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ARTICLE INFO ABSTRACT

Keywords: We explored the carbon balance, including both gaseous and waterborne carbon, of a long-term experimental site

Soil aggregates in 2019 and 2020. Additionally, we assessed earthworm abundance and soil aggregation, aiming to uncover

iarﬂ.ll‘l”orms potential factors influencing the decomposition and stabilization capacity of organic carbon in the soil. The
o-ti!

heavy clay soil site in southern Finland was under long-term cereal monocropping with conventional tillage (CT)
and no-till (NT) treatments. Short-term diversification with cover crop and winter rapeseed as a break crop were
applied on parts of the site, and the effects of climate, carbon input and soil conditions on the carbon balance
were assessed. Net ecosystem exchange (NEE) ranged from —0.32 to 1.91 Mg CO»-C ha! yr ! in CT and from
0.22 to 2.40 Mg CO,-C ha~! yr™! in NT. Net ecosystem carbon balance ranged from 1.49 to 3.27 Mg C ha ! yr !
and 1.51 to 3.67 Mg C ha~! yr! in CT and NT, respectively, indicating carbon loss from soil. The differences in
NEE or carbon balance between CT and NT were not statistically discernible. Earthworm abundance was higher
in NT than in CT and increased vastly in the NT management after diversification of the rotation with winter
rapeseed. Soil erosion measurements showed remarkably lower carbon loss (44%) for NT compared to CT,
however, the role of erosion in the carbon balance was minor, ranging from 50 to 120 kg C ha~! yr!. The mean
size of soil aggregates decreased during the study period, and soil aggregates tended to enlarge in the summer
and diminish in the winter. The results highlight the difficulty of maintaining a positive carbon balance in boreal
agricultural soils with limited productivity. Furthermore, future climatic conditions may worsen the situation by
promoting decomposition and restricting carbon protection in soil aggregates.

erosion
Net ecosystem exchange
Luvisols

SOC content in the topsoil but decrease it in the deeper layers compared
to CT in which the crop residue-derived carbon is mixed deeper and

1. Introduction

Soil organic carbon (SOC) has a significant role both in climate
change mitigation and securing food production (Minasny et al., 2017;
Manns and Martin, 2018). Globally, the majority of terrestrial organic
carbon is stored in soil, and land use and management greatly affect the
size and function of the carbon stocks (Scharlemann et al., 2014).
Intensive land management decreases the carbon content of agricultural
soils globally (Olsson et al., 2019) and such trend has been documented
also in the boreal region (Heikkinen et al., 2022). Soil conserving,
regenerative management with no-till and diversification of crop rota-
tions can potentially improve the soil carbon balance and other
ecosystem services provided by croplands (Kremen and Miles, 2012).

In no-till (NT) management, seeds are sown directly to the stubble
whereas in conventional tillage (CT) the soil is annually ploughed and
harrowed before sowing annual crops. NT has been found to increase the
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more evenly into the plough layer (Haddaway et al., 2017; Meurer et al.,
2018; Ogle et al., 2019).

Soil physical fractions are sensitive to soil management changes in
short-term and thus soil aggregate size distribution can be beneficial tool
in soil carbon studies (Amézketa, 1999). The size distribution is often
related to stabilization of carbon stocks, macrofaunal density and
erosion resistance (Briones and Schmidt, 2017). NT improves soil ag-
gregation and reduces erosion (Wang et al., 2019; Honkanen et al.,
2021) but may decrease yields thereby limiting its potential to increase
SOC via carbon input in crop residue (Ogle et al., 2012). Soil biological
activity has been found to increase under NT management compared to
CT (Kladivko et al., 1997; Green et al., 2007). This has two contrasting
implications related to enhanced earthworm activity in NT soil:
increased potential to stabilize carbon into soil aggregates and the
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higher decomposition rates of soil organic matter (Lubbers et al., 2015;
Briones and Schmidt, 2017; Sheehy et al., 2019). NT is an applicable
method also in northern regions, but cold boreal conditions pose a risk to
aggregate stability. Long winter period with freeze and thaw cycles leads
to aggregate breakdown which diminishes soil conservation potential
via management practices improving soil aggregation (Le Guillou et al.,
2012; Edwards, 2013; Bottinelli et al., 2017).

Diverse crop rotations have been found to improve the resilience of
cropping systems against multiple environmental stressors and benefit
soil quality in terms of nutrient cycling, structure, biodiversity and SOC
(Gaudin et al., 2015; Yang et al., 2019; Tamburini et al., 2020). Cereal
monocultures can be broken e.g. by autumn sown oilseed crops, catch
crops or cover crops, and diversity can also be achieved by inter- or
multicropping. Carbon sequestration potential of cover crops is esti-
mated to be 320 kg ha™! yr~! globally (Poeplau and Don, 2015).
Adopting a diverse crop rotation and conservation agriculture was found
to increase carbon stocks e.g. in the United States (Nunes et al., 2018)
and in India (Hazra et al., 2019; Jat et al., 2019). In boreal conditions,
crop residue input from the additional biomass of cover crops or new
crops in the rotation has been found to be limited (Lizarazo et al., 2020).
While the benefits of diversification are apparent, it is not well known
how the changes in quantity and quality of crop residues modify soil
community and organic matter decomposition rate (Yan et al., 2018).
Recent studies in boreal arable fields have shown that cereal mono-
cultures can have impoverished earthworm communities compared with
more diverse rotations (Hagner et al., 2023) while on set-asides the
community composition can be strongly affected by the plant seed
mixture used (Hyvonen et al., 2021).

Changes in SOC stocks are slow and detecting small changes in a
large and spatially highly variable SOC stock by soil sampling can be
difficult (Heikkinen et al., 2021a). Flux measurements provide a valu-
able tool to estimate the short-term carbon dioxide (CO3) exchange
between the atmosphere and soil surface and to understand factors
driving the changes in SOC stock. Soil carbon balance depends on the
carbon input from crop residues bound by plant photosynthesis and the
output mostly from plant and soil respiration as well as export of carbon
in the crop yield and soil erosion. Annual cropping has a lower potential
than grasslands to maintain the SOC stocks as was found in a long-term
monitoring of Finnish croplands (Heikkinen et al., 2013) and in a long-
term experiment (Begum et al., 2022). In Finnish cultivated mineral
soils, a few full-year carbon balance measurements have been done on
grasslands but none in cereal production. The carbon balance of Finnish
grasslands has shown net sequestration during a measurement period
that did not include the sward renewal which is in most cases needed
every 3-4 years in the boreal climatic conditions (Lind et al., 2016;
Heimsch et al., 2021). However, these estimates did not include the
carbon removed with erosion, and these different routes are generally
very rarely studied simultaneously. Erosion rates can be quite large, as
Honkanen et al., 2021 observed, but the amount of organic matter in
erosion may still be small (Manninen et al., 2023) in relation to soil
respiration.

