed in
multiple studies in upland and agricultural sites, and the emissions
during these cycles can be a substantial part of annual N,O balance
(Luo et al., 2012; Papen and Butterbach-Bahl, 1999; Peng et al., 2019;
Rover et al., 1998). Large emissions after soil thawing can be explained
by N,O accumulation under the ice (Peng et al., 2019; Teepe et al.,
2001). Also, increased emissions have been observed when the soil is
frozen, which could occur due to increased amount of substrates during
soil freezing (Herrmann and Witter, 2002; Matzner and Borken, 2008;
Song et al., 2017). These substrates could be used by microbes living in
small unfrozen water films in soil pores (Congreves et al., 2018;
Papen and Butterbach-Bahl, 1999).The manual chamber measurements
showed significant differences in N,O fluxes between the summers at
the control site, but not at the harvest site. This might be attributed to
the counteracting effect of harvesting and the environmental condi-
tions: summer 2016 was drier than 2015 which inhibited N,O emissions
at the control, however at the harvest site, the water-level drawdown
due to dry conditions was not marked enough to inhibit emissions. The
drier summer might thus explain the smaller N,O emissions in 2016 at
the control because low soil moisture has been attributed to relatively
low N,O emissions (Ciarlo et al., 2007; Dalal et al., 2003; Gelfand et al.,
2015).

N,O emissions were higher on the logging trail than on the side of
the logging trail (Fig. 7) and on the forest floor measured by the au-
tomatic chambers at harvest site (Fig. 5). The N,O fluxes were sig-
nificantly correlated with the location on the logging trail, WTL, soil
temperature and the mass of the logging residues. The mass of needles
did not significantly correlate with N,O fluxes. However, the model
explained only a small part of the variation in fluxes. Thus, other factors
such as soil moisture, which is known to drive N,O fluxes (e.g.
Brown et al., 2012), might have had some effect. Soil moisture could
have increased due to soil compression, which enhanced denitrification
and N,O emissions. Also, logging residues stabilised soil temperature
and possibly moisture by preventing direct sunlight and evaporation
which favour mineralisation and nitrification processes in the organic
layer of soil (Roberts et al., 2005; Rosén and Lundmark-Thelin, 1987).
Upscaling fluxes to the ecosystem-level revealed that the N,O emissions
from the logging trails were 35-38% of total site balance (Table 2)
making the logging trails an essential part of the ecosystem N,O bal-
ance. However, there was an exception with logging trail plot #5 where
WTL was around —20 cm or higher. The N,O emissions at that plot were
low because the conditions were too wet for nitrification and N,O
production to occur.

5. Conclusions
Partial harvesting a nutrient-rich peatland forest did not affect CH,
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or N0 balances considerably, and the site remained as CH4 neutral and
a small source of N,O even after the harvest. The logging trails acted as
a small CH,4 source due to soil compression which likely increased soil
moisture and decreased CH,4 oxidation, but on ecosystem-level, logging
trail CH, fluxes were insignificant. Given the small number of mea-
surements and the large uncertainties related to the ditch CHy4 fluxes,
the exact quantification of ditch fluxes was not made. However, CH,4
fluxes in peatland forest seem to have a negligible climatic impact, even
after the harvest.

The emissions of N,O from the logging trails were significantly
higher than from the forest surface where no changes were observed
after harvesting. The higher emissions from the logging trails could
have been caused by soil compression, which increases soil moisture
and enhances denitrification. Also, decomposing logging residues re-
lease reactive nitrogen and prevent direct sunlight and evaporation,
which favour nitrification processes in the organic layer of soil. On
ecosystem-level, the emissions from the logging trails were an essential
part of the N,O balance of the site constituting 35-38% of the total
emissions while the forest floor emitted the rest. The fluxes from the
ditches were insignificant. Despite capturing the high temporal and
spatial variability in N,O fluxes by different chamber measurement
methods, and recording increased emissions from the logging trails, no
considerable harvesting effect in N,O fluxes was observed when com-
pared to the control site.

Overall, the results in this study show that partial harvesting of
peatland forests causes less CH; and N,O emissions compared to
clearcutting. However, the results here show only the impact of partial
harvesting for the first two post-harvest years and more measurements
are required to make conclusions of long-term effects of partial har-
vesting in peatland forests.
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Appendix A. Flux calculation

The fluxes were calculated the same way as described in Korkiakoski et al. (2017) for both gases. Dilution and spectral corrected CH, and N,O
concentrations reported by Picarro G1130 and LGR N20/CO-23d were used to calculate the fluxes. Even though the lag caused by tubing was taken
into account, 30 s from the beginning of each closure data was removed (Korkiakoski et al., 2017) because the flow rate varied slightly in time, and it
takes time for the air inside the chamber to mix properly. In short, both linear and exponential regression models were first fitted to the mixing ratio

time series using the least-squares approach.
After fitting, the mass flux (F) was calculated as

F_(dC(t)) MPV
"\ at )_,RTA’
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where (%)mo is the concentration change over time from a linear or exponential model at the beginning of the closure, M is the molecular mass of

CH,4 or N,O (16.04 and 44.01 g mol ™, respectively), P is air pressure, R is the universal gas constant (8.314 J mol™ K™), T is the mean chamber
headspace temperature during the closure, and V is the air volume of the chamber and the possible collar, and A is the base area of the chamber or
collar. The collar height, snow depth and the height of mosses and other vegetation in the chamber headspace volume were taken into account,
ignoring the pore space in the soil and snow. Finally, analyser-specific flux limits were determined to choose between the linear and exponential
models (Korkiakoski et al., 2017). If the flux calculated with the linear model was smaller than the limit, then this estimate was considered more
robust and used in the later analysis. These limits for the automatic chamber system at the harvest site were 2.5 ug CH, mh™ and 3 uyg N;,Om=2h".
At the control chamber system, the CH,4 limit was the same, but N»O limit was 5 pg N,O m~2 h™! for the LGR analyser.

At the control site, the LGR and Gasmet instruments were simultaneously connected to the chamber system in July — December 2017 to compare
the instruments. The comparison revealed that the 6 min closure time used in the automatic chambers was not long enough for Gasmet to determine
the flux by using exponential regression. Therefore, only linear regression was used to calculate the fluxes when using only the Gasmet analyser in
the first half of 2017 (Fig. S1). The N,O fluxes calculated from the Gasmet data were generally underestimated by 10-20%, depending on the flux
magnitude when compared to the fluxes estimated from the LGR data. This underestimation was corrected for the automatic measurements at the
control for Jan-Jul period in 2017.

For the manual chamber measurements, the fluxes were calculated with nearly the same procedure for the data collected from transects and
logging trails. The start and endpoints of the chamber closure were visually identified in the flux calculation. The fluxes were calculated similarly to
the automatic chamber measurements so that the specific flux limits for the Gasmet analyser were determined to select between the linear and
exponential models as explained in (Korkiakoski et al., 2017). The flux limits for the portable Gasmet system were 35 pg CHy m~> h™" and 45 pg N,O
m~2 h™! which is about ten times as high as for the LGR and Picarro instruments used in the automatic chamber system due to lower precision of the
portable gas analyser.

When using the inside-of-cabin analysers to measure the manual chamber fluxes at the logging trail plots and transects in 2016 and 2017, a 5 min
closure time was used at the harvest site. However, at the control transect, a 10 min closure time was used because the N,O flux was calculated from
the data measured with the Gasmet analyser which required a longer closure time to capture the small fluxes more precisely. For the data collected
from the control site, the CH, flux was calculated by using the first 5 min data acquired from the Picarro analyser. However, N,O was analysed the
same way as the measurements made with the Gasmet analyser described above. When using the automatic chamber system in logging trail plots and
transect measurements, the sampled air was not returned to the chamber, causing underpressure inside the chamber and underestimation in the flux
estimation. Because the chambers had a vent-tube, we corrected the leakage with an assumption that the underpressure consisted of ambient air.

In this study, a micrometeorological sign convention is used: a positive flux indicates a flux from the ecosystem to the atmosphere (emission) and
a negative flux indicates a flux from the atmosphere into the ecosystem (uptake).

Appendix B. Quality control of the flux data

Same filtering methods were used for CH4 and N,O fluxes measured with the automatic chamber system as in (Korkiakoski et al., 2017). In short,
the hardware problems of the chambers were detected by calculating the normalised root mean square error (NRMSE) of the exponential fit to the
CO,, data measured by Picarro analyser and if NRMSE was > 0.05 the CH, and N,O data were discarded. Also, random spiking was removed by using
an iterative standard deviation ( + 8 standard deviation) filtering with a 14-day window and one-day time step. At the harvest site, 7.5% of the
measured CH, fluxes were filtered, and the average number of accepted CH, fluxes measured by each chamber was 17427 and 18026 at harvest and
control site, respectively. For N,O fluxes, the filtered percentage was similar to the CH, fluxes, but the number of accepted fluxes was slightly larger
at the harvest site (n = 18525) and markedly lower (n = 6464) at the control site. These differences were attributed to different instrument
availabilities. The measurements conducted at the logging trail and transect points were checked visually, and only some of the ditch measurements
required filtering due to ebullition. The cases of ebullition were visually identified and discarded from further analysis.

