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Sustainable intensification (SI) aims to increase productivity while minimizing environmental impacts and
preventing land expansion. Although SI strategies are widely promoted, their overall climate mitigation potential
in boreal crop-livestock systems remains uncertain. This study quantified the impacts of potential SI options on
greenhouse gas (GHG) emissions and soil organic carbon (SOC) stocks in a representative Finnish dairy system.
Two SI options were evaluated: (1) increasing crop yields and (2) reducing the grain proportion in dairy cow
diets. Soil carbon inputs were derived from agricultural statistics and literature data, SOC stock changes were
estimated using the Yasso07 soil model, and total GHG emissions were calculated with the Carbon Calculator life
cycle assessment (LCA) model over 20- and 100-year horizons. Livestock processes accounted for the largest
share of GHG emissions, while SOC-related emissions were mainly driven by organic soil cultivation. SI options
that reduced land use for feed production, particularly on organic soils, achieved up to 38% lower total climate
impact compared with the baseline. Including SOC stock changes increased total LCA-based emissions by up to
30%, emphasizing the importance of soil processes in mitigation assessments. The findings demonstrate that
targeted SI strategies integrating productivity-enhancing and emission-reducing measures can effectively
improve the climate performance of boreal dairy systems, supporting the transition toward carbon-neutral and
climate-smart agriculture.

1. Introduction to specific farming systems and regional conditions.

Over the past five decades, dairy production has expanded rapidly

Agriculture is at the heart of the sustainability challenge. It is the
single largest driver of global environmental change (Crippa et al., 2021;
Davis et al., 2016; Tilman et al., 2011), and is at the same time highly
vulnerable to these changes (IPCC, 2022). A shift towards sustainable
agricultural intensification (SI), including the adoption of climate-smart
agriculture (CSA), is essential. CSA aims to increase productivity,
enhance climate resilience and reduce environmental impacts (Lipper
et al., 2010). This aligns with the broader goal of ensuring food security
while maintaining the sustainability of the Earth system (Richardson
et al., 2023). Addressing sustainability requires action at all levels, from
farms to nations (Folke et al., 2005). Comprehensive evaluations of
practical solutions are crucial for tailoring climate mitigation strategies
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(FAO, 2018). While productivity has increased, the environmental im-
pacts have grown, ranging from GHG emissions and eutrophication to
biodiversity loss and animal welfare concerns (Del Prado et al., 2013;
Herzog et al., 2018; Westhoek et al., 2014). In boreal regions, dairy
production is strongly based on crop-livestock integration and a high
reliance on perennial forage crops, which play a key role in both pro-
ductivity and environmental performance. In Finland, agriculture ac-
counts for approximately 28% of total GHG emissions, including the
LULUCEF sector (Statistics Finland, 2024). Key emission sources in dairy
farming include methane from enteric fermentation and manure, nitrous
oxide from fertilized soils, and carbon dioxide from organic soils
(Bianchi et al., 2021; Kekkonen et al., 2019; Wang et al., 2021).
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Reducing agricultural emissions is essential to meet both global
targets under the Paris Agreement (Roe et al., 2019) and Finland’s na-
tional goal of climate neutrality by 2035 (Government of Finland, 2019).
Mitigation efforts focused on organic soils are particularly important in
boreal systems, as these soils contribute over 50% of agricultural GHGs
while covering only 11% of cultivated land (Kekkonen et al., 2019).

Much of the current SI research focuses on increasing crop yields
(Mueller et al., 2012; Palosuo et al., 2021). In boreal cropping systems,
promising practices include improved crop rotations, liming, better
drainage, sowing techniques, and high-yield forage mixtures (Lehtonen
et al., 2018). Adjusting cattle diets to increase the roughage share can
also intensify field use and reduce land needs, as grass has roughly
double the yield potential of grain in Finland (Tzemi and Lehtonen,
2022). This could spare land for alternative uses, such as green fallows
that boost soil organic carbon (SOC) through high biomass production.
However, changes in feeding strategies may also affect animal produc-
tivity and feed efficiency, highlighting the need for system-level as-
sessments that consider both agronomic and livestock-related effects.

Life Cycle Assessment (LCA) is a commonly used method to assess
environmental impacts of agricultural systems, including GHG emis-
sions. However, it often excludes SOC changes due to methodological
uncertainties (Bessou et al., 2020; Goglio et al., 2015; Hashemi et al.,
2024; Joensuu et al., 2021). This omission can be particularly prob-
lematic in boreal systems, where soil carbon dynamics, especially on
organic soils, strongly influence the overall climate impact of agricul-
tural production (Lehtila et al. 2025). For instance, Knudsen et al.
(2019) reported up to 18% reduction in milk’s climate impact when SOC
was accounted for using the Danish method (Petersen et al., 2013).

Despite growing interest in SI, few studies have quantified its com-
bined effects on GHG emissions and SOC stocks in integrated
crop-livestock systems under boreal conditions. Previous research has
typically examined either productivity or environmental outcomes in
isolation, leaving uncertainties about system-level trade-offs and syn-
ergies. In particular, the net climate mitigation potential of combining
yield improvements and dietary modifications remains insufficiently
understood in boreal dairy systems.

The objective of this study was to quantify the net climate impacts of
selected SI strategies in a representative boreal dairy system in Finland.
Specifically, we evaluated two SI options: (1) increasing crop yields
through improved soil and crop management, and (2) reducing the grain
proportion in dairy cow diets in favour of forage. In this study, climate
impacts are understood as changes in greenhouse gas (GHG) emissions
and soil carbon dynamics. Using a combined soil carbon model
(Yasso07) and life cycle assessment (LCA) approach, we evaluated their
impacts on GHG emissions and SOC stocks at both farm and product
(milk) levels over 20- and 100-year time horizons. The analysis focused
on management-driven differences between scenarios, while climatic
conditions were considered unchanged to isolate the effects of sustain-
able intensification measures.

The study addresses the following research questions:

(i) How do yield improvement and dietary modification affect soil
carbon inputs and SOC stock changes in boreal crop-livestock
systems?