The objective of this study was to understand the factors regulating
the carbon balance of a typical annual cropping system of cereal crops in
boreal conditions. For this purpose, carbon flux measurements together
with continuous erosion measurements were set up at a clay soil site in
southern Finland. We hypothesized that 1) the majority of the organic
carbon loss from the field occurs through soil respiration while lateral
transport through water runoff has a minor role, 2) soil macrofaunal
abundance and diversity benefit from NT and crop diversification
practices and 3) soil aggregate breakdown during the winter counteracts
aggregate formation and growth during the summer in boreal climate.
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2. Methods
2.1. The study site

The study site was located in Kotkanoja, Jokioinen, in southwestern
Finland (60° 49'N, 23° 30’ E, about 100 m a.s.1. slope 1-4% (mean 2%)).
The climate is boreal humid with a long-term (1991-2021) annual mean
temperature of 5.2 °C, total annual precipitation of 621 mm, global
radiation of 3358 MJ m~2 and sunshine duration of 1699 h (Jokinen
et al.,, 2021). Typically, the soil is frozen and has snow cover from
December to March. The average contents of clay, silt and sand in the
topsoil (0-30 cm) are 60, 16 and 24%, respectively and the soil is
classified as Protovertic Luvisol. Dry bulk density in the topsoil (0-10
cm) was 1.15 + 0.07 g cm 3 (n = 8) in CT managed plots and 1.21 +
0.07 g cm™2 (n = 8) in NT managed plots in spring 2018 (Honkanen
et al,, 2021) and pH was 6.2 on average (Fritze et al., 2024). The
experimental field was established in 1976 to study nutrient leaching
and it consists of four hydrologically isolated plots with separate surface
runoff collection. These four plots are each further divided into four
subplots with separate subsurface drainage systems, yielding 16 sub-
plots. Field design is described in detail in Turtola and Paajanen (1995)
and Uusitalo et al. (2018).

The plots were named as A, B, C and D (Table 1 and Fig. 1). Since
2008, plots A and C were continuously under autumn mouldboard
ploughing (CT) while plots B and D were under no-till (NT) management
for 10 years until 2018. Spring cereals (barley (Hordeum vulgare), wheat
(Triticum aestivum) and oats (Avena sativa)) were grown in all plots
during that period. In 2018 when this experiment began, diversification
options were implemented at three of the plots (A, C and D) while at plot
B (NT) monocropping of cereals (barley) continued throughout the
experiment. In plot A (CT), Italian ryegrass (Lolium multiflorum) was

Table 1
The crops, treatments and management by plot.
Year Day A B C D
2008-2018 CT NT CT NT
Spring Spring Spring Spring
cereals cereals cereals cereals
CT + NT +
summer summer
2018 CT + CC NT ploughing ploughing
Sowing
Barley + Sowing Sowing Sowing
23.5. ryegrass Barley Barley Barley
Barley to Barley to
silage + silage +
17.7. ploughing ploughing
Sowing Sowing
winter winter
18.7. rapeseed rapeseed
4.9. Harvesting Harvesting
19.10.  Ploughing
2019 CT + CC NT CT NT
Fertilising Fertilising
winter winter
3.5. rapeseed rapeseed
Sowing
Barley +
10.5. ryegrass
Sowing
20.5. Barley
22.8. Harvesting Harvesting
18.9. Harvesting Harvesting
30.10.  Ploughing Ploughing
2020 CT + CC NT CT NT
Sowing
Barley + Sowing Sowing Sowing
1.6. ryegrass Barley Barley Barley
18.9. Harvesting Harvesting Harvesting Harvesting
27.10.  Ploughing Ploughing

CT = conventional tillage, NT = no-till, CC = catch crop.
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Fig. 1. Experimental field layout and location in Finland. Plots A and C were conventional tillage plots as well as B and D no-till plots. Chamber collars are marked
with squares and bare soil chambers with circles. Stars denote the location of soil temperature sensors and PAR the location of the PAR-sensor. Figure of the field

design is modified from Uusitalo et al. (2018).

added as a catch crop to barley cropping. In July 2018, when spring
barley was at the early stage of growth, plots C and D were harvested for
forage. After that, both plots C and D were ploughed and sown with
winter rapeseed (Brassica napus subsp. oleifera) due to arrangement of
another project on the same field. After this, plot D returned to NT
management in 2019.

Sowing density of barley was 229 kg ha™! in 2018, 185 kg ha™! in
2019 and 269 kg ha™! in 2020. Each year the target was 500 germi-
nating seeds m~2. Ryegrass sowing density was 10 kg ha™! in all years
and rapeseed sowing density was 4.2 kg ha~!. Mineral NPK fertilisers
(Yara Mila Y3, Yara Suomi Oy, Finland, 90-12-31 kg ha™! yr™1) at
sowing were used. In addition, winter rapeseed was fertilised with Yara
Mila Y3 (NPK = 50-14-29 kg ha’l) in July 2018 and with Yara Bela
Suomensalpietari (110 kg N ha™1) in May 2019. Typical farm machinery
was used for cultivation. Ploughing was done to a depth of approxi-
mately 20 cm and NT sown with VM300SK (manufactured by Vieskan
Metalli Oy, Finland) during the experimental period (2018-2020).
Herbicides were applied to all plots in 28.6.2018 (Premium Classic SX,
FMC Agricultural Solutions A/S, USA, 8 g ha~!, Starane 333HL, Corteva
Agriscience, USA, 0.3 1 ha™!). Glyphosate (Ranger XL, Monsanto Com-
pany Inc. USA, 3 1 ha™!) was applied on plots A and B in 7.5.2019 and
pesticide (Decis, Bayer CropScience, Germany, 0.1 1ha™?) on plots C and
D in 11.6.2019. Also herbicides (Premium Classic SX 8 g ha_l, Starane
333HL 0.3 1 ha™!) were applied on plots A and B in 17.6.2019. In
15.5.2020, glyphosate (Glyfomax, Dow AgroScience, USA, 3 1ha™!) was
applied on plots A and B and herbicide Ariane S, Corteva, Inc. USA, 21
ha~! was applied on all plots in 30.6.2020.

Dry grain yield was measured annually with combine harvester.
Above ground biomass was manually measured in two locations of each
subplot from 0.5 m? area by cutting at soil surface level and weighed to
estimate mass of the stubble residue. The biomass of roots was calcu-
lated using the root to shoot ratios as described in Palosuo et al. (2015).
The carbon content of the crop yield, seeds and residues was assumed to
be 45% (Jensen et al., 2005).

2.2. Ancillary measurements

Photosynthetically active radiation (PAR) was continuously

measured at the edge of the field by LI-190 quantum PAR sensor (LI-
COR, Lincoln, Nebraska, USA) with a one-minute sampling rate. Soil
temperature was measured in A and B plots at the depth of 10 cm until
May 2020 and thereafter at the depth of 5 cm to achieve better response
of CO», to air temperature with Elcolog sensors (Elcoplast Oy, Tampere,
Finland). Two sensors were installed in both plots with a sampling rate
of one hour in summer and 2.5 h in winter. The air temperature, pre-
cipitation and global radiation data were obtained from the weather
station of Finnish Meteorological Institute (FMI, CC BY 4.0) located less
than a kilometre from the site. Gaps in the measured PAR data were
filled with global radiation data from FMI using the ratio of global ra-
diation and the measured PAR.

Leaf area index (LAI) was measured at the same time with the
transparent chamber measurements with a portable LAI meter (Sun-
Scan; Delta-T Devices Ltd., Cambridge, United Kingdom). Because the
measured LAI corresponds poorly to the actual photosynthetically active
biomass in the late growing season due to the ripening of cereals, we
selected the highest measured LAI values for the beginning of August
and assumed that LAI is zero in the mid-September a week before har-
vesting when the measured gross photosynthesis (GP) was negligible.
LAI between these days was interpolated. Because it was not possible to
measure the LAI of the cover crop beneath the ripening barley, it was
modelled based on the values of GP at PAR = 1000 pmol photon m~2
s~1. LAI of the cover crop in the CT plots was set to zero after ploughing.

