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A B S T R A C T   

Soil carbon sequestration is a recognized climate mitigation method, but it involves changes in the practices of 
more than 0.5 billion farms worldwide. Regionally customized carbon-farming programs are one way to tailor 
soil carbon storage to local conditions. We conducted farmer participatory research on 105 Finnish farms to 
investigate how farmers approach carbon (C) sequestration. We conducted training for farmers in the basics of 
carbon-farming and instructed them to make a Carbon Farming Plan for one of their fields. The plans were 
evaluated by a team of experts and through soil C balance calculations. In addition, potential nutrient limitations 
and the existing C stock were identified from soil tests. Although the existing C stocks were relatively high, an 
assessment of the plans indicated high potential for additional C storage (median 320 kg C ha− 1year− 1). The 
plans did not show any sensitivity to the existing C stock, with similar C inputs planned for low organic matter 
(OM) and high OM soils. The farmers either did not know their C stock or were not familiar with the C balance 
concept. Most soil samples showed considerable nutrient deficiencies (P, S, B and Mn), which can limit C storage. 
The quality of most plans was adequate for research with minor modifications. The largest C storage potential 
was estimated for measures with large additions of nutrient-poor amendments or in grazing. Most farmers chose 
measures with relatively low C storage benefits but high potential benefits for soil structure and productivity 
(cover crops, nutrient-rich amendments, grassland management). The C gain from some measures (subsoiling, 
diversity in grasslands) could not be estimated with current methodologies. The magnitude of planned C storage 
over 5 years on most farms was so small (<0.5% OM), that it is challenging to measure it through soil sampling. 
This finding supports the earlier conclusions that a combination of modeling and soil sampling is needed to verify 
the C storage.   

1. Introduction 

Carbon sequestration in agricultural soils has been identified as a key 
process for climate change mitigation (Paustian et al., 2019). In spite of 
some fundamental open questions on carbon persistence and stabiliza-
tion (Lehmann and Kleber, 2015) as well as economic, political and 
social aspects (Poulton et al., 2018), there is a strong agreement in 
implementing carbon-farming in practice (Bradford et al., 2019). 
Therefore, “carbon-farming” is promoted as a way to reduce climate 
change impact and adapt to changing climate (Bradford et al., 2019; 
Chenu et al., 2019; Paustian et al., 2019). 

The well-known 4p1000 initiative aims at increasing soil organic 
carbon (SOC) stock by 0.4% annually (Chenu et al., 2019). This 

initiative has also been criticized, as it is claimed to require unrealistic 
amounts of additional manure or a shift to ley farming from crop pro-
duction (Poulton et al., 2018). Increasing soil organic matter (SOM) 
stock will also require nutrients such as nitrogen, sulfur and phosphorus 
(van Groenigen et al., 2017). The arguments both for and against carbon 
sequestration have focused on biophysical constraints and economic 
boundaries using long-term scientific field experiments as the basis 
(Rumpel et al., 2019). However, farmlands are managed by approxi-
mately 570 million farms worldwide (Lowder et al., 2016) with their 
own goals and ambitions. Farms have very different resources and mo-
tivations for participation, with 94% of farms being smaller than 5 ha 
(Lowder et al., 2016). The participation of farmers in carbon-farming 
initiatives has been linked to farmers being able to improve soil 
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productivity and network with forerunner farmers (Kragt et al., 2017). It 
is important to find collaboration networks for different kinds of farms 
transitioning to carbon-farming. 

Soil carbon storage requires updating the skillset farmers currently 
have. Most farmers lack in-depth scientific knowledge about sustainable 
soil management (Ingram, 2008). The problem also reaches advisory 
services, which have the challenge of interpreting rapidly developing 
scientific findings into practical soil management (Ingram and Mills, 
2019). Farmer participatory research and citizen science can circumvent 
this problem, by taking the farmers into research as information 
co-creators (Snapp et al., 2019). By providing farmers tools to evaluate 
their soil condition, farmers can be empowered to find solutions to 
problems themselves and get feedback for their management actions. 
Examples of farmer led soil surveys are the visual assessment of soil 
structure (Ball and Munkholm, 2015) and earthworm counts (Stroud, 
2019). Forerunner land managers are commonly found to run experi-
ments on their own to identify root causes (Mann et al., 2019). Providing 
direct feedback can motivate farmers to improve soil health, even 
without additional subsidies or carbon markets (Carlisle, 2016). 

Farmer participatory research has been widely used in soil conser-
vation projects (Dalton et al., 2011; Pagliarino et al., 2020; Snapp et al., 
2019). A key benefit of participatory research is that it can generate 
management options that originate outside research and current 
extension recommendations and point toward future research needs 
(Snapp et al., 2019). 

The current study summarizes the lessons learned during the training 
of 105 Finnish farmers to create five-year carbon management plans for 
field parcels on their farms. The training is part of the Carbon Action, 
which is a broad research initiative aimed at implementing carbon- 
farming in Finland. In this study, we analyze the Carbon Farming 
Plans by the farmers and present the most popular strategies and man-
agement actions as well as potential challenges for research. In addition, 
we present a simplified calculation on how management could poten-
tially influence the soil carbon balance through increased carbon inputs 
from crop residues and manure. 

2. Materials and methods 

2.1. Collecting a voluntary group of farmers 

A core resource in Carbon Action initiative is a group of volunteer 
farmers, who test carbon-farming practices on their own fields and 
collaborate with researchers to uncover more research questions. At the 
beginning of the study in December 2017, we recruited volunteer 
farmers in an article in the country’s main agricultural magazine 
(Maaseudun tulevaisuus) and through the newsletter of the Central 
Union of Agricultural Producers and Forest Owners (MTK). The original 
goal was to have 100 farms, and 130 interested farmers contacted us 
within a couple of weeks. We explained that participation would require 
farmers to: 1) select a plot for carbon-farming experiments, 2) partici-
pate in training, 3) take soil samples at the start of the study and after 5 
years, and 4) make a 5-year carbon-farming plan (Plan) for the plot. The 
purpose of these requirements was to create a network of research sites, 
which are used for detailed studies. Details of these requirements are 
presented in Section 2.2. and 2.3. Of the interested farms, 25 were not 
ready to commit to multiyear research, so the final group consisted of 
105 farms, representing 0.2% of the farms in Finland (LUKE, 2020a). 