(ii) What is the net effect of these SI strategies on total GHG emissions
when SOC dynamics are included?

(iii) How do climate impacts differ when assessed at farm, product,
and area-based functional units?

By addressing these questions, the study aims to support the design
of climate mitigation strategies that are both agronomically feasible and
environmentally effective in northern crop-livestock systems.
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2. Materials and methods
2.1. Study area and case farm description

Dairy production is the most important agricultural sector and rural
livelihood in northern Europe, accounting for 50% of the agricultural
gross return in Finland (Virkajarvi et al., 2015). This study focuses on a
representative boreal dairy production system located in North Savo,
eastern Finland, which is one of the country’s most significant dairy
production regions. In 2022, North Savo produced approximately 14%
of Finland’s total milk output (OSF, 2025).

Finnish dairy farms are typically family-owned and characterized by
relatively high milk yields and strong reliance on forage-based feeding.
In 2022, the average farm size was 52 ha, with an average herd size of 52
cows and an average milk yield of 8 673 kg per cow (OSF, 2025), which
is above the EU average of 7 653 kg (EUROSTAT, 2025). The concen-
trate rate in the dairy cow diets is typically around 45%, with forage
accounting for the remaining share of the dry matter intake (Huhtamaki,
2023). Organic soils cover 8% of the cultivated area in North Savo, but
their share is higher on dairy farms due to the historical use of grasslands
on organic soils (Kekkonen et al., 2019).

The climate impacts of SI options were analysed using a hypothetical
case study farm designed to represent typical dairy production condi-
tions in North Savo. The case farm comprised 140 dairy cows. In the
baseline scenario, the total cultivated area required for fodder produc-
tion was 225 ha, of which 125 ha was allocated to grasslands, 50 ha to
oat, and 50 ha to barley. Of the total production area, 80% was assumed
to be located on mineral soils and 20% on organic soils, with an equal
crop distribution across soil types. Baseline crop yields were 7 000 kg
dry matter ha™?! for silage and 3 400 kg dry matter ha! for oat and
barley. Fat and protein corrected milk (FPCM) production was 10 050 kg
cow ! yr~! in the baseline scenario with a 45% grain proportion and 9
394 kg cow ! yr~! in scenarios with a 30% grain proportion in the diet.

2.2. Sl scenarios

To study the climate impacts of different SI options, we developed a
set of scenarios with varying forage yield levels and proportions of
concentrated feed in the diet of dairy cows (Table 1). The scenarios were
designed to represent plausible management-driven changes under
boreal farming conditions, rather than extreme interventions.

In Finland, the yield gap between actual and potential yields on
farms is substantial. For example, in 2023 the yield gap of barley in
North Savo was approximately 1 200 kg ha™!, meaning that average
farm yields were considerably lower than those achieved by the most
productive farms in the region (OSF, 2025). Closing this yield gap
through improved soil structure, drainage, crop rotation, and nutrient
management is considered a realistic sustainable intensification
pathway under Finnish conditions (Lehtonen et al., 2018). Reducing the
gap is important both for the economic viability of farms and

Table 1
Characteristics of cattle diet, crop yields and total production area in the
scenarios.

Scenario Share of concentrated feed in Yields The area used in
the diet, % calculation
Baseline 45 Current  Total farm area
(BL)

S1 45 +20% Total farm area

S2 30 Current  Total farm area

S3 30 +20% Total farm area

S4 45 +20% Forage production
area

S5 30 +10% Forage production
area

S6 30 +20% Forage production

area
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environmental sustainability, as more efficient use of cultivated land
may allow part of the production area to be released for alternative uses.

In the SI-scenarios, yield increases of 10% and 20% compared to the
baseline were assumed for all cultivated crops, representing moderate
improvements achievable through enhanced soil and crop management.
These yield increase levels are consistent with reported yield gaps in
Finnish cereal and forage production (livonen et al., 2024). The assumed
yield improvements reflect better soil conditions achieved through crop
rotation, liming, improved drainage, and optimized nutrient and water
management, supported by increased farmer knowledge and advisory
services.

In addition to yield improvement, dietary modification was exam-
ined as a second SI option. The grain proportion (GP) in the diet of dairy
cows was reduced from 45% in the baseline to 30% in the dietary
modification scenarios, reflecting increased reliance on forage crops.
This adjustment is within the range of feeding strategies applied in
Finnish dairy production and is consistent with national feeding rec-
ommendations (Korhonen, 2024). For all scenarios, dry matter intake
was adjusted according to milk production and diet composition,
resulting in 25.0 kg DM cow ™! d™! for the 45% GP diet and 24.7 kg DM
cow 1 d~! for the 30% diet (Huhtanen et al., 2011).

In the 45% concentrate diet, the feed ration consisted of 7.7 kg DM
cow ! d7! of cereal grains, 14.8 kg DM cow * d ! of forage, and 2.5 kg
DM cow ! d~! of rapeseed meal. In the 30% concentrate diet, the ration
included 3.6 kg DM cow ! d ™! of cereal grains, 18.5 kg DM cow ' d! of
forage, and 2.6 kg DM cow ' d~! of rapeseed meal. These feed com-
positions were selected to maintain nutritionally balanced diets while
reflecting realistic shifts in forage-to-concentrate ratios (Kuoppala et al.,
2024). Other parameters applied in the life cycle assessment are pre-
sented in Supplementary material 1.

Land area required for feed production varied among scenarios as a
result of changes in crop yields and dietary composition. In the baseline
and scenarios S1, S2 and S3, the total cultivated area of the farm was
retained in the analysis. In scenarios S1, S2 and S3 land released from
feed production due to yield improvements or dietary changes was
allocated to green fallow. In contrast, scenarios S4, S5 and S6 focused on
product level assessment, and the area released through SI-measures was
excluded from the system boundary. In these cases, the released area
was assumed to be located on organic soils, and emissions from these
areas were not attributed to dairy production, allowing assessment of
the climate impacts of production intensification independent of alter-
native land uses.

