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A B S T R A C T

Understanding how managed grasslands respond to climate and management regimes across global pedoclimatic 
zones is crucial to combating climate change. In this study, we used the eddy covariance method to continuously 
measure GHG fluxes from January through December 2022 at three boreal grassland sites in eastern Finland: 
Anttila on mineral soil, and Särkisuo and Pappilansuo on drained peat soils. Our results highlight significant 
seasonal variability and a strong dependence on management events (such as summer plowing at Pappilansuo, 
fertilization, and harvest at all three sites). The net CO2 exchange ranged from a strong net uptake at Anttila 
(–2500 kg C ha− 1 yr− 1) and moderate uptake at Särkisuo (–500 kg C ha− 1 yr− 1) to net release at Pappilansuo 
(+930 kg C ha− 1 yr− 1). CH4 fluxes were negligible at Anttila (total of +2 kg CH4 ha− 1 yr− 1) but reached + 110 kg 
CH4 ha− 1 yr− 1 at Särkisuo and + 51 kg CH4 ha− 1 yr− 1 at Pappilansuo. N2O emissions peaked after fertilization 
with + 3.8 (Anttila), + 16 (Särkisuo), and + 29 kg N₂O ha− 1 yr− 1 (Pappilansuo). Anttila remained a net GHG sink 
at approximately –8.0 t CO2-eq ha− 1, whereas Särkisuo and Pappilansuo were net sources of 5.0 and 12.3 t CO2- 
eq ha− 1, respectively. Anttila had the lowest GHG emissions per kilogram of grass biomass produced and had the 
highest yield, illustrating the potential for more climate-friendly grassland management on suitable soils. 
However, the organic soils showed higher GHG emissions. These results highlight the influence of soil type and 
the importance of management timing on the overall GHG balance in boreal grasslands.

1. Introduction

The rising levels of atmospheric greenhouse gases (GHGs) driven by 
industrial and agricultural expansion necessitate urgent actions to 
mitigate climate change impacts (Lee et al., 2024). Carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O) significantly contribute 
to global warming because of their potent effects on Earth’s radiative 
balance (Dijkstra et al., 2012). International efforts, such as the “4 per 
mille Initiative,” aiming at enhancing soil organic carbon by 0.4 % 
annually and potentially offsetting around 4 billion tons of CO2 emitted 
each year, highlight the critical role of effective agricultural soil man
agement in global carbon sequestration efforts (Minasny et al., 2017). In 

line with this, the European Commission has set a target to reduce net 
GHG emissions by at least 55 % by 2030 compared to 1990 levels. This 
highlights the need for accurate measurements and management of GHG 
fluxes from the land-use sector to support sustainable practices and 
policy development effectively (European Commission, 2023).

Boreal grassland rotations managed for forage production for live
stock, characterized by harsh climates and unique soil properties, pre
sent significant challenges and opportunities for sustainable agricultural 
management (Soussana et al., 2007; Norderhaug et al., 2023). These 
ecosystems in Nordic countries are influenced by past land-use and 
current agricultural practices, which intersect with the pressures of a 
changing climate, making their study especially pertinent (Forster et al., 
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2022; Grados et al., 2024). Northern Grasslands are crucial for their 
potential in carbon storage and GHG mitigation (Shurpali et al., 2009; 
Palosuo et al., 2015; Lind et al., 2019, 2020; Heimsch et al., 2021; Li 
et al., 2023). Despite efforts to quantify GHG fluxes at the plot and field 
scales, knowledge of the impacts of grassland management practices 
such as fertilization, harvest, and renovation is insufficient. Moreover, 
the comprehensive inclusion of all three major GHGs is frequently 
overlooked, limiting our understanding of the full spectrum of GHG 
emissions (Soussana et al., 2007; Dijkstra et al., 2012). Additionally, the 
influence of different soil types (mineral versus organic) on GHG dy
namics in grasslands remains underexplored (Shurpali et al., 2009; 
Armolaitis et al., 2022).

High-time-resolution monitoring using the eddy covariance (EC) 
technique is essential for capturing the complex dynamics of GHG ex
change at the field scale, offering insights into both long-term trends and 
episodic fluxes, which are critical for assessing the effectiveness of 
climate mitigation strategies (Soussana et al., 2007; Rebmann et al., 
2018). Such detailed data are indispensable for refining GHG exchange 
models, which enhance the accuracy of GHG inventories and support the 
development of targeted management interventions. In this study, we 
examine the GHG flux data measured simultaneously by the EC method 
in three adjacent grasslands that are exposed to the same climatic con
ditions but differ in their soils and management regimes. The broad aim 
of this study is to enhance our understanding of GHG dynamics in 
northern managed grasslands. Specifically, we aim to 1) quantify how 
CO2, CH4 and N2O fluxes, their seasonality and annual budgets vary 
between adjacent grasslands on mineral and drained peat soils; 2) reveal 
how net ecosystem exchange (NEE) and its components respond to grass 
canopy development and management (i.e. cutting, ploughing), 3) 
explore the impact of fertilization and ploughing on N2O flux dynamics, 
and 4) evaluate how mineral and organic grasslands differ in their GHG 
balance and grass yield under similar climate.

2. Materials and methods

2.1. Site characteristics and management practices

Field-scale CO2, CH4, and N2O fluxes representing the total GHG 
balance were measured during the 2022 year employing the EC tech
nique at three distinct boreal agricultural grassland research sites, all 
located within a 3-kilometer radius near the Maaninka Research station, 
Natural Resources Institute Finland in Pohjois-Savo region in Finland. 

Despite their proximity, these sites differ significantly in their soil 
physicochemical properties (Table 1) and management practices 
(Table 2). The mineral soil at the Anttila site (FI-Ant) is predominantly 
classified as Eutric Gleysol to Luvic Planosol/Stagnosol (IUSS Working 
Group WRB, 2007), a silt loam in texture according to the USDA clas
sification system. The Särkisuo (FI-Sar) and Pappilansuo (FI-Pap) sites, 
located on drained organic soils primarily composed of sedge peat, vary 
in peat depth from 25 to over 100 cm. Särkisuo is nutrient-rich with 
better water retention, as indicated by soil electrical conductivity and 
nutrient contents (Table 1). Anttila is currently undergoing labeling 
process to become a Class 2 ecosystem station in ICOS (Integrated Car
bon Observation System, Heiskanen et al., 2022) infrastructure.

2.2. Site management

2.2.1. Anttila
The Anttila site has undergone several management activities that 

influenced soil/vegetation characteristics and potentially GHG emis
sions during the study year 2022. In May 2020, the site was ploughed 
and sown immediately afterwards with a mixture of timothy (Phleum 
pratense) - tall fescue (Lolium arundinaceum) and barley (Hordeum vul
gare) as a cover crop. Barley was harvested in August 2020, followed by 
glyphosate application in September and autumn ploughing in 
November, leaving the soil bare over the winter of 2020–21. The 
following year, on June 3, 2021, the site was harrowed, sown, and 
fertilized with a mixture of red clover (Trifolium pratense) and timothy, 
and again including barley as a cover crop. One whole crop harvest was 
made on August 2, and the vegetation was left to overwinter, setting the 
stage for the 2022 measurement period. The management practices 
adopted during the study year are described in Table 2.

