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Soils are one of the world’s biggest stores of carbon. The level of carbon storage depends on several
factors, including the type of organic matter, climatic conditions and land management practices, both
past and present. Scottish Government asked ClimateXChange to explore how the level of storage over
time could be measured, and how this could help improve land management practices through a
payment system.

Key points


Agricultural soils (across pasture and arable) account for more than 10% of Scotland’s
estimated soil carbon. Changes in land management practices affect the balance between
soil carbon accumulation and loss, with conversion from grassland to cropland as the largest
single change that releases soil carbon on Scottish agricultural land.



Evidence suggests there is large potential for increasing carbon storage in agricultural soils
through changes in management practices. Any increase in carbon in the soil is likely to
have a positive impact on soil quality, whilst the climate change mitigation benefit may be
modest but positive in the longer term.



Mechanisms for support through payments exist, but they are largely focused on wider
benefits such as preventing soil erosion and there are none that currently specifically enable
soil carbon sequestration.

ClimateXChange is Scotland’s Centre of Expertise on Climate Change, providing independent advice,
research and analysis to support the Scottish Government as it develops and implements policies on
adapting to the changing climate and the transition to a low carbon society.
www.climatexchange.org.uk
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Summary
The Scottish Government has set statutory targets for the reduction of greenhouse gas emissions
through the Climate Change (Scotland) Act 2009. One approach is to increase the amount of carbon
stored in soil. In the 2018 Climate Change Plan, the Scottish Government prioritised actions to improve
carbon sequestration in Scottish soils, and committed to “investigate the feasibility of payment for carbon
sequestration” (p.203).
How is carbon sequestered in soil?
Soils are one of the world’s biggest stores of carbon. Carbon dioxide in the air is absorbed by plants
through photosynthesis, and this organic matter is deposited in the soil as wood, leaf litter, dead root
matter, animal waste etc. Micro-organisms in the soil decompose this organic matter. If the rate of
accumulation is greater than the rate of decomposition, then the amount of carbon in the soil increases.
However, if the rate of loss is greater, then higher quantity of greenhouse gases such as carbon dioxide
and methane are released.
The level of carbon storage in the soil depends on several factors, including the type of organic matter,
climatic conditions and land management practices, both past and present.
Current levels of carbon storage in Scottish soils
The majority of soil carbon in the upper 1m of Scottish soils (approximately 3000 Mt) is held in peatland
and moorland soils. Cultivated agricultural topsoils account for approximately 250 Mt carbon. At a
national scale, these soil carbon levels appeared to have stayed relatively stable over the past 20-30
years. Some soils are carbon depleted whilst others have reasonable levels.
Additional carbon storage potential of Scottish agricultural soils
Evidence suggests there is large potential for increasing carbon storage in agricultural soils through
changes in management practices, with an estimated additional ‘carbon storage potential’ of 150-215
Mt. There is also potential for soils to lose carbon, and the ‘potential carbon loss’ for Scottish agricultural
soils is estimated to be around 140 Mt. Preventing soil carbon loss – as well as enabling additional
carbon sequestration – is therefore important for minimising atmospheric CO 2. There are substantial
additional soil functional benefits of increasing soil organic matter (and thus carbon), such as increased
water holding capacity, nutrient cycling, biodiversity maintenance and erosion prevention.
Influence of land management practices on levels of soil carbon in Scotland
It is known that changes in land management practices affect the balance between soil carbon
accumulation and loss. Conversion from grassland to cropland is the largest single transition for
releasing soil carbon on Scottish agricultural land. There is strong evidence that the addition of animal
manures and other organic substance increases soil organic carbon. Existing evidence suggests
positive carbon sequestration opportunities are strongest through changing cropland to forestry, mostly
as above ground biomass. Opportunities exist for management practices to increase soil carbon
sequestration, although the amount per unit of land area remains uncertain and would benefit from
further research for different characteristics.
Current evidence demonstrates uncertainty in the soil carbon impacts of other management practices
such as the application of natural quarried lime, balanced fertilization and irrigation, and the conversion
to reduced tillage or no-till systems.
Influence of site-specific soil and climatic conditions on carbon sequestration
The overall effectiveness of agricultural management on soil carbon storage depends on the interaction
of management practices with soil and climatic characteristics (including drought, waterlogging and
extreme events). There is a need to accurately capture the impact of site-speciﬁc interactions between
climate, soil, and management on carbon sequestration, which are less apparent in regional level
assessments. Evidence suggests that there has been little change in carbon stocks for cultivated soils
in Scotland in the last few decades. This static (as opposed to stable) state may be due to consistent
www.climatexchange.org.uk
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rates of inputs and losses in this period. However, this overall state masks the possibility of gains or
losses in specific locations or land uses.
Monitoring, Reporting and Verification of soil carbon
The lack of detailed data does not preclude the development of support mechanisms to sequester
additional soil carbon based on known good management practices. This implies the development of a
system for Monitoring, Reporting and Verification (MRV) of management practices and subsequent
changes in soil carbon where it is the activity that is monitored, reported on and verified. Verification
could be achieved by current field inspections, remote sensing, and/or smartphone apps to assess soil
organic matter and supported by actual soil carbon measurements to confirm management practice
effectiveness.
Current regulation of soil carbon in Scotland
There are currently no regulatory compliance requirements relating specifically to soil carbon content or
to undertaking specific activities to maintain or enhance it. Within the CAP Greening guidance there are
some limited requirements that help protect soil carbon, albeit indirectly, such as regulations regarding
the ratio of permanent grassland to the total agricultural area claimed. The ‘Good Environmental
Conditions’ (GEAC) also has aspects that could help maintain soil carbon stocks, such as minimum soil
cover and land management requirements to minimise erosion. However, soil carbon sequestration is
a complex issue and thus quantifying how much existing measures, particularly CAP, already contribute
to soil carbon amounts may not be realistic without additional research effort.
Potential for a system of payments for soil carbon sequestration
Mechanisms for payment for carbon sequestration currently exist in several forms, such as the Peatland
Code, the Woodland Carbon Code and the Agri-Environment and Climate Scheme. The primary
limitation of existing policies is that they are not soil carbon specific. Where they are relevant to soil
carbon, they are focussed on wider benefits (i.e. prevention of soil erosion) rather than the specific
process of soil carbon addition and the practical management activities that can make this happen.
An effective payment scheme for carbon sequestration in Scottish soils should:


ensure longevity of the funding mechanism;



have aims and objectives that can be put into a site-specific context (which requires skills
sharing, training and awareness raising of best practices to meet objectives);



be accessible and easily implemented, without excessive burden of administration and
monitoring;



be fair across the diversity of land management histories.

www.climatexchange.org.uk
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Introduction
This report examines how Scotland’s agricultural soils might sequester carbon as part of an overall
approach to mitigate against, and adapt to, climate change. The Scottish Government has set statutory
targets for the reduction of GHG emissions in Scotland through the Climate Change (Scotland) Act
2009. Agriculture contributes just under one-quarter of Scotland’s greenhouse gas emissions (GHG)
and with related land use is the second-largest emitting sector behind energy supply. The Scottish
Government has prioritised actions to improve carbon sequestration in the land use sector within its
current Climate Change Plan.
This project was commissioned in April 2018 to synthesise the current state of knowledge on soil carbon
sequestration and identify the potential for practical funding mechanisms to support the storage of
additional carbon in Scotland’s soils. We used the available spatially-explicit soil carbon data to estimate
carbon sequestration potential in Scotland, and identified the key issues concerning how this can be
achieved (such as practical soil management, policy requirements and financial incentives).
Over the past 150 years, atmospheric carbon dioxide (CO2) has increased by 30% resulting in global
warming and climate change (IPCC, 2007). One approach to reduce the levels of atmospheric CO2 is
to increase the global storage of carbon in soil through appropriate management practices. Soil organic
carbon (SOC) is a key component of soil organic matter that affects the physical, chemical, and
biological properties of soil. There is considerable evidence that soil carbon influences several critical
soil functions like nutrient dynamics, nutrient availability to plants, water holding capacity, aggregate
stability and infiltration (Powlson & Whitmore, 2006). Improved mitigation measures in agriculture could
significantly contribute to the removal of atmospheric CO2 at relatively low cost (IPCC, 2006). Several
studies demonstrated that carbon sequestration in agricultural soils produce a range of positive
environmental, social and economic benefits.
We present here the evidence on current carbon stocks in cultivated soils in Scotland, carbon
sequestration potential and management impacts on carbon sequestration. We also present the
potential for a system of payments, in the context of mitigating, and adapting to climate change.