The 105 voluntary farms covered the variation in Finnish agricul-
ture. They included animal husbandry, grain and vegetable production 
in both organic (46%) and conventional (54%) farming. Soil types 
ranged from clay (55%) to sand and silt (41%), and organic soils (his-
tosols, 4%). The participating farms were on average larger (107 ha) 
than the national average (49 ha, (LUKE, 2020b)). The group consisted 
of larger farms and more organic farmers than average farms. However, 
the group is considered representative of active professional farmers 
who are interested in developing their farms. 

2.2. Helping farmers make Carbon Farming Plans 

Our voluntary farmers were forerunners (early adopters) and eager 
to test new methods in practice. We wanted them to slow down and 
make a deliberate carbon-farming plan before implementation (Fig. 1). 
This provided information on their prior knowledge, their motivations, 
strategies and practices. 

Farmers are familiar with planning crop rotations, field operations, 
fertilization and animal husbandry. We wanted to leverage this prior 
knowledge and also ensure that the farmers all had a common under-
standing of carbon storage and the methods involved. In 2018 farmers 
participated in a two-day workshop on carbon-farming. The workshop 
included scientific lectures on soil carbon balance, climate science and 
microbiology as well as practical sessions led by forerunner farmers 
(farmers who had multiple year experience on applying the methods on 
their own farms). Farmers also had the opportunity for multi-level 
networking with other farmers and researchers during the workshop. 

During the workshop the farmers were asked to choose a “carbon 
pathway” based on the different components of carbon storage, their 
personal interests, and the conditions of their soils. The pathway options 
were the following: 1) increasing photosynthesis during crop growth; 2) 
lengthening photosynthesis period (winter sown crops, leys and cover 
crops); 3) improving soil biological activity; 4) improving soil structure 
and rooting depth; and 5) managing organic soils for carbon storage. The 
carbon pathways were generalized from research (Chenu et al., 2019; 
Paustian et al., 2019) deliberately at a strategic level to avoid lock-in 
into a single measure. After the workshop, farmers were provided 
with information on different measures and were asked to choose a 
measure, which would fit their chosen experiment field and strategy. 
The measures are presented in Table 1 and the questions asked are in  
Table 2. 

Based on their chosen measures, farmers were assigned to learning 
groups to learn from each other and from the participating researchers. 
The discussion and groups were organized into Slack online portal. 
Finally, the farmers were asked to develop a plan for increasing the 
carbon stock of a chosen field plot (c.a. 3 ha size) over the next 5 years. 
Each Carbon Farming Plan consisted of a crop rotation, the planned use 
of cover crops, organic amendments and specific management actions 
(tillage, seed mixtures, fertilizer) aimed at increasing soil carbon. In 
addition, the farmers were asked to evaluate their field and describe the 
field’s soil condition. 

A multi-stakeholder panel of experts evaluated the plans in late 2018 
and early 2019. The panel consisted of members of Carbon Action’s 
steering group (BSAG, 2018). Over 50% of the steering group partici-
pated in this evaluation process. The group (15 participants) consisted of 
professors and senior researchers in agricultural technology, soil sci-
ence, climate science and ecology, as well as professionals from agri-
cultural extension and governmental organizations. The experts 
gathered for five sessions and worked between sessions. The group 
provided feedback on all 105 Carbon Farming Plans, suggesting cor-
rections where necessary, to ensure that the planned carbon increase can 
be achieved and measured. The expert panel did not have predefined 
criteria for evaluating the plans, but instead developed them during the 
process. The carbon balance tool in Section 2.3 is one example of the 
evaluation methods developed. The feedback process provided learning 
for both farmers and the members of the expert panel. 

After the plans were completed and approved by the expert panel, 
farmers began implementing them independently. At this stage, we 
recruited professional farm advisors to work with the learning groups in 
implementing the changes and continue the learning process. The 
implementation of the Plans is currently ongoing, and the progress is 
monitored annually through farmer notes and researchers’ sampling of a 
subset (N = 20) of all fields with more detailed soil health measure-
ments (Mattila, 2020). All fields are due to be resampled in 2023 for 
changes in carbon stock. The original samples are also stored for carbon 
fractionation. 
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2.3. Soil sampling, nutrient analysis and estimated carbon balance 

At the beginning of the study, the participating farmers sampled each 
test field and the control fields based on three geo-referenced points in 
each field. On each point, 10 soil samples were collected on the 
circumference of a 10 m radius circle. This method allows for repeated 
sampling of the same locations, but it was assumed that the pooled 
sample avoids problems from small-scale variability. The samples were 
collected to 20 cm depth using 14 mm diameter soil corers. The separate 
samples from each point were stored in frozen condition for further 
carbon fractionation studies, and a pooled sample was used to estimate 
initial conditions for this study (n = 210). The pooled samples were 
analyzed for elemental C and N (LECO, Michigan, USA), for soil organic 
matter with loss on ignition (LOI), and for plant available nutrients (P, K, 

Ca, Mg, S, Zn, Cu, Mn, B), pH and soil texture using the Finnish soil 
fertility method (ammonium acetate + EDTA) (Lakanen and Erviö, 
1971; Vuorinen and Mäkitie, 1955). The aim was to identify potential 
nutrient limitations, which can limit productivity and SOM accumula-
tion (Tipping et al., 2016) and to characterize the initial state of the 
fields. The results of the soil test were sent to the farmers along with 
calculated lime and fertilizer recommendations. The application rates 
were calculated simply from the mass of nutrients required to bring the 
concentration from the current level to the recommended level, 
assuming a 2000 t/ha topsoil weight (1.0 kg dm− 3 bulk density, which 
was the median value of sampled soils). The farmers were advised to 
discuss the results with their learning group crop advisor to ensure the 
applicability of the procedurally generated advice. 