2.2.2. Särkisuo
This site features a deep, nutrient-rich peat soil managed with spe

cific fertilization and harvesting schedules to optimize grass growth. In 
2020, the site was fertilized early in May and again in late June, grass 
harvesting was done in June and August. Glyphosate was applied in late 
September, and the field was left fallow over the winter. In June 2021, 
the site underwent a new management cycle, starting with ploughing, 
followed by sowing and fertilization with a mixture of wheat, oat, and 
grasses on June 9. The field was harvested as a whole crop in July.

2.2.3. Pappilansuo
Operating under constraints due to landowner agreements and sup

porting natural grass and weed growth, the Pappilansuo site has served 
as a vegetative buffer zone to reduce nutrient and sediment leaching 
from the surrounding forested and agricultural area into adjacent wa
ters. Management was limited to essential maintenance, with two grass 
cuts in July and September of 2020. From 2021 onwards, however, the 
site was used for forage production (grass under sown with wheat and 
oat mixture) and was first fertilized in mid-May, followed by a grass cut. 
To facilitate slow releasing potassium reserves in the soil, biotite was 
applied at the rate of 15 t ha− 1. A second fertilization in June preceded 
the final grass cut in late July, after which the site was left to overwinter.

2.3. Eddy covariance and environment measurements

2.3.1. Instrumentation setup
The EC systems measuring CO2, CH4, and N2O fluxes were stan

dardized across the three sites to ensure consistency in data collection 
and alignment with community standards, particularly the protocols 
defining the practices used in the ICOS infrastructure (Nemitz et al., 
2018; Rebmann et al., 2018). The measurement setup at each site 
included a sonic anemometer (uSonic-3 Cage MP, METEK GmbH, Ger
many) mounted on a tripod mast for observing the turbulent airflow. Gas 
concentrations were sampled using two separate analyzers at each site, 
with air inlets placed near the anemometer (horizontal separations of 

Table 1 
Soil physical and chemical properties at the three study sites.

Anttila Särkisuo Pappilansuo

​ Mean Std. 
dev

Mean Std. 
Dev

Mean Std. 
Dev

Electrical conductivity 
(mS m− 1)*

0.6 0.1 2.4 0.9 1.1 0.2

pH^ 5.8 0.2 5.5 0.2 5.3 0.1
Calsium (Ca, mg l− 1)¤ 1050 140 2425 332 1338 183
Phosphorus (P, mg 

l− 1)¤
4.4 1.1 6.9 1.8 3.5 0.9

Potassium (K, mg l− 1)¤ 92.3 20.5 59.0 11.3 21.5 5.5
Magnesium (Mg, mg 

l− 1)¤
139.4 39.0 313.2 75.3 149.3 30.9

Sulphur (S, mg l− 1)¤ 9.8 2.9 36.9 4.5 18.0 4.0
Cation exchange 

capacity (cmol 
kg− 1)¤

9.6 1.5 24.0 1.9 14.3 1.5

SOC (0–10 cm), %& 3.36 0.82 38.9 11.1 27.0 4.1
Total N (0–10 cm), %& 0.24 0.07 1.9 0.4 1.9 0.3
C:N ratio 14.0 ​ 20.5 ​ 14.2 ​
Peat depth, cm (min, 

max)
— — 63, 

> 100
— 25, 

100
—

* Determined following ISO 11265: 1994, ^ISO 10390: 2005, ¤Vuorinen and 
Mäkitie (1955), &In-house method JOK3016 (LECO) – Louhisuo et al. (2024)
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13 cm, 21 cm, and 16 cm at Anttila, Särkisuo, and Pappilansuo respec
tively). The analyzers used were the LI-7200RS (LI-COR Biosciences, 
USA) for CO2 and H2O, and the TILDAS-CS (Aerodyne Research Inc., 
USA) for CH4, N2O, and H2O. The sampling systems included heated 
intake tubes of varying lengths and filters to maintain high flow rates 
and ensure data integrity. The inner diameter was 5.3 mm for the 
LI-7200RS and 6 mm for the TILDAS-CS. The tube length for the 
LI-7200RS was approximately 0.7 m at all sites. For the TILDAS-CS, the 
tube length was 11 m at Anttila, 14 m at Särkisuo, and 11 m at Pappi
lansuo. Gas concentrations were converted to dry mixing ratios during 
data logging at a frequency of 10 Hz. Data were continuously transferred 
to a remote storage system for subsequent processing. The CO2 flux data 
covered the entire year of 2022 at all three sites. The CH4 and N2O flux 
measurements began on May 6 at Särkisuo and March 4 at Pappilansuo. 
At Anttila, the CH4 and N2O flux data spans the whole year.

Auxiliary meteorological and soil measurements were conducted 
continuously at the EC sites using harmonized instrumentation, and the 
data were logged at 1-minute intervals. These measurements included 
short- and longwave radiation components (CNR4 net radiometer, Kipp 
& Zonen B.V., The Netherlands), photosynthetic photon flux density 
(PPFD) (LI-190R Quantum Sensor, LI-COR Biosciences Inc., USA), air 
temperature and humidity (HMP155, Vaisala Oyj, Finland), precipita
tion (TR-525M Tipping Bucket Rain Gauge, Texas Electronics Inc., USA), 
and soil temperature and soil water content at depths of 5 cm, 10 cm, 
and 30 cm below the ground (HydraProbe, Stevens Water Monitoring 
Systems, Inc., USA).

2.3.2. Flux processing, gap-filling, and partitioning
EC data were processed with EddyPro version 7.0.7 following stan

dardized procedures that were akin to the ICOS processing protocols 
(Sabbatini et al., 2018), similarly as in Tikkasalo et al. (2025). Gas fluxes 
were calculated with 30-min averaging time and turbulent fluctuations 
were separated from the observations using block averaging. Measured 
turbulent flow field was aligned with flow streamlines using sector-wise 
planar fitting (Rannik et al., 2020). The measurement setup (sampling 
tubes and filters) induced time lags between gas measurements and 
vertical wind and these time lags were estimated using cross-covariance 
maximization before calculating the covariances between turbulent 
vertical wind component and gas mixing ratios. The spectral losses due 
to dampening of the turbulent signal in the gas sampling lines and finite 
flux averaging interval were corrected following Fratini et al. (2012) and 
Moncrieff et al. (2005), respectively. However, the response times 
describing the high frequency attenuation were derived from cospectra 
between vertical wind and gas concentration fluctuations instead of 
power spectra of concentration fluctuations (Peltola et al., 2021).