www.climatexchange.org.uk
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Background
Definition of carbon sequestration and carbon storage potential
According to the IPCC, carbon sequestration is “a process of increasing the carbon content of
a reservoir/pool other than the atmosphere”. Persistent increases of carbon in soil or plant material is
treated as carbon sequestration. Recent literature argues that only recalcitrant carbon (organic material
that doesn’t easily decompose) should be treated as sequestered carbon but the residence time of soil
carbon varies. Some fractions of soil carbon can exist for thousands of years whilst others persist for
only a few days to months. This makes it difficult to differentiate soil organic carbon, so the definition
based on residence time is arbitrary.
Mechanism of carbon sequestration
Soil micro-organisms decompose soil organic matter deposited into the soil (e.g. leaf litter, dead root
matter). If the rate of soil microbial decomposition is greater than the rate of accumulation, the soil loses
carbon in the form of carbon dioxide (CO2) and/or methane (CH4) to the atmosphere. If the microbial
decomposing rate of added organic matter is less than the rate of carbon incorporation to soil, soil
carbon accumulates. The rate of decomposition on the soil surface depends on the chemical
composition of the added plant material, climate, soil acidity (pH) and moisture. Different sources of
organic matter have different decomposition characteristics, and result in different soil organic matter
fractions. Previous land management history and current practices affects soil carbon accumulation or
loss as well as greenhouse gas emissions from soil which in turn are also affected by climate change.
It is beyond the scope of this report to consider the different mechanisms affecting the rate of
decomposition by biotic and abiotic processes on carbon sequestration. Instead we aim to present some
practical management options that increases soil carbon.
Carbon sequestration is a reversible lock-up of carbon, so it is assumed that adapted management
practice will continue to sequester carbon until it reaches a steady state as long as other biophysical
characters remain the same.
Key Issues
There are several key issues that need to be highlighted in order to help understand the complexity of
carbon sequestration into soils:


The amount of carbon that accumulates in soil is finite: several long-term experiments
(Poulton et al., 2018) demonstrated that the annual rate of soil carbon accumulation is nonlinear; greater SOC accumulation is generally observed soon after the land management or
land use change is implemented, slowing near the end as the soil reaches a new equilibrium.



Permanence of the soil carbon: soil carbon sequestration/storage in agriculture soils can
be reversible and non-permanent. Carbon sequestration occurs as long as land
management that sequesters carbon is implemented and maintained. By changing land
management soil might lose or gain SOC depending on adapted management.



Spatial variety of soils: different soils have different capabilities to sequester carbon. The
potential for sequestration is greater in soils with low organic carbon content, whilst potential
decreases in soils with greater organic carbon content.



Trade-offs: land management changes that sequester soil carbon may either increase /
decrease fluxes of greenhouse gases like nitrous oxide (N2O) and Methane (CH4). In many
situations these changes are far more significant than carbon sequestration because of their
very large global warming potential (N2O is 298 times and CH4 is 25 times the global
warming potential of CO2 when considered on a 100-year time scale).

www.climatexchange.org.uk
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Summary on current state of soil carbon stocks in Scotland
Current storage of soil carbon in soils:
Several recent studies have been conducted in Scotland to estimate national-scale soil carbon stocks.
Different estimates of Scottish soil carbon stocks exist, based on different methods, such as soil sample
data (e.g., Chapman et al., 2013; Poggio and Gimona, 2014) and process-based models (Smith et al.,
2010a, 2010b). In summary, estimates of total soil carbon stocks to 1 m depth vary from 2055 Mt –
3492 Mt (Chapman et al., 2013; Bradley et al., 2005; Rees et al., 2018). The evidence base therefore
consistently reports overall current levels of soil carbon in Scotland of around 3000 Mt. The majority of
this carbon is held in peatland and moorland soils. This report is concerned with agricultural soils –
arable and improved grassland as defined by Scottish Government (2011).
Based on analyses of the National Soil Inventory of Scotland (2007-9) data, Chapman et al. (2013)
estimated that Scottish arable soils contained 115 (±15.6) t ha-1 carbon and improved grasslands
contained 138.1 (±21.4) t ha-1 carbon in the top 1m. Scaled to the overall area of arable and improved
grasslands in Scotland, this equates to around 102 (±14) and 152 (±24) Mt carbon and is not dissimilar
to that calculated by Lilly and Baggaley (2013).
Evidence on soil carbon stock changes in Scotland:
Overall, evidence shows little change in carbon content over the past 20-30-year period in cultivated
soils in Scotland. A small number of extensive long-term studies on carbon stock changes across
Scotland show that over the last 30-40 years, there has been little overall change in carbon stocks for
Scotland. By resampling the National Soil Inventory of Scotland (NSIS) data Chapman et al, (2013)
found no significant change in carbon stocks from 0-15 cm for soils under arable cropping for samples
taken between 1978-88 and 2007-9 (179 soil profiles) nor did they find any significant change in carbon
stocks to 1m depth for this land use. However, this overall stability masks the possibility of gains or
losses in specific locations or land uses. An alternative is to use analogous changes that indicate SOC
changes, i.e. changes in structure, biological activity, carbon fractions etc.
There are major challenges in monitoring and estimating rates of change in soil carbon (Smith, P.,
2004b), however, largely due to the slow rates involved, affecting detection limits. Hence mapping
stocks of carbon is more straightforward than mapping changes. Changes over a five to ten-year
timescale can still fall within the best measurement errors possible. Focussing on measurement of the
processes that can be influenced to alter carbon sequestration may therefore be more useful for
monitoring change. Even though there has not been an observed overall change in carbon stocks across
Scotland, the nature of agricultural soils, current crops and practices leads to great spatial heterogeneity
which highlights opportunities to sequester additional carbon (Antle et al., 2003).
The lack of statistically detectable change in carbon stocks of Scottish cultivated soils masks a
measured decline (4.03 to 3.7%) in carbon concentrations in cultivated topsoils observed from the NSIS
datasets (Chapman et al., 2013). Although there were changes in concentration, a statistically significant
increase in overall topsoil thickness (perhaps due to deeper ploughing) meant that there was no change
in C stocks overall. This highlights one of the key difficulties in monitoring changes in soil carbon; stock
estimates require measures of topsoil thickness, bulk density and C concentration while most existing
data has only C concentration or C concentration and topsoil thickness. Many current methods to assess
change in carbon eg Countryside Survey (Reynolds et al., 2013) or NSI England and Wales (Bellamy
et al, 2005) rely on sampling to a fixed depth (often 15cm) which, based on the results from the NSIS,
would have suggested declining carbon stocks in Scottish cultivated soils.
Evaluating the carbon sequestration potential in Scotland
The potential for Scottish cultivated topsoils to store additional carbon (calculated as the difference
between the maximum observed and the median value from the Scottish Soil Database, and expressed
as carbon storage potential, CSP) is estimated to be between 150 and 215 Mt (taking account of
uncertainties in the predictions of key soil properties – see Appendix 1). Previous work (Smith et al.,
2010b) has shown that cultivated grassland soils had, on average, 1.2% more carbon and arable soils
www.climatexchange.org.uk
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0.2% less carbon, than the calculated median. The median carbon stock for grassland was recalculated
as 172 (±8) Mt and as 99 (±3) Mt for arable topsoils. The potential additional storage capacity for
grasslands (calculated as the difference between the maximum observed and the median plus 1.2%
carbon) was 60 Mt (range 48-86 Mt) and for soils under arable it was 88 Mt (range 78-104Mt) and based
on the median minus 0.2% carbon.
There is also, however, potential for soil to lose carbon. Using the same methodology as above the
potential carbon loss (PCL) was calculated to be 138 (±15) Mt. This emphasises the necessity to adopt
management options that help retain the existing levels of carbon as well as options to increase carbon
concentrations.
Figure 1 shows the distribution of arable and grassland land cover in Scotland based on the Land Cover
of Scotland 1988 dataset (https://www.hutton.ac.uk/learning/exploringscotland/landcover-scotland1988). The calculated potential carbon loss or gain for each individual soil type (soil series) and for each
land use type (arable or grassland) was mapped to show those areas where there is greatest scope for
storing additional carbon (Figure 2). The land cover map was overlain with the 1:250 000 scale soil map
(Soil Map of Scotland) giving a combined map of soil series and land use. The calculated Carbon
Storage Potential for each soil series/land use type could then be mapped.
Different soils have different capabilities to sequester carbon. Whilst, in general, the potential for
sequestration is greater in soils with low organic carbon content and the larger potential losses are in
soils with greater organic carbon content, this will depend largely on the soil type (as well as land use)
and different soils will have different propensity for loss or gain.

www.climatexchange.org.uk
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Figure 1. Distribution of cultivated arable and improved (managed) grassland in Scotland based on the Land Cover Scotland
1988 dataset.
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Figure 2. Carbon storage potential for top soils under arable and improved grassland.