An overview of the scenario characteristics, including concentrate
proportion, yield levels, and system boundaries, is presented in Table 1.

2.3. Description of the climate impact analysis

We used agricultural statistics and literature to estimate C inputs, the
Yasso07 soil model (Tuomi et al., 2011) to quantify changes in SOC
stocks in mineral soils and IPCC default emission factors to estimate
SOC-related emissions from organic soils. The analysis focused on
quantifying management-driven differences in climate impacts between
scenarios, while climatic conditions were assumed to remain unchanged
across all scenarios.

Life Cycle Assessment (LCA) was used to estimate GHG emissions
from the dairy production system using the ‘Carbon Calculator-model’
(Tuomisto et al., 2015). The LCA covered emissions from feed crop
cultivation, animal processes, manure management, energy use, and
purchased inputs, but excluded land-use sector emissions related to SOC
stock changes, which were quantified separately using the soil carbon
modelling approach described above.

The overall climate impact of each scenario was calculated by
combining LCA-based GHG emissions with annualized SOC stock
changes from mineral and organic soils. SOC stock changes were con-
verted to CO: equivalents and added to the LCA results to obtain total
climate impacts at the farm and product levels. This approach allowed

European Journal of Agronomy 177 (2026) 128105

consistent integration of soil carbon dynamics into the life cycle
framework while avoiding double counting of soil-related emissions.

The assessment was conducted for multiple functional units,
including the whole-farm, fat and protein-corrected milk (FPCM), and
cultivated area (ha), depending on the scenario. System boundaries
differed between scenarios to reflect alternative assumptions regarding
land released through sustainable intensification measures, as described
in Section 2.2. An overview of the modelling framework and system
boundaries is presented in Fig. 1.

2.4. Estimation of the C inputs

C inputs originating from the crop production were estimated for
each scenario using agricultural statistics and literature data. We esti-
mated the C inputs allocated to soil (kg C ha™!), including above-ground
biomass remaining in the field (plant residues and stubble) and below-
ground C input (plant roots and root excreta) following the approach
of Bolinder et al. (2012). This data was complemented with national
parameter values (Palosuo et al., 2015) to convert yield data to soil C
inputs. C contents of all plant components were assumed to be 0.45
(Jensen et al., 2005). Crop yields were assumed to be the same on
mineral and organic soils, in line with national greenhouse gas inventory
practices.

C inputs from manure (kg C ha™!) were estimated based on the
number of animals and total field area in each scenario. The C content of
manure was assumed to be 0.50 (Pettygrove et al., 2009). The amount of
manure produced followed the national statistics: 6.12 kg dry matter
head™! day ™! for dairy cows, 2.2 kg for heifers, and 1.1 kg for calves
under one year of age (Statistics Finland, 2024). Manure was assumed to
be evenly distributed across the cultivated area within each scenario.

For each scenario, total soil C input was calculated as the sum of crop
residue inputs, root-derived inputs, and manure-derived inputs, aver-
aged over the relevant production area. The differences in soil C inputs
between scenarios therefore reflect changes in crop yields, crop
composition, and land use resulting from sustainable intensification
measures.

2.5. Estimation of the changes in the SOC

SOC changes in mineral soils were estimated following the approach
of Palosuo et al. (2015) using the Yasso07 soil model (Tuomi et al.,
2011). The model describes the decomposition of organic matter based
on information on climate and C input quality. In this study, climatic
conditions were held constant across all scenarios to isolate the effects of
management-driven changes in carbon inputs on SOC dynamics.

Yasso07 is currently used in the Finnish GHG inventory (Statistics
Finland, 2024) and has been tested and applied in multiple studies
assessing SOC dynamics in agricultural soils under Nordic conditions
(Karhu et al., 2012; Riggers et al., 2019). Its use therefore ensures
consistency with national reporting practices and comparability with
previous studies.

The model requires information on the C input quality in AWENs
fractions which describe the chemical composition of organic materials
as acid (A), water (W), ethanol (E) soluble, and non-soluble (Ns) frac-
tions. Here, we used AWENS fractions of crops and manure presented by
Palosuo et al. (2015). The shares of cultivated crops relative to the total
production area (scenarios BL, S1, S2, S3) or forage production area (54,
S5, S6) were calculated (Table 1), and together with the estimated
manure inputs, were used to derive average annual soil C input rates (kg
Cha! yr-1) for each scenario.

Climatic data was obtained from the Finnish Meteorological Insti-
tute, as described by Palosuo et al. (2015), representing the average of
the selected region during the time period 1961-2018. The climate
variables used were annual precipitation (mm), annual mean tempera-
ture (°C) and the annual temperature amplitude (°C) which describes
intra-annual variation in temperature.
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Fig. 1. Description of the examined processes and models used in the study. Different methods are indicated by thick black borders, and study outputs are shown
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SOC stocks under the baseline scenario were assumed to represent
steady-state conditions corresponding to current farming practices. The
steady-state SOC stock of the baseline scenario was therefore used as the
initial condition for all scenario simulations. Changes in SOC stocks in
the SI scenarios were calculated as the mean difference between simu-
lated annual stocks of each scenario and the baseline.

SOC stock changes were simulated over 20-year and 100-year time
horizons. SOC stock changes were simulated over a 100-year time ho-
rizon for integration into the life cycle assessment, in line with IPCC
guidelines and standard climate impact assessment practices (Knudsen
et al., 2019). Although the Product Environmental Footprint Category
Rules (PEFCR) for dairy products recommend a 20-year time horizon
(EDA, 2018; European Commission, 2021), the 100-year period was
selected to ensure consistency with global warming potential metrics
and to provide a robust estimate of long-term soil carbon dynamics.
Results for a 20-year time horizon are additionally reported to illustrate
shorter-term SOC responses. Based on the simulated SOC stock changes,
average annual SOC change rates were calculated and converted to
carbon dioxide equivalents using the molecular weight ratio of CO: to
carbon (3.67).