The GHG flux time series were subsequently quality filtered 

following (Vitale et al., 2020) with few modifications. First, flux ob
servations were discarded from periods during which 1) fluxes exceeded 
predefined physically plausible range, 2) instruments were malfunc
tioning or 3) site diary indicated erroneous measurements. Then, the 
procedure of Vitale et al., (2020) was followed with the exception that 
the statistical model used in finding erroneous measurements was 
derived based on decomposing the time series with singular spectrum 
analysis and then reconstructing it with finite number of modes 
(Golyandina et al., 2001; Mahecha et al., 2007). As a last quality filtering 
step, low turbulence conditions, during which the EC fluxes do not 
represent ecosystem-atmosphere exchange, were identified using fric
tion velocity (u*), and periods when u* was below site-specific threshold 
were removed from the gas flux time series. After applying this quality 
filtering scheme, annual flux data coverage at Anttila was 63 %, 67 % 
and 67 % for CO2, CH4 and N2O, at Särkisuo 58 %, 28 % and 30 % and at 
Pappilansuo 58 %, 43 % and 44 %, respectively. The lower coverage of 
CH4 and N2O flux data at the organic soil sites was because these mea
surements did not start at the beginning of the year (Sect. 2.2.1.). 
Wherever necessary, the non_CO2 GHG fluxes were expressed in CO2 
equivalents using conversion factors of 27 for CH4 and 273 for N2O 
corresponding to their global warming potential over a 100-year time 
horizon.

To estimate annual GHG fluxes, gaps in the GHG flux time series were 
filled first. Three machine learning (ML) algorithms were utilized: 
random forest (RF), extreme gradient boosting (XGB) and k-nearest 
neighbors (kNN) (see Supporting Info for more details). These three 
algorithms were selected due to their good performance in prior gap 
filling studies (e.g., Goodrich et al., 2021; Vekuri et al., 2023). “xgboost” 
(version 1.7.1) Python package was used to apply XGB method, whereas 
scikit-learn (version 1.1.1) functions “RandomForestRegressor” and 
“KNeighborsRegressor” were utilized in RF and kNN methods, respec
tively. For reducing the uncertainty stemming from selecting a specific 
gap filling algorithm, ensemble medians of the three gap filled time 
series were used in estimating the annual GHG balances and daily mean 
fluxes, whereas the spread among the three estimates gave a plausibility 
range for the annual GHG budgets. ML techniques were used to fill gaps 
between measurements, however at the organic soil sites (FI-Sar and 
FI-Pap) CH4 and N2O flux measurements did not start from the begin
ning of the year and hence there were long gaps in these time series in 
the beginning of the year. These long gaps occurred outside growing 
season with small fluxes and hence they were filled with median fluxes 
observed during the December 2022. Gap filling long data gaps has been 
shown to be uncertain and hence we opted for this alternative approach 
for these longer gaps from the start of the year.

After gap filling, the measured net ecosystem exchange (NEE) of CO2 
between the atmosphere and the ecosystem was partitioned to 

Table 2 
Site information and management practices conducted during the measurement year (2022).

Anttila Särkisuo Pappilansuo

Site information Coordinates 63.16347504◦ N, 27.23504448◦ E 63.15142822◦ N, 27.19906425◦ E 63.13808441◦ N, 
27.24616241◦ E

Elevation above sea level 92.2 m 84.8 m 89.2 m
Soil type Mineral Drained organic Drained organic
Vegetation Legume grassland Mixed grasses Mixed grasses
Field parcel size 6.4 ha 7.1 ha 7.2 ha
Measurement height 2.2 m 2.3 m 2.3 m

Management practices Ditch preparation — 10.03–17.03.2022 —
First fertilization event 23.05.2022 30.05.2022 24.05.2022
Amount applied (N kg ha− 1) 52 90 84
Herbicide against weeds — 08.06.2022 17.06.2022
First grass cut 21.06.2022 30.06.2022 27.06.2022
Summer plowing — — 07.07.2022
Second fertilization event 22.06.2022 04.07.2022 08.07.2022
Amount applied (N kg ha− 1) 44 69 69
Reseeding 
s grass cut

— 
08.09.2022

— 
15.08.2022

08.07.2022 
—

Ditch preparation — 03.08–15.08.2022 —
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ecosystem respiration (Reco) and gross primary production (GPP) 
following the commonly used nighttime partitioning method 
(Reichstein et al., 2005) with slight modifications introduced by 
(Wutzler et al., 2018). However, unlike in Reichstein et al. (2005), here 
we forced nighttime GPP to zero by adding a 1.5 day running median of 
nighttime GPP to the GPP and Reco time series and finally forced any 
residual nighttime GPP to zero. This adjustment aimed at fixing any 
inaccuracies in the partitioning method (GPP cannot depart from zero at 
night). It was ensured that after NEE partitioning the following rela
tionship (Eq. 1) remained valid at each time step: 

NEE = Reco − GPP (1) 

To evaluate the dependence of GPP on LAI, a light response curve 
was fitted to GPP values obtained within a 4-day window surrounding 
the timing of each manual leaf-area index (LAI) measurement: 

GPP =
αβPPFD

αPPFD + β
(2) 

where α represents the apparent quantum yield and β, the GPP at light 
saturation. Non-linear least squares fits were utilized to obtain the 
values for α and β for each 4-day window, and their dependency on LAI 
was assessed.

2.4. Grass phenology and biomass yield

LAI was measured weekly during the growing season using a plant 
canopy analyzer (Lai2000, LiCor) with a 180◦ view cap. It was measured 
from plot trials established towards the edge of the field under the same 
management practices as on the whole field. Additionally, plant height 
was measured weekly, manually from the trial plots during the growing 
season.

An ecosystem-scale estimate for the (aerodynamic) canopy height 
and its temporal development was derived from the EC data following 
Chu et al. (2018). The method relies on logarithmic wind profile and on 
the notion that displacement height (d) and roughness length (z0) 
depend on canopy height (h). By assuming constant ratios between h 
and d and h and z0 (here z0/h=0.1 and d/h=0.6 (Pennypacker and 
Baldocchi, 2016), h can be solved from the logarithmic wind profile. 
Daily values for h were estimated with this method from data that ful
filled the following criteria: atmospheric stability parameter was be
tween − 0.05 and 0.05 (near-neutral surface layer stability), u* was 
between 0.1 and 1 m/s, ratio between standard deviation of vertical 
wind component and u* was between 1.1 and 1.5 and the prevailing 
wind direction (WD) was from direction with several hundreds of meters 
of undisturbed grassland (at Anttila WD between 290◦ and 20◦; at 
Särkisuo WD between 130◦ and 220◦ and at Pappilansuo WD between 
300◦ and 40◦). Daily canopy heights were estimated only when over 5 
data points fulfilled these criteria. The aerodynamic canopy height, i.e. 
height of the canopy “sensed” by the turbulent flow, derived with this 
method typically matches well with the actual canopy height (Chu et al., 
2018).

For estimating the grass biomass yield on a per ha basis, the study 
area was harvested with a harvester and baler mounted on a tractor. All 
bales were then weighed individually with a weighing scale on the baler. 
The dry matter content was determined by two independent replicate 
sampling of grass biomass from ¼ of the bales with a standard bale 
sampler pipe and drying the biomass in 60◦C for 48 h. Carbon and ni
trogen content in biomass was determined from the dried samples by 
Eurofins Expert Services Finland laboratory.