Land management options to maintain or increase soil carbon
We know that when a new land management practice is adopted the balance in accumulation/loss of
soil carbon changes. (Poulton et al., 2017; Johnston, Poulton, & Coleman, 2009; Smith, 2014; Gollany
et al., 2011). It takes generally up to 20-40 years for the rate of SOC accumulation/loss to settle, and
after 80-100 years of continuous practise the rate of change in SOC is expected to reach near to zero.
There is considerable uncertainty in quantifying the impacts of different management practices on
carbon sequestration and GHG emissions (Smith, 2004), and this is further affected by spatial and
temporal variability. Soil carbon sequestration can be achieved in agricultural soils by either reducing
disturbance or increasing the carbon input. The potential for carbon sequestration of these measures
are given in Table 1 below.
Tillage: Practices that have been suggested (e.g. by Smith 2004) as favouring carbon sequestration
include changing tillage practices from conventional ploughing (inversion) for crop production to reduced
or no-till (zero tillage) systems. The Scottish Survey of Farm Structure and Methods (2016) shows that
the area of arable land cultivated in the past 12 months using conventional systems was 90% - an
increase from 81% in 2013. Similarly, the areas using reduced or no-till was 10 % - down from 19% in
2013. Using multiple medium term (8 – 15 years) experiments (platforms) in Scotland and England with
www.climatexchange.org.uk
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different cultivation and cropping systems McKenzie et al (2017) determined the carbon stored in the
full profile depth of soil. Making appropriate corrections for any changes in bulk density, allowing for
stone content and considering the full soil profile they found no advantage of carbon sequestration with
the use of no-till or reduced tillage compared to conventional ploughing. This finding is consistent with
Sun et al (2011). Recent work in Finland (Sheehy et al 2015) found improvement in soil stability under
no-till associated with changes in carbon distribution within the soil. The potential to accumulate carbon
under no-till or reduced tillage systems was limited compared to conventional ploughing. Increase in
SOC from reduced tillage now appears to be much smaller than previously claimed by many studies
(Powlson et al., 2011).
Addition of organic manure: The addition of animal manures and other organic amendments to arable
soils has been a basis for crop production for centuries. The Centre for Sustainable Cropping at the
James Hutton Institute’s Balruddery farm compares a 6-year crop rotation under conventional and
integrated managements. The integrated management includes using reduced tillage (for all crops apart
from potatoes) and an annual application of PAS100 compost. For the first 6 years the compost
application rate was at 35 t/ha. In the first crop rotation under this regime the carbon content in the
integrated management was significantly greater than in the conventional treatment by approximately 6
kg/m3 (McKenzie et al 2017). There is strong scientific evidence and consensus in use of organic
substance to increase soil organic carbon but as this management is already in practice in Scotland,
there is need to research the extent to which management can further develop.
Fertilization and irrigation: It is well established that increase in fertilization and irrigation increase the
productivity leading to higher plant inputs to soil, leading to higher carbon sequestration (Fageria, 2012;
Snyder et al., 2009). A life cycle analysis may be required, however, as the net carbon impact of irrigation
and fertilisation might be minimal or negative when carbon costs of producing fertiliser and pumping
irrigation water are considered (Snyder et al., 2009). In addition, excessive application of mineral
fertilizer leads to N2O emissions from soils, thereby rendering potential benefits to soil C sequestration
void in relation to potential losses through the more potent greenhouse gas N2O. There is need to
balance the fertiliser requirement for optimal cost effective crop production and minimising GHG
emissions.
Liming: the application of natural quarried lime is considered to improve soil quality leading to increases
in soil organic carbon. Studies from Fornara et al. (2011) and Hopkins et al. (2009) demonstrated the
significant increase in soil carbon following lime application. As pointed out in a recent review by
Holland et al. (2018) the impact of liming on carbon sequestration and GHG emissions are complex and
there are major evidence gaps in understanding the liming impact on estimating greenhouse gas (GHG)
emissions for selected soil type, land use and management combinations. Due to the lack of consistent
evidence on liming impact on carbon sequestration and GHG emissions it would be difficult to
recommend liming as a measure for increasing carbon sequestration.
Land use change: Studies based on land use changes at Rothamsted (Poulton et al 2018) found
returning arable land to woodland can lead to increases in soil organic carbon that continues even after
100 years. Short rotation forestry has also been demonstrated to increase soil carbon stocks, including
at sites in North Lanarkshire and Fife, although not for all tree species (Keith et al 2015). Twenty-one
years after a land use change from arable to forestry or to rough grassland on a site in Aberdeenshire
found both systems lead to soil carbon accumulation (Baddeley et al 2017). This was greatest under
the grassland, but there was increased carbon storage above ground with the trees.
Experiments to show the effects of conversion of arable land to forestry after 21 years in North-East
Scotland showed that the greatest increase in carbon stocks occurred in the land that was not planted
with trees but instead was left to develop an unmanaged grassland community such as that found in
field margins, with the majority of this occurring in the soil rather than in the above-ground vegetation
(Baddeley et al., 2017). These findings are important not only for identification of routes for increased
carbon storage, but also in determining the risk of carbon loss from soil under the reverse transformation
from forestry or grassland to arable. A concern is that the locations with the capability to support
intensive agriculture may shift under climate change (Brown et al 2008), and changes in economics may
www.climatexchange.org.uk
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influence land use choices with the risk that soil carbon could be lost when grassland is converted to
arable.
Conversion from grassland to cropland has been identified as the largest single transition for releasing soil carbon
on Scottish agricultural land. Converting cropland to forest is the most effective way of sequestering carbon, with
conversion of arable to a ley (grass/legume)-arable rotation provided a gain of 1.6 tons of carbon per hectare per
year. There are several practical aspects here that will limit the amount of grassland that could be converted to
arable, such as slope angle, rooting depth etc.

The overall effectiveness of agricultural management on soil carbon storage depends on the interaction
of management practices with soil and climatic characteristics. It is important to consider specific
practices suitable for a wide range of soil types and environmental conditions that may be adopted by
farmers in Scotland. In this report we present the technical/biological carbon sequestration potential but
the practically feasible potential is likely to be much lower. Smith (2004), with expert knowledge
estimated the realistically achievable potential to be about 20% of the biological potential. Any increase
in SOC is likely to have a positive impact on soil quality, even if there is little or no impact on climate
changes mitigation.

www.climatexchange.org.uk
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Table 1: List of practices to sequester soil organic carbon in agriculture soils (adapted from Rees. RM et al., 2017 and Smith et al., 2004)

Practice

Carbon
sequestrat
ion Rates

Estimated maximum
technical carbon
sequestration potential in
Scotland for next 20 years
(Mt C ) **

Confidence

Feasibility

Comment

0.0 – 3.7

L

M

Evidence from Scotland and elsewhere
in the UK is for little or no increase in
carbon storage but other benefits exist.

– 0.9 – 3.7

M

L

Crop residues have value (see 1 below).

(t C ha-1 y1
)
Crop land
Reduced tillage &
no-tillage

0.0 – 0.21

Increase residue
return(e.g.
ploughing in straw)

0.05
0.21

Fertilization and
Irrigation

>0

NA

L

H

Net carbon impact of irrigation and
fertilisation is minimal or negative when
carbon costs of producing fertiliser and
pumping irrigation water are considered
(Schlesinger, 1999).

Organic manures
to crops

0.5 – 0.8

8.8 – 14.1

H

H

This practice is already widely used in
Scotland giving limited opportunity for
further adoption. Limited manure
availability at national scale might limit
further expansion, GHG losses might be
high, depending on application method.

