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Abstract

Agricultural land management is a major determinant of terrestrial carbon (C) fluxes and
has substantial implications for greenhouse gas (GHG) mitigation strategies. This study
evaluated the net ecosystem carbon balance (NECB) of an agricultural field in an organic
integrated crop–livestock system (ICLS) with a ley-arable rotation in northern Germany
over two years (2021–2023). Carbon dioxide (CO2) fluxes were measured using the eddy
covariance (EC) method to derive net ecosystem exchange (NEE), gross primary production
(GPP), and ecosystem respiration (RECO). This approach facilitated an assessment of the
temporal dynamics of CO2 exchange, alongside detailed monitoring of field-based C
imports, exports, and management activities, of a crop sequence including grass-clover
(GC) ley, spring wheat (SW), and a cover crop (CC). The GC ley acted as a consistent C
sink (NECB: −1386 kg C ha−1), driven by prolonged photosynthetic activity and moderate
biomass removal. In contrast, the SW, despite high GPP, became a net source of C (NECB:
120 kg C ha−1) due to substantial export via harvest. The CC contributed to C uptake
during the winter period. However, cumulatively, it acted as a net CO2 source, likely
due to drought conditions following soil cultivation and CC sowing. Soil cultivation
events contributed to short-term CO2 pulses, with their magnitude modulated by soil
water content (SWC) and soil temperature (TS). Overall, the site functioned as a net C sink,
with an average NECB of −702 kg C ha−1 yr−1. This underscores the climate mitigation
potential of management practices such as GC ley systems under moderate grazing, spring
soil cultivation, and the application of organic fertilizers. To optimize CC benefits, their
use should be combined with reduced soil disturbance during sowing or establishment
as an understory. Additionally, C exports via harvests could be offset by retaining greater
amounts of harvest residues onsite.

Keywords: eddy covariance; net ecosystem carbon balance; organic farming; integrated
crop–livestock systems; soil carbon dynamics; CO2 flux monitoring; sustainable agriculture

1. Introduction
Atmospheric carbon dioxide (CO2) concentrations have risen with increasing green-

house gas (GHG)-emitting practices. Agricultural intensification has amplified the sector’s
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environmental impact [1], making it a significant contributor to total emissions [2]. Globally,
agriculture accounts for ~12% of anthropogenic GHG emissions or ~23% including land use,
land-use change, and forestry (LULUCF) emissions [3]. In light of the Paris Agreement’s
net-zero ambition, international efforts are needed to reduce emissions and enhance carbon
(C) sinks [4]. Removing 7% of the EU’s annual GHG emissions in 2022 [5], the LULUCF
sector has been of great interest for present and future GHG mitigation practices [6,7].
Soils play a key role in such efforts due to their capacity to store large amounts of C [8].
However, soil organic carbon (SOC) stocks are dynamic and responsive to, e.g., agricultural
management practices. Depending on the balance between C imports and exports, soils can
function either as a C source or sink [9,10]. Carbon sequestration describes the absorption
of CO2 from the atmosphere and storage as SOC [11]. It has received a lot of attention as
a viable mitigation strategy to address the rising atmospheric CO2 levels and to achieve
net-zero emissions [11–13]. With the increased intensification of agriculture, highly produc-
tive and specialized farming systems have developed [14–17]. These systems, particularly
where decoupling of crop and livestock production has taken place, have been linked to
significant SOC depletion and increased GHG emissions [14,15,18], alongside a series of
other adverse environmental effects such as a critical decline in biodiversity and ecosystem
functions and services [19]. To accommodate productivity and climate mitigation as well
as other environmental services, a series of agricultural practices and systems has been
proposed and evaluated for their C sequestration potential. Low-input farming [20], agroe-
cology [21], ecological intensification [22], sustainable intensification [23], and integrated
crop–livestock system (ICLS) [24,25] are among the farming systems that have been shown
to have a positive impact on the build-up of SOC.

Integrated crop–livestock systems, which integrate crop and livestock production,
have emerged as a sustainable alternative, leveraging synergies between plant and ani-
mal systems to restore SOC stocks and improve long-term C sequestration potential [26].
The integration of forage crops within a cropping system, known as ley-arable systems,
used as temporal pasture and forage production, is an integral part and contributes to
various services like GHG mitigation, soil conservation, C sequestration, nutrient cycling,
reduced nitrate (NO3) leaching, as well as water purification, prevention of runoff and
soil erosion, weed suppression, climate regulation, and habitat provision for biodiversity
conservation [20–30]. Organic ICLSs often feature a high proportion of forage legumes
in crop rotations [31–34], which further enhances nutrient cycling efficiency, resulting in
reduced surpluses and lower environmental nutrient loads. The accumulation of nitrogen
(N) through biological nitrogen fixation (BNF) can furthermore reduce nitrous oxide (N2O)
emissions if used as an alternative for mineral N fertilizer [16,33,34]. Several studies em-
phasize the importance of ley phases, as perennial crops promote SOC and soil aggregate
stability through high below-ground biomass allocation, high rooting density, the release of
root exudates, and reduced soil cultivation [15,33,35–39]. The effectiveness of sequestering
C in arable systems thereby significantly depends on the length of the ley phase, making
it more crucial than, for example, crop diversity [37]. The C sequestration potential of
ley-arable systems is between that of permanent grasslands and arable cropping systems
without leys [39].

Reduced soil cultivation is a key component in preserving the soil structure and
SOC, preventing erosion, leaching, and mineralization boosts [40]. Soil cultivation trig-
gers a three-phase response in CO2 emissions, typically consisting of an immediate 48 h
pulse, a sustained elevated flux (2–5 days), and a gradual decline over approximately
six weeks [41]. This pattern arises from interconnected physicochemical shifts, including
aggregate disruption, which exposes protected SOC to microbial mineralization, enhanced
aeration promoting aerobic decomposition, incorporation of residues that supply labile
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C substrates, and accelerated soil warming, reduced moisture, and amplified microbial
activity. Collectively, these drive the priming effect [42,43]. As soil water content (SWC)
and soil temperature (TS) play a significant role in the amounts of C losses during soil
cultivation, there has been consideration of altering the timing (spring vs. autumn) to
reduce nutrient losses [44–47].

Carbon sequestration is also governed by the amount and type of above-ground har-
vest residuals left on the field and promoted by the utilization of C-containing organic
fertilizers like farmyard manure, slurry, and pasture excrements from grazing animals.
Organic fertilizers significantly enhance C sequestration by directly introducing stable C
compounds and stimulating soil biological activity [48,49]. Recent studies confirm that
SOC maintenance is feasible through manure applications [50], and long-term experiments
demonstrate that SOC losses induced by climatic changes can be mitigated by farmyard
manure incorporation [51]. A meta-analysis by Gross and Glaser [52] quantifies this benefit,
reporting an average 35.4% increase in SOC stocks in systems with manure application.
Beyond SOC enhancement, organic fertilizers offer practical advantages without compro-
mising productivity. Kitamura et al. [53] documented in a three-year grassland study
that substituting chemical fertilizers with slurry or manure maintained equivalent yields.
Crucially, this substitution also resulted in an improved net ecosystem carbon balance
(NECB) under organic fertilization compared to synthetic fertilizer treatments, indicating
reduced ecosystem C losses.

Cover crops (CCs), often used as green manure or for forage production, promote
SOC by replacing bare fallow periods, prolong the photosynthetically active period, and
contribute to the fixation of atmospheric CO2 into the plant–soil system through above- and
belowground biomass accumulation [35,48,54]. They prevent soil erosion through a contin-
uous plant cover of the soil and reduce nutrient leaching. In the case of non-legume CCs,
NO3 leaching can be reduced by 39–54%, and thereby directly and indirectly preserve soil
C [55,56]. Microbial and fungal activities under diverse CCs promote particulate organic
carbon (POC) and mineral-associated organic carbon (MAOC), stable SOC formation, and
restrict decomposition [56,57]. Although the positive impact of CCs on SOC is generally es-
tablished, studies reveal mixed outcomes. Long-term trials (>29 years) show SOC increases
up to 11% [58–60], and shorter studies confirm SOC accumulation [61], whereas Canadian
research detected no significant CC-driven sequestration [62], potentially confounded by
concurrent rotation changes. Modeling projections suggest scaling CCs to 30% of German
cropland could elevate C imports by 12% [63]. A German meta-analysis further demon-
strated the efficiency of CC-driven C sequestration, estimating that the implementation
could offset 8% of agriculture’s direct annual GHG emissions through increased soil C
storage [64].