The measured carbon concentration and the planned carbon inputs 
were used to calculate a rough estimate of the carbon balance. This 
comparison of inputs vs. estimated decomposition allowed us to esti-
mate whether the planned measures would: 1) maintain the current 

Fig. 1. Connecting research, farmers and advisors through planning, training and monitoring. Carbon farming plans and their implementation were the results of this 
farmer participatory research process. 

Table 1 
Carbon storage measures and feedback received by the farms.  

Measure N Accepted 
as is 

Minor 
revisions 

More 
C 
input 

Change 
group 

Change 
field 

Cover crop  31 11 16 3 1  
N-rich 

material  
15 3 6 3 1 2 

All in  14 6 2 2 3 1 
Subsoiling  14 2 9 1 1 1 
Multi-variety 

ley  
10 5 3 1 – 1 

N-poor 
material  

6 5 –  1 – 

Ley in 
rotation  

6 5 1 – – – 

Grazing  4 2 1 1 – – 
Maintaining 

C-stock org. 
soils  

4 – 1 2 1 – 

Agroforestry  1 – – – 1 – 
Sum  105 39 40 12 8 6  

Table 2 
Questions asked from the farmers in the Carbon Farming Plans.  

Field chosen for the trial (name, area, soil type, results from previous soil nutrient 
testing). 
Is the field tile drained? Has the tile drainage been maintained? 
Why did you choose this field? Are there any soil health or soil quality problems on 
this field? 
Previous soil management (previous five crops, organic certification) 
Application of soil amendments and manure in previous years. 
Tillage and pesticide use history. 
General description of fertilizer practices. 
What general carbon strategy would you like to implement? 
What measures are you using to apply the strategy? 
How would you apply the measures in the five coming years for the experimental 
field plot? 
What is your planned crop rotation? 
What is the difference in management between the experimental field plot and the 
control plot? 
Is there anything else you want to tell about the test field?  
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carbon stock and 2) generate a measurable difference in 5 years’ time. 
The balance was constructed as a first-order differential equation as in 
several other studies (Andrén and Kätterer, 1997; Caruso et al., 2018; 
Chenu et al., 2019; Magdoff and Van Es, 2009): 

dCsoil

dt
= decomposition+ input = − kCsoil +

∑
hiCi (1)  

Where Csoil is the current soil carbon stock, Ci is the carbon input to the 
soil from different sources (above and below ground plant residues, 
manure, and soil amendments), k is a first-order decomposition term and 
hi is the fraction of carbon input which is not rapidly lost through 
decomposition (i.e. “humification coefficient”). It should be noted, that 
the model is mechanistically “wrong” in the sense, that the decompo-
sition of organic matter is highly dependent on local microbiological, 
pedological and ecological factors (Lehmann and Kleber, 2015). How-
ever, such simple balance models can be used to identify how decom-
position and planned carbon inputs influence soil carbon storage 
(Caruso et al., 2018; Chenu et al., 2019). Such models also replicate 
experimental time series if parameterized to local conditions (Kätterer 
et al., 2011). The model in (Eq. 1) was used in this study as an analytical 
framework for comparing the farmers’ plans to each other and to the 
current carbon stock. Therefore, the results should not be generalized to 
other regions or to be taken as predictions of SOC stock changes. 

Because of the limitations for generalizing the model, we used local 
datasets (Finnish and Swedish) for calibrating the model. For the pur-
poses of the study, we assumed that k = 0.01, which conforms to YASSO 
modeling of long-term SOC decomposition in Finnish soils (Akujärvi 
et al., 2014). This decomposition rate was much lower than 0.03 pre-
sented for warmer climates (Magdoff and Van Es, 2009) but also higher 
than 0.006 calibrated for Sweden (Andrén and Kätterer, 1997). The 
initial C-stock was calculated from elemental C-results and C/LOI ratio 
for the farms where elemental C was not measured. For the stock 
calculation, the soil bulk density was calculated from the weight of the 
samples collected with a fixed number of cores per point (10 cores per 
point, 30 cores per field, 14 mm diameter core). Although the core was 
much narrower than in the standard method of soil bulk density (Hartge 
and Horn, 2009), the bulk densities were reasonable, also compared 
with soil surface cores taken in 2019 (Mattila, 2020). The benefit of the 
smaller cores was that a large number of samples could be collected by 
the farmers and the bulk density and the carbon content was measured 
from the same sample. The mini-core method is planned to be used also 
in 2023 to compare the changes in carbon stock. During that sampling 
round, a larger corer (80 mm) is also used to check the error introduced 
by a small diameter corer. 

We estimated carbon inputs at two stages following the Tier 3 
approach of the UNFCCC national greenhouse gas inventory (Statistics 
Finland, 2020). First, we classified each plan for the number of years in 
crop rotation for silage, hay, green manuring, summer grains, winter 
grains, oilseed crops, pulses, potatoes, sugar beet and vegetables. Then, 
we converted crop years to carbon inputs by using the harvest indices, 
root/shoot ratios and root turnover fractions of the national greenhouse 
gas inventory report (Statistics Finland, 2020) and the average yields of 
each crop (LUKE, 2020b). For pastures and green manures, we assumed 
that the total yield is returned as aboveground inputs. (For pastures this 
was an unrealistic assumption, but still similar to a more realistic 
assumption of grazing half of the crop (Crider, 1955; Dowhower et al., 
2020) and returning the indigestible fraction as a more stable material 
(Powers and Van Horn, 2001).) Average national amounts and dry 
matter contents were used for manure application rates mentioned in 
the plans (Luostarinen et al., 2018). For cover crops we assumed a dry 
matter yield of 2 t/ha and used the same root expansion factor as for 
winter cereals. This assumption resulted in a carbon gain (hiCi) of 
320 kg C/ha/year for each year of cover crops, which is similar to 
measurements in Sweden (330 kg C/ha/year)(Poeplau et al., 2015) and 
a metareview (320 kg C/ha/year)(Poeplau and Don, 2015). We used 