Appendix C. Gap-filling and uncertainties of gas balances

The gaps in the automatic chamber data need to be filled to calculate the seasonal and annual balances of CH4 and N»O. All the gap-filling
procedures described next were conducted separately for each automatic chamber and gas. First, the gaps shorter than one day were filled with linear
interpolation and the daily sums were calculated from this gap-filled data. Next, the gaps longer than one day were filled with linear interpolation of
the daily sums. From these gap-filled daily sums, the monthly, seasonal, and annual sums were calculated. However, chamber H5 at the harvest site
had a three-month gap in 7-10/2015, and this method of gap filling would have probably induced too big of an error in the monthly balances. So, we
gap filled the chamber H5 fluxes with linear regression of last three months in 2015 between the chambers H5 and H4 (r = 0.86), and H5 and H2
(r = 0.89) for CH4 and N,O, respectively.

The uncertainties of the gas balances were calculated based on the method in (Korkiakoski et al., 2017) which included: (1) the random error of
the linear/exponential fit in flux calculation and (2) the error caused by gap filling. The random and gap-filling errors were combined with the
standard accumulation principle of independent errors to get the total error estimate.
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ARTICLE INFO ABSTRACT

Keywords: We quantified the response of peatland water table level (WTL) and energy fluxes to harvesting of a drained
Eddy-covariance peatland forest. Two alternative harvests (clear-cut and partial harvest) were carried out in a mixed-species
Evapotranspiration ditch-drained peatland forest in southern Finland, where water and energy balance components were monitored

Partial harvesting
Peatland forestry
Soil-plant-atmosphere transfer model
Water table level

for six pre-treatment and three post-treatment growing seasons. To explore the responses caused by harvestings,
we applied a mechanistic multi-layer soil-plant-atmosphere transfer model. At the clear-cut site, the mean
growing season WTL rose by 0.18 + 0.02 m (error estimate based on measurement uncertainty), while net
radiation, and sensible and latent heat fluxes decreased after harvest. On the contrary, we observed only minor
changes in energy fluxes and mean WTL (0.05 *+ 0.03 m increase) at the partial harvest site, although as much
as 70% of the stand basal area was removed and leaf-area index was reduced to half. The small changes were
mainly explained by increased water use of spruce undergrowth and field layer vegetation, as well as increased
forest floor evaporation. The rapid establishment of field layer vegetation had a significant role in energy bal-
ance recovery at the clear-cut site. At partial harvest, chlorophyll fluorescence measurements and model-data
comparison suggested the shade-adapted spruce undergrowth was suffering from light stress during the first
post-harvest growing season. We conclude that in addition to stand basal area, species composition and stand
structure need to be considered when controlling WTL in peatland forests with partial harvesting. Our results
have important implications on the operational use of continuous cover forestry on drained peatlands. A con-
tinuously maintained tree cover with significant evapotranspiration capacity could enable optimizing WTL from
both tree growth and environmental perspectives.

1. Introduction 1993; Moore and Knowles, 1989; Ojanen et al., 2013, 2010; Ojanen and

Minkkinen, 2019), and nutrient and carbon leaching to water courses

Water table level (WTL) is central for biogeochemical processes and
resulting provisioning and regulatory ecosystem services of peatlands.
WTL determines the depth of the oxic layer, which, together with the
nutrient regime, controls vegetation composition and dynamics in
pristine peatlands (Malhotra et al., 2016; Weltzin et al., 2003), as well
as the productivity of forested (Hanell, 1988; Hokki et al., 2008b;
Préfontaine and Jutras, 2017) and agricultural peatlands (Berglund and
Berglund, 2011; Musarika et al., 2017). WTL further affects peat de-
composition and soil greenhouse gas emissions (Martikainen et al.,

* Corresponding author. Latokartanonkaari 9, FI-00790 Helsinki, Finland.
E-mail address: kersti.leppa@luke.fi (K. Leppd).

https://doi.org/10.1016/j.agrformet.2020.108198

(Kaila et al., 2014; Koskinen et al., 2011; Nieminen et al., 2015).
Peatland water balance and WTL are driven by climatic forcing and site-
specific factors including vegetation characteristics, soil properties and
topography, as well as artificial drainage and changes in land-use and
management (Holden, 2006; Holden et al., 2006; Waddington et al.,
2015). It has been suggested that optimizing WTL to simultaneously
support multiple ecosystem services can improve the sustainability of
peatland use across boreal, temperate and tropical regions
(Nieminen et al., 2018; Regina et al., 2015; Renger et al., 2002).
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(http://creativecommons.org/licenses/BY/4.0/).
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Globally, about 15 million ha of peatlands have been drained for
forestry since the early 1900s. Most of that area is in northern Europe.
The peatland forests currently provide an important source of wood-
based biomass; in Finland for instance, drained peatlands contribute by
ca. 20% to the total annual stem volume increment (Pdivinen and
Hanell, 2012). In the Nordic countries, the prevailing management of
peatland forests has been even-aged forestry with 60-100 year stand
rotation, during which two or three thinnings are recommended
(Kojola et al., 2004). As drainage ditches deteriorate over time, ditch
cleaning is recommended every 20-40 years (Sikstrom and Hokkd,
2016). After clear-cutting, establishing the new tree generation is en-
sured by site preparation and regeneration by sowing, planting or
through natural seeding. Many peatlands are potentially excellent forest
soils when not excessively wet, due to the relatively high soil nitrogen
content (Westman and Laiho, 2003). However, maintaining a ditch
network means extra costs, and there are more environmental detri-
ments involved in forestry on peat soils than on mineral soils.

Forest management on peatlands has impaired water quality and
affected downstream aquatic habitats, mainly through erosion induced
by ditch cleaning (Joensuu et al., 1999; Nieminen et al., 2010) and
enhanced leaching of phosphorus, nitrogen, and dissolved organic
carbon during high WTL periods after clear-cut (Kaila et al., 2015,
2014; Nieminen et al., 2015). In terms of peatland greenhouse gas
balance, anoxic conditions after clear-cut increase soil methane emis-
sions, while in mature, densely stocked stands greater peat aeration
accelerates decomposition enhancing carbon dioxide (CO,) and nitrous
oxide emissions (Korkiakoski et al., 2019a; Ojanen et al., 2013, 2010).
The latter being especially true for fertile drained peatland forests
(Ojanen et al., 2010).

Recently, continuous cover forestry (CCF) has been proposed pre-
ferential to even-aged management from both environmental and eco-
nomic perspectives (Juutinen et al., 2018; Nieminen et al., 2018;
Tahvonen, 2016). CCF replaces clear-cuts by partial harvests, avoids
site preparation and relies on natural regeneration (Pommerening and
Murphy, 2004). In peatland forests that are often structurally hetero-
geneous even when managed according to the principles of even-aged
management (Sarkkola et al., 2005, 2003), moving to CCF could be
particularly feasible. By relying on natural regeneration, CCF would
reduce the costs associated with regeneration by planting or sowing and
soil preparation (Juutinen et al., 2018; Nieminen et al., 2018). More-
over, maintaining a continuous tree cover with significant evapo-
transpiration (ET) capacity could reduce the need for regular ditch
cleanings and result in more stable WTL than in even-aged forests,
which could be favorable from water quality and climatic perspectives
(Nieminen et al., 2018). In the hydrological context, moving to CCF
means a transition from ensuring satisfactory drainage by regular ditch
cleanings towards relying on the ET capacity of the tree stand. This
requires in-depth understanding on the water and energy balance of
drained peatland forests which are linked through ET. Especially on
how ET components, i.e. canopy interception evaporation, plant tran-
spiration and forest floor evaporation, are affected by species water use
traits, leaf-area index (LAI) and stand structure (Banerjee and
Linn, 2018; Bowden and Bauerle, 2008; Launiainen et al., 2016), and
how these are reflected in WTL.

Studies on boreal drained peatland forests show that mean growing
season WTL correlates with stand volume (Ahti and Hokkd, 2006;
Hokkd et al., 2008b, 2008a; Sarkkola et al., 2010), but that the shape
and strength of this relationship is affected by climatic conditions, site
type and drainage configuration (Hokka et al., 2008a; Sarkkola et al.,
2010). The relationship between WTL and stand volume is most pro-
nounced in late summer, and has been attributed to high ET
(Ahti, 1987, p. 198; Heikurainen, 1967; Sarkkola et al., 2013, 2010).
Further, experimental studies show consistent increase in WTL by
0.2-0.4 m following clear-cut (Dubé et al., 1995; Heikurainen, 1967;
Jutras and Plamondon, 2005; Sarkkola et al., 2013), indicating that
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ditch drainage is seldom sufficient to compensate for the lowered ET.
However, the processes contributing to the recovery of WTL after clear-
cut, and the impacts of partial harvests on peatland water and energy
balance are not well described.

Partial harvest reduces stand volume and LAI, and alters the vertical
foliage distribution and species composition, triggering changes in the
coupled energy, water and carbon cycles. In a more open canopy, ra-
diation, wind and vapor pressure deficit (VPD) increase in the lower
canopy layers (Banerjee and Linn, 2018; Bladon et al., 2006;
Launiainen et al., 2016; Vesala et al., 2005). As leaf photosynthetic CO,
demand and stomatal conductance respond to these environmental
variables (Katul et al., 2010; Launiainen et al., 2011), transpiration
both at individual leaves and tree-level are likely to increase after
partial harvest (Bladon et al., 2006; Bréda et al., 1995; Lagergren and
Lindroth, 2004). At stand-scale, this is expected to partially compensate
for the reduced LA as suggested by the studies from mineral soil sites
showing that transpiration decreases proportionally less than LAI or
basal area (Bréda et al., 1995; Gebhardt et al., 2014; Lagergren et al.,
2008). This may be explained by changes in species composition
(Bladon et al., 2006), adaptation to altered microclimatic conditions
(Gebauer et al., 2011), or reduced resource competition (Bréda et al.,
1995; Lagergren and Lindroth, 2004).