3. Results

3.1. Meteorological conditions

The Maaninka region received 588 mm precipitation in 2022, of 

which 385 mm as rain during the snow free season. This annual pre
cipitation amount was 29 mm less than the climatological normal (1991 
– 2020) precipitation for the region (Jokinen et al., 2021). The mean 
annual temperature (MAT) in the region was 4.6 ◦C, which is 0.8 ◦C 
warmer compared to the long-term normal MAT. Soil temperature (Tsoil, 
5 cm depth) at the three grassland sites showed variable seasonal pat
terns (Fig. 1). In April, Tsoil at mineral soil grassland site was lower 
(mean of 2.9◦C) compared to the other two sites. However, during May 
and July, Tsoil at Anttila was higher, ranging from 5.2 to 22.1◦C, in 
contrast to the more stable temperatures observed at the organic sites. 
Post-July, Tsoil across all sites varied similarly. Photosynthetic photon 
flux density (PPFD), air temperature (Tair) and vapor-pressure deficit 
(VPD) were similar at all sites due to their proximity and followed 
typical seasonal patterns in the region (Fig. 1). Soil water content SWC at 
5 cm depth showed significant differences; Särkisuo (30–69 %) and 
Pappilansuo (40–70 %) fields on organic soils maintained higher volu
metric moisture content throughout the year compared to the mineral 
soil grassland (10–39 %). At the organic sites, water table depth (WTD) 
was deepest at ca. 60 cm below the surface, and the variability from 
June to October was characterized by rapid increases after rainfall 
events, and slower recession caused by lateral tile drainage and evapo
transpiration (ET). Temporal dynamics of WTD was similar at both sites, 
but at Pappilansuo WTD reached the surface after major rainfall events 
while it stayed deeper (below 10 cm depth) at Särkisuo (Fig. 1.), 
indicative of better drainage of the latter site.

3.2. Grass phenology

The timing of vegetation height growth onset and subsequent height 
growth rate (Fig. 2) varied across the sites, and the total biomass yield 
was significantly higher at Anttila than at the other fields (Table 3). The 
correlation between measured plant height and aerodynamic canopy 
height was strong at Anttila (r2 = 0.88, confidence interval, CI = 0.95), 
moderate at Särkisuo (r2 = 0.69, CI = 0.95) and weak at Pappilansuo (r2 

= 0.14, CI = 0.95), reflecting differences in vegetation structure and its 
influence on the turbulent flow field, but also possibly imperfect spatial 
representativeness of manual grass height measurement locations 
(Fig. 2). LAI displayed patterns like the vegetation height, varying 
among the grassland sites and corresponding to harvests as expected 
(Fig. 3).

3.3. CO2 exchange and controlling factors

From the beginning of the year to the first week of May, the daily 
mean NEE, representing ecosystem respiration (Reco) during this part of 
the year, remained low (about 0.5 μmol m− 2 s− 1). Subsequently, the 
daily mean NEE showed clear variations in response to phenological 
stages, harvesting, and other management practices at all sites (Fig. 3). 
At Anttila, we observed major peaks of negative NEE, one in mid- to late 
June and another in mid-July, corresponding to vigorous photosynthesis 
and rapid grass growth prior to each harvest (Table 2). Immediately 
after each harvest, the ecosystem switched from net uptake to a brief net 
CO2 release (positive NEE). Daily mean NEE ranged from a maximum 
uptake of about − 9.3 μmol m− 2 s− 1 to a release of 3.8 μmol m− 2 s− 1. 
These patterns aligned well with LAI increases before cutting and the 
sudden removal of aboveground biomass afterward (Fig. 3).

At Särkisuo, a similar two-peak behavior was observed, with strong 
net CO2 uptake prior to each of the two harvests. Peak daily mean uptake 
rates reached about − 7.8 μmol m− 2 s− 1, while post-cutting NEE was as 
high as 6.3 μmol m− 2 s− 1. Compared to Anttila, the onset of CO2 uptake 
was slightly delayed in spring, which may be related to the peat soils 
being inundated with standing water and slower soil warming in peat. In 
contrast, the Pappilansuo site had only a single grass cut in late June. 
Peak net CO2 uptake (− 9.7 μmol m− 2 s− 1) occurred just before that 
harvest. Immediately after this cutting, the field was ploughed and 
fertilized (following the “summer ploughing” practice) in early July to 
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establish new grass. This disturbance caused a switch to net CO2 loss, 
peaking at 10.4 μmol m− 2 s− 1 daily mean CO2 emission from the field. 
About a week after the grass cut, tillage and fertilization at the Pappi
lansuo site, CO2 uptake began to recover and reached moderate uptake 
rates by late August. However, excessive wetness in September (high 
soil-water content, Figs. 1 and 3) prevented a second grass cut because 
the machinery could not be operated without damaging the field.

At Anttila, total annual GPP (12,600 kg (C) ha− 1 yr− 1) exceeded total 
Reco (10,100 kg (C) ha− 1 yr− 1), making the site a net CO2 sink of 
− 2500 kg (C) ha− 1 yr− 1 (Table 4). Särkisuo also remained a net CO2 sink 
(− 500 kg (C) ha− 1 yr− 1), though both its GPP (9800 kg (C) ha− 1 yr− 1) 
and Reco (9300 kg (C) ha− 1 yr− 1) were slightly lower. By contrast, 
Pappilansuo was a net CO2 source (930 kg (C) ha− 1 yr− 1), likely 
reflecting the prolonged period of bare soil conditions and ploughing 
disturbance in mid-summer, which fostered higher Reco than GPP.

We assessed the uncertainty in the above reported CO2 budgets using 
three independent gap-filling algorithms. The spread in the resulting 
annual totals (Table 4) provides a measure of the methodological 

uncertainty. Light-saturated level of GPP (Eq. 1) is a near linear function 
of LAI at all sites (Fig. 4), suggesting the harvests were conducted before 
major light limitation of photosynthesis emerged, or grass aging started 
to affect leaf-level photosynthetic uptake. The β increase with LAI is 
steepest at the Anttila site, indicative of a higher leaf-level photosyn
thetic capacity than at the drained peatland sites.

3.4. CH4 and N2O fluxes and their drivers

Daily CH4 fluxes significantly differed among the sites (Fig. 5). 
Särkisuo exhibited the highest daily average emissions (up to 143 nmol 
m− 2 s− 1 on peak days), consistent with its shallow water table and high 
peat content (Fig. 1, Table 1). Pappilansuo showed intermediate CH4 
fluxes, whereas Anttila maintained near-zero or slightly positive CH4 
fluxes throughout the year. Seasonally, CH4 fluxes from the two peat 
sites rose as soil temperature at 30 cm increased in late spring and 
summer, albeit there was strong seasonality in the CH4 emission tem
perature dependence (Fig. 6). On an annual basis, Särkisuo was the 

Fig. 1. Daily mean air (Tair) and soil (Tsoil) temperature at 5 cm depth, photosynthetic photon flux density (PPFD), vapor pressure deficit (VPD), soil water content 
(SWC) at 5 cm depth, and daily precipitation and water table depth (WTD) below the soil surface at the three grassland sites in 2022. Vertical dashed lines show the 
snow-free period at each site.
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largest CH4 source (110 kg (CH4) ha− 1 yr− 1), followed by Pappilansuo 
(51 kg (CH4) ha− 1 yr− 1) and Anttila (2 kg (CH4) ha− 1 yr− 1) (Table 3).