Increase use of
amendments e.g.
urban composts

0.0 – 0.3

0 – 5.3

H

L

Such material has a value (see 2 below)

Crop rotation

>0

NA

H

M

Liming

Likely >0

NA

M

H

www.climatexchange.org.uk
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application are markedly different leading
to potential changes in emissions
between different gases making it difficult
to recommend without further research
Catch crop (clover,
mustard, chicory,
winter radish, rye
etc.,)

0.1 – 0.3

1.8 – 5.3

H

M

Economics of using crop cover may be
unfavourable

Practice

Carbon
sequestrat
ion Rates

Estimated maximum
technical carbon
sequestration potential in
Scotland for next 20 years
(Mt C ) **

Confidence

Feasibility

Comment

Little impact

(t C ha-1 y1
)
Improved Grassland
Change grazing
intensity or grazing
practice

0 – 0.1

0 – 2.0

M-H

M

Increase grassland
productivity

0 - >2

0 – 41.00

M

H

Change land use
(from cropping to
permanent grass)

1.2 – 1.7

NA

M

L

Cropping is profitable and fits with
current land-use, infrastructure and
expertise. (3 below)

Other

www.climatexchange.org.uk
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Convert cropland
to woodland

0.6

NA

H

M

Agroforestry

1.0 – 2.0

NA : There is a lack of
quantitative information on
the extent of agroforestry
in Scotland

H

H

Permanent cover

0.62

NA

M

M

Deep rooting crops

0.62

NA

M

M

Perennial crops

>0

NA

M

M

Crops with roots
that are higher in
lignocellulosic
material.

>0

NA

M

M

These technologies are still under
development and not yet available.

Recalcitrant
material (e.g.
biochar, highly
composted organic
matter)

>0

NA

H

H

The amount of biochar that can be stored
in a soils is depend on the type of
biochar (concentration of material) and
the depth to which it is incorporated.

Evidance shows that all forms of
agroforestry have the potential to
sequester carbon although the benefits
will vary depending on soil type, species,
planting density and location. Maximum
C-sequestration benefits on a perhectare-basis might be achieved on the
highly productive lowland areas.( Mike
Perks et al., 2018; Matthew Saunders et
al., 2016)

These technologies are still under
development and not yet available.

1 Bailed cereal straw sells for approximately £50 per tonne. Some care is needed for this figure as “feeding straw” is VAT exempt while
“bedding straw” incurs VAT. There are various transport costs. Deals are often done where the straw goes for bedding and is returned with
the manure – but this requires transport distances to be reasonable. This already goes on so the opportunity to increase return is limited.
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2 There is a wide range of potential materials including urban and vermicast composts, meat & bone meal, seaweed, slurry and fish waste.
Farmers are reluctant to use many of these materials as quality is often uncertain and the risk of contaminants is high. Many contain plastics
that are currently a major concern. Transport and application are significant costs. Costs/values will vary but these can all currently be traded.
Hence little opportunity to increase use.
3 May be detrimental to food security. Cropped areas are generally drier and thus less suitable for permanent grass. Also, some industries
relying on grazing are over supplied e.g. dairy and there is no scope for expansion.
NA (Not available) : if there is no estimate for carbon sequestration rate or arable/improved grassland areas for specific management practice
we cannot estimate the carbon sequestration potential.
**

We estimated maximum carbon sequestration potential by multiplying annual carbon sequestration rate with area of arable and improved
grassland taken from LCS88 dataset multiplied by 20 (number of years).
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Knowledge gaps – what kind of data would improve estimates of soil carbon sequestration
potential?
Estimates of potential cultivated topsoil carbon loss and gain are based on existing data captured over
several years or even decades (Lilly & Baggaley, 2013). Without ongoing detailed monitoring of soil
carbon stocks and changes across Scotland, there is a limit to what can be extracted from existing
datasets. Even the inclusion of remote sensing, which can provide information about changes to land
cover (and by proxy the impacts of these changes on soil) is limited in what it can accomplish. Two
(intertwining) strands of work are therefore suggested:


improved modelling and data interpretation to make use of what we already have, and
constant updating of this information through structure and planned field survey work
(Buckingham et al., 2014).



identification of biophysical and socio-economic constraints to the implementation of
management options that influence soil carbon. Due to a lack of physical data from
extensive surveys of the rate of change of soil carbon stocks, modelling may hold the key
to assessing the effects of management at different locations.



Development of a field-scale measuring tool

The movement of carbon compounds through the soil is partially understood and can be modelled using
gaseous diffusion and hydraulic flow principles. However, the complexity and composition of soils mean
the principles are difficult to apply in ways that enable us to consider both the small-scale (e.g.
micrometre) processes and the large-scale (e.g. catchments) impacts of management change.
From a research perspective (rather than at a policy level), improved pore-scale modelling is vital to
better understand and represent the mechanisms of carbon movement and transport through soil (Ball,
2013). To achieve this, a combination of numerical modelling and simulation of real soil environments
will be necessary (e.g. Aitkenhead et al., 1999). There is a need, to accurately capture the impact of
site-speciﬁc interactions between climate, soil, and management on C sequestration, which are lost in
regional level assessments. There are several established soil carbon models like DNDC, ECOSSE,
Roth C, DayCent et., that can be used as parts of model-based soil carbon monitoring systems. As yet
the uncertainty associated with these predictions seems to be high due to lack of site-specific data.
Resolving these uncertainties will require additional long-term site-specific data. With time, more data
points are added to the database, so model accuracy will be improved. However, this does not preclude
the development of support mechanisms to sequester additional soil carbon based on known good
management practices.

Monitoring, Verification and Reporting (MVR) for Soil Carbon
Alongside the need to establish a soil carbon baseline, it is also necessary to develop a system for
Monitoring, Reporting and Verification (MRV) of practices and subsequent changes in soil carbon. MRV
approaches (sometimes also referred to as compliance schemes) can consist of a set of protocols (or
rules or compliance requirements) to guide compliance and the processes through which to assess
leves of success of incentivisation schemes. The section following this one explores options for payment
mechanisms, but first we consider the issues of soil carbon MRV, as the establishment of the protocols
for this may shape the form of payment mechanism.
MRV is an approach used across many sectors and can have different interpretations. Common
definitions for each term are:
Monitoring: direct measurements or estimated calculations to determine how much of what is measured
changes and who is participating and where.
Reporting: the means by which the results of monitoring and participation is communicated to relevant
stakeholders.
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Verification: procedures for checking and verifying the quality on monitoring and participation data and
how it is reported. This can be internal to the MRV scheme or conducted by those external to it.
MRV schemes need to be robust, consistent, transparent and accurate. Thus MRV schemes require
appropriate infrastructure (administration and data management) and trained staff to undertake
implementation of protocols. With respect to linking MRV to payments, there are also requirements for
procedures to justify withholding payments and handle disputed claims.Thus the existing CAP
compliance process has parallels to an MRV scheme. However, in developing an MRV scheme
(perhaps basing it on an existing infrastructure such as CAP) it is important to recognise the differences
between things that are more easily measured e.g. confirming the type of crop in a field, and those that
are less easily measured, e.g. temporal and spatial changes in soil organic carbon. We have established
that measuring carbon pools in soils has constraints due to temporal variations and measuring small
stock changes against a large background (e.g. Smith et al 2004b). The MRV thus has to be designed
so as to allow for such difficulties.
At this point it is helpful to divide between the need to measure soil carbon changes for research and
payment scheme MRV purposes. For research, e.g. to better understand the effectiveness of particular
management practices, it is useful to have high spatial and temporal resolution measurements. For a
payment mechanism and associated MRV scheme at the scale required however, this is not likely to be
cost effective or practical. A viable solution to overcome this is to have a parallel approach of detailed
research at a site-specific scale (e.g. experimental field / farm) to assess management practices,
coupled with an MRV scheme that considers uptake and use of management practices by land
managers. Thus it is the activity that is monitored, reported on and verified, rather than the actual soil
carbon. This approach therefore matches the CAP type MRV scheme, and thus may be more viable in
terms of implementation. Verification can be achieved by current field inspections and / or use of remote
sensing (e.g. presence or absence of a cover crop). New opportunities have also arisen to use phone
apps to assess soil organic matter, e.g. SOCiT1, using location specific soils data and photographs of
soil taken in the field.
A possible limitation is that this form of MRV has to assume that certain management practices result in
positive soil carbon effects (for example see the Canadian Alberta State scheme detailed below). A soil
carbon sequestration rate thus needs to be established per management activity. This raises the
question as to how variable the rate is depending on soil-weather-management combinations. Thus
taking this approach clearly also needs to link to the detailed research per activity to confirm likely soil
carbon outcomes (e.g. Smith et al 2012).
This form of MRV scheme raises the potential to establish a minimum soil carbon change rate, based
on the activity, against which a payment rate may be set. Should participants wish to seek a higher
payment rate, then they could undertake detailed stratified field measurements to identify actual carbon
sequestration amounts. This would further assist in establishing a long-term baseline.
MRV protocols
Any MRV scheme requires a certain level of investment to initialise and subsequently run. The scale of
the MRV effort therefore needs to be commensurate with the scale of investment made in supporting
the uptake and use of management practices for carbon sequestration goals. MRV protocols are
normally designed to be scaled to the level of support and objectives for any payment mechanism.
There are many examples of existing MRV schemes for different purposes, e.g. forestry and
deforestation (REDD 2 ), emissions trading 3 , energy etc. that may be adapted for soil carbon