Trees affect site water balance also through interception evapora-
tion, i.e. precipitation captured by the canopy and evaporated back to
the atmosphere, and it has been suggested that stand interception scales
with stand density (Mazza et al., 2011). After partial harvest, the un-
derstory receives more throughfall and light, and becomes dynamically
more coupled with the atmosphere, enhancing transpiration of the
undergrowth trees and the field layer vegetation, and evaporation from
the forest floor (Boczon et al., 2016; Simonin et al., 2007). Following
disturbance and altered microclimate, the field layer vegetation often
undergoes rapid changes in terms of species composition and coverage
(Bergstedt and Milberg, 2001; Hamberg et al., 2019; Hannerz and
Hanell, 1993; Mikiranta et al., 2010). However, the role of field layer
vegetation development after harvesting in peatland energy balance
and WTL are poorly understood.

The overall objective of this study is to increase understanding on
the role of vegetation on WTL, energy fluxes and water balance in
boreal drained peatland forests. Such information is important for the
proposed transition towards CCF and optimizing WTL for multiple
ecosystem services on drained peatlands (Nieminen et al., 2018). Spe-
cifically, we address the following research questions:

1) How do growing season WTL and energy fluxes respond to clear-cut
and partial harvest in a fertile boreal drained peatland forest?

2) What is the role of vegetation recovery in water and energy balances
during post-treatment years?

3) How do stand structure, species composition and inter-annual me-
teorological variability affect WTL and ET components?

To find answers to these questions, a field experiment with two
alternative harvesting treatments was conducted in a fertile, mixed-
species peatland forest in southern Finland. ET and energy fluxes were
measured using eddy-covariance (EC) technique for six pre-treatment
and three post-treatment growing seasons, accompanied by systematic
WTL monitoring, meteorological measurements and vegetation surveys.
As field experiments alone do not necessarily reveal the causes of ob-
served changes, a multi-layer soil-plant-atmosphere transfer model
(Launiainen et al., 2015) was applied. The model was first run for the
pre-treatment period, and then to used explain the underlying me-
chanisms of altered energy fluxes and WTL following harvesting. Fi-
nally, the model was used to disentangle the roles of vegetation and
meteorological conditions on ET and WTL, to explore the hypothesis
that species composition and structure of remaining vegetation are key
factors in controlling WTL in peatland forests after partial harvest.
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Fig. 1. Location of the Lettosuo site (60°38'N, 23°57’E) in southern Finland and
an aerial photograph of the site after harvesting. The graphics depict the ditches
and the monitoring setup.

2. Material and methods
2.1. Study site

The Lettosuo site is a fertile peatland forest located in southern
Finland (60°38'N, 23°57’E; Fig. 1). The site was originally a meso-
trophic birch-pine fen, drained with widely spaced, manually dug dit-
ches probably during the 1930s, and later in 1969 more effectively with
ditches spaced ca. 45 m apart and ca. 1 m deep. The area is flat, with an
average slope of 0.2°. The peat layer thickness varies within 1.5-2.5 m,
and the average carbon-nitrogen (C:N) ratio is 27, which is typical for
sites with mesotrophic fen history. Before the harvest treatments, the
two-storied tree stand consisted of a mixture of Scots pine (Pinus syl-
vestris, stem volume 180 m® ha~') and pubescent birch (Betula pub-
escens, 48 m> ha™') in the dominant layer, with a dense undergrowth of
Norway spruce (Picea abies, 34 m> ha™?). Field layer vegetation was
patchy, featuring mostly herbs (Dryopteris carthusiana, Trientalis euro-
paea) and dwarf shrubs (Vaccinium myrtillus). The forest floor was
covered by litter and a patchy moss layer dominated by feather mosses
(Pleurozium schreberi and Dicranum polysetum).

The long-term (1981-2010) annual mean temperature and pre-
cipitation at the nearby weather station were 4.6 °C and 627 mm, re-
spectively (Pirinen et al., 2012). Snow typically covers the ground from
December to April. Monitoring of the site started in the autumn of 2009
when an EC mast was installed in the center of the site to measure
energy and CO, fluxes above the forest canopy (Fig. 1). In March 2016,
two harvesting treatments were carried out, creating three parallel sites
(Fig. 1): an area of 2.3 ha was clear-cut, 13 ha were partially harvested
by removing the dominant pine trees, and the remaining 3.1 ha were
left intact as a control. At the clear-cut site, a second EC mast was es-
tablished in April 2016, the soil was prepared by mounding (see e.g.
Nieminen, 2003) in August 2016, and spruce seedlings were planted in
2017.

2.2. Soil-plant-atmosphere transfer model

The soil-plant-atmosphere transfer model PYAPES
(Launiainen et al., 2015) was used to analyze the observed changes in
water and energy fluxes following the harvesting treatments, and to
disentangle the relative roles of vegetation vs. meteorological controls
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on peatland water balance. pyAPES simulates water, energy and CO,
fluxes in a forest ecosystem in a one-dimensional column. The forest
ecosystem is described by a multi-species tree stand, field layer vege-
tation, a forest floor covered by mosses or litter, and an underlying soil
profile. As forcing variables, the model uses time-averaged (here half-
hourly) meteorological variables at a reference level above the canopy.
Forcing variables are precipitation, downwelling longwave radiation,
direct and diffuse photosynthetically active and near-infrared radiation
(PAR and NIR), wind speed, atmospheric pressure, air temperature, and
mixing ratios of H,O and CO,.

Canopy structure is described by a vertical leaf area density (LAD,
m? m~?) distribution that forms a layered porous medium, which is
used to solve the transfer and absorption of shortwave and longwave
radiation (Zhao and Qualls, 2006, 2005), and the turbulent transport of
scalars (air temperature, H,O, CO,) and momentum within the canopy.
The turbulent transport in the canopy air space and resulting vertical
gradients of wind speed, air temperature, H,O, CO, are modelled using
standard first order closure schemes (Launiainen et al., 2015). Parti-
tioning of precipitation between interception and throughfall, as well as
the energy balance of wet leaves are solved in the canopy layers fol-
lowing Watanabe and Mizutani (1996).

The canopy LAD distribution is the superposition of the LAD dis-
tributions of individual plant types (here the tree species pine, birch
and spruce and the field layer vegetation). Each plant type is char-
acterized by its unique structural (LAD, leaf size etc.) and physiological
properties, including photosynthetic parameters, water use traits and
phenology. Leaf gas and energy exchange is solved separately for sunlit
and shaded leaves of each plant type and canopy layer. Well-established
solutions of coupled photosynthesis—stomatal conductance and leaf
energy balance are applied (Farquhar et al., 1980; Medlyn et al., 2011)
iteratively with the solution of canopy air-space scalar gradients and
longwave radiation. During times with no snowpack, the forest floor is
described as a mosaic of moss and litter. Both the moss and litter
compartments are solved for water and energy balance and CO, ex-
change (Kieloaho and Launianen, 2018; Launiainen et al., 2015). Snow
accumulation and melt is described here with a simple temperature-
based approach and parameterized as in Launiainen et al. (2019).

Vertical water flow in the soil is solved using Richards’ equation and
the van Genuchten scheme for water retention and unsaturated hy-
draulic conductivity following van Dam and Feddes (2000). Soil heat
flow is computed based on heat conduction in the soil column. Heat
flow in the soil is affected by freezing and thawing processes, calculated
based on a freezing curve (e.g., Koivusalo et al., 2001). The lateral ditch
drainage out of the soil column follows Hooghoudt's (1940) equation.
We described macropore bypass flow by transporting 70% of the in-
filtrated water directly to the topmost water-saturated soil layer. This
reproduced well the observed patterns in WTL also after strong in-
filtration events through otherwise poorly conductive dry peat layers
during periods of deep WTL.

The model was first applied to the pre-treatment period (September
2009 to March 2016) to explore whether it could adequately reproduce
the observed energy and water balances. Thereafter (March 2016 to
December 2018), the model was applied to the three parallel sites. The
model was forced, parameterized, and evaluated using measurement
data described in Section 2.3. Parameters affected by the treatments
include tree species’ LAD distributions and LAI, field layer LAI, and
forest floor coverage by moss and litter. Other model parameters, lar-
gely based on earlier literature, can be found in Tables S1 and S2. In the
model runs, we divided the canopy into 100 canopy layers extending to
the height of 25 m, and a 2 m deep soil profile with layer thickness
ranging from 0.01 m at the soil surface to 0.1 m in deeper parts.

2.3. Measurements and data processing

2.3.1. Vegetation and peat characteristics
Tree stands were measured in November 2014 before harvest and in
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Fig. 2. Leaf area density distributions and leaf area indices of tree species: (a)
before harvest in 2014, and (b) after partial harvest in 2016.