2.3. Soil and earthworm sampling and analyses

Soil samples for mean weight diameter of aggregates (MWD) and
carbon content were taken from the 0-10 cm and 10-30 cm soil layers in
spring 2018, autumn 2018, autumn 2019, autumn 2020 and in spring
2021 (only 0-10 cm layer). About 20 subsamples were taken with soil
corer (3 cm in diameter) in each subplot. Then the subsamples were
pooled to composite samples, nine per each four plots A, B, C and D. Part
of the sample was air dried and sieved through 2 mm mesh size sieve for
carbon analyses while rest of the sample for MWD was stored at 8 °C
before sieving through an 8 mm sieve and air drying.

The carbon content of the air dried and sieved (2 mm) soil samples
was determined using dry combustion (LECO TruMac CN, LECO
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corporation, MI).

The MWD was determined by wet sieving. For that, 50 g of the air-
dried soil sample (8 mm) was fractionated into large macroaggregates
(> 2 mm), small macroaggregates (0.250-2 mm) and microaggregates
(0.053-0.25 mm) (Elliott 1986). The residual amount of silt and clay (<
0.053 mm) was estimated by weighing (2020 and 2021 samples) or
subtracting the other fractions from the original sample (2018 samples).
The MWD was calculated as in Van Bavel (1950).

Earthworm abundance and species diversity were measured in each
of the 16 subplots in Oct 2018 and Oct 2020 when earthworms were
active in the topsoil. Three samples were taken from each subplot by
combined hand-sorting and mustard oil (AITC) extraction (ISO 23611-
1:2018). Details of the earthworm sampling and measurements are
described in Nuutinen (2019) and Honkanen et al. (2021).

2.4. Flux measurements

The CO; fluxes were measured using four different methods: opaque
chambers, transparent chambers, snow gradient method and small soil
respiration chambers. Between 6/2018-12/2020, closed opaque
chambers were used to measure ecosystem respiration. In this study,
results from plots A and B in 2019 and plots A-D in 2020 are presented
for full annual budgets. In each subplot a 60 cm x 60 cm aluminium
collar was installed five metres from the subsurface drain trenches
(Fig. 1) to an approximate depth of 5-10 cm. An aluminium chamber
(height 40 cm) mounted at the top of the collar was sealed with water in
the groove of the upper edge of the collar. Steel extensions (20 or 40 cm)
were used when the height of the crop exceeded the height of the
chamber. The collars were removed before and reinstalled after sowing,
harvesting and ploughing. The measurements were done during daytime
between 10 am and 2 pm every two weeks in growing season, and every
month in the winter. The chambers were closed for 30 min, and four gas
samples were taken with a syringe to pre-vacuumized vials (Exetainer,
Labco, UK) in 10-min intervals starting immediately after closing. Prior
to sampling, the syringe was pumped a few times to mix the air in the
chamber. The samples were analysed with a gas chromatograph
equipped with a flame ionizer detector (FID) and a nickel catalyst for
converting CO5 to CHy. The precolumn and analytical columns consisted
of 1.8 and 3 m long steel columns, respectively, packed with 80/100
mesh Hayesep Q (Supelco Inc., Bellefonte, PA, USA). The gas chro-
matograph (Agilent 7890 Agilent Technologies, Inc., Wilmington, DE,
USA) had a 10-way valve with a 2 ml sample loop and a backflush
system for separating water from the sample and flushing the precolumn
between the runs. Nitrogen was used as the carrier gas and a standard
gas mixture of known concentration of CO, was used for calibration. An
autosampler (222 XL Liquid handler, Gilson Medical Electronics,
France) fed the samples to the loop of the gas chromatograph. A linear
regression model was fitted to convert areas produced by gas chro-
matograph to gas concentrations. The CO flux for each enclosure was
calculated using the ideal gas law, assuming a linear change in CO,
concentration over time within the chamber.

A transparent chamber (60 x 60 x 60 cm) made of polycarbonate
plexiglass (1 mm, light transmission 95%) was used to measure net
ecosystem exchange (NEE) approximately biweekly during the growing
season. The chamber was equipped with a Vaisala GMP-343 probe and a
temperature and humidity sensor (Vaisala Oy, Vantaa, Finland) and two
fans for mixing the air during the measurement. One or two layers of a
white fabric shroud and one blackout curtain were used to control the
amount of light entering the chamber (approximately 100%, 50%, 25%,
0% of ambient radiation). The measurements were done in the same
collars as the opaque chamber measurements. Four measurements with
different levels of entering light were taken from each subplot in order to
cover a large range of light conditions during one measurement round.
Each measurement took one minute with a five second sampling rate.
The chamber was flushed after each measurement to reconstitute
ambient CO4 and air humidity contents. A lag time of 10 s was applied
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after closing and before starting the measurement to exclude the dead-
band when the flux was not yet stabilized. Clear sky conditions were
preferred to avoid problems related with changing cloud cover and to
achieve the widest possible range of available light. On the hottest
summer days, freezer blocks were used to cool the chamber air. The
temperature change inside the chamber was <1.5 °C which was also
used as a criterion for data filtering.

The change of CO concentration during the chamber enclosure was
assumed to be linear. The measurement results of COy as parts per
million (ppm) unit were converted to g m™2 h™! by the ideal gas law
using measured temperature inside the chamber.

If the depth of snow cover was >20 cm, a concentration snow
gradient method as in Maljanen et al. (2003) was used to determine the
GHG fluxes. A probe made of a steel pipe (@ 3 mm), with a three-way
valve and a plastic syringe, was used to sample 15 ml of air just above
the snow cover, in the bottom of the snow cover and at one depth in
between in three replicates per plot (intermediate depth depended on
the snow depth). The gas was stored in the pre-vacuumized vials and the
concentrations were determined gas chromatographically as with the
opaque chamber samples. The fluxes were calculated using the equation
based on Fick’s law as in Maljanen et al. (2003).

Measurements for bare soil respiration were made in 7/2019-12/
2020. One steel air ventilation pipe of 27 cm in diameter and 30 cm in
length was installed to the depth of 5-10 cm in each of the 16 subplots
next to the opaque chamber collars (Fig. 1). All green vegetation within
the chamber area was removed. For the measurements, the cylinders
were closed with a cover equipped with a CO5 sensor (GMP-343; Vaisala
Oyj, Vantaa, Finland) and a small fan. One measurement lasted for one
minute with a five second sampling rate. Measurements were done once
in a week or two weeks, more frequently in summer than in winter.
Measurements were used to estimate the total soil respiration in the
growing seasons of 2019 and 2020.

2.5. Flux modelling

NEE (net ecosystem exchange) consists of GP (gross photosynthesis)
and ER (ecosystem respiration) and thus GP (g CO; m~2 h™1) was esti-
mated for each NEE measurement by (Eq. (1)),

GP = NEE —ER (@)

where the full darkened transparent chamber measurement result, ER (g
CO, m~2 h™1), is subtracted from the light-dependent flux, NEE (g CO»
m~2 h™!), measured during the same day. Thus, we follow the sign
convention with positive ER and negative GP values. The light response
of GP was estimated for individual plots and measurement days (four
measurements per plot at 0%, 25%, 50% and 100% of ambient PAR)
with a rectangular hyperbolic saturation curve (Thornley and Johnson,
1990):
o*PAR*GPpax

GP=———— — 2
o*PAR + GPpx 2

where o (g CO5 pmol per photons in hour) is the initial slope of the
photosynthetic light response and GPpax (g CO; m~2 h™l) is the
maximum value of GP at infinite PAR. Estimated o and GP,,yx were used
to predict GP at PAR = 1000 pmol photon m 2 s~! (GP1000) for indi-
vidual plots and measurement days to compare differences between
management methods.