We observed abrupt changes in the GHG exchange following the 
summer ploughing followed at the Pappilansuo site (Fig. 7). Prior to 
ploughing in July and after the grass harvest, the mean CO2 flux was 
about 4 µmol m− 2 s− 1 and that of CH4 flux was about 7 nmol m− 2 s− 1 

(Fig. 7). The summer ploughing done on July 7 temporarily enhanced 
both CO2 and CH4 release (Fig. 7a), but only for a few days after which 
CO2 fluxes were above the pre-ploughing average values (Fig. 7a), while 
CH4 fluxes dropped to near-zero (Fig. 7b) and well below the pre- 
ploughing CH4 flux values for an extended period.

In contrast to CH4, fertilization, grass harvest, and precipitation 
events regulated the daily N2O fluxes (Figs. 5 and 8). Anttila showed 
minimal increase of N2O emissions after the first fertilizer application in 
late May (only ~0.18 % of applied N lost as N2O). However, the second 
fertilization (post-first cut) led to elevated emissions over 3–4 days, 

including a peak of 17 nmol m− 2 s− 1 (daily average). Särkisuo showed 
higher N2O emissions following the first fertilization (2.4 % of the 
applied N lost as N2O) than the second (2.5 %), though the fluxes 
spanned a longer duration (9–10 days) for the first application. Daily 
average peak flux reached 34 nmol m− 2 s− 1. Pappilansuo had the largest 
episodic daily N2O flux (54 nmol m− 2 s− 1) in mid-July, coinciding with 
the combination of the grass cut, ploughing, and fertilization on bare 
soil. All three sites were net N2O sources annually (Tables 3 and 4). 
Pappilansuo had the highest N2O emissions (29 kg (N2O) ha− 1 yr− 1), 
followed by Särkisuo (16 kg (N2O) ha− 1 yr− 1) and Anttila (3.8 kg (N2O) 
ha− 1 yr− 1).

3.5. Annual GHG budgets and biomass yield

To facilitate comparison across all GHGs, we converted the annual 
CO2, CH4, and N2O fluxes to CO2-equivalents (CO2-eq) using the CH4 
and N2O global warming potentials over the 100-year time horizon 
(Table 4). Anttila sequestered about − 9.1 t of CO2-eq ha− 1 and released 
0.1 t CO2-eq ha− 1 as CH4 and 1.1 t CO2-eq ha− 1 as N2O, leading to a net 
field-scale balance of − 8.0 t CO2-eq ha− 1. Särkisuo sequestered − 2.1 t 
CO2-eq ha− 1 but emitted 2.8 t CO2-eq ha− 1 (CH4) and 4.3 t CO2-eq ha− 1 

(N2O), ending with a net field-scale balance of 5.0 t CO2-eq ha− 1. Pap
pilansuo emitted + 12.3 t CO2-eq ha− 1 overall, with positive contribu
tions from all three gases, largely driven by post-ploughing CO2 releases 
and high N2O emissions.

Accounting for the removal of the harvested biomass as carbon lost 
from the fields, the net biome productivity (NBP) was positive at all 
sites, indicating that each field parcel lost carbon to the atmosphere 
(Table 4). The Anttila site produced the largest dry biomass yield, owing 
to high GPP supporting two grass cuts. Pappilansuo produced the least 
dry biomass, reflecting both the mid-summer ploughing and excess soil 
moisture during the autumn that prevented a second cut (Fig. 1, 
Table 2). Expressing NBP and total GHG emissions (in CO2-eq) per ki
logram of harvested dry matter (animal feed CO2-eq) provides an LCA- 
type metrics such as of forage production efficiency (FPE) and GHG 

Fig. 2. Grass height at the three grassland sites. Grey markers show daily aerodynamic grass height estimated from the turbulence measurements (Sect 2.3). Black 
dashed lines denote harvest and grey dashed lines indicate snow melt and fall. Marker = mean; error bar = +/- standard deviation of independent samples.

Table 3 
Annual fluxes at the three grassland sites during the year 2022. The range of 
annual flux estimates obtained with the different gap filling algorithms are given 
in parentheses.

Anttila Särkisuo Pappilansuo

NEE (kg (C) ha− 1 yr− 1) − 2500 
(− 2400…−

2600)

− 500 
(− 500…−

600)

930 
(860…1030)

Reco (kg (C) ha− 1 yr− 1) 10100 
(10100…10400)

9300 
(8900…9900)

10810 
(10610… 
10850)

GPP (kg (C) ha− 1 yr− 1) 12600 
(12500…12900)

9800 
(9600… 
10500)

9870 
(9570…9990)

CH4 (kg (CH4) ha− 1 

yr− 1)
2 
(2…3)

110 
(110…120)

51 
(50…52)

N2O (kg (N2O) ha− 1 

yr− 1)
3.8 
(3.7…4.0)

16 
(16…17)

29 
(28…29)
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Fig. 3. Daily gross primary productivity (GPP), ecosystem respiration (Reco) and net ecosystem exchange (NEE=Reco-GPP) at the three grassland sites. Vertical 
dashed lines highlight the timing of different management practices. Leaf area index (LAI) is given with the markers (marker = mean; error bar = +/- standard 
deviation of independent samples).
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emission intension (GEI, Table 4). By that measure, Anttila had the 
lowest emissions intensity, which was 1/4 of that in Särkisuo and 
approximately 1/7 of that for Pappilansuo (Table 4).

4. Discussion

Managed boreal grasslands are integral to the dairy and beef sectors 

in these regions. They pose considerable challenges for climate change 
mitigation. Although the Finnish context underlies this study, grassland 
management on marginal or cold climates (e.g., Northern Europe, parts 
of Canada, Russia, and mountainous regions) often face similar con
straints of short growing seasons, soil wetness, and potential peat 
drainage (Lohila et al., 2004; Soussana et al., 2007). Continuous EC 
measurements that capture all major GHG (CO2, CH4, and N2O) fluxes 
simultaneously are still scarce in such regions (Lohila et al., 2004; 
Heimsch et al., 2021, 2024; Gerin et al., 2023). Thus, our results offer 
insights relevant beyond Finland, highlighting how soil type (mineral vs. 
drained peat) and specific management practices strongly modulate 
GHG fluxes at field scale.