May 2016 after harvest on altogether 39 circular stand inventory plots.
They were located systematically on eight radial transects extending
160-200 m from the central EC mast and covering an area of 4000 m?
in total (Fig. 1). Tree species were identified and stem diameter at the
height of 1.3 m (DBH) was recorded for all trees with DBH > 25 mm.
Additionally, an earlier inventory of the same plots was carried out in
2009 to measure tree heights and crown lengths of sample trees. These
data consisted of 57 pine, 40 spruce, and 37 birch trees distributed
evenly on the inventory plots and covering the entire DBH ranges of
each species. The partial harvest reduced the canopy density con-
siderably; the number of stems decreased from 2100 ha~! to about
1100 ha ™! and basal area from 32 m?> ha~! to 10 m? ha™ . Pine, spruce
and birch accounted for 60%, 20% and 20% of basal area before har-
vest, and 2%, 51% and 47% after harvest, respectively. The stand in-
ventory data were used to derive vertical LAD distributions for each
tree species and tree stand LAI during pre- and post-treatment condi-
tions (Fig. 2; details in Appendix A).

To evaluate the physiological status of the foliage of remaining
spruce undergrowth after partial harvest, chlorophyll fluorescence,
more precisely the ratio of variable fluorescence to maximal fluores-
cence (Fv/Fm), was measured. Fv/Fm describes the maximum effi-
ciency of Photosystem II (PS II) (Murchie and Lawson, 2013). Mea-
surements were taken from current-year and one-year-old needles of 70
spruce trees ranging from 1 to 16 m in height: 50 in different parts of
the partial harvest area and 20 in the control area. Altogether 19
measurement times during the growing seasons of 2016 and 2017 were
chosen to follow the post-harvest dynamics of Fv/Fm in the two parallel
sites. Each time, one lateral shoot from the upper third of the live ca-
nopy per tree was detached, placed in a plastic bag, and stored cool
before the measurement (max. 3 h). In the laboratory, the target nee-
dles (the two age classes separately for each shoot) were first dark
adapted for 30 min using PPEA/LC dark adaptation leafclips (Hansa-
tech Instruments, King's Lynn, Norfolk, UK). Then, measurements were
done with a Pocket PEA continuous excitation chlorophyll fluorimeter
(Hansatech Instruments; measure duration 1 s, illumination 3500 mi-
cromoles).

The understory vegetation was monitored by assessing the projec-
tion coverage of field layer species (dwarf shrubs, herbs, graminoids,
and tree and shrub seedlings and saplings up to 0.5 m height) and that
of moss species and litter on the forest floor. The species names used for
vascular plants and mosses follow the nomenclatures of Himet-
Ahti et al. (1998) and Ulvinen et al. (2002), respectively. Inventories
were carried out in the tree stand inventory plots in 2009, 2017, and
2018 (only in partial harvest site in 2018), as well as in a systematic

Agricultural and Forest Meteorology 295 (2020) 108198

Table 1
Leaf area indices (LAI) and moss coverage at different treatments®.
Pre-treatment / Partial Clear-cut
Control harvest
Tree stand LAI (m® m™?) 4.66 2.22 0.0
Field layer LAI (m® m~?%) 1.0 0.4°-1.2 0.3-1.3
Moss projection coverage 40 40 10

(%)

@ The field layer LAI ranges for the harvested sites describe the development
after harvest during 2016-2018.

b Estimated for 2016 assuming a similar change as observed between 2017
and 2018.

Table 2
Peat profile hydraulic characteristics.

Depth (m) 6, (m® 6, (m®
m % m3

Og (M™Y)  Bug () Kysae Mh™)  Kygee mh™H

0-0.1 0.94 0002 202 1.35 018 30 X Kysar
0.1-02  0.88 0.010 4.4 1.35 012 20 X Kysar
0.2-03  0.88 0.010 4.4 1.35 007 10 X Kygar
0.3-20  0.88 0.010 4.4 1.35  0.05-0.0004  Kygu

6, = soil porosity; 8, = residual water content; ag, By = van Genuchten water
retention curve parameters;
Kvysat» Kusat = saturated vertical and horizontal hydraulic conductivity.

grid of 32 vegetation plots in each parallel site. The latter plots were
located around the WTL transects (Fig. 1) and were mapped for vege-
tation in 2015, 2017, and 2018 (only the harvested sites in 2018). The
moss projection coverage on the forest floor and the field layer vege-
tation LAI were derived from these data for each treatment (Table 1;
details in Appendix A).

To characterize the hydraulic properties of peat (Table 2), peat
samples were collected from three locations. They were analyzed for
peat type and degree of humification (von Post, 1922) for each 0.1 m
layer extending from soil surface to the depth of 0.5 m. The top layer
consisted of organic matter accumulated after drainage (“raw humus”)
and the lower layers were Carex peat with the degree of decomposition
varying from 4 to 6 (von Post scale). Water retention characteristics and
hydraulic conductivities of the peat layers were defined based on
Pidivinen (1973): The soil layers below 0.1 m from the soil surface were
described with water retention parameters fitted to all the Carex peat
data presented by Pdivanen (1973), while the water retention para-
meters of the topmost 0.1 m layer were set based on the Carex sample
with the poorest water retention capacity. Saturated hydraulic con-
ductivity for each 0.1 m layer was defined in relation to depth with the
functions presented for Carex peat. The horizontal hydraulic con-
ductivities of the top 0.3 m of the peat profile were further adjusted by
manual calibration against WTL and runoff measurements during the
pre-treatment period.

2.3.2. Meteorological conditions

Meteorological data were recorded as 30 min averages. The utilized
data included air temperature (HMP45D, Vaisala Corporation), relative
humidity (HMP45D, Vaisala Corporation), atmospheric pressure
(PMT16A, Vaisala Corporation), incoming global radiation (Rg;
Pyranometer CMP3, Kipp & Zonen, Delft, The Netherlands), incoming
PAR (PQS1 PAR Quantum sensor, Kipp & Zonen), wind speed and
friction velocity (METEK USA-1, METEK GMbH) measured at the cen-
tral EC mast at 25.5 m. In addition, precipitation (Casella Ltd Par NO
10000E-04) was measured at 6 m. Meteorological data from three
nearby weather stations (Jokioinen (60°48’'N, 23°30’E), Somero
(60°39'N, 23°48’E), and Salo Kiikala (60°27'N, 23°39’E)), operated by
the Finnish Meteorological Institute, were used to complete the win-
tertime precipitation data and to fill the gaps in the on-site
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Table 3
Coverage of EC measurements and energy balance closure during May-September.
Pre-treatment Partial harvest Clear-cut
2010 2011 2012 2013 2014 2015 2016 2017 2018 2016 2017 2018
Coverage of H [%] 55.4 60.2 73.7 66.7 54.0 68.9 22.7 17.4 16.1 28.1 35.4 223
Coverage of LE [%] 48.3 52.1 63.4 53.2 42.3 58.1 221 16.0 15.0 28.0 35.2 223
Energy balance closure [-]” 0.99 0.93 1.03 0.93 0.97 0.99 1.00 1.03 1.14 0.82 0.82 0.79

2 slope of the linear least-squares regression of half-hourly (H+LE) against (R,—G) H = sensible heat flux; LE = latent heat flux; R, = net radiation; G = ground

heat flux.

meteorological time series.

Downwelling longwave radiation (LW,) was recorded since 2013 at
the Tervalamminsuo mire (CGR4 Pyrgeometer, Kipp & Zonen), ca. 1 km
northeast of the study site. Before 2013 and for gaps in data, LW4 was
estimated from air temperature and atmospheric emissivity with cloud-
cover fraction derived from R, following Song et al. (2009). The method
proposed by Song et al. (2009) was also applied for decomposing
measured R, into its direct and diffuse components. A constant CO,
mixing ratio of 400 ppm was used as model input.

2.3.3. Energy balance components and gross primary production

The two EC setups were used to measure vertical ecosyste-
m-atmosphere fluxes of CO,, sensible heat (H) and latent heat (LE)
(Fig. 1). The 25.5 m high central EC mast provided data for the pre-
treatment period (2010-2015) and for the partial harvest thereafter
(Mar 2016-Dec 2018). The lower 2.75 m EC mast provided data for the
clear-cut site (Apr 2016-Dec 2018) (Korkiakoski et al., 2019a). The
study design did not enable detecting turbulent fluxes (CO,, H and LE)
with EC from the control area after harvesting. The measurement setup
also included net radiation (R,) at both EC stations (Nr-lite net radio-
meter, Kipp & Zonen), as well as reflected shortwave radiation at the
central EC mast (Pyranometer CMP3, Kipp & Zonen). Ground heat flux
(G) was measured at each parallel site from one location at a depth of
0.07 m (HFPO1, Hukseflux Thermal Sensors B.V., Delft, the Nether-
lands). The relation between energy fluxes can be expressed as the
surface energy balance:

4 dF

(1 — )Ry + (LW —0oT{) =H+ LE+ G + —

dt
Ry (€8]

where a is broadband albedo, ¢ is emissivity, o is the Stefan-Boltzman
constant, Tj is effective surface temperature, and dF/dt is the change in
energy storage within the aboveground vegetation, air volume, and
topsoil above the depth of G measurements.

The EC system setup and data processing for the clear-cut site was
described in detail by Korkiakoski et al. (2019a). This system included a
three-axis sonic anemometer (uSonic-3 Scientific, METEK, Elmshorn,
Germany) for wind speed and air temperature and a closed-path in-
frared gas analyzer (LI-7000, LI-COR Biosciences, Lincoln, NE, USA) for
CO, and H,0 mixing ratios. The system at the central EC mast had the
same gas analyzer model, but a different sonic anemometer (METEK
USA-1, METEK).