Next to management practices, SOC and changes in SOC are governed by soil type
and initial C content. Clay-rich soils demonstrate higher C sequestration potential due to
mineral-organic interactions that protect C from decomposition. Research indicates these
soils can stabilize up to four times more C than their sandy counterparts [65]. Sandy soils,
while having lower absolute C storage capacity, often show more pronounced yield benefits
from increased SOC values through improved water retention and nutrient availability.
These contrasting properties create a soil-specific compromise. Sandy soils respond more
visibly to SOC improvements, while clay soils excel at stable, long-term C retention [66]. A
critical factor influencing sequestration efficiency is a soil’s proximity to its mineralogical C
saturation capacity. Soils furthest from saturation, typically those with low initial SOC or
coarse textures, demonstrate higher C sequestration efficiency [67]. However, this capacity
diminishes as soils approach saturation, a phenomenon frequently overlooked in short-
term studies that can lead to substantial overestimations of sequestration potential by
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53–81% [66]. This saturation effect underscores the importance of considering baseline
conditions when assessing C storage potential. Soil C follows an asymmetric pattern, being
very susceptible to rapid C losses when disturbed, with high-SOC systems like grasslands
and peatlands being particularly sensitive. The conversion of such systems to cropland
often triggers substantial SOC mineralization, leading to fast C losses exemplifying the
“slow-in, fast-out” effect [15]. This highlights the critical importance of protecting existing
C stocks in addition to enhancing sequestration through management aligned with soil
type, climate, and initial SOC.

Warming effects on SOC stocks and soil respiration have been extensively studied [10,68].
Climate change strongly affects TS and SWC of agricultural soils, which are the two primary
controlling factors of microbial decomposition rates of C [10,68,69]. A study by Heikkinen
et al. [69] displayed that an increase in summertime air temperature (TA) had resulted in
an increase in SOC loss with a certainty of 79–91%. However, it also stated the influence of
historical utilization and current management practices. Model-based projections indicate
that elevated TA will drive SOC losses of 3–24% in agricultural soils, depending on C
import levels. To offset these losses, C imports would have to increase by 29% to maintain
the present SOC stocks in agricultural soils [70]. Given the sensitivity of SOC stocks to
climate change and management practices, a better understanding and representation
of these complex interactions is needed [70,71] to adjust current agricultural practices
towards sustainability.

The traditional soil core sampling approach provides absolute SOC values and enables
the separation of SOC into POC and MAOC. However, a low temporal resolution leads
to missing short-term fluctuations and challenges in spatial variability, as small sample
volumes may not represent field-scale heterogeneity. The soil core method remains the
gold standard for quantifying SOC stocks due to its precision, but it is poor at capturing
dynamic processes. The eddy covariance (EC) method measures turbulent CO2 fluxes
between the land surface and atmosphere using high-frequency (10 Hz) sensors. Derived
net ecosystem exchange (NEE) can be partitioned into gross primary production (GPP) and
ecosystem respiration (RECO). While this method does not measure SOC stocks directly but
displays the net change of CO2, its strength is the continuous and real-time measurement of
diurnal or seasonal C dynamics, and the capture of the influences of agricultural practices.
The method is non-invasive and integrates fluxes over large areas, reducing small-scale
variability biases [72].

This study examined the NECB of a ley-arable crop rotation including grass-clover
(GC) ley, wheat, and Westerwolds ryegrass as CC in an organic ICLS over two years in
northern Germany. Carbon imports and exports, along with all agricultural practices,
were recorded at the field-scale. The impact of seasonality (spring, summer, autumn) of
soil cultivation events and the impact of different crops during the dormant season on
CO2 exchange was assessed. The EC method was employed to quantify GPP, RECO, and
NEE and explore how management influenced CO2 dynamics. We hypothesize that the
study site acts as a net C sink during the study period due to the combined effect of the
implementation of a CC and a GC ley in the crop rotation, the use of slurry as fertilizer, and
the adapted soil cultivation times.

2. Materials and Methods
2.1. Experimental Site Description

The on-farm research study was conducted from 2021 to 2023 on an arable site at
the Lindhof experimental farm (54◦27′ N, 9◦57′ E, 10 m.a.s.l.), operated by the Grass and
Forage Science Group at Kiel University. The research site is located on the shoreline of
the Baltic Sea in the federal state of Schleswig-Holstein in northern Germany. The farm
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operates as an ICLS under a low-input management regime and adheres to the standards of
the organic farming association Bioland, which prohibits the use of chemical fertilizers and
pesticides. The crop rotation follows a four- to five-year cycle, beginning with a two-year
GC ley, followed by two to three years of arable cropping, across a total of 110 ha of arable
land. The ley phase is utilized for producing winter feed and serves as a rotationally
grazed pasture for a herd of 100 Jersey dairy cows. Within this ley-arable rotation, CCs
are established after cereal harvests and subsequently grazed. Cattle slurry is applied as
organic fertilizer using trailing hoses. The soil at the experimental site is classified as loamy
sand to sandy loam, composed of 61% sand, 26% silt, and 13% clay. The topsoil (0–30 cm)
contains 1.2% organic C, has a carbon-to-nitrogen (C/N) ratio of 9.9, a bulk density of
1.56 g cm−3, and a particle density of 2.65 g cm−3.

Climatic data, including long-term precipitation and TA, were obtained from the DWD
(Deutscher Wetterdienst) station in Kiel-Holtenau, located 14.4 km from the experimental
site. The region has a humid temperate climate, with a long-term (1991–2020) mean annual
TA of 9.4 ◦C and an average annual precipitation of 757 mm. Yearly values for mean TA
and precipitation during the study period, along with long-term averages, are summarized
in Table 1.

Table 1. Yearly average air temperature and cumulative precipitation at the experimental site during
the experimental years 2021–2023 and the long-term (1991–2020) averages of yearly temperature
and precipitation.

Year Long-Term Mean

2021 2022 2023 1991–2020

Mean TA (◦C) 9.8 10.5 10.5 9.4

P (mm) 759 702 884 757
Abbreviations are as follows (sorted alphabetically): P: precipitation; TA: air temperature.

2.2. Experimental Design

The measurement period spanned two years, from the beginning of April 2021 to
the end of March 2023. The crop sequences examined included a GC ley, wheat, and
Westerwolds ryegrass as a CC. During the wheat phase, the 13.7 ha experimental site
was divided equally, with one half sown with spring wheat (SW) and the other with
winter wheat (WW). The resulting two crop sequences are GC-SW-CC and GC-WW-CC
(see Figure 1). The GC sward was in its second year of production and was mainly used
under a cutting regime the previous year. It contained a mixture of perennial ryegrass
(24 kg ha−1), white clover (2 kg ha−1), and red clover (6 kg ha−1), which was established as
an understory in the terminal arable crop. In 2021, the GC sward was grazed and received
an additional silage cut, which was harvested during the grazing season. Winter wheat
was sown in October 2021. The other half of the experimental site remained intact and was
cultivated in March 2022 for SW sowing. In August 2022, after the harvest of WW and SW,
the CC was sown on the entire site. Due to delayed sward growth, cows grazed the CC
only during the spring of 2023. The GC period began on April 1 and ended one day before
soil cultivation for the subsequent crop. The SW and WW periods each began on the day
of soil cultivation and ended one day before cultivation for the subsequent crop. The CC
period likewise began on the day of soil cultivation and ended with the termination of the
measurement period on 31 March 2023. Information on the crop sequences, measurement
periods, grazing dates, and management activities was recorded in Appendix A Table A1.
During the winter season of 2021/2022 and 2022/2023, the period from 13 December to
14 March, was selected to compare the CO2 dynamics of the intact GC sward and the WW
plot and the CC in the subsequent year. The start date (13 December) was chosen based on
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prior soil cultivation for WW sowing, after which CO2 emissions increased. By this date,
CO2 levels had stabilized, ensuring they were no longer elevated by cultivation effects. The
end of the observation period (14 March) was determined by the subsequent soil cultivation
and sowing of SW on 15 March 2022. To ensure comparability, the same dates were applied
for the 2022/2023 season. To compare the CO2 dynamics of soil cultivation, a period of
three weeks following the soil cultivation was defined for autumn (28.10.2021–17.11.2021),
spring (15.03.2022–04.04.2022), and summer (23.08.2022–12.09.2022). The time window was
limited to three weeks, as afterward, the onset of plant growth occurred.