As the Yasso07 model is applicable only to mineral soils, SOC
changes in organic soils were estimated using IPCC default emission
factors, following the approach applied in the Finnish national green-
house gas inventory (Statistics Finland, 2024). Emission factors of 28
967 kg CO, ha™! yr~! for cereals and 20 900 kg CO, ha™! yr~! for
grasses were used to represent emissions from cultivated organic soils.
These hectare-based emissions were consistently included in all sce-
narios according to their land-use on organic soils.

For scenarios S1, S2 and S3, the released area was assumed to be
allocated to green fallow. Carbon inputs to soil from green fallow were
estimated assuming that all above-ground biomass was returned to the
soil. Total farm-level SOC change was calculated as the sum of SOC
changes from mineral soils and SOC-related emissions from organic
soils.

2.6. Estimation of the total life cycle GHG emissions

Total life cycle GHG emissions were estimated using the Carbon
Calculator life cycle assessment (LCA) model (Tuomisto et al., 2015).
The analysis quantified GHG emissions associated with the dairy pro-
duction system at both whole-farm and product levels. The LCA focused
on emissions from agricultural production processes and excluded soil
organic carbon (SOC) stock changes, which were quantified separately
as described in Section 2.5 and integrated afterwards to follow more
closely the approach of the national GHG inventory.

The Carbon Calculator model was supplemented with a model for
estimating methane emissions from enteric fermentation developed by
Ramin and Huhtanen (2013). This model is widely used in Finnish cattle
LCA studies (Hietala et al., 2021; Huuskonen et al., 2023) and is spe-
cifically parameterized for Nordic feeding conditions, providing more
detailed estimates of enteric methane emissions than the default IPCC
Tier 2 approach (IPCC, 2006). The model requires detailed information
on diet composition and feed quality, which were specified according to
the scenario descriptions in Section 2.2.

Allocation between milk and meat production was performed using
the International Dairy Federation biophysical allocation method (IDF,
2015), as recommended by the Product Environmental Footprint Cate-
gory Rules (PEFCR) for dairy products (EDA, 2018). This allocation
approach reflects the physiological relationship between milk and meat
production and is commonly applied in European dairy LCAs.

Characterisation factors for global warming potential (GWP) were
based on the IPCC 5th Assessment Report, with values of 1 for CO5, 298
for N2O (including climate-carbon feedback), and 34 for biogenic CHs.
The system boundary was defined from cradle to farm gate. Included life
cycle stages were feed crop cultivation, animal processes (enteric
fermentation and manure management), purchased inputs, on-farm
energy use, and buildings and machinery.

Depending on the scenario, the system boundary included either the
total farm area (baseline and scenarios S1, S2 and S3, the latter three
including fallow) or only the feed crop cultivation area related to dairy
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production (scenarios S4, S5 and S6). These alternative system bound-
aries were used to assess the influence of land-use allocation assump-
tions on the estimated GHG emissions.

Total life cycle GHG emissions including soil carbon effects were
calculated by combining LCA-based emissions with SOC-related emis-
sions and removals as:

GHGotal = GHGrca + GHGsoc

where GHGycp represents life cycle GHG emissions estimated using the
Carbon Calculator (excluding soil carbon stock changes), and GHGgoc
represents annualized SOC stock changes in mineral soils and CO:
emissions from cultivated organic soils, expressed in CO2 equivalents.
The integration of SOC stock changes and LCA-based emissions is
illustrated in Fig. 2.

GHG emissions were calculated for three functional units: the whole-
farm (annual emissions), 1 000 kg fat- and protein-corrected milk
(FPCM), and cultivated area (ha). These functional units were selected
to allow assessment of climate impacts from farm-level, product-level,
and land-use efficiency perspectives.

2.7. Uncertainty considerations

The results are based on scenario simulations combining a soil model
and a life cycle assessment framework. As with all model-based assess-
ments, uncertainties arise, in addition to the model structures, from
input data, emission factors, and assumptions regarding management
practices. In this study, key sources of uncertainty include assumptions
on crop yield changes due to intensification, estimates of soil carbon
inputs, emission factors for organic soils, and parameters related to
enteric methane emissions.

A full quantitative uncertainty analysis was not conducted. Instead,
uncertainty was addressed through a scenario-based approach in which
key management-related parameters, namely crop yield levels,
concentrate proportion in dairy cow diets, and land-use allocation, were
systematically varied to capture a plausible range of outcomes. This
approach allows assessment of the relative magnitude and direction of
changes in greenhouse gas emissions and soil organic carbon stocks
between scenarios, rather than precise absolute estimates.

Uncertainties related to soil organic carbon dynamics are particu-
larly relevant, given the long response times of soil systems and the
simplified representation of organic soils using IPCC default emission
factors. However, the use of nationally applied methods and parameters,
including the Yasso07 soil model and inventory-based emission factors,
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ensures consistency with existing reporting frameworks and supports
the robustness of relative comparisons between scenarios.

While uncertainties affect the absolute magnitude of estimated
climate impacts, the comparative nature of the scenario analysis pro-
vides confidence in the main conclusions regarding the relative climate
mitigation potential of different sustainable intensification practices.

3. Results
3.1. Impacts of SI scenarios on carbon inputs into soil

Hectare-based carbon inputs into soil increased in all SI scenarios.
The average total C input into the soil varied between 2.4 and 3.8 Mg C
ha™! yr in different SI scenarios (Fig. 3). This value is derived from
current crop residues, root biomass and root excreta contributions under
existing management practices (Table 2, Supplementary Figure S1). In
the scenarios where yield increases were achieved through improved
soil growing conditions, C inputs into the soil varied between 2.6 and 3.8
Mg C ha™ yr™' (Fig. 3). The scenario involving a decreased, 30% grain
proportion in the diet of dairy cows (S2), showed a 19% increase in the
average C inputs into the soil, compared to the baseline value. These
differences in soil carbon inputs reflect management-driven changes in
crop yields, crop composition and land allocation between scenarios.