Half-hourly turbulent fluxes of H and LE were calculated from the
EC data and filtered using standard methods (Aubinet et al., 2012). The
10 Hz raw data were block-averaged, and a double rotation of the co-
ordinate system was applied (McMillen, 1988). The time lags between
anemometer and gas analyzer were determined by a cross correlation
analysis. CO, fluxes were calculated from the dry mixing ratios to
eliminate water vapor fluctuations (Webb et al., 1980). The transfer
function method of Moore (1986) with an empirically determined time
response of each measurement system was used to compensate for the
attenuation of high-frequency fluctuations (Korkiakoski et al., 2019a).
The flux data from both sites were screened according to the following
criteria: relative stationarity (Foken and Wichura, 1996) < 100%, in-
ternal analyzer pressure > 60 kPa (central mast) or > 75 kPa (clear-

cut), CO, mixing ratio > 350 ppm, wind direction within 90-300°
(central mast after partial harvest) or 80-315° (clear-cut), and number
of spikes in the vertical wind speed and CO, concentration data < 150
of 18,000. Periods of weak turbulence were discarded by applying a
friction velocity limits of 0.125 m s~ ! at the clear-cut and 0.225 m s ™!
at the central mast. The flux footprints were calculated using the model
by Kormann and Meixner (2001) and input data measured with the
sonic anemometer. The footprint accumulated within the target area
was required to exceed 75% to ensure the measured flux originated
predominantly from the target site. At the central EC mast in January
2012, heating of the anemometer was switched on, which is known to
affect especially fluxes of H (Goodrich et al., 2016). Here, the effect
seemed to be a rather constant overestimation of ca. 33 W m~2 and
thus, after January 2012, H was corrected accordingly.

Data coverage of the EC measurements was considerably lower for
the post- than the pre-treatment years (Table 3, see Figs. S1-S6 in the
Supplement for full visualization of data), because of occasional in-
strument failures and unavoidable wind direction filtering. The cov-
erage was higher during daytime (zenith angle < 90°) than nighttime:
65-74% vs. 27-40% during pre-treatment, 23-25% vs. 6% at partial
harvest, and 35% vs. 15% at clear-cut, respectively. 78%, 42% and 66%
of the missing values occurred during gaps shorter than one day long in
the pre-treatment, partial harvest and clear-cut data, respectively. Each
treatment had a few gaps longer than 14 days, the longest (38 days)
occurring in 2018 at the partial harvest.

In the analyses of EC data, we primarily use measured half-hourly
LE and H fluxes but also daily fluxes (for days with >50% of mea-
surements available) and estimates of cumulative ET. For the latter two
purposes, LE and H fluxes were gap-filled using the REddyProc online
tool (Wutzler et al., 2018). It applies marginal distribution sampling for
gap-filling, which consists of a combination of look-up tables (based on
global radiation, air temperature and vapor pressure deficit) and mean
diurnal variation of fluxes. For seasonal ET, we additionally present the
uncertainty of the estimates that is based on the variability of the half-
hourly fluxes associated with the bins used for gap-filling
(Wutzler et al., 2018). Uncertainties were aggregated to seasonal values
accounting for correlations between records.

The energy balance closure in May-September (Table 3) was eval-
uated as the slope of the linear least-squares regression of half-hourly H
+LE against R,—G without considering storage terms (Leuning et al.,
2012). At the central EC mast, energy balance closure was close to 1.0
except for the year 2018 (1.14), while at the clear-cut site, it was about
0.8.

In addition to energy fluxes (R,, H, LE, and G), we also used gross
primary production (GPP) to assess the model performance during the
pre-treatment period and the role of vegetation recovery after partial
harvest and clear-cut. Half-hourly GPP values were estimated from the
measured CO, fluxes by partitioning them using the environmental
response functions and procedures described by Minkkinen et al. (2018)
and Korkiakoski et al. (2019a). In short, the measured CO,, flux, i.e. net
ecosystem exchange, was assumed to be the sum of ecosystem re-
spiration and GPP, which were modelled as a function of air tempera-
ture and photosynthetically active radiation, respectively. In the model-
data comparison of half-hourly turbulent fluxes, we excluded time
periods with > 5 mm of rainfall within the last 24 h to avoid the



K. Leppd, et al.

uncertainties introduced by wet-canopy conditions to EC measurements
(Kang et al., 2018; van Dijk et al., 2015).

2.3.4. WTL and water balance components

The distance of the water table from the soil surface, WTL, was
monitored since May 2010 with four automatic loggers (TruTrack WT-
HR, Intech Instruments Ltd, Auckland, New Zealand) located around
the central EC mast (Fig. 1). Additionally, four loggers (Odyssey Ca-
pacitance Water Level Logger, Dataflow Systems Limited, Christchurch,
New Zealand) were installed on each site in December 2014 or July
2015 (clear-cut site). The four loggers were installed on transects run-
ning from the mid-strip to ditch (Fig. 1). All loggers recorded WTL at an
hourly interval. The paired catchment approach (e.g., Kaila et al., 2014)
was used to produce post-treatment WTL data that were comparable to
the pre-treatment data (details in Appendix B).

Discharge was measured at an hourly interval since March 2012
using a V notch weir (90°) and a capacitance water level logger
(TruTrack WT-HR). The weir was located at the southwest end of the
area (Fig. 1). The water level data was calibrated against manual
measurements taken at regular intervals, and discharge was calculated
using the stage-discharge relationship. The weir design limited dis-
charge measurements to 60 1 s, corresponding to a runoff of 1.3 mm
h~!. For the rare cases of higher discharge, this maximum value was
applied. The discharge was converted to runoff using the estimated weir
catchment area of 17.1 ha.

To calculate the May-September water balance during the pre-
treatment period, measured WTLs were converted into changes in soil
water storage (dS/dt) using the hydraulic characteristics defined in
Table 2 and assuming that soil water in unsaturated peat profile is in
hydraulic equilibrium. The resulting change in soil water storage was
compared to precipitation (P), runoff (Q) and EC-based ET as defined by
the water balance equation:
ds _

a “PTETE Q. @

3. Results and discussion
3.1. Meteorological conditions

The meteorological conditions during the growing seasons of
2010-2018 varied considerably (Table 4). The third post-treatment
year 2018 was in many ways extreme; it had the highest mean air
temperature, VPD and R, resulting in largest equilibrium evaporation
(ETeq; calculated following McNaughton and Jarvis (1983)). Pre-
cipitation during May-September was also the lowest in 2018. The year
2010 had the highest pre-treatment ET.q, and the year 2012 the lowest.
The summer of 2014 was the rainiest (411 mm), while 2017 was the
coldest and most humid growing season.

Table 4
Meteorological characteristics in May-September during 2010-2018".

Period Pre-treatment Post-treatment
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018
Tair [°C] 145 144 127 143 136 127 141 121 155

VPD [kPa] 053 045 038 045 043 038 043 037 0.65
Ry [W m~? 182 179 176 182 179 179 178 181 199
P [mm] 306 376 324 245 411 285 315 290 212
ETeq [mm]” 348 337 314 341 332 320 329 318 389

2 The minimum value is underlined and maximum value bolded for each
variable.

® Calculated following McNaughton and Jarvis (1983) using net radiation
R, = 0.67R; - 21 (see Fig. 7a)

Tair = air temperature; VPD = vapor pressure deficit; R; = global radiation;
P = precipitation; ET., = equilibrium evaporation.
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3.2. Pre-treatment period and model validation

According to measurements, mid-growing season R,, was about 60%
of Rg during the pre-treatment period (Fig. 3a). Partitioning of R, into
its components showed distinct seasonal patterns (Fig. 3a—-d). The daily
mean H peaked before mid-June, while LE reached its peak in July. G
increased sharply after snowmelt in April-May and had a decreasing
trend thereafter. The relation between H and LE is typically expressed
as the Bowen ratio (f = H/LE), whose seasonal dynamics are shown in
Fig. 3e. H dominated over LE until mid-June (3 > 1), while the op-
posite was true thereafter. The Priestley-Taylor parameter (o, = ET/
ET.q; Fig. 3f) indicates that ET was close to ET.q from mid-June to late
August. The observed  and o, are in the range previously reported for
boreal coniferous forests (Amiro, 2001; Launiainen et al., 2016). The
seasonal patterns are in line with observations for boreal forests and
managed peatland ecosystems (Alekseychik et al., 2018; Arneth et al.,
2006; Launiainen, 2010), where stomatal control of LE and energy
partitioning are affected by dormancy recovery in early growing season
(Kolari et al., 2007; Launiainen, 2010).

The model reproduced the seasonal energy flux dynamics and the
mean diel cycles reasonably well (Figs. 3 and 4). However, R, was
systematically overestimated during daytime (Fig. 4a) resulting in a ca.
20 W m~2 overestimation of daily averages (Fig. 3a). As the net
shortwave radiation was well reproduced (Fig. 4b), the slight mismatch
in R, is most likely due to the longwave radiation balance, which may
be attributed by the absence of downwelling longwave radiation mea-
surements at the site (see Section 2.3.2). The lowest coefficient of de-
termination (R = 0.60) was between the modelled and measured LE
(Fig. 4d). This was likely caused by the presence of interception eva-
poration events, which cause high peaks in the modelled LE that are
difficult to capture on a half-hourly time scale because of uncertainties
in precipitation input and in EC measurements during wet-canopy
conditions (Kang et al., 2018; van Dijk et al., 2015). The comparison
already excluded time periods with > 5 mm of rainfall within the last
24 h but limiting the data even further to time periods with no rainfall
within the last 24 h, improved the fit to R* = 0.68. The additional slight
mismatch in the diel cycles of H, LE and GPP (Fig. 4c, d and f) may be
related to the inertia in the response of stomatal control to the sur-
rounding microclimate, which is not accounted for in the coupled leaf-
scale photosynthesis-stomatal control model applied in pyAPES.