different “humification” coefficients (i.e. retention coefficient, the 
fraction of carbon remaining after one year of decomposition) for 
aboveground inputs (17%) and belowground inputs (39%) (Kätterer 
et al., 2011). This assumption conformed to the observations that roots 
provide more stabilized SOM than aboveground inputs (Kätterer et al., 
2011; Sokol and Bradford, 2019). For farmyard manure, 32% was used 
as the retention coefficient (Kätterer et al., 2011). The same coefficient 
was used for paper mill sludge and other soil amendments. Some plans 
used biochar and we assumed a 97% retention based on Wang et al. 
(2016). 

The parameters used for the carbon balance estimate are presented in 
Supplementary Information along with the crop rotation and manure C 
inputs estimated for the farms. As the stability of organic matter is 
probably different in different soil ecosystems (Lehmann and Kleber, 
2015), the parameters should not be used outside the study region 
(humid cold temperate). 

3. Results 

3.1. How did the farmers approach carbon storage? 

Farmers favored some carbon pathways over others. Almost half of 
the farms chose improving soil structure (49), followed by increasing 
soil biological activity (25), increasing photosynthesis duration (18), 
increasing photosynthesis intensity (13) and maintaining C-stock on 
organic soils (2). 

After choosing a pathway and identifying potential problems in the 
field, the farmers chose a management measure (Table 1). Farmers most 
frequently chose cover crops, followed by importing nutrient-rich (N- 
rich) soil amendments, subsoiling and ley diversity. Adding nutrient- 
poor (N-poor) material, including leys in monocropping rotations, 
improved grazing practices, maintaining C-stock on organic soils and 
agroforestry were less popular options. A total of 14 farms chose the “all- 
in” group, in which all possible methods are used for maximum carbon 
storage. 

Based on the field-specific carbon balances (Eq. (1), data presented in 
Supplementary Information, results in Fig. 3), the farmers’ plans had 
similar amounts of carbon inputs from both crop residues and imported 
carbon sources. A total of 47% of the farms planned to add manure or 
soil amendments, with the C input from these sources accounting for 
50% of the (stable) carbon input to the soil on those farms (“input” term 
in Eq. (1)). Averaged over all farms, the C from exogenous sources was 
only 33% of the total C input. This showed that the farmers relied more 
on field-grown carbon increases compared to imported carbon. 

During the implementation stage, the farmers became active par-
ticipants in increasing knowhow. Many hosted field tours and “open 
farm” days. This also generated interest in the local media and the 
participating farmers were interviewed in television news and 
newspapers. 

3.2. Problems identified in the Carbon Farming Plans 

The expert panel provided feedback on the Carbon Farming Plans 
(Table 1). Of the plans, 37% were suitable as is and the rest needed 
changes. Most of the needed changes were minor, such as decreasing the 
number of variables between the trial and the control plot (e.g. no 
manure on only one field of the paired plots, unless the management 
action is the addition of N-rich materials) and related to providing 
research results. Only 12 of the plans required additional C inputs to 
have a measurable effect. Plans with low C input commonly included 
only a single year of cover crops, manure or ley in the 5-year rotation, 
and indicated misunderstanding by the farmer of the scale of changes 
necessary for carbon storage. A review of the plans identified discrep-
ancy between the measure chosen and the farming practices described in 
8 cases, and these were simply moved to a more suitable group. Initial 
differences between the trial and control fields were too large in six 
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farms based on the soil test results, so the expert group suggested the 
farmers find a more homogeneous field pair. 

The expert group accepted 83% of Carbon Farming Plans with the 
measures “N-poor material” and “inclusion of a ley into monocropping” 
and 50% of Plans with the measures “improved grazing” and “added 
grass diversity” with no changes required. For the remaining measures, 
more than half of the Plans required changes to provide verifiable car-
bon storage. 

Three groups – cover crop, N-rich material addition and C-stock 
maintenance in peatlands – had Plans where the planned C-input was 
too small (as estimated with Eq. (1)). For the peatlands this result was 
understandable as maintaining the C-stock would require considerable 
C-additions to balance out decomposition of several t/ha/a. Farmers 
found it challenging to have cover crops for most years in the rotation, as 
only a single year of cover crops is unlikely to produce measurable 
result. For N-rich materials, environmental regulations limited the 
application of P-rich amendments in fields with high phosphorus levels. 
Limiting total P application to conform to regulations also limited the C- 
inputs. This problem was encountered only for a small subset of the 
fields, as most fields were deficient in P (Fig. 2). However, some farms 
with good access to manure also had high P levels. 

Many fields had nutrient deficiencies or excesses (Fig. 2). Most fields 
had pH and cation exchange capacity in the recommended ranges, but a 
third of the soils had Ca deficiency, and a third had either Mg de-
ficiencies or excessive Mg. Soils had K deficiencies in 10% of cases, while 
10% had excess K. Other deficiencies included the following: 55% 
deficient in P, 43% in S, 40% in Zn, 69% in Mn and 77% in B. In contrast 
to these results on nutrient deficiencies, only 16 farmers identified 
nutrient deficiencies as growth limiting factors when describing the field 
condition. 