3.2. Impacts of SI scenarios on soil organic carbon stocks and soil-related
GHG emissions

All SI scenarios resulted in an increase in mineral SOC stocks. The
increase in SOC stocks varied between 2.1 and 12.8 Mg C ha ! over the
100-year simulation period and between 0.9 and 5.8 Mg C ha™! over the
20-year simulation period (Fig. 4). The annual change in SOC ranged
from 0.02 to 0.13 Mg C ha™! yr-! over the 100-year simulation period
and between 0.05 and 0.29 Mg C ha™! yr™! in the 20-year simulation
period (Fig. 5). Total soil-related GHG emissions (including mineral SOC
changes and emissions from organic soils) varied between scenarios,
depending largely on the assumptions made regarding the area released
through the implementation of SI options. Total soil-related GHG
emissions, including mineral SOC changes and CO2 emissions from
organic soils, varied between scenarios and ranged from 1102 to —26
Mg CO, yr~ ! (Fig. 6).

System boundary for farm level and product LCA

/

Off-farm input production

System boundary for SOC balance assessement
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On farm crop cultivation i
grass and silage A ¢
Off-farm crop c:ltivation grain crops grain Raising \‘
rapesee
- fallow (only S1, S2, S3) v bulls | Epata
Raising
Food crops heifers
Meat
( Food i:lrdustry ) \ /
Vegetable oil industry \ rapeseed meal T /
\ J

4

/ Dairy production

Food products
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Fig. 2. System boundaries applied in the LCA. Fallow was included only in scenarios S1, S2, S3, which were assessed using the whole-farm area system boundary.
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Fig. 3. Average total carbon (G) inputs (kg ha™!) into the soil in different scenarios. Blue bars indicate a 45% grain proportion and green bars a 30% grain proportion
in the diet of dairy cows, while the baseline (BL) is shown in grey. The bar outlined with a dashed line represents the 10% yield increase scenario (S5), whereas bars
outlined with a solid line represent scenarios with a 20% yield increase (S1, S3, S4, S6). Bars without an outline (BL and S2) represent scenarios with no assumed
yield increase. Panel (a) shows scenarios in which the production area corresponds to the total farm area, while panel (b) shows scenarios in which calculations were

applied to the forage production area only, reflecting the reduced production area.

3.3. Total life cycle GHG emissions

The total life cycle GHG emissions, combining whole-farm total
climate impacts with emissions from land use (changes in SOC stocks),
ranged from 2 272 Mg COq-eq yr * (S6) to 3 682 Mg COz-eq yr ! (BL).
Scenarios S1-S3 showed lower emissions compared to the baseline, and
methane from enteric fermentation was the largest contributor across all
scenarios (Fig. 7).

Assessment without SOC stock change varied from 2 298 Mg CO2-eq
yr’1 (S6) to 2 580 Mg COq-eq yr’1 (BL). The scenarios with improved
crop yields (S1, S3, S4, S6) performed best with and without SOC stock
change, although inclusion of SOC emphasised the difference. Within
the SI scenarios excluding fallow from the system boundary (S4, S5, S6),
total farm-level GHG emissions differed by only 1-2%. The mitigation
impact resulted mainly from differences in enteric fermentation
methane emission, manure management and feed crop cultivation
emissions. S4 resulted with highest emissions from both enteric
fermentation and feed crop cultivation, while its manure management
emissions were lower in comparison to S5 and S6. Between S5 and S6,
the difference resulted mainly from feed crop cultivation, S6 having the
lowest emissions. Smaller difference was caused by the demand for
purchased fertilisers and inputs, which was highest for S5 and lowest for
S4. When SOC stock change was included in the assessment, S6 resulted
in net carbon sequestration.

When fallow was included in the system boundary (S1, S2, S3), the
ranking of scenarios remained the same with and without SOC stock
change, but larger differences between scenarios were observed when
SOC stock change was included compared to BL. Scenario S3 had the
lowest total climate impact, 2 448 Mg COg-eq yr~! without SOC stock
change and 3 383 Mg CO»-eq yr~! with SOC stock change. Compared to
BL, all scenarios showed improved performance, with mitigation im-
pacts of 4-8% when SOC stock change was included and 2-5% without
SOC stock change. As in the scenarios without fallow, the main differ-
ences resulted from enteric fermentation and manure management
emissions. All scenarios performed better than BL regarding feed crop
production. Enteric fermentation emissions were lower for S2 and S3,
while S1 performed similarly to BL. This difference was offset by
increased manure management emissions in S2 and S3, while S1 per-
formed similarly to BL. Including SOC stock changes increased total

farm-level emissions by more than 40% compared to assessments
excluding SOC. Nevertheless, the largest contribution to total climate
impact was still from enteric fermentation (44-72%), followed by the
SOC changes (0-30%) (Fig. 7).

When the total climate impact was allocated to milk production (per
t of FPCM), productivity differences affected the results. In contrast to
the whole-farm assessment, the product-level functional unit showed
higher emissions in scenarios S2 and S3 (excluding SOC stock changes),
and in S2 when SOC stock changes were included, compared to the
baseline (Fig. 8). Scenarios BL, S1, and S4 showed the lowest climate
impact per kg FPCM. These scenarios shared a 45% concentrate diet and
higher productivity compared to scenarios with the same system
boundaries.

The ranking of scenarios remained unchanged with and without SOC
stock changes for scenarios without fallow (S4-S6) but changed slightly
for scenarios including fallow (S1-S3), as BL and S3 switched order. This
shift was caused by slightly higher SOC emissions in BL compared to S3.
Among the fallow-including scenarios, S1 showed the lowest climate
impact per kg FPCM, both with and without SOC. Scenarios with lower
productivity and a 30% concentrate diet showed similar or higher
climate impacts compared to BL. Specifically, S1 showed a 3% lower
climate impact than BL without SOC stock change, and a 5% lower
impact when SOC stock change was included. When SOC stock change
was included, the mitigation contribution from farm processes was
reduced to 2%, while SOC changes accounted for 3% of the total dif-
ference. The largest contributors were methane emissions from enteric
fermentation and emissions from feed crop cultivation, both decreasing
at similar rates.