ET was the dominant component of the May-September water
balance, exceeding even precipitation during all growing seasons ex-
cept 2011 and 2014 (Fig. 5a). Over the growing season, the measured
and modelled ET were 85-108% and 96-104% of ET.q (Table 4), re-
spectively. This is typical for boreal forests on both peat and mineral
soils at similar latitudes, where ET is commonly reported to exceed
growing season precipitation (Grelle et al., 1997; Launiainen, 2010;
Sarkkola et al., 2013). Since 2012, when runoff data were available
from the site, water balance was closed reasonably well (-11%... +7%)
by the measurements (Fig. 5a). The presented water balance compo-
nents are expected to close the water balance as we only consider the
snow-free growing season. The most significant storage delaying water
flow through the system during this time is the soil water storage,
which was here computed from WTL based on assumptions presented in
Section 2.3.4. Both the EC measurements and model showed highest ET
in 2010 (Fig. 5a-b); this was the warmest and driest summer during the
pre-treatment period (Table 4). On the other hand, the most humid and
coldest summers (2012 and 2015) produced the lowest modelled ET,
while the lowest measured ET occurred during the rainiest summer
(2014). This difference can be caused by underestimated EC-based ET
during wet-canopy conditions when evaporation of intercepted rainfall
is significant (Kang et al., 2018; van Dijk et al., 2015).

According to the modeling, total transpiration was on average 64%
of growing season ET (Fig. 5b), and tree stand transpiration covered
59% of ET. This agrees with earlier findings from boreal forests that
show tree stand transpiration is 39-48% of ET in more northern
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Fig. 3. Seasonal dynamics of variables characterizing the surface energy balance during the pre-treatment period 2010-2015: (a) net raditation, Ry,, and global
raditaion, Rg; (b) ground heat flux, G; (c) sensible heat flux, H; (d) latent heat flux, LE; (e) Bowen ratio, B; (f) Priestley-Taylor parameter, a,.. Shaded areas show the
range of yearly 14-day rolling means and the lines show the median values. The days with more than 50% of gap-filling and with > 5.0 mm of rainfall are excluded.

Bowen ratio only includes periods when zenith angle was < 90°.
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Fig. 4. Mean diel cycles of measured (solid line + standard deviation as gray shade) and modelled (dashed line * standard deviation as hatched lines) fluxes, and
scatter plots of modelled vs. measured fluxes: (a) net radiation, R,; (b) net shortwave radiation, SW,; (c) sensible heat flux, H; (d) latent heat flux, LE; (e) ground heat
flux, G; and (f) gross primary production, GPP. Plots include data from May-September, excluding periods with > 5.0 mm of rainfall within the past 24 h. Linear
least-squares regressions are fitted to the half-hourly data (black line), 1:1 line shown as dotted, and R? denotes the coefficient of determination.

locations (Kozii et al., 2019; Sarkkola et al., 2013) and 65% in a more
southern location (Grelle et al., 1997) compared to the location of
Lettosuo. The model suggested that transpiration by the dominant pines
was 47% and by birches 27% of total transpiration. The undergrowth
spruces with just 15% smaller LAI than pine contributed only by 17%
and field layer vegetation by 9%. This suggests that suppressed spruces
and field layer vegetation have a minor role in a mature forest, but may
have potential to increase their transpiration when the canopy opens
up, as reported for undergrowth spruces by Lagergren and
Lindroth (2004) following thinning.

The measured WTL ranged from —0.1 m during spring down to
—0.7- —0.5 m in late summer (Fig. 5¢). Average WTL in August was
—0.54 m. This is in line with late summer WTL measured in managed
peatland forest in southern Finland with tree stand volumes exceeding
200 m® ha~! (Sarkkola et al., 2010) as in Lettosuo. The model re-
produced the measured WTL with reasonable accuracy (Fig. 5c¢); the
mean absolute error during May-September ranged from 0.03 to
0.09 m depending on the year. Overall, the comparisons between model
predictions and measurement-based observations, and the outcomes

being well in line with earlier studies in boreal forests, suggest that the
model can be used to support the evaluation of harvest-induced effects.

3.3. Responses to harvesting

3.3.1. Observed WTL and ET

After harvesting, the largest WTL differences between the sites oc-
curred during June-September while the differences were the smallest
during the snowmelt period in April (Fig. 6). At the clear-cut site, WTL
was up to 0.45 m higher compared to the control site. At the partial
harvest site, the WTL rise was never more than 0.15 m, even though the
partial harvest reduced the basal area by 70% and LAI by 50%. The
smallest WTL differences between treatments were observed during the
coldest and most humid growing season 2017. The exceptionally warm
and dry 2018 yielded the largest differences, as well as the lowest WTL
observed during the whole study period 2010-2018 (Figs. 5c and 6a).
Compared to the control site, the average WTL rise for May—-September
during the post-treatment period (2016-2018) was 0.05 + 0.03 m and
0.18 + 0.02 m at the partial harvest and clear-cut sites, respectively
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(error estimate is the standard deviation derived from the WTL mea-
surements).

Seasonal cumulative ET derived from the EC measurements sug-
gested that ET was about 30% lower at the clear-cut than at the partial
harvest in 2016 and 2018 (Table 5). In 2017, however, ET was about
the same for both sites (Table 5), which is inconsistent with the WTL
observations (Fig. 6). The uncertainty induced by gap-filling to seasonal

ET due to the low coverage of EC measurements (Table 3) is likely
causing this inconsistency. The larger ET uncertainty estimates during
the post-treatment (Table 5) compared to pre-treatment (Fig. 5) in-
dicate this to some extent, although the uncertainty caused by filling
longer gaps is not included in the error estimates. Compared to the
modelled ET of the non-harvested control stand, ET changes after both
harvests were largest during the first post-treatment year 2016
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Fig. 6. (a) Post-treatment water table level (WTL) at each site, and (b) its difference compared to the control site as 14-day rolling mean. Lines and shaded areas

indicate the mean and variability range of WTL measurements.
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Table 5

Cumulative May-September evapotranspiration (ET) for the three post-treat-
ment years. Error estimates are derived from eddy-covariance data processing
(see Section 2.3.3.).

ET [mm]"
Year 2016 2017 2018
Partial harvest’ 264 + 9.5 263 + 6.4 388 + 14.3
Clear-cut® 176 + 8.0 261 + 7.4 268 + 8.1
Control” 320 294 380

2 Based on eddy-covariance measurements.
® Modelled.

(Table 5). In 2018, ET at the partial harvest was similar to the control
site but at the clear-cut it was still clearly lower.

The significant rise of WTL after clear-cut, that is commonly ob-
served in peatlands (Dubé et al., 1995; Heikurainen, 1967; Jutras and
Plamondon, 2005; Sarkkola et al., 2013), is addressed in operational
peatland forestry by recommending ditch cleaning soon after clear-cut
to maintain efficient drainage. The notably smaller WTL rise after
partial harvest suggests ditch cleaning may not be necessary, which is a
strong environmental and economical benefit compared to clear-cutting
(Nieminen et al., 2018). The necessity of ditch cleaning in connection
with partial harvest was questioned already by Piivinen and
Sarkkola (2000) after their experiment where up to 30% of the stand
volume was removed. Heikurainen and Pdivinen (1970) reported that
removing 60% of the volume of a Scots pine stand resulted in a WTL
rise that was half of the response observed at a parallel clear-cut site.
Here the observed WTL rise at the partial harvest was about 30% of that
at the parallel clear-cut site (Fig. 6b), thus less drastic than the WTL rise
after partial harvest observed by Heikurainen and Paivanen (1970).

3.3.2. Impacts on energy balance

Compared to the pre-treatment conditions, R,, decreased after both
harvests (Figs. 7a and 8a). At the partial harvest site, the change was
smaller than at the clear-cut but still statistically significant (evaluated
as 95% confidence interval of regression curve coefficients in Fig. 7a).
Two factors may jointly decrease R,: (1) increased albedo and de-
creased absorption of solar radiation and (2) increased emittance of
longwave radiation as a result of increased surface temperature (see
Eq. (1)). Ecosystem-scale albedo, computed from the reflected vs. in-
coming R, measured at the central EC mast, indicated that mean
growing season albedo increased from 0.09 to 0.12 after partial harvest.
The increase in albedo with decreasing LAI is in line with what has been
observed across boreal coniferous stands (Kuusinen et al., 2014; Lukes
et al., 2013). Thus, about half of the decrease in R, after partial harvest
may be attributed to albedo changes. The albedo was not measured at
the clear-cut site, but the decrease in R, there should be affected both
by increased albedo and increased surface temperature (Mamkin et al.,
2019; McCaughey, 1981).