Annual ER and GP (May to April) were estimated for all subplots and
both years. First, unknown parameters were estimated with empirical
models and measured datapoints. Model fits are shown in Table S1 and
Fig. S1. After solving the unknowns, models 2-7 were fed with the
timeseries of the measured environmental parameters like temperature
to predict ER or GP values in the timeseries. Models were used for ER as
in Lohila et al. (2003) and for GP as in Kandel et al. (2013). Instead of the
phytomass indices used in the above publications, we used LAI to
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describe the stage of the crop growth. Air temperature and PAR were
assumed to be the same for all plots, whereas we used the measured LAI
for each subplot distinctly and the soil temperature from either CT or NT
plots.

We used the following equation defined by Long and Hallgren (1993)
for GP (g CO, m—2 h’l) to estimate empirical coefficients (Apax and k)
using nonlinear regression (fitnlm function in MATLAB 2019b) based on
a least-squares fit:

_ Aua*PAR

GP =
k+ PAR

*LAT* Tscq 3
where PAR is the measured photosynthetically active radiation, LAI is
the measured leaf area index, Apx is the asymptotic maximum (g COy
m 2 hfl), and k is a half-saturation value (pmol m2s. Tscale Tepre-
sents the temperature sensitivity of photosynthesis (0-1) and follows the
equation presented by Raich et al. (1991):

(T - Tmin)(T - Tmax)

4
(T = Toin)(T = Tnax) — (T — Toe)” @

TScale =

where T is the measured temperature, photosynthetically active mini-
mum temperature Tpi, is —2 °C, maximum Ty, is 40 °C and the opti-
mum is 20 °C as in (Kandel et al., 2013). Model fits are shown in Fig. S1
and Table S1.

ER consists of autotrophic (Rayuto) i.e. plant respiration and hetero-
trophic (Rhetero) i-€. soil respiration (Lloyd and Taylor, 1994):

ER = Rhetero + Rauto ()

1 1
= * El - -
Rhetero ROS exp ( Ox (5602 Tsoil + 4602) > (6)

1 1
10 +273 Ty + 273) )

Rauto = LAI*RO,*exp <bd (

where T;oj is the measured soil temperature (°C), Ty, is the measured air
temperature (°C), ROs is soil respiration at the reference temperature
10 °C (g CO, m2 h™1), RO, is plant respiration at the reference tem-
perature at 10 °C (g CO m~2 h’l), EQs is ecosystem sensitivity i.e. soil
temperature dependence of soil respiration and was set to 308 and by
was the temperature dependence of plant respiration set to 5000 as in
Lohila et al. (2003).

The empirical coefficients (RO; and ROp) were estimated with a
nonlinear regression model similarly as in the case of GP. Hourly
timeseries of GP and ER were predicted with the above equations using
the modelled parameters and hourly timeseries of the field measure-
ments. Hourly time points for LAI and soil temperature were acquired
from the measured values by linear interpolation. Hourly averages were
calculated from the measured PAR. Gaps in soil temperature during
sowing, harvesting or ploughing were filled with the soil temperature
model (Zheng et al., 1993) based on air temperature (correlation be-
tween soil and model temperature was R? = 0.88 in the full dataset). The
NEE was calculated by subtracting the modelled GP from the modelled
ER. ER was estimated using data from both opaque chambers and
darkened transparent chambers. Annual fluxes were computed as inte-
gral of the hourly fluxes with a trapezoidal method (trapz function in
MATLAB 2019b).

Hourly soil respiration was modelled for both treatments for the
periods between sowing and harvesting in 2019 and 2020 based on all
bare soil respiration measurements and timeseries of soil temperature.
Procedure for flux fitting was the same as for the transparent chamber
measurements but in the modelling phase only eq. 6 was used to esti-
mate the parameter ROg, and the models were built up for each subplot.
Total effluxes were accounted for the growing seasons (between sowing
and harvesting) of 2019 and 2020.
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2.6. Estimating of soil carbon in water discharge

Subsurface discharge was continuously monitored with the tipping
bucket method from the drainage pipes of each 16 subplots and surface
runoff was measured from the 4 plots (A-D) each covering four subplots.
Water samples were regularly taken to determine the total amount of
erosion matter in the discharge and runoff from evaporation residue
containing both solid and soluble matter. Methods of analysis are
described in detail in Turtola and Paajanen (1995), Uusitalo et al. (2018)
and Honkanen et al., 2021. In addition, total organic carbon content was
determined from randomly selected total erosion matter samples (n =
77) by dry combustion (LECO TruMac CN, LECO corporation, MI). Basic
exponential function was fitted to the values of erosion matter concen-
tration samples and analysed carbon content of erosion matter measured
from plots A, C and D (Fig. S2a). In plot B erosion matter and its carbon
content deviated from the other plots and thus carbon content in water
discharge of plot B was simply estimated using a linear regression model
(Fig. S2b). Models were used to forecast total organic carbon content of
each erosion matter measurement.

Erosion matter concentration in surface discharge was measured but
samples were not taken to carbon analysis. Amount of carbon in surface
water discharge was estimated by using the same models and parame-
ters as for subsurface discharge. The data of Manninen et al. (2023)
measured in 2015-2017 from the same experimental field showed
rather similar carbon contents of the eroded soil particles both in surface
and subsurface discharge. In this study, wind erosion was not accounted.

2.7. Carbon balance

Depending on the relationship between the carbon bound by the
plant (GP) and the carbon released by the plant and soil respiration (ER),
the NEE can be either positive (output) or negative (input). Additional
carbon outputs are the biomass removed from the field in harvest and
erosion. Erosion can result from water or wind, but wind erosion is
assumed negligible in this study. Additional carbon inputs may be car-
bon in seeds, fertilisers or other organic amendments and by deposition
of eroded material but those were not used (organic fertilisers or
amendments) or are assumed negligible (deposition of eroded material)
in this study. Eq. 8 defines the components in carbon balance (Mg C
ha~! yr~!) which were taken into account in this study.

Carbon balance = NEE + Yield + Erosion — Seeds (8)

Negative (—) sign indicates carbon input to the field and positive (+)
sign carbon output i.e. carbon loss from the field.

2.8. Data processing and analysis

In the flux measurements some outliers were identified at the
beginning of the measurement if the flux was not yet stabilized due to
fluctuations or slow response of the measuring device. Obvious outliers
from the beginning (first three data points) of the transparent chamber
flux measurement were removed with Matlab’s “isoutlier” command.
The outlier was defined to be more than three scaled median absolute
deviations (MAD) from the median of the linear regression standardised
residuals, and this resulted in the removal of 67 data points out of
10,700 in 855 flux measurements. For the transparent chamber mea-
surements, the criteria R > 0.9 for the fitted linear assumption of flux
measurements would exclude a large amount of data, especially with a
small change in CO5, leading to a biased dataset. Therefore, we decided
to add the criterion Syy < 1.5 g m~2h~!as in Kutzbach et al. (2007) (Sxy
is the standard deviation of the residuals and 1.5 g m~2 h™! is the 95%
percentile of measurements). This procedure resulted in the removal of
71 values out of a total of 855 measurements. In the modelling phase,
fitted values were examined, and outliers were removed to avoid
distortion. Outliers were defined as observations with an absolute value
of standardised residuals greater than three. In 2019, 4 out of 268 GP
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values and 3 of 200 ER values were removed. In the dataset of 2020, 7
out of 512 GP values and 13 of 475 ER values were removed. The
model’s estimated parameters Apax, k of GP, ROs and ROp of ER and
model correlations are shown in Table S1. The measured versus model
predicted values of GP and ER are shown by managements and years in
Fig. S1.