SOCiT Soil Organic matter phone app: https://www.hutton.ac.uk/news/new-soil-carbon-app-scottish-farmers
For example see: https://www.conservation.org/publications/Documents/FCMC_REDD-MRV-ManualSummary.pdf
3 For example see: https://ec.europa.eu/clima/policies/ets/monitoring_en
1
2
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sequestration purposes. These may potentially be administered through the existing CAP support
structure.
The compliance cycle determines the frequency with which MRV needs to occur. If the ‘by analogy’
approach of assessing use of management practices is used (as opposed to direct field measurements),
then the cycle could be annually based. Verification of claims may be achieved by a combination of
remote sensing and field visits.

Exploring options for payment mechanisms
There are three key types of potential mechanisms to provide financial incentives to encourage land use
and management practices that work towards the realisable potential for soil carbon sequestration:
1. Adaptation of existing mechanisms for financial support, primarily the CAP, and / or:
2. Development of a voluntary ‘Payment for Ecosystem Services’ approach to fit alongside existing
policies and support mechanisms.
3. Maintaining the current approach to soils governance (see below) but with a greater emphasis
on training and knowledge exchange focussed on how best to sequester soil carbon.
The key issue centres on whether schemes to facilitate soil carbon sequestration need to be voluntary
or compliance based. This is critical in respect of how best to achieve the level of participation by land
managers and uptake of suitable practices that will make a sufficient contribution to overall carbon
sequestration amounts. The following section provides an overview of the Payment for Ecosystem
Services (PES) approach and the existing policy and support mechanisms for soil carbon sequestration.

Payment for Ecosystem Services (PES)
This approach assumes that there is a need for different land management practices to secure
ecosystem services and that there will be a cost to the land manager in terms of a reduced return, which
must be compensated for by payments. In the case of soil carbon, it is possible that changes in land
management to sequester soil carbon may increase returns, for example due to improved primary
production and / or increasing resilience to a changing climate and other drivers. Evidence suggests
increasing soil carbon increases primary production, biological functions, improves aggregate stability
and reduces bulk density (Diacono and Montemurro 2010).
Carbon Credits Schemes
Carbon credits traded on carbon markets are a privately funded source to support schemes for climate
change mitigation. Most of the carbon credits come from offsetting schemes, where buyers such as
governments, businesses or individuals can buy carbon credits to compensate for the emissions
generated by their activities. However, current offsetting schemes may not be truly PES schemes on
the grounds of additionality. The additionality of such schemes is more difficult to judge and depends on
what reference is chosen. By definition, since the objective of offsetting is to compensate for emissions,
no additional carbon is stored at the end of the process. However, when comparing the level of carbon
emissions when emitters are able to compensate their emissions to what would have happened if no
offsetting was possible, then offsetting does provide some additionality effect on climate change
mitigation.
Carbon markets are susceptible to fluctuations in the price of carbon, thus there is volatility and
uncertainty in the value of payments in the future based on sale of credits. Some high-profile emissions
trading schemes (e.g. The Chicago Carbon Exchange) have ceased trading due to inactivity in the
carbon markets. Verification of projects and how much carbon was sequestered was a compounding
issue and one that is relevant to the consideration of schemes in the soil carbon context.
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Potential for a system of payments, in the context of mitigating, and adapting to,
climate change
In assessing the potential for a system of payments to facilitate soil carbon sequestration, it is important
to identify the range of existing factors that influence the current state of soil carbon. These factors
include:


Existing policies, legislation and payments schemes:



The institutional architecture affecting soils governance is complex, with a wide diversity of
existing policies and legislation (McKee 2018), with no one policy designed specifically for
the protection of soil (Scottish Soils Framework 2009, McKee 2018).



There may not be conflict in policy goals at the high-level scale affecting soils, but there may
be conflict or trade-offs at lower levels of governance.



CAP Greening guidance: there are specific requirements that help protect soil carbon, albeit
indirectly, i.e. the regulations require that the ratio of permanent grassland compared to the
total agricultural area claimed must not decrease by more than five per cent and there are
requirements for inorganic fertiliser and lime management and recording etc.



There are no regulatory compliance requirements relating specifically to soil carbon content
or to undertake specific activities to maintain or enhance it



Statutory Management Requirements (2018) for cross compliance for the CAP Basic
Payment Scheme do not specify requirements for soil carbon or soil organic matter (SOM)
maintenance or enhancement.



Good Environmental Conditions (GEAC): GEAC 4 - minimum soil cover (for erosion
prevention) and GEAC 5 - minimum land management requirement reflecting site specific
conditions to limit erosion, have aspects that could help maintain SOC stocks. GEAC 6 –
Maintenance of soil organic matter is focussed on managing burning of moorland and
stubble and ploughing of rough grazing or semi-natural areas, hence (other than stubble
burning) does not relate to arable areas and a large portion of grassland in respect of
maintaining or enhancing SOC.



Economic imperatives and previous land uses: The amount of carbon in soils is partly a
function of the land use history and economic decisions made by land managers.



Land management knowledge and skill: it is generally well understood that soil organic
matter has multiple benefits including improving soil fertility and water retention. However,
the understanding of how best to maintain or enhance SOM (and by analogy soil carbon),
is variable with land manager skill, farm and soil type and financial imperatives.

How soil carbon is referred to: An important issue is that policy documentation and guidance literature
relating to soils (i.e. The Scottish Soils Framework) refers mostly to soil organic matter (SOM) and its
importance as a fundamental property of soils, rather than soil organic carbon, or indeed carbon
sequestration. Whilst SOM is a vital part of soil function and health and there is a relationship between
the amount of SOM and soil carbon, it is important to re-emphasise the distinction between transient
carbon in the soils as part of these soil functions, and that which is actually sequestered in the longterm.
Complexity of the issue: soil carbon sequestration is a complex issue and thus quantifying how much
existing measures, particularly CAP, already contribute to soil carbon amounts may not be feasible. It
is not specifically addressed in the current mix of policies, Statutory Management Requirements, GEAC,
and General Binding Rules etc. that aim to achieve the ‘compliance’ aspect of ecosystem service
delivery. Thus attributing increases or decreases of soil carbon to particular policies or practices
resulting from them is at best problematic. The economic imperative and skills / knowledge (and
motivations) of individual land managers and the decisions they have made on land use and
www.climatexchange.org.uk
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management practises varies and operates within the various payment mechanisms to support
agriculture and rural development. These, when combined with the diversity of Scotland’s soil types and
climate variability and spatial differences in land protection designation (i.e. Nitrate Vulnerable Zones,
Environmentally Sensitive Grasslands etc.) results in a wide range in soil carbon amounts and a spatial
distribution that is not yet fully understood. A final factor is the timescale over which it is possible to
detect changes in soil carbon resulting from use of different land management practices supported by
policies and payment mechanisms (i.e. CAP). It is therefore more likely that a better understanding of
what works in sequestering soil carbon can be gained by considering the decisions and activities of
specific land managers and their specific context.
Setting site-specific soil carbon baselines is a first step to any future monitoring programmes. Soil testing
(for carbon, nutrients and pH) is a quick, straightforward and relatively low-cost exercise available to
any land manager. The results can be stored in a database to create high resolution spatial data sets.
However, while measuring soil carbon concentration from field-scale samples is relatively cheap and
straight forward, assessment of the results is complex; changes in the thickness of the topsoil (whether
fixed or to the base of the topsoil) and in bulk density (the mass of soil per unit volume) can influence
the total amount of carbon in the soil (the stock) while short-range temporal changes in carbon
concentrations, spatial variability (e.g. more than one contrasting soil type in a field), adequate sample
volume, when a sample is taken within a grass/arable rotation all add statistical uncertainty to the
assessment of change over time. Slight variations in laboratory methods can also contribute to the
uncertainty in assessing change over time, so common standards would be required for any national
scheme.
In the absence of a regulatory mechanism for sequestered soil carbon (as opposed to SOM), three key
questions arise:
1. Can the objectives of helping land managers achieve the realisable (achievable) potential for
soil carbon sequestration be achieved by developing existing policies (in line with post CAP
developments and setting regulatory compliance requirements), or;
2. Can a ‘Payment for Ecosystem Services’ (PES) scheme be used to facilitate changes in land
management practices and land use decisions that will lead to achieving the realisable potential,
or;
3. Is there a need to use both approaches?
To better address these questions it is important to understand two key elements of the definition of a
PES scheme: 1) that it is voluntary, and 2) it is for actions that are above and beyond regulatory
compliance requirements. The first requires sufficient up-take and participation to make a scheme
effective, while the second raises the question of how we define the additionality of the scheme (the
additional external benefits – see Figure 4 in Appendix 2 and therefore the basis for making payments.
Historically, a lack of routine monitoring to establish baselines and changes in environmental conditions
has meant that schemes have typically been evaluated in terms of enrolment or expenditure rather than
service delivery (i.e. Reed et al 2014).
Exploring existing policy mechanisms for payment for carbon sequestration:
Mechanisms for payment for carbon sequestration currently exist in several forms, examples of which
are summarised in Appendix 3. The core elements of such schemes and their potential for success
include