 
Figure 1. Experimental site setup and crop sequence. The top part shows a Landsat image of the
experimental field (indicated by the black line), with the eddy covariance (EC) stations 1 and 2 marked
by the respective markers (Source: Google Earth). The white line indicates the boundary between the
parts cultivated with the spring wheat crop sequence (CS_SW) and the winter wheat crop sequence
(CS_WW). The timeline below illustrates the two crop sequences, including grass-clover (GC), spring
wheat (SW), and the cover crop (CC) or winter wheat (WW), respectively. Grey bars indicate the
length of the respective EC measurements, and the dark grey and black brackets indicate the soil
cultivation and winter periods.

2.3. Herbage Measurements and Pasture Intake

Herbage on offer and residual biomass after grazing were collected and analyzed
to determine the forage quality and quantity during the grazing season. Pasture intake
by grazing cows was estimated by measuring the compressed sward height, using an
electronic rising plate meter (Grasshopper, True North Technologies, Shannon, Ireland).
For further information on the use of the rising plate meter, see Loza et al. [73] or Taube
et al. [30]. The pasture intake was calculated using Equation (1).

DMIpasture = AGBavailable − AGBresidual/number of cows (1)

where DMIpasture refers to the dry matter intake per cow and per day on pasture
(kg DM cow−1 day−1), AGBavailable to the standing above-ground biomass prior to graz-
ing (kg DM ha−1), and AGBresidual to the standing above-ground biomass post-grazing
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(kg DM ha−1). Pasture intake was corrected for overestimation due to the presence of
excreta patches, following the approach of Klootwijk et al. [74].

For quality analysis, herbage samples were collected using hand-clipping shears. For
further processing steps of herbage samples, see Loza et al. [73] or Eismann et al. [75].
Samples were dried to determine the dry matter (DM) content, milled (Ultra Centrifugal
Mill, ZM200, Retsch GmbH, Haan, Germany) to a particle size of 1 mm and analyzed to
estimate the C content using a near-infrared spectroscopy (NIRS) system 5000 monochro-
mator (Foss NIRS Systems, Silver Spring, MD, USA) with WinISI III software (v3, Infrasoft
Internationals, State College, PA, USA). Before the silage cut, fresh herbage samples were
taken and analyzed to determine DM and C content as mentioned above. The silage cut
was processed into silage bales, and the total number was recorded prior to storage. A
subsample of the silage bales was weighed to determine the total harvested fresh matter
yield. Harvested WW and SW grain were weighed, and samples were taken. Dried samples
were milled to a particle size of 1 mm (Ultra centrifugal mill, ZM200, Retsch GmbH, Haan,
Germany). The C content was determined by dry combustion of grain samples using a C/N
analyzer (Vario Max CN, Elementar Analysensysteme, Hanau, Germany), using helium
as a purge and carrier gas. The WW and SW straw were separately baled, counted, and
weighed to determine the total straw yield. Straw samples were also analyzed for C content
using the C/N analyzer.

2.4. Eddy Covariance Method
2.4.1. Eddy Covariance Station

The CO2 exchange between the arable ecosystem and the atmosphere was estimated
using the micrometeorological EC method. Two EC stations (LI-COR Environmental, Lin-
coln, NE, USA) were used during the two-year trial. The first station (EC1) measured the
CO2 exchange of the WW crop sequence between October 2021 and March 2022. The second
station (EC2) was deployed throughout the entire trial period, covering the GC-SW-CC
sequence. The stations were centrally located within each respective half of the experi-
mental site (see Figure 1). Each EC Station (LI-COR Environmental, Lincoln, NE, USA)
was equipped with solar panels (Solarmodul AS 80, SUNSET Energietechnik, Adelsdorf,
Germany) and a wind generator (Istabreeze, Aytos, Bulgaria) to provide energy, connected
to three 12 V batteries (AGM Marine Batteries, 240 Ah, Vetus, Ry, Denmark) for energy
storage. Wind speed and direction were measured using a 3-axis ultrasonic anemometer
(Windmaster, Gill, Lymington, Hampshire, UK). Carbon dioxide was measured using
an open-path CO2/H2O analyzer (LI-7500, LI-COR Environmental, Lincoln, NE, USA).
Humidity and TA were measured by an HMP155 probe (Vaisala, Helsinki, Finland). A
LI-190R sensor (LI-COR Environmental, Lincoln, NE, USA) was used to measure photo-
synthetically active radiation. Net radiation was measured by a CNR4 radiometer (Ott
HydroMet, Kempten, Germany). Soil heat flux was measured using three HFP01 sensors at
a depth of 8 cm (Hukseflux Thermal Sensors, Delft, The Netherlands). Soil temperature
and SWC were measured using HydraProbe sensors at a depth of 5, 15, and 30 cm (Stevens
Water, Portland, OR, USA). Moreover, the stations were equipped with a data acquisition
model (DaqM, LI-COR Environmental, Lincoln, NE, USA) and a data retention model
(DRM, LI-COR Environmental, Lincoln, NE, USA). Data were logged at a frequency of
10 Hz and stored at 30 min intervals (SmartFlux 3, LI-COR Environmental, Lincoln, NE,
USA) for later processing. Raw data were transferred to a computer every other week using
a USB stick.
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2.4.2. Data Processing

Raw data from the EC stations were processed using the open-source software Ed-
dyPro (v9.2, LI-COR Biosciences, Lincoln, NE, USA). The processing steps followed the
methodology detailed by Eismann et al. [75], with the exception that despiking was applied
to all variables in this study. In brief, the processing included the application of WPL (Webb,
Pearman, and Leuning) correction, the flagging policy of Mauder and Foken [76], flux
footprint (FP) estimation and parameterization based on Kljun et al. [77], as well as the
statistical screening of raw data following the approach of Vickers and Mahrt [78]. The
processed dataset was uploaded to Tovi (v2.9.1, LI-COR Environmental, Lincoln, NE, USA).

Quality Screening was conducted following the approach of Isaac et al. [79]. Data
points assigned a Foken quality flag of 2 were excluded from the analysis. Additionally, val-
ues falling outside the defined plausibility range or recorded during periods of instrumental
malfunction were removed. A friction velocity (u*) threshold filter was not applied, as it
would be largely redundant with the other quality control measures implemented [80,81].
Soil variables, including SWC, TS, and soil heat flux, were averaged following the method-
ology described by Isaac et al. [79]. Air temperature and vapor pressure deficit (VPD)
were merged with data from the ISD Kiel-Holtenau Weather Station using the biomet
merge and gap fill tool, as described by Isaac et al. [79]. Storage correction for soil heat
flux and CO2 was applied, and NEE was subsequently derived. Energy balance residual
correction was applied according to Mauder et al. [82]. Using the FP analysis tool [83], each
half of the study site (WW for EC1 and SW for EC2) was defined as the area of interest
for the respective dataset, while all other areas were designated as flagged regions. In
an additional quality screening step, data points were excluded if the corresponding FP
contained more than 15% flagged area. To obtain a continuous NEE dataset, gap-filling was
performed using the marginal distribution sampling technique described by Reichstein
et al. [84]. Incoming shortwave radiation, merged VPD, and merged TA were used as driver
variables. Finally, the night-time partitioning method described by Reichstein et al. [84]
was applied to the gap-filled NEE dataset to separate it into RECO and GPP components.
Afterward, the RECO dataset was gap-filled using the marginal distribution sampling
technique [84]. As the Tovi software (v2.9.1, LI-COR Environmental, Lincoln, NE, USA)
does not support gap-filling of GPP data, missing GPP values were derived manually from
the corresponding NEE and RECO data.

2.5. Field Carbon Balance

The total C budget was calculated by accounting for all major C fluxes at the field-scale.
Minor C losses through volatile or dissolved organic C and methane (CH4) exchange were
considered negligible and therefore not included in the calculation [81,85]. In this study, the
term net biome productivity (NBP) was not used, as it refers to entire ecosystems, including
flora, fauna, and a physical environment, typically at a regional scale [86], and therefore
does not apply to cropland at a field-scale [81]. Instead, we adopted the term NECB, as
proposed by Chapin et al. [87], which is more appropriate for field-scale assessments of C
fluxes in managed agricultural systems.

NECB = NEEcum + Cim − Cex (2)

where NEEcum is the cumulated gap-filled net ecosystem exchange (kg CO2-C ha−1), Cim

is the C import by fertilization with slurry, excreta from grazing cattle, and sowing seeds
(kg C ha−1), and Cex is the C export by pasture uptake of grazing cows, silage cut as well
as grain and straw harvest (kg C ha−1).