4.1. Seasonal and soil-type effects on CO2 dynamics

Our measurements reveal pronounced intra-seasonal variability in 
CO2 fluxes, largely explained by crop phenology and management 
events (cutting, ploughing, fertilization). In the mineral soil grassland, 
net CO2 uptake began quickly after snowmelt, whereas drained peat 
soils (Särkisuo, Pappilansuo) showed a slower onset of uptake in spring. 
Although peat soils can thaw earlier (due to topography, water accu
mulation, or lower albedo), they often remain colder or more water
logged at the root zone (Van Huizen et al., 2020), potentially delaying 
early-season onset of GPP. Additionally, the large heat capacity and 
frequent high water content in peat may dampen temperature 

Table 4 
Annual GHG fluxes (columns 1–3), total GHG balance (column 4) and grass yield from Anttila, Särkisuo and Pappilansuo in 2022. Total GHGB is the sum of the three 
GHG fluxes expressed in CO2 equivalents (conversion factors of 27 for CH4 and 273 for N2O corresponding to global warming potential for 100-year time horizon were 
used), Grass C (column 5) expressed in % is the average carbon content of the harvested biomass, Grass yield (column 6) expressed in t ha− 1, dry biomass yield (column 
7) expressed in CO2-eq is calculated from grass yield as a function of C and moisture contents (data not shown here), NBP (net biome production in column 8) is 
calculated as the sum of annual CO2 flux and dry biomass. The FPE (forage production efficiency, column 9) expressed in kg kg− 1 is the NBP in kg per kg of dry biomass 
produced. GHG emission intensity (GEI in column 10) is the ratio estimated as the GHGB (column 4) divided by the harvested biomass (column 6). GEI represents the 
emissions (sum of all three GHGs in CO2 equivalents) in kg per kg of dry biomass produced at a given site. Based on NBP, the mineral soil site was more efficient in 
forage production (smaller FPE) and the least GHG emitter (negative GEI). The top row shows the numbered column names, the second row the units and the third row 
show how entities such as GHGB, Biomass, NBP, FPE and GEI were derived from the data in other columns of this table.

1. CO2 2. CH4 3. N2O 4. GHGB 5. Grass C 6. Yield 7. Biomass 8. NBP 9. FPE 10. GEI

​ CO2-eq t ha− 1 % t ha− 1 CO2-eq t ha− 1 kg kg− 1 kg kg− 1

​ ​ (1 +2 +3) ​ ​ (6*5) * 44/12 (1 + 7) (8/7) (4/6)
1* − 9.1 0.1 1.0 − 8.0 0.47 7.5 12.9 3.8 0.29 − 1.1
2* − 2.1 2.8 4.3 5.0 0.47 4.7 8.2 6.1 0.74 1.1
3* 3.4 1.2 7.7 12.3 0.48 3.9 6.9 10.3 1.49 3.2

*1 – Anttila site, 2* – Särkisuo site and 3* – Pappilansuo site

Fig. 4. CO2 uptake in the Maaninka grasslands is driven by LAI and PPFD.

Fig. 5. Daily mean CH4 and N2O fluxes at the three grassland sites. Top plot: dashed line shows the timing of plowing at Pappilansuo. Bottom plot: dashed lines 
relate to fertilization of the grassland fields. Daily means were calculated only if there were at least 10 measured flux values within the day.
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fluctuations (Różański and Stefaniuk, 2016), limiting root and microbial 
activity. annual net CO2 uptake (Fig. 3, Table 3), and showed the largest 
light-saturated GPP (Fig. 4), in part due to legume-based grass mixtures 
(red clover, timothy) that reduce external N-fertilizer demands 
(Sanz-Cobena et al., 2017; Lind et al., 2020). Särkisuo was a smaller net 
CO2 sink, with two grass cuts. Despite starting uptake later than at 
Pappilansuo, on an annual basis, this site captured more CO2 from the 
atmosphere. Pappilansuo was a net CO2 source following a single cut, 
summer ploughing, and re-seeding. Bare soil conditions in mid-summer 
promoted Reco that exceeded GPP. These annual results also reflect the 
phase of grassland rotation: newly ploughed peat fields can temporarily 
lose substantial amount of CO2 through enhanced SOC decomposition. 
Accounting for the C in harvested biomass as C lost from the ecosystems 
(expressed as NBP), all sites were annual CO2 sources (Table 4).

4.2. N2O fluxes: role of moisture, fertilizer timing, and ploughing

N2O fluxes were most strongly influenced by fertilizer timing (Jones 
et al., 2017), precipitation, and soil aeration (Lind et al., 2019). In 
Anttila, early-season (cooler, drier) fertilization after spring thaw 

produced a negligible N2O peak. This is possibly due to the utilization of 
all available N by the plants to meet the demands of a vigorous growth in 
late May and early June. However, the post-harvest fertilization in 
Anttila led to a brief but significant N2O peak. Generally, the second 
dose of fertilizer is applied soon after the first grass cut, owing to which, 
a major part of the active soil N depleting photosynthetic apparatus is 
removed from the field. Adding soil N when the demand for it is not high 
could lead to a part of the applied N being released episodically as N2O 
to the atmosphere. The minimal loss of N2O after the first fertilization in 
late May and high episodic release of N2O following the post-harvest 
fertilization both hint at the role of above (plant associated) and 
below ground (rhizospheric microbial) processes in soil N dynamics and 
their role in mitigating agricultural N2O emissions. These interactions 
also suggest that the farmers could perhaps delay the post-harvest N 
fertilization by a week or ten days allowing for some grass regrowth to 
happen so that the added N could be used better to boost the growth 
further and thus facilitate better N use efficiency and reduce the release 
of N2O to the atmosphere. Also, a reason for low N2O emissions from the 
Anttila site could be attributed to the presence of red clover as a legume 
crop that may have favored the complete denitrification leading to a 

Fig. 6. Dependence of daily CH4 fluxes on soil temperature measured at 30 cm depth. Daily means were calculated only if there were at least 24 measured flux values 
within the day.

Fig. 7. (A) CO2 and (B) CH4 fluxes before and after ploughing the field at Pappilansuo during the 2022 growing season. Timing of the ploughing is marked with 
vertical dashed line. Horisontal grey dashed lines show the mean flux levels prior ploughing.
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greater reduction of N2O to N2 (Akiyama et al., 2016).
In Särkisuo, the first fertilization caused slightly larger N2O emis

sions than the second, though both displayed ~2.4–2.5 % of the applied 
N lost as N2O during the first 20 days after fertilization. Higher release of 
N2O after the first fertilization in this field could be attributed to the 
delayed vegetation growth owing to high soil moisture in the early part 
of the season. At Pappilansuo, ploughing and fertilization on bare soil in 
July combined with rain events triggered large episodic N2O release to 
the atmosphere. The absence of a developed crop canopy likely led to a 
lower plant N uptake, enabling higher N2O fluxes (Regina et al., 2004; 
Sanz-Cobena et al., 2017).

The Intergovernmental Panel on Climate Change (IPCC) provides 
guidelines for countries to estimate N2O emissions for reporting their 
national inventories. In 2019, the IPCC published a revised Tier 1 
approach for estimating N2O emissions that resulted in a Tier 1 emission 
factor (EF) of 1.6 % (1.3–1.9 %) for synthetic fertilizers (IPCC, 2019). 
Based on N2O flux measurements made in this study, the emission fac
tors estimated for 2022 for Anttila, Särkisuo and Pappilansuo sites are 
2.4, 6.4 and 12.1 % N emitted as N2O per kg N applied as synthetic 
fertilizers, respectively (refer to Supporting Table S1). Note that the 
Anttila site supported the cultivation of red clover as a legume crop in 
the grass mixture. Although we did not measure the rate per ha− 1 of 
biological N fixation by red clover at our site, Anttila EF recalculated 
using an average biological N fixation rate for Finland of 102.5 kg N 
ha− 1 following Nykänen et al. (2008) amounts to 1.2 % of the total N 
applied (96 kg of Synthetic N and 102.5 kg of biologically fixed N). The 
N2O EF thus estimated for the mineral soil site was 25 % lower, while it 
was 400 % (Särkisuo) and 754 % (Pappilansuo) higher for the two 
drained peat grasslands in our study. The large variation in EFs esti
mated in this study suggests that the IPCC Tier 1 approach used in the 
national N2O inventories needs to be refined yet for a well constrained 
global N2O budget.