the basis for price setting



factors influencing participation



the additionality in terms of benefits above regulatory compliance



the requirements for monitoring and the length of contracts:
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The primary limitation of existing policies is that they are not soil carbon specific. Where they are relevant
to soil carbon, they are focussed on wider benefits (i.e. prevention of soil erosion) rather than the specific
process of soil carbon addition and the practical management activities that can make this happen.
As soil is the fundamental medium from which we derive benefits from primary production, and exists
across all land, there is the potential for a national coverage scheme that has the flexibility to enable
site specific context variations (soil-weather-land manager preferences combinations).
SWOT analysis:
To Identify strengths and weaknesses, as well as opportunities and threats for possible interventions for
additional carbon sequestration is presented in the table 2.
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Table 2. SWOT analysis of possible incentives for additional soil carbon sequestration in arable land and improved grassland:

Mechanism

Strength

Weakness

Opportunity

Threat

Common
Agricultural
Policy

System and
infrastructure already in
place, national coverage.
Compliance compulsory
for receipt of payments,
including to Greening
(relevant locations).

Post Brexit uncertainty,
administration costs,
monitoring and evaluation.
Soil carbon not currently
part of compliance.
Complex compliance rules.

Scotland specific post-Brexit
scheme, could include soil
carbon specific land
management rules, baseline
measurement and monitoring.
High up-take as compulsory
for subsidy payment.

Inadequate CAP
replacement post Brexit.
Insufficient funds to
support measures and
associated measurement
and monitoring.

Applies to permanent
grassland, crop
diversification and
Ecological Focus Areas
locations.

Adapt current greening
practices to include a better
focus on soil carbon
management.

As for CAP Basic.

(additional
payment on top
of CAP Basic)

Facilitates additional
improvements to
agricultural land. Applies
to business level. Cross
compliance requirement
with GEAC.

AgriEnvironment
and Climate
Scheme
(SRDP)

Flexible range of options
for farmers to choose
from. Payment
compensates for loss of
income

Competitive hence reducing
up-take. Currently targeted
areas only. Inputs based so
hard to measure outcomes
over short time periods.

Linking multiple environmental
objectives within the same
scheme. Apply nationally and
increase the length of the
contract beyond 5 years.

Current budget only
sufficient for targeted
areas, hence would need
large increase to cover
whole of Scotland.

Carbon Credits

Potential for win-win
situation: improved soil
fertility (yields↑) and
income from sale of
credits

Reliant on a good price of
carbon and viability of the
carbon market.

Potential to underpin price of
carbon to a minimum so as to
achieve sufficient up-take.

Price of carbon stays
low, or perceived by
participants it’s likely to
stay low therefore a poor
investment reduces uptake.

(Basic Payment
Scheme)

Greening
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Mechanism

Strength

Weakness

Opportunity

Threat

Payment for
Ecosystem
Services: Inputs
based (e.g.
analogous to
Woodland and
Peatland
Codes)

Facilitates pro-active
management. Can be
sustained over long time
period. Additional
ecosystem services and
biodiversity benefits.

Voluntary basis so
potentially low up-take. Cost
of and uncertainty in
measurement and
monitoring requirements.
Relies on either private
funds (carbon credits) or
Government grants.
Voluntary so potentially low
up-take.

Currently oriented towards
specific ecosystems
(woodlands, peatlands etc.),
so potential to increase range
to agricultural land.

Insufficient funds to
cover the scale of uptake required to achieve
necessary sequestration
goals. Need to identify
additionality over
compliance and good
practice requirements.

Payment for
Ecosystem
Services :
Outputs based

Places initial cost
emphasis on land
managers, reducing upfront costs for
Government.

Long time required for
sustained soil carbon
sequestration, so resultsbased payment difficult to
quantify. Possible limited
up-take. Requires
measurement and
monitoring system
investment.

Potential to develop long-term
soil carbon gains by
establishing localised (soilweather combination) best
practices over time.

Requires sufficient longterm incentives for land
managers to make initial
investments. Need to
identify additionality over
compliance and good
practice requirements.

Soil Carbon
specific PES
(spatial
targeting)

Can be variable spatially
and by level of current
soil carbon sequestration
potential.

Needs location specific
measurement, monitoring
and verification.

Two parts to a scheme:
incentivise land managers with
low soil carbon
(sequestration), and reward
those with high (maintenance).

Likely to be a carbon
credits-based scheme
therefore vulnerable to
carbon price and stability
of markets.
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Evaluating payments for ecosystem services used across the world:
Broadly, schemes have in the past been developed with a particular high-level objective such as
biodiversity protection or water quality, instead of the fundamental ecosystem properties and process
that enable ecosystems to deliver services, such as soil carbon. We identified three examples of
schemes focused on soil carbon


the Australian Soil Carbon Accreditation Scheme (ASCAS). This has had limited uptake and
success, primarily due to failure of the carbon market to develop sufficiently and so gain
sufficient uptake to keep momentum. ASCAS has not (as far as we can ascertain) functioned
for many years now.



In North America, soil carbon was traded through the Chicago Climate Exchange from 2005,
but the CCE ceased trading in 2010. Thus from a carbon trading perspective, the long-term
requirement for land management to sequester and retain soil carbon, implies the need for
security in and longevity of the funding mechanism.



In Canada the State of Alberta has a carbon credit scheme focussed on agricultural
practices to reduce emissions, based on a number of protocols designed to reduce
emissions. However, it includes a Conservation Cropping Protocol which specifically
quantifies greenhouse gas emissions reductions from the following three activities:



new carbon stored annually in agricultural soil;



lower nitrous oxide emissions from soils under no till management; and



associated emission reductions from reduced fossil fuel use from fewer passes per farm
field.

It is designed to facilitate a shift from conventional to conservation farming. It uses a Performance
Standard Baseline method to quantify increases in soil carbon based on 2006 Census data on rates of
adoption of tillage practices or area of fallow, not individual farm baselines (e.g. not actually measuring
soil carbon). The Protocol is a 106 page document detailing the establishing a baseline condition,
identifying sources and sinks, quantification methods and documentation, record and evidence keeping,
as well as integration with the claims to offsets.


The protocol assumes a 20 year period for soils to reach saturation.



It uses a soil carbon reserve discounting process to reduce risks of carbon loss from tillage
etc.