This study follows the atmospheric sign convention, whereby a positive NEE or NECB
indicates a net flux of CO2 to the atmosphere, while a negative value represents net CO2
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uptake by the plant–soil ecosystem [88]. The total C import via slurry was calculated
based on the total volume of slurry applied (m3 ha−1) and the corresponding mean C
concentration, determined using a C/N analyzer. To derive C return via excreta, digestible
organic matter (DOM) in pasture biomass was determined using the in vitro cellulase
technique described by Pries et al. [89]. Based on the digestibility values, C return via
excreta during grazing was estimated at 32% of the grazed C uptake [85,90]. Carbon
import from the sowing of SW and CC was calculated using the total seed sown and the
corresponding seed C concentration. Carbon export via grazing was estimated based on
the C and DM concentrations of biomass samples and measured pasture uptake. Carbon
export through silage harvest was calculated using the C and DM concentrations of biomass
samples collected prior to cutting, along with the total biomass removed. For the wheat
harvest, C export was determined from the total harvested amounts of straw and grain,
combined with their respective C concentrations.

2.6. Statistical Analysis

The statistical evaluation of the autumn, spring, and summer plowing was conducted
using the R software (v4.5.1) [91]. The effect of TS, SWC, soil cultivation, and time pro-
gression after the termination of soil cultivation and sowing on RECO over three weeks
was analyzed. Multiple linear regression models were employed with RECO as the depen-
dent variable. The models included average TS and average SWC as covariates and disc
harrowing, plowing, and time progression as categorical factors. The dependent variable
was modeled as a function of both covariates and factors, including two-way interactions
between them. Model assumptions were evaluated using residuals vs. fitted and normal
Q-Q plots to check for linearity, homoscedasticity, and normality of residuals.

3. Results
3.1. Site Characteristics
3.1.1. Abiotic Factors

Temperature trends during the experimental period generally aligned with long-
term patterns (see Figure 2). Precipitation patterns exhibited some deviation from the
long-term mean. In 2021, May was considerably wetter, and July and August were drier.
February 2022 recorded considerably higher precipitation, followed by a markedly dry
March (<10 mm). July and August of 2022 exhibited precipitation values below the long-
term mean.

Photosynthetic photon flux density (PPFD) followed a typical seasonal bell-shaped
curve (see Figure 2), peaking in June (45.1 mol m−2 day−1 in 2021) and reaching the
minimum in December (2.52 mol m−2 day−1 in 2022). Soil temperature at the 5 cm depth
showed consistent seasonal patterns across years, ranging from 3.7 to 20.0 ◦C in 2021 and
3.6 to 21.0 ◦C in 2022. Soil water content at the 5 cm depth exhibited substantial interannual
variation. The monthly average SWC was consistently higher in 2021 than in 2022, with
early 2023 values lower than those in early 2022.
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Figure 2. The monthly average of daily sums of carbon dynamics and abiotic factors. Net ecosystem
exchange (NEE), gross primary production (GPP) and ecosystem respiration (RECO) as well as
the monthly averages of the abiotic variables photosynthetic photon flux density (PPFD) (given as
the average daily sum) soil temperature (TS), soil water content (SWC) (both at the 5 cm depth),
air temperature (TA) and the corresponding long-term (LT) mean (1991–2020) (TA_LT) are given
in monthly averages. The monthly precipitation (P) with the corresponding long-term (LT) mean
(1991–2020) (P_LT) is given as a cumulative value. The error bars indicate the standard deviation of
the long-term precipitation and air temperature values.



Atmosphere 2025, 16, 1190 11 of 29

3.1.2. Fresh Matter, Dry Matter, and Carbon Yield

The GC sward yielded over 21,095 kg ha−1 of fresh matter, of which the single silage
cut provided slightly more than 5064 kg ha−1 of winter feed. Total DM yield of the GC
sward in the first experimental year reached 5374 kg DM ha−1 (see Table 2 for individual
values). In 2022, SW cultivation yielded 3481 kg DM ha−1, equivalent to 4095 kg ha−1

of fresh matter. The DM yield of straw was 2728 kg DM ha−1, which corresponds to
3172 kg ha−1 of fresh matter, resulting in a grain-straw ratio of 1.29. The CC, grazed in
March 2023, produced a DM yield of 1653 kg DM ha−1, corresponding to a C yield of
736 kg C ha−1.

Table 2. Fresh matter, dry matter, and carbon yield, and corresponding dry matter and carbon
concentrations of the silage cut, grazing events during the grass-clover and cover crop, as well as
straw and grain harvest of the spring wheat sequence.

Crop GC SW CC

Grazing Silage Cut Grain Straw Grazing

Fresh yield (kg ha−1) 21,095 5064 4095 3172 8265
DM content (%) 20.0 22.8 85.0 86.0 20.0
DM yield (kg DM ha−1) 4219 1155 3481 2728 1653
C content (%) 44.4 44.0 44.0 43.9 44.5
C yield (kg C ha−1) 1874 508 1532 1197 736

Abbreviations are as follows (sorted alphabetically): C: carbon; CC: cover crop; DM: dry matter; GC: grass-clover;
SW: spring wheat.

3.2. Carbon Dynamics
3.2.1. Seasonality of Carbon Dioxide Fluxes

Net ecosystem exchange, GPP, and RECO followed a clear seasonal pattern, illustrated
in Figures 2 and 3. The NEE was predominantly negative during the growing season,
indicating net CO2 uptake, and positive during the dormant season, reflecting CO2 release
to the atmosphere. These dynamics were strongly shaped by site management practices.

During 2021, the monthly average of daily GPP sums peaked in May at −98.6 kg
CO2-C ha−1 day−1, while for RECO, the average daily sums reached 74.6 kg CO2-C
ha−1 day−1 in July, coinciding with the highest monthly average TA. In 2022, the neg-
ative NEE period shortened significantly due to SW sowing in March and SW harvest,
followed by CC sowing in August, restricting net CO2 uptake to the interval between
these events. Following soil cultivation and SW sowing in March, GPP in April averaged
−8.72 kg CO2-C ha−1 day−1. The lowest GPP of the experimental period was noted in
September 2022 (−4.25 kg CO2-C ha−1 day−1), one month post-harvest and CC establish-
ment. The SW GPP peaked at −136 kg CO2-C ha−1 day−1 in June 2022, surpassing the GC
sward’s maximum GPP and aligning with 2022’s peak PPFD. Maximum net CO2 uptake
was observed in June 2022 under SW cultivation (NEE: −66.5 kg CO2-C ha−1 day−1), while
the highest CO2 net loss occurred in September 2022 (NEE: 22.7 kg CO2-C ha−1 day−1)
following August management activities. Notably, during winter periods, the GC sward
(2021/22) exhibited higher RECO and positive NEE values than the CC (2022/23) under
comparable TA and PPFD conditions.
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Figure 3. Temporal dynamics of carbon fluxes and management events. Cumulative net ecosystem
exchange (NEE_cum) and cumulative net ecosystem carbon balance (NECB_cum) in the upper panel,
daily sums of gross primary production (GPP), ecosystem respiration (RECO), and net ecosystem
exchange (NEE) in the bottom panel. Black vertical lines indicate sequence change between the
grass-clover ley (GC) and spring wheat (SW) and SW and cover crop (CC), respectively. Solid green
vertical lines indicate grazing events. The light dashed green vertical line shows the mulching event,
thick dashed green vertical line shows the silage cut. Black arrows at the top indicate soil cultivation
events, green arrow harrowing, and golden arrows harvest of spring wheat. The brown arrow shows
slurry application in the CC sequence.

3.2.2. Soil Cultivation Events

The autumn soil cultivation resulted in the highest C losses across all seasons, to-
talling 612 kg CO2-C ha−1. This corresponds to the lowest GPP of −69.6 kg CO2-C ha−1

and the highest RECO of 681 kg CO2-C ha−1 between the three events. Mean TA was
9.1 ◦C, and TS was 8.9 ◦C during this period. With average SWC at 19.1%, and PPFD of
6.41 mol m−2 day−1 (see Table 3). In contrast, the spring period emitted 326 kg CO2-C ha−1

with a corresponding GPP of −139 kg CO2-C ha−1 and a RECO of 465 kg CO2-C ha−1.
During the period, TA and TS were lower while SWC and PPFD were higher than in
autumn. The summer sequence resulted in values similar to those of the spring period
and emitted a total of 334 kg CO2-C ha−1. Total GPP was −124 kg CO2-C ha−1 and
RECO 458 kg CO2-C ha−1. Air temperature and TS were substantially higher than in the
other periods, while SWC was considerably lower. The average PPFD was highest of the
three sequences.