For the bare soil fluxes, the criterion R > 0.9 and S,y < 1.7 g m2h!
(95% of residuals) were used for data cleaning which resulted in the
removal of 13 values out of 568. Outliers (n = 17) in the models were
processed by removing measurements whose standardised residuals
exceeded the threshold value of 3. The model estimated parameters are
shown in Table S2.

For opaque chamber measurements, data points that did not pass the
criterion R? > 0.9 (22 out of a total of 440 datapoints), were removed.
All the data cleaning and processing was done with Matlab (The Math
Works, Inc., MATLAB, version 2019b).

2.9. Statistical analyses

To analyse the effects of plot (A, B, C and D), year (2019 and 2020),
and their interaction on ten response variables, we used generalized
linear mixed models (GLMM) with different distributional assumptions
and link functions. The assumption of a gamma distribution (with a log
link) was used for soil respiration in summer, carbon in crop yield and
subsurface erosion carbon, whereas other skewed response variables (ER
summer, ER winter and residues carbon) were analysed using the
assumption of a lognormal distribution (with an identity link). The
assumption of a Gaussian distribution (with an identity link) was used
for others (GP, ER, NEE and carbon balance). We estimated the model
parameters using the residual pseudo-likelihood (RSPL) method for the
gamma-distributed variables and the residual maximum likelihood
(REML) method for the other variables.

Block (horizontal row in the field as in Fig. 1) and block x year were
assumed to be independent and normally distributed random effects.
Akaike’s Information Criterion (AIC.) was used to select the most suit-
able covariance structure for the experimental years. A heterogeneous
compound symmetry (CSy) covariance structure was used when the
variances differed between years, and a homogeneous CS with constant
variance otherwise. The Kenward-Roger method was used for the
calculation of degrees of freedom. The Tukey-Kramer method was used
for pairwise comparisons of means with a significance level of 0.05. The
normality of the residuals of the models was checked using boxplots and
found to be adequate.

A similar GLMM model was used for mean weight diameter (MWD)
using the assumption of a Gaussian distribution and a CS covariance
structure between the four time points (5/2018-5/2021). All analyses
were conducted using the GLIMMIX procedure in the SAS Enterprise
Guide 8.3 (SAS Institute Inc., Cary, NC, USA).

In addition, we tested the relation between the earthworm density
and ecosystem respiration with Pearson correlation test. We chose the
opaque chamber measurements for comparison, which were made as
close as possible to the observation of the earthworms in both 2018 and
2020 (n = 32).

3. Results
3.1. Weather conditions

Mean annual air temperature was 5.9 °C in 2019 and 7.3 °C in 2020,
and precipitation was 670 mm in 2019 and 730 mm in 2020. Both mean
temperature and precipitation were thus higher during the study period
than during the reference period 1991-2020 when the mean tempera-
ture was 5.2 + 0.9 °C and precipitation 621 + 85 mm (Jokinen et al.,
2021). Mean temperature in 2020 was the highest in the 30-year
reference period. In 2019, precipitation was even throughout the
growing season but in 2020 the dry June was followed by a period of
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intensive rainfall. July, the most important time for crop growth, was
cloudier (sum of total radiation 150 kWh m_z) in 2020 than in the
previous year (sum of total radiation 176 kWh m~2). Wintertime (Nov —
Mar) was exceptionally warm in 2019-2020 when the mean air tem-
perature was 0.8 °C compared to the 10-year average, —2.9 + 2.0 °C in
Honkanen et al. (2021). In both winter 2018-2019 and 2020-2021, the
mean air temperature was —1.9 °C. There were 108, 13 and 81 whole
days with snow cover in the three consecutive winters, respectively. In
winter 2019-2020, there was no continuous snow cover whereas the
snow cover was continuous from 20-Dec-2018 to 30-Mar-2019 and from
3-Jan-2021 to 24-Mar-2021.

3.2. COg fluxes

Plant growth occurred during the summer with the exception of the
ryegrass cover crop showing some photosynthesis and low GP values
also outside the summer months (Fig. S3 and Fig. 2d). There were no
large differences in GP1000 between plots during the experiment
(Fig. S3). Due to earlier sowing, plot A had slightly higher GP1000
during the early stage of growth and slightly lower during the late stage
of growth compared to plot B in 2019. The growth peaked during the
mid-July in all plots and both years. Subplot-specific maximum value
varied from 2.16 to 7.75 g CO, m~2h™!. The predicted GP was primarily
influenced by PAR and LAIL, with temperature playing a comparatively
minor role. Diurnal variation was large due to PAR varying with solar
angle and cloudiness.

Measured ER did not vary significantly between treatments (Fig. S4),
and its temporal variation mostly followed soil temperature (Fig. 2a)
and LAI (Fig. 2c). In the late growing season, plot B showed higher ER on
average as compared to plot A in 2019, and plots B and D showed higher
averages compared to A and C in 2020. Model-predicted ER (Fig. 2e)
followed well the temporal variation of the opaque chamber measure-
ments (Fig. S4), featuring the highest values during the summer months.
Diurnal variation was less prominent in the modelled ER than in the
modelled GP as it was only following the soil and air temperature and
LAIL

The period with net uptake of C (negative NEE) was restricted to the
summer months (Fig. 2f). In 2019, the number of days with negative
NEE was 82 and 61 in plots A-B, respectively. In 2020, the respective
numbers were 43, 42, 26 and 30.

3.3. Carbon balance

3.3.1. Gross photosynthesis

Annual estimated GP did not vary significantly by plot or year during
the experiment (Tables S3 and S4). GP tended to be on average lower in
CT plots compared to NT plots, but with no statistically significant dif-
ference (Table S5; p = 0.131).

3.3.2. Ecosystem respiration

The annual estimated ER did not differ between years or plots
(Tables S3 and S4). There was also no difference in the summertime, but
the ER estimated for the wintertime was higher in 2020 than in 2019 (p
= 0.003). In the comparison of CT and NT management, CT plots had
significantly (p = 0.047) lower estimated annual ER as well as sum-
mertime ER compared to NT (Table S5).

3.3.3. Net ecosystem exchange

Estimated NEE was negative only in plot A in 2019 while the other
plots were always losing carbon at an annual level (Table S4). No sta-
tistically significant differences were found in the annual NEE estimates
between the plots (Table S3) although plots C and D tended to have
higher NEE (higher carbon loss) than plots A and B whereas no-till plots
B and D tended to have higher NEE than plots A and C. Plots A and B
were sequestering carbon during the summer season 2019, as the
average NEE was —1.02 Mg CO2-C ha™! in plot A and — 0.366 in plot B,
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Fig. 2. Measured soil temperature in plots A and B and weekly precipitation (a), measured PAR during the experiment (b), measured LAI + standard deviation (c)
and daily model predicted ecosystem respiration (ER), gross photosynthesis (GP) and their sum as net ecosystem exchange (NEE) in plots A-D (d,e,f). Year 2019 is
marked with grey background, sowing and harvesting the main crop with grey vertical lines and ploughing with a black vertical line.

but all plots lost carbon in 2020 with the rates of 0.040, 0.024, 0.736 and
0.628 Mg CO,-C ha™! for plots A-D, respectively (data not shown). The
years differed from each other (p = 0.002) indicating higher carbon
losses in 2020 than in 2019. No significant difference was found in the
annual estimated NEE between CT and NT treatments (Table S5).