Brazil has established a Sectoral Plan for Mitigation and Adaptation to Climate Change for
the Consolidation of a Low Carbon Emission Agriculture (ABC Plan). It has an extensive
range of measures that seeks to operate in multiple ecosystem types, including reducing
deforestation the Amazon rainforest and efforts to cut emissions from agriculture. It is a
credit initiative that provides low-interest loans to farmers who want to implement
sustainable agriculture practices. These include no-till agriculture, restoring degraded
pasture, planting commercial forests, biological nitrogen fixation, treatment of animal wastes
and the integration of crops, livestock and forest. The goals include rehabilitating 15 million
hectares of degraded pastures and increasing the area under zero tillage from 25 million
hectares to 33 million hectares by 2020. Initial uptake was slow, with only 5 projects
approved in the first year, representing USD 1.7 million in loans, but in 2014/2015, uptake
increased significantly, with over 25,000 contracts being approved. These projects
represented loans worth a total value of more than $4 billion.

However, agri-environment schemes have tended not to operate at the scales at which some ecosystem
services must be managed for effective delivery e.g. carbon sequestration and water catchment
management (Reed et al 2014). A benefit of the ABC approach may be that, as each contract is specific
between land manager and location, the implementations of high-level specifications are adequately
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translated by individuals to suite their specific context. Hence land manager skill, training and best
practice information dissemination become key factors in influencing success.
Putting this into a Scottish context, the salient points are:


the need for longevity of the funding mechanism;



the importance of enabling aims and objectives to be put into a site-specific context and how this
implies the need for suitable skills sharing, training and awareness raising of best practices to
meet objectives;



making the scheme accessible and easily implemented, without excessive burden of
administration and monitoring.

Evaluating non-monetary methods of incentivising land management for soil carbon
sequestration
Potential exists to make greater use of knowledge exchange and outreach mechanisms to promote
those management activities that are known to have likely soil carbon sequestration benefits. The
challenge though is that it has been well recognised that soil organic matter (and by analogy soil carbon)
has soil fertility benefits, but agronomic practises have in some cases failed to maintain appropriate
SOM or carbon amounts.
One feasible opportunity is to make soil testing a requirement for new leasing contracts whereby it is
stipulated that the SOC and / or carbon is measured (as currently happens with soil nutrients in some
contracted cases) at the start of a contract and maintained during its lifetime. Testing for soil carbon is
a quick, straightforward and relatively low-cost procedure, hence not a burden on setting up new lease
contracts. The advantage of this is that the baseline is established at the start and costs of testing and
monitoring can be included in the contract amount. However, this approach would only apply to arable
and grasslands that operate on a leasing basis, and therefore is potentially limited in spatial extent. One
more option is providing a default (initial) soil carbon baseline, on a temporary basis, by using imprecise
soil carbon maps as long as uncertainties are acceptable. An improved baseline can be constructed
over time using observations from field samples to supplement the carbon maps.
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Conclusion
Sequestration Potential: Opportunities exist to increase carbon storage in agricultural soils by
changing or refining management practices. Whilst there are opportunities to sequester soil carbon
through these practices, there are also several fundamental limitations. Specifically, soil carbon
accumulation is ﬁnite, as it reaches an achievable maximum. Some management practices like organic
amendments and liming can aid sequestering of additional carbon but come with several limitations as
stated in Table 1. When appropriate management is adopted soil organic carbon content moves towards
a new equilibrium rather than increasing indeﬁnitely. Soil within any field will be at a specific level of
opportunity for additional sequestration, depending on: soil type; land use history; land manager skill,
preferences and motivations. Variation in these makes attribution of increases of soil carbon to particular
policies and practices highly problematic. A complete life cycle analysis would help to ensure some
management practices (i.e. addition of compost) do not result in a net increase in GHG emissions. We
found evidence to suggest that practices which sequester carbon might already be widely adopted in
Scotland, thus the opportunity for additional adoption requires further investigation.
Observed Changes: There has been little observed change in carbon stocks for cultivated soils in
Scotland in the last few decades (but the measurement methods are relatively insensitive and therefore
there may be hidden changes below the detection limit). Attribution as to why there has been little
change is complex due to the multiple factors influencing soil carbon stocks.
Baseline for measuring success: To support soil carbon sequestration efforts by land managers and
measure long-term success of a payment mechanism, it is necessary to establish a baseline against
which to monitor changes. There is a limited current state of knowledge on the baseline on how much
carbon there is in soil and where it is, but this does not preclude the option to develop and implement a
mechanism to support sequestration based on known good management practices.
It is feasible to undertake a combination of approaches to quantify a baseline including: field scale
sampling; use of remote sensing and digital soil mapping; extrapolation from land use and management
practice histories (e.g. Alberta State approach). An option is to make soil testing conditional (at the field
scale) in order to receive any payment.
Such a baseline would also enable more reliable modelling to explore benefits and risks of different
management practices and responses of soil carbon under climate change.
Land Manager Participation: A further requirement is in gaining sufficient up-take and long-term
commitment by land managers. Conditions for compliance and payment schemes need therefore to be
flexible enough to accommodate the context specific nature of achieving the realisable potential for soil
carbon sequestration, backed up by best practice guidance, training and knowledge exchange.
A further issue to be addressed is in developing a mechanism that is fair across the diversity of land
management histories. A balance needs to be found between not reward farmers for previously having
degraded their soil (but where there is higher carbon sequestration potential), and not restricting earning
potential from the mechanism by farmers who have already maintained high levels of soil carbon through
good management.
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Appendix 1
Estimating soil carbon sequestration potential
In 2013, Lilly and Baggaley adapted a published method (Stolbovoy & Montanarella, 2008) to assess
the potential carbon losses and potential carbon gains in Scotland’s cultivated topsoils. They based the
assessment on legacy data held in the Scottish Soils Database using a simple formula. They calculated
an average carbon concentration, the observed maximum and minimum concentrations for individual
soil types (soil series) from over 2700 measured concentrations. They assumed that the amount of
additional CSP for each soil type could be estimated by calculating the difference between the average
(median) and the observed maximum. The amount that could be potentially lost (Potential Carbon loss,
PCL) was the difference between the average and the observed minimum (Figure 3). The original work
by Lilly and Baggaley (2013) just considered cultivated topsoils and treated topsoils under improved
grassland, rotational grass and arable as one dataset. For this report, this approach has been modified
to separate grassland from arable topsoils as soils under arable agriculture potentially have a greater
range of management options to increase carbon storage. As there is uncertainty in the database about
whether a soil is continuously under arable, is part of a rotation with grass or continuously under grass
(the records only show the land use at the time of sampling), it was not possible at this stage to
recalculate the PCL or CSP using the soils database, however, using the information published in Smith
et al (2010), the median values for each soil type used by Lilly and Baggaley (2013) were increased by
1.2% to represent grassland soils and decreased by 0.2% to represent arable soils.
The potential carbon loss or gain for each individual soil type (soil series) was firstly calculated and then
by overlaying the 1:250 000 scale soil map (National soil map of Scotland;
http://soils.environment.gov.scot/)
with
the
Land
Cover
of
Scotland
1988
map
(https://www.hutton.ac.uk/learning/exploringscotland/landcover-scotland-1988) to give a combined map
of soil series and land use the CSP and PCL could be calculated and mapped for all the cultivated
topsoils in Scotland.
The results of the original analysis indicate that potential for Scottish soils to store additional carbon was
estimated to be between 150 and 215 Mt (taking account of uncertainties in the predictions of key soil
properties). The new analysis calculated median carbon stock for grassland as 172 (±8) Mt and for
arable topsoils as 99 (±3) Mt. The potential additional storage capacity for grasslands (calculated as the
difference between the maximum observed and the median plus 1.2% carbon) was 60 Mt (range 4886Mt) and for soils under arable it was 88 Mt (range 78-104Mt) and based on the median minus 0.2%
carbon.
Thus the calculated PCL and CSP values are different from those published in Lilly and Baggaley (2013)
as the calculation was based on adjusted median values and also takes account of the area of arable
and grasslands separately in the calculation, however, when combined with published sequestration
rates, it provides a useful way of calculating the time needed to achieve this potential assuming changes
in land management options.
Limitations of study: In this study Bulk densities were derived using a pedo-transfer function based on
organic carbon content and texture classes. Again, stock of SOC are calculated using the derived bulk
density from SOC. There is a degree of circularity in this methodology, whereby SOC contents are used
to predict bulk densities which, in turn, are used to calculate carbon stocks.
Carbon storage potential
Carbon storage potential is calculated by subtracting the average SOC content for each Soil Typological
Unit (STU) from the maximum SOC content for that STU. Please see Figure.3 for illustration of this
calculation.
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Figure 3: Schematic showing the calculation of Carbon Storage Potential (CSP) and Potential Carbon
Loss (PCL) using adjusted median values for topsoils under arable cultivation and for topsoils under
improved grass (Adapted from Stolbovoy & Montanarella, 2008). The grey dashed line represents the
combined median for all cultivated topsoils.
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Appendix 2: Payment for Ecosystem Services – the principles
The term Ecosystem Services (ES) is applied to encompass the goods and services we derive from
Nature. They are commonly grouped into four categories:


Provisioning: production of food, fibre and making available water.