Table 3. Carbon dynamics and abiotic factors during the three-week post-cultivation events.

Soil Cultivation Autumn Spring Summer

Period 28.10.2021–17.11.2021 15.03.2022–04.04.2022 23.08.2022–12.09.2023

CO2 flux

NEEcum (kg CO2-C ha−1) 612 326 334
NEEav (kg CO2-C ha−1 day−1) 29.2 15.5 15.9
GPPcum (kg CO2-C ha−1) −69.6 −139 −124
GPPav (kg CO2-C ha−1 day−1) −3.26 −6.60 −5.90
RECOcum (kg CO2-C ha−1) 681 465 458
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Table 3. Cont.

Soil Cultivation Autumn Spring Summer

RECOav (kg CO2-C ha−1 day−1) 32.4 22.1 21.8

Abiotic factors

TAav (◦C) 9.10 5.60 17.8
PPFDav

1 (mol m−2 d−1) 6.41 22.0 27.7
TSav (◦C) 8.90 6.30 19.5
SWCav (%) 19.1 24.9 8.10

1: PPFD is given as the average daily sum. Abbreviations are as follows (sorted alphabetically): av: average; cum:
cumulative; GPP: gross primary production; NEE: net ecosystem exchange; PPFD: photosynthetic photon flux
density; RECO: ecosystem respiration; SWC: soil water content; TA: air temperature; TS: soil temperature.

Statistical Evaluation of Ecosystem Respiration

To investigate the effect of the environmental drivers TS and SWC, as well as the effect
of soil cultivation and time progression since sowing, including two-way interactions, on
RECO, a multiple regression analysis was performed. For the autumn measurement period,
the multiple regression analysis yielded an adjusted R2 value of 0.83. Time since sowing had
a significant negative main effect (β = −0.036, p < 0.001), indicating that baseline RECO rates
decreased over the measurement period. Conversely, plowing had a significant positive
main effect (β = 2.221, p = 0.028), with RECO rates being markedly higher. Both TS and SWC
were strong, positive drivers of RECO at the start of the measurement period (TS: β = 0.435,
p < 0.001; SWC: β = 0.174, p < 0.001). Critically, the influence of these environmental factors
was not significantly influenced by plowing management (TS: p = 0.385; SWC: p = 0.103),
suggesting a consistent environmental response across management practices. However,
the effect of both TS and SWC changed significantly over time (TS: β = −0.016, p < 0.001;
SWC: β = −0.022, p < 0.001). These interactions indicate that the positive sensitivity of
RECO to both warming and increased soil moisture became progressively weaker as the
time since sowing increased.

For the spring measurement period, the multiple regression analysis yielded an ad-
justed R2 value of 0.69. The model revealed a significant, consistent negative effect of time
(β = −0.017, p < 0.001), indicating a general decline in RECO over the measurement period.
The sensitivity of RECO to environmental drivers was highly dependent on management
practices. The positive effect of TS was significant during soil cultivation and times without,
but varied greatly in magnitude. It was strongest for the disc harrowing effect (β = 0.246,
p < 0.001), moderate during times without soil cultivation (β = 0.083, p < 0.001), and weak-
est for the plowing effect (β = 0.038, p < 0.001). The positive effect of SWC was significant at
times with no soil cultivation (β = 0.022, p < 0.001) and during plowing (β = 0.038, p < 0.001).
Notably, there was no evidence that SWC influenced respiration during disc harrowing
(β = 0.006, p = 0.940). The interactions between time and the environmental variables were
not statistically significant at the 0.05 level (TS: p = 0.091; SWC: p = 0.637), suggesting that
the environmental sensitivities described above remained relatively constant over time.

The multiple regression analysis yielded an adjusted R2 value of 0.88 for the sum-
mer measurement period. The analysis revealed a significant positive main effect of time
(β = 0.149, p < 0.001), indicating that RECO rates increased over the duration of the mea-
surement period. Plowing had a significant negative main effect on RECO (β = −0.314,
p = 0.002), suggesting that the practice suppressed baseline respiration rates. While both
environmental drivers showed positive associations with respiration, their influence dif-
fered. Soil water content was a highly significant driver (β = 0.232, p < 0.001), whereas TS
played a comparatively smaller and only marginally significant role (β = 0.020, p = 0.066).
These relationships were strongly moderated by both plowing and time. Most notably,
the effect of SWC on RECO was fundamentally altered by plowing practices (β = −0.844,
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p < 0.001). While increased SWC had a positive effect on RECO in non-plowed soil, this
relationship was reversed in plowed soil, where higher SWC was associated with a strong
decrease in respiration. Furthermore, plowing significantly enhanced the sensitivity of
RECO to TS (β = 0.084, p < 0.001), meaning respiration in plowed soils increased more
rapidly with warming compared to non-plowed soils. The model also revealed that the
influence of environmental drivers changed over time. The positive effect of TS on RECO
became slightly stronger as time progressed (β = 0.004, p = 0.002), while the positive effect
of SWC became slightly weaker (β = −0.013, p < 0.001).

3.2.3. Carbon Dynamics During the Winter Periods

During the 2021/2022 winter period, the GC and WW plots exhibited pronounced
differences in C fluxes (see Table 4). The WW plot acted as a net C source with a NEE of
933 kg CO2-C ha−1. Total GPP was −688 kg CO2-C ha−1 and RECO 1621 kg CO2-C ha−1.
In contrast, the GC plot showed significantly lower net C losses (NEE: 275 kg CO2-C ha−1)
supported by higher GPP of −1609 kg CO2-C ha−1 and similar RECO (1885 kg CO2-C ha−1).
Both plots acted as C sources during this period, though the WW plot led to considerably
higher losses than the GC plot. During the winter period of 2022/2023, the CC sward was
a C sink with a net uptake of −223 kg CO2-C ha−1 and showed a higher GPP value and a
RECO value between those of WW and GC.

Table 4. Carbon dynamics of the winter wheat and grass-clover sequence during the winter period
2021/21 and cover crop sequence during the winter period 2022/23.

Crop WW GC CC

Period 13.12.2021–14.03.2022 13.12.2021–14.03.2022 13.12.2022–14.03.2023

NEEcum (kg CO2-C ha−1) 933 275 −223
NEEav (kg CO2-C ha−1 day−1) 10.1 2.99 −2.42
GPPcum (kg CO2-C ha−1) −688 −1609 −1894
GPPav (kg CO2-C ha−1 day−1) −7.48 −17.5 −20.6
RECOcum (kg CO2-C ha−1) 1621 1885 1668
RECOav (kg CO2-C ha−1 day−1) 17.62 20.5 18.1

Abbreviations are as follows (sorted alphabetically): av: average; cum: cumulative; CC: cover crop; GC: grass-clover;
GPP: gross primary production; NEE: net ecosystem exchange; RECO: ecosystem respiration; WW: winter wheat.

3.2.4. Carbon Imports and Exports

Carbon imports and exports at the field-scale during the study period are summarized
in Table 5. Imports and exports varied significantly between months and years. The month
with the highest export of C was August 2022 due to the harvest of SW. In September
2022, the highest import due to slurry application was recorded (see Figure 4). During
the GC period, total C imported amounted to −606 kg C ha−1, originating exclusively
from excreta deposited by grazing dairy cows. Exports totaled 2382 kg C ha−1, consisting
of pasture intake during grazing events and the silage cut. The SW period recorded the
lowest imports (−55.4 kg C ha−1, from seed sown), while exports were highest with
1532 kg C ha−1 removed as wheat grain and 1197 kg C ha−1 as straw. The CC period was
the only phase where imports (−1258 kg C ha−1) exceeded exports (736 kg C ha−1).

Table 5. Carbon dynamics, imports, exports, and net ecosystem carbon balance of the individual
crops and the total crop sequence.

Crop GC SW CC Total Crop Sequence

Period 01.04.2021–14.03.2022 15.03.2022–22.08.2022 23.08.2022–31.03.2023 01.04.2021–31.03.2023

CO2 flux

NEEcum (kg CO2-C ha−1) −3161 −2553 383 −5331
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Table 5. Cont.