3.3.4. Bare soil respiration

Estimated bare soil respiration during the growing season did not
differ significantly by year or plots but their interaction was significant
(p = 0.033) (Table S3). On average, soil respiration was higher in 2019
compared to 2020 but it is partly explained by a longer period between
sowing and harvest (Table S4). The proportion of bare soil respiration of
the total ecosystem respiration during the growing season was 79% and
89% in plots A and B in 2019 and 67%, 66%, 55% and 55 in plots A-D in
2020, respectively. The summertime soil respiration rate was signifi-
cantly higher (p = 0.015) in NT than in CT management (Table S5).

3.3.5. Yield carbon

The amount of carbon in crop yield differed by year (p = 0.003), and
there was also a statistically significant interaction of year and plot (p <
0.001) (Table S3). Carbon in crop yield was the highest in plot A in 2019,
but there were no significant differences between the plots in 2020
(Table S4). CT and NT managements did not differ for the amount of
carbon in the harvested crop yield (Table S5).

3.3.6. Crop residues

The amount of carbon in the crop residues left on the field had a
similar pattern as the carbon in crop yield, with a significant (p = 0.008)
effect for the interaction between year and plot (Table S3). Plot A had
more residues in comparison to plot B in 2019 (Table S4). In 2020, no
significant differences were observed between the plots or between CT
and NT managements either (Table S5). In 2019, the N content of the
residues varied by crop type, being 0.55 + 0.06%, 0.41 + 0.05% in
barley plots A and B and 1.19 + 0.20% and 1.03 + 0.21% in the rape-
seed plots C—D, respectively.

3.3.7. Erosion rates

In 2018, the total erosion rates were low, on average of 740, 280,
730, and 370 kg ha~! in plots A-D. In 2019, total erosion rates were
larger (2940, 1280, 1530 and 1190 kg ha! in plots A-D) and the largest
rates were observed in 2020 (8430, 1700, 5610 and 2340 kg ha ! in
plots A-D).

3.3.8. Carbon in water discharge

The ploughed plots A and C had the highest rates of total subsurface
erosion leading to a highly significant effect (p < 0.001) of plot on
carbon loss rates (Tables S3 and S4). The exceptional ploughing of plot D
in the summer 2018 thus did not have a distinct effect on the erosion rate
of the plot. Subsurface erosion carbon rates differed between years (p =
0.001) although erosion rates were high in winter 2019-2020 due to
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mild conditions with no permanent soil frost or snow cover. CT had
significantly higher (p < 0.001) subsurface erosion carbon rates
compared to NT (Table S5) although the amount of water discharge was
of the same magnitude (results not shown). Due to the higher carbon
content of erosion matter in NT plots, differences in carbon in water
discharge between plots were smaller compared to differences in erosion
matter.

Surface erosion carbon rates were not tested statistically due to lack
of replicates but on average, differences between plots tended to be
smaller compared to subsurface erosion. In 2019, carbon loss in surface
erosion was even higher in plot B compared to plot A. On average, the
surface discharge accounted for approximately 19% of total carbon loss
by erosion during this experiment.

3.3.9. Net ecosystem carbon balance

Total carbon balance, consisting of GP, ER, carbon in harvested yield,
seeds and soil erosion, did not differ by plot but it was higher leading to
greater carbon loss in 2020 compared to 2019 (p = 0.009; Table S3). No
statistical difference was found between CT and NT management
(Table S5). On average, the proportion of ecosystem respiration of the
total carbon loss (total carbon balance without GP and seeds) was 80%
(60% for soil respiration and 20% for crop respiration), that of carbon in
crop yield 19% and carbon in erosion matter 1.3% (1.0% for subsurface
erosion and 0.2% for surface erosion) (Fig. 3). The share of seeds was
about 2.3% of the total carbon input, while GP was the dominant
fraction.

3.4. Cover crop

On average, the measured mass of aboveground cover crop was 480
+ 80 kg dry matter ha—! in 2019 and 400 + 210 kg dry matter ha ! in
2020. The estimated cover crop GP was 0.16 + 0.06 Mg C ha! in 2019
and 0.13 & 0.02 Mg C ha~! from harvest to ploughing in 2020. These
results are quite low compared to an estimated sum of carbon in the
biomass samples and roots, yielding 0.33 + 0.40 Mg C ha~! in 2019 and
0.27 + 0.10 Mg C ha~! in 2020. The difference is most likely explained
by the fact that the main part of the growth occurred already before the
harvest of the barley.

3.5. Mean weight diameter of soil aggregates

MWD in the topsoil (0-10 cm) of each subplot was measured four
times during this experiment (Fig. 4). During the growing season of
2018, MWD tended to increase in plots A and B and decrease in plot D
that was ploughed in the midsummer (Table S6). Between autumns 2018
and 2020, no statistically significant changes were observed but plot B
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Fig. 4. Mean weight diameter (mean =+ standard deviation) of soil aggregates
in the 0-10 cm layer in plots A-D in 2018-2021.

showed a decreasing tendency (p = 0.095) (Fig. 4; Table S6). During the
winter of 2020-2021, MWD decreased about 19% in all plots (p < 0.001
for all plots). As regards the whole experimental period from spring
2018 to spring 2021, MWD decreased in plots B (p = 0.002) and D (p =
0.006). A small decrease can be seen also in plot C but in plot A the MWD
even increased slightly although the changes were not statistically
discernible.

3.6. Soil carbon

No statistically discernible differences in soil carbon contents were
observed between plots in either layer (Fig. 5). Generally, carbon con-
tent increased during summer and decreased during winter, but the only
statistically significant seasonal changes were observed during the
summer of 2018. Then the carbon content in the layer 10-30 cm
increased significantly in plots B (p < 0.001), D (p < 0.001) and almost
significantly in plot A (p = 0.074). During the whole experiment, carbon
content decreased on average. A statistically significant difference in the
surface layer was found only in plot D where the carbon content
decreased (p = 0.004) between May 2018 and May 2021. Due to
ploughing of plot D in summer 2018, the layers were mixed, and the
carbon content of the surface layer decreased while it increased in the
10-30 cm layer. Two years after the ploughing, the carbon contents of
the two layers were again distinctly different and both at a lower level
than at the start of the experiment. Between autumn 2018 and autumn
2020, the carbon content in the 10-30 cm layer decreased significantly
in plots A (p = 0.0194) and D (p = 0.0003).