3.3. Potential effect on carbon balance 

In the dataset of samples, where both organic matter (OM) and C 
were measured (72 farms, nfields=144), the ratio of C/OM was 
0.41 + − 0.05. The average carbon stock in the topsoil was 78 t C/ha, 
but the range was large (11–513 t C/ha). Despite the large initial C- 
stocks, the carbon balance was positive for 78% of the plans (Fig. 3). 
Overall, 55% of the farms planned to exceed the 4p1000 initiative target 
of increasing topsoil organic C-stock by 0.4% annually. Most fields with 
negative carbon balances could have shifted to positive carbon balance 
by increasing the C-input to the level of the highest planned inputs 
(Fig. 3). One exception was an organic soil with 90% SOM concentra-
tion, where C-inputs could not be raised to the level of decomposition. 

Based on the simplified carbon balancing estimate, the median car-
bon balance was 360 kg C/ha/year (95% confidence interval − 580 to 
1700 kg C/ha/year). The carbon balance was equally determined by the 
estimated SOM decomposition (R2 = 0.51) and planned carbon input 

(R2 = 0.55). There was no correlation between the estimated decom-
position and planned C input (R2 = 0.005). Organic farms had higher 
median C-inputs (1.2 t C/ha/year) than conventional farms (0.8 t C/ha/ 
year), but the 90% confidence intervals for both farm types were the 
same (0.6–2.3 t C/ha/year). The SOM concentration in organic farms 
was only slightly higher (7.6%, 4–14% CI) than on conventional farms 
(7.3%, 3–12%). 

The highest planned carbon inputs were in N-poor and N-rich soil 
amendment addition groups (Fig. 4). The absolute highest C-input was 
in a plan with annual biochar and manure additions. On average, the 
“grazing” and “All-in” groups had high carbon inputs. The smallest 
estimated carbon additions were in plans with increased diversity in 
grass crops, subsoiling and cover crops. For many measures (subsoiling, 
added diversity to leys), we were unable to evaluate the additional 
impact on carbon balance. 

The farmers were asked to maintain a control field, where they 
would continue the current farming practices and to describe, how their 
management differed between the carbon-farming plot and the control. 
Based on the described differences, the estimated carbon balance was 

Fig. 2. Nutrient levels for cationic (a), major & Mn (b) and minor nutrients (c). The red triangle is a deficiency limit, and the blue triangle is an excess limit, both 
based on local soil recommendations. 

Fig. 3. Planned additions and removals from soil organic carbon pools in the 
105 carbon farming plans. Points above the 1:1 line have a positive carbon 
balance. Trial fields (filled),control fields (unfilled). (A peat soil site was 
excluded as an outlier from the figure as the decomposition was >8 tC/ha/a.). 
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higher on the carbon-farming plots than on the control plots (median 
difference 308 kg C/ha/a, 95% confidence interval 0–2100 kg C/ha/a). 
However very many of the control plots also had a positive carbon 
balance (Fig. 3), which indicates that the farmers had already imple-
mented carbon-farming measures on their farms. 

The difference between the carbon storage and control field was on 
average small and resulted in a predicted average 0.14% difference in 
SOM concentrations in 5 years, which made the difference difficult to 
detect with soil sampling. Only 16% of the Carbon Farming Plans would 
have resulted in > 0.5% difference in SOM change between carbon- 
farming and control plots. The change in the carbon-farming plot 
compared to the initial state was predicted to be 0.2% on average, with 
19% of plans having > 0.5% predicted change in SOM. 

4. Discussion 

4.1. Summary of findings  

1) Farmers chose carbon pathways, which also have other co-benefits, 
most especially in enhancement of soil structure. Farmers recog-
nized significant problems with soil structure on their test plots, 
which is a good sign as the starting point for improving soil carbon 
storage. Several fields had nutrient deficits, which was poorly 
recognized by the farmers.  

2) After the training, farmers made excellent Carbon Farming Plans. 
The expert panel approved more than half of the plans outright. 
Some plans required minor changes, and some farmers had to 
simplify their plans for research purposes. Few plans required sub-
stantial changes, such as changing the test plot or the carbon-farming 
measure.  

3) The carbon balance calculation produced the same result as the 
expert panel (i.e. it is possible to sequester carbon in soils via the 
chosen measures). The estimated carbon input varied considerably 
between plans. 

4.2. Could the planned measures sequester carbon? 

Model estimates (Fig. 3) and expert panel review (Table 1) identified 
the potential for carbon sequestration through the management plans. 

More carbon input was generated internally (cover crops and diversifi-
cation of crop rotations) than imported (manure and soil amendments). 
This was promising as carbon-farming measures are needed especially in 
crop farming with poor access to manure. Grassland and ley mainte-
nance and manure application can be difficult to implement in crop- 
farming regions where there is no use for forage, and where manure is 
not available nearby (Poulton et al., 2018). Clearly, the participating 
farmers had found ways to increase carbon storage by growing more 
biomass in their crop rotation. The existing EU CAP subsidies provided 
economic support for planting cover crops and for having 
non-productive ley years in the rotation. Such production decoupled 
subsidies are not present in all regions, limiting the economic potential 
for diversifying crop rotations. 

The planned carbon inputs (Fig. 4) were much higher than those 
reported for cover crops (320 kg C/ha/year) (Poeplau and Don, 2015). 
The farmers had implemented measures such as crop rotations and 
manure, which increased the overall input. Many farmers used a part of 
the grass crop as green manure, which increased the estimated carbon 
input from crop residues considerably. The initial soil SOC level deter-
mined, if the C-inputs could maintain a positive C balance. At this stage, 
it was too early to say, if the positive C balance would also result in 
increased carbon storage, as this will be confirmed only after the second 
measurement round in 2023. 

Increased application of manure, fertilizer and green manures can 
increase N2O emissions (Jensen et al., 2012). The potential increase of 
emissions should be compared to the potential sequestration to avoid 
problem shifting. Overall Finnish agricultural emissions are 2.8 t CO2 
eq./ha/yr (Statistics Finland, 2020). If the average carbon sequestration 
rate would be 0.33 t C/ha/yr, that would be equal to 1.2 t CO2 eq./ha 
emission reductions, larger than the emissions from ruminants (0.9 t 
CO2eq./ha) or fertilizer and manure N2O (0.4 t CO2eq./ha). Therefore, 
soil carbon sequestration presents an effective climate mitigation option 
for Finnish agriculture and it would have to triple the N2O emissions to 
offset the benefits of increased carbon stock. However, further research 
on the total greenhouse gas balance of carbon sequestration is necessary. 