Both H and LE were significantly reduced after the clear-cut
(Figs. 7b—c and 8b-c), as could be expected based on the results of
earlier studies (Amiro, 2001; Mamkin et al., 2019; Rannik et al., 2002).
Moreover, their relationship with R; became more linear compared to
the pre-treatment conditions (Fig. 7b—c), presumably due to decreased
transpiration and stomatal control of LE. After partial harvesting, LE
also decreased and H slightly increased but the changes were marginal
compared to the clear-cut (Fig. 8b—c). Especially in 2016, the Bowen
ratio increased as a response to decreasing ET at the partial harvest site
(Fig. 8b—c). However, the scaling of H and LE against R, remained
unaltered (Fig. 7b—c). G had a stronger diurnal amplitude and higher
daily net heat flux into the soil at the clear-cut than at the tree-covered
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sites (Fig. 8d), in line with Amiro et al. (2001) and
Mamkin et al. (2019). Even at the clear-cut, G still remained an order of
magnitude smaller than H and LE. Marginal changes in H and R,, after
thinning of a Scots pine stand in southern Finland were also reported by
Vesala et al. (2005). The results are also in accordance with
Launiainen et al. (2016), who suggested that the sensitivity of boreal
forest energy exchange to LAI variations (here created by harvests) is
strongest in sparse stands with LAI < 2 m? m™2

3.3.3. Role of post-treatment vegetation recovery on energy and water
balance

Both at the clear-cut and partial harvest sites the changes in LE, GPP
and seasonal ET were most pronounced during the first post-treatment
year 2016, and partial recovery of these fluxes occurred thereafter
(Fig. 8 and Table 5). To explore to which degree the development of
field layer vegetation can explain such trends, the model was run for the
treated sites with the treatment-specific characteristics (Fig. 2b and
Table 1), where the field layer LAI varies according to the range in-
ferred from the post-treatment vegetation inventories. Additionally, the
corresponding model outputs for WTL changes in comparison to mea-
surements were evaluated.

At the clear-cut, the observed LE was within the lower end of the
model-predicted range (corresponding to small field layer LAI) in 2016,
and within its higher end in 2017 and 2018 (corresponding to increased
field layer LAI) (Fig. 8c). Thus, we postulate that the rapid establish-
ment of pioneering ground vegetation species and the consequent in-
crease in LAI (Table 1), which enhances plant water use and rainfall
interception, is the likely reason for the increasing LE. Model runs with
increased field layer LAI also captured the increase in R, observed at
the clear-cut after 2016 (Fig. 8a), which according to the model was a
result of decreased surface temperature in response to increased LE, and
decreased surface albedo. The role of field layer vegetation establish-
ment is also supported by Fig. 9, where the lower envelope curve re-
presenting simulations with high field layer LAI matches the observed
WTL changes better in 2017 and 2018. The sensitivity of WTL to field
layer LAI at the clear-cut was similar in 2016 and 2017 but much wider
during the dry summer 2018 (Fig. 9). The limited effect of field layer
LAI on WTL during wet years 2016 and 2017 is because changes in ET
are compensated by runoff (Fig. 10b vs. 10d). For example, in 2017 the
decrease in field layer LAI results in an ET decrease that is of same
magnitude as the increase in runoff, while in 2018 only about half of
the ET decrease is compensated by increased runoff. On the other hand,
comparison between Fig. 10a and c reveals that at the partial harvest
site changes in ET are more directly reflected to WTL because runoff
plays a smaller role than at the clear-cut site (Fig. 10b and d).

Contrary to the clear-cut site, the model runs for the partial harvest
site with the range of field layer LAI (Table 1) were not able to capture
the observed changes during the first post-treatment year 2016. The
modelled LE and GPP were overestimated and H underestimated in
2016 (Fig. 8b—c and e), and correspondingly the change in WTL was
underestimated (Fig. 9). This indicates that ET and GPP were restricted
due to some other phenomenon in 2016. In the model runs, leaf-level
photosynthetic and water-use traits of tree and field layer vegetation
species were kept constant in time (Table S2), thus omitting possible
feedbacks of altered microclimatic conditions and resource competition
on leaf physiology. The chlorophyll fluorescence measured from spruce
needles, however, showed lower quantum efficiency of PS II (Fv/Fm) at
the partial harvest relative to the control site in 2016 (Fig. 11), espe-
cially in one-year old needles. Such decrease in Fv/Fm is indicative of a
stress response of the photosynthetic apparatus in the shade-adapted
spruce undergrowth (e.g., Gnojek, 1992). The needles seemed to adapt
rapidly to the altered microclimate, as the difference in Fv/Fm de-
creased already during the first growing season and leveled out in the
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second post-treatment year (Fig. 11), which is surprisingly fast (cf.
Gnojek, 1992). It is likely that field layer vegetation undergoes a similar
stress period, and if leaf marginal water use efficiency (i.e. change of
photosynthesis per unit change of transpiration) is not significantly
altered after partial harvest, the reduced photosynthetic CO, demand of
previously shade-adapted vegetation layers will results in lower sto-
matal conductance and transpiration rate (Medlyn et al,, 2011). A
stronger reduction in stand transpiration during the first year after
forest thinning has also been reported in earlier studies (Bréda et al.,
1995; Lagergren et al., 2008).

3.4. Generalizing the role of tree stand in controlling ET and WTL

The nine-year measurements at Lettosuo showed strong seasonal
and inter-annual variability in WTL (Figs. 5c and 6a). It is therefore
important to disentangle the effect of meteorological variability from
harvest responses, something that is seldom possible in empirical stu-
dies with a limited number of monitored pre- and post-treatment years.
The inter-annual variability in mean growing season WTL, cumulative
ET and its components caused by meteorological forcing (2010-2018)
and LAI changes were predicted based on model runs. In the simula-
tions, tree stand LAI was set to vary from the non-harvested stand to the
clear-cut (Fig. 12) while the species composition was kept constant, i.e.
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pines, spruces, and birches covered 41%, 35% and 24% of tree stand
LAI and their relative LAD profiles were as in Fig. 2a.

This analysis revealed that inter-annual variability of WTL caused
by meteorological conditions is much larger than the effect of forest
harvesting (Fig. 12a). The role of tree stand LAI on WTL is most pro-
nounced during dry growing seasons, and primarily due to non-linear
increase of stand transpiration with LAI (Fig. 12c¢). During summers
with high precipitation and elevated WTL (such as 2014 and 2011), the
biological drainage through stand ET has clearly less impact on WTL,
resulting into small variations across the simulated LAI range (Fig. 12a).
For the same reason, inter-annual variability in WTL decreases with
decreasing tree stand LAI (Fig. 12a) and the WTL difference to the
control stand varies depending on the year (Fig. 12b). The tree stand
volume was shown to have stronger impact on peatland WTL during dry
than wet summers also by Sarkkola et al. (2010), meaning that ditch
drainage has a more dominant role in the water balance during wet
summers.

Depending on the year, the cumulative May-September ET de-
creased from 294- to 380 mm to 192-229 mm when moving from the
non-harvested stand to the clear-cut. This results from the changes in ET
components in response to decreasing tree stand LAI (Fig. 12c)
(Kozii et al., 2019; Launiainen et al., 2016). First, cumulative rainfall
interception responds almost linearly to changes in tree stand LAI
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Fig. 8. Measured mean diel cycles at the partial harvest and clear-cut sites
during post-treatment growing seasons: (a) net radiation, Ry; (b) sensible heat
flux, H; (c) latent heat flux, LE; (d) ground heat flux, G; and (e) gross primary
production, GPP. The plotted cycles are based only on such periods during
May-September when measurements were available from both sites, excluding
periods with > 5.0 mm of rainfall within the past 24 h. The corresponding
model predictions for the non-harvested stand (control) are presented as re-
ference, and the shaded areas show the modelled range for the harvested sites
when field layer leaf area index is varied as in Table 1. Dotted lines represent
model results with low field layer leaf area index.

(Mazza et al., 2011). Second, tree stand transpiration decreases non-
linearly and proportionally less than LAI as leaf and tree-level tran-
spiration is enhanced in response to changes in microclimate, increased
light availability in particular (Bladon et al., 2006; Bréda et al., 1995;
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Lagergren and Lindroth, 2004; Launiainen et al., 2016). For Lettosuo,
the model suggests spruce transpiration is roughly doubled after
opening the overlying canopy in partial harvest. Third, field layer ET
and forest floor evaporation increase non-linearly with reduced tree
stand LAI as the lower layers become exposed to more light and wind,
and higher VPD. This increase in field layer and forest floor ET has a
compensating effect on total ET, that in some cases has led to even an
increase in total ET after partial harvest (Boczon et al., 2016).

The WTL change after partial harvest at Lettosuo falls out of the
shaded area shown in Fig. 12b because the species composition and
vertical LAD profiles were also drastically changed (Fig. 2). Before
harvest, Scots pine with conservative water use strategy and thus low
transpiration capacity was the dominant species, while after harvest the
stand consisted of birch and spruce. This led to a smaller WTL rise at
Lettosuo compared to modelled partial harvest in which the LAI of all
species was reduced equally (Fig. 12b). The change in species compo-
sitions may also explain why our results show smaller WTL rise com-
pared to earlier results on thinning impacts on pure pine stands
(Heikurainen and P&divédnen, 1970; Pidivanen and Sarkkola, 2000).