I Soil respiration
[ Plant respiration
[IYield carbon

Erosion carbon

[ Gross photosynthesis
Carbon in seeds

O NECB

-8
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2019/B 2020/A

2020/B
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Fig. 3. Carbon balance and its components of plots A - D in 2019-2020. Net ecosystem carbon balance (NECB) is a sum of carbon inputs and outputs. Negative sign
reflects carbon input and positive sign carbon output i.e. carbon loss from the field. All the numbers are shown in Table S4.
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Fig. 5. Carbon content in two soil layers of each plot in 2018-2021.
3.7. Earthworms

Total abundance and species number of earthworms tended to in-
crease in all plots from the year 2018 to 2020 (Fig. 6). The total density
increased statistically significantly in all plots (p = 0.040, 0.041, 0.029,
and < 0.001 in plots A, B, C and D, respectively) and the total mass in
plot D (p < 0.001). The density of epigeic species increased significantly
in plots B (p = 0.011) and D (p < 0.001), that of anecic earthworms in
plot D (p = 0.043) and endogeic species in plots C (p = 0.021) and D (p <
0.001). In no-till plot D with rapeseed diversification, the increase of
abundance was remarkably strong and much more pronounced than in
the other plots. There the mean total density increased by close to 300
hundred individuals m~2 and total mean mass by approximately 70 g
m ™2, an increase of both epigeic and endogeic earthworms contributing
to the population growth (Table S7). In 2020 NT plots B and D had
higher earthworm total densities and masses than CT plots A and C, with
NT plot D having the highest abundances. A clear qualitative difference
between the earthworm communities of the treatments was the higher
densities of epigeic earthworms in NT plots B and D. Anecic densities
were also higher in those plots but due to large within-plot variation the
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differences between the treatments were not statistically significant. The
number of species was two times higher in NT plots than in CT plots
although the differences were not always statistically significant.
There was a strong correlation (Pearson’s r = 0.792, p < 0.001)
between the density of earthworms and ecosystem respiration in the
temporally and spatially closest measurements. The correlation was
weaker for the mass of worms (Pearson’s r = 0.480, p = 0.005).

4. Discussion
4.1. Carbon balance

We present the first estimates of carbon balance based on flux
measurements on mineral soil with annual cropping in Finland.
Compared to published carbon balances of Finnish grasslands on min-
eral soil, ranging from —0.9 to 0.5 Mg C ha™! yr™! (Lind et al., 2016;
Heimsch et al., 2021), our results show a much higher net carbon loss
with a range from 1.5 to 3.7 Mg C ha~! yr~. The estimated carbon loss
was also high compared to the average nationwide decrease of 0.2 Mg C
ha! yr~! or the decrease in cereal cropping of 0.5 Mg C ha™! yr~! based
on soil monitoring of Finnish mineral croplands (Heikkinen et al., 2013;
Saarinen et al., 2023). The several-fold difference between the results is
striking although it is known that annual cropping typically features the
highest carbon losses (Heikkinen et al., 2022). Total annual carbon
losses ranged from 1% to 4% (mean 2%) of the total carbon stock of the
plots in spring 2018 (Honkanen et al., 2021). The year 2020 was
exceptional due to high mean temperature and almost snowless winter,
which may partly explain the large carbon loss. Such conditions have
earlier been recognized as one climate change related factor likely
accelerating the carbon stock decline in boreal agricultural soils (Heik-
kinen et al., 2022). It may be challenging to increase carbon stocks with
soil management practices in boreal clay soils where carbon stocks are
already high and potential to stabilize carbon on mineral surfaces
already largely used (Poirier et al., 2013; Soinne et al., 2024). Targeting
improved management to fields and regions with the highest carbon
saturation deficit is crucial for effective carbon sequestration.

Annual budget of GP was always lower or only slightly higher than
ER, and the carbon export in harvest turned this balance clearly
unfavourable from the viewpoint of SOC conservation. Part of the high
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Fig. 6. Total earthworm density (a), their mass (b), number of species (c), and the density of Epigeic (d), Anecic (e) and Endogeic (f) species in plots A-D in October
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NEE in 2020 is likely explained by later sowing time and thus lower
productivity and a high amount of decomposing crop residues in plots C
and D after rapeseed cropping compared to year 2019. The results
illustrate well the difficulty of maintaining SOC in annual crop cultiva-
tion in boreal soils with short growing season and low productivity.

Previously reported European NEE values are mostly lower
compared to our results as the NEE has varied from —4.5 to 0.2 Mg C
ha! yr~! in Western European cereal cultivation (Abdalla et al., 2013;
Vuichard et al., 2016). Liebig et al. (2022) reported NEE of 0.3 Mg C
ha~! yr ! and net ecosystem carbon balance of the magnitude 1.6 Mg C
ha™? yr’1 for spring wheat in North Dakota which is more in line with
our results. The differences are mainly due to the low productivity in
Finland; the mean GP for barley of our site was 4.6 Mg C ha~! yr~! in
2020 while it varied from 9 to 19 Mg C ha ! yr™! in the above studies
except in Liebig et al. (2022) who reported 6.2 Mg C ha~! yr™!. In line
with that, Liebig et al. (2022) observed aboveground biomass of 990 g
m~2 while ours was about 600 g m~2 in 2022. Furthermore, carbon input
by crop residues at our study site has shown a decreasing trend since
2014 (results not shown). These findings may be linked as productivity
of clay soils is regulated by the ratio of clay to carbon content (Soinne
et al., 2024).

As compared to soil respiration, water discharge was an insignificant
route of carbon loss. Although erosion was exceptionally high due to the
lack of snow cover and warm beginning of the year (even 8400 kg ha™!
yr~ ! in plot A in 2020 compared to the long-term average of the site of
1500 (1100-2200; 95%CI) and 670 (460-970; 95%CI) kg ha™! yr! in
CT and NT, respectively (Honkanen et al., 2021)), the proportion of
carbon lost in water discharge was only 1.3% of the total carbon lost
from the site. The results on the rate are in line with the study of Man-
ninen et al. (2018) and Manninen et al. (2023) who reported similar
carbon loss rates in discharge at the same field site. This field represents
a typical gently sloping field in southwestern Finland; in steeper slopes
erosion rates are likely higher. The insignificant role of erosion in the
carbon balance was partly due to the poor NEE. With a better produc-
tivity and NEE, NT with lower erosion rates could have a more positive
carbon balance. Also, as compared to respired carbon, the eroded carbon
may not burden the atmosphere but may deposit in the waterbodies as
sediment thus acting as a sink for carbon (Van Oost et al., 2007).

4.2. No-tillage

We found that NT increased slightly the annual cumulative ER,
summertime ER and soil respiration but decreased erosion. No signifi-
cant difference was observed in productivity or yield in the study years
unlike in Honkanen et al. (2021) where long-term average of yield in the
same field was 17% lower in NT compared to CT. Yue et al. (2023)
showed that NT reduced CO- emissions but did not affect yields at global
scale while Cai et al. (2022) concluded that NT can sequester carbon in
the topsoil but reduce it in deeper leading to carbon loss in the first 14
years of its application. At this site, we did not observe net carbon
sequestration in NT compared to CT in the long-term, but there was an
increase in particulate organic carbon in the topsoil (Honkanen et al.,
2021). As Yue et al. (2023) discuss, NT is expected to reduce emissions
related to organic matter decomposition due to reduction in soil aeration
and breakdown of aggregates. In our experimental field, biological ac-
tivity increased in NT (Fritze et al., 2024) evidently partly hampering
the carbon sequestration potential. Cai et al. (2022) estimated that the
benefit of NT for carbon sequestration compared to CT depends mostly
on annual precipitation, initial carbon content and annual mean tem-
perature. Based on their findings, our weather conditions and high
topsoil carbon content may be related to unfavourable results on NT
compared to CT.