Crop GC SW CC Total Crop Sequence

NEEav (kg CO2-C ha−1 day−1) −9.08 −15.9 1.73 −7.30
GPPcum (kg CO2-C ha−1) −18,610 −9280 −4646 −32,535
GPPav (kg CO2-C ha−1 day−1) −53.5 −57.6 −21.0 −44.6
RECOcum (kg CO2-C ha−1) 15,427 6727 5025 27,179
RECOav (kg CO2-C ha−1 day−1) 44.3 41.8 22.7 37.2

Import

Excrements (kg C ha−1) −606 −238 −844
Seeds (kg C ha−1) −55.4 −9.90 −65.0
Slurry (kg C ha−1) −1010 −1010
Sum −606 −55.4 −1258 −1919

Export

Pasture uptake (kg C ha−1) 1874 736 2609
Silage cut (kg C ha−1) 508 508
Wheat grain (kg C ha−1) 1532 1532
Wheat straw (kg C ha−1) 1197 1197
Sum 2382 2728 736 5846
NECB (kg C ha−1) −1386 120 −139 −1404

Abbreviations are as follows (sorted alphabetically): av: average; cum: cumulative; CC: cover crop; GC: grass-clover;
GPP: gross primary production; NECB: net ecosystem carbon balance; NEE: net ecosystem exchange; RECO:
ecosystem respiration; SW: spring wheat.

Figure 4. Carbon dynamics, imports, exports, and net ecosystem carbon balance during the experi-
mental period. Where gross primary production (GPP), ecosystem respiration (RECO), net ecosystem
exchange (NEE), net ecosystem carbon balance (NECB), as well as carbon import and export at the
field level are given as monthly sums over the two-year study period.

3.2.5. Net Ecosystem Carbon Balance

Over the two-year period, management activities resulted in a net C removal of
5846 kg C ha−1, with the harvest of wheat grain and straw during the SW period shaping
the NECB curve most prominently (see Figures 3 and 4). Beyond direct C imports and
exports, agricultural management activities like soil cultivation influenced NECB indi-
rectly by affecting the NEE. Notably, soil cultivation typically led to an increase in CO2

emissions, as reflected by the upward trend in the curve following these interventions
(see Figures 3 and 4). Within the crop sequence, the GC period exhibited the highest net C
uptake of −1386 kg C ha−1, while the CC period showed a considerably lower NECB of
−139 kg C ha−1. In contrast, the SW sequence resulted in a positive NECB of 120 kg C ha−1,
indicating that this phase acted as a net C source.
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Monthly NECB values largely paralleled NEE trends (see Figure 4), reflecting the
small impact import and export had on the C dynamics during most months. The greatest
difference between NEE and NECB was recorded in the months of August and September
2022. Harvest of SW in August led to an NECB that was considerably higher than in
other months. In September, the application of slurry led to a negative NECB despite a
relatively high NEE due to a low GPP. Management-related exports did not fully offset
cumulative NEE and C imports, resulting in the study site functioning as a net CO2-C
sink over the two-year period. By the end of the study period, the NECB indicated a net
C import of −1404 kg C ha−1. This corresponds to an average annual net C uptake of
−702 kg C ha−1 yr−1.

4. Discussion
4.1. Soil Cultivation Events

The termination of the GC ley resulted in significantly higher CO2 losses following
autumn plowing compared to spring plowing. Assuming similar C concentration, C/N
ratio, and mineralization potential of the GC sward residue in both seasons [14,92], the
observed differences in emissions are primarily attributable to contrasting TS, with SWC
exerting a secondary influence, a conclusion supported by statistical analysis. Consequently,
cooler TS during spring reduced mineralization rates and suppressed C losses, as regression
models confirmed a strong dependence of RECO on TS.

Optimal conditions for C mineralization in sandy-loamy soils are reported as 30–35 ◦C
for TS and 60% for water-filled pore space (WFPS) [93,94]. Given WFPS’s superior precision
as a mineralization indicator compared to SWC, it was calculated following Nyameasem
et al. [34] using assumed post-plowing bulk density (1.28 g cm−3), assumed particle density
(2.65 g cm−3), and average SWC measurements from the three cultivation periods. Resulting
WFPS values were 37% (autumn), 48% (spring), and 16% (summer). As TS ranged between
6.3 and 19.5 ◦C and WFPS between 16 and 48%, conditions remained suboptimal for C
mineralization across all seasons, likely constraining potential CO2 losses.

Despite near-optimal TS (19.5 ◦C) in summer, CO2 losses remained similar to spring
values and were not maximal. This suppression is attributed to severe drought conditions,
with an SWC of 8.1% (WFPS of 16%), far below the optimum for mineralization. The
critical role of SWC is confirmed by the statistical model and further illustrated by the
progression of emissions during the summer observation period. Ecosystem respiration
increased towards the end of the three weeks in response to rainfall, raising SWC. This
deviation from the typical post-cultivation decline pattern observed after sowing of SW
and WW, resulting in a positive correlation between time and RECO in summer, was
confirmed by the regression model. The mitigating effect of hot, dry summer conditions
on RECO observed here aligns with findings by Mühlbachová et al. [45]. An additional
factor contributing to lower summer RECO could be the lower quantity and broader C/N
ratio of above- and belowground harvest residuals from wheat compared to the GC ley.
Confirming this assumption, Rees et al. [12] noted that residual C from cereal roots is
typically less than half that from perennial ryegrass.

While no directly comparable studies on plowing time with similar timeframes were
found to contextualize these results, the dominant influence of TS and SWC on CO2

emissions suggests that, within the limited three-week post-cultivation observation window,
these environmental conditions are the primary determinants. Ecosystem respiration was
predominantly affected by TS in autumn and spring plowing events, whereas SWC exerted
a stronger influence during summer.

Although the soil cultivation-induced increase was minor relative to total RECO in
most sequences (except for the CC), it still represents considerable C losses (see Table 3).
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Furthermore, the three-week period may not fully capture the total soil cultivation-related
C loss. Literature consistently highlights plowing as a significant driver of SOC loss in
both grassland and arable systems [46,95–98]. Consequently, reducing tillage intensity
represents a viable strategy for mitigating SOC losses. For crop sequences with lower yield
sensitivity, adopting no-till practices or undersowing for GC leys and CCs could provide
effective, yield-neutral mitigation options [99,100]. Supporting this, Mühlbachová et al. [45]
reported that reduced tillage and no-tillage, particularly with surface mulch, decreased
CO2 emissions by 45% and 51% on average over six years, respectively. Lastly, even though
spring cultivation is clearly recommended based on the results of this study, it might be
difficult to establish in practice, as winter crops often outperform spring crops in terms of
yield [47] and are therefore predominantly used.

4.2. Carbon Dynamics During the Winter Period

Carbon dynamics exhibited pronounced differences between winter periods for the
GC sward and the WW crop. The newly sown WW plot functioned as a net source of
CO2, with emissions significantly elevated compared to the GC sward. This divergence
was primarily driven by substantially lower GPP of the WW. In contrast, the established
GC sward retained over 500 kg C ha−1 more during the winter months. These results
underscore that implementing spring plowing to terminate GC swards is a vital strategy
for mitigating emissions and preserving soil C during winter. The CC, sown significantly
earlier than WW, developed greater vegetative cover and root biomass by winter, enabling
it to act as a net C sink during the dormant season, demonstrating its significant potential
for C sequestration.

Direct comparisons between perennial grass swards and annual WW plots, particularly
concerning C sequestration potential during the dormant season, remain scarce in the
literature. Consequently, generalizing these findings requires caution. However, existing
studies provide supporting evidence for the observed dynamics. Research in southern
Germany [101] measured lower winter CO2 emissions from an undisturbed, vegetation-rich
fallow on loamy sand soils compared to cultivated cropland, highlighting the impact of soil
disturbance on C losses and aligning with our observation of higher emissions from the
tilled WW plot. Similarly, Peichl et al. [102] reported lower daytime CO2 uptake following
the sowing of a forage crop compared to an established grass area, consistent with the
reduced GPP we observed in the newly sown WW. Further corroboration comes from a
US study utilizing the EC method [103], which measured dormant season NEE losses of
1540 ± 60 kg C ha−1 for WW. Ranathunga et al. [62] found that winter CCs significantly
enhanced C sequestration, acting as a net C sink during winter, supporting the findings of
this study. Collectively, these findings highlight the critical influence of winter vegetation
cover and management practices on C balance, with undisturbed GC swards and early
established CCs offering effective strategies to enhance C retention and sequestration
during the winter period.