To further investigate this, model simulations were next made to
replicate alternative harvesting strategies: we started from the non-
harvested stand as in Fig. 12 but varied the amount and shares of
harvested species until reaching clear-cut conditions (Fig. 13). In other
words, we altered the species composition as well as the stand struc-
ture. The resulting variation in WTL (Fig. 13a) depended mostly on
species composition, reflecting the varying transpiration capacity of the
tree species, but was also due to the stand structure, which affected the
microclimate within the canopy and conditions for forest floor eva-
poration (Fig. 13c). The removal of dominant pines was associated with
the lower end of the WTL range, while removing birches resulted in the
greatest WTL rise with decreasing LAIL

In practical forestry, stand volume and basal area are typical metrics
to plan harvests, and therefore it is illustrative to consider also the WTL
to basal area relationship (Fig. 13b). It differs from the LAI response as
allometric relationships, such as diameter to leaf-mass ratio and specific
leaf area, vary among species. Partial harvests may in practice be done
in several different ways (Nieminen et al., 2018) that may lead to
widely varying remaining basal area and LAIL Fig. 13b shows this can
lead to a wide range of WTL depending on structure and species com-
position of the remaining stand. In practical terms, this means that the
initial stand heterogeneity and species water use traits can be utilized in
harvest planning in order to preserve sufficient ET capacity and biolo-
gical drainage to control WTL. Favoring mixed stands when possible
and, especially, maintaining an admixture of deciduous species with
high leaf to basal area ratio and liberal water use strategy (e.g.,
Lin et al., 2015) could be a cost-effective way to avoid ditch cleaning
and also to support biodiversity in peatland forestry. As naturally re-
generated undergrowth birches with high transpiration rate per unit
leaf area are a typical feature of peatland forests (Sarkkola et al., 2005),
retaining such undergrowth in partial harvests should be considered to
keep WTL sufficiently low for undisturbed growth of trees with high
quality and economical value.
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Fig. 9. Mean measured and range of modelled
water table level (WTL) difference compared to
the control site as 14-day rolling mean during
post-treatment years. The shaded areas show
the model results when field layer leaf area
index is varied as in Table 1 with the dotted line
corresponding to the low field layer leaf area
index.
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Fig. 10. Cumulative water balance during May-September for the post-treatment period modelled with (a-b) low and (c-d) high field layer leaf area index (LAI) for
(a, ¢) the partial harvest and (b, d) the clear-cut sites. See Table 1 for values of field layer leaf area indices.

4. Conclusions

This study aimed to quantify changes in growing season water
balance, WTL and energy fluxes after clear-cutting and partial harvest
in a drained boreal peatland forest. To this end, WTL and surfa-
ce-atmosphere energy and CO, exchange were measured at a fertile
mixed peatland forest in southern Finland for six pre-treatment and
three post-treatment years. The data analysis was accompanied with
soil-plant-atmosphere transfer modeling to explore the causal me-
chanisms behind the observed changes and to disentangle the vegeta-
tion controls on water and energy balance from inter-annual meteor-
ological variability. Regarding the three research questions framed in
the introduction, our conclusions are as follows:

1) After partial harvest, where 70% of basal area and 50% of LAI was

removed, mean growing season WTL rose by only 0.05 m compared
to the intact stand, while the response was much greater at the clear-
cut site (+0.18 m). R,,, H and LE were significantly reduced and G
increased at the clear-cut site, while changes were surprisingly small
at the partial harvest site considering the strong reductions in LAI
and basal area. The observed changes in energy fluxes were the
strongest during the first post-treatment year and partial recovery
occurred already during the second year.

2) According to model predictions, the importance of field layer ve-

getation on ecosystem water and energy fluxes increased after har-
vests. At the clear-cut, rapid development of field layer vegetation
increased ET, and was likely to alter surface albedo and R,, after the
first post-treatment year. The model-data comparison and
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Fig. 11. The chlorophyll fluorescence (Fv/Fm) measured from (a) one-year-old and (b) current-year spruce needles at control and partial harvest sites in 2016 and
2017. Median values and 5...95 percentile ranges are shown as markers and error bars, respectively.
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Fig. 12. Modelled (a) mean water table level (WTL), (b) mean WTL difference compared to the non-harvested stand, and (c¢) cumulative evapotranspiration (ET)
components during May-September as a function of tree stand leaf area index (LAI) that is varied from the non-harvested stand (4.66 m? m_? Fig. 2a) to the clear-cut
(0 m? m~?) while keeping the species composition constant. Markers in panels a and b show model results for the partial harvest stand (LAI = 2.22 m® m~? Fig. 2b).
The shaded areas and error bars show the effect of meteorological variability during 2010-2018 (years indicated in panel a), and the lines and dots show the
corresponding mean values. LAI of field layer vegetation and surface coverage of moss were fixed to 1.0 m?m~2 and 40%, respectively.
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Fig. 13. Modelled (a,b) mean water table level (WTL), and (c) cumulative
evapotranspiration (ET) components during May-September 2012 as a function
of (a,c) tree stand leaf area index (LAI) and (b) stand basal area, ranging from
the non-harvested stand (Fig. 2a) to the clear-cut. The shaded areas show the
variability caused by the species composition of the remaining stand, and the
lines show the case with the species composition of the initial stand. LAI of field
layer vegetation and surface coverage of moss were fixed to 1.0 m? m™~2
40%, respectively.

and

chlorophyll fluorescence measurements suggested that transpiration
of the shade-adapted spruce undergrowth was reduced during the
first post-treatment growing season due to light-induced stress.
However, this was ameliorated already during the second post-
treatment year. Better understanding of microclimatic variations,
plant stress responses and recovery rates would be an important
future research topic for considering the applicability of continuous
cover forestry on peatlands.

The results indicated that the inter-annual variability in meteor-
ological conditions has a stronger impact on mean growing season
WTL than decrease in LAI, reflecting the different roles of ditch

3

o7
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drainage vs. ET during wet and dry summers. The WTL response to
reduced LAI is non-linear, differs between wet and dry summers,
and is sensitive to changes in species composition (water use traits).
The non-linearity of WTL and energy exchange in response to
changes in LAI or basal area emphasizes that the effect of harvesting
depends strongly on initial stand structure. Removing overstory
pines but leaving spruces and birches with high transpiration ca-
pacity at the partial harvest site explained the small WTL rise ob-
served. This implies that accounting for species composition and
vegetation structure in management planning can provide addi-
tional control on WTL in peatland forests. Especially, preserving
naturally regenerated deciduous undergrowth could limit the WTL
rise after partial harvest.

Data availability

Ecosystem flux and meteorological data measured at the central EC
mast are available through the ICOS Carbon Portal (10.18160/0jhg-
bzmu, ICOS Ecosystem Thematic Centre, 2019). Data for the clear-cut
site for two post-treatment years are available through Zenodo (10.
5281/zenodo.3384791, Korkiakoski et al., 2019b). WTL and chlor-
ophyll fluorescence data are made available here. The model source
code and further data can be obtained from the corresponding author.
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Appendix A. Deriving stand and understory characteristics for model

Leaf area density (LAD) distributions for the main tree species (pine, spruce and birch) were derived using crown shape models, and one-sided
leaf area indices (LAI) estimated by an allometric method. First, species specific equations for tree height as a function of DBH (Naslund, 1936) and
for trunk base height as a linear function of tree height were determined. This was done using the subset of trees that were measured for trunk base
and tree height in addition to DBH. LAI for each tree was then derived based on DBH, trunk base height and tree height using foliage biomass
functions (Lehtonen et al., 2020; Tupek et al., 2015) and specific leaf area values (Harkonen et al., 2015). Normalized LAD distributions were derived
based on species, tree height and trunk base height (Tahvanainen and Forss, 2008). LAD for each species was obtained as a sum of all individual tree
LAD distributions of that species. The LAI and LAD for each species in 2014 and after partial harvest in 2016 are shown in Fig. 2.

Inventory results of field layer vegetation coverage by species and the coverage of moss and litter on the forest floor are shown in Fig. A1. LAI of
field layer vegetation was derived by first converting coverage to biomass for each plant type functional group and then total biomass to LAL
Coverage to biomass regressions (Fig. A2a—c) were established from the inventory results of 2009 when field layer vegetation biomass was de-
termined by species in addition to their coverage. In 2018, selected plots in the partial harvest area were measured for vegetation biomass and LAI
(Licor LAI-2000) at the same time, which provided a relationship between LAI and biomass (Fig. A2d). Estimated field layer LAI corresponding to
each inventory is presented in Fig. Ala. These values were used for model parameterization (see Table 1), however, excluding site VP, because of
disturbance caused by proximity of EC mast.
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Fig. A2. Relationship between (a—c) field layer vegetation biomass and projection coverage by functional group, and (d) total field layer vegetation leaf area index
(LAI) and biomass. R? denotes the coefficient of determination for the linear least-squares regression with the intercept forced to zero.

Appendix B. Processing WTL data

WTL was monitored since May 2010 with four automatic loggers and with an additional set of four loggers in each parallel site since 2014-2015
(Fig. 1). The long-term loggers were within the site that was subsequently partially harvested and thus represented partial harvest conditions since
March 2016. As WTL measurements were conducted in variable locations (e.g., distance to ditch, local soil hydraulic characteristics, connectivity
between pipe and surrounding soil), the data were pre-processed both to discard unreliable measurements and to provide comparable WTL time
series for the parallel sites. First, one of the four long-term loggers was discarded due to low correlation with the other loggers and inconsistent
dynamics. Linear regressions with a forced slope of unity were then fitted between the remaining three reference time series and the 12 WTL time
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series from the transects using the period before the harvesting operations (calibration period). Transect loggers whose average coefficients of
determination during the calibration period were < 0.7 when regressed against the reference time series were discarded (5 out of 12). The levels of
the remaining 7 WTL time series were corrected to correspond to each of the reference time series based on the fitted regressions. As a result, we
obtained a range of WTL for each parallel site, which were comparable to the long-term WTL measurements at the site.
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