The scenarios without fallow (S4-S6) showed similar productivity-
related trends, with S4, combining a 45% concentrate diet and
increased crop yields, showing the lowest climate impact per kg FPCM.
As SOC stock changes contributed a sequestration effect in these sce-
narios, the ranking of scenarios remained nearly unchanged regardless
of whether SOC emissions were included. The difference in climate
impact between S4 and S5 was 8% with SOC stock change and 7%
without SOC stock change, while the difference between S4 and S6 was
5% in both cases.

In addition to farm- and product-level assessments, environmental
performance was evaluated using an area-based functional unit (per
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Table 2
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On-farm production areas, distribution of production to mineral and organic soils, harvested yield and soil C inputs from cropping in different scenarios.

Area, ha C inputs kg ha™!

Scenario Total Mineral soil Organic soil Harvested yield Crop residues Roots Root excreta

BL Silage 125 100 25 3150 600 1816 1181
Oat 50 40 10 1530 1796 594 244
Barley 50 40 10 1530 1357 515 211
Fodder area, ha 225
Total production area, ha 225
Released total area, ha

S1 Silage 104 83.3 20.8 3780 720 2179 1417
Oat 42 33.3 8.3 1836 2155 713 292
Barley 42 33.3 8.3 1836 1628 619 254
Green fallow 37 30 7.5 3150 600 1816 1181
Fodder area, ha 188
Total production area, ha 225
Released total area, ha 37

S2 Silage 144 115.2 28.8 3150 600 1816 1181
Oat 29.25 23.4 5.9 1530 1796 594 244
Barley 29.25 23.4 5.9 1530 1357 515 211
Green fallow 22.50 18 4.5
Fodder area, ha 202.5
Total production area, ha 225
Released total area, ha 22.5

S3 Silage 120 96 24 3780 720 2179 1417
Oat 24 19.5 4.9 1836 2155 713 292
Barley 24 19.5 4.9 1836 1628 619 254
Green fallow 56.25 45 11.2
Fodder area, ha 169
Total production area, ha 225
Released total area, ha 56

S4 Silage 104 97 7 3780 720 2179 1417
Oat 42 42 0 1836 2155 713 292
Barley 42 42 0 1836 1628 619 254
Green fallow 0
Fodder area, ha 188
Total production area, ha 188

S5 Silage 131 127 4 3465 660 1998 1299
Oat 27 27 0 1683 1976 653 268
Barley 27 27 0 1683 1492 567 232
Green fallow 0
Fodder area, ha 184
Total production area, ha 184

S6 Silage 120 120 0 3780 720 2179 1417
Oat 24 24 0 1836 2155 713 292
Barley 24 24 0 1836 1628 619 254
Green fallow 0
Fodder area, ha 169
Total production area, ha 169

hectare). Scenario rankings were similar to those observed in the whole-
farm analysis. Scenario S3 showed the lowest impact per hectare, fol-
lowed by S1, while BL showed the highest impact. Compared to BL,
scenarios S1-S3 resulted in 2-5% lower climate impacts without SOC
stock change and 4-8% lower impacts when SOC stock change was
included.

Among the scenarios without fallow, S4 showed the lowest climate
impact per hectare. Compared to S4, S5 showed a 2% higher impact
without SOC stock change and 3% higher impact with SOC stock change,
while S6 showed a 10% higher impact without SOC stock change and
11% higher impact with SOC stock change. Comparisons of scenarios are
shown in Fig. 9 for assessment per cultivation area (ha).

4. Discussion

Our study shows clear co-benefits between sustainable intensifica-
tion and climate mitigation in boreal crop-livestock farming systems.
Here, climate mitigation refers to management-driven reductions in
GHG emissions and increases in SOC stocks under constant climatic
conditions. Both yield improvements and reductions in the grain share
of dairy cow diets increased soil carbon (C) inputs and soil organic
carbon (SOC) stocks, while reducing overall greenhouse gas (GHG)

emissions. The findings demonstrate that targeted SI practices can
simultaneously enhance productivity and environmental performance
when implemented at the whole-farm level.

4.1. Soil carbon dynamics

The scenarios of different SI options showed increased soil C inputs,
resulting in corresponding increases in SOC stocks. The scenarios
involving yield increases (S1, S3, S4, S5, S6) demonstrated a positive
effect on soil carbon dynamics, reflecting the benefits of increased
above- and below-ground biomasses and the possibility to feed the soil
with green manure on land area no longer needed for fodder production.
The estimated C input values per hectare varied significantly depending
on whether the calculations were based on the total farm area (225 ha)
or the fodder production area (169-188 ha). For example, scenarios S1
and S3, which utilized the total farm area, showed 23% and 25% higher
C inputs than S4 and S6, which used only fodder production areas.
Notably, in scenarios S1 and S3, green fallow in the spared land area
contributed to increased average C input into the soil (Fig. 3). These
results emphasize the importance of methodological assumptions made,
in this case the involvement of spared land area in the scenario calcu-
lations, and explain sometimes contradictory results of impact
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assessments (Joensuu et al., 2021).

The scenario involving a reduced grain proportion in dairy cow diets
(S2) resulted in a 19% increase in average C inputs into the soil
compared to the baseline. This substantial increase highlights the po-
tential of dietary modifications to positively impact soil carbon dy-
namics by allocating more land for green crops, which could contribute
additional organic matter to the soil. Higher soil C inputs of grasses in
comparison to cereals have been reported in several studies (Kuzyakov
and Domanski, 2000) although there are still considerable uncertainties
in estimating, for example, the root biomass or the amount of rhizode-
position (Pausch and Kuzyakov, 2018).