4.3. CH4 fluxes were large in peat soils

CH4 fluxes were negligible in the well-drained mineral soil grassland 
but substantial in drained peat sites, especially Särkisuo. Emissions 
peaked in late July–August, coinciding with high soil temperature and 
shallow water table conditions (Lai, 2009; Huang et al., 2021). A strong 
hysteresis was observed in the Särkisuo CH4 flux temperature (measured 
at 30 cm depth) dependence indicating that there were also other factors 
controlling the CH4 flux seasonality, such as the availability of substrates 
for CH4 production (Chang et al., 2019). Another plausible explanation 
for the hysteresis could be that CH4 production took place deeper than at 
30 cm depth and there was hysteresis between temperature at 30 cm 
depth and the depth where bulk of the CH4 was produced. Pappilansuo, 
despite being a drained peat field, showed lower total CH4 emissions 
than Särkisuo and even a transient drop in CH4 post-ploughing (Fig. 7b), 
which is likely due to temporary aeration and oxidation. At Särkisuo, 
CH4 fluxes were comparable to those reported for some pristine min
erotrophic fens in Finland (Rinne et al., 2018, Rinne et al., 2020). Such 
high CH4 fluxes highlight the vulnerability of poorly drained agricul
tural peatlands to CH4 emissions. These findings on strong CH4 emis
sions are at odds with prior research suggesting that drained cultivated 
peat soils at worst are only minor CH4 sources even under poor drainage 
(e.g. Regina et al., 2004).

4.4. Implications for sustainable management

Overall, Anttila exemplified a more climate-friendly grassland sys
tem: it had the lowest net field-scale GHG emissions (–8.0 t CO2-eq ha− 1 

yr− 1) and the highest biomass yield among the three fields. In contrast, 
Särkisuo and Pappilansuo, both on drained peat soils, were net GHG 
emitters on an annual basis. It is worth noting here that the high feed 
CO2-eq for Pappilansuo is largely due to post-ploughing GHG emissions 
and hence ideally these metrics for production efficiency should be 
calculated using data over the full rotation cycle. Despite grassland 

Fig. 8. N2O fluxes after adding fertilizers at the three grassland fields. Markers: N2O fluxes measured with EC. Lines: cumulative N2O fluxes after fertilization 
normalized with the amount of fertilizer added to the field. Bars: Precipitation within 3 h intervals. Different colors refer to different fertilization events (blue: first 
fertilization, orange: second fertilization; see Table 2).
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cultivation being one of widely adopted agricultural uses for organic 
soils abundant in Finland, especially in the northern part of the country, 
the findings suggest that substantial effort is still needed to optimize 
management (e.g., minimizing ploughing or refining fertilization 
schedules) to achieve climate-friendly outcomes. In Finland and else
where with agriculture on peat soils, alternative land uses such as 
rewetting (Kreyling et al., 2021) or paludiculture (Martens et al., 2023) 
may help curb CO2 and CH4 emissions. Other practical measures 
include: (1) optimized fertilizer application, precisely aligned nitrogen 
input with peak plant N demand could reduce fertilizer-driven N2O 
peaks (Jones et al., 2017); (2) minimal soil disturbance, reduced tillage 
or no-till could stabilize soil structure, reduce aeration pulses that pro
mote decomposition, and mitigate CH4 or N2O fluxes (Li et al., 2023; 
Hyväluoma et al., 2024); (3) adapted cutting schedules; although mul
tiple cuts can maintain high net primary productivity, caution is war
ranted if late-season wetness prevents harvest and leads to higher net 
emissions as in the case of peat soils as in this study, especially 
Pappilansuo.

5. Site GHG variability

This study elucidated the complex dynamics of CO2, CH4, and N2O 
fluxes in three boreal agricultural grasslands in Finland during 2022. 
The continuous, high-resolution GHG measurements helped us under
stand how seasonal climate, soil and vegetation types and grassland 
management practices regulate the ecosystem C and N flux dynamics. 
The mineral and drained peat soils responded differently to the spring 
onset. The snow on drained peat soils thawed 15–20 days earlier in the 
spring compared to the mineral soil grassland. The photosynthetic CO2 
uptake was initiated (implying GPP > 0) at the mineral soil grassland 
within two days of snow melt, while it took 13 and 22 days after 
snowmelt for the organic soils, Pappilansuo and Särkisuo, respectively 
to begin fixing atmospheric CO2. The net ecosystem CO2 exchange at all 
sites varied with PPFD, LAI, temperature, grass growth, N fertilization 
and biomass harvesting. After each harvest, all ecosystems abruptly 
turned into CO2 sources, before the post-harvest grass regrowth and 
simultaneously increasing GPP exceeded ecosystem respiration. While 
Anttila and Särkisuo sites allowed two grass cuts in the 2022 growing 
season, high soil moisture during autumn at the poorly drained Pappi
lansuo site prevented field machines from working allowing only a 
single grass cut at this site. Among the three sites, Anttila fixed the 
maximum amount of atmospheric CO2, Särkisuo was a smaller CO2 sink 
while the Pappilansuo site was a source of CO2 mainly owing to a sus
tained loss of CO2 following the first and only grass cut, post-harvest 
summer ploughing and reseeding.

Mineral soil grassland emitted the lowest amount of CH4, while 
Pappilansuo was a moderate source and Särkisuo a strong source of CH4 
to the atmosphere. Soil temperature, water table level, soil moisture and 
labile carbon exudates in the grass rhizosphere owing to a rigorous grass 
growth during the middle of the season after a sluggish early growth (in 
Särkisuo), controlled methane emissions. The Anttila site supported a 
legume crop in the grass mixture and thus its requirement for N fertilizer 
was less compared to nonlegume grass species cultivated on drained 
peat soils. Hence, N2O emissions from this legume grass mixture were 
the lowest. The N2O seasonal variability at all three sites was charac
terized by low N2O emissions when fertilization was done during a 
period of active grass growth with a high demand for soil N. On the 
contrary, episodic, high release of N2O occurred during periods of low 
soil N demand (e.g., N fertilization soon after the first grass cut in Anttila 
and Pappilansuo and the first fertilization event in late May in Särkisuo 
when the grass growth was poor). High CH4 and N2O emissions from the 
organic soil sites highlight the importance of measuring all the three 
GHG fluxes when evaluating the climate impacts of agricultural land use 
in such locations.