Regulating: climate control via the carbon cycle, hazard reduction.



Supporting: water and nutrient cycles, soil formation, primary production.



Cultural: recreational, cultural heritage and aesthetic experience benefits.

Soil carbon has a key role in all these categories due to its role in enabling soil functions.

PES schemes are examples of approaches to develop new forms of market and non-market
interventions. The idea is that if some people benefit from ES, they should be willing to pay money for
their provision when these are threatened or there is a wider societal benefit. In the case of soil carbon,
the primary wider benefit to society is the removal of CO2 from the atmosphere through sequestration
of carbon (potentially from other organic sources) to help Regulate climate change. Additional benefits
include improved soil fertility for Supporting and Provisioning services, whilst soil health underpins these
and Cultural services by enabling biodiversity and resilient ecosystems.

A very broad definition of PES schemes is “any scheme or agreement where the individuals who
benefit from Ecosystem Services offer a payment to land managers in exchange of the provision of
these Ecosystem Services”. For further details see CXC report: The ‘Payment for Ecosystem
Services’ approach - relevance to climate change (Kuhfuss, Rivington and Roberts 2018)

Key elements of a PES scheme and how they relate to soil carbon sequestration are:


Participation is voluntary. Actions undertaken are above and beyond those needed to meet
statutory and regulatory compliance.



Success of the schemes thus depends on the level of participation and up-take and use of
appropriate land management activities.



Schemes must achieve a level of additionality, that is, benefits above what should be
achieved by regulatory compliance or adherence to good practice.

Schemes can be:


Inputs based (i.e. as favoured by CAP) seeking to cover the costs of activities needed to
secure ES. These schemes make assumptions that actions will lead to target ES outcomes.



Payment by results (outcomes) based, paying land managers on achieving objectives.

Carbon credits as part of offsetting schemes is an example.


These schemes have the potential to allocate ﬁnancial resources more efﬁciently, and with
more ﬂexible incentives that are more likely to facilitate innovation by landowners and
managers (Reed et al 2014).
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For both these scheme types there is difficulty in measuring outcomes.



There is a need for monitoring and measurement to evaluate success.



The actors involved are: Providers (land managers); Buyers (financing the scheme);
Beneficiaries (i.e. society). A buyer can also be a beneficiary (i.e. a contract between a land
manager and Scottish Water for activities that reduce water pollution).



The implementation of PES schemes makes sense in situations (in ideal scenarios) where
the ES benefits are larger than the cost of providing these ES. Figure 4 below shows that,
in these situations, implementing a PES scheme would lead to a win-win situation, where
society as a whole is better off, benefiting from an increased production of public goods in
the form of ES, while the land managers are (more than) compensated for the cost.

Figure 4. Example of the Payment for Ecosystem Services concept using wetland restoration (from: Defra 2013,
p. 18 ).
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Appendix 3: Existing PES schemes
Peatland Code: Inputs based scheme from sale of carbon credits from landowners to private
individuals/ companies on voluntary market for restoration degraded peatlands, so not specifically
aimed at soil carbon sequestration but GHG emissions reduction. UK scale, contracts 30-55 years.
Price setting: Based on costs of restoration work. Participation: by self-selection, with limited up-take.
Additionality: Payments must not cover action required by regulation, and must cover >15% of project
costs. Payments must cover action which is otherwise not the most economically viable option for the
land. Monitoring: Baseline established before the project, followed up in year 1, year 5, and every 10
years thereafter, measuring peat depth and peat health category.
Woodland Carbon Code: Inputs based to increase sequestration by coordinating sale of voluntary
carbon credits between private companies and landowners for the creation of woodland. Carbon
storage is the only service sold, but the scheme recognises co-benefits such as air quality, wildlife
habitat, wood fuel etc. Price setting: Based costs of establishment and management of woodlands.
Participation: by self-selection. Perceived as being successful c.242 projects covering 16,218 ha of
woodland by June 2016, estimated 6 million tCO2 sequestered over 100 years project lifetime. UK
scale, providers are locally based, not on organic soils >50cm depth. Additionality: Projects must not
be under legal requirement to create woodland and show that without the funding woodland creation
is not the most economically viable use for the land, funding must cover >15% of costs. Monitoring:
baseline data collected from land use records and maps then after 5 years, and every 10 years
thereafter. Carbon sequestered calculated directly from volume of timber.
Agri-Environment and Climate Scheme (SRDP): Competitive, input-based, offering payments to
preserve and promote changes to agricultural practices that make a positive contribution to the
environment and climate. It includes a wide range of options farmers can choose from to address
multiple environmental challenges. A target area has been defined for each AEC option, participation
selection based on assessment criteria (environmental benefit, scale, long-term benefits, feasibility
and value for money). Applicant’s holding must be within the target area for that option to be eligible.
Covers multiple ecosystem types and ecosystem service objectives, particularly habitats and
biodiversity, water quality, flood risk management. Contracts for 5 years, Scotland scale. Price setting:
Annual payment compensates providers for all or part of additional costs and income foregone
resulting from the environmentally beneficial management commitments undertaken. Payments take
the format of grants and are based on nationally set standard costs. Annual budget c.£350 million for
the whole 2015-2020 period, i.e. about £58 million a year. Participation: Low uptake estimated due to
uncertainty around the long term availability of funding (Brexit), high administrative burden, and low
levels of payments. Opportunity for more options focussed on practices for soil carbon sequestration.
Additionality: that this type of scheme mainly attracts farmers who would have had environmentallyfriendly land-management anyway in the absence of the scheme, leading to low additionality. This is
partially addressed by competitive selection of providers and targeting. Monitoring: At least 5% of
grant claims are inspected each year, with verification that the practices recorded and observable on
site are compliant with specified requirements for the subscribed options.
Forestry Grant Scheme (SRDP): Competitive, inputs based, provides grants to land-managers for
woodland creation and sustainable management of existing woodland. Participation: a key factor
influencing decisions to establish woodlands. Applications that deliver the greatest benefits against
budget priorities are selected through a scoring system. Issues arising from land tenure and tenancy
as contracts up to 6 years for management options, 10 years for woodland improvement options, 20
years for woodland creation. Low uptake due to length of application process, uncertainty around the
long term availability of funding (Brexit) and low economic attractiveness of forestry on agricultural
land due to higher agricultural incomes and grants. Payment setting: Contributions to nationally set
standard costs of establishment and maintenance. Higher payment rates are offered in priority target
areas and priority woodland types. Additionality: woodland creation grants support creation of new
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woodland only. Deep peat (>50cm) lands are ineligible. Monitoring: > 5% of grant claims are inspected
each year, with verification that the area created and management of woodland is compliant.
Pumlumon Project, Wales (example of a PES scheme): An input-based ecosystem restoration
initiative to achieve multiple ecosystem service benefits of biodiversity carbon and flood water storage,
initiated by the Montgomeryshire Wildlife Trust (MWT). The emphasis is on farm level economic
security to achieve changes in land management practices. Price setting: £50/ha where new scheme
management practices implemented. Participation; survey of all farmers to determine interest.
Considered as a successful scheme. Additionality: This scheme combines multiple objectives at
different sites and is contradictory to CAP support in terms of livestock incentives. Monitoring: MWT
acts as broker and carries out annual monitoring of maintenance of infrastructures. Contracts are 5
years initially, aiming to extend to 30. Risk of withdrawal of financial support by charitable trusts and
re-direction of landfill tax. Pays farmers for maintenance, initial costs directly paid by MWT. Poor
matching outcomes to payment, £50/ha regardless of action or outcome. Lack of permanence with
funding only given for 5 years to maintain infrastructure
(See Kuhfuss, Rivington and Roberts 2018 for further details)
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