As a result of higher C inputs, the results of this study indicate an
increase in SOC stock under SI scenarios over both 20-year and 100-year
simulation periods. The difference in the results of different simulation
periods reflects the sigmoid nature of C accumulation in the soil, which
reaches its maximum rate within 5-10 years after implementing new

practices and then moderates until equilibrium is reached, typically
after 15-100 years (Guo and Gifford, 2002). Consequently, a shorter
simulation period tends to show more pronounced increases in SOC
stocks. In this study, the 20-year simulation period yielded annual SOC
stock change estimates that were 114-136% higher, depending on the
scenario, compared to the 100-year simulation. This illustrates how the
choice of time horizon strongly influences the magnitude of reported
climate mitigation effects associated with the dynamic process of SOC
sequestration (Joensuu et al., 2021).

The combination of yield increases, and a reduced grain diet (S3)
resulted in the highest C inputs and SOC stock among all scenarios,
highlighting the synergistic effects of combining multiple SI practices.
This approach maximizes the carbon sequestration potential of boreal
farming systems while improving both crop and livestock productivity.
Additionally, diet modifications enhance soil carbon sequestration by
allocating more land to green crops.
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The increase in productivity, leading to more efficient land use,
demonstrated the potential to reduce land requirements and associated
GHG emissions. The emission reductions are particularly high when land
sparing is allocated to organic soils. In our results, production-related
emission reductions were particularly high in scenarios S4, S5 and S6
that did not consider the emissions from the alternative land use.
Cultivation of organic soils accelerates the decomposition of organic
matter, leading to higher CO: emissions (Myhre et al., 2013) and
reducing cultivation of these lands can significantly contribute to

climate change mitigation (Kekkonen et al., 2019). It is still important to
notice that the emissions from alternative land uses of organic soils are
very seldom completely emission-free. For example, organic soils that
could be taken out of cultivation may be suitable for afforestation
(Sarkkola, 2008). However, afforestation requires drainage, which can
cause peat degradation if the peat remains above the water table. In such
cases, rewetting is the most effective mitigation measure and has, in
some instances, resulted in agricultural areas becoming carbon-neutral
or even carbon sinks (Herbst et al., 2013). While these results are
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specific to Finnish boreal conditions with a high share of organic soils,
similar mechanisms may be relevant for other northern crop-livestock
systems with comparable soil and land-use characteristics.

4.2. Life cycle GHG emissions at farm and product level

The LCA analysis was conducted with system boundaries including
and excluding SOC stock change and with or without fallow. Assess-
ments were made using multiple functional units representing whole-
farm, product- and area-based perspectives. Using multiple functional
units, with or without SOC stock change, scenarios with similar char-
acteristics were highlighted as best performing. At the whole-farm level,
improved yield, a high forage proportion and reduced cultivation of
organic soils resulted in the lowest total climate impacts, as observed in
scenarios S3 and S6. When the assessment was conducted per hectare,
similarly, scenarios with improved yield and reduced organic soils, (S3
and S4) performed best compared to others within the same system
boundaries. In product mass-based assessment per FPCM, deviations
were observed due to the strong role of productivity, nevertheless,
improved yields and reduced organic soils were also associated with
better environmental performance (S1, S4). The results of the product
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level assessment were consistent with previous studies on Finnish cattle
production, which have similarly shown that productivity plays a major
role when life cycle emissions are assessed at the product level
(Huuskonen et al., 2023, 2025; Hietala et al., 2021).

The inclusion of SOC stock change affected scenario interpretations
only slightly in terms of ranking. For scenarios with reduced organic
soils and no fallow (S4-S6), the ranking order remained unchanged
because SOC stock changes were small. However, for scenarios S1-S3,
SOC stock change played a larger role, and when assessment per FPCM
was applied, the ranking order changed. In this case, a higher forage
proportion combined with improved crop yields (S3) was favoured over
the BL scenario with higher milk productivity but average crop yield.
This was due to smaller SOC change emission in comparison to BL.
Overall, inclusion of SOC stock change affected the magnitude of total
GHG emissions much more than the relative ranking of scenarios.

The inclusion of SOC stock change had a major impact on the
magnitude of total GHG emissions and of the estimated mitigation po-
tentials. Accounting for SOC altered the overall interpretation by high-
lighting the importance of soil-related processes, particularly emissions
from organic soils, alongside animal-related sources. These findings
underline that excluding SOC stock changes may lead to an incomplete
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picture of climate mitigation potential in boreal dairy systems. Because
scenarios including fallow (S1-S3) and those excluding fallow (S4-S6)
apply different system boundaries, direct numerical comparisons be-
tween these groups should be interpreted with caution. This further
emphasizes the importance of harmonised methods and the role of SOC
stock change when included in LCA.

Independent of the functional unit applied, methane emissions from
enteric fermentation remained the largest contributor to climate impacts
in all scenarios, including the baseline, with or without SOC stock
change. When SOC stock change was included, it became the second-
largest contributor in scenarios including fallow, while its contribution
remained low in scenarios without fallow. This reflects the magnitude of
differences between assessments with and without SOC stock change.
When SOC stock change was included, the contribution of other farm
processes was either diluted (when SOC stock change increased emis-
sions) or remained nearly unchanged (when SOC stock change was small
or resulted in slight sequestration). From a mitigation perspective, in-
clusion of SOC stock change can therefore shift the identification of
priority mitigation measures: Without SOC accounting, mitigation ap-
pears to focus on animal and cultivation processes, whereas inclusion of
SOC highlights the importance of soil-related processes.

The time horizon used for SOC stock change followed Knudsen et al.
(2019) and Petersen et al. (2013), applying a 100-year perspective. This
approach reduces the relative emphasis on SOC stock change compared
to other life cycle stages. It deviates from approaches such as the PEF
method, which follows the PAS2050 approach and applies a 20-year
time horizon (European Commission, 2021; BSI, 2011). While shorter
time horizons may provide insights for practical decision-making, the
100-year time horizon ensures consistency with international climate
assessment standards and provides a robust estimate of long-term
mitigation potential. Based on these results, we recommend using a
100-year time horizon for integrating SOC stock changes into LCA,
complemented by shorter-term results (e.g. 20 years) to inform
near-term policy and management decisions. Given that annual SOC
stock change estimates were 114-136% higher over a 20-year time span,
shorter time horizons would particularly emphasize mitigation related
to SOC dynamics, including both sequestration and emissions. This
demonstrates how strongly time horizon selection influences the re-
ported magnitude of mitigation potentials associated with SOC.