4.3. Net Ecosystem Carbon Balance
4.3.1. Grass-Clover Ley

Numerous studies underscore the critical influence of management practices on
the C balance of agricultural systems [11,104–107]. The integration of GC leys has
been widely advocated to enhance C sequestration [14,37,108], a strategy corrobo-
rated by our findings. For permanent grasslands in the temperate climate zone,
high annual net CO2 uptake has been frequently reported, e.g., for grassland sites
in Ireland with −2450 to −2840 kg CO2-C ha−1 yr−1 [102] or northern Germany with
−2820 kg CO2-C ha−1 yr−1 [85]. The even slightly higher NEE (see Table 5) observed
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for the GC sward in this study, despite high grazing frequency, likely stems from mod-
erate biomass removal, consistent with Richter et al. [109], who demonstrated that in-
tensive grazing reduces C sequestration while moderate practices enhance it. This man-
agement effect is further evidenced by Central European studies where grazing-cutting
systems sequestered significantly more C (−1410 kg C ha−1 yr−1) than cutting-only regimes
(−227 kg C ha−1 yr−1) [110].

During the GC ley period, cumulative NEE fully compensated for C losses via biomass
exports. When combined with C imports, the system functioned as a strong net sink,
yielding a NECB of −1386 kg C ha−1. While direct comparisons for GC leys remain
limited, broader grassland studies reveal substantial C balance variations. A cut and
grazed grassland site in Ireland showed a C balance of −240 and −890 kg C ha−1 yr−1

for two consecutive years with a corresponding harvest of 10 and 7 t DM ha−1 yr−1,
respectively [111]. A different study reported a NBP of −1840 ± 570 kg C ha−1 yr−1

on a managed grassland site in Ireland [102]. Janssens et al. [112] estimated a NBP of
−660 ± 900 kg C ha−1 yr−1 for European grasslands, while Ciais et al. [113] reported a
clear sink activity (NBP: −740 ± 100 kg C ha−1 yr−1). Notably, high-yielding grasslands
(14,800 kg DM ha−1 yr−1) under high cutting frequencies can become C sources (NBP:
290 kg C ha−1 yr−1) [85], emphasizing how management intensity, sward condition, and
abiotic factors govern C outcomes in temperate regions. Critically, despite high grazing
frequency, the GC ley maintained net sink functionality. This finding not only validates
pasture-based dairy production with moderate intensity as a sustainable alternative to
conventional systems but also positions GC ley integration into arable rotations as a viable
strategy for improving C build-up at crop production sites.

Beyond its positive influence on C dynamics, GC leys also demonstrate significant
efficiency in mitigating other GHG emissions inherent to agricultural systems. The high
feed quality of the GC ley pasture has been linked to low CH4 emissions and intensities. The
high nutritional quality, characterized by elevated energy concentration and digestibility,
lowers the CH4 production in the rumen. Furthermore, it promotes high voluntary feed
intake, which improves milk yield and thereby reduces specific emission intensities [73,75].
Furthermore, the integration of GC leys into arable rotations contributes to a reduction
in N-related environmental impacts. Several studies have recorded a reduction of NO3

leaching and N2O emission in arable crop rotations during the ley phase, even under
grazed conditions [29,30,34].

4.3.2. Spring Wheat

During the SW, a positive NECB indicated a net C source. This was primarily due to
the relatively low C imports and higher C exports, which exceeded the combined input
from NEE and imports. Various management strategies have been shown to improve the C
balance of cash crops [104,106,114]. Although the application of slurry is constrained in low-
input systems, the broader use of farmyard manure has been consistently associated with
increased SOC content [11,68,115,116]. Practices such as retaining more harvest residues by
increasing stubble height or incorporating straw into the soil [107] have proven effective in
enhancing C sequestration.

In the context of this study, one approach to improving the NECB of the SW sequence
would be to increase the amount of organic residues left on the field after harvest. The
current 10 cm stubble accounts for 171 kg C ha−1. Increasing the stubble height by another
10 cm could shift the NECB toward a slight C sink, assuming an even biomass distribu-
tion along the stems. Leaving straw on the field would further enhance the C import.
Ranathunga et al. [62] demonstrated that straw retention was a critical factor in transform-
ing NECB from a C source to a sink. However, since the straw on this research farm is
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used as bedding for dairy cattle, full retention is not feasible. Increasing stubble height is
therefore a more realistic option under these farm conditions.

Most studies assessing C balances in crop rotations include WW and not SW. However,
Gan et al. [117] investigated SW within a C-enhancing crop rotation and reported C se-
questration potential. Their approach included soil-test-based fertilization, reduced fallow
periods, and rotating cereals with legumes. Previous work by Gan et al. [118] reported that
SW acted as a C source under conventional management, underscoring the variability of
outcomes depending on management. Another effective strategy for enhancing SOC on
arable land is reducing tillage, which is known to increase SOC mineralization rates [106].
In North Dakota, a conventional crop rotation including SW, corn, and soybean showed
that under no-till management, SW achieved an NECB of −1790 ± 390 kg C ha−1 yr−1,
indicating C sink activity. In contrast, under standard soil cultivation, SW functioned as
a C source [119]. These findings suggest that adopting improved management practices
can reduce or even reverse the soil C balance of SW, making it a viable component in
sustainable crop sequences.

4.3.3. Cover Crop and Slurry Application

The use of CCs during fallow periods is another practice frequently associated with
reduced C losses and enhanced SOC accumulation due to prolonged vegetative cover and
increased photosynthetic activity [104,120]. However, the success of the CC depends on
soil management and environmental conditions. Contrary to most literature reporting CCs
as C sinks and to our hypothesis, our study observed the CC to be a net CO2 source, with
a cumulative NEE of 383 kg CO2-C ha−1. This divergence likely stems from site-specific
conditions. Soil dryness following CC sowing significantly suppressed plant growth until
late October, while a mineralization spike post-cultivation drove elevated RECO. Lastly,
deep loosening was undertaken in August, causing a strongly enhanced aeration of the
soil and, therefore, might have contributed to the enhanced mineralization of organic
C compounds. Notably, September alone contributed ~60% of the total positive NEE
(September–January), underscoring how the overlapping of suboptimal sowing timing
and drought critically reduced C efficiency. One way to reduce C losses associated with
CC cultivation is to sow it as an understory crop during the preceding season, thereby
eliminating the need for soil cultivation immediately after harvest. Several studies have
shown that implementing CCs in combination with reduced or no-till systems has a positive
impact on the NECB [121,122]. Prade et al. [61] found that undersowing a grass ley into
wheat positively affected SOC.

Slurry application in this crop sequence adds further complexity. Although no no-
ticeable CO2 flux spike followed slurry application, applying a C retention coefficient of
20% [14] implies that 20% of slurry C was sequestered while 80% contributed to RECO,
assuming no C runoff. Of the total RECO (5025 kg CO2 C ha−1), 808 kg CO2 C ha−1 likely
originated from slurry mineralization. Adjusting for this exogenous C source, the CC
sequence may represent a moderate gross C sink. Our context-dependent results align with
broader literature on the effectiveness of CCs, showing varying results [58–62]. Using the
EC method, Schreiner-McGraw et al. [123] measured a net C gain during the CC period in
a US system, with a mean net ecosystem production of −1600 ± 260 kg C ha−1, confirming
CCs can function as C sinks under suitable conditions. Similarly, a multi-site analysis of
15 European croplands (41 site-years) by Ceschia et al. [124] quantified the NECB using the
EC method and C import and export data. While conventional systems showed an average
NECB of 1380 ± 2390 kg C ha−1 yr−1, the integrating CCs with reduced tillage shifted the
NECB toward neutrality.
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The apparent C source behavior observed during the CC period primarily reflects
acute establishment-phase drought and unideal fertilization timing rather than systemic
inefficiency. When optimizing the sowing timing of CC for SWC, the C sequestration across
diverse agro-ecosystems can be enhanced [64]. Furthermore, the CC period exhibited
greater winter C uptake potential than WW or GC leys. While the variability in reported CC
efficiency accurately reflects the system’s complexity, the significant winter sequestration
observed here underscores its value in mitigating emissions despite potential initial losses.
Crucially, the observed losses linked to tillage and delayed early growth strongly support
sowing CCs as understory crops to minimize these setbacks.

4.3.4. Carbon Imports

The C import of −1919 kg C ha−1 was essential in achieving a negative NECB in this
system. Over 96% of this import was derived from pasture-derived animal excrements
and slurry, underscoring its crucial role as a source for C. The results of this study show
that in the absence of these organic imports, the NECB would shift to a net positive
balance, as C exports exceeded the NEE of the crop sequence. The critical function of
organic fertilizers in enhancing C imports and a negative NECB within arable systems, as
observed in this study, aligns with established literature emphasizing its importance for
SOC [48,49,54,125]. Not covered by the methodology is the C retention efficiency of slurry,
which is an important factor in defining its C sequestration potential. A study at the same
research farm evaluated slurry applied within a comparable crop rotation, determining
a C retention coefficient of 20% [14]. Applying this coefficient uniformly to both slurry
and pasture excrements indicates that approximately 371 kg C ha−1 was retained from
these sources. Solid manure application is a well-documented strategy for enhancing soil C
retention, a practice already implemented at the research farm but not evaluated within
the two-year study period. Studies report retention rates of up to 30%, leading to greater
SOC accumulation [126,127]. Collectively, these findings align with the literature findings
that organic fertilizer application is a viable management strategy for increasing SOC and
improving the C balances of arable systems.