When choosing their carbon pathways, farmers focused on soil 
structure instead of increasing the growing period. Initially we found 
this surprising, as 60% of farmland consists of spring annual crops, thus 
easily allowing the lengthening of photosynthesis duration (LUKE, 
2020b). However, the farmers’ descriptions of the soil conditions in 
their test fields revealed the reasons for the interest in soil structure. 
Farmers saw compaction, wetness, drought, low yields and low SOM as 
their main motivation to start carbon-farming. Soil compaction can limit 
carbon storage (Colombi et al., 2019) and a third of European soils have 
been compacted already in 1995 and since then the size of agricultural 
machinery has increased by more than 65% (Keller et al., 2019). A focus 
on soil structure can be seen as a way to resolve existing problems 
through carbon-farming. 

Unfortunately, our simplified carbon balance could not model 
increased root density or rooting depth from improved soil structure. 
Subsoiling has been found to either increase carbon stock moderately 
(Feng et al., 2020) or decrease stocks rapidly (Ryals, 2012), but the 
reasons are unclear. Soil layers and depth profiles have been included in 
only very few soil carbon models, such as C-tool (Taghizadeh-Toosi 
et al., 2014), but not in relatively new models such as MEMS or SOMIC 
(Robertson et al., 2019; Woolf and Lehmann, 2019). Soil compaction is 
one example of the difficulties in modeling soil carbon increases, but the 
farmers’ plans also presented other challenges, for example, how to 
model changes in grazing practices, grass cutting height or increased 
diversity in grasslands. All of these may increase carbon storage through 
their effect on soil moisture (Dowhower et al., 2020), grass regrowth 
(Virkajärvi, 2003), or microbial growth (Prommer et al., 2020). 
Including these processes in carbon balance modeling is still a challenge, 
as it would require either modeling the plant-microbe-soil interactions, 
measuring the inputs directly or collecting enough measurements. 

In some ways, measuring soil carbon changes from soil samples is a 

Fig. 4. Planned carbon input in different measures. Note: the carbon input is 
corrected for stability using Eq. (1). 
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way forward, but it also presents considerable challenges in the number 
of samples needed, maintaining a consistent soil horizon and avoiding 
residue to be counted as SOM (Smith et al., 2020). The failure to esti-
mate soil initial bulk density also presents problems for following 
SOC-change over time. When farmers improve soil structure, the bulk 
density decreases, potentially resulting in an overestimation of SOC 
change. In the reviewed plans, the difference in SOC stock caused by the 
measures would be only 0.14% on average after 5 years (Section 3.2). As 
the measurement of a difference of 1 t C/ha in SOC stock requires 
hundreds of samples, many of the planned differences are below current 
detection limits (Heikkinen et al., 2020). 

Regardless, our results demonstrated that farmers plan to increase 
carbon into soils using methods, which they perceive as beneficial to soil 
health. This finding is in congruence with those of other carbon-farming 
studies (Carlisle, 2016; Kragt et al., 2017), namely, that improving soil 
health is a key driver in participation for farmers. Unfortunately, many 
of these approaches are currently poorly modeled and their efficacy can 
only be measured in a few years and even then unreliably (Heikkinen 
et al., 2020). A potential way forward could be to integrate modeling 
and measurements, using specific measures to ground-truth the model 
forecasts as suggested by Fer et al. (2020) and Heikkinen et al. (2020). 

Our results showed, that many farmers can potentially increase soil 
carbon by well-known and researched methods. Cover crops result in 
small but consistent carbon gains (Poeplau and Don, 2015) and many 
farmers are ready to include ley in rotation and add soil amendments to 
improve soil productivity. These are both measures found effective in 
long-term experiments (Poulton et al., 2018). Thus, our results support 
the finding that many farmers are willing to invest in soil health and 
future productivity even when it means smaller immediate economic 
income (Carlisle, 2016). The participating farmers saw problems in their 
soil condition and saw carbon-farming as an investment to improve soil 
productivity. 

Modeling the C stock changes from soil health practices remains a 
challenge, however. Several models are available for simulating SOC 
changes(Smith et al., 2020), but the input-data is not available for many 
practices. Even well researched practices, such as no-till, can result in 
different outcomes in different climates, accumulating little C in general 
(Powlson et al., 2014) but it may be highly beneficial in many arid cli-
mates (Ogle et al., 2019). Measures such as soil loosening (subsoiling) 
and adding diversity to ley grass mix have even less data available for 
detailed simulation models. Therefore, there is a risk of communicating 
on two levels: farmers want to improve soil health and maybe sequester 
carbon as a side product; models can estimate the amount of carbon 
input needed for carbon storage, but little data are available on indi-
vidual measures in individual situations. The farmers would need 
localized models, which could answer their management questions and 
evaluate complex mixes of practices. 

4.3. The necessity of soil analyses in carbon-farming 

The soil analyses showed shortages of nutrients in almost all farms 
(Fig. 2). Deficiencies in P, S, Mn and B were especially notable. The 
elements P and S are direct constituents of soil organic matter (Tipping 
et al., 2016), therefore increasing SOM will result in these nutrients 
being locked into the organic matter. Deficiencies limit crop growth and 
SOM accumulation. Boron is especially important for legumes (Ahmad 
et al., 2012) and for plant-microbe interactions (Lambert et al., 1980). 
Deficiency in Mn may limit crop growth considerably (Römheld, 2012), 
which would reduce carbon inputs to soil. 