Previous studies have questioned whether mass-based functional
units adequately capture the complexity of multifunctional production
systems and have recommended parallel use of area-based functional
units (Adewale et al., 2018; Hashemi et al., 2024; Pérez et al., 2024). In
this study, scenarios were assessed using whole-farm and hectare-based
functional units alongside mass-based assessment. Compared to
product-based assessment, whole-farm assessment resulted in different
performance rankings, particularly for scenarios without fallow. For
scenarios including fallow, whole-farm and hectare-based assessments
resulted in similar rankings, but these differed from product-based re-
sults. These findings are consistent with Hashemi et al. (2024), who
observed lower impacts per hectare for organic farming while
mass-based results were comparable, and with Pérez et al. (2024), who
reported ranking differences depending on the selected functional unit.
These findings underline the importance of using representative func-
tional units, or multiple functional units in parallel, to capture both
production efficiency and local environmental burdens. Pre-crop effects,
green fallow and their impacts over multiple years remain important
challenges for LCA. In this study, fallow was incorporated into the sys-
tem boundary through system expansion, influencing production area,
soil emissions and consequently climate impacts per kg FPCM.

Environmental and climate impact information is increasingly used
by producers, industry, policy makers and consumers to guide mitiga-
tion efforts and support informed decision making. To provide reliable
information, it is essential to apply methods with appropriate system
boundaries, sensitive functional units and transparent identification of
emission hot spots and mitigation potentials. In this study, SOC stock
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change, including both carbon sequestration and emissions, was inte-
grated into LCA and assessed using multiple functional units. Inclusion
of SOC stock change had only a limited effect on scenario rankings, but a
substantial effect on the magnitude of climate impacts and the contri-
bution of different life cycle stages, particularly in systems with land use-
related emissions. These results demonstrate the importance of
including SOC stock change in LCA, while also highlighting the need for
methodological consensus to ensure transparency and comparability
across studies.

4.3. Limitations and recommendations

The results of the study are based on computational assumptions and
modelling approaches, which inherently include uncertainties. The
simulated differences between scenarios are driven by the assumptions
applied consistently across scenarios. While the results indicate that
both yield increases and dietary modifications can significantly enhance
soil carbon inputs and SOC stocks, the effectiveness of these practices in
real-world conditions will depend on local factors, including soil type,
climatic conditions, and existing management practices (Lessmann
et al., 2022). Consequently, farmers and policy makers should adopt
flexible strategies that allow SI practices and their combinations to be
customized to local conditions, thereby maximizing their benefits.

Our findings highlight the potential of SI practices to contribute to
management-driven climate mitigation in boreal regions. By increasing
soil carbon inputs, these practices not only enhance SOC stocks but also
improve soil health and resilience, supporting the long-term sustain-
ability of agricultural systems (Cassman and Grassini, 2020). However,
the range of Sl-practices analysed in this study was relatively limited,
potentially overlooking other management options that could influence
carbon inputs, SOC stocks, and GHG emissions. The analysis focused on
yield improvements and dietary modifications and did not include other
potential mitigation measures such as manure processing technologies
or novel feed additives.

The results are specific to boreal crop-livestock systems, particularly
those with a high share of organic soils, which may limit their applica-
bility to other climatic regions or agricultural systems. The use of the
Yasso07 soil model and Carbon Calculator involves specific assumptions
and parameters, which influence predicted SOC dynamics and emission
estimates. While climate change impacts were not explicitly assessed
here, it is important to note that rapid warming in the boreal region may
affect crop yields (Palosuo et al., 2021) and SOC stocks (Heikkinen et al.,
2022) and thereby affect the potential of SI options to mitigate emissions
in a changing climate. This further highlights the urgency of various
actions that would improve soil carbon stocks and agricultural produc-
tion in the region. Furthermore, the current study did not fully capture
interactions and synergies between multiple SI practices, which could
significantly influence the overall effectiveness of SI strategies in
reducing GHG emissions.

To realize the full climate benefits of SI practices, it is essential to
implement them as part of integrated farm management strategies. Such
strategies should address multiple challenges facing boreal agriculture,
including climate variability, economic constraints, and the need for
resilient production systems.

5. Conclusions

The study demonstrates that increasing yields through improved soil
conditions and reducing grain proportions in dairy cow diets can
significantly enhance management-driven climate mitigation, through
reduced GHG emissions and increased SOC stocks, in boreal crop-
livestock farming systems. Implementing these SI options together pre-
sents a promising strategy to improve the sustainability and climate
resilience of agriculture in Finland and in comparable boreal regions
with similar soil and land-use characteristics.

The findings highlight the critical role of organic soils as a major
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source of GHG emissions in boreal farming systems. SI options that
reduce the land area required for feed production can substantially
lower emissions, especially when such reductions are targeted at organic
soils. While completely banning the cultivation of organic soils is
impractical in a peat-rich country like Finland, exploring mitigation
strategies such as afforestation and rewetting remains essential. The
effectiveness of these measures, however, depends strongly on site-
specific conditions and management choices.

This study contributes to the existing literature by providing a whole-
farm life cycle assessment that integrates SOC stock changes with
productivity-enhancing and dietary SI strategies and evaluates outcomes
using multiple functional units. Future research should focus on opti-
mizing these practices, addressing potential trade-offs between pro-
ductivity, emissions and land use, and considering the impacts of
changing climate on production conditions and SOC stocks. In addition,
integrating empirical field measurements (e.g. SOC and yield observa-
tions) with modelling would improve validation of key assumptions and
strengthen the applicability of the results under boreal conditions.
Additionally, socio-economic factors, such as costs, labour requirements
and adoption barriers should be considered to assess the feasibility of SI
options. Overall, integrating productivity-enhancing and emission-
reducing management practices represents an important pathway to-
ward low-emission dairy systems in boreal crop-livestock agriculture.
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