4.3. Soil aggregation

Our hypothesis that aggregate breakdown in the winter diminishes
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SOC stabilization potential was supported by the findings on the mean
aggregate size. Soil aggregate size tended to increase in the summer and
decrease in the winter. Winter 2020-2021 was fairly typical as regards
snow cover and soil frost and the aggregate size diminished on average
by 19% with no remarkable differences between plots suggesting that
even NT was not able to maintain MWD. Decrease in aggregate size in
the winter is typical for boreal climatic conditions with frequent freezing
and thawing (Edwards, 2013) but the same has been found also in milder
climatic conditions. For instance, Bottinelli et al. (2017) reported a 37%
reduction in aggregate stability during the winter period in North-
western France. Results on MWD are thus in line with the observations
that the carbon balance has been unfavourable during the experimental
years.

4.4. Earthworms

It has been observed in clay fields of our study region that earth-
worms enhance the stabilization of soil aggregates (Sheehy et al., 2019)
and that the density of anecic earthworms is positively associated with
the fraction of large soil macroaggregates (Singh et al., 2015). In this
study, the high earthworm density in the NT plots was reflected as
relatively high MWD but the increase in earthworm numbers during the
experiment was not specifically shown in the MWD results. Our most
remarkable finding as regards earthworms was the order of magnitude
increase in their mass in NT with the rapeseed break crop (plot D). The
change in litter quality combined with originally abundant and diverse
earthworm community caused by long-term NT likely explains the
drastic increase. The nitrogen content of rapeseed is about twice that of
barley, resulting in a lower C:N ratio in the residue and likely preference
of its litter by earthworms (Curry and Schmidt, 2007) and subsequently
enhanced growth of species populations. Increase in earthworm density
can potentially also increase decomposition of organic matter in soil
(Lubbers et al., 2017). The observed association between respiration
measurements and earthworm abundance may relate to the findings of
Nieminen et al. (2015) who reported increase in soil respiration at the
living sites of the anecic Lumbricus terrestris both in laboratory and field
experiments. In their laboratory test, 13% increase in respiration per one
L. terrestris individual was reported. This species is abundant at parts of
the studied NT plots where it contributes distinctively to crop residue
incorporation (Bentley et al., 2024). Lubbers et al. (2013) reported 33%
increase in COy emissions in the presence of earthworms, and they
attributed it to the ability of earthworms to mobilise protected and
recalcitrant forms of organic matter. Based on these findings, it is
possible that large changes in the numbers of earthworms, such as
observed in plot D can have notable effects on the carbon balance.

4.5. Occasional ploughing

Occasional ploughing can alleviate many problems related to no-till
such as phosphorus accumulation in the topsoil (Baker et al., 2017) or
weed infestation but it tends to decrease SOC (Blanco-Canqui and
Wortmann, 2020). When the long-term no-till plot D was ploughed once
in 2018, soil carbon stratification decreased while other variables like
erosion and yield were comparable to the continuous no-till plot B in
2020. Our findings about the tillage of plot D were in agreement with the
study by Blanco-Canqui and Wortmann (2020) who found that although
occasional tillage reduced carbon stratification, impacts on soil prop-
erties and yield are short-term (<2 years) and generally would not undo
benefits of NT. One-time tillage also decreased the mean aggregate size
in the topsoil of our site but increased it deeper in the soil. Topsoil
carbon was partly translocated from the topsoil to deeper due to
ploughing but based on the soil carbon measurements the additional
organic matter was decomposed during the next two years. After tillage
of the no-till plot D in July 2018, earthworm abundance was about in
same level as in ploughed plots A and C. After the two following years
under no-till and one year of winter rapeseed cropping, earthworm
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abundance increased to even higher level than in the other NT plot B.
The seemingly low impact of the single ploughing event on earthworms
may have been partly due to ploughing taking place during a dry
midsummer period. In such conditions large part of the population is
aestivating below the ploughing depth and is not directly affected by the
plough. Microbial activity was found to increase immediately after
ploughing in October 2018, compared to May 2018 and also to other
plots (Fritze et al., 2024).

4.6. Cover crop

Cover crop is a well-established practice to increase field biomass
production and carbon input to soil (Poeplau and Don, 2015). The mean
biomass of the most typical cover crop, Italian ryegrass, has been esti-
mated as 2.2 Mg DM ha~! in boreal climatic conditions (Kankanen,
2019). Based on the typical biomass and decomposition rates from a
litter bag experiment, the estimated carbon sequestration potential of
cover crop is 170 kg ha™! yr™! in Finland (Heikkinen et al., 2021b),
about half of the potential estimated by Poeplau and Don (2015). The
growth potential of cover crops is typically low in the late autumn in
boreal conditions resulting in relatively low carbon input. Cover crop
biomass yield below 1 Mg ha™! has been estimated to lead to negligible
SOC sequestration (Blanco-Canqui, 2021), and our aboveground
biomass of 0.4-0.5 Mg DM ha™! fell clearly below that limit. This is
probably the main reason for the lack of significant effects of the cover
crop on plot A.

4.7. Uncertainty

Part of the uncertainty in the CO; results arises from the simplicity of
the models as some parameters used were general values obtained from
published studies. For example, soil respiration was modelled only based
on soil temperature, although it can be affected also by factors such as
changes in microbial community composition or activity (Yang et al.,
2022) and soil moisture (Smith et al., 2018). However, annual COy
budgets can be similar between simple and more complex models even if
temporal flux estimates may have large differences (Liu et al., 2022).
Estimating vegetation cover using measured LAI is also problematic, as
it reflects weakly the amount of active chlorophyll during cereal
ripening (Gregersen et al., 2013; Delegido et al., 2015). The interpola-
tion used in the models from the peak value of LAI to the end of August is
a clear simplification, but it is in good agreement with the models and
the measured GP values. The measurement results of PAR values also
contain uncertainties due to possible changes in cloudiness, fogging or
dirt on the plexiglass and other shading, although seemingly erroneous
observations were removed in the data filtering. The plexiglass surfaces
were kept as clean as possible, and fogging was kept low with a short
measurement time. Model predicted soil temperature used in gap filling
may cause some error, but the filled gaps were not long, and the error
was mostly diurnal with low risk of significant errors in annual balances.
In the carbon balance, GP, yield and residues are not necessarily in line
with each other, as they are defined from different areas (GP from collars
and yield from test strips with combine harvester).

5. Conclusions

Our results from the flux measurements show relatively high net
carbon losses in boreal clay soil under annual cropping. This finding was
supported by the observed changes in soil carbon concentrations and the
soil aggregate size which both indicated negative development in carbon
stability during the study years. Our first hypothesis that erosion is a
minor component of the total carbon balance of the field ecosystem was
confirmed based on the results. As relates to the second hypothesis, it
was clear that NT and crop diversification did not directly affect carbon
balance, but they improved diversity and activity of earthworms. The
results suggested that a change in the litter quality of the crop residues,
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C:N ratio in this case, may have unpredictable implications in soil bio-
logical activity affecting the SOC stabilization processes. The results also
supported the last hypothesis on soil aggregate breakdown during the
winter diminishing SOC stabilization potential in boreal climate. The
warm winter and the associated increase in biological activity during the
experiment, along with poor biomass production during the measure-
ment period probably had the most marked influence in the reduction of
carbon stocks. The results highlight that changes in the carbon balance
of an ecosystem due to climatic anomalies can be unexpected and rapid
and can compromise the effectiveness of implemented carbon seques-
tration measures in field management. Therefore, it is increasingly
important to implement agricultural practises with extended vegetation
cover and deep-rooted species in the rotations that can alleviate the
effects of climate change.
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