The widespread nutrient deficiencies were a surprise, as the farmers 
have been required to take soil samples every 5 years since 1995. Soil 
analyses are used only for fertilizing purposes, while soil health 
improvement is often ignored (Lobry de Bruyn and Andrews, 2016). In 
addition, as the soil sampling is mandatory, there is a tendency to 
measure only the minimum number of nutrients (in Finland, pH, P, K, 
Ca, Mg, S). Only 50% of samples in 2006–2010 in Finland had Cu, Zn 

and Mn measured, and only 6% measured B (Eurofins, 2015). Organic 
matter has historically been estimated by feel and not measured. 

The farmers liked the calculated recommendations from the soil tests 
and planned to use them to apply trace fertilizers, sulfur and lime. This 
response supports the prior findings that farmers want more advice on 
interpreting soil test results (Lobry de Bruyn and Andrews, 2016). 
Repeated soil testing can also answer the questions on what happens to 
nutrient levels as carbon-farming practices are implemented and P and S 
are bound to increasing organic matter reserves (Tipping et al., 2016). 

4.4. Lessons learned from composing Carbon Farming Plans 

Most of the farmers made Carbon Farming Plans, which met the re-
quirements of the expert panel (Table 1) and indicated a positive carbon 
balance (Fig. 3). As demonstrated by the magnitude of the carbon inputs 
in different groups, the level of ambition in the Plans was considerable 
(Fig. 4). 

The most popular measures were cover crops and nutrient-rich soil 
amendments, which farmers included in half of the plans. Both measures 
were familiar to farmers and have been part of the environmental sub-
sidy package for 10 years. Therefore, the farmers, at minimum, knew 
people who have used the methods. If all methods that involve grass-
lands (ley farming, multi-species ley, subsoiling grasslands, grazing) 
were added together, they covered half of plans. Cover crops, nutrient- 
rich inputs and improved grassland management are also directly linked 
to the productivity and cost efficiency of farms. This focus on multi-
functional actions supports the earlier findings that farmers participate 
in carbon-farming programs to improve soil health and productivity 
(Carlisle, 2016; Kragt et al., 2017). In retrospect, training could have 
been more efficient, if we had focused more on the measures which 
proved the most popular in the end. 

Of note is that the least popular measures (nutrient-poor inputs and 
grazing) had high planned carbon inputs. Improved grazing practices 
and biochar additions have some of the largest increases in carbon 
storage per area (Machmuller et al., 2015; Paustian et al., 2019). Also, 
the introduction of leys into grain monocrop sequences has many ben-
efits for soil structure and carbon sequestration, but only six farms chose 
the measure. As farmers choose the measures, which have the most 
benefits for their farm, subsequent trainings should include sessions on 
the benefits of nutrient-poor soil amendments (e.g. biochar, paper mill 
sludge) and diversified crop rotation. Providing information on the 
agronomic benefits of the most effective carbon storage measures is 
likely to increase adoption of those, as agronomic benefits are a key 
decision criteria for farmers (Carlisle, 2016). 

Peat soils were underrepresented in the plans. Approximately 10% of 
Finland’s cultivated area is organic soils (Kekkonen et al., 2019), but 
only four farms chose a peat soil for management (Table 1). This 
omission was partly caused by the discussions during training, where the 
focus was on increasing carbon stocks and peatlands were used as an 
example of soils where C-increase is nearly impossible. However, as the 
plans did not have any correlation between C-stock and C-inputs (Fig. 3), 
it may also highlight that thinking in carbon balances is difficult for 
farmers. 

The level of ambition for the participating farmers was high. Over 
half of the farms exceeded the 4p1000 Initiative target and many had 
planned carbon additions of several tons per hectare per year. This level 
of ambition may not be representative of all farmers, as our volunteers 
represented 0.2% of the overall Finnish farming population and were 
eager to join after only a single newspaper article. In addition, the 
farmers may have chosen fields in poor condition to seek to remedy the 
situation with high organic matter inputs. The balance between low- 
input & high adoption vs. high-input vs. low adoption (Fig. 4) is 
similar to the global estimates on applying carbon sequestration prac-
tices (Paustian et al., 2016). Most farmers chose methods with low 
carbon gain, but easy applicability while few applied large inputs to 
remedy low OM soils (Fig. 3). 
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We spent a large amount of resources for the expert group evalua-
tion. However, many plans were suitable for research without correc-
tions and only a few plans required more C additions to achieve carbon 
storage (Table 1). However, the farmers also appreciated the feedback 
for their plans. If the process would be repeated, much of the evaluation 
can be done automatically through carbon balances and soil test -based 
recommendations. The library of carbon-farming plans can also serve as 
a learning tool for other farmers considering changes in soil 
management. 

Some farmers found it challenging to stick to a single management 
change, which was a requirement for research to determine the effect of 
the measures. We allowed 14 farmers to be in an “all-in” group where 
farmers could proceed with all possible methods for increasing SOC 
stock while continuing their business-as-usual methods on their control 
plot. It was interesting to note, that the “all-in” group did not have a 
larger carbon input than the nutrient-poor input group (Fig. 4). Perhaps 
a focus on several changes limited them from applying a single measure 
fully. 

There was no correlation between the amount of carbon in the soil 
currently and the planned addition of carbon (Fig. 3). This lack of cor-
relation can either indicate, that (a) the farmers were not aware of the 
organic matter content in their soil, (b) the farmers did not think of 
carbon balances when planning or (c) that the farmers with low OM 
wanted to increase OM rapidly, therefore adding much more carbon 
than needed for maintenance. The carbon balance can be a valuable 
teaching tool for farmers to realize, that the larger the C-stock, the 
higher the C-input should be to maintain that stock. This relationship 
between stock and input is an example of system dynamics, which has 
been found to be conceptually hard for land managers to internalize 
(Moxnes, 2000). In earlier studies, presenting simple conceptual models 
(filling or emptying a bathtub) has improved land managers’ manage-
ment of reindeer herds and fisheries (Moxnes, 2000). Many forerunner 
farmers, ranchers and advisors have also been found to be fluent systems 
thinkers, but it is also a learned trait (Mann et al., 2019). Therefore, we 
recommend including some systems thinking and conceptual mass bal-
ance models in farmer training. 