4.3.5. Cumulative Net Ecosystem Carbon Balance

The crop sequence in this study exhibited an NECB of −702 kg C ha−1 yr−1, confirming
its function as a net C sink. This sink capacity was driven by three synergistic mechanisms:
(1) a robust NEE during the GC ley phase coupled with moderate biomass export through
grazing and silage cuts, (2) significant C imports via slurry and pasture excrements, and
(3) a negative NEE from the CC during winter. The primary field-scale C losses originated
from biomass removal during GC utilization, SW harvest, as well as the subsequent C
losses caused by the soil cultivation before CC sowing, as evidenced by the pronounced
positive NEE peak in September 2022 (see Figure 4). These losses highlight the critical
importance of strategic C imports to offset exports and the sensitivity of soil cultivation
timing to C losses.

While no directly comparable studies quantify the field-scale NECB in ICLSs with
similar crop rotations and management intensity, our findings align with established prin-
ciples documented. The C-enhancing effects of ley integration [37,108,109], coupled with
the C uptake capacity of CCs during winter [64], reduced mineralization losses through
optimized soil cultivation timing [44,45], and C import through organic fertilizer utiliza-
tion [48,49], collectively validate the observed result in this study. This convergence of
evidence underscores how coordinated implementation of these practices, increased C im-
ports, extended soil coverage, and adjusted management schedules collectively enhance C
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retention. Consequently, well-managed ICLSs emerge as a pivotal strategy for transforming
arable systems into net C sinks while mitigating agricultural GHG emissions.

4.4. Limitations of the Study and Potential Future Research

While this study offers valuable insights into the C dynamics of an organic ley-arable
crop sequence using the EC method, several limitations must be acknowledged to contex-
tualize the findings and guide future research.

One primary limitation of this study is the exclusive reliance on the EC method to
assess CO2 exchange. Although the EC method is well-suited to capturing high-resolution,
continuous C fluxes at the field-scale, it does not directly quantify changes in SOC stocks.
Therefore, the NECB of the study site is derived from net gaseous CO2 exchange and C
import rather than differences in soil C. Furthermore, the short duration of the study may
not capture interannual variability or the longer-term course of SOC change, which can
respond slowly to management activities.

To better understand how the NECB relates to SOC storage changes, future research
should integrate multiple complementary approaches in a long-term study. Incorporating
the traditional soil core methods alongside the EC method could provide a comprehensive
understanding of both short-term fluxes and long-term SOC stock changes, and display
how these processes relate to management activities. The comparative novelty of using
the EC method for field-scale C dynamics assessment and implementing ICLSs in practice
limits the availability of comparative literature. This shortage prevents making generalized
statements about the impact of ICLSs and their management tools on C dynamics. Thus,
analyzing the C dynamics of various crop rotations and management practices within
ICLSs should be the focus of future research.

5. Conclusions
This study demonstrates the critical role of crop rotation, management practices, and

timing on the NECB of a ley-arable organic farming system. The GC ley was most effec-
tive in accumulating C, emphasizing the value of perennial forage in sustainable farming,
especially so in arable systems. Although SW exhibited high gross C uptake, its overall
NECB was compromised by harvest-related exports. The CC, while initially a C source
due to drought conditions during and after soil cultivation and sowing, showed a com-
paratively high CO2 uptake during the winter period, and thus remains a valuable tool
for SOC preservation, especially if undersown to avoid soil disruption. Soil cultivation
consistently triggered short-term CO2 emissions, with their magnitude strongly influenced
by the interacting effects of SWC and TS. These results underscore the complexity and
site-specific nature of C dynamics in agricultural production systems. Despite episodic
losses, the study site functioned as a net C sink over the two years, demonstrating that
climate-friendly agricultural management is achievable within productive ley-arable or-
ganic farming systems. By integrating C retaining and enhancing practices, such as GC
leys, adjusted soil cultivation timing, organic fertilization, and diversified rotations, organic
ICLSs can contribute meaningfully to climate mitigation. Future research should focus
on long-term assessments of C stock changes with complementary methodologies and
explore synergies between environmental services within ICLSs to promote science-based
climate-smart agricultural policies.
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Abbreviations
The following abbreviations are used in this manuscript:

AGB Above-ground biomass
Av Average
BNF Biological nitrogen fixation
C Carbon
CC Cover crop
CH4 Methane
C/N Carbon-to-nitrogen
CO2 Carbon dioxide
cum Cumulated
DM Dry matter
DMI Dry matter intake
DOM Digestible organic matter
EC Eddy covariance
ex Export
FP Footprint
GC Grass-clover
GHG Greenhouse gas
GPP Gross primary production
ICLS Integrated crop–livestock system
im Import
LT Long term
LULUCF Land use, land-use change, and forestry
MAOC Mineral-associated organic carbon
N Nitrogen
N2O Nitrous oxide
NBP Net biome productivity
NECB Net ecosystem carbon balance
NEE Net ecosystem exchange
NIRS Near-infrared spectroscopy
NO3 Nitrate
P Precipitation
POC Particulate organic carbon
PPFD Photosynthetic photon flux density
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RECO Ecosystem respiration
SOC Soil organic carbon
SW Spring wheat
SWC Soil water content
TA Air Temperature
TS Soil Temperature
u* Friction velocity
VPD Vapor pressure deficit
WFPS Water-filled pore space
WPL Webb, Pearman, and Leuning
WW Winter wheat

Appendix A

Table A1. Time series of crop sequences, eddy covariance measurements, time periods, and measures
performed on the experimental site.

SW Crop Sequence Dates WW Crop Sequence Dates

GC 01.04.2021–14.03.2022 GC 01.04.2021–27.10.2021
SW 15.03.2022–22.08.2022 WW 28.10.2021–22.08.2022
CC 23.08.2022–31.03.2023 CC 23.08.2022–31.03.2023
EC measurement EC measurement

01.04.2021–31.03.2023 28.10.2021–14.03.2022
Periods Periods

Soil cultivation SW 15.03.2022–04.04.2022 Soil cultivation WW 28.10.2021–17.11.2021
Soil cultivation CC 23.08.2022–12.09.2022
Winter period 21/22 13.12.2021–14.03.2022 Winter period 21/22 13.12.2021–14.03.2022
Winter period 22/23 13.12.2022–14.03.2023
Measures Measures

Grazing event 06.04.2021 Disc harrowing 28.10.2021
Grazing event 30.04.2021 Plowing 28.10.2021–29.10.2021
Grazing event 20.05.2021–21.05.2021 Sowing WW 29.10.2021
Mulching 26.05.2021 Harrowing 12.05.2022
Silage cut 14.06.2021 Fertilization 14.05.2022
Swathing 15.06.2021 Harvest WW 12.08.2022
Baling & removal 16.06.2021 Straw bailing 13.08.2022–14.08.2022
Grazing event 29.06.2021–30.06.2021 Straw removal 16.08.2022
Grazing event 15.07.2021–17.07.2021
Grazing event 02.08.2021
Grazing event 18.08.2021
Grazing event 02.09.2021–03.09.2021
Grazing event 07.09.2021
Grazing event 28.09.2021
Grazing event 13.10.2021
Grazing event 06.11.2021
Grazing event 10.03.2022
Disc harrowing 15.03.2022
Plowing 21.03.2022–22.03.2022
Sowing SW 22.03.2023
Harrowing 12.05.2022
Harvest SW 12.08.2022
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Table A1. Cont.

SW Crop Sequence Dates WW Crop Sequence Dates

Straw bailing 13.08.2022–14.08.2022
Straw removal 16.08.2022
Deep loosening 23.08.2022–24.08.2022
Cultivating 25.08.2022–26.08.2022
Sowing CC 26.08.2022
Fertilization 20.09.2022
Grazing event 05.03.2023–07.03.2023

Abbreviations are as follows (sorted alphabetically): CC: cover crops; EC: eddy covariance; GC: grass-clover; SW:
spring wheat; WW: winter wheat.
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