6. Conclusions

On annual basis, the mineral soil grassland had the highest forage 
production efficiency with the least amount of GHG emissions (in tons of 
CO2-eq) per ton of biomass produced, while the drained organic soil sites 
were less efficient with high net emissions of GHGs into the atmos
phereA complete, multi-year rotation-based life cycle analysis (LCA) 
would offer a more balanced emission profile as the high post- 
disturbance emissions may not persist annually, thus affecting the 
interpretation of per-ton feed emissions. Considering the high year to 
year variability associated with peat soil GHG emissions, high emissions 
observed in 2022 at Särkisuo and Pappilansuo may not represent typical 
annual conditions., Nevertheless, such emission patterns lead us to 
ponder whether grassland management on drained organic soils is sus
tainable from a climate perspective. Forage production on such soil 
types leads to high cost to the environment per liter of milk or kg of beef 
sold in the markets. For future studies, long-term studies across a 
broader range of boreal grassland sites, soil types, and management 
practices are essential to better capture the inter-annual variability and 
establish more robust, region-wide recommendations. Such research 
would better inform farm and landscape level grassland modelling, 
policy and farm-level decisions, supporting the dual goals of productive 
agriculture and climate change mitigation in boreal regions.
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Kulbokas, G., Urbaitis, G., 2022. Evaluation of organic carbon stocks in mineral and 
organic soils in Lithuania. Soil Use Manag. 38, 355–368. https://doi.org/10.1111/ 
sum.12734.

Chang, K.-Y., Riley, W.J., Brodie, E.L., McCalley, C.K., Crill, P.M., Grant, R.F., 2019. 
Methane production pathway regulated proximally by substrate availability and 
distally by temperature in a high-latitude mire complex. J. Geophys. Res.: 
Biogeosciences 124 (6), 1715–1735. https://doi.org/10.1029/2019JG005355. htt 
ps://escholarship.org/uc/item/9v33z8km.

Chu, H., Baldocchi, D.D., Poindexter, C., Abraha, M., Desai, A.R., Bohrer, G., Arain, M.A., 
Griffis, T., Blanken, P.D., O’Halloran, T.L., Thomas, R.Q., Zhang, Q., Burns, S.P., 
Frank, J.M., Christian, D., Brown, S., Black, T.A., Gough, C.M., Law, B.E., Lee, X., 
Chen, J., Reed, D.E., Massman, W.J., Clark, K., Hatfield, J., Prueger, J., Bracho, R., 
Baker, J.M., Martin, T.A., 2018. Temporal Dynamics of Aerodynamic Canopy Height 
Derived From Eddy Covariance Momentum Flux Data Across North American Flux 
Networks. Geophys. Res. Lett. 45, 9275–9287. https://doi.org/10.1029/ 
2018GL079306.

Dijkstra, F.A., Prior, S.A., Runion, G.B., Torbert, H.A., Tian, H., Lu, C., Venterea, R.T., 
2012. Effects of elevated carbon dioxide and increased temperature on methane and 
nitrous oxide fluxes: evidence from field experiments. Front. Ecol. Environ. 10, 
520–527. https://doi.org/10.1890/120059.

European Commission, 2023. Land use sector – Climate Action. Directorate-General for 
Climate Action. Retrieved from https://climate.ec.europa.eu/eu-action/land-use-sec 
tor_en.

Forster, D., Helama, S., Harrison, M.T., Rotz, C.A., Chang, J., Ciais, P., Pattey, E., 
Virkajärvi, P., Shurpali, N., 2022. Use, calibration and verification of agroecological 
models for boreal environments: A review. Grassl. Res. 1, 14–30. https://doi.org/ 
10.1002/glr2.12010.

Fratini, G., Ibrom, A., Arriga, N., Burba, G., Papale, D., 2012. Relative humidity effects on 
water vapour fluxes measured with closed-path eddy-covariance systems with short 
sampling lines. Agric. For. Meteorol. 165, 53–63. https://doi.org/10.1016/j. 
agrformet.2012.05.018.

Gerin, S., Vekuri, H., Liimatainen, M., Tuovinen, J.-P., Kekkonen, J., Kulmala, L., 
Laurila, T., Linkosalmi, M., Liski, J., Joki-Tokola, E., Lohila, A., 2023. Two 
contrasting years of continuous N2O and CO2 fluxes on a shallow-peated drained 
agricultural boreal peatland. Agric. For. Meteorol. 341, 109630. https://doi.org/ 
10.1016/j.agrformet.2023.109630.

Golyandina, N., Nekrutkin, V., Zhigljavsky, A.A., 2001. Analysis of time series structure. 
SSA and related techniques. CRC press.

Goodrich, J.P., Wall, A.M., Campbell, D.I., Fletcher, D., Wecking, A.R., Schipper, L.A., 
2021. Improved gap filling approach and uncertainty estimation for eddy covariance 
N2O fluxes. Agric. For. Meteorol. 297, 108280. https://doi.org/10.1016/j. 
agrformet.2020.108280.

Grados, D., Kraus, D., Haas, E., Butterbach-Bahl, K., Olesen, J.E., Abalos, D., 2024. 
Common agronomic adaptation strategies to climate change may increase soil 
greenhouse gas emission in Northern Europe. Agric. For. Meteorol. 349, 109966. 
https://doi.org/10.1016/j.agrformet.2024.109966.

Heimsch, L., Lohila, A., Tuovinen, J.P., Vekuri, H., Heinonsalo, J., Nevalainen, O., 
Korkiakoski, M., Liski, J., Laurila, T., Kulmala, L., 2021. Carbon dioxide fluxes and 
carbon balance of an agricultural grassland in southern Finland. Biogeosciences 18, 
3467–3483. https://doi.org/10.5194/bg-18-3467-2021.

Heimsch, L., Vira, J., Fer, I., Vekuri, H., Tuovinen, J.-P., Lohila, A., Liski, J., Kulmala, L., 
2024. Impact of weather and management practices on greenhouse gas flux 

dynamics on an agricultural grassland in Southern Finland. Agric. Ecosyst. Environ. 
374, 109179. https://doi.org/10.1016/j.agee.2024.109179.

Heiskanen, J., Brümmer, C., Buchmann, N., Calfapietra, C., Chen, H., Gielen, B., 
Gkritzalis, T., Hammer, S., Hartman, S., Herbst, M., Janssens, I.A., Jordan, A., 
Juurola, E., Karstens, U., Kasurinen, V., Kruijt, B., Lankreijer, H., Levin, I., 
Linderson, M.-L., Loustau, D., Merbold, L., Myhre, C.L., Papale, D., Pavelka, M., 
Pilegaard, K., Ramonet, M., Rebmann, C., Rinne, J., Rivier, L., Saltikoff, E., 
Sanders, R., Steinbacher, M., Steinhoff, T., Watson, A., Vermeulen, A.T., Vesala, T., 
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Różański, A., Stefaniuk, D., 2016. On the prediction of the thermal conductivity of 
saturated clayey soils: Effect of the specific surface area. No. 4 Acta Geodyn. 
Geomater. 13 (184), 339–349. https://doi.org/10.13168/AGG.2016.0016.

Sabbatini, S., Mammarella, I., Arriga, N., Fratini, G., Graf, A., Hörtnagl, L., Ibrom, A., 
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Shurpali, N.J., HyvÖNen, N.P., Huttunen, J.T., Clement, R.J., Reichstein, M., 
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