Overall, we would give the following recommendations for someone 
interested in repeating the process: 

• Include advisory services in the process and reserve time for dis-
cussion between research and advisory services so both stay up-to- 
date  

• Start with the facts when the farmers participate in the project: a 
reliable soil test and an estimate of current carbon balance  

• Introduce early on the ideas of systems thinking, mass balances and 
field experiments  

• Include 1–2 forerunner farmers in the training and give examples on 
how the measures have been applied locally  

• Identify the key interests and challenges of the participants and tailor 
the training to their needs and interests  

• Provide support for peer-to-peer learning for each carbon-farming 
practice 

Farmers learn best from other farmers and the interaction in peer- 
groups is a key motivation to farmers’ participation (Carlisle, 2016; 
Kragt et al., 2017; Morrison et al., 2011). A lack of forerunner and 
innovator farms can be a bottleneck in scaling up carbon-farming. 
Fortunately, an increasing number of participating farmers have, dur-
ing the process, become forerunners in their own field. The farmers 
organize field days, collaborate with research, and conduct field tests on 
their farms outside the official “experiment field”. This voluntary 
outreach enables more farmers to get first-hand experience of the 
methods, which has been found to be important in testing and 
continuing the use of soil health methods (Carlisle, 2016). When suc-
cessful, the process can enhance the ability of the participating farmers 
from the first round to teach the next tier of carbon farmers. 
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Vuorinen, J., Mäkitie, O., 1955. The method of soil testing in use in Finland. Maatal. 
maatutkimusosasto. 

Wang, J., Xiong, Z., Kuzyakov, Y., 2016. Biochar stability in soil: meta-analysis of 
decomposition and priming effects. GCB Bioenergy 8, 512–523. https://doi.org/ 
10.1111/gcbb.12266. 

Woolf, D., Lehmann, J., 2019. Microbial models with minimal mineral protection can 
explain long-term soil organic carbon persistence. Sci. Rep. 9, 6522. https://doi.org/ 
10.1038/s41598-019-43026-8. 

T.J. Mattila et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jenvman.2006.12.036
https://doi.org/10.1111/sum.12452
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.1016/j.agee.2011.02.029
https://doi.org/10.1080/17583004.2018.1557990
https://doi.org/10.1016/j.still.2019.104293
https://doi.org/10.1016/j.still.2019.104293
https://doi.org/10.1016/j.envsci.2017.04.009
https://doi.org/10.1007/BF02211700
https://doi.org/10.1007/BF02211700
https://doi.org/10.1038/nature16069
https://doi.org/10.3390/su8040304
https://doi.org/10.3390/su8040304
https://doi.org/10.1016/j.worlddev.2015.10.041
https://doi.org/10.1016/j.worlddev.2015.10.041
https://stat.luke.fi/en/structure-of-agricultural-and-horticultural-enterprises
https://stat.luke.fi/en/structure-of-agricultural-and-horticultural-enterprises
https://doi.org/10.3389/fsufs.2018.00060
https://doi.org/10.3389/fsufs.2018.00060
https://doi.org/10.1038/ncomms7995
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref28
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref28
https://doi.org/10.2307/26796984
https://doi.org/10.2307/26796984
https://doi.org/10.1111/j.1467-8489.2011.00554.x
https://doi.org/10.1111/j.1467-8489.2011.00554.x
https://doi.org/10.1002/sdr.201
https://doi.org/10.1002/sdr.201
https://doi.org/10.1038/s41598-019-47861-7
https://doi.org/10.1186/s40309-020-00166-9
https://doi.org/10.3389/fclim.2019.00008
https://doi.org/10.3389/fclim.2019.00008
https://doi.org/10.1038/nature17174
https://doi.org/10.1016/j.geodrs.2015.01.004
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1111/gcb.14066
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref39
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref39
https://doi.org/10.1038/nclimate2292
https://doi.org/10.1111/gcb.14777
https://doi.org/10.5194/bg-16-1225-2019
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref43
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref43
https://doi.org/10.1007/s13280-019-01165-2
https://doi.org/10.1007/s13280-019-01165-2
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref45
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref45
https://doi.org/10.1111/gcb.14815
https://doi.org/10.2134/agronj2018.12.0769
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1371/journal.pone.0203909
https://doi.org/10.1371/journal.pone.0203909
https://doi.org/10.1016/j.ecolmodel.2014.08.016
https://doi.org/10.1007/s10533-016-0247-z
https://doi.org/10.1007/s10533-016-0247-z
https://doi.org/10.1021/acs.est.7b01427
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref53
http://refhub.elsevier.com/S0167-1987(21)00277-4/sbref53
https://doi.org/10.1111/gcbb.12266
https://doi.org/10.1111/gcbb.12266
https://doi.org/10.1038/s41598-019-43026-8
https://doi.org/10.1038/s41598-019-43026-8

	How farmers approach soil carbon sequestration? Lessons learned from 105 carbon-farming plans
	1 Introduction
	2 Materials and methods
	2.1 Collecting a voluntary group of farmers
	2.2 Helping farmers make Carbon Farming Plans
	2.3 Soil sampling, nutrient analysis and estimated carbon balance

	3 Results
	3.1 How did the farmers approach carbon storage?
	3.2 Problems identified in the Carbon Farming Plans
	3.3 Potential effect on carbon balance

	4 Discussion
	4.1 Summary of findings
	4.2 Could the planned measures sequester carbon?
	4.3 The necessity of soil analyses in carbon-farming
	4.4 Lessons learned from composing Carbon Farming